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Abstract 
 

The investigated deposits, Rakkurijoki, Rakkurijarvi and Discovery Zone, are all located 

6-8 km south-southwest of the currently mined Kiirunavaara AIO-deposit. Previous 

research in the three deposits has been very limited, where the most recent study 

focused on the Discovery Zone deposit.  

The main aim of this study was to compare the three deposits by studying the 

mineralization petrographically, combined with a compositional characterization using 

electron microprobe analysis (E.M.P.A.), the trace and minor element composition of 

oxides, sulphides, and classification of the silicates, and addressing the chemical 

environment of the deposits. 

Whole-rock geochemistry indicates that the setting of the sediments in Rakkurijoki is 

from an active continental margin and the meta-sediments are classified as arkose 

/lithoarenite. Whole-rock geochemistry from samples originating from Discovery Zone 

is inadequate to use for classification as metasomatism may have altered the primary 

composition of the whole-rock.  

The trace element compositions in the three studied deposits show distinct differences, 

especially with regards to the Al2O3 content, where samples from Rakkurijoki contain 

overall higher concentrations compared to Rakkurijärvi and Discovery Zone. Magnetite 

samples from the Rakkurijoki deposit shows analogous tendencies regarding the 

element concentrations with the average skarn deposits. Furthermore, Rakkurijärvi 

shows similar average concentrations of Ti and V as Rakkurijoki and the average skarn 

deposits, but lower concentrations of Al and Mn. Discovery Zone shows slightly greater 

average concentrations of V compared with the average IOCG-style deposits, but 

contains significantly less Al, Mn, and Ti. The author suggest that the low concentrations 

of trace elements in oxides from Discovery Zone could be explained by that there was an 

initial oxidation followed by subsequent reduction so that the primary Mn- , Ti-. and Al-

bearing magnetite has been recrystallized to form secondary magnetite with low Mn, Ti 

and Al contents. The three deposits are suggested to represent different styles of 

mineralization, Rakkurijoki and Rakkurijärvi are considered to belong to the skarn 

category based on their chemical characteristics, whereas Discovery Zone is classified as 

an IOCG-type deposit. Based on the chemical data and the petrographic studies 

conducted, it is evident that there are differences between the deposits regarding their 

composition, which undoubtedly relates to differences in ore genesis. 
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1. Introduction 
 

Northern Norrbotten County, Sweden, hosts several economic and sub-economic Fe-

oxide and Cu-Au deposits. It has been described as an iron-oxide copper-gold (IOCG) 

district (Hitzman et al. 1992; Martinsson et al. 2001; Williams et al. 2003, 2005). The 

most economically important deposits in the region are the Kiirunavaara and 

Malmberget apatite-iron ores (AIO) and the Aitik Cu-Au deposit. The investigated 

deposits, Rakkurijoki, Rakkurijärvi and Discovery Zone, are all located 6-8 km  south-

southwest of the currently mined Kiirunavaara AIO-deposit. The three deposits are 

suggested to represent different styles of mineralization, Rakkurijoki and Rakkurijärvi 

are considered to belong to the skarn category (Frietsch 1970), whereas Discovery Zone 

is classified as an IOCG-type deposit (Smith et al. 2007). Very few studies have been 

conducted over the years in the investigated areas, where the most recent study focused 

on the Discovery Zone in the Rakkurijärvi area. 

Magnetite is a significant petrogenetic indicator, as it is formed in various geological 

conditions and can incorporate a large number of minor and trace elements in its cubic 

spinel structure (Lindsley 1976a, 1991a; Rumble 1976; Ghiorso & Sack 1991; Shane 

1998; Barnes & Roeder 2001; Righter et al. 2006; Ryabchikov & Kogarko 2006; Reguir et 

al. 2008; Nadoll et al. 2012). The amount of minor and trace elements entering the 

crystal lattice of a mineral is to a large extent determined by the physic–chemical 

conditions existing during formation of the ore. Consequently, differences in the mode of 

formation should be reflected by differences in the trace element distribution in 

magnetite (e.g. Dupuis & Beaudoin 2011; Dare et al. 2012; Nadoll et al. 2012).  

The aim of this study is to compare the three deposits, primarily with respect to the 

trace and minor element contents of the oxides and the various sulphide assemblages, 

and to a lesser extent, the silicates. In this study, oxides, sulphides, and silicates in the 

respective mineral occurrence is examined. By studying the mineralization 

petrographically, combined with a compositional characterization using electron 

microprobe analysis (E.M.P.A.), the trace and minor element composition of oxides, 

sulphides, and classification of the silicates will be achieved, and the chemical 

environment of the deposits will be addressed. Although the primary focus will be on 

oxides and sulphides, a small number of analyses of silicates are included for 

comparative purposes. 
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Figure 1:  Simplified geological map over northern Norrbotten County, Sweden. Modified after Bergman et al. 
(2001). KNDZ = Kiruna–Naimakka Deformation Zone, KADZ = Karesuando–Arjeplog Deformation Zone, NDZ = 
Nautanen Deformation Zone, PSZ = Pajala Shear Zone. 

2. Background 

  2.1 Geological setting 

    2.1.1 Regional Geology 

The bedrock of the northern part of Sweden (Fig. 1) has undergone a complex 

geodynamic evolution including repeated extensional and compressional tectonic events 

and associated magmatic and metamorphic phases (Martinsson 2004). The 2.83 Ga (e.g. 

Welin et al. 1971; Skiöld 1979; Martinsson et al. 1999). Archaean basement is dominated 

by metamorphosed tonalite-granodiorite intrusions. In the northern part of Norrbotten 
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County, the 2.4–1.96 Ga Karelian and 1.96–1.85 Ga Svecofennian units unconformably 

overlie the Archaean basement (Bergman et al. 2001).  

In the early Proterozoic, continental rifting resulted in the deposition of Karelian 

supracrustal rocks and the intrusions of extensive swarms of mafic dykes and sills 

(Bergman et al. 2001). Martinsson (1997) suggested that the depositional environment 

during the Karelian period successively evolved from an initial clastic sedimentation to 

an evaporate depositional environment and from Within-Plate Basalt (WPB)-type 

volcanism to later eruptions of Mid-Ocean Ridge Basalt (MORB)-type volcanism in an 

extensive subaqueous basin in the Kiruna area.   

The Kovo Group, situated at the 

base of the Karelian unit (Fig. 2), 

consists of a basal clastic meta-

sedimentary unit including a 

sequence of tholeiitic basalt and 

calc-alkaline volcaniclastic rocks 

(Martinsson et al. 1999).  

Stratigraphically above the Kovo 

Group lies the Greenstone Group, 

which in the Kiruna area is 

equivalent to the Kiruna Greenstone 

Group (See fig. 2). The Kiruna 

Greenstone Group consists of a 2-4 

km thick pile of basaltic lava, which 

occurs as amygdaloidal flows in the 

lower part of the greenstone pile 

and pillow lava in the upper part. It 

also constitutes lesser amounts of 

komatiite, tholeiitic tuff and andesitic to dacitic tuffaceous rocks (Martinsson 1997, 

2004).   

According to studies conducted by Martinsson (1997), the internal lithostratigraphy of 

the Kiruna Greenstone Group is consistent within an area of at least 70- by 60-km. The 

Kiruna Greenstone Group consists of six different formations based on petrographic and 

geochemical criteria (Martinsson 1992, 1997).  

Stratigraphically above the Kiruna Greenstone Group comes the Svecofennian 

supracrustal rocks, comprising both meta-volcanic and meta-sedimentary rocks. These 

are sub-divided into two units; the lower Porphyrite Group and the upper Porphyry 

Group (Bergman et al. 2001). The Porphyrite Group consists of metamorphosed 

andesite, basalt and minor intercalations of felsic tuffs and tuffites (Bergman et al. 

2001). According to Martinsson and Perdahl (1995), it is probable the Kurravaara 

Figure 2: Lithostratigraphy of Archaean and 
Palaeoproterozoic units in the Kiruna area, from 
Martinsson et al. (1999). 
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Conglomerate which overlies the Kiruna Greenstone Group, represents a sedimentary-

dominated facies that is stratigraphically equivalent to the Porphyrite Group.      

The Porphyry Group, which in the Kiruna area is described as the Kiirunavaara Group 

(Martinsson 2004), hosts several economically important iron ores (e.g. Kiirunavaara), 

and comprises metamorphosed basalt, trachyandesite, and rhyodacite-rhyolite 

(Bergman et al. 2001). The volcanic rocks of the Kiirunavaara Group are generally 

porphyritic with a basaltic lower part and a dacitic to rhyolitic upper part (Martinsson 

2004).  

Age determinations of the felsic metavolcanic rocks yielded ages of 1882±24 Ma (Skiöld 

& Cliff 1984; Welin 1987), and an age determination conducted by Cliff et al. (1990) on a 

granophyric dike crosscutting the Hopukka and the Loussavaara formation in the 

Kiirunavaara Group gave the volcanic rocks a minimum age of 1880±3 Ma. The volcanic 

rocks of the Kiirunavaara group are considered to be co-magmatic with the intrusions of 

the Perthite-Monzonite suite (Martinsson 2004). A study conducted by Storey et al. 

(2007) indicates that the Porphyry Group volcanics are at least ca. 2050 Ma in age based 

on U-Pb dating of titanite grains originating from Loussavaara and Gruvberget. Storey et 

al. (2007) suggest that the formation of the Porphyry Group was a pre-Svecokarelian 

event and it is likely that the previously recorded ages represent major re-setting at 1.9–

1.8 Ga during hydrothermal activity and ore emplacement. However, a recent study 

conducted by Westhues et al. (2013) did not find evidence for an event occurring at ca. 

2050 Ma based on U-Pb ages from zircon and titanite taken at different locations within 

the Kiruna area. The contrasting findings from both authors strongly suggest that more 

evidence is needed to decipher the complex geochronology in the Kiruna area.  

The contact between the Kiirunavaara Group and the stratigraphically youngest 

Svecofennian unit, the Hauki Quartzite, is strongly affected by ductile shearing 

(Offerberg 1967; Frietsch 1979). The Hauki Quartzite is dominated by feldspar arenite, 

with intercalations of sedimentary breccia and conglomerates, which occur close to its 

base (Martinsson 2004). The arenitic sediments within the Hauki Quartzite are possibly 

derived from the erosion of the Archaean basement caused by the uplift in the area, 

according to Martinsson (2004). 

During the Svecokarelian orogeny, between 1.96–1.75 Ga, at least two major stages of 

rock formation, regional deformation and metamorphism occurred. During the early 

stage of the Svecokarelian orogeny, between 1.96–1.86 Ga, there was a change of 

magmatism and intensity of deformation at approximately 1.88 Ga (e.g. Bergman et al. 

2001), possibly as a result of a shift from a subduction-related tectonic setting to an 

extensional environment (Martinsson & Perdahl 1995). Synchronous with the 

deformation and metamorphism, the approximately 10 km thick succession of 

Palaeoproterozoic volcanic and sedimentary rocks (e.g. Martinsson 2004) was intruded 

by the Haparanda and Perthite-Monzonite granite suites, dating 1.9–1.86 Ga (Wikström 

et al. 1996; Witschard 1996; Persson & Lundqvist 1997; Wikström & Persson 1997; 
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Perttunen & Vaasjoki 2001; Rastas et al. 2001; Väänänen & Lehtonen 2001; Mellqvist et 

al. 2003) and 1.88–1.86 Ga (Skiöld & Öhlander 1989; Martinsson et al. 1999), 

respectively. The Haparanda Suite is mainly found in the eastern part of Norrbotten 

County, whereas rocks of the Perthite-Monzonite Suite are mainly found in the western 

part of Norrbotten County (Bergman et al. 2001).  

During the late stage of the 1.86–1.75 Ga Svecokarelian orogeny, the pre-existing rocks 

were reworked and two main types of new magmas were formed, i.e. the 1.81–1.77 Ga S-

type Lina (Wikström & Persson 1997; Perttunen & Vaasjoki 2001; Rastas et al. 2001; 

Väänänen & Lehtonen 2001; Bergman et al. 2001) and 1.80–1.71 Ga A-to I-type Trans-

Scandinavian Igneous Belt (TIB)-like suites (Lindroos & Henkel et al. 1978; Skiöld et al. 

1981a, b; Romer et al. 1992, 1994; Skiöld & Öhlander 1994; Martinsson et al. 1999; 

Martinsson 2004). Regional deformation was inhomogeneous and largely confined to E-

W and NE-SW-striking high-strain zones (e.g. Bergman et al. 2001), represented by the 

NNE-trending Karesuando-Arjeplog deformation zone, the N-NNE-trending Pajala-Kolari 

Shear zone and the NNW-trending Nautanen deformation zone (Fig. 1). These shear 

zones show evidence of having been active at approximately 1.8 Ga (Billström et al. 

2010). The regional deformation in the western areas of Norrbotten County produced N-

S trending, western side-up, shear zones with steep to vertical dips of most of the strata, 

and SSW plunging folds (Bergman et al. 2001). See Wright (1988) for a more detailed 

interpretation of the structure in the Kiruna area. 

Generally, the most common types of hydrothermal alteration in Palaeoproterozoic 

rocks in Norrbotten County are scapolite and albite alterations at both regional and 

deposit scale (Frietsch et al. 1997; Bergman et al. 2001). Other common alterations 

include skarn, albite-carbonate, K-feldspar, sericite, tourmaline, epidote, and chlorite 

replacement (Bergman et al. 2001). Locally, extensive hydrothermal alteration and 

formation of mineral deposits was promoted by the extensive magmatic and tectonic 

activity during the Svecokarelian orogeny (Billström et al. 2010).   

According to Bergman et al. (2001), syn-depositional alterations are mainly restricted to 

the Greenstone Group and are manifested by spilitisation and epidotisation of basaltic 

lava, albitisation related to subvolcanic intrusions, and alterations connected to 

exhalative processes. The majority of alteration types is post-depositional in character 

and is related to magmatic, metamorphic, and hydrothermal processes of local or more 

regional extent. 
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2.1.2 Local Geology 
 

The geology of the area S-SW of Kiruna has not been studied in great detail, partly due to 

the lack of exposure in the area. The geological and structural interpretations are based 

on field mapping, available drill cores, and to a larger extent on regional magnetic 

airborne and ground measurements conducted over the years (Offerberg 1967).  

In the Kiruna area, the geology is characterized by a Palaeoproterozoic succession of 

greenstones, porphyries, and clastic sedimentary rocks, which lie unconformably upon 

an Archaean basement (Fig. 2) (Bergman et al. 2001). The Kiruna Greenstone Group 

west of Kiruna has been subjected to substantial erosion, prior to the deposition of the 

Svecofennian complexes, and in the central Kiruna area, greenstone detritus in the 

overlying Kurravaara Conglomerate has been observed (Martinsson 1997).  

Figure 3: Geological map over the Kiruna area showing the locality of the three studied deposits and other 
deposits in the area. The deposits within the dashed double line are described in the Fennoscandian ore 
deposit database (SO035) (Hallberg et al. 2012). Simplified map from Bergman et al. (2001) adapted and 
modified after Hallberg et al. (2012). 
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The mineralogy of the mafic metavolcanic rocks in the Kiruna area indicates that 

metamorphism reached upper greenschist to lower amphibolite facies (Bergman et al. 

2001). In the Kiruna area, the Palaeoproterozoic rocks are affected by scapolitization 

and albitisation at both regional and deposit scale where they are associated with iron 

oxide occurrences (Frietsch et al. 1997). Scapolitization is mainly localized to the base of 

the Kiruna Greenstone Group, in alteration zones near sulphide deposits and in shear 

zones (Geijer 1910; Sundius 1915; Martinsson 1997).  

2.2 Rakkurijoki 
 

The Rakkurijoki deposit is located 6 km S-SW from the currently active Kiirunavaara 

magnetite-apatite mine (Fig. 3) and is considered to belong to the skarn-style of mineral 

deposits (Ekström 1967). The geology around Rakkurijoki has not been studied in great 

detail, hence little information has been published. Available data/literature/articles 

regarding Rakkurijoki is based mainly on 8 diamond drill holes (2266 m in total) and 

magnetic and gravimetric maps conducted by AB EM in 1962 (Ekström 1967).  

The mineralization at Rakkurijoki consists of very fine-to fine-grained magnetite hosted 

by a metavolcanic sequence, which is believed to belong to the Kiruna Greenstone 

Group. The magnetite mineralization at Rakkurijoki is located between a meta-

arkose/quartzite and a mafic tuff-tuffite (hanging-wall and foot-wall, respectively), 

which are commonly intruded by intermediate and mafic dykes (Scott 2013). The fine-

grained magnetite mineralization contains significant amounts of silicates, e.g., 

tremolite, biotite, chlorite, talc, and minor amounts of calcite and apatite (Ekström 

1967).  

The mineralization varies between compact, high-grade magnetite (>50% Fe) which is 

5–50 m thick, and lower grade banded magnetite-silicate, which contains between 25-

35% Fe of varying magnitude. The contact between the massive and banded ore is 

gradational. Sulphides, consisting predominantly of pyrite, pyrrhotite, and minor 

chalcopyrite, occur as disseminations and in veinlets. The mineralized zone extends 

approximately 1000 m in length (See appendix A), striking NE-SW, dips 70-90 ° towards 

the SE (Grip & Frietsch 1973) and is currently open at depth (>400 m) (Amanda Scott, 

pers. comm. 2012). 

A JORC-compliant report completed in 2011 by Kiruna Iron AB, shows an inferred 

mineral resource of 74.5Mt of 39.7% Fe at a lower cut-off grade of 20% Fe (Lindholm 

2012).  
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2.3 Rakkurijärvi and Discovery Zone  
 

The magnetite-copper-gold mineralized magnetite breccias in the Rakkurijärvi area are 

located in a poorly exposed area 8 km S-SW of the currently active Kiirunavaara 

magnetite-apatite mine (Fig. 3). 

The Rakkurijärvi deposit is considered to belong to the skarn-style of mineral deposits 

(Grip & Frietsch 1973). The deposit is split into two separate parts of which both are 

approximately 400 m in length, extending NE-SW (See appendix B). Not much is known 

concerning the geology of the deposit, as no detailed study has been conducted 

previously. Based on earlier geological logging, it is interpreted that the mineralization is 

hosted by porphyrites, porphyries and greenstone, which are frequently cut by syenite 

dykes (Grip & Frietsch 1973).  

The metavolcanic rocks of the Porphyry Group in the Rakkurijärvi area have been 

affected by albitisation and silicification and are mainly pink to grey, feldspar-phyric, 

porphyritic igneous rocks with a fine-grained matrix composed of plagioclase, quartz, 

biotite, sericite, and chlorite, with accessory amounts of magnetite, ilmenite and rutile 

(Smith et al. 2007). Brecciation in the Rakkurijärvi area has affected all lithological units 

of the Porphyry Group to varying degrees. The mineralization in the area around Lake 

Rakkurijärvi consists of a series of fine-to-medium grained massive and brecciated 

magnetite occurrences hosted by a metavolcanic sequence. These are spatially 

associated with a SE plunging anticline and truncated by a ENE trending shear zone (The 

Discovery, Tributary and Hangar breccia zone; Smith et al. 2007). Sulphides, consisting 

predominantly of chalcopyrite and pyrite, occur as stockworks and veins and are hosted 

by varyingly brecciated magnetite and metavolcanic rocks of the Porphyry Group (Smith 

et al. 2007).  

In the Discovery Zone the host rock sequence lies structurally above the Greenstone 

Group, where the Kurravaara conglomerate marks the unconformity between the 

Kiruna Greenstone and Porphyry Groups (Fig. 2). The Kurravaara conglomerate in the 

Discovery Zone area is interbedded with meta-arenitic units and occasional marble 

bands. The Kurravaara conglomerate consists of coarse-grained pebble conglomerates 

derived principally from local metavolcanic rocks, but with rare clasts of polycrystalline 

quartz. The clasts have generally been subjected to hydrothermal alteration and 

replacement by biotite, actinolite, epidote, magnetite, and rarely by pyrite. Smith et al. 

(2007) suggested that the sparse occurrence of magnetite clasts might be the result of 

hydrothermal alteration given the metasomatic nature and the partial replacement of 

some clasts in the conglomerate matrix. 

The mineral occurrences in the Discovery Zone are considered to belong to the Iron 

Oxide-Copper-Gold (IOCG) group of deposits, as they show characteristics consistent 

with the IOCG class and include magnetite and lithic breccias hosted in a metavolcanic 

sequence (Smith et al. 2007). The mineralization is spatially associated with sodic-calcic 
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alteration (albite-actinolite-scapolite), which was overprinted by potassic alteration (K-

feldspar-scapolite-biotite) and finally a low-temperature potassic alteration (Smith et al. 

2007). Re-Os analysis conducted by Smith et al. (2007) of two samples, containing 

molybdenite intergrown with magnetite, gave mineralization ages of 1853±6 and 

1862±6 Ma which coincides with the ages of the Perthite-Monzonite and Haparanda 

Suite granitoids (Skiöld et al. 1987, 1988; Skiöld & Öhlander et al. 1989) and the timing 

of the regional metamorphism in the area (Smith et al. 2007). 

A JORC-compliant report completed in 2011 by Kiruna Iron AB, shows an inferred 

mineral resource of 69.7Mt of 28.5% Fe at Rakkurijärvi and 10.9Mt of 38.8% Fe and 

0.31% Cu in the Discovery Zone, both determined using a lower cut-off grade of 20% Fe 

(Lindholm 2012). 

The magnetite mineralization in Rakkurijärvi has a strike of  60° and a 70-90° dip to the 

SE, while the Discovery Zone has a more complex structure with a general strike of 100°, 

a varying dip of 10-90° and a plunge trending 45° to the E (Amanda Scott, pers. comm. 

2012). 
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3. Literature review  

3.1 Rakkurijoki, Rakkurijärvi and Discovery Zone – Review of research 

 

The Rakkurijoki magnetite mineralization was discovered in 1898 as a result of 

magnetic measurements (Ekström 1967). The magnetic anomaly was drilled and 

trenches excavated during the end of the 19th century in an unsuccessful attempt to 

delineate the extent of the mineralization. Further ground-based magnetic and 

gravimetric surveys were conducted during 1967-68 by LKAB combined with additional 

drilling (2266 m). In 2001, Equinox drilled a single hole (350 m) at Rakkurijoki (Scott 

2013). 

In conjunction with the geophysical measurements conducted in 1962 south of the 

Kiirunavaara apatite-iron mine by a company named ABEM, two distinct anomalies 

were identified under Lake Rakkurijärvi (Ekström 1967). The presence of sulfide 

mineralization west of Lake Rakkurijärvi was first identified in the early 1950´s when 

the Geological Survey of Sweden (SGU) carried out a regional boulder survey in 

Norrbotten County. During the late 1960´s and early 1970´s detailed geological mapping, 

boulder surveys, geochemical and geophysical measurements led to the identification of 

a chalcopyrite, pyrite, and pyrrhotite mineralization in the Rakkurijärvi area. 

Consequently, this was followed by several drilling programs throughout the 1970´s 

carried out by SGU before the campaign was ceased as the mineralization was 

considered too low grade and widely spread. In 1979, following the discovery of the 

Viscaria Cu-deposit in 1972, the drilling campaign was resumed spurred on by the 

potential of discovering a new ore body (Lilljequist & Johansson 1979). 

Exploration work in the late 1990´s and early 2000´s by Rio Tinto Mining and 

Exploration Ltd. and Anglo American Exploration B.V. (through their Norrbotten Joint 

Venture), identified the IOCG-style of mineralization in the Rakkurijärvi area. During 

these years, an integrated geophysical and geochemical program followed by core 

drilling was conducted in order to outline the economic potential of the mineralization 

(Smith et al. 2007). In 2004, South Atlantic Ventures Ltd. (a subsidiary company of 

Lundin Mining Ltd.) optioned the property from the Rio Tinto/Anglo American joint 

venture and continued to delineate and evaluate the Discovery Zone IOCG resource 

during a period of 6 years. In 2010, Kiruna Iron AB acquired the exploration rights over 

the area from the previous operators. 

Previous exploration work was primarily directed towards the investigation and 

evaluation of the Cu-Au resource potential of the Discovery Zone in the Rakkurijärvi 

area. However, the recent exploration campaign conducted by Kiruna Iron AB is mainly 

focusing on the occurrence of magnetite in the respective areas as to define the 

geometry of the magnetite-bearing zones and to determine their economic potential. 
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3.2 IOCG and associated deposits 

 

The Iron Oxide-Copper-Gold (IOCG) group of deposits was originally proposed by 

Hitzman et al. (1992) following the studies of Oreskes and Einaudi (1990, 1992) of the 

Olympic Dam Cu-U-Au-Ag deposit in South Australia that was discovered during the 

1970’s.  

The IOCG classification has become generally accepted (e.g. Porter 2000, 2002), but is 

presently considered to be too-embracing as implied in several reviews (e.g. Hitzman et 

al. 2000; Sillitoe et al. 2003; Williams et al. 2005) as the IOCG deposit group currently 

include numerous associated deposit types and potential end members or equivalents 

(Groves et al. 2010).   

 

 

Hydrothermal systems with IOCG-related characteristics are broadly distributed in 

space and time, as they occur on all continents and range in age from the present back to 

the Late Archaean (Williams et al. 2005). Based on the recent review conducted by 

Groves et al. (2010), the IOCG group of deposits with similar characteristics to the 

Olympic Dam deposit would potentially include the following subgroups: 

I. IOCG deposits, such as Olympic Dam, South Australia.  

II. P-rich, Fe-oxide or apatite-magnetite deposits, such as Kiirunavaara, Sweden.  

III. Carbonatite or other alkaline intrusion-iron oxide (F, REE) deposits, such as 

Palabora, South Africa. 

IV. Porphyry Cu-Au or skarn Fe to Fe-Cu-Au deposits, such as Yerington, USA and 

Magnitogorsk, Russia.  

V. High-grade magnetite-replacement Au-Cu deposits such as those at Tennant 

Creek, North Australia.  

Figure 4: Schematic diagram showing tectonic and lithospheric settings of IOCG 
deposits. Thickness of crust exaggerated relative to lithosphere to accommodate 
details. Figure  adapted from Grove et al. (1987), Groves & Bierlein (2007) and 
Groves et al. (2010). 



 

13 
 

The criteria for classifying sensu stricto IOCG-type deposits (subgroup I), are that the 

deposits are formed by magmatic-hydrothermal processes, are structurally controlled, 

commonly with breccias, have economic grades of  Cu±Au, are surrounded by alteration 

and/or brecciation zones generally more regional in scale relative to economic 

mineralization, have abundant low Ti iron oxides or iron silicates, and have a close 

temporal, but not apparent spatial relationship to causative intrusions (Groves et al. 

2010). 

Williams et al. (2005) suggested that the presently accepted ore deposit model (Fig. 4) 

proposed by Porter et al. (2000, 2002) is too diverse, and that some deposits currently 

included in the group have been misclassified. As IOCG deposits represent a rather wide 

range of loosely related deposits that share a number of common features (e.g. Haynes 

et al. 2000; Sillitoe et al. 2003), it has led to difficulties in developing a solid exploration 

model (Groves et al. 2010). 

Based on the style of mineralization, alteration and structural control, the Norrbotten 

region has been regarded a part of a typical IOCG province (e.g. Martinsson & Virkunnen 

2001; Williams et al. 2003, 2005). IOCG and possibly IOCG-related deposits in the 

Norrbotten region include the following groups, (modified after Billström et al. 2010):  

I. Stratiform – stratabound sulphide deposits, (e.g. Viscaria). 

II. Apatite-iron deposits, (e.g. Kiirunavaara). 

III. Skarn-related Fe and BIF deposits, (e.g. Rakkurijoki). 

IV. Epigenetic (±syngenitic?) Au and Cu-Au deposits, (e.g. Pahtohavare) 

Skarn iron ores may gradually grade into Banded Iron Formation (BIF) towards the 

hanging-wall and/or laterally (e.g. Tornefors, Sweden) (Billström et al. 2010), and it is 

suggested by Grip & Frietsch (1973) that these two deposit-types may be genetically 

related. In Northern Sweden, the skarn iron ores generally form lenses concordant with 

the strike of the host rocks, which consist of sediments and basic volcanics. The iron ore 

is often associated with skarn altered limestone in many of the deposits. The ore in 

skarn deposits is generally rich in dark silicates, and rich in calcium and magnesium, 

with tremolite-actinolite, diopside, phlogopite, and serpentine being the most common 

(Frietsch 1966, 1970).  

The skarn iron ores have been considered as replacement deposits formed by 

emanations from intrusive rocks by Geijer (1918b, 1929, 1931a, 1935, and Geijer & 

Magnusson 1952). In later years, Eriksson (1954), Ödman (1957), and Frietsch (1966, 

1967b) considered the skarn ores in Northern Sweden to be metamorphosed 

sedimentary formations. Ödman (1957) suggested that several skarn deposits in 

Norrbotten County are possibly related to banded iron formations, and that the 

formation of skarn is the result of remobilization in concurrence with deep magmatic 

processes.  
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4. Methodology  

4.1 Drill core logging 

 

Geological logging of 2.937 meters of drill core from holes drilled in the Rakkurijoki, 

Rakkurijärvi and Discovery Zone, was undertaken at Kiruna Iron´s former core logging 

facility in Kiruna, Norrbotten County, and in the Geological Survey of Sweden’s (SGU) 

drill core archive in Malå, Västerbotten County, Sweden. 

4.2 Lithogeochemistry 

 

A total of 9 samples of drill core from representative lithological units in the three 

mineral deposits has been analyzed (See appendix D), i.e., 3 samples from Rakkurijoki, 3 

from Rakkurijärvi, and 3 from Discovery Zone. The lithological sampling focused on the 

visually least altered zones of the different lithologies in the deposits. The samples were 

sent to ALS Minerals in Piteå, Sweden, for a whole rock geochemical analysis that was 

conducted using a ME-XRF06 method.  

The analytical method begins with a calcined or ignited sample (0.9 g) that is added to 

9.0 g of lithium borate flux (50%–50%, Li2B4O7–LiBO2), which is subsequently mixed 

and fused in an auto fluxer between 1050–1100°C . The following melt is then used to 

create a flat, molten glass disc that is analyzed by X-ray fluorescence spectrometry.  

 

Table 1: List of analyzed elements and detection limits (upper and lower limit in wt%) for the respective 
elements. 

4.3 Petrography 

 

Sample selection for petrographic polished thin sections focused primarily on the 

magnetite-rich zones in the respective areas, (i.e., Rakkurijärvi, Discovery Zone, and 

Rakkurijoki). A total of 53 samples was taken and sent to Vancouver Petrographic Ltd., 

Canada, to produce 30 μm thick polished thin sections. The distribution of the samples 

was evenly spread out within the magnetite-bearing zones in the individual areas. (See 

sample list in appendix C).  

The petrographic study of the polished thin sections was conducted both in transmitted 

and reflective light. This was carried out at the Geoscience Department, Luleå University 

of Technology (LTU), Sweden, using a Nikon Eclipse E600 (with 1x, 2.5x, 5x, 10x, 20x, 

and 50x magnifying lenses) equipped with a Nikon DS–Si1 camera.  

Element SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Cr2O3 TiO2 MnO P2O5 SrO BaO LOI Total

Lower limit (%) 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01

Upper limit(%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 101
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4.4 Mineral Chemistry 
 

A total of 25 polished thin sections from the three mineral deposits was selected for 

mineral analysis. The analysis was carried out using a CAMECA SX100 electron 

microprobe equipped with five wavelength dispersive spectrometers (WDS) and an 

energy dispersive spectrometer (EDS) at the Geological Survey of Finland (GTK), Espoo, 

Finland.   

From the 25 thin sections, a total of 180 

point analyses were taken from the 

three investigated deposits (i.e., 

Rakkurijoki, Rakkurijärvi, and Discovery 

Zone). For each of the investigated 

deposit, 60 analyses were conducted 

(i.e., 30 for the oxides, 20 for the sulphides, and 10 the silicates) (See appendix C for the 

sample list). 

The analytical setup and operation conditions are shown in appendix J, K, L, and M. The 

analyses were calibrated using a range of natural and synthetic standards, comprising 

simple oxides, or minerals. After counting the peak for 10-30 s, background was 

measured on one side of the peak between 5–10 s at an offset position in a flat region of 

the spectrum experimentally verified to be free of interfering element X-ray 

wavelengths (See appendix J, K, L, and M).  

The minimum detection limit (MDL) was computed for each element in each analysis by 

the CAMECA Peak Sight analysis software and occasionally validated manually using the 

formula of Ziebold (1967) for trace element analysis to verify the software´s 

calculations.  

The Ziebold (1967) equation:      
(    )  

√ 
 

 

,  

where CMDL = minimum detection limit, α = weight % of the element of interest in the 

standard, P = total number of peak-background counts, B = total number of background 

counts.  

The chemical composition for 7 elements from the oxide samples were initially 

measured, but only 6 elements (Al, Fe, V, Ti, Mn, and Cr) had an average concentration 

commonly above their minimum detection limit. The chemical composition for 17 

elements from the sulphide samples were initially measured, but only 5 elements (S, Cu, 

Fe, Ni, and Co) had average concentrations above their minimum detection limit. Several 

elements had such low concentrations that they do not allow to be used effectively as 

discriminant elements.  

Accelerating 

voltage (kV)

Probe 

current (nA)

Beam diameter 

(µm)

Oxide 20 40 1

Sulphide 20 30 1

Carbonate 15 10 10

Sillicate 15 20 5

Table 2: The run conditions for the different 
elements. 
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Electron microprobe datasets are typically filtered because they contain non-detects 

that are below the computed minimum detection limits, as was the case for Nd in the 

oxide analyses. The minimum detection limit refers to the lowest concentration which 

can reliably be detected in a sample. None of the values which were below the MDL was 

substituted with the MDL-value for the respective elements, or with ½ the MDL-value. 

All of the elements, including values below the MDL were included in the calculations 

and diagrams. These analyses bring some uncertainties in the results as they influence 

the conclusions that are drawn from the raw data. The microprobe results from GTK 

were presented as weight percentage of oxides which subsequently were recalculated to 

atoms per formula unit (a.p.f.u.). All analytical results are listed in appendix F, G, H and I, 

and detailed run-conditions are listed in appendix J, K, L and M.  

4.5 Data Processing 

 

MS Excel 2010 and GDC Toolkit 3.0 software were used to plot the results from the 

whole-rock analysis. The resulting data from the electron microprobe analysis (E.M.P.A.) 

were recalculated from weight percentage of oxides into chemical formulas and used for 

plotting the results using MS Excel 2010. Information regarding the molar weight of the 

different elements was collected from Wenk & Bulakh (2004). 

The formulas for amphibole were calculated using a method based on 23 oxygen as the 

water content was unknown from the E.M.P.A. According to Hawthorne and Oberti 

(2007) it has to be assumed that (F, Cl, OH) is equal to 2 a.p.f.u., in order to implement 

this method. The used terminology and resulting plots were according to Leake et al. 

(1997) and Deer et al. (1997). The formulas for mica were calculated based on 22 

oxygen according to Fleet et al. (2003) and plotted according to Rieder et al. (1998). 

The formulas for alkali feldspar were calculated based on 32 oxygen according to Deer 

et al. (1992). The formulas for serpentine were calculated based on 7 oxygen, and 

according to Deer et al. (1992), it has to be assumed that (F, Cl, OH) is equal to 4 as the 

water content was unknown from the E.M.P.A. The formulas for scapolite were 

calculated based on 24 oxygen and the end-member was determined according to Deer 

et al. (1992). Apatite was calculated based on 26 oxygen according to Deer et al. (1992). 

Magnetite and possible hausmannite were calculated based on 32 oxygen according to 

Bowles et al. (2011), but due to the low a.p.f.u. values all the plots in the results are 

shown in wt%. The formulas for sulphides, i.e., pyrite, pyrrhotite, chalcopyrite, and 

pentlandite, were calculated using 3, 2, 4 and 17 cations, respectively, according to 

Bowles et al. (2011), but due to the low a.p.f.u. values all the plots in the results are 

shown in wt%.  

The analytical data from chlorite, titanite, diopside, quartz and carbonates are 

disregarded in this study due to the low number of samples analyzed, but included in 

appendix H and I.  
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4.6. Limitations  

4.6.1 Whole-rock data 

 

The whole-rock geochemistry analysis was conducted using method ME–XRF06. Due to 

the rather limited knowledge of the author regarding the different analytical methods 

for whole-rock analysis, no further analysis was carried out to determine the minor 

element and trace element composition of the samples. With that in mind, a good 

classification of the whole-rock samples was difficult to attain without the additional 

data that for example a complementary ICP–MS analysis possibly could have provided. 

4.6.2 Silicates 

 

Silicates were not the primary focus of this thesis, but are still an important part in order 

to determine the mineralogical similarities and differences of the three mineral deposits. 

Silicate minerals from the three deposits were selected for electron microprobe analysis  

using a random distribution method. As a result from this, some of the minerals (e.g. 

silicates and carbonates) from one or two of the mineral deposits were not analyzed, 

causing  difficulties in presenting a good comparison between the investigated deposits 

for these minerals.  Since analyses by electron microprobe do not distinguish between 

Fe2+ and Fe3+, all Fe probe determinations are left as FeO equivalent, thus giving all Fe as 

Fe2+ as suggested by Deer et al. (1997).  

4.6.3 Oxides 

 

The results from the E.M.P.A. displayed the Fe content as FeO, which hampered the 

calculation of the correct amount of divalent versus trivalent Fe based on substitution 

mechanisms. The reported average weight percentage of FeO in the analyzed samples 

was approximately 94%, and as the investigated deposits consist nearly entirely of 

magnetite, the FeO values were transformed to Fe3O4 using a conversion factor of 

~1.074 based on the molecular weight per cation ratio between FeO and Fe3O4. After the 

recalculation from FeO, the overall Fe3O4 weight % is between 97.5% and 100.43% for 

all the magnetite samples, indicating that it is magnetite. This conclusion is also 

supported by observations from the petrographic studies. The fact that neither Fe2+ or 

Fe3+ were analyzed led to complications by determining the correct magnetite site 

occupancy of Fe2+ and Fe3+ as these are calculated and not analytically determined. The 

ideal site occupancy of Fe3O4 is R2+ = 8 and M3+ = 16, where R2+ = Fe2+ + Mn, Mg, Ca, Ni, 

Zn and M3+ = Fe3+ + Al, Cr, V.  

The site occupancy was calculated by assuming that the divalent and trivalent iron is 

distributed as 2/3 Fe3+ and 1/3 Fe2+. Based on that assumption, the site occupancy is 

close to the ideal value for the tetrahedral (A)-site (8) and octahedral (B)-site (16) for 

Fe3O4.  
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5. Results 

5.1 Rakkurijoki  

5.1.1 Mineralization  

 

The mineralization at Rakkurijoki contains magnetite ± pyrite + chalcopyrite ± 

pyrrhotite ± pentlandite, in decreasing order of abundance. Based on their position in 

the stratigraphic package and the characteristics of the individual levels, the 

mineralization at Rakkurijoki can be divided into two separate zones of mineralization: a 

stratigraphically lower, lower-grade zone and a stratigraphically higher, higher-grade 

zone. The stratigraphically lower and lower-grade magnetite mineralization (25–45% 

Fe) occurs as disseminations but it often exhibits a banded appearance on a millimeter 

to centimeter scale with fine interlayering of magnetite, Mg-silicates (biotite–phlogopite, 

chlorite and rare talc) and Ca–Mg silicates (actinolite, tremolite, diopside), with common 

veinlets and impregnations of calcite originating from late-stage hydrothermal 

alteration.  

The contact between the lower-grade magnetite ore and the footwall is gradational 

showing laminar bedding (centimeter to decimeter thick) at the margin. The footwall in 

Rakkurijoki is a scapolite- and amphibole-rich mafic tuff-tuffite containing minor 

disseminated pyrite and pyrrhotite. The overlying high-grade magnetite (>50% Fe) is 

massive although parts of the high-grade zone show a weak banding or fine layering on 

a millimeter to centimeter scale with alternating layers of magnetite and Ca-Mg silicates 

(actinolite, tremolite, diopside). The peripheral part of the high-grade magnetite is 

usually bordered by a pyroxene-dominated skarn which gradually becomes richer in 

biotite and scapolite towards the meta-arkose/quartzite hanging-wall. The meta-arkose 

generally contains <30% feldspar, some sericite and occasional quartz-rich 

intercalations. Both the footwall, hanging wall and the mineralization are all cut by 

dykes consisting of porphyrite-trachyandesite, monzodiorite and metadiabase (Scott 

2013), where the porphyrite-trachyandesite is the most common and often displays a 

strong mineral lineation. All the dykes are generally strongly scapolite-altered and when 

occurring within the ore, the dykes are biotite- and amphibole-altered at the margins. 

The main sulphide phases in the Rakkurijoki deposit are pyrite, pyrrhotite, chalcopyrite 

and rare pentlandite (Fig. 5A). Pyrite is often found partly replaced by chalcopyrite (Fig. 

5B), pyrrhotite and/or goethite to some extent. (Fig. 5A, 12A, and 12B). Late-stage pyrite 

is also observed, cross-cutting earlier pyrrhotite veins and filling fractures along 

magnetite grains (Fig. 5C). Magnetite is occasionally found replacing pyrite along its 

rims and fractures (Fig. 5B, 5D). Pyrrhotite is occasionally found to contain minor 

amounts of pentlandite (Fig. 5A) which occurs either as granular, polycrystalline 

veinlets, interstitial to pyrrhotite, or as oriented lamellae (Fig. 12B). 
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Figure 5: Ore sections plate (reflected light) – Rakkurijoki. 

 

Figure 5A: High-grade massive magnetite zone. Pyrite has largely been replaced by chalcopyrite, pyrrhotite, 

pentlandite, and goethite. The deposition of pyrite precedes the other sulphide assemblages. i.e., chalcopyrite, 

pyrrhotite, pentlandite and goethite. Groundmass consists of predominantly of phlogopite and chlorite. 

Figure 5B: Pyrite grain partly replaced by chalcopyrite and magnetite. Groundmass consists predominantly of 

muscovite. 

Figure 5C: High-grade massive magnetite zone cross-cut by pyrrhotite and pyrite veinlets. Groundmass 

consists of predominantly of phlogopite and chlorite. Pyrrhotite deposition precedes pyrite deposition.  

Figure 5D: Pyrite grain partly replaced by magnetite along its rims and fractures. Traces of chalcopyrite can 

be observed, albeit. Groundmass consists of a chloritoid, minor quartz and tremolite.  
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5.2 Rakkurijärvi  

5.2.1 Mineralization  

 

The mineralization at Rakkurijärvi contains magnetite ± pyrite + chalcopyrite in 

decreasing order of abundance hosted within a metavolcanic sequence. The hanging 

wall is a varyingly altered gabbro-diorite, where scapolite, amphibole, biotite and 

chlorite are the dominant alteration minerals. The hanging wall occasionally contains 

minor disseminated magnetite and pyrite ± chalcopyrite. Parts of the hanging wall can 

display a varying porphyritic appearance, with large feldspar phenocrysts (<20mm). 

The hanging wall is often cut by dykes consisting of porphyrite-trachyandesite, 

metadiabase and syenite. All the dykes are generally scapolite-altered and when 

occurring within the mineralized zone, the dykes are frequently amphibole-, biotite-, 

chlorite-, and scapolite-altered to some degree.  

Unfortunately, no clear contact between the mineralized zone and the foot wall was 

identified in the holes that were logged, i.e., RAK011002, RAK011004 and RAK011006, 

as the holes were ineffective in determining the mineralization’s foot-wall contact. 

The magnetite mineralization generally exhibits a banded appearance on a mm- to cm 

scale comprising magnetite + amphibole + chlorite ± pyrite ± carbonate, and contains 

between 15 and 35-40% Fe. The magnetite mineralization occurs to a lesser extent as 

disseminations and with occasional bands of semi-massive and massive magnetite. It is 

hosted in a very fine-grained (<1 mm) skarn assemblage, i.e., Mg-silicates (biotite-

phlogopite, chlorite), Ca-Mg-silicates (actinolite-tremolite) accompanied by veinlets, and 

impregnations of calcite originating from late-stage hydrothermal alteration. Parts of the 

mineralization is brecciated containing magnetite + carbonate + pyrite as infill.  

Pyrite occurs either as a late-stage matrix infill or as disseminations intergrown with 

magnetite (Fig. 6C). Pyrite is also found seemingly in equilibrium with magnetite (Fig. 

6A, 6B), and with no inclusions of chalcopyrite (Fig. 6A), suggesting a possible early 

stage sulphide deposition.  

Chalcopyrite is generally associated with and post-dating pyrite, and is found partly 

replacing pyrite and/or magnetite (Fig. 6C, 6D). Chalcopyrite is also found in equilibrium 

with magnetite, similar to pyrite, indicating a possible second (late-stage) sulphide 

deposition (Fig. 6A).  
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Figure 6: Ore sections plate (reflected light) – Rakkurijärvi. 

 

Figure 6A: Semi-massive magnetite zone containing pyrite and chalcopyrite. Groundmass is dominated by 

actinolite/tremolite.   

Figure 6B: Pyrite occurs as a matrix infill and minor chalcopyrite occurring disseminated within the 

magnetite grains. Groundmass consists of actinolite/tremolite + scapolite + phlogopite.   

Figure 6C: Overview image illustrating a fractured massive magnetite zone with pyrite and chalcopyrite 

matrix infill and replacement of magnetite. Pyrite grains are partly replaced by chalcopyrite. Groundmass 

consists of carbonate + actinolite/tremolite + scapolite + phlogopite.  

Figure 6D: Pyrite possibly replacing magnetite along with minor chalcopyrite. Groundmass consists primarily 

of actinolite/tremolite + scapolite + phlogopite. 
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5.3 Discovery zone  

5.3.1 Mineralization  

 

The mineralization in the Discovery Zone consists of magnetite ± pyrite + chalcopyrite in 

decreasing order of abundance hosted within a metavolcanic sequence. Brecciation has 

affected all the lithological units where the breccias range from distal jigsaw textures to 

lithic breccias close to the core of the main mineralized zone, according to observations 

conducted by Smith et al. (2007). Distal to the main mineralization, the matrix of the 

least altered breccia consist of biotite and actinolite, with sporadic calcite and minor 

magnetite and sulphides. From the observations of Smith et al. (2007), the peripheral 

parts of the magnetite breccias show some degree of transport and rotation of clasts 

grading into a jigsaw breccia, gradually shifting into a lithic breccia with a high degree of 

rotation and transport.  

Adjacent to the main mineralization, the lithic magnetite breccias generally have a 

matrix consisting of actinolite and magnetite with lesser amounts of calcite, albite, 

scapolite, epidote and quartz. The main magnetite breccias are comprised of fine-

grained brecciated magnetite rock with a matrix consisting of calcite, actinolite, chlorite, 

biotite and accessory amounts of apatite.  

The main sulphide phases in the Discovery Zone are pyrite and chalcopyrite. Smith et al. 

(2007) have recorded observations of molybdenite, but molybdenite has not been 

observed during petrographic sessions in this study. In the magnetite-rich breccias, 

pyrite and chalcopyrite either form the matrix or occur as a late-stage infill of matrix and 

fractures (Fig. 7A). Peripheral to the rich magnetite breccias (e.g., lithic and distal 

breccias), sulphides commonly occur as late-matrix infill associated with calcite. The 

deposition of sulphides occurred syn- to post calcite deposition. 

Chalcopyrite is closely associated with pyrite, and occurs either as veinlets cross-cutting 

the magnetite grains (Fig. 7A) or disseminated and intergrown with magnetite (Fig. 7B). 

Pyrite occurs as a late-stage phase, filling the matrix and fractures along with 

chalcopyrite (Fig. 7A) and/or as disseminations intergrown with magnetite (Fig. 7B). 

The deposition of pyrite precedes chalcopyrite deposition (Fig. 7D), which is also 

observed by Smith et al. (2007).  

Locally, within the magnetite breccia, the magnetite grains are partly replaced by 

hematite. The occurrence of hematite replacement of the magnetite grains is generally 

associated with the presence of sulphides that form the matrix in the magnetite breccia, 

although occasionally it is also observed in zones without the presence of sulphides (Fig. 

7C). The hematite replacement occurs either on the rims of magnetite grains or as thin 

elongated needles along the crystallographic orientation in the crystal structure (Fig. 

7C). 
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Figure 7A: Chalcopyrite and pyrite occur as veinlets cross-cutting the massive magnetite mineralization. 

Pyrite is closely associated with chalcopyrite and the sulphides are post magnetite mineralization event. 

Groundmass consists of calcite + hornblende + chlorite + quartz + actinolite/tremolite. 

Figure 7B: Highly disseminated chalcopyrite and pyrite in a brecciated semi-massive magnetite zone. Traces 

of hematite alteration of magnetite observed (top right corner). Groundmass consists of calcite + scapolite + 

albite. 

Figure 7C: Close-up image of hematite alteration of magnetite along the rims and fractures in a semi-massive 

magnetite zone. Groundmas consists of calcite + quartz + chlorite + biotite. 

Figure 7D: Fracture hosted chalcopyrite within a pyrite grain in a semi-massive magnetite breccia zone. 

Groundmass of calcite + actinolite + chlorite. 

  

Figure 7: Ore sections plate (reflected light) – Discovery Zone. 
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6. Mineral Chemistry  

6.1 Oxides  
 

Magnetite (grain) samples from respective mineral deposits were analyzed for 6 trace 

elements, but only 4 trace elements out of 6 could be quantified. Roughly 90% or more 

of the trace element oxide analyses have Cr2O3 and Nb2O3 concentrations below the 

mean detection limit (MDL), so the latter elements are not shown in the data set in table 

3. 

 

Table 3: Average detection limit, mean and range for the quantifiable elements from the three investigated 
deposits. 

The trace element oxides with the highest abundance in magnetite from Rakkurijoki are 

Al2O3, MnO and V2O3, whereas TiO2 occurs in low abundance, just above the MDL in 

nearly all samples. Cr2O3 is much less abundant whereas Nb2O3 is not detected at all in 

any of the three deposits. 

 

The most common trace element oxides in magnetite from Rakkurijärvi are V2O3, MnO 

and Al2O3, whereas the majority of TiO2 and Cr2O3 analyses have concentrations below 

the MDL.  The most common trace element oxides in magnetite in Discovery Zone is 

Figure 8: Plot of Al2O3 vs. Fe3O4 in wt% from the E.M.P.A. results. 
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V2O3, whereas more than 80% of Al2O3, MnO, TiO2 and Cr2O3 analyses have 

concentrations below the MDL. Overall, TiO2 and Cr2O3 have very low abundances which 

makes it difficult to attain indicative results, compared to the more common elements 

V2O3, Al2O3 and MnO. 

The results display clear differences in the Al2O3 concentrations between the three 

studied deposits. The samples originating from Rakkurijoki have generally higher Al2O3 

concentrations compared to the two other deposits, varying between 0.08–0.24 wt% 

(Table 3 and fig. 8). Magnetite samples from Rakkurijärvi contain less Al2O3 compared to 

Rakkurijoki, with approximately half of the samples being below the MDL (Fig. 8) and 

concentrations varying between 0–0.11 wt% (Table 3). Analyses from Discovery Zone 

show very low Al2O3 concentrations, varying between 0–0.03 wt%, where the majority 

of the samples is below MDL.  

The MnO content (Fig. 9) in the magnetite samples from Rakkurijoki shows two groups. 

Group 1 with a MnO content varying between 0–0.07 wt% and Group 2 with an elevated 

MnO content, varying between 0.13–0.16 wt%. Samples from Rakkurijärvi show a 

similar distribution as Group 1 from Rakkurijoki, with MnO concentrations varying 

between 0–0.07 wt %, but with an overall lower mean value (See table 3). The MnO 

concentration from samples originating from Discovery Zone is distinctively lower 

compared to the other deposits, showing an MnO content between 0–0.04 wt%. 

 

  

Figure 9: Plot of MnO vs. Fe3O4 in wt % from the E.M.P.A. results. 
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The TiO2 content (Fig. 10) in the magnetite is similar in all three deposits, except for a 

few magnetite samples originating from Rakkurijärvi with elevated value. The magnetite 

samples in Rakkurijärvi show a more varied concentration of TiO2, with the largest 

spread (0–0.44 wt%) compared to the other two deposits. The majority of the magnetite 

samples from Rakkurijoki contains slightly higher TiO2 concentrations compared to the 

other two deposits, varying between 0–0.08 wt%, whereas samples from Discovery 

Zone contain the overall lowest TiO2 concentrations, varying between 0–0.06 wt%.  

 

The V2O3 (Fig. 11) concentration in Rakkurijärvi shows the largest spread (0–0.21 wt%), 

followed by Rakkurijoki and Discovery Zone, both 0–0.13 wt%. The mean V2O3 

concentration in magnetite samples from Rakkurijoki is slightly higher compared to 

samples originating from Discovery Zone (See table 3). The V2O3 shows a positive 

correlation with Fe3O4 in Rakkurijärvi, whereas for Rakkurijoki, there is a slight negative 

correlation between V2O3 and Fe3O4. For Discovery zone, no obvious trend can be 

distinguished between V2O3 and Fe3O4.  

Figure 10: Plot of TiO2 vs. Fe3O4 in wt% from the E.M.P.A. results. 

Figure 11: Plot of V2O3 vs. Fe3O4 in wt% from the E.M.P.A. results. 
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6.2 Sulphides 

6.2.1 Pyrrhotite and Pentlandite  

 

Pyrrhotite has been observed in samples from Rakkurijoki, where it follows the 

deposition of pyrite (Fig. 5A). Pyrrhotite occurs as subhedral grains, as late-stage infill of 

fractures and matrix (Fig. 5C). Grains of pyrrhotite occasionally contain minor 

pentlandite, which is commonly observed in two distinct textures: as granular 

polycrystalline veinlets interstitial to pyrrhotite grains or as oriented lamellae with a 

flame-like shape. The pyrrhotite is commonly seen to be partly or completely replaced 

by pyrite with associated chalcopyrite or oxidized into goethite (Fig. 12A). 

 

Figure 12: A – Zoned pyrite and partially goethite altered pyrrhotite grain with traces of pentlandite in a 
massive magnetite zone. Groundmass consists of carbonate + actinolite and quartz. B – Pyrrhotite grain 
containing a large bleb of pyrite which is partly replaced by flame-like textured chalcopyrite?  The pyrrhotite 
contain minor needle-shaped pentlandite. Groundmass consists of  carbonate + sericite + actinolite.  

The composition of pyrrhotite samples lies within the range of Fe1-xS where X = 0–0.125, 

giving a general formula of Fe0.9S (Bowles et al. 2011). Ni, Co, Mn, and Cu may substitute 

for Fe, or may be present in small inclusions of pentlandite (Fe, Ni)9S8. The pyrrhotite 

samples contain 0.35–0.38 wt% Ni, and slightly elevated As (< 0.06 wt%) and Co (<0.06 

wt%). See appendix G for a complete list.  

The principal variation in composition of pyrrhotite, is the variation of iron content with 

substitution of 2Fe3+ + □ for 3Fe2+ , where □ represents a vacant site.  
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6.2.2 Chalcopyrite  

 

In Rakkurijoki, chalcopyrite is generally associated with pyrite and occasionally with 

carbonate. Chalcopyrite is often found partly replacing and/or as late interstitial fill, 

pyrrhotite and/or magnetite (Fig. 5C). In Rakkurijärvi, chalcopyrite occurs as a late-

stage infill of the matrix between the magnetite grains (Fig. 6A) or partly replacing 

pyrite and/or magnetite grains (Fig. 6B and 6C). 

In Discovery Zone, chalcopyrite is associated with pyrite and occurs either as breccia 

matrix or as late-stage infill of the matrix and fractures (Fig. 7A), with pyrite preceding 

the deposition of chalcopyrite (Fig. 7D) (See also Smith et al. 2007). Chalcopyrite is 

occasionally found as small inclusions within the magnetite grains and in larger amounts 

than pyrite (Fig. 7B). Minor hematite replacement of magnetite is locally associated with 

the presence of chalcopyrite, but not always observed in the petrographic studies (Fig. 

7C).  

Chalcopyrite analysis was conducted on samples from Discovery Zone and Rakkurijoki. 

Minor variations in trace element composition between Rakkurijoki and Discovery Zone 

can be quantified. Rakkurijoki has elevated Bi (0.06–0.12 wt%) and Hg (0–0.27 wt%) 

compared to Discovery Zone, which contain 0–0.06 wt% Bi and 0.06–0.12 wt% Hg (See 

appendix G for a complete list). 

6.2.3 Pyrite  

 

In Rakkurijoki, pyrite is commonly associated with chalcopyrite and pyrrhotite, often 

partly replaced by magnetite (Fig. 5C). Two generations of pyrite deposition has been 

observed, pyrite which is partly replaced by chalcopyrite (Fig. 5B) ± pyrrhotite ± 

pentlandite ± goethite (Fig. 5A) and/or magnetite (Fig. 5D),  and a late-stage pyrite 

which cross-cuts pyrrhotite veins (Fig. 5C). This indicates that the deposition of pyrite 

precedes that of the other sulphide assemblages. In Rakkurijärvi, pyrite is commonly 

found as large subhedral blebs between magnetite grains (Fig. 6A and 6B) and/or partly 

replacing magnetite along with minor chalcopyrite (Fig. 6C). The deposition of pyrite 

precedes that of chalcopyrite (Fig. 7D). In Discovery Zone, pyrite is associated with 

chalcopyrite and forms either the matrix of the breccia or occurs as a late-stage infill of 

fractures (Fig. 7A). Minor amounts of pyrite are also seen as small scattered inclusions 

within magnetite grains (Fig. 7B).  
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The majority of the pyrite samples from all three deposits show a composition close to 

the ideal formula (FeS2), with an average Fe:S ratio of 1:[1.93–1.95] which is somewhat 

lower than the stoichiometric ratio of 2. The only distinguishable variation in trace 

element composition in pyrite is shown by Co and Ni, as the concentrations for the 

additional 13 elements analyzed were so low (95% or more of the analysis have 

concentrations below MDL) that the data cannot be used in a comparison.  

Overall, it is evident that Co is slightly more abundant in Rakkurijoki compared to 

Discovery Zone and Rakkurijärvi (Table 4 and figure 13), whereas the Ni concentration 

in all three deposits show a concentration lower than the detection limit (except one 

sample in Discovery Zone). In general, pyrite samples from Rakkurijoki contain elevated 

amounts of Co (0–3.37 wt%) compared to the other deposits.  

  

Figure 13: Co vs. Fe3O4 in pyrite samples for the three investigated deposits. 

Table 4: Detection limits, mean and ranges for the quantifiable elements in pyrite from 
the studied deposits. 



 

30 
 

6.3 Silicates  

6.3.1 Amphiboles 

 

The amphibole samples from Rakkurijoki and Rakkurijärvi are classified according to 

the nomenclature presented in Leake et al. (1997). All of the analyzed samples from the 

two areas contain >1.0 (Ca + Na) and <0.5 Na a.p.f.u. in the octahedral (B)-site, which 

according to Leake at al. (1997) are to be classified as calcic amphiboles.  

The majority of the samples have a Mg/(Mg + Fe2+) ratio of 0.9 or greater, thus placing 

them within the tremolite field (Fig. 14). Only a few samples show a Mg/(Mg + Fe2+) 

ratio lower than 0.9, placing them in the actinolite field. 

The analyses from Rakkurijoki are straddling the boundary between tremolite and 

actinolite, whereas roughly half of the analyses from Rakkurijärvi fall within the 

boundaries of tremolite and the remainder fall within the actinolite field.  

In table 5, it can be noted that the tremolite from Rakkurijärvi contains slightly higher 

concentrations of MgO, P2O5 and TiO2, and lower concentrations of FeO and MnO  

compared to tremolite from Rakkurijoki. The samples from Rakkurijärvi that plot in the 

actinolite field have higher Al2O3, FeO, and K2O contents compared to the tremolite 

samples originating from both Rakkurijoki and Rakkurijärvi.  

Figure 14: Amphibole compositions from Rakkurijoki and Rakkurijärvi presented in a 
nomenclature diagram for calcic amphiboles after Leake et al. (1997). 
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Tremolite Actinolite Tremolite

Sample ID Joki 11_6 Järvi 6_6 Järvi 15_11a

Index # 6492.12 6507.12 6514.12

SiO2 57.43 55.58 57.96

TiO2 0.01 0.01 0.09

Al2O3 0.64 1.65 0.39

FeO 4.13 6.28 1.72

MnO 0.12 0.10 0.06

MgO 21.68 20.33 24.16

CaO 12.65 12.94 12.95

Na2O 0.13 0.35 0.00

K2O 0.09 0.21 0.10

P2O5 0.11 0.16 0.22

F 0.00 0.00 0.00

Cl 0.04 0.02 0.01

Total 97.03 97.63 97.66

Si 7.96 7.77 7.90

T Ti 0.01

AlT 0.04 0.23 0.06

PT 0.03

Mg 4.48 4.24 4.91

Fe 0.48 0.73 0.20

M
1

2
3

Mn
0.01 0.01 0.01

Ti 0.00 0.00

AlM 0.07 0.04

Na 0.03 0.03

M
4

Ca 1.88 1.94 1.89

(M123) excess 0.05 0.03 0.12

NaM4

A K 0.02 0.04 0.02

(M4) excess 0.01

F 0.00 0.00 0.00

Cl 0.01 0.00 0.00

OH 1.99 2.00 2.00

 

 

 

 

Table 5: Representative samples from Rakkurijoki and Rakkurijärvi amphiboles. For a 
complete set, see Appendix H. 
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6.3.2 Micas 

 

All of the analyzed mica samples are from Rakkurijoki. The micas are classified after the 

nomenclature presented in Deer et al. (2004). They all show a Mg/(Mg + Fe) ratio 

between 0.94 and 0.95 and contain only traces of octahedral Al, placing them in the 

phlogopite category (Fig. 15).   

 

 

 

 

No correlation between F or Cl with Mg/(Mg + Fe) can be observed, within these 

restricted analyses.  

The micas can be differentiated by their variable F/Cl concentrations, where Group 1 

contains elevated F and lesser Cl, compared to Group 2 (Fig. 16A and 16B). The general 

composition of the micas are quite similar, with only a small variation in composition 

(See table 6 and appendix H for a complete list).  It can be noted that the micas from 

Rakkurijoki contain very low amounts of FeO and TiO2 and high concentrations of MgO.  

Figure 15: Mica classification according to Deer et al. (2004). 

Figure 16: A . F vs. Mg/(Mg + Fe). B.  Cl vs. Mg/(Mg + Fe) of mica from Rakkurijoki. 
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Sample ID Joki 1_1 Joki 14_6

Index # 6485.12 6496.12

SiO2 42.26 42.13

TiO2 0.63 0.61

Al2O3 13.23 12.94

FeO 2.60 3.11

MnO 0.02 0.01

MgO 26.06 25.81

CaO 0.02 0.01

Na2O 0.43 0.57

K2O 9.31 9.08

F 1.16 0.20

Cl 0.14 0.23

Total 96.09 94.76

Si 5.94 5.96

T

AlT
2.06 2.04

Mg 5.46 5.44

Fe 0.31 0.37

M Mn 0.00 0.00

Ti 0.07 0.06

AlM
0.13 0.12

K 1.67 1.64

A Na 0.12 0.16

(M) excess

F 0.52 0.09

Cl 0.03 0.06

OH 3.45 3.86

Atoms per formula unit (Based on 22 O)

Table 6: Composition of representative samples from the two mica groups 
at Rakkurijoki. Joki 1_1 represents Group 1 and Joki 14_6 represents Group 
2. For a complete set, see appendix H. 
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6.3.3 Scapolite 

 

All scapolite samples are from Discovery Zone.  

 

The analysis show a Mea ratio [Mea = (Ca + Mg + Fe + Mn + Ti)/(Na + K + Ca + Mg +Fe + 

Mn + Ti) * 100] varying between 31.4–41.0 (Fig. 17), thus placing them in the calcian 

marialite (Na4Al3SiO9O24Cl) compositional field (Fig. 18).  

 

   

 

Figure 17:  Al/(Al+Si) vs. meionite (Me) percentage and end-member cluster 
percentage. The solid line represents substitution [Na4Cl]Si2 = [NaCa3CO3]Al2 in 
series (a), and [NaCa3CO3]Si = [Ca4CO3]Al in series (b). Modified after Hassan & 
Buseck (1988). 

Figure 18: (Na + K) vs. Si indicating scapolite end-member based on the 
nomenclature from Teerstra et al. (1999). 
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7. Whole rock analysis 

7.1 Rakkurijoki  
 

Samples originating from the hanging-wall meta-sedimentary rocks at Rakkurijoki are 

classified either as arkose or litharenite according to the chemical classification scheme 

from Pettijohn et al. (1972), modified by Herron (1988) (Fig. 19), while according to the 

classification scheme by Blatt et al. (1980) and Blatt (1992), the meta-sedimentary rocks 

plot in the arkose and greywacke field (Fig. 20). The sample that plots in the litharenite 

field in figure 19 contains elevated Na2O compared to the other samples as can be 

observed in figure 20 where it is classified as greywacke. However, such diagrams must 

be applied with caution, as Na and K are likely to be mobilized during diagenesis and 

metamorphism as well as hydrothermal/metasomatic alteration (Rollinson 1993). 

 

 

The visual description from the core logging does not necessarily support the data 

presented within the Blatt et al. (1980) and Blatt (1992) plot. The term greywacke 

suggests an immature and poorly sorted rock with a clay-rich matrix, which is not 

evident at Rakkurijoki. 

The sedimentary rocks show a fairly good correlation in the two tectonic discrimination 

diagrams illustrated in figure 21 and 22. According to the classification plot by Roser 

and Korsch (1986), two of the samples plot in the active continental margin and a single 

sample in the passive margin field. In the discrimination diagram from Bhatia (1983), 

two of the samples plot in the active continental margin and one in the passive margin 

field as previously.  

  

Figure 19: The classification of terrigenous sandstones from 
Pettijohn et al. (1972) modified by Herron (1988). Lines 
visually redrawn from Rollinson (1993) p. 64, fig. 3.12. 

Figure 20: Classification of the meta-sediments 
according to Blatt et al. (1980 ); Blatt (1992). 
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7.2 Rakkurijärvi and Discovery Zone  
 

The mafic volcanic unit in Discovery Zone is classified as a basaltic trachy-andesite and 

trachy-andesite according to both Le Bas et al. (1986) and Middlemost (1994) (Fig. 23 

and 24). The meta-volcanic unit in Rakkurijärvi is classified as a trachy-basalt to basaltic 

trachy-andesite according to the TAS diagram by Le Bas et al. (1986) and Middlemost 

(1994) (Fig. 23 and 24). It should be noted that samples from Discovery Zone contain 

approximately 10% MgO and have been subjected to a high degree of alteration and 

been logged as scapolite-biotite schist, which makes the TAS classification scheme 

inappropriate according to Rollinson (1993) as the alkalis are likely to be remobilized. 

Further study should include trace elements, e.g., Zr/Ti to clarify/support the TAS plots.  

Figure 21: Tectonic setting of the sediments based on Roser and Korsch 
(1986). 

Figure 22: Discrimination diagrams for sandstone based on a bivariate plot of 
Al2O3/SiO2 vs. (Fe2O3 + MgO) after Bhatia (1983), visually redrawn from Rollinson 
(1993), p. 208, fig. 5.29. 
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Figure 23: TAS diagram according to Middlemost (1994). The unit of the plotted elements is wt%. 

Figure 24: TAS diagram according to Le Bas et al. (1986). The unit of the plotted elements is wt%. 
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8. Discussion  
 

8.1 Whole Rock 
 

Interpretation of the whole-rock geochemical data turned out to be problematic, as the 

analytical method used (ME–XRF06) produced only 13 major elements and did not 

include minor elements, trace elements or REE (See appendix E). This led to limitations 

in classifying the hanging-wall rocks within the investigated areas. However, it was 

possible to identify variations in the host rock geology on the three deposits using 

available geochemical data, and supported by observations from core logging.  

The samples originating from Rakkurijoki are classified as arkose to litharenite based on 

the plot in figure 19, which correlates well with the observations from the geological 

core logging. Based on the plot illustrated in figure 20, the samples are classified as 

arkose to greywacke, but the visual description from core logging does not support the 

greywacke classification, as the term suggests an immature and poorly sorted rock with 

a clay-rich matrix, which is not evident at Rakkurijoki. As for the tectonic setting of the 

sediments, the samples plot in the active continental margin and a single sample in the 

passive continental margin (Fig. 21 and 22). 

The samples from Rakkurijärvi are classified as basaltic trachy-andesite to trachy-

andesite according to the two discrimination diagrams used (Fig. 23 and 24). Based on 

geological logging, the analyzed samples are described as dacite.  

The samples from Discovery Zone are classified as basaltic trachy-andesite to trachy-

andesite according to the two discrimination diagrams used (Fig. 23 and 24). It should 

be noted that Discovery zone has been subjected to a high degree of alteration, so the 

classification scheme presented is inappropriate to implement as the alkalis are likely to 

have been remobilized (Rollinson 1993). Based on geological logging, the analyzed 

samples are described as scapolite-biotite schist. Comparing the results with a study 

conducted by Smith et al. 2007, the biotite-scapolite schist is consistent with an 

intermediate lava protolith.  

8.2 Rakkurijoki and Rakkurijärvi 
 

According to Grip & Frietsch (1973), the skarn iron ores in Norrbotten County, Sweden, 

are believed to be volcano-sedimentary in origin as they are associated with 

sedimentary products, i.e. clastic and chemical sediments of the Greenstone Group. 

Furthermore, the skarn iron ores are often associated with carbonate and marlstones 

which are found within the same stratigraphic position (Frietsch 1973, 1980).  

According to Grip & Frietsch (1973), some skarn-rich iron formations gradually grade 

into BIF towards the hanging wall and/or along strike, suggesting that these deposit-
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types could be genetically related. A good example of such a deposit is Tornefors, located 

in the Tärendö area, Sweden, where the skarn-rich iron formation is overlain by a 

distinctive BIF (Bergman et al. 2001). Contrary to the general conception that the skarn 

ores are sedimentary in origin, Geijer (1959b), has raised objections that the 

characteristic layering in skarn ores could be the result of a selective replacement and 

thus not a primary sedimentary origin. The skarn occurrences within the greenstones in 

northern Sweden and Finland have later been suggested to be metamorphic expressions 

of originally syngenetic exhalative deposits (Grip & Frietsch 1973; Bergman et al. 2001) 

or intrusion-related skarn deposits (Hiltunen 1982). 

The magnetite mineralized zones at Rakkurijoki are usually accompanied by large 

amounts of skarn minerals, such as tremolite-actinolite, phlogopite-biotite, serpentine, 

talc and chlorite, which coincides with the observations by Frietsch (1980) for skarn 

iron ores in Norrbotten County, Sweden. The mafic tuff–tuffite has similar laminar 

bedding as the lower banded iron ore unit. The contact between the footwall and the 

lower ore unit is gradational, and likely represents a gradual change in sedimentation 

from a volcaniclastic source to a chemical sedimentary source. (Amanda Scott, pers. 

comm. 2012). In Rakkurijoki the mafic tuff-tuffite footwall and mineralization probably 

belong to the upper part of the Kiruna Greenstones, whereas the meta-arkose hanging 

wall is possibly a sandstone facies of the overlying Kurravaara Conglomerate (Olof 

Martinsson, pers. comm. 2012). This view is supported by this study as there is a clear, 

and often sharp contact between the magnetite mineralization and the overlying meta-

sediments with no magnetite mineralization within the meta-sediments. This likely 

implies a formation boundary. It is possible that the skarn mineralization in Rakkurijoki 

has originally been formed in sediments rich in iron, silica and carbonate, but due to 

metamorphic processes has achieved its present mineralogical composition as 

suggested by Frietsch (1973, 1980) concerning skarn iron ores in Norrbotten County, 

Sweden. Minor limestone beds has been observed locally in the foot-wall according to 

Frietsch & Grip (1973), but during this study no carbonate unit has not been observed. It 

cannot be excluded that the Rakkurijoki deposit has the mineralogical composition of a 

skarn, but the characteristic mm-cm thick layering is more indicative of a BIF-type 

deposit.  

The magnetite mineralized zones at Rakkurijärvi, which are situated approximately 2km 

SE along strike of Rakkurijoki (See figure 3), are also accompanied by large amounts of 

skarn minerals, such as tremolite-actinolite, phlogopite-biotite, chlorite, and talc. No 

limestone/carbonate unit is present in Rakkurijärvi, carbonate has only been observed 

as a late-stage veining and/or breccia infill. The mineralized zone also exhibits a 

banded/laminated appearance on a mm-cm scale, albeit sometimes diffuse, hosted in a 

metavolcanic sequence. The mineralizations are located just north of a major regional 

thrust-zone, which may have acted as an conduit for magmatic and/or metamorphic 

fluid flow causing the metasomatic alteration. The mineralogical composition suggests it 

is a skarn-deposit as previously suggested by earlier authors, i.e., Berglund (1924), 

Geijer (1910), Frietsch (1970). 
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8.3 Discovery Zone  
 

Bands of quartz + tremolite ± epidote marble is found occurring within the 

metasedimentary sequence situated inbetween units of biotite-schist and varyingly 

brecciated biotite schists and/or magnetite breccia with a carbonate matrix. The 

sequence of rocks is suggested to be a hydraulic breccia complex, reflecting the 

transition from a transported pebble breccia which shows high degree of clast rounding 

to angular breccia, some of which have undergone a extensive magnetite metasomatism, 

to crackle breccia and highly fractured country rock (Smith et al. 2007). The breccias 

form an permeable zone, and has acted as conduits for a succession of hydrothermal 

fluids. It is thought that phreatomagmatic eruption is a potential mechanism for the 

generation of the Discovery Zone breccia complex, although the system could also have 

been formed during metamorphism by explosive release of fluid overpressures.  

According to Smith et al. (2007), the isotope and oxygen composition of calcite suggest 

the mixing of magmatic, or igneous equilibrated, fluids with carbon and oxygen derived 

from marbles in the local sedimentary rock. Furthermore, the Discovery Zone yields Re–

Os ages of 1853±6 and 1862±6 Ma, which is younger than the inferred age for the 

Kiirunavaara and Loussavaara AIO deposits of 1884±6 and 1875±6 Ma (Romer et al. 

1994). The deposition of the mineralization is consistent with an association with the 

Svecokarelian deformation and the intrusion of the Perthite-Monzonite (1.9–1.86 Ga) 

and Haparanda Suite granitoids (1.88–1.86 Ga) (Skiöld 1987, 1988; Skiöld & Öhlander 

1989). 

8.4 Discriminant diagrams 
 

As Ti and V concentrations in Fe-oxide minerals display strong variations related to 

deposit types, Dupuis & Beaudoin (2011) concluded that the sum of Ti + V is suitable to 

discriminate between different mineral deposit types, in combination with either Ni/(Cr 

+ Mn) or Ca + Al + Mn. Unfortunately, in the present study, the E.M.P.A. results for the 

oxides did not include Ni or Ca, nor several other elements, and therefore it was not 

possible to plot Ni/(Cr + Mn) vs. Ti + V nor Ca + Al + Mn vs. Ti + V using the data from the 

investigated deposits. To illustrate the Ca + Al + Mn vs. Ti + V discriminant diagram, data 

from the selected deposit-types (See table 7) was plotted within the Al + Mn vs. Ti + V 

diagram in figure 26 for reason of comparison.  
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Table 7: Mean composition of magnetite for the investigated deposits and selected deposit types. ( –: not 
analyzed). 

The spider diagram in figure 25 illustrates the average element concentrations for the 5 

selected elements (i.e. V, Al, Mn, Ti, and Cr) in the investigated deposits. Supplementary 

data is added from Dupuis & Beaudoin (2011) for skarn, BIF, IOCG and Kiruna-type 

deposits, as well as data for the Kiirunavaara AIO-deposit from Nordstrand (2012) (See 

table 7) for reasons of comparison. 

 

Figure 25: Spider diagram showing the average composition of Fe-oxide minerals in the investigated deposits 
and in various ore types for the 5 analyzed elements. 

For Rakkurijärvi, V and Ti show similar concentrations with the skarn-deposits, whereas 

for Al, Mn, and Cr, the concentrations are lower compared with skarn-type deposits. 

From figure 25 it can be seen that Rakkurijoki and the average skarn-deposits have 
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similar compositional characteristics, albeit mainly slightly lower concentrations for 

Rakkurijoki. Comparing Rakkurijoki with the average BIF-deposits, it can be seen that 

the average element concentration for Rakkurijoki is elevated for the particular 

elements. For Discovery Zone, only V and Cr show comparable concentrations with the 

IOCG-style deposits, with otherwise no obvious correlation in average element 

concentrations with any of the plotted deposit types. The data from Nordstrand (2012) 

for the Kiirunavaara AIO-deposit correlates fairly well with the Kiruna-type deposits, 

although the concentrations for the different elements is slightly lower. In order to 

achieve an better overview of the compositional characteristics for the investigated 

deposits and to provide a better comparison with the different deposit types, additional 

elements should be included. Nevertheless, the spider diagram gives a rough 

comparison of the average element concentrations for the investigated deposits with the 

selected deposit-types.  

 

Figure 26: The Al + Mn vs. Ti + V discriminant diagram for average compositions of magnetite in the 
investigated deposits and in various deposit-types. The smaller discriminant diagram on the lower right 
shows Ca + Al + Mn vs. Ti + V adapted and visually re-drawn from Dupuis & Beaudoin (2011). Both diagrams 
include average elemental concentrations from Dupuis & Beaudoin (2011) and Nordstrand (2012). 

The Ca + Al + Mn vs. Ti + V diagram (illustrated on the lower right corner of figure 26) is 

useful to distinguish skarn, BIF, IOCG, Kiruna-type, porphyry Cu, and Fe–Ti–V deposits 

(Dupuis & Beaudoin 2011). As Ca was not included in the oxide analyses in the present 

study, Al + Mn vs. Ti + V was implemented instead as a discriminant diagram for reason 

of comparison. The Rakkurijärvi deposit, which is considered to belong to the skarn-type 

deposits, plots in an area slightly distant from any deposit-types (i.e. BIF, IOCG, skarn, 

and Kiruna-type), showing no clear connection with any of them. The Rakkurijoki 
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deposit, which is also considered to belong to the skarn-type deposits, plots between the 

average IOCG and skarn deposits. Based on figure 26, it can be noted that both 

Rakkurijärvi and Rakkurijoki contain average concentrations of Ti and V analogous with 

skarn-deposits, and differ only in their average Al + Mn concentrations. It can be 

observed that magnetite from Discovery Zone, which is considered to belong to the 

IOCG-style of deposits, has significantly lower Al and Mn contents compared to all of the 

plotted deposits and deposit-types. Magnetite from the Kiirunavaara AIO-deposit has 

slightly lower average  concentrations of Al, Mn, Ti, and V, compared with the average 

Kiruna-type deposits. It can be noted that the investigated deposits show a distintinctive 

lower average concentrations of Ti and V compared with the Kiruna-type deposits.  

In order to discriminate between different mineral deposit types, the Ca + Al + Mn vs. Ti 

+ V diagram should be used in conjunction with Ni/(Cr + Mn) vs. Ti + V, as suggested by 

Dupuis & Beaudoin (2011). 

8.5 Oxides 
 

The general formula for the spinel group is:      
     , where A2+ is divalent and 

represents Mg, Fe2+, Zn, Mn, Ni, Co, Cu and Ge. B3+ represents trivalent cations such as; 

Al, Fe3+, Cr and V (Bowles et al. 2011). Palache et al. (1944) stated that naturally 

occurring members of the spinel group can be divided into three series according to the 

trivalent cation; the spinel series (Al3+), the magnetite series (Fe3+) and the chromite 

series (Cr3+). Magnetite is an inversed spinel with 8 R3+ in 4-fold coordination and 8 R2+ 

and 8 R3+ in 6-fold coordination and has the general formula     (       )     

(Nicholls 1955, Deer et al. 1962, Bowles et al. 2011). In an inverse spinel structure the 

trivalent ions are found in the tetrahedral site and the octahedral site is occupied by an 

equal amount of divalent and trivalent ions (Bowles et al. 2011). 

In magnetite, minor amounts of divalent Mn, Mg, Ca, Ni and Zn can substitute for Fe2+ 

while the trivalent Al, Cr, V and Ti can replace Fe3+ (Bowles et al. 2011). Aluminum 

occurs preferentially in the octahedral site (O´Neill & Navrotsky 1983), although at 

higher temperatures a small proportion can enter the tetrahedral site (Harrison et al. 

1999). With increasing minor element concentrations, Cr and Ti enter the octahedral 

site, as do most of the Al and Mg. Si and V enter the tetrahedral site with a small 

proportion of the Al and Mg (Patrick et al. 2002; Pearce et al. 2006; Coker et al. 2007). 
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The study done by Frietsch (1970) is one of the earliest comprehensive studies on trace 

elements in magnetite and hematite conducted in northern Sweden.  

 

Table 8. Trace element concentration of oxides compared with the results from Frietsch (1970). 

His results for Rakkurijoki differ substantially compared to the mean concentration for 

the respective element analyzed in this study, although it can be argued that the single 

analysis from Frietsch (1970) lies within an acceptable range for the respective 

elements. For Rakkurijärvi, the results from Frietsch (1970) all lie within the range of 

the analysis compiled in this study. However, it must be pointed out that the values from 

Frietsch (1970) are not directly comparable as the analyses have been performed using 

different methods. Nevertheless, the values give a rough comparison with an earlier 

study.  

According to Frietsch (1970), the elements in magnetite that show variations in their 

contents depending on the mode of formation, are mainly Cr, Mg, Ti and Ni, whereas the 

other elements are more or less uniformly distributed in the different kinds of 

mineralization and rocks.  

The trace element compositions in the three studied deposits show distinct differences, 

especially with regard to the Al2O3 content, where samples from Rakkurijoki contain 

overall higher concentrations compared to Rakkurijärvi and Discovery Zone (Table 8). 

Any distinctions between the high-grade magnetite ore and the lower-grade banded 

magnetite zone with respect to the Al2O3 concentrations in magnetite could not be 

obtained in the present study. 

According to the study conducted by Frietsch (1970), no conclusion regarding the 

distribution of aluminum in the iron oxides in the different kinds of ore and rock could 

be drawn as it was not certain if the aluminum was present in the lattice of the iron 

oxides, or if it occurred as impurities in the form of feldspar or other aluminum-bearing 

minerals. The reason for his conclusion is that aluminum is not expected to enter the 

lattice of magnetite in appreciable amounts as it has a small ionic radius (0.51Å), low 

electronegativity and ionization potential values, and a high relative total bonding 

energy compared to Fe3+. 
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Figure 27: Trace element concentration comparison for the three studied deposits, i.e., Rakkurijoki, 
Rakkurijärvi and Discovery Zone. The bars represent the range for the respective elements in p.p.m. 

The mean titanium concentration in Rakkurijoki and Rakkurijärvi is similar, whereas 

Discovery Zone only contains few analyses above the MDL. It can be noted that a few 

samples from Rakkurijärvi have anomalously elevated concentrations (Fig. 27).  

Ti can enter the magnetite structure to form titanomagnetite by linked replacement of 

2Fe3+ in the octahedral site by Fe2+ + Ti4+ (Bowles et al. 2011). According to Nicholls 

(1955) and Nagata (1961), the ionic replacement in the cubic solid solution series 

between magnetite and ulvöspinel (Fe2TiO4) takes the form 2Fe3+ = Fe2+ + Ti4+. 

Vanadium in magnetite occurs mainly as V3+, although minor amounts of V4+ and V5+ 

may be present especially in magnetites in more oxidizing conditions (Bowles et al. 

2011), whereas at very reducing conditions, V2+ can occur with V3+ (Schuiling & Feenstra 

1980; Balan et al. 2006; Righter et al. 2006). 

For Discovery Zone, it can clearly be seen in figure 27 that the amounts of trace element 

substitution is significantly lower compared to Rakkurijoki and Rakkurijärvi. The cause 

for this could reasonably be the complex alteration history, as stated by Smith et al. 

(2007); pervasive sodic-albite alteration and silicification of the metavolcanic host rocks 

which are subsequently overprinted by magnetite-actinolite alteration. In summary, 

there was an initial oxidation followed by subsequent reduction so that the primary Mn-, 

Ti-, Al-bearing magnetite has been recrystallized to form secondary magnetite with low 

Mn, Ti and Al contents. (For a more detailed explanation of the alteration history in 

Discovery Zone, see Smith et al. 2007). 
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                                  Table 9: Composition of an unknown Mn-oxide sample from Rakkurijoki. 

An interesting note regarding a few E.M.P.A. results on oxides originating from 

Rakkurijoki, is that a few samples consist principally of MnO. Hausmannite is a 

manganese oxide (       
    ) with a tetragonally distorted spinel-type structure. 

Magnetite and Jacobsite forms part of a solid solution of Mn3O4–MnFe2O4–Fe3O4 

(hausmannite) series (Mason 1947; Van Hook & Keith 1958). Jacobsite–hausmannite 

intergrowths (‘vredenburgite’) commonly occur as a result of the immiscibility gap that 

occurs in this series (See figure 116 in Bowles et al. 2011). Experimental work on the 

system Fe3O4–Mn3O4 performed by Van Hook & Keith (1958) produced magnetite by 

heating Fe2O3 to 1400°C, followed by cooling in air and showed that complete solid 

solution exists above 1160°C. Therefore, the analysis of jacobsite and hausmannite can 

give an estimate of the temperature of formation (Bowles et al. 2011). Visual 

identification of the analyzed mineral grain through petrographic studies was 

unsuccessful. It is suggested that the analyzed mineral grain could possibly be a 

hydrated Mn-oxide, phosphate or even an Mn-carbonate (Ulf-Bertil Anderson, pers. 

comm. 2014), such as Gatehouseite Mn2+5(PO4)2(OH)4 or Rhodochrosite MnCO3. 

However, further petrographic studies are needed to determine the mineral species. 

8.6 Sulphides 
 

Pyrrhotite has only been observed in thin-sections originating from Rakkurijoki in this 

study. The presence of pyrrhotite in Rakkurijoki indicates that the geological 

environment has been more reducing than for Rakkurijärvi and Discovery Zone, as 

pyrrhotite may be precipitated from hydrothermal solutions, but only preserved if 

protected from oxidation to pyrite or more oxidized species (Bowles et al. 2011).  

Pyrrhotite in Rakkurijoki contains slightly elevated Ni (<0.38 %) contents, and is 

intermittently replaced by pentlandite (Fig. 5A and 12B). The deposition of pyrrhotite in 

Rakkurijoki follows that of other sulphide assemblages (Fig. 5A), and often displays 

varying degrees of oxidation and/or replacement by goethite and/or pentlandite  (Fig. 

5A, 12A). This observation suggests that the chemical environment was originally more 

reducing during the time of pyrrhotite precipitation and subsequently evolved into a 
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more oxidizing environment in parts of the mineralized zone with time, due to changes 

in the chemistry of the hydrothermal fluid.  

Hall (1986) pointed out that the origin and behavior of pyrrhotite and pyrite can be 

considered in terms of a simplified redox reaction 2FeS <-> FeS2 + Fe2+ +2e-. Thus, in 

oxidizing environments the reaction will tend to go from left to right and form pyrite 

from pyrrhotite.  

According to the comprehensive review of trace element contents of pyrite conducted by 

Fleischer (1955), there is good evidence that sedimentary pyrite preferably contains Ni 

>Co, while hydrothermal pyrite is more variable, commonly with Co>Ni. In coexisting 

pyrite-pyrrhotite assemblages, such as the case in Rakkurijoki, there is a relative 

enrichment of Co over Ni in pyrite and Ni over Co in pyrrhotite (Bowles et al. 2011). This 

can be explained by using crystal chemical arguments: in the pyrite, the low-spin Co2+ 

has a higher ligand field stabilization energy than the high-spin Ni2+, whereas in 

pyrrhotite, Ni2+ has a higher stabilization energy in the octahedral sites than Co2+. This 

would then result in Co being concentrated in pyrite and Ni in pyrrhotite as equilibrium 

is established under metamorphic conditions and/or during times with hydrothermal 

activity. For an exhaustive explanation regarding the chemistry of pyrite and pyrrhotite, 

see Bowles et al. (2011).  

The most common substituents for Fe in pyrite are Ni and Co (Bowles et al. 2011). 

Unfortunately, only Ni and Co could be quantified and the remaining 13 other elements 

had concentrations below MDL (Table 4). Therefore discrimination of the trace element 

variation in pyrite in the three deposits was prohibited. All analyses contained Co>Ni. 

The Co concentrations in pyrite originating from Rakkurijoki, Discovery Zone and 

Rakkurijärvi are slightly elevated (See table 4 and fig. 13), being the highest in 

Rakkurijoki and lowest in Rakkurijärvi. This is analogous with the observations from 

several deposits from the Norrbotten district with regards to Co concentration in pyrite 

(Martinsson & Wanhainen 2000; Edfeldt et al. 2005), but substantially lower compared 

with Kiirunavaara (Ulf-bertil Andersson, pers. comm. 2014).  

8.7 Silicates 

8.7.1 Scapolite 

 

The general formula of the scapolite group minerals is M4T12O24A, where M = Na, Ca, (K);  

T = AlSi and A = Cl, CO3, SO4 (Deer et al. 2004). Scapolite occurs principally in 

metasomatic and metamorphic Ca-rich rocks and its development has been well 

documented in the Kiruna district (Frietsch et al. 1997). 

The Ca content of the scapolite samples is 0 < Ca < 3, and based on the Si vs. (Na + K) plot 

(Fig. 18) it is suggested that the following substitution mechanism is at work: a coupled 

replacement of Ca3AlCO3 by Na2SiCl, corresponding with a linear variation between 

Na4Al3Si9O24 and NaCa3Al5Si7CO3 (Fig. 17). Scapolite in Discovery Zone falls into the 
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Marialite (Na4Al3Si9O24Cl)-rich category. According to the nomenclature suggested by 

Teertstra & Sherriff (1997), the scapolite from Discovery Zone is a calcian Marialite (15< 

Me ≤ 50) (Fig. 18).    

Scapolite can be used as an indicator of volatile activities and the Cl content of the fluid 

as it is a common mineral in some metamorphic and metasomatic rocks (e.g. Shaw 1960; 

Vanko & Bishop 1982). The presence of Marialite in Discovery Zone is an indication of 

high NaCl activity in the rock or fluid at the time of crystallization (Orville 1975), and the 

regional occurrences (Frietsch et al. 1997) of scapolite rich in Cl suggests the presence of 

metamorphosed evaporitic sequences (Ellis 1978). The development of the Cl-rich 

scapolite is likely to have attributed to the alteration of the volcaniclastic rocks by 

circulating brine–rich hydrothermal fluids. Visual observation from core logging 

indicates the presence of scapolite at Rakkurijoki and Rakkurijärvi, but unfortunately no 

samples have been taken from the two areas and no earlier analytical work has been 

conducted.  

8.7.2 Amphibole 

 

The general formula for calcic amphiboles is expressed: A0–1B2C5T8O22(OH, O, F, Cl), 

where: 

A = Na + K 

B = Na, Ca, Mn, Fe2+ 

C =  Mg, Fe2+, Fe3+, Mn, Ti, Al 

T =  Si, Al 

where A, B, C, T refer to cations in the A, M4, (M1, M2, M3), and the tetrahedral 

structural sites respectively (Deer et al. 2007). Since analyses by electron microprobe do 

not distinguish between Fe2+ and Fe3+, all Fe probe determinations are left as FeO 

equivalent and giving all Fe as Fe2+ according to Deer et al. (1997). There are numerous 

substitution mechanisms involved in calcic amphiboles (Deer et al. 1997). The suggested 

important substitution mechanisms present for the analyzed amphiboles samples are:  

[M]Mg = [M]Fe2+, as illustrated by the Mg/(Mg + Fe2+) variation in figure 14, and:                  
[M1, 2, 3](Mg, Fe, Mn)2+ + [T]Si4+ = [M1, 2, 3]Al3+ + [T]Al3+,  (where [T] stand for the tetrahedral 

site), which is called the tschermak substitution (Deer et al. 1997) (Fig. 28A).  

The amount of Al in the T position is often greater than in the M position, and Al is 

negatively correlated with Si, showing roughly a 1:1 substitution (Fig. 28B). This might 

be the result of the following substitution mechanism:  

[T]Si4+ = [M4, A](Na, K)+ + [T]Al3+. 
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A recent study by Nordstrand (2012) on the Kiirunavaara AIO silicates provides the 

means to compare the Rakkuri deposits with the Kiirunavaara deposit, more specifically 

the Al vs. (Si + Mg + Fe) (Fig. 28A) variation of Rakkurijoki and Rakkurijärvi amphiboles 

with the Kiirunavaara amphiboles. It is evident that the samples from this study largely 

plot at the lower end of the Kiirunavaara amphiboles range. The distribution of 

amphiboles in the Al vs. Si plot (Fig. 28B) shows a trend comparable to the Kiirunavaara 

amphiboles, thus demonstrating that same substitution mechanisms were at work.  

The Ca content does not appear to decrease when the alkali content increases (Fig. 29A) 

in contrast with the observations of Nordstrand (2012) regarding the Kiirunavaara 

amphiboles, which show a decreased Ca content and an increased alkali content.  

As Ca does not fill the M4 position in the Rakkurijoki and Rakkurijärvi amphiboles, the 

M4 position is partially filled by Mn, Mg, and Fe (Fig. 29B), according to:  

[M4]Ca2+ = [M4](Mg, Fe, Mn)2+.  

 

When compared to the Kiirunavaara amphiboles, the amphiboles from Rakkurijoki and 

Rakkurijärvi show a distinct correlation with regards to (Mg + Fe + Mn) vs. Ca. 

Figure 28: Plot illustrating substitution mechanisms in amphiboles from Rakkurijoki and Rakkurijärvi in 
comparison with the Kiirunavaara amphiboles. A: Al vs. (Si + Mg + Fe). B: Al vs. Si. (Both plots are marked with 
the Kiirunavaara actinolites, where the outline was visually re-drawn from fig. 26 in Nordstrand 2012). 

 

Figure 29: Plots illustrating substitution mechanisms in amphiboles from Rakkurijoki and Rakkurijärvi in 
comparison with  the Kiirunavaara amphiboles. A: Na + K vs. Ca. B: Mg + Fe + Mn vs. Ca. (Both plots are 
marked with the Kiirunavaara actinolites, where the outline was visually re-drawn from  fig. 26 in Nordstrand 
2012). 
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In summary, and in comparison with the results from the recent study conducted on the 

Kiirunavaara AIO silicates by Nordstrand (2012), it can be observed that the Rakkurijoki 

and Rakkurijärvi amphiboles show a similar distribution pattern and substitution 

mechanisms (at work), especially with regards to Al vs. Si (Fig. 28B) and (Mg + Fe + Mn) 

vs. Ca (Fig. 29B), but due to the limited number of samples the amphiboles from 

Rakkurijoki and Rakkurijärvi does not show the same extent of distribution. 

8.7.3 Mica 
 

The general formula for phlogopite is A2R6T8O20X4, where A = (K) = Na, Ca, Ba, Rb, Cs; R = 

(Mg) = Fe2+, Al, Fe3+, Mn2+, Li+, Ti4+; T = (AlSiO3) = Al and X = (OH) = F, Cl (Fleet et al. 

2003). Substitution mechanisms operating in biotite are very complex in nature and 

often involve several coupled substitution schemes (Fleet et al. 2003). 

A minor amount of Fe could be Fe3+, but similar to the conclusion for the amphiboles, 

this is not possible to determine with the E.M.P.A. technique. As for the observations of 

Nordstrand (2012) regarding micas from Kiirunavaara, the micas from Rakkurijoki tend 

to become enriched in F along with Mg and enriched in Cl along with Fe. This is known 

as the Mg-Cl avoidance according to Fleet et al. (2003).  

The Cl-rich phlogopites have elevated [6]Al contents (See table 6) and excess of Al in the 

tetrahedral position indicating the action of: 

[6](Mg, Fe)2+ + [4]Si4+ = [6] Al3+ + [4]Al3+. 

The F-rich phlogopites have elevated Ti and K contents and lower Fe contents, and this 

might be explained by:  

2[6](Mg, Fe)2+ = [6]Ti4+ + [A]⎕ + [6](Al, Fe)3+ and/or 2[A]K+ + [6](Mg, Fe)2+ = 2[A]⎕ + [6]Ti4+ , 

where ⎕ represents vacancy.  

Based on the observation from the analytical data, it is suggested that the variable fill of 

the interlayer cation site could possibly be linked to:  

 [A]K+ + [6](Mg, Fe)2+ = [A] ⎕  + [6](Al, Fe)3+ and/or 2[A]K+ + [6](Mg, Fe)2+ = 2[A]⎕ + [6]Ti4+. 
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Compared with the Nordstrand (2012) study, the micas in Rakkurijoki contain lower 

amounts of Fe, Ti, Mn and higher amounts of Al, Mg, but comparable variations in F, Cl 

and Ca. The chemical variation of the Kiirunavaara micas is much greater compared with 

the micas from Rakkurijoki, and extends beyond what is illustrated in Al vs. Si + (Mg + Fe 

+ Mn) (Fig. 30).  

 

 

 

  

Figure 30:  Al vs. Si + (Mg +Fe + Mn) plot of the Rakkurijoki micas. The plot is marked with the rough extent 
of the Kiirunavaara micas, where the outline was visually re-drawn from fig. 29 in Nordstrand (2012). 
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9. Conclusions 
 

Whole-rock geochemistry indicates that the setting of the sediments in Rakkurijoki is 

from an active continental margin and the meta-sediments are classified as arkose 

/lithoarenite, although it should be noted that this is only based on 3 samples. Whole-

rock geochemistry from samples originating from Discovery Zone is inadequate to use 

for classification as metasomatism may have altered the primary composition of the 

whole-rock, thus the interpretation of the geochemistry should be viewed with caution. 

Based on the study conducted by Smith et al. (2007), the original rock was interpreted to 

be a meta-volcanite. The visual description from core logging does not necessarily 

support the data presented within the Blatt et al. (1980), Blatt (1992), Middlemost 

(1994), and the Le Bas et al. (1986) plot. As the analytical method used (ME–XRF06) 

produced only major elements, it led to limitations the classification of the hanging wall 

rocks within the investigated areas.  

According to Smith et al. 2007, the timing of mineralization in Discovery Zone is 

consistent with an association with the Perthite-Monzonite (1.88–1.86 Ga) and 

Haparanda Suite granitoids (1.88–1.86 Ga) (Skiöld 1987, 1988; Skiöld & Öhlander 1989) 

and the regional metamorphism in the Kiruna area (Bergman et al. 2001). The ore-

forming processes involved in Rakkurijoki, Rakkurijärvi and Discovery Zone as well as 

the nearby deposits such as the Viscaria Cu-deposit, Pahtohavare Cu-Au deposit and the 

Kiirunavaara apatite-magnetite deposit are likely to be related to each other, although 

these processes can have been active over long periods of time and been variable due to 

differences in P/T and chemistry of host rocks. Smith et al. (2007) suggests that the 

steeply inclined shear systems during this deformation may have produced regional 

conduits for magmatic and/or metamorphic fluid flow. But without geochronological 

data, fluid inclusion data, and isotopic studies in Rakkurijoki and Rakkurijärvi, it cannot 

be determined whether the three deposits were formed by related or unrelated 

mineralizing events. 

Based on the Al + Mn vs. Ti + V diagram (Fig. 26), it can be concluded that magnetite 

samples from the Rakkurijoki deposit shows analogous tendencies regarding the 

element concentrations with the average skarn deposits. Furthermore, Rakkurijärvi 

shows similar average concentrations of Ti and V (Fig. 26) as Rakkurijoki and the 

average skarn deposits, but lower concentrations of Al and Mn (Table 7). Discovery Zone 

shows slightly greater average concentrations of V compared with the average IOCG-

style deposits, but contains significantly less Al, Mn, and Ti (Fig. 25; table 7). 

Unfortunately, in the present study it was not possible to plot the Ni/(Cr + Mn) vs. Ti +V 

nor Ca + Al + Mn vs. Ti + V discriminant diagrams used by Dupuis & Beaudoin (2011), as 

the Ni and Ca content was not determined by the E.M.P.A. method.  

The E.M.P.A. analytical method is too imprecise to yield optimal results for trace 

elements in the analyzed magnetite and sulphide samples in this study. The E.M.P.A. 
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method does not distinguish between Fe2+ and Fe3+, giving all Fe probe determinations 

as FeO equivalents. This as a result, hampers the determination of the substitution 

mechanisms involved concerning the Fe2+ and Fe3+ in the silicates.  

The trace element composition in magnetite shows distinct differences, especially with 

regards to Al2O3 content, where samples from Rakkurijoki contain overall higher 

concentrations compared to Rakkurijärvi and Discovery Zone. The variation in trace-

element composition in the oxides is determined by the fluid composition, temperature 

and pressure.  Based on the chemical data and the petrographic studies conducted, it is 

evident that there are differences between the deposits regarding their composition, 

which undoubtedly relates to differences in ore genesis. 

The sampling method used (random distribution) in the silicate minerals was not 

optimal for purposes of comparison as no representative quantities of silicate were 

taken.  

Scapolite from Discovery Zone falls into the calcian marialite (Na4Al3Si9O24Cl)–rich 

category (Fig. 18). The results from this study affirms the observations of Smith et al. 

(2007).  Unfortunately no samples from Rakkurijoki and Rakkurijärvi have been taken, 

but visual observations from core logging indicate the presence of scapolite.  

Amphiboles from Rakkurijoki and Rakkurijärvi fall into the tremolite/actinolite field. 

Comparing the results with the study conducted on the Kiirunavaara AIO silicates by 

Nordstrand (2012), the amphiboles from this study show a distinct correlation with 

Kiirunavaara in regards to Al vs. Si + Mg + Fe (Fig. 28A), Al vs. Si (Fig. 28B) and (Mg, Fe, 

Mn) vs. Ca (Fig. 29B), and the substitution mechanisms at work.   

Micas from Rakkurijoki are classified as phlogopite, with observable differences in Cl 

and F concentration. Similar to the observation of Nordstrand (2012) regarding the 

micas from Kiirunavaara, the micas from Rakkurijoki tend to become enriched in F along 

with Mg and enriched in Cl along with Fe. Chemically, the micas from Rakkurijoki 

contain lower amounts of Fe, Ti, and Mn, but with a higher in Al and Mg, but similar 

variation in F, Cl and Ca compared with the Kiirunavaara micas.  
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10. Direction of further studies  
 

Laser ablation, inductively coupled plasma spectrometry (LA ICP-MS) should be 

employed in lieu with E.M.P.A. to determine the trace element concentrations of oxides, 

sulphides and silicates as more elements can be analyzed with greater accuracy 

compared to the method applied in this thesis.  

Representative sampling for whole rock analysis (including major, minor, trace elements 

and REE) from the hanging-wall and foot-wall, respectively, should be undertaken in 

order to determine the sedimentary environment and the lithogeochemistry of the 

respective mineral occurrences. Age determination of the mineralization event should 

be determined using an appropriate method for Rakkurijoki and Rakkurijärvi, this to see 

if it correlates with the timing of formation for the Discovery Zone IOCG-deposit and the 

Kiirunavaara AIO deposit. 

Further mineralogical work is recommended, focusing on silicate minerals within the 

mineralized zones in order to propose a good paragenetic sequence, especially in 

Rakkurijoki and Rakkurijärvi where there has not been any significant study conducted 

previously.   

Further study is needed in order to determine the mechanisms for the genesis of the 

evaporate-sourced fluids and the determining factors affecting the deposit genesis and 

prospectivity in evaporate-hosting metamorphic terrains. The author recommends that 

fluid inclusion studies is undertaken to determine temperatures and chlorinities, and 

light stable isotopes to understand the source(s) of brine and water-rock ratios. This will 

ultimately provide a better understanding of the source and composition of the 

metasomatic fluid. 
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B: Drill hole locations in Rakkurijärvi and Discovery Zone  
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C: List of thin sections, sample depth and sample No.  
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D: List of whole-rock samples and depth 
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E: Whole-rock results 
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F: Oxide E.M.P.A. results 
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G: Sulphide E.M.P.A. results 
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H: Silicate and phosphate E.M.P.A. results 
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I: Carbonate E.M.P.A. results and detection limits for the E.M.P.A. data           
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J: Analysis setup and operating conditions for oxide E.M.P.A.  
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K: Analysis setup and operating conditions for sulphide E.M.P.A.  
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L: Analysis setup and operating conditions for silicate and phosphate E.M.P.A.  
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M: Analysis setup and operating conditions for carbonate  E.M.P.A.  
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