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ABSTRACT 
 
 
In the last decades Fe-Oxide Cu-Au deposits have been discovered and developed in 

Australia, South America and Canada. This class of mineral deposits is also present in 
northern Sweden and thus represents a potential target for improving the mineral production 
of the country. 

The project aims at defining a geophysical signature of IOCG deposits from regional scale 
to local scale by using available geophysical data and newly measured petrophysical data. The 
Kiruna district was selected for regional investigations, while the Tjårrojåkka prospect was 
selected as testing site for the local study. The Tjårrojåkka prospect is located around 50 km 
west of Kiruna and is constituted by an apatite-iron ore (Kiruna type) and an associated Cu(-
Au) deposit. The host rock is an altered andesite of Palaeoproterozoic age. 

The working hypothesis to be tested was that a spatial relationship exists between IOCG 
deposits and major tectonic lineaments and between IOCG deposits and alteration zones and 
that geophysical data can be used to delineate prospective areas.  

Gravity and magnetic data were used to map faults and associated fracture zones at regional 
scale, whereas airborne radiometric data were used to map potassic alteration, which appears 
to be related to the Cu(-Au) mineralising event. The K/Th ratio maps at both regional and 
local scale seem to be able to define prospective areas for IOCG deposits. Magnetic maps are 
also used to indicate presence of highly magnetic bodies associated to high concentrations of 
Fe-minerals. 

In the Tjårrojåkka area, Anisotropy of Magnetic Susceptibility on oriented samples was 
used as tectonic indicator for the geological study of the area. Three major tectonic events 
were identified, one of which is interpreted to be related to the main mineralising event. 
Density, bulk susceptibility and Natural Remanent Magnetisation were measured for oriented 
samples and for borehole specimens at the main Cu deposit. Thermal demagnetisation cycles 
were applied to the specimens to define the main magnetic mineral, which is mostly 
multidomain magnetite as confirmed by Königsberger ratios lower than one. Haematite is also 
present and is caused by oxidation of magnetite. The haematitisation of magnetite is 
contemporaneous to the Cu(-Au) ore deposition and to potassic alteration. At local scale, high 
magnetic anomalies define magnetite bodies, while intermediate magnetic anomalies mark 
areas that were affected by haematitisation. These areas also show high K/Th ratios and are 
associated to Cu-(Au) occurences. 

The proposed model for IOCG exploration begins with the analysis at regional scale of 
potential field data to define the major tectonic lineaments and fracture zones that may have 
acted as pathways for mineralising fluids. The second step is to identify high/intermediate 
magnetic anomalies caused by magnetite/haematite deposits. High values of K/Th ratio from 
airborne radiometric data show areas affected by potassic alteration, which often accompanies 
Cu-(Au) deposition.  

 
Keywords: IOCG deposits, geophysics, petrophysics, mineral exploration, Sweden. 
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1. INTRODUCTION 
 
 
Sweden has been historically one of the major producers of metals (e.g. copper and iron) in 

Europe, if not in the world (Fig. 1).  
In the present day market, a very aggressive procurement policy for natural resources by 

emerging countries has triggered the increase of, among the others, minerals production. To meet 
the increasing demand, major exploration is ongoing in frontier areas such as northern Canada, 
Northern and Central Asia, Greenland. In this scenario, Sweden does not offer acreage of 
comparable size. However, the strength of Sweden is found in its internal and foreign policy, 
internal political stability and, overall, the country risk is very low (Tab. 1). 
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Figure 1. Major copper producing countries (in tonnes). Chile is omitted to allow a clear display of the 
other countries (Chile produces about four times as much as USA do – from Wikipedia, 2011). 
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A second advantage for Sweden is its geographic position near the central European market (Fig. 
2). South American, North American and Australasian production is often funnelled into the USA 
and Chinese-Indian-Japanese major markets, and, on top of that, shipping metals to Europe from 
overseas producers may be more costly than transporting them from Sweden to, e.g., Germany, 
Italy or France. 

 
 
 

Rating Country/Region Copper production (tonnes) % of world total
 World 15100000 100

A2 Chile 5360800 35,5
A2 USA 1220000 8,1
B Peru 1049933 7,0
A3 China 915000 6,1
A1 Australia 875000 5,8
B Indonesia 817796 5,4
C Russia 675000 4,5
A1 Canada 606958 4,0
C Zambia 502998 3,3
A3 Poland 497200 3,3
B Kazakhstan 459200 3,0
D Iran 249100 1,6
B Papua New Guinea 194355 1,3
C Argentina 180144 1,2
A4 Brazil 147836 1,0
A4 Mexico 129042 0,9
D DR Congo 131400 0,9
D Mongolia 129675 0,9
D Uzbekistan 103500 0,7
B Bulgaria 99000 0,7
A3 South Africa 89700 0,6
A1 Sweden 86746 0,6
A3 Portugal 78660 0,5
D Laos 60803 0,4
A3 India 31000 0,2
B Turkey 30000 0,2
A4 Botswana 24255 0,2
D Burma 19500 0,1
D Pakistan 18700 0,1
C Armenia 17800 0,1
B Philippines 17700 0,1
C Georgia 14600 0,1
A2 Finland 13000 0,1
B Romania 12179 0,1
xx North Korea 12000 0,1
B Vietnam 11400 0,1
C Serbia 11100 0,1
A3 Spain 8700 0,1
C Republic of Macedonia 7054 0,0
A3 Namibia 6262 0,0  

 
Table 1. Country rating (various sources from internet, 2011 – A1 = low risk country; C-D = high risk 

country) and copper production. Grey background for European countries. 
 
 
In this light, is thus crucial for Sweden to demonstrate to the rest of Europe the value-for-money 

of making business with Sweden on (raw) metals, especially providing new exploration 
opportunities and supporting exploration and development activities with creation of databases and 
know-how in loco. 
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Figure 2. Diagram showing major copper producers in Europe.  
 
 
In the Fennoscandian Shield (i.e. continental Scandinavia) a few classes of ore deposits are 

present. In their overview of the metallic mineral deposits in the Nordic countries, Weihed et al. 
(2008) identify five major classes of deposits (Fig. 3):  

1. Ni-Cu-PGE deposits 
2. Fe-Ti oxides in anorthosites 
3. Orogenic gold 
4. Volcanogenic Massive Sulphides (VMS) deposits 
5. Fe-deposits, (including Iron Oxide Copper-Gold (IOCG)), porphyry Cu-Au and 

stratiform Cu+Au 
The first two classes of ore deposits (Ni-Cu-PGE and Fe-Ti oxides) have little relevance for the 

Swedish metal production, but are of good potential in neighbouring countries (e.g. Norway, 
Finland and Russia). 

The picture is different for the remaining classes (orogenic gold, VMS, Fe-oxides, porphyry Cu-
Au, IOCG), which account for the most (if not all) of the Swedish metal production. It is beyond 
the scope of this thesis to describe the characteristics of these classes of deposits.  

VMS (Volcanogenic Massive Sulphides) deposits are extremely important for base metal 
production. In Sweden, deposits of this type are currently mined in the Skellefteå District and in the 
Bergslagen area, and with some minor success in the Kiruna area (Viscaria and Pahtavaara, now 
closed).  

Most of the gold in Scandinavia is produced from orogenic gold deposits, however, a number of 
them may be alternatively classified as VMS or IOCG (e.g. Boliden and Pahtohavare respectively). 
In a few recently explored deposits in the “Gold Line” area (Västerbotten, Sweden) production has 
started during the first decade of the century (Svartliden, Blaiken). 

The last class of deposits includes three sub-classes of world class importance: apatite-Fe ores, 
porphyry-Cu and Fe-oxide Cu-Au deposits. These three ore types have been proposed to be 
members of one single class that spans as a continuum between the two end-members apatite-Fe 
and porphyry-Cu. The famous Kirunavaara and Malmberget mines belong to the apatite-Fe sub-
class, and have been producing around 31 Mt of ore per year during the last 100 years. The open pit 
mine of Aitik (Gällivare, Sweden) is a major Cu-Au producer and the only sizable porphyry-Cu 
deposit presently mined in Sweden. 

The present day economic value of Fe-oxide Cu-Au (IOCG) deposits is rising and the future 
potential is increasing with the growing demand of Fe-Cu-Au by international markets. Examples 
of major IOGC production in other countries (e.g. Olympic Dam in Australia and Candelaria Chile) 
are very encouraging and ask for a thorough evaluation of IOCG deposits in Sweden. 
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This is the rationale behind the Fe-Oxide Cu-Au project that the GEORANGE organisation 
(http://www.georange.se) and Luleå University of Technology started a few years ago, and of 
which this thesis presents the geophysical part. 

 

 
 
Figure 3. Distribution of ore deposits in the Fennoscandian Shield (from Weihed et al., 2008). 
 

 
IOCG deposits have attracted the interest of ore geologists since the discovery in 1976 of the 

giant Olympic Dam deposit in South Australia. Hitzman et al. (1992) also included the Tjårrojåkka 
prospect (northern Sweden) into the Proterozoic IOCG (Fe oxide-Cu-U-REE-Au) deposits located 
in the Stuor-Ratek district (50 km SW of Kiruna). 

In June 2001 a project focused on Fe-oxide Cu-Au deposits (IOCG) started at the Luleå 
University of Technology with the financial support of the Georange organisation. The IOCG 
occurrences of the Tjårrojåkka area (Fig. 4) were selected for a detailed petrophysical-geophysical 
study. The main purpose was to put the ore prospects into a tectonic framework combining usual 
geophysical methods and analysis of petrophysical properties, and to define a geophysical signature 
for the IOCG deposits. A satellite goal was to define a cost-effective exploration strategy at semi-
regional scale by use of available geophysical data.  
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Hypotheses to be tested were: 
 

• A geophysical signature can be defined for the IOCG deposits in northern Sweden 
• A spatial relationship exists between IOCG deposits and major tectonic lineaments 
• A spatial relationship exists between IOCG deposits and alteration zones  

 
The first part of the thesis is dedicated to the description of to the main features of IOCG 

deposits. A second section introduces some theoretical aspects of physical properties of rocks and 
their magnetic fabric. The third section summarises the results obtained, which are also presented 
as a collection of papers that forms the fourth and last part of the thesis. 
 
 

 

 
Figure 4. a) Location of the studied area. b) Geological map of northern Sweden west of the city of Kiruna, 
showing rock units, deformation zones and location of Tjårrojåkka (square). 
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2. FE-OXIDE CU-AU-(U-REE) DEPOSITS (IOCG) 
 
 
 
2.1 General description 
 
The discovery of the giant Olympic Dam Cu-U-Au-Ag deposit in the Stuart Shelf region in South 

Australia attracted the interest of the ore geologists to this class of ore deposits. 
 
The first major paper was published in 1992 (Hitzman et al.) and defined the salient 

characteristics of this class of deposits. Those characteristics have been continuously modified, and 
their descriptions improved afterwards by other authors (e.g. Niiranen, 2005; Edfelt, 2007). A 
comprehensive paper was published by Hitzman in 2000, which recapitulates the characteristics of 
Fe-oxide Cu-Au (including magnetite-apatite) deposits: 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Generalised tectonic setting for IOCG and magnetite-apatite deposits (from Hitzman, 2000). a) 
extension, basin formation; b) compression, basin collapse and magmatism. c) anorogenic magmatism. d) 
subduction-related continental margin. Black dots for IOCG and squares for magnetite-apatite deposits. 
 
 

1] IOCG deposits have been found in rocks ranging from Early Proterozoic to the Pliocene. 

2] Three major tectonic environments are favourable for hosting this type of deposits: intra-
continental orogenic collapse, intra-continental anorogenic magmatism and extension along a 
subduction-related continental margin (Fig. 5). All these environments are characterised by 
voluminous igneous activity, high heat flow and relatively oxidised source rocks. 
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3] Most of the deposits can be temporally and spatially associated with magmatic events.
However, Fe-oxide Cu-Au deposits do not seem to have a direct relationship with intrusions at 
structural level of mineralisation. 

4] Areas hosting IOCG deposits are often associated with marine or lacustrine evaporites.

5] IOCG deposits are often localised along high-/low-angle faults, generally splays of major
crustal faults. 

6] These deposits show a variety of morphologies (from stratabound to irregular stockwork
breccia zones). 

7] Iron oxide minerals are normally abundant, while iron sulphides are almost absent. Significant
contents of Ba, P, F or carbonates have been noted. Fe-oxide-Cu-Au deposits can contain U, Ag, 
Mo, Co, As and Zn. Almost all of these deposits present high concentrations of REEs. 

8] The host rocks are intensely altered. Alterations are also related to the chemistry of the original
host rock. Magnetite-apatite deposits are spatially related with sodic/sodic-calcic alteration, which 
can grade into haematite-potassic or hydrolytic alteration. Magnetite and haematite deposits can be 
temporally related to later Fe-oxide Cu-Au occurrences. Fe-oxide Cu-Au deposits are normally 
associated with sodic-potassic, potassic, hydrolytic alterations. 

9] Ore-fluids responsible for the magnetite-apatite deposits should have been aqueous fluids with
temperatures above 250oC, saline, oxidised and poor in sulphides. Fluids involved in the formation 
of Fe-oxide Cu-Au deposits seem to present a retrograde reaction of the fluids that caused the 
magnetite deposition and a fluid mixing with saline, oxidised, sulphide-rich, low temperature 
fluids, containing CO2. 

The characterisation of the fluids involved in the mineralising processes is extremely relevant for 
the understanding of the origin of IOCG deposits. Moreover, the same fluids are also responsible 
for the alteration of the host rocks, which might be a signature for targeting prospective areas at 
regional scale.  

Three models regarding the influence of the fluid character on the IOCG deposition were 
proposed by Hitzman (2000).The first model assumes the cooling of a fluid analogous to what 
causes precipitation of magnetite-apatite mineralisations and sodic-calcic alteration. The second 
one presupposes a chemical interaction between a fluid similar to that causing magnetite-apatite 
deposits and a colder Cu-Au-, sulphate enriched fluid of meteoric/superficial origin. The third 
model considers the involvement of an oxidised, saline, cold and sulphate-rich fluid.  

These fluids may be derived from large volumes of oxidised rocks, which should also contain 
relatively high contents of copper (i.e. subaerial mafic volcanics). Major intrusive systems can be 
capable of furnishing the energy necessary for the establishment of the requested hydrothermal 
systems, which are also responsible for the alterations at regional scale (Hitzman, 2000). 

The description of the chemistry involved in the deposition of the ores is beyond the objectives of 
this work, but a few simple concepts can be briefly summarised. 

When a fluid mixing occurs, in the case of IOCG deposits, there is precipitation of Cu-sulphides, 
which can be simply represented by this chemical reaction: 

SCuHOFeFeOHSOCu 23224 164882 ++→+++ +++−+   (I; Haynes, 2000) 

According to this reaction, oxidation of Fe++ and reduction of SO4
- occur simultaneously. This 

leads to the creation of Fe+++, which precipitates as iron oxide. The abundance of ionic hydrogen 
produced in the reaction can be neutralised by hydrolysis of feldspars. It follows that Cu-sulphides 
can precipitate by fluid mixing and/or fluid-rock chemical interactions, involving ferrous-iron 
bearing minerals. These minerals will be replaced by haematite-magnetite with contemporary 
precipitation of Cu-sulphides. Another important consequence is that IOGC deposits should be 
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hosted by rocks rich in feldspars, which can be destroyed by their own hydrolysis during the 
precipitation of the ore (Haynes, 2000). 

 
The presence of regional sodic/calcic alterations associated with IOCG deposits necessitate of the 

relative proximity of surface or near-surface saline waters. Barton and Johnson (2000) propose an 
intriguing model (Fig. 6) to explain these IOCG associated alterations. Firstly, they observe that 
non-magmatic brines and magmatism can occur in the same areas. This fact suggests that an 
involvement of surface/near surface saline fluids in the magmatic hydrothermal system may be 
expected. For a purely magmatic system, (A in Fig. 6) fluids generated during the cooling of the 
intrusive body flow outwards. They generate a K-silicate alteration in depth and acid alteration at 
shallow levels. In this case the deposits are characterised by the presence of chalcopyrite, bornite 
and magnetite. Later depositions can include pyrite, chalcopyrite, covellite and other highly-
sulphidised copper minerals. 
 
 

 
 
Figure 6. Model of hydrothermal alterations and ore deposits in presence of external non-magmatic fluids 
(see text for explanation; simplified from Barton and Johnson, 2000). 
 
 

The influx of external brines can induce sodic alteration, which can be produced also by either 
peralkaline or fluorine rich fluids of magmatic origin.  

At distal points the flow of external brines produces a general metal depletion, to which Na-Ca-
(K)-haematitic alterations are associated (B in Fig. 6). Close to the magmatic centre, the external 
fluids are focused along permeable zones like fractures or other permeable rock structures. Here, 
during cooling, the fluids cause sodic and/or potassic alteration in mafic and felsic host rocks 
respectively. It is also important to remember that in proximity of the magmatic centre external 
brines can deposit metals leached distally (i.e. sulphur-poor minerals like magnetite, haematite 
+chalcopyrite). If magmatic fluids flow inwards (C in Fig. 6) enrichment in sulphur and metals 
may occur. 

This model also explains the spatial relationship between magnetite-apatite deposits and IOCG 
deposits. At the same time, the model reinforces the idea of a genetic link between IOCG and 
porphyry copper deposits (Barton and Johnson, 2000; Pollard, 2000). It has been noted that 
porphyry copper systems may present sodic, calcic-sodic and potassic alterations that mimic the 
alterations shown by magnetite-apatite and IOCG deposits (Hitzman, 2000) 
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2.2 Implications for petrophysical-geophysical studies 
 
Geophysical methods are commonly used in regional/local scale mapping and targeting of 

mineral deposits. Moreover, the following IOCG characteristics make geophysical techniques very 
useful for IOCG exploration: 

 
1. High-angle faults related to deep-seated faults are favourable areas for IOCG 

deposits. 
2. IOCG deposits can be associated with sodic-potassic, potassic or hydrolytic 

alterations. 
3. IOCG deposits are temporally later than magnetite-apatite deposition. 
4. Fe-sulphides are almost absent in IOCG deposits. 

 
It has been noted that at regional scale, ore zones are often associated with second order 

structures related to major strike slip faults (Pollard, 2000). The structural control is evident in 
various important IOCG deposits like Wernacke Mountains and at Olympic Dam (Hitzman et al., 
1992). From this point of view, geophysical data are of great importance in defining deformation 
zones, major faults and other structures that may be related to valuable prospects. For instance in 
the Eastern Fold Belt district (Australia), aeromagnetic data were used to identify altered faults, 
hosting albite, in areas of sodic alteration. In proximity of the Cloncurry fault (Australia) linear 
magnetic low anomalies coincide with haematite-albite alteration zones (Haynes, 2000). 

The study of geological structures in prospective areas may be very difficult due to the absence of 
clear kinematic indicators. In such a case, the structures can be analysed studying the “magnetic-
fabric” of rocks. It has been demonstrated (e.g. Borradaile and Henry, 1997; Borradaile, 2001; Hirt 
et al., 2000; Mattsson and Elming, 2001) that the Anisotropy of Magnetic Susceptibility (AMS) can 
be used as a tectonic indicator. 

The definition of deformation zones using geophysical methods is based on the contrast of 
physical properties relative to the host rock. In deformation zones, the presence of fractures 
containing water may decrease the resistivity. Changes in the petrophysical properties may be also 
due to changes in the mineralogy, which are caused by the alterations of the rocks in the 
deformation zones. This means that some, but not all, types of alteration can be detected by 
geophysical-petrophysical methods, e.g. alterations related to iron-apatite and IOCG deposits (Fig. 
7).  

At regional scale, sodic alteration is rather common (Hitzman et al., 1992; Haynes, 2000). 
Enrichment in sodium cannot be detected directly by usual geophysical methods (airborne 
radiometrics and magnetics, gravity, etc.) but other minerals associated with sodic alteration can be 
detected. Aeromagnetic data show that magnetite in the Candelaria district (Chile) is a result of 
sodic alteration. Hitzman et al. (1992) observe that sodic alteration normally occurs at depth and it 
is characterised by the assemblage albite-magnetite+actinolite. Therefore an increase in 
magnetisation may be an indicator of sodic alteration 

Sodic and sodic-calcic alterations are frequently overprinted by late potassic alteration, which is 
characterised by an increase in biotite and K-feldspar. The enrichment in potassium can be detected 
(at least at regional scale and in locally favourable environments – i.e. in absence of soil cover or 
when the soil reflects the chemistry of the bedrock) using airborne radiometric data. Normally 
potassic alteration is associated with a simultaneous depletion in Thorium. Therefore the ratio K/Th 
may be used to delineate the area that was affected by potassic alteration (Smith, 2002). 
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Figure 7. Vertical cross-section showing alteration zoning associated with IOCG deposits in 
volcanic/plutonic host rocks (from Hitzman et al., 1992). 
 
 

It has been noted that sulphide-mineralising events normally overprint magnetite, and that 
haematite forms contemporaneously with sulphides through oxidation of magnetite (Pollard, 2000). 
This may lead to a decrease in magnetisation (considering that the magnetic susceptibility of the 
magnetite is orders of magnitude larger than the magnetic susceptibility of the haematite). 
Consequently, zones of oxidised magnetite (martitisation, maghemite-haematite-specularite bearing 
rocks) may be expected favourable areas for the presence of (Cu)-sulphides. 

Finally, enrichment in Fe-oxides and Cu-sulphides influences the density and the electrical 
properties of the rocks. High content of Fe-oxides/Cu-sulphides increases the rock density and, 
possibly, its electrical conductivity. 
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3. PHYSICAL PROPERTIES OF ROCKS 
 
 
 
3.1 Density 
 
The measurement of the density of an object dates as back as the ancient Greeks (Archimedes 

Law) or even before. The difference of weight in air and water of a rock sample allows the 
assessment of its density. Rocks are normally composed of three different phases: gaseous, liquid, 
solid. All the phases contribute to the total density. This means that rocks with high porosity are 
expected to have relatively lower density. Filling the voids with water (fluids) would thus increase 
the total density. Finally, a porosity decrease would result in the highest density, since the rock 
sample is now dominated by the solid phase. 

The solid phase is composed of different minerals, the density of which varies between 2400 
kg/m3 and 5000 kg/m3. Silicates normally do not exceed a density of 3500 kg/m3, while Cu- and 
Fe- minerals have higher densities (Fig. 8). 

The variable porosity and rock composition result in differences in the densities for different rock 
types. High porosity rocks, like sedimentary or some extrusive volcanic rocks, have low densities 
that can increase with the degree of compaction. Geological events (e.g. diagenesis, 
metamorphism) that produce a decrease in porosity also cause an increase in density. For low 
porosity magmatic rocks like granite, gabbro, diabases, the density reflects the mineral 
composition. Amphiboles and pyroxenes have densities higher than those of plagioclase, feldspar 
and quartz. Therefore the density of gabbroic rocks is higher than the density of granitic rocks (Fig. 
9 and Tab. 2). 

If the amount of Fe- or Cu- minerals is significant (40-60% in weight for magnetite ores) the total 
density of the rock can exceed 4000-4500 kg/m3. 

Density differences between adjacent rocks induce variations in the gravity field, thus allowing 
definition of lithological boundaries and delineation of high-density bodies (e.g. massive ores) 
within low-density host rocks. 
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Figure 8. Density values for the most common silicates and ore minerals (simplified from Kobranova, 1989). 
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Figure 9. Density ranges for different rock types (simplified from Kobranova, 1989). 
 
 

Rock type Density (kg/m3) 
min max 

Se
d.

 Sands 1300 2300 
Clays 1200 3200 
Limestones 1300 3500 
Chalk 1900 2600 

In
tr.

 

Diorite 2500 3050 
Syenite 2550 3000 
Granite 2200 2980 
Gabbro 2500 3300 
Diabase 2300 3300 

Ex
tr.

 Basalt 2100 3060 
Andesite 2170 2720 
Tuf. Volcanic 1500 2860 

M
et

am
. Orthoamphibolite 2670 3270 

Schists 2000 3000 
Orthogneiss 2300 3100 

O
re

s Copper 2670 5100 
Ti-magnetite 3100 4300 
Magnetite-skarn 2800 4800 

 
Table 2. Density limits for the same rock types presented in Fig. 9 (simplified from Kobranova, 1989). 
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3.2 Magnetic Properties 
 
A material in a magnetic field H (A/m) responds to it according to the following equation: 
 

KHM =   (II) 
 
where M is the induced magnetisation (A/m) and K is the magnetic susceptibility per unit volume 

(dimensionless in SI). The magnetic susceptibility is due to different orientation and magnitudes of 
magnetic dipoles at atomic level. Therefore different elements and different substances have 
different magnetic susceptibilities. 

In nature the materials can be divided into three groups (Tab. 3): diamagnetic, paramagnetic and 
ferromagnetic (lato sensu). 

Diamagnetism is the magnetic property of a material, which exposed to an external magnetic 
field creates a magnetisation opposite in direction to the imposed field. This magnetisation is 
related to the change of the electronic orbital movement in the atom. Quartz, feldspars and calcite 
are the most common rock forming diamagnetic minerals. In absence of an external magnetic field, 
the electron spins and orbital motions all balance, so there is no magnetic moment. When an 
external magnetic field is applied, currents are induced and according to the Lenz’s law these 
currents oppose the field (Feynman, 1963). 

In paramagnetic minerals an intrinsic magnetic moment at atomic or ionic level exists and it 
tends to align parallel to the applied magnetic field. Therefore the magnetic field is increased by the 
presence of paramagnetic substances. Magnetic susceptibility for paramagnetic substances is of the 
order of 10-4 to 10-2 SI. 

Unlike the paramagnetic case, in ferromagnetic (l.s.) materials, adjacent atomic magnetic 
moments interact strongly (Butler, 1992). In ferromagnetic substances the electron spins are 
spontaneously coupled in a way that aligns the spin moments (Tarling and Hrouda, 1993) even in 
absence of an external magnetic field. This creates in ferromagnetic materials a spontaneous and 
permanent magnetisation (see below the discussion on remanent magnetisation). 

The electron spins can align parallel or antiparallel and they can have different magnitudes (Fig. 
10). If they are all parallel and with equal magnitude, then the material is defined ferromagnetic 
(stricto sensu). If the alignment is antiparallel and with different magnitudes (magnitude in one 
direction dominates the magnitude in the opposite direction), the substance is defined 
ferrimagnetic. Finally, when the alignment of the spins is antiparallel and with equal magnitude, 
the material is antiferromagnetic. In haematite there is a canted antiferromagnetism, which is a 
variation of the normal antiferromagnetism due to a non-perfect alignment of the spins, resulting in 
a net magnetisation that is perpendicular to the expected direction of magnetisation.  

 
 

Ferromagnetism

Antiferromagnetism

Ferrimagnetism

Canted
antiferromagnetism

 
 
 

Figure 10. Different exchange-coupled spin geometries (from Dunlop and Özdemir, 1997). 
 
 
In case of small ferromagnetic (l.s.) grains (~1 μm for magnetite) the magnetisation is aligned 

uniformly along a crystallographic specific axis. If the size of the grain is increased, small volume 
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elements are created. Within the single element the direction of magnetisation is uniform. Different 
volume elements (magnetic domains) may have different magnetisation directions and in absence 
of an external magnetic field they order to minimise the magnetostatic energy associated with their 
surface poles (Tarling and Hrouda, 1993). It is important to remember that single-domain and 
multi-domain grains have different magnetic behaviour and characteristics. As an example, single-
domain magnetite grains are more capable of keeping (thermo)remanent magnetisation (they are 
more “stable” to demagnetisation) than multi-domain magnetite grains (Dunlop and Özdemir, 
1997). 
 

The magnetic properties are often temperature dependent, in that the thermal agitation can 
destroy the alignments of the different magnetic moments. However, diamagnetism is temperature 
independent and the magnetic moments involved in diamagnetism are weak at any temperature. 

It can be demonstrated that the magnetic susceptibility for ferro-, ferri- and antiferro-magnetic 
minerals varies inversely with the temperature (Curie law). According to the Weiss’ theory, the 
relationship between the applied field H and the induced magnetisation M can be written 
(temperatures in oKelvin): 

 

)( C
C

TTH
TT
CM >⋅
−

=   (III) 

 
where C is a constant and TC is the Curie temperature. 
At the Curie temperature a transition takes place and a disordered paramagnetic phase substitutes 

the ordered ferromagnetic one. Above this temperature (T>TC), the material behaves 
paramagnetically. Two clear examples (Tjårrojåkka area) of different shapes for the susceptibility 
versus temperature (K/T) curves are shown in Fig. 11.  
 

Character Mineral K (10-6 SI) Tcurie (oC) min max 
Diamagnetic Calcite -8 -40   
Diamagnetic Orthoclase -13 -17   
Diamagnetic Quartz -13 -17   
Paramagnetic Biotite 1500 2900   
Paramagnetic Orthopyroxenes 1500 1800   
Paramagnetic Olivines 1550 1650   
Paramagnetic Amphiboles 3500 9000   
Paramagnetic Pyrite 35 5000   
Paramagnetic Chalcopyrite 23 400   
Cant. antiferr. Haematite 500 40000 675 
Antiferromagnetic Ilmenite 2200 3800000 -233 
Ferrimagnetic Ti-magnetite 130000 620000   
Ferrimagnetic Ti-maghemite ~2850000   
Ferrimagnetic Magnetite 1000000 5700000 575-585 
Ferrimagnetic Pyrrhotite 450 3200000 320 
Ferrimagnetic Maghemite 2000000 2500000  

 
Table 3. Magnetic character, minimum/maximum volumetric magnetic susceptibility and Curie temperature 
for various minerals (simplified from Hunt et al., 1995). 

 
An important property of the ferromagnetic (l.s.) materials is the capability of having a remanent 

magnetisation even in absence of an external magnetic field. The remanent magnetisation is 
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caused by the ability of the magnetic domains to orient according to the external field and, in some 
circumstances, to “freeze” in that position and hence record the direction of the field. The direction 
of the remanent magnetisation may change with time (relaxation time is the time needed by a 
specimen -grain- to change the direction of its remanence and align with the external field.  

The equation that expresses the relaxation time t (below the Curie temperature) is: 
 

⎟
⎠

⎞
⎜
⎝

⎛=
kT
ECt exp   (IV) 

 
where C is a frequency factor (~1010s-1), E is the maximum magnetisation energy (energy-limit 

for changing the orientation of the magnetic moment of a single domain grain), k the Boltzmann’s 
constant and T the absolute temperature. 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
Figure 11. a) Susceptibility vs. temperature curve for a specimen containing magnetite, defined by its Curie 
temperature (drop of magnetic susceptibility to 0) at ~580oC. b) Typical paramagnetic K/T curve. For 
paramagnetic materials the decay of K with T is theoretically hyperbolic (K=C/T) and no Curie temperature 
can be detected. Continuous line for heating and hatched line for cooling curves. 
 
 

It is evident that the relaxation time increases exponentially with decrease in temperature from 
the Curie point. Just below the Curie temperature, when the relaxation time reaches the duration of 
several minutes, the remanence is “blocked” and that temperature is defined as blocking 
temperature. 

 
Natural remanent magnetisation (NRM) is the magnetic remanence present in a rock. Primary 

NRM is the one formed at the same time as the rock is formed and it is parallel to the Earth 
magnetic field present at that time in that location. Secondary NRM is acquired later and is added 
as a vector to the primary one (Butler, 1992). 

Four basic types of remanent magnetisation exist: Thermoremanent Magnetisation (TRM), 
Chemical Remanent Magnetisation (CRM), Detrital Remanent Magnetisation (DRM) and Viscous 
Remanent Magnetisation (VRM).  

TRM is acquired during cooling of magmas from high temperatures to and below the Curie 
temperature. CRM forms by growth of magnetic crystals at temperatures below TCurie. DRM is 
acquired in sedimentary rocks during their deposition and it is due to the orientation of the already 
magnetised detrital magnetic grains. VRM is a secondary remanent magnetisation that is acquired 
progressively during the time of exposure of the rock to a magnetic field. 

The coercivity of remenece, Hcr is the intensity of the magnetic field necessary to drop the 
magnetisation of a specimen to zero. 

a) b) 
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As mentioned previously, the NRM is grain-size dependent and the smaller the magnetic grain 
(single-domain) the higher the coercivity field necessary to reorient (or even erase) the remanent 
magnetisation. To isolate a primary remanence from the secondary one, the alternating field (AF) 
demagnetisation method is commonly used. The specimen is exposed to an alternating magnetic 
field that reorients randomly the magnetic domains. Increasing stepwise the peak of the AF, grains 
with higher coercivities (more stable to demagnetisation) are demagnetised and the remanences of 
various coercivity and origin can be identified. According to Dunlop and Özdemir (1997) it is 
possible to estimate the grain-size of magnetite by the analysis of the demagnetising curve. The 
median destructive field (MDF) is the intensity of the field at which 50% of the initial remanence 
is randomised. A MDF lower than 12 mTesla indicates multi-domain magnetite, MDF between 12 
and 22 mTesla suggests pseudo-single-domain magnetite and MDF higher than 22 mTesla 
corresponds to single-domain magnetite. 

 
Along with the AF analysis, the Königsberger ratio Q (Tab. 4) is a quantity related to the grain 

size of the magnetic minerals. This ratio is expressed by: 
 

esentHK
NRMQ

Pr⋅
=  (V) 

Where K is the magnetic susceptibility and H is the Earth magnetic Field. 
Q is thus the ratio between the NRM and the induced magnetisation. Q ratios lower than the unity 
(~0.6) indicate that multi-domain magnetite dominates the NRM; whereas values of Q higher than 
10 characterises single-domain magnetite (Dunlop and Özdemir, 1997). 
 
 

Rock type K (10-6 SI) Q 
min max min max 

Se
d 

Sands 0 21000 5 18 
Clays 170 250     
Limestones 2 25000     
Shale 63 18600 5 18 

In
tr 

Diorite 630 130000 0,1 0,2 
Avg. Acidic Rock 38 82000     
Granite 0 50000 0,1 28 
Gabbro 1000 90000 1 9,5 
Diabase 1000 160000 0,2 4 

Ex
tr Basalt 250 180000 1 160 

Andesite ~170000 30 50 
Rhyolite 250 38000     

M
et

am
 Amphibolite ~750     

Schists 26 3000     
Gneiss 0 25000     

 
 
Table 4. Minimum and maximum magnetic susceptibility and Q values for different types of rocks (simplified 
from Hunt et al., 1995). 
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Figure 12. Sketch of the magnetic susceptibility ranges for different kinds of rocks (data from Tab. 4) 
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4. MAGNETIC FABRIC 
 
 
 
The various contents of paramagnetic and ferromagnetic (l.s.) minerals determine the bulk 

susceptibility of a rock specimen. If the specimen has a regular shape (e.g. cubic – more generally 
it has to be equidimensional), and if it is magnetically isotropic, then the magnetic susceptibility 
measured for three different directions should be the same. However, in nature every specimen 
shows a spatial magnetic anisotropy. Therefore the idea of a “spatially-constant” magnetic 
susceptibility has to be substituted by a 3D-magnetic susceptibility. 
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In (VI) the susceptibility K has been substituted by a second-rank tensor (symmetric), which 

takes into account the anisotropy of magnetic susceptibility (AMS). The measurement of AMS is 
normally made in weak magnetic fields (<1 mTesla) for which there is a linear relationship 
between M and H. 

The AMS in a rock is caused by the particle AMS and by the degree of alignment of magnetic 
particles. 

The grain (particle) AMS is of two types: (a) crystalline AMS that is related to the intimate 
structure of the crystal lattice, which allows the electron spins to align along preferential directions; 
(b) shape AMS that is due to the magnetic polarisation of the grains, i.e. the demagnetisation 
factor. The dipoles in the interior of the grain balance each other, but the ones at the surface are not 
balanced by any other dipole. For strongly asymmetric grains the induced magnetisation is 
preferentially oriented along the major axis of the grain in a way of minimising the internal 
magnetostatic forces. 

 
 

Kmin

Kint

Kmax

AMS ellipsoid

 
 
 
Figure 13. Graphical representation of the AMS principal susceptibilities and principal directions as an 
ellipsoid. The arrows are not vectors and have been drown to allow a better understanding of the 3D 
character of AMS ellipsoid. 

 
 
Ferrimagnetic (l.s.) grains in a rock can interact magnetically. If their distribution is, e.g. linear, 

the specimen AMS will reflect this lineation, even if the grains are equidimensional. If the grains 
are spread within a plane, the specimen will show a planar (oblate) magnetic fabric. 

The use of linear algebra allows the calculation of the eigenvalues and eigenvectors of the tensor 
in (VI). The eigenvectors defined in this way are called the principal directions of the AMS, while 
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the eigenvalues are the principal susceptibilities (Kmax, Kint, Kmin). Attention has to be paid when 
dealing with the eigenvectors, because they only define the principal directions. 

The AMS can hence be represented by an ellipsoid with directions of the axes defined by the 
principal directions, and the lengths of maximum, intermediate and minimum axes are given by the 
corresponding principal susceptibilities (AMS ellipsoid, Fig. 13). 
 
 

Parameter Equation 
Mean volume susceptibility 
K 3

minintmax KKKK ++
=  

Lineation L intmax /KKL =  

Foliation F minint /KKF =  
Degree of anisotropy P’ P’=exp{2[(n1-nm)2+(n2-nm)2+(n3-nm)2]}1/2 

Shape parameter T 
31

3122
nn

nnnT −
−−=  

 

max1 ln Kn =  

int2 ln Kn =  

min3 ln Kn =  
3

321 nnnnm ⋅⋅=  
 
Table 5. Parameters characterising the AMS ellipsoid (Jelinek 1981, Tarling and Hrouda, 1993). 
 
 

Because of the tensorial character of the AMS, standard statistical methods are not appropriate. 
Jelinek (1978, 1981) suggested alternative statistical approaches and proposed modified AMS 
parameters to better characterise the AMS ellipsoid (Tab. 5). 

These AMS parameters are similar to what is used in structural geology. The degree of 
anisotropy P’ is a corrected version of the ratio P=Kmax/Kmin, often used to describe the degree of 
anisotropy. In this case the correction is necessary due to the log-normal distribution of the 
magnetic susceptibility. 

The shape parameter T gives an estimation of the dominant fabric for AMS: -1<T<0 indicates a 
prolate (cigar-shaped) ellipsoid, while 0<T<+1 signifies an oblate ellipsoid (disk-shaped). In Tab. 
6, P’ and T for different minerals are given. 

The magnetic fabric reflects crystalline AMS, shape AMS and spatial distribution of minerals 
that contribute to the measured AMS. Different minerals have different crystal symmetries, and 
different mineralogical axes correspond to different AMS axes (Tab. 6). As an example, for micas 
and chlorite (paramagnetic minerals) the Kmax direction is +5o from the crystallographic a-axis and 
the same can be said for Kmin and the c-axis (Borradaile and Henry, 1997). 

On the contrary magnetite has a very low crystalline AMS and therefore the shape of the grain 
controls the AMS of magnetite. In the case of multi-domain magnetite, Kmax corresponds to the 
long axis of the grain, Kint and Kmin to the intermediate and short axes of the grain respectively. If 
the susceptibility ellipsoid is prolate, the orientation of the Kmax axis may be interpreted as a 
magnetic lineation direction, while for an oblate ellipsoid, the plane defined by Kmax-Kint may be 
interpreted as a magnetic foliation plane (Fig. 14). 

The magnetic fabric can be of primary or secondary origin. Preferential alignments of crystals 
and particles are common in sedimentary rocks and they are due to the deposition mechanisms of 
the grains. Therefore magnetic fabrics for sedimentary rocks may indicate directions of water 
currents, dip directions of slopes, diagenetic and sedimentary surfaces. 

The magnetic fabric in igneous rocks seems to mimic the fabric of the paramagnetic crystals that 
formed earlier during the cooling of the magma. 
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For extrusive and shallow intrusive rocks like lava flows, dykes and sills, the magnetic fabric is 
generally foliated and resembles the flow plane of the magma. Kmax and Kint directions then form a 
girdle on a stereogram and Kmax directions often cluster parallel to the flow direction and are 
imbricated at the boundaries, which can give the absolute direction of the flow. For plutonic rocks 
the magnetic fabric is expected to be predominantly linear (dominance of hydrodynamic forces on 
gravitational forces) and this linearity should be perpendicular to the magmatic flow direction 
(Tarling and Hrouda, 1993). Since the magnetic fabric of magnetic granites (10-3-10-2 SI) is mostly 
controlled by magnetite, there is a need of defining the character of magnetite previous to any 
tectonic interpretation. Magnetite can be a product of primary crystallisation or a product of 
alteration of pyroxenes, olivine, amphiboles and micas. Moreover, tectonic effects due to the 
emplacement of the intrusion or deformation of the rock during metamorphism can result in a 
secondary fabric overprinting the primary fabric. 

 
 

Mineral Mean Susceptibility 
(SI x 10-6) P’ T 

Actinolite 3560-6500 1.136-1.204 -0.43 
Hornblende 8920 1.665 -0.51 

Chlorite 70-1500 1.154-1.753 0.26-0.74 
Biotite 1000-1300 1.200-1.370 0.90-0.99 

Muscovite 120-165 1.400 0.44-0.67 
Magnetite 1000000-5700000 1.180 -0.30 
Haematite 500-40000 >100 1.00 
Pyrrhotite 1200-3200000 3-400 0.8 

 
 
Table 6. Mean magnetic susceptibilities, corrected degree of AMS and shape parameter for various minerals 
(ferromagnetic minerals in italic; from Tarling and Hrouda, 1993; Hunt et al., 1995). 
 
 

Optical 
system 

Crystal 
symmetry 

Expected principal 
intrinsic susceptibilities Exemples 

Isotropic Cubic Kmax=Kint=Kmin Garnet 

Uniaxial Tetragonal Ki // to a, b, c Anthophyllite 

Uniaxial Hexagonal Kmax or Kmin // c Beryl 

Uniaxial Trigonal Kmax or Kmin // c Calcite, dolomite, quartz 

Biaxial Orthorhombic Ki // to a, b, c Olivine, andalusite 

Biaxial Monoclinic Ki // b Micas, chlorite, hornblende, augite, 
epidote, orthoclase 

Biaxial Triclinic Ki // to a, b, c Plagioclase, microcline 

 
Table 7. Relationship between principal axes of AMS and crystallographic axes for various crystal 
symmetries (Borradaile and Henry, 1997). 
 
 

Tectonic stress can influence the magnetic fabric of a rock and the AMS direction may be related 
to stress directions. Several papers have been published on this subject (e.g Borradaile, 1987; 
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Tarling and Hrouda, 1993; Borradaile and Henry, 1997; Hrouda and Jezek, 1999; Borradaile, 2001; 
Mattsson and Elming, 2001; Pares and van der Pluijm, 2002) and the reader is referred to them for 
a more detailed discussion of AMS and its tectonic interpretation. 

Differential stresses produce changes in the fabric of a rock through rigid grain rotation and 
brittle grain deformation, or through plastic grain deformation. Brittle deformations are more 
common at depths <5-10 km, and as a result of this process the grain size is generally reduced. 
Minerals that have grown under stress conditions show an AMS ellipsoid the orientation of which 
is controlled by the stress direction (Tarling and Hrouda, 1993). 

Attempts have been made to correlate the degree of AMS with the strength of the stress field and 
there seems to be a linear relationship between the logarithm of the degree of AMS and the natural 
strain (Tarling and Hrouda, 1993). Tests have also been performed to look for relations between 
AMS and mechanical properties of the rocks (Mose Jensen and Elming, 2012; 2013) 
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Figure 14. For multi-domain magnetite Kmax may be interpreted as a magnetic lineation direction and the 
plane Kmax-Kint as a magnetic foliation plane. In the latter case Kmin can be considered the pole to the 
magnetic foliation. 
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5. RADIOACTIVE PROPERTIES OF ROCKS 
 
 
 

Radioactive properties of rocks are controlled by their mineral composition. Different minerals 
contain variable amounts of radiogenic elements (isotopes). Without explaining the physics at 
atomic scale behind the radioactivity of isotopes (Kearey et al., 2002 and references therein), three 
types of radiation are produced in nature by the decay of radioactive elements: 

1. α-rays 

2. β-rays 

3. γ-rays 

Alfa rays are positively charged particles equivalent to a helium nucleus and they are quickly 
absorbed by thin layers of material (even paper). Beta rays are negative particles equivalent to 
electrons and can be absorbed by a few millimetres of, for example, metal. Gamma rays are an 
electromagnetic radiation that requires thick layers of lead to be stopped. In airborne radiometric 
surveys (like the one analysed in this thesis), it is only the gamma radiation that can be measured 
by flying at low altitude. Normally radiometric surveys are acquired contemporaneously with 
airborne magnetic and electromagnetic surveys. 

 

Rock type U (ppm) Th (ppm) K (%) K/Th 
  Avg Min Max Avg Min Max Avg Min Max Avg 
Acid extrusives 4.1  0.8  16.4  11.9  1.1  41.0  3.1  1.0  6.2  0.3  
Acid intrusives 4.5  0.1  30.0  25.7  0.1  253.1  3.4  0.1  7.6  0.1  
Intermediate extrusives 1.1  0.2  2.6  2.4  0.4  6.4  1.1  0.01  2.5  0.5  
Intermediate intrusives 3.2  0.1  23.4  12.2  0.4  106.0  2.1  0.1  6.2  0.2  
Basic extrusives 0.8  0.03  3.3  2.2  0.1  8.8  0.7  0.1  2.4  0.3  
Basic intrusives 0.8  0.01  5.7  2.3  0.03  15.0  0.8  0.01  2.6  0.3  
K-feldspar Interm. 
Extrusives 29.7  1.9  62.0  133.9  9.5  265.0  6.5  2.0  9.0  0.05  

K-feldspar Interm. 
Intrusives 55.8  0.3  720.0  132.6  0.4  880.0  4.2  1.0  9.9  0.03  

K-feldspar Basic 
Extrusives 2.4  0.5  12.0  8.2  2.1  60.0  1.9  0.2  6.9  0.2  

K-feldspar Basic 
Intrusives 2.3  0.4  5.4  8.4  2.8  19.6  1.8  0.3  4.8  0.2  

Carbonates 2.0  0.03  18.0  1.3  0.03  0.8  0.3  0.01  3.5  0.2  
Sedimentary rocks 4.8  0.1  80.0  12.4  0.2  362.0  1.5  0.01  9.7  0.1  
Metamorphosed 
Igneous rocks 4.0  0.1  148.5  14.8  0.1  104.2  2.5  0.1  6.1  0.2  

Metamorphosed 
Sedimentary rocks 3.0  0.1  53.4  12.0  0.1  91.4  2.1  0.01  5.3  0.2  

 

Table 8. Radiogenic concentrations of Uranium, Thorium and Potassium in crustal rocks (from various 
sources). 
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The measured gamma radiation is produced in the upper 50-75 cm of rock/soil. When 
interpreting airborne radiometric data, it is thus very important to know whether the soil is in place 
or if it has been remobilised by, for example, glacial movements. 

Many radiogenic elements exist in nature, but only thorium, uranium and potassium can be used 
in geophysical prospecting because of their relative abundance and decay time of the same order of 
magnitude as the major geological events. In Tab.8 average, minimum and maximum 
concentrations of U, Th and K in different rock types are presented. For comparison with the data 
included in the thesis, also the average ratios K/Th are calculated and listed in the last column. It is 
evident that average values do not exceed the unity (in %/ppm). This ratio is used to map potassic 
alteration that causes enrichment in potassium without changing the thorium concentration. 
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6. GEOLOGY OF THE TJÅRROJÅKKA AREA 
 
 
 

The Tjårrojåkka area is located in the northern part of the Fennoscandian Shield, ca. 50 km SW 
of Kiruna in northern Sweden. The mineral occurrences of the Tjårrojåkka area seem to show a 
spatial relationship to a pure E-W fault, which is a second order structure of a major NW-SE 
trending deformation zone. 

 

 
 

Figure 15. Simplified geological map of the Tjårrojåkka area (modified after Edfelt et al., 2005 and Paper 
III and VI). The structural elements are magnetic foliations and lineations as defined in Paper II by analysis 
of the magnetic fabric of rock samples. In the inset: location of the exploration wells along profile 320E at 
the Cu-prospect. Diamonds = Cu-occurrences; Squares = Fe-occurrences. 

 
 
The bedrock in proximity of Tjårrojåkka (Fig. 15) is dominated by supracrustal rocks of 

Svecofennian age (ca. 1.96-1.85 Ga), intruded by younger and/or coeval plutonic rocks (Bergman 
et al., 2001). The Svecofennian supracrustal rocks are represented by intermediate to mafic 
volcanites (Porphyrite and Kirunavaara Group, respectively) metamorphosed at amphibolite facies 
(Bergman et al., 2001; Paper V). Various types of intrusive rocks are present, ranging from 
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gabbroic-dioritic to quartz-monzodioritic compositions. Several dykes, of both mafic and 
intermediate character, intrude the metavolcanites. The area has been strongly tectonised and at 
least three deformation events have been defined from geological and geophysical analyses (Paper 
II). 

Regional and local sodic alteration (scapolitisation) affected the rocks and is particularly intense 
in mafic extrusive and intrusive rocks (Bergman et al., 2001; Paper V). Potassic alteration is 
developed in andesitic rocks and appears to be related to fracture/deformation zones. This potassic 
alteration is expressed as enrichment in K-feldspar and biotite. Albitisation is present in proximity 
of the major Cu-occurrence and is associated with the apatite-magnetite veins zone, which 
represents the “structural” footwall of the Cu-occurrence (Bergman et al., 2001; Edfelt et al., 2005). 

The major occurrences (centre of map in Fig. 15; 1642500E-7515000N) have been discovered 
during various exploration campaigns. The Fe-prospect was revealed by the Geological Survey of 
Sweden (SGU) in 1963 by airborne magnetic survey. The investigation was followed by ground 
geophysical surveys and drilling campaigns during the 1960’s and 1970’s. The Cu-prospect was 
found by SGU in 1970 about 750 WNW of the Fe-prospect. 

The Fe-prospect is defined as apatite-magnetite (Kiruna-type) deposit. The massive magnetite 
core (60-67% Fe) is surrounded by a magnetite breccia, which contains 25-60% Fe. The host rock 
is an altered andesite (albitic, potassic, and scapolitic alterations; Frietsch, 1997; Edfelt et al., 
2005). 

The Cu-prospect occurs within the andesitic rock and consists of chalcopyrite, magnetite, bornite, 
and small amounts of haematite, pyrite, chalcocite, covellite (Frietsch, 1997; Edfelt et al., 2005 and 
Paper V). The mineralised body has its top located immediately below the bedrock surface and 
extends to a depth of ~450 m. It is ~650 m long and 10 to 60 m wide (Frietsch, 1997; Bergman et 
al., 2001). A magnetite rich zone is noted in proximity of the Cu-prospect and seems to be related 
to the albitic alteration (Bergman et al., 2001; Edfelt et al., 2005 and Paper V). The deposit is 
estimated to contain 3.2 Mt of ore at 0.87% Cu (Ross, 1979). 

Both the Fe and Cu mineralised bodies are elongated in a SW-NE direction and dip almost 
vertically (Frietsch, 1997; Paper II and V). 
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7. SUMMARY OF THE RESULTS 
 
 

In the thesis work, the Tjårrojåkka IOCG occurrences have been investigated at different scales: 
from regional (see Paper I), to local (Paper II and Paper III), and finally to microscopic scale (Paper 
IV).  

Paper V was the first paper published during the project and contains a preliminary geophysical 
analysis of the area. 

 
 
7.1 Regional scale – Paper I 
 
Geophysical data at regional scale are used to map major deformation zones (gravity and 

magnetic field data; e.g. Hildenbrand et al., 2001), to locate highly magnetic Fe-occurrences (total 
magnetic field data) and to possibly map rock alterations (airborne radiometric data). 

Major deformation zones were defined using airborne magnetic data (Fig. 16) and most of the ore 
deposits in the area seem to be located in proximity of these deformation zones. Linear negative 
magnetic anomalies can be interpreted as zones of alteration of highly magnetic minerals (e.g., 
magnetite) to less magnetic phases (i.e. haematite; Airo, 2002). Haynes (2000) suggested that these 
linear magnetic features (Eastern Fold Belt, Australia) are faults containing albite altered rocks in 
areas characterised by sodic alteration. Moreover, zones hosting IOCG deposits like the Gawler 
Craton (Olympic Dam; Australia), the Eastern Fold Belt (Australia) and the Candelaria area 
(Chile), are enriched in magnetite due to sodic alteration (Haynes, 2000). At regional scale, large 
magnetite deposits are associated with a strong magnetic signal, which can thus be considered as a 
signature for magnetite occurrences. 

The gravity data indicate that most of the known ore deposits in the area, with a few exceptions, 
are located within gravity highs or in the proximity of significant gravity gradients (>5 mGal/km; 
Paper I). The fact that mineral deposits in the studied area are hosted by supracrustal rocks of 
relatively high density (compared to the low density of the massive granitic intrusions) confirms 
the indicated relation between occurrence of the mineral deposits and areas of positive gravity 
anomalies or areas located on the edges of large negative anomalies caused by granitic plutons.  

The radiometric data expressing high calculated potassium contents delineate outcropping granite 
and granitic glacial deposits in the central-western and northern parts of the map in Fig. 17a. In 
Tjårrojåkka the high potassium content is caused by andesitic rocks that suffered potassic alteration 
(Edfelt et al., 2005). The Fe–Cu associated deposits (e.g. Ekströmsberg and Tjårrojåkka – Fig. 17b) 
occur in areas with high K/Th ratio (>0.5 %/ppm), which is here used to define zones affected by 
potassic alteration (K enrichment vs. stable Th content; compare with Shives et al., 2000; Smith, 
2002; de Quadros et al., 2003). Similar approaches have been proven useful in mapping alterations 
halos in the Candelaria district (Smith, 2002), and in discovering new prospects at Lou Lake 
(Canada; Shives et al., 2000).  

 
At regional scale, the present study indicates that: 
 

• Fe-oxide and base metal sulphides deposits occur in proximity of major faults and crustal 
deformation zones. 

• The deposits are related to gravity highs, which are expressions of high density volcanics 
that surround low density massive granitic/syenitic plutons. 

• The deposits are related with major crustal deformation zones expressed as linear 
patterns of low magnetic field intensity and high gradients of the gravity field. 

• IOCG deposits are located in areas with high K/Th ratio that can be interpreted as an 
expression of potassic alteration. 
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Figure 16. Map of the total magnetic field (TMF) intensity (airborne data). Tectonic structures are simplified 
from Bergman et al. (2001). 
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Figure 17. (a) Contour map of the calculated potassium content (from airborne radiometric data; SGU 
databases). Stars mark position of Cu-occurrences, while circles locate Fe-occurrences. The two arrows 
show low potassium anomalies due to the presence of surface water (Paittasjärvi Lake). (b) A corresponding 
map for the calculated potassium/thorium ratio (indication of potassic alteration). Notice the high anomalies 
at Fe-/Cu-mineralised sites. Ek=Ekströmsberg, La=Laukajärvi, Vi=Vieto, Pa=Puoltsa, Lu=Luppovare, 
Tj=Tjårrojåkka, Li=Lieteksavo 
 
 
7.2 Local scale – Papers II and III 
 

After the regional analysis is completed, and the selection of the most prospective areas is done, 
field-work may be carried out at local scale. Integration of geophysical and geological data is 
crucial especially at this stage. Ground geophysical measurements can be performed when viable 
targets are defined from regional and semi-regional geophysical studies and preliminary geological 
field mapping is done. 

In the region SW of the city of Kiruna and in the Tjårrojåkka area, Fe and Cu deposits occur in a 
complicated tectonic environment. The epigenetic character of the deposits (Bergman et al., 2001), 
the spatial relationship between the Cu-, Fe-occurrences, potassic alteration and deformation zones, 
suggests a connection between the formation of the mineral deposits and one, or more, tectonic 
events. The major tectonic event may be related to an ESE–WNW regional compression in the 
Kiruna area and westwards. This was followed by an E–W striking deformation that affected the 
central and western areas, including the Tjårrojåkka area. Magnetic foliation and magnetic lineation 
directions (Figs. 18 and 19a) suggest a dextral transpressive character for this deformation. Such an 
E–W deformation is also indicated by lineaments in the airborne magnetic and VLF maps, 
lineaments that trend SW–NE in the south and gently change their directions to almost pure E–W 
in the centre of the area.  

Petrophysical analyses indicate that Fe-oxides are widely present at Tjårrojåkka, whereas Fe-
sulphides are almost absent. This is in perfect agreement with the IOCG character of the deposits. 
Among the Fe-oxides, magnetite seems to be dominant. A thermomagnetically unstable phase has 
been noted, particularly in volcanic rocks, and it is suggested to be (Ti)-maghemite resulting from 
oxidation of (Ti)-magnetite in a subaerial/marine environment or during hydrothermal activity 
related to metamorphism. 

 
The association of Cu (-Au) minerals with magnetic Fe minerals suggests that the acquisition of 

magnetic data should come first, followed, possibly, by gravity and electromagnetic/geoelectric 
data (Fig. 19). The example of Tjårrojåkka further shows that highly magnetic Fe mineralised 
bodies (Fig. 19c) seems to be spatially associated with non-magnetic Cu ore, which is expressed by 
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a positive gravity anomaly (due to high density Cu-minerals bearing rocks; Fig. 19d) and high 
induced polarisation values (Fig. 19e). This is also accompanied by low resistivities, if the Cu-
minerals occur in connected veins. If the Cu-minerals are disseminated in highly resistivity matrix, 
high resistivity is likely expected. Also at local scale, intense potassium alteration can be detectable 
and spatially correlate with Cu-bodies (Fig. 20).  

 
 

 
 
Figure 18. Magnetic map of the Tjårrojåkka area, with stereograms showing the orientation of the poles to 
the magnetic foliation (F) planes and direction of lineations (L) as obtained from AMS analysis. 
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Figure 19. (a) Simplified geological map of the Tjårrojåkka area (8x8 km square). (b) Map of the ground 
geophysical surveys presented in (c) magnetics, (d) gravity, (e) geo-electric (induced polarisation). The inset 
in (b) shows the location of the profile 320E, along which a geological/geophysical cross-section is 
presented. 
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Figure 20. (a) Map of the calculated K/Th ratio in the Tjårrojåkka area. (b) Histogram showing the 
significance of the chosen limit (>6) for the K/Th ratio to indicate potassium enrichment. 
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7.3 Prospect scale – Paper IV 
 

Geochemical analyses and petrographic studies are normally the main tools for ore 
characterisation at prospect scale. The amount of samples from outcrops and cores may be large 
when a thorough drilling campaign has been carried out. Additional petrophysical analyses may be 
very useful for the understanding the geometry of the deposit and for optimisation of its 
development and exploitation, via a combined geological and geophysical 3D modelling. 

 
 

 
 
Figure 21. Geological cross section along profile 320E. A number of rock samples from borehole TJ71305 

were selected for petrophysical measurements. 
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Figure 22. Density and magnetic susceptibility for selected samples from borehole TJ71305. On the right 

side of the figure, thermomagnetic curves are shown. The arrows mark the heating-cooling cycle. I1 and I2 
indicate depth intervals for which low susceptibilities have been determined. 

 
In Figures 21 and 22, a geological section is shown together with petrophysical analyses of ten 

selected samples. The rock specimens were chosen from core samples along a borehole that 
penetrates both the ore and the barren host rock. Magnetite, maghemite and hematite were defined 
as dominant magnetic minerals, whereas Fe-sulphides are not detected. Highly magnetic minerals 
like magnetite (and maghemite) are common phases in the Svecofennian rocks of the entire 
Tjårrojåkka area, whereas highly oxidized Fe-minerals (e.g., hematite) occur in proximity of the 
mineralised rocks of the main Cu-prospect (Fig. 23). The low magnetic susceptibility of these 
minerals and their spatial relationship with the Cu ore may be used as a tool for targeting Cu 
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bearing zones at prospect scale (especially on well logs). Edfelt (2007) has suggested that potassic 
alteration is contemporaneous to the main mineralising event for the main Cu-prospect in 
Tjårrojåkka, with formation of haematite at the Cu-sulphide stage after the formation of magnetite. 
The low magnetic susceptibility of these minerals, compared to the high susceptibility of magnetite 
and maghemite, and their spatial relationship with the Cu-mineralized rock, may be used as a tool 
for targeting Cu-mineralized zones at prospect scale (on well logs more than surface surveys). 
Geochemical data (Paper IV) define a clear relationship between Cu and K content. These data 
confirm the validity of the airborne radiometric method for targeting areas possibly hosting Cu 
deposits.  

 
 

 
 
Figure 23. Electron microscope images for four selected rock samples (borehole TJ71305). In the insets, 

thermomagnetic curves are shown. 
 
It was also attempted to find a quantitative correlation between petrophysical and geochemical 

data (Berggren, pers. comm.) with limited success. A qualitative approach is presented in Figure 
24, which shows a series of scatter-diagrams for a set of geochemical and petrophysical data. The 
visual analysis of the plots suggests that magnetic susceptibility is in logarithmic relationship with 
the iron content of the rock (Fig. 24A). Such a relationship is not found for magnetic susceptibility 
and Cu content (Fig. 24B). The Cu content seems to be related to potassic alteration (Fig. 24C), 
which would then allow to use K/Th ratio as a mapping tool for Cu-enriched areas. Finally, the 
bubble diagram in Figure 24E suggests that magnetic susceptibility is not related to Cu content, 
which is a reasonable outcome, considering that Cu-mineralisations can form contemporaneously 
to oxidation of magnetite, which results in less magnetic haematite. 
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Figure 24. (A) Fe2O3 vs magnetic susceptibility plot for selected samples in the Tjårrojåkka area. (B) Cu 

vs. magnetic susceptibility diagram. (C) K2O vs. Cu plot. (D) K2O vs. magnetic susceptibility. (E) Magnetic 
susceptibility vs. K2O diagram. Size of the circles is proportional to Cu content (expressed as ppm). Black 
diamonds=Diabase-gabbro; white diamond=syenitic rock; black triangle=basic volcanic; white 
square=intermediate volcanic. 
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8. CONCLUSIONS 
 
 
 
The fast development of more powerful electronic components has increased the possibility of 

advanced statistical calculations even on relatively simple personal computers. This fact has 
opened a new era of geostatistical algorithms and spatial analysis processes. For example, Nykänen 
et al. (2008) apply a conceptual “fuzzy-logic” approach to IOCG regional exploration in Finland. 
These semi-automated approaches allow for a very objective screening of the selected input data 
with relatively minimal support from human knowledge. Nevertheless, both the input data selection 
criteria and the interpretation of the output data are still very much a task for an expert geoscientist. 
Moreover, the computer based exploration techniques need of large and precise geological, 
geophysical, petrophysical and geochemical datasets if a good result is to be obtained. This 
emphasises once more the relevance of good and reliable datasets for mineral exploration. 

 
The results of this geophysical and petrophysical study performed on the testing site of 

Tjårrojåkka, Northern Sweden, agree with the hypotheses, i.e. (1) IOCG deposits are associated 
with major tectonic lineaments, (2) IOCG deposits are spatially related to gravity and/or magnetic 
anomalies, and (3) that rock alterations associated with IOCG deposits may be mapped using 
geophysical methods.  

This permits the construction of a simple workflow for IOCG deposits exploration: 
 
1. acquisition and analysis of airborne (satellite) geophysical data for regional tectonic studies 

(gravity and magnetics) – IOCG deposits tend to occur in proximity of major faults, and 
are hosted by high density volcanic rocks on the edges of major granitic intrusions; 

2. acquisition and analysis of airborne radiometric data for recognition of alteration zones – 
potassic alteration is associated with IOCG deposits; 

3. acquisition and analysis of high resolution airborne/ground magnetic and electromagnetic 
data at local scale for targeting highly magnetic and conductive bodies; 

4. detailed geological field mapping accompanied by collection of oriented rock samples for 
tectonic analysis;  

5. geochemical and petrophysical analyses may be carried out on selected samples to define 
any possible relationship between petrophysical properties and alterations and/or presence 
of ore. The petrophysical data may be up-scaled to construct 3D models of the prospect 
area as a guide for a possible drilling campaign.  
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Abstract

Ore deposits are frequently associated with various types of rock alteration that may affect the physical properties of rocks, and
result in a characteristic signature of the deposits. The present work focuses on the use of geophysical data in targeting areas
hosting Fe-oxide Cu–Au (IOCG) deposits west of the Kiruna mining district, northern Sweden. It is noted that IOCG deposits in
different areas worldwide (e.g., Australia, Canada) are preferentially located in proximity to faults associated with deformation
zones of regional relevance, and that the deposits are hosted in areas affected by potassic to sodic alteration. This study shows that
at a semi-regional scale IOCG deposits occur within areas of high positive gravity anomalies, high values of estimated potassium
content and high K/Th ratios, which is an expression of potassic alteration. High magnetic anomalies are associated with magnetite
occurrences, while low linear magnetic anomalies mark fault/shear zones, in proximity of which the majority of the IOCG deposits
occur.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Exploration geophysics; IOCG deposits; Proterozoic; Fennoscandian Shield; Sweden

1. Introduction

Since the discovery of the giant Olympic Dam
deposit in Australia, Fe-oxide Cu–Au (IOCG) deposits
(Hitzman et al., 1992) have attracted the interest of
mining companies. A poor understanding of the
mechanisms for the formation of this class of deposits
combined with the great variability within deposits of
this type has precluded the development of an
effective exploration model. In an effort to achieve

such a model, a project focused on IOCG deposits in
the Proterozoic domain of the Fennoscandian Shield
(northern Sweden) started in 2001. As part of this
project, a geophysical study at sub-regional scale (Fig.
1) was carried out and the results are presented in this
note. This project sought to develop efficient and cost-
effective geophysical and petrophysical methods for
targeting areas that could then be investigated with
detailed geological work. The data sets used in this
investigation were obtained from the Geological
Survey of Sweden (SGU).

A second important aim of the study was to test the
reliability of some of the characteristics of IOCG
deposits given by Hitzman (2000), at a semi-regional
scale. A similar investigation in the region has already

Journal of Applied Geophysics 61 (2007) 92–101
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been completed at deposit scale (Sandrin and Elming,
2006). An area of ∼2000 km2 hosting several sub-
economic Cu, Fe and IOCG deposits was selected as
object of this study.

The main characteristics (Hitzman, 2000) that are
tested are:

1. IOCG deposits are hosted by tectonic environments
containing significant to voluminous magmatism and
source rocks (subaerial basalts, sediments, magmas).

2. Structural control: IOCG deposits seem to be located
along high- to low-angle faults that are splays of
major, crustal-scale faults.

3. The host rocks for IOCG deposits are intensely
altered. IOCG deposits are generally associated with
sodic-potassic, potassic or hydrolytic alteration.

Furthermore, this work may represent a case history
in the Fennoscandian Shield and the results are briefly
compared with similar studies in other regions world-
wide (e.g., Australia, USA, Canada, and Chile).

2. Geological setting

The area investigated is located in the northern part of
the Fennoscandian Shield, west of Kiruna in northern
Sweden, and extends between 7500000–7550000 N and
1635000–1675000 E in the RT90 Swedish national grid
(Fig. 1B). Stratigraphically lowest in the metavolcanic
sequence, overlying the Archean basement, are rift-
related 2.5–2.0 Ga Karelian units followed by ∼1.9 Ga
Svecofennian successions including several units of
metavolcanic and epiclastic rocks (Allen et al., 2004).

Fig. 2. Map of the total magnetic field (TMF) intensity (airborne data). Tectonic structures are simplified from Bergman et al. (2001).
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The regional tectonic setting is dominated by major
crustal, ductile deformation zones (Figs. 1B and 2).

The Archean bedrock of northern Norrbotten is
largely unexposed in the area investigated. Outcrop in
the area largely consist of Svecofennian age rocks (1.96–
1.86 Ga). These rocks are dominantly volcanic and are
represented in the area by metarhyolites and metaande-
sites to metabasalts. The principal units are the
Porphyrite Group and the Kiirunavaara Group. Ti–Zr
analysis of Martinsson et al. (2001) show that the
Porphyrite Group displays a continental character,
generally andesite dominated, while the Kiirunavaara
Group has a bimodal ‘within plate’ character of basaltic
to rhyolitic composition. The volcanic rocks are
metamorphosed to upper greenschist to amphibolite
facies. In all areas where the stratigraphic relation
between the Porphyrite Group and the Kiirunavaara
Group can be determined, the former is always the older
(Bergman et al., 2001).

The second phase of the Svecofennian orogeny
involves several stages of plutonism. Intrusions are
generally of granitic to syenitic composition. According
to Bergman et al. (2001) the Palaeoproterozoic volcanic
and sedimentary rocks were deformed and metamor-

phosed contemporaneously with the intrusion of the
Haparanda (1.89–1.87 Ga) and Perthite monzonite
(1.88–1.86 Ga) granitoid suites. These granitic bodies
are of regional importance and have a spatial relationship
to the larger N–S- to NW–SE-trending shear zones in the
area (Fig. 2).

In the investigated area there are five mineral
occurrences of different styles (Table 1). These are the
Eksrömsberg, Laukujärvi, Lieteksavo, Tjårrojåkka and
Vieto occurrences. The Ekströmsberg, Laukujärvi and
Vieto iron deposits were discovered in the late 19th and
the early 20th century and were revisited by the ‘Iron ore
inventory programme’ that was running in Norbotten
county between 1963 and 1972. The Tjårrojåkka iron
deposit was discovered during this program in 1963.
Also discovered during the program were the sulphide
occurrences of Laukujärvi, Tjårrojåkka and Vieto,
which are spatially related to the iron deposits. The
sulphide deposit at Lieteksavo was discovered in 1980.
The occurrences are considered sub-economic and no
mining activity has been undertaken.

Given the relevance of glacial deposits in interpreting
airborne radiometric data, it should be pointed out that
glacial transport in the area was mainly directed from

Table 1
Relevant mineral deposits in the area

Deposit Location Type Ore minerals⁎ Estimated Volume
(Mt)

Host rock Alteration minerals# Stratigraphy&

Tjårrojåkka–Fe1 N 7515000 Apatite iron ore
(IOCG)

Mag, Ccp, Py 52.6 Mt at
51.5% Fe

Andesite Scp, Am, Kfs, Ab PoG
E 1642800

Tjårrojåkka–Cu2 N 7515000 Cu (Au) vein,
Diss.
Cu (IOCG)

Ccp and Bn 3.23 Mt at
0.87% Cu

Andesite,
Metadiabase

Kfs, Scp, Bt, Ab PoG
E 1642200

Vieto–Fe3 N 7532500 Skarn iron ore Mag, Py, Po,
Ccp

15.7 Mt at
40.4% Fe

Skarn, Mafic tuff,
Metadiabase,
Basalt

– KiGG
E 1664000

Vieto–Cu4 N 7532700 Cu, Zn vein
deposit

Ccp, Py, Sp,
Mag

– Greenstone,
Metadiabase

Bt KiGG
E 1664500

Laukujärvi–Fe5 N 7532000 Skarn iron ore Mag, Hem,
Ccp

3.7 Mt at
25–30% Fe

Skarn, Marble,
Mafic volcanics

Skarn PoG
E 1656400

Laukujärvi–Cu,
Au6

N 7532500 Skarn iron ore Ccp, Py – Felsic porphyry Ep PoG?
E 1655300

Ekströmsberg7 N 7527300 Apatite iron ore Mag, Hem 37 Mt at
55.9% Fe

Ryodacite,
Metadiabase

Srp, Am KiPo
E 1656700

Lieteksavo8 N 7507100 Qtz, Tur, Cu-vein Ccp, Au,
Bn, (Scheelite)

0.05 Mt at
6.8% Cu,
1.3 ppm Au

Mafic sill, Basalt Scp, Bt, Kfs,Tur, Chl KiPo
E 1651600

Mineral abbreviations after Kretz (1983) and minerals of lesser importance are marked in brackets: ⁎Au–elemental gold, Bn–bornite, Ccp–
chalcopyrite, Hem–hematite, Mag–magnetite, Po–pyrrhotite, Py–pyrite, Sp–sphalerite, Sch–scheelite. #Ab–albite, Am–amphibole, Bt–biotite,
Chl–chlorite, Ep–epidote, Kfs–K-feldspar, Scp–scapolite, Srp–serpentine, Tur–tourmaline, Qtz–quartz. &KiPo–Kiruna Porphyry, KiGG–Kiruna
Greenstone Group, PoG–Porphyry Group.
References: 1Edfelt et al. (2005), Quezada and Ros (1975); 2Edfelt et al. (2005), Ros (1979); 3Eriksson et al. (1979); 4,5Grip and Frietsch (1973);
6Martinsson et al. (2001); 7Frietsch (1974); 8Lindblad and Englund (1985).
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north-west to south-east and from south-west to north-
east in the Weichselian (Bergman et al., 2001; Påsse,
2004). The transport distance could not be estimated
with great detail in this area, but it is generally assumed
to be of no more than a few kilometres for coarse-
grained material (Påsse, 2004).

3. Materials and methods

Airborne magnetic and radiometric data were col-
lected during the 1980s. The flight altitude is 30 m, the

distance between flight lines is 200 m and the distance
between measurements is ca. 35 m. The direction of
flight lines is south–north. The magnetic anomaly (total
magnetic field) is given in reference to the Definite
International Geomagnetic Reference Field 1965
(DGRF-65). Due to the high latitude of the area
investigated no reduction to the pole was applied. The
concentrations of potassium, thorium and uranium are
calculated from total radiometric spectra. Thorium and
uranium concentrations are expressed in ppm, while
potassium concentration is expressed in percent. A

Fig. 3. (A) Map of the gravity field and location of mineral deposits (stars=sulphides; circles=Fe-oxides; Tj=Tjårrojåkka; Lu=Luppovare;
Li=Lieteksavo; Ek=Ekströmsberg; La=Laukujärvi; Vi=Vieto; Pa=Puoltsa). The lines in each map represent the profile along which gravity data
were quantitatively interpreted (see Fig. 4A). (B) Location of the gravity measurement stations. (C) Map of the gravity gradient.
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median 3×3 filter (300 m distance between grid nodes)
is applied to radiometric data for removing noise spikes
(Gonzalez and Woods, 1992). The petrophysical data set
includes magnetic properties, density and rock type for
1100 samples.

Gravity data (Bouguer anomaly) obtained from the
SGU databases cover the entire area investigated (Fig.
3B). For the modelling of the local gravity data a
uniform regional field of −43 mGal is subtracted (Kinck
et al., 1993). The software used for the 2.5D modelling
is Grav2dc 2.10, written by G.R.J. Cooper, University of
the Witwatersrand (South Africa; http://www.wits.ac.za/
science/geophysics/software.htm). The gravity gradient
(Fig. 3C) is calculated by use of the formula:

tggt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ag
Ax

� �2

þ Ag
Ay

� �2
s

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GE � GW

2Dx

� �2

þ GN � GS

2Dy

� �2
s

ð1Þ
Where Gi is the value of the field g north (i=N),

south (i=S), west (i=W) and east (i=E) of the point

where the gradient is calculated. Δx and Δy are the
distances in the x (W–E) and y (S–N) directions.

4. Results

Analysis of the gravity data shows that most of
the known ore deposits, with few exceptions, are
located within gravity highs and in the proximity to
significant gravity gradients (>5 mGal/km; Fig. 3A
and C). A possible explanation of this fact is
described in the following and is shown in Fig.
4A, where a 2.5D gravity model along profile A in
Fig. 3 is proposed. No other geophysical investiga-
tions were carried out to monitor the upper 5–6 km
of the crust; the model parameters were constrained
utilising data from geological maps (Bergman et al.,
2001), petrophysical data (Tables 2 and 3) and
structural geology investigations (Wright, 1988; Fig.
4B). An average density of 2665 kg/m3 is utilised for
granitic/syenitic intrusions, 2869 kg/m3 for the

Fig. 4. (A) 2.5D gravity modelling along profile A in Fig. 3. The average densities are calculated from the SGU database. A regional field of
−43 mGal is subtracted. The average density of the granitic intrusions is 2665 kg/m3, gabbroic intrusions have a calculated average density of
2965 kg/m3, while greenstones and basic volcanics have an average density of 2869 kg/m3. The gravity field is expressed in mGal and depth in
metres. Ek=Ekströmsberg deposit; Vi=Vieto deposit. (B) For comparison, a generalised tectonic model for the area west of Kiruna proposed by
Wright (1988) is shown. The thick horizontal line marks the present surface.
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volcanic rocks (mainly andesites, basalts and green-
stones), and 2965 kg/m3 for gabbroic intrusions (Tables
2 and 3). The strike length of the main granitic body in
the western end of the profile is 6000 m, while for the
other granitic intrusions the strike length is 4000 m and
5000 m at the top and 1000 m at the bottom. To the
shallow low density body in the north-east, a constant
3000 m strike length is given. The gabbroic intrusive
bodies have a strike length variable between 500 and
1000 m. A forward modelling approach was used to
obtain a good fit between synthetic and measured data.
The gravity model suggests the presence of granitic and
gabbroic bodies within a >6 km thick pile of volcanic
rocks (Fig. 4A). Two mineral deposits are located along
the profile (Ekströmsberg and Vieto) and they are found
in direct relation to a zone of high gravity.

The higher gravity gradients (Fig. 3C) match the
deformation zones defined from airborne magnetic data
(Fig. 2; after Bergman et al., 2001). Fe occurrences
correspond to positive magnetic anomalies. Most of the
mineral deposits are located in proximity to major faults/
deformation zones.

The radiometric data expressing high calculated
potassium contents correspond to outcropping granite and
granitic glacial deposits in the centre-western and northern
parts of the map in Fig. 5A. In Tjårrojåkka the high
potassium content has its origin in andesitic rocks. Those
rocks have also suffered potassic alteration (Edfelt, 2003;
Edfelt et al., 2005). Mineral occurrences in general do not
seem to have any specific relationship to the potassium
content calculated from the airborne radiometric data.
Nevertheless, the deposits of Tjårrojåkka andEkströmsberg

are located in areas displaying high potassium contents
(>4%). More interestingly, the Fe–Cu associated deposits
(like Ekströmsberg and the IOCG of Tjårrojåkka) occur in
zones with high K/Th ratio (>0.5%/ppm), which is used to
define areas affected by potassic alteration (K enrichment
vs. stable Th content; Shives et al., 2000; Smith, 2002; de
Quadros et al., 2003).

5. Discussion and comparison with other IOCG
mineralised districts

The mineral deposits almost invariably occur in areas
dominated by supracrustal rocks (i.e., volcanic and
sedimentary rocks; Fig. 1B). This is also valid for the
IOCG deposits of Tjårrojåkka and the Fe–Cu occur-
rences of Ekströmsberg, Laukujärvi and Vieto. More-
over, all the mineral deposits are located on major
deformation zones or on E–W-trending faults, which are
related to the major deformation zones. These fault/
deformation zones are defined from analysis of airborne
magnetic data and the gravity gradient map. Linear
negative magnetic anomalies are interpreted as zones of
alteration of highly magnetic minerals (e.g., magnetite)
to less magnetic phases (i.e. haematite; Airo, 2002).
Haynes (2000) suggested that these ‘valleys’ in the
magnetic data for the Eastern Fold Belt (Australia) are
faults containing albitically altered rocks in districts
characterised by sodic alteration. Along the Cloncurry
Fault, linear magnetic low anomalies coincide with
zones showing pale pink ‘haematite-pigmented’ albite.
The same author also points out that the zones hosting
IOCG deposits, such as the Gawler Craton (Olympic
Dam; Australia), Eastern Fold Belt (Australia) and the
Candelaria area (Chile), are ‘magnetically active.’ This
is interpreted to be the result of magnetite enrichment
due to sodic alteration (Haynes, 2000). A similar
conclusion may be proposed for the area of our study.
In Fig. 2, it can be clearly seen that most of the mineral
deposits occur in areas with magnetic anomalies of short
wavelength and high amplitude.

The fact that mineral deposits are normally hosted by
supracrustal rocks of relatively high density (compared

Table 2
Average densities for different lithologies in the area (data from SGU)

Rock type Avg. (SI) St.Dev. (SI) N

Qz-syenite 2677 37 64
Anfibolite 2948 67 39
Bas.Volc. 2972 75 34
Breccia 2871 146 16
Diabase 2982 44 11
Fels.Intr. 2651 46 34
Fels. Volc. 2682 56 38
Gabbro 2957 58 28
Granite 2641 97 126
Greenstone 2899 88 235
Int.Volc. 2805 52 168
Cong.-Sed. 2725 89 103
Metavolc. Porph. 2707 47 16
Skarn 2886 230 10
Acid.Volc. 2683 54 192
Syenite 2759 63 28

Avg.=average value; St.Dev.=standard deviation; N=number of
samples.

Table 3
Density values selected for gravity modeling

Rock type Avg. St.Dev. N

Syenite/granite 2665 84 252
Basic/Int. Volc./greenstone 2869 92 437
Gabbro/diabase 2965 55 39

Avg.=Average value; St.Dev.=Standard Deviation; N=number of
samples.
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to the low density of the massive granitic intrusions)
confines the occurrence of the mineral deposits within
areas of positive gravity anomalies or on the edges of
large negative anomalies originating in granitic
plutons. The studied region, being characterised by a
number of granitic intrusions surrounded by supra-
crustal rocks, thus represents a good scenario to see
how the attributes of IOCG deposits may help in
defining interesting target zones. Given that mineral
occurrences in the study area are mostly hosted in
supracrustal rocks, in proximity of fault/deformation
zones (‘magnetic lows’), on ‘gravity highs’, the
number and extensions of areas suitable for further
exploration is diminished. This seems to be valid not
only for the IOCG deposits, but for the great part of
the mineral deposits in this region. It appears possible
to separate the zones hosting IOCG occurrences from
those hosting other deposit types through the use of
airborne radiometric data (Fig. 5B). If it is assumed
that the ratio K/Th really defines areas that suffered
potassic alteration (Smith, 2002), the association of
IOCG deposits with potassic alteration seems strong.
The lack of any high value of K/Th in proximity of
the mineral occurrences of Vieto and Laukujärvi is
probably due to shielding of gamma radiation by the
water absorption of the Paittasjärvi Lake (Fig. 5A and
B), in proximity of which the estimated K contents are

between 0% and 2%, while the Th estimated contents
are in the range 0–8 ppm.

Radiometric methods have proven useful in mapping
alterations halos in the Candelaria district (Smith, 2002),
and in discovering new prospects, such as at Lou Lake
(Canada; Shives et al., 2000). The case of Lou Lake is
particularly interesting since it shows many similarities
with the area presented in this note. Both occur in high-
latitude regions, in Proterozoic volcanic–plutonic dom-
inated zones and host polymetallic deposits. Shives et al.
(2000) observed that at Lou Lake several mineral
occurrences are hosted in a large potassic altered and Fe-
enriched area. This was also noted from analysis of
airborne magnetic and radiometric data. Of special
interest is the high K/Th ratio observed in relation with
the mineral deposits. This was then interpreted as a sign
of potassic alteration (Shives et al., 2000).

The coincidence between positive gravity anomalies
and IOCG deposits was noted in other deposits (e.g., at
Olympic Dam, Ernest Henry, both in Australia) and is
used not only as a good prospect indicator, but also in
deposit targeting (Smith, 2002). The availability of new
airborne instruments (e.g., Mahanta et al., 2001) allows
a wider use of gravity surveys, also in targeting IOCG
deposits. On basis of magnetic data and a positive
gravity anomaly an interesting target for further
investigations was identified in the Spencer Gulf,

Fig. 5. (A) Map of the estimated potassium content from airborne radiometric data. Symbols as in Fig. 3. Arrows indicate low gamma radiation due to
the presence of the Paittasjärvi Lake, which is elongated in the W–E direction. (B) Map of the K/Th ratio. Note the high values obtained at the
Tjårrojåkka and Ekströmsberg–Laukujärvi deposits. The low values obtained in proximity of Vieto may be due to the shielding of the Paittasjärvi
Lake.
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Southern Australia (King George prospect; Mahanta et
al., 2001). From airborne gravity survey also at the Ernest
Henry deposit (Cloncurry district, Australia; Dransfield
et al., 2001), a clear relation between positive gravity
anomaly and the mineral deposit was demonstrated.
Positive gravity anomalies were noted in the area of the
main Fe-oxide deposits in Tjårrojåkka (Fig. 6A; Sandrin
and Elming, in press). The same type of signature can
also be seen for the mineral deposits in Laukujärvi (Fig.
6B). At semi-regional scale the match of IOCG deposits
(and other mineral deposits in the area) and positive
gravity anomalies may be interpreted as an effect of the
high density of the host rocks, while at deposit scale, this
is more likely due to the high density of the ore minerals
themselves (Sandrin and Elming, in press; Berggren et
al., unpublished data, in preparation).

6. Conclusions

This study confirms the results of earlier work on
IOCG deposits worldwide and furthermore indicates

that airborne radiometric data may be used for the
identification of areas worth of detailed investigations.

A preliminary scheme for targeting IOCG miner-
alised areas, as described in this study for the Norrbotten
County, Sweden, may hence be summarised:

1. Fe-oxide and base metal sulphides deposits occur in
proximity of major faults and crustal deformation
zones.

2. The crustal deformations are located at the edges of
granitic/syenitic intrusions.

3. The host rocks of the mineral deposits are mostly
supracrustal rocks (volcanic or in few cases
sedimentary).

4. The deposits are related to gravity highs, which are
expressions of high density volcanics that surround
low density massive granitic/syenitic plutons.

5. The deposits are related with major crustal deforma-
tion zones expressed as linear patterns of low
magnetic field intensity and high gradients of the
gravity field.

Fig. 6. (A) Map of the gravity field in the Tjårrojåkka IOCG mineralised area. (B) Same type of data for the Laukujärvi mineral deposits. Note the
match of Fe-occurrences with positive gravity anomalies. For the Cu-occurrences such a relation is not evident.
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6. IOCG deposits are located in areas with high K/Th
ratio, which may be interpreted as an expression of
potassic alteration.
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Abstract

A geophysical–petrophysical study has been performed in an area WSW of the city of Kiruna, northern Sweden. The sub-

regional tectonic setting is dominated by two important shear zones, which define the boundary of a granitic body. Many Cu–

Fe-occurrences are located in proximity of faults related to these major deformation zones. Particular attention has been given to

the Tjårrojåkka iron oxide copper gold (IOCG) deposit. Here the bedrock is characterised by intermediate to mafic meta-

volcanics, metamorphosed intermediate to mafic dykes, and gabbroic–dioritic intrusions of Svecofennian ages (~1.96–1.75 Ga).

The major Cu- and Fe-occurrences are hosted by the meta-andesites. The aim of the study is to put the deposits into a tectonic

framework and test existing hypotheses for their occurrences.

Glacial deposits cover almost the entire area, leading to a scarcity of outcrops and inferring that geophysical data are

fundamental for geological understanding. In addition to this, petrophysical analysis is vital for the interpretation of geophysical

data (gravity, airborne magnetics and radiometrics, very low frequency) and for the definition of geophysical signatures of the

deposits. The anisotropy of magnetic susceptibility (AMS) was also studied for the tectonic analysis. More than 150 oriented

samples were collected in a number of outcrops along a profile intersecting the major structures in the Tjårrojåkka area.

From the airborne magnetic data, two major linear features are interpreted as deformation zones. The strike of these

deformation zones is approximately NW–SE and E–W, respectively. The same trends have been defined from other geophysical

data such as airborne VLF and ground gravity data. A third important structural trend striking SW–NE has been defined by K/

Th data and ground magnetic data. Very good agreement has been found between geophysical lineaments and AMS directions.

Magnetic foliations determined by AMS measurements confirm the existence of three major trends in the study area: SW–NE,

E–W and NW–SE. The major Fe-orebody shows approximately a SW–NE strike direction as defined from ground magnetic

data. This is parallel to the strike of magnetic foliation determined in outcrops ~1 km NW of the deposit. The epigenetic nature

of the Cu and Fe occurrences in Tjårrojåkka and their spatial relationship with deformation zones suggest a connection between

the formation of the deposits and a tectonic event. A later tectonic episode resulted in E–W trending deformation in the central

area, affecting the orebodies themselves. Other, probable, compressive deformations have been indicated from petrophysical

and geophysical analyses.
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Thermomagnetic measurements indicate that Fe-oxides (Ti-magnetite) are common in the area, while Fe-sulphides are

almost absent. Multi-domain magnetite has been identified as the most common Fe-oxide in different rock types, while an

unstable magnetic mineral has been detected in metamorphosed volcanics. A good spatial correlation has been observed

between Cu-deposits and high K/Th values from radiometric data, values that are expressions of potassic alteration.

D 2005 Elsevier B.V. All rights reserved.

Keywords: Precambrian; Fe–Cu–(Au) deposits; Tectonics; Petrophysics; Geophysics; Anisotropy of magnetic susceptibility (AMS);

Tjårrojåkka, Sweden

1. Introduction

Iron oxide copper–gold (IOCG) deposits have

attracted the interest of ore geologists since the

discovery, in 1976, of the giant Olympic Dam

deposit in South Australia. Hitzman et al. (1992)

summarised the geological characteristics of this

bnewQ class of deposits, and included within it, as

a bsubsetQ, the previously known apatite–iron ores

(Kiruna-type). Hitzman et al. (1992) also included

the Tjårrojåkka occurrences, northern Sweden, into

the group of Proterozoic Fe oxide (Cu–U–REE–Au)

deposits in the Stuor–Ratek district, 50 km SW of

Kiruna. The Tjårrojåkka area, investigated in the

past, but still with many unsolved problems, has

been selected for a detailed geological, geophysical

and petrophysical study. The purpose of this study

is principally to put the deposits into a tectonic

framework combining usual geophysical methods

with the analysis of petrophysical properties. Air-

borne magnetic, radiometric and VLF data, as well

as ground gravity and magnetic datasets of the

Swedish Geological Survey (SGU), have been com-

piled and analysed. This has been done using geo-

physical and petrophysical data in combination with

geological information. Density and magnetic prop-

erties of rocks from the Tjårrojåkka area have been

measured, with special attention given to the mag-

netic fabric of rocks and to its tectonic significance

(Tarling and Hrouda, 1993; Borradaile and Henry,

1997). This modus operandi should give a basis for

future geological, geophysical and structural studies

in Tjårrojåkka.

The second task of this study is to test existing

models for the IOCG deposits giving special attention

to the following statements by Hitzman (2000): (1)

IOCG deposits are structurally controlled; (2) Fe-oxi-

des are abundant, while Fe-sulphides are almost absent

in IOCG deposits; and (3) There is a spatial relation-

ship between alterations (potassic) and Cu-deposits.

2. Geological setting and tectonic history

The area under investigation is located in north-

western Norrbotten, Sweden (Fig. 1), WSWof the city

of Kiruna. The Archaean basement (N2.68 Ga) is

overlain by Proterozoic rocks of Karelian (approx.

2.4–1.96 Ga) and Svecofennian (approx. 1.96–1.75

Ga) ages. The Karelian rocks (Kovo and Greenstone

Groups) have been formed in a rift-related tectonic

setting (Martinsson, 1997) and are overlain by Sve-

cofennian supracrustal rocks. The Palaeoproterozoic

supracrustal rocks underwent deformation and meta-

morphism during the Svecofennian orogeny (1.96–

1.75 Ga).

The first component of the Svecofennian supra-

crustal rocks (Porphyrite Group) is composed of

metamorphosed low-Ti andesites, basalts and some

intercalations of felsic tufitic rocks. The calc-alkaline

chemistry of these rocks suggests a compressional

tectonic setting of formation. The Porphyry Group,

younger than the Porphyrite Group, is formed by

metamorphosed high-Ti basalts, minor trachyande-

sites and rhyolites. Southwest of the city of Kiruna,

a minimum thickness of 4 km is reported for this

Fig. 1. Geological-tectonic map and simplified stratigraphic column (modified from SGU Northern Norrbotten Exploration Package and from

Bergman et al., 2001; Swedish National Coordinate system RT90). Two major ductile deformation zones trending approximately NW–SE

characterise the tectonic setting. Faults related to them and striking E–W seem to be spatially related to Fe and Cu occurrences, which are hosted

by Svecofennian/Karelian supracrustal rocks. In the frame the area of Tjårrojåkka, target for the present study.
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group. Its more alkaline character is typical of

extensional tectonic environments (Bergman et al.,

2001).

Different suits of intrusive rocks were formed

simultaneously with the orogenetic event. The Hapar-

anda suite is present mostly in the easternmost areas

of northern Norrbotten and is composed of a wide set

of rocks: from gabbros and diorites, to monzonites–

monzodiorites, granodiorites and sometimes granites.

The chemistry spans from alkali-calcic to calc-alka-

line. The Perthite–monzonite suite is dominant in the

area, with monzonites and quartz-monzonites formed

around 1.88–1.86 Ga (Bergman et al., 2001). Some

gabbroic intrusions may be associated with the

Perthite–monzonite suite and these normally occur

at the boundaries of the monzogranitic intrusions.

Syn/post collisional plutonic rocks represent the sub-

sequent stage of the intrusive events that affected the

area. Granite–pegmatite association (Lina granites)

has an age of 1.81–1.78 Ga (Bergman et al., 2001).

Pegmatites, sometimes of large volume, are often

associated with the predominant monzogranites.

Deformation and metamorphism may have taken

place at this time (Bergman et al., 2001).

The succession of the tectonic events began with a

phase of extension and rifting of the Archaean crust in

the early Proterozoic. With the orogenesis that fol-

lowed the rifting, the previously formed continental/

island arcs collided with the Archaean craton in a

subduction-related tectonic setting. Around 1.93 Ga,

south-westward subduction began below the rifted

continent (Juhlin et al., 2002). Between 1.93 and

1.87 Ga, new continental crust was created together

with the Svecofennian volcanic-belts (Gaal and Gor-

batschev, 1987; Mellqvist et al., 1999). During the

collision, metasedimentary and volcanic rocks were

deformed by compression between different crustal

blocks (Korja et al., 1993; Juhlin et al., 2002). A

subsequent new collision of an arc or microcontinent

caused the thrust over the Archaean craton (Juhlin et

al., 2002).

During the second stage (1.86–1.75 Ga) deforma-

tions in a dextral transpressive system resulted in a

probable E–W to NE–SW shortening. Consequently,

partial thrusting of the accretionary prism and incom-

petent supracrustal belts onto the Archaean continen-

tal crust occurred (Gaal and Gorbatschev, 1987;

Nironen, 1997; Mellqvist et al., 1999; Bergman et

al., 2001). Magmatic and tectonic activity during the

Svecofennian orogenetic event is believed to have

favoured hydrothermal alteration together with the

deposition of ore deposits (Bergman et al., 2001),

which seem to be spatially related to major deforma-

tion zones. Finally, the crust was thinned along E–W

striking zones by removing the lower crust during an

extensional period characterised by anorogenic mag-

matism (1.6–1.5 Ga; Korja et al., 1993).

3. Tjårrojåkka geology and mineral deposits

In the Tjårrojåkka area, Svecofennian mafic to

intermediate volcanic rocks are metamorphosed at

low amphibolite facies (Bergman et al., 2001). Ande-

sites are present in the central part of the investigated

area, while basalts have been noted in the SWand NE.

The basalts stratigraphically overlie the andesites

(Edfelt and Martinsson, 2003). Several types of intru-

sions occur in the area. Metamorphosed dykes of

mafic to intermediate character intrude the andesites;

gabbroic intrusions have been found in the NE. The

central area is also characterised by two distinct intru-

sions of gabbroic–dioritic and quartz-monzodioritic

nature. A strong scapolitic alteration affected the

metadiabases and basalts and is accompanied by the

presence of biotite. K-feldspar alteration caused potas-

sium enrichment in the andesites. This potassic altera-

tion seems to be related to deformation zones and to

Cu-occurrences (Bergman et al., 2001; Edfelt and

Martinsson, 2003).

Various sub-economic Cu and Fe deposits occur

in Tjårrojåkka. Some low-grade occurrences have

been found in outcrop or as a boulder. A major Fe-

deposit is located within the andesites in the centre of

the area. This is a blind sub-economic ore with its

top situated immediately below the bedrock surface

and reaching a depth of 450 m. It is estimated to

contain ~52.6 Mt of iron ore at 51.4% Fe (Bergman

et al., 2001). The orebody can be described as a core

of massive magnetite (60–67% Fe with 0.5 to 1.3%

P) surrounded by a mineralised breccia (25–40% Fe

and 0.4 to 3% P). Cu-sulphides can be found as low-

grade disseminations in the wallrock (Edfelt and

Martinsson, 2003).

The largest Cu-deposit in Tjårrojåkka is found

approximately 1 km WNW of the Tjårrojåkka–Fe
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deposit. The estimated tonnage of this 650 m long and

10 to 60 m wide body is 3.23 Mt of ore with 0.87%

Cu, cut-off grade of 0.4% (Frietsch, 1997). The ore

minerals are chalcopyrite and bornite in dissemina-

tions and veinlets. Other minerals are pyrite, magne-

tite, apatite, actinolite and minor haematite,

chalcocite, covellite and traces of gold. The host

rock is an altered andesite cut by metadiabases

(Frietsch, 1997; Edfelt and Martinsson, 2003).

4. Petrophysical sampling and laboratory analyses

The sampling sites were selected with reference to

a preliminary tectonic analysis of geophysical data

and after geological investigations. Samples were

collected along a line that intersects the major defor-

mation zones (Fig. 2) using a portable drilling

machine and oriented by sun and magnetic com-

passes; four to ten samples were collected at each

site. One specimen for each sample has been used for

the petrophysical studies. The specimen has a cylind-

rical shape, with a base diameter of 24 mm and a

height of ~21 mm. All the rock types present in

Tjårrojåkka have been sampled to obtain their density

and magnetic properties. Petrophysical measurements

have been performed at the laboratory of Division of

Applied Geophysics of LTU (Luleå University of

Technology). Specimen density has been obtained

weighting the dry and water saturated specimens in

water and in air.

Various magnetic properties were measured on the

specimens. Intensity of natural remanent magnetisa-

tion (NRM) has been obtained for each specimen

using a DC-SQUID magnetometer (2G-Enterprises).

The same instrument was used for alternating field

(AF) demagnetisation of few selected specimens.

Bulk magnetic susceptibility and anisotropy of mag-

netic susceptibility (AMS) were measured using a

Kappabridge KLY-3S (Geofyzika Brno, now

AGICO Inc.). A furnace CS-3 of the same manufac-

turer was used for the measurement of the variation of

magnetic susceptibility with temperature.

The magnetic fabric of each specimen is charac-

terised by its AMS (Tarling and Hrouda, 1993). The

AMS can be described as a 3�3 symmetric tensor

and can be visualised as an ellipsoid whose major axis

corresponds to the maximum magnetic susceptibility

(Kmax), the intermediate axis to the intermediate sus-

ceptibility (Kint) and the minimum axis to the mini-

mum susceptibility (Kmin).

The degree of anisotropy is expressed by Jelinek’s

(1981) corrected degree of anisotropy (PV):

PV ¼ exp
n
2½ nmax � nð Þ2 þ nint � nð Þ2

þ nmin � nð Þ2�
o1=2

where n ¼ nmaxþnintþnmin

3
and ni=ln(Ki).

The shape of the AMS ellipsoid is characterised by

the shape parameter T, which for �1bT b0 defines a

prolate (dcigar-shapedT) ellipsoid, while for 0bT b1
identifies an oblate (bdisk-shapedQ) AMS ellipsoid

(Jelinek, 1981).

5. Geophysical datasets

Various geophysical databases have been analysed

from a qualitative point of view. All the datasets have

been obtained from SGU (Uppsala/Malå). Aeromag-

netic data have been collected by the LKAB Company

during the 1980s. The accuracy of the data is in the

order of 2 nT. The flight clearance is 30 m, the line
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Fig. 2. Simplified geological map showing the positions of sampling

sites (black squares), mineral occurrences (Cu = diamond; Fe =

circle), deformation zones (hatched areas) and rock types.
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separation 200 m (south–north direction) and the dis-

tance between the measuring points is ~40 m. The

magnetic anomaly is given in reference to the Definite

International Geomagnetic reference field 1965

(DGRF-65). Aeromagnetic data for the Tjårrojåkka

area have been interpolated to a 50�50 m grid.

Due to the high latitude of the area investigated, no

reduction to the pole has been applied.

The airborne very low frequency EM-data (VLF)

and airborne radiometric data have been collected by

LKAB Company. The line distance is 200 m, clear-

ance 30 m and point spacing 35 m. Direction of flight

is south–north and for the positioning a Doppler

system with auxiliary radar was used. VLF data

have been collected using a Geonics EM18 and the

transmitter was the GBR 16.0 kHz antenna in Rugby

(UK). In the dataset the real part of the vertical

magnetic field is given as a percentage of the hori-

zontal magnetic field (Re[Hv] /Ho).

Concentrations of potassium, U and Th are calcu-

lated from total radiometric spectra. Potassium con-

centration is given in percent while U and Th

concentrations are given in parts per million.

The SGU gravity database in the Tjårrojåkka area

consists of 71 measurements with variable station

coverage (0.9 stations/km2). Bouguer anomaly is

given in reference to the International Gravity Stan-

dardisation Network 1971 (IGSN-71).

Ground magnetic measurements were collected in

the 1960s and analog data have been manually digi-

tised by the authors. The dataset presented in this

study is a detail of the complete dataset and it is

centred on major Fe-deposit in Tjårrojåkka. It repre-

sents the vertical magnetic field in nanoteslas (10�20

m station spacing).

6. Geophysical results

The outcrops in Tjårrojåkka are sparse and normally

of limited extent. Therefore geophysical data analysis is

crucial for the definition of tectonic elements. In themap

of aeromagnetic data (Fig. 3a), a zone of low magnetic

field characterises the NE segment of the area. A

similar magnetic signature may be seen at regional

scale a few kilometers towards NE in an area domi-

Fig. 3. (a) Aeromagnetic total field anomaly map and profiles (A–B) along which magnetic and VLF data are shown in (b). The white arrow

indicates a probable post-glacial fault, while black arrows indicate low-magnetic lineaments interpreted as deformation zones. (b) Magnetic data

(hatched lines) and VLF data (thick lines) are shown along the two profiles A and B. VLF data presented are the real part of vertical magnetic

field as a percentage of the horizontal magnetic field.
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nated by a granitic intrusion (Bergman et al., 2000). A

linear feature striking NW–SE separates the NE zone

from the centre of the area, where a general increase in

the magnetic field, close to the major Fe-deposit

(approximately 1643000E, 7515000N), appears to sur-

round two Cu-occurrences.

High magnetic anomalies (N6000 nT) perfectly

match with Fe-occurrences (magnetite). The E–W

strike direction of one of these mineralised bodies

(approximately 1643900E, 7514000 N) coincides

with the strike expressed in ground gravity data (not

presented here), supporting the interpretation that the

mineralised body has an elongation axis in the E–W

direction. The highly magnetic body in the SW has a

strike that is approximately WSW–ENE and its con-

tinuation towards ENE shows a gentle change of

strike to a pure E–W direction. A linear trend in

aeromagnetic data (white arrow on Fig. 3a) striking

SSW–NNE interrupts the continuity of other magnetic

lineaments and it coincides with a post-glacial sub-

vertical fault, visible in the field.

In fracture zones, circulating oxidising fluids can

induce alteration in the rocks (Airo, 2002). This

alteration may affect the ferromagnetic minerals (mag-

netite) and oxidise them to less magnetic minerals

(e.g., haematite). Therefore linear low magnetic fea-

tures may be interpreted as deformation zones (black

arrows in Fig. 3a). The NW–SE striking lineament

resembles the trend of the major sub-regional defor-

mation zones (Fig. 1). The E–W striking lineament

has been investigated through a combined magnetic/

VLF analysis (Fig. 3b). In the profile 1640000E a

peak in the magnetic anomaly is visible at 7514000N

(~7000 nT) and corresponds to the crossover in the

VLF data. As the flight direction is S–N, the asym-

metric shape of the VLF signal (Re[Hv] /Ho, E polar-

isation) suggests the presence of a subvertical

conductor (McNeill and Labson, 1991), i.e., magnetite

occurrence. In the profile 1644000E, a magnetic max-

imum is centred on the Fe-deposit, but it is not

accompanied by a unique VLF anomaly. On the con-

trary there is a sequence of smaller VLF maximum

and minimum anomalies, which are interpreted as a

succession of subvertical conductors. They may be the

expression of a wide fracture zone characterised by

water-bearing fractures, with a consequent decrease in

resistivity. The latter zone extends approximately

from 7513400N to 7515000N.

Other conductive zones can be seen in the same

profile at the points ~7515500N, 7516600N,

7517900N and 7519000N. The VLF anomaly at

7516600N matches with the NW–SE striking linea-

ment defined from magnetic data, while the others can

be expressions of minor fracturing areas bordering

intrusive bodies (compare with position of quartz-

monzodiorite and gabbro-diorite intrusions in Fig.

2). In Fig. 4b, VLF data have been plotted as a

contour map and points of transition between high

and low anomalies (conductive zones) seem to form

linear trends striking basically SW–NE with a deflec-

tion towards E in the central areas. A different trend

(NW–SE) can be noted in the NE, but it is fairly

discontinuous and difficult to interpret because of its

orthogonality to the direction of propagation of the

VLF wave (McNeill and Labson, 1991).

Airborne radiometric data have been proven as a

useful tool for geological mapping and for detection

of alteration zones (Airo, 2002). The calculated K

concentration has been used to define an approximate

boundary for andesitic rocks (higher K content com-

pared to basaltic rocks). A 3% calculated K content

(Fig. 4a) has been chosen to define this boundary, as

the alteration that affected the area in some cases

increased the K content of andesite to values even

higher than 4% (Bergman et al., 2001). K /Th ratios

(K in %, Th in ppm) have been calculated to mark

areas that suffered potassic alteration (Smith, 2002).

In environments where the Quaternary cover is

important, the interpretation of the radiometric data

should be guided by analysis of topography, outcrop-

ping areas and response in measurements. In the

Tjårrojåkka area, no relationship has been noted

between the topographical highs and high values of

K/Th. In the K/Th plot (Fig. 4a) there are several

expressions of strong potassic alteration (6bK/
Thb10), occurring almost exclusively within the

highly potassic rock (andesite). Other minor enrich-

ments in potassium can be detected within the basal-

tic rock (4bK/Thb6). More interestingly the K/Th

anomalies seem to be spatially related to the Cu

occurrences (compare maps in Figs. 3 and 4) and

they also seem to mark a WSW–ENE trend. It sug-

gests that potassic alteration follows the same

approximate trend as that of the major mineralised

bodies (both Cu- and Fe-) and that this kind of

alteration may be related to the tectonic event,
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which probably controlled the formation of the depos-

its themselves.

7. Petrophysics

Sites 62, 67, 224 and 226 are basalts with low to

extremely high contents of magnetite. Amphibole is

the major mineral with scapolite, K-feldspar and epi-

dote as alteration minerals. Generally the sampled

andesites comprise plagioclase phenocrysts, amphi-

boles and various alteration minerals as K-feldspars

and, less commonly, scapolite. Some Cu-sulphides

have been noted in samples from sites A01, B01

and C01; magnetite is also present. Samples from

site B01 show an intense E–W cleavage. The gab-

broic–dioritic rocks can be divided into two different

groups. Sites 166 and 222 are characterised by the

presence of amphiboles, plagioclase and minor K-

feldspars (probably an alteration product). Site 14 is

a mafic intrusion, gabbroic–dioritic in character,

which suffered an intense potassic alteration. Cu-sul-

phides have also been noted in this intrusion (Edfelt

and Martinsson, 2003). Site 13 is a quartz-monzodior-

ite with plagioclase, K-feldspars, amphiboles, biotite

and quartz. Some mafic to intermediate dykes have

been sampled in the central area. The strong scapolitic

alteration affecting the rock does not allow a definitive

classification of the rock and chemical analyses are

strongly required. Preliminary data (Edfelt, personal

communication, 2003) from sites D01, F01 and I01

indicate an intermediate character, while a mafic nat-

ure can be ascribed to site G01.

7.1. Density and magnetic properties

Magnetic susceptibility has been measured on 152

specimens from 24 outcrops. The histogram in Fig. 5

shows the susceptibility having a log-normal distribu-

tion. Anomalous high values (1.0–4.0 SI) are mostly

due to the magnetite-enriched specimens from out-

crops 62 and 67, which present a mean susceptibility

of 1.23 SI and 2.31 SI, respectively. These data give

an estimated magnetite content for these two sites of

N10 wt.% (Tarling and Hrouda, 1993).

The high content of ferromagnetic minerals (l.s.) is

clearly indicated in the diagram of susceptibility vs.

density data (Fig. 6). Most of the site susceptibility

Fig. 4. (a) Map of the airborne radiometric data. The grey area marks the area of N3% of calculated potassium content. The high concentration of

potassium in the extreme NE is due to the presence of an intrusion of granitic character. The size and colour of the square is proportional to the

K/Th ratio and gives an estimate of the potassic alteration. (b) Map of the VLF data (real part of the vertical field as percentage of the horizontal

field). The white hatched lines mark interpreted conductive zones.
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means fall within the ferromagnetic trend (the

dmagnetite trendT of Henkel, 1991). Gabbroic (sites

14, 166 and 222) and basaltic rocks (sites 224 and

226) show high densities, while the magnetic sus-

ceptibility is variable. Thermomagnetic measure-

ments indicate that magnetite is almost absent in a

specimen from site 224 and its magnetism is domi-

nated by paramagnetic minerals (Fig. 7d). Analogous

paramagnetic character has been observed only for

sites B01 and 61b. Andesitic specimen Tj4802 from

site 221 (Fig. 7a) indicates that magnetite (Curie

temperature 575 8C) is the dominant magnetic

mineral. After heating in air an unstable magnetic

phase was destroyed resulting in a final decrease in

susceptibility of ~30% of the initial value. The Curie/

Neel temperature of haematite (~675 8C) is not easily
detectable because of the absolute dominance of the

high susceptibility of magnetite, which masks the

signal of haematite in susceptibility vs. temperature

curves. A similar character of the susceptibility vs.

temperature diagram has been noted for specimen

Tj7902 (site 62, basaltic; Fig. 7b). The dhumpT
between 200 and 350 8C is here more pronounced

and a tail after 580 to 620 8C indicates that (Ti)-

haematite is present.

Specimen Tj10702 from site 13 (Fig. 7c) shows

stable thermomagnetic behaviour for this quartz-mon-

zodiorite. The Curie temperature indicates magnetite

as the only ferromagnetic mineral. The absence of the

dhumpT and the stability of the magnetic susceptibility

after heating–cooling cycle indicate that the unstable

phase is not present.

An estimation of the grain size of magnetite can be

obtained from the Königsberger-ratio Q (Fig. 8; Table

1). It has been demonstrated that Q is b1 for multi-

domain magnetite (Dunlop and Özdemir, 1997).

Therefore only the andesitic rock from site E01

(Fig. 8), for which Q is ~1.86, may contain single-

domain grains of magnetite. Specimens from other

outcrops usually give Q values b1, indicating multi-

domain character for magnetite. To test the results

obtained by analysis of the Königsberger ratio, a

few selected specimens have been demagnetised in

alternating field (AF) to maximum AF peaks of 40–60

mT (Fig. 9). The specimens are from different sites

and all show a dquasi-exponentialT decay of the nor-

malised remanence. This behaviour is usual for multi-

domain magnetite (Dunlop and Özdemir, 1997) and

this conclusion is supported by the value of the med-

ian destructive field (MDF)b10 mT. The MDF is the

demagnetising field necessary to halve the initial

NRM. MDFb12 mT indicates multi-domain magne-

tite, while MDFN22 mT suggest single-domain mag-

Fig. 6. Magnetic susceptibility vs. density diagram (SI units). Most

of the site susceptibility-means fall in the ferromagnetic trend

(Henkel, 1991). Paramagnetic minerals dominate in the rocks

from sites B01, 61b and 224.

Fig. 5. Histogram of magnetic susceptibility. Note the anomalous

peak at high magnetic susceptibilities (ca. 2.0 SI) and the low values

at low susceptibilities (ca. 0.015 SI).
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netite. If the MDF value is included between 12 and

22 mT the magnetite is of pseudo-single-domain char-

acter (Dunlop and Özdemir, 1997).

7.2. Magnetic fabric and anisotropy of magnetic sus-

ceptibility (AMS)

The distribution of the site means for the AMS

parameters (PV=degree of AMS; T=shape parameter)

indicate that the susceptibility ellipsoids are both pro-

late and oblate, with a slight dominance of oblate

character (Fig. 10), while the degree of anisotropy

varies from almost isotropic (PV=1.02 for site 14) to

considerably anisotropic (few sites with PVN1.4; Fig.
10 and Table 2). No specific relationship has been

noted between the parameters PV, T and the rock type.

Site mean directions for the Kmax, Kint and Kmin axes

have been obtained from software based on statistics

of Jelinek (1978).

It has been demonstrated in several works (e.g.,

Borradaile, 1987; Borradaile and Henry, 1997; Borra-

daile, 2001; Pares and van der Pluijm, 2002) that

AMS directions may be related to finite strain direc-

tions and that there is a linear relationship between the

natural strain and the logarithm of the degree of

anisotropy (lnPV; Tarling and Hrouda, 1993). If the

magnetic susceptibility is N0.002 SI, the AMS is

dominated by the ferromagnetic phase (Borradaile et

al., 1998). In the case of magnetite, the AMS is

Fig. 8. Königsberger ratio Q vs. magnetic susceptibility diagram.

The mean values of Q b1 indicate that multi-domain magnetite is

dominant.

Fig. 7. Variation of magnetic susceptibility with temperature for four selected specimens. a) Andesitic rock (site 221). b) Basaltic rock

(dominance of ferromagnetic minerals, site 62). c) Quartz-monzodiorite (site 13). d) Basaltic rock (dominance of paramagnetic minerals, site

224). Continuous line for heating curve and hatched line for cooling curve.
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controlled by the shape of the grain and by the spatial

distribution of the magnetite grains within the para-/

dia-magnetic silicatic matrix (Tarling and Hrouda,

1993). For multi-domain magnetite the Kmax direction

is parallel to the maximal elongation of the grain

(Tarling and Hrouda, 1993; Dunlop and Özdemir,

1997). Therefore the direction of the Kmax may be

interpreted as a magnetic lineation, while the Kmin

may be considered as a pole to the magnetic foliation

plane (defined by the Kmax–Kint plane). In Fig. 11,

Kmin and Kmax directions have been plotted on stereo-

grams. Site mean magnetic foliations F and lineations

L lower than 5% (Table 2) have not been considered

to have any tectonic significance; hence their Kmax

and Kmin directions have been plotted (crosses) only

to avoid loss of information.

Basaltic and gabbroic rocks in the NE part of the

investigated area (sites 166, 222, 224 and 226; Fig. 2)

show a magnetic lineation striking approximately

2108, with a dip of 308 to 458 (Table 3; Fig. 11).

Their poles to the magnetic foliations have a strike of

~608 with a dip of ~458. It can be noted that the axes

of AMS for basalts are more clustered than those of

the gabbroic intrusion. Sites in the NW part are of

andesitic character (sites 102, E01, H01) and some

others (D01, F01, G01 and I01) are dykes of inter-

mediate to mafic nature that have intruded the ande-

sites. In all these outcrops the magnetic foliation

generally shows SW–NE strike, together with a sub-

vertical magnetic lineation, especially developed in

dyke D01. An exception is represented by mafic

dyke G01, which shows a vertical magnetic lineation

associated with a NW–SE striking magnetic foliation,

indicating that this dyke probably intruded after the

deformation. Sites A01, B01 and C01 are in proximity

of the major Cu-deposit in the Tjårrojåkka area and

presence of Cu-sulphides in these outcrops has been

noted. AMS directions indicate that a subvertical

Table 1

Physical properties for various sites and rock types in Tjårrojåkka

Petrophysical properties

Site NRM (A/m) K (SI) Q Dens. (kg/m3) Rock Type

Geo. Mean Geo. Mean Geo. Mean Avg.

13 0.118 (4) 0.02498 (4) 0.120 (4) 2725 (4) Quartz-monzodiorite

14 0.368 (9) 0.05866 (9) 0.156 (9) 2960 (9) Gabbro–diorite

25 0.292 (8) 0.04134 (8) 0.174 (8) 2779 (8) Andesite

61a 0.300 (4) 0.15746 (6) 0.103 (4) 2865 (6) Andesite

61b 0.048 (7) 0.00170 (7) 0.704 (7) 2881 (7) Andesite

62 1.002 (6) 1.23843 (7) 0.022 (6) 2827 (6) Basalt

67 2.801 (6) 2.30956 (8) 0.031 (6) 2885 (4) Basalt

102 0.871 (7) 0.10493 (7) 0.204 (7) 2717 (6) Andesite

166 0.375 (6) 0.10274 (6) 0.091 (6) 3019 (6) Gabbroid

217 0.154 (7) 0.01662 (7) 0.229 (7) 2693 (7) Andesite

221 0.285 (7) 0.04055 (7) 0.178 (7) 2737 (7) Andesite

222 0.127 (6) 0.01510 (6) 0.209 (6) 2986 (6) Gabbroid

224 0.017 (7) 0.00081 (7) 0.530 (7) 2937 (8) Basalt

226 0.093 (7) 0.01305 (7) 0.178 (7) 3026 (7) Basalt

229 0.583 (8) 0.04892 (8) 0.297 (8) 2732 (8) Andesite

A01 0.612 (5) 0.03764 (5) 0.404 (5) 2694 (5) Andesite

B01 0.00138 (5) 2741 (5) Andesite

C01 0.724 (6) 0.05746 (6) 0.313 (6) 2693 (6) Andesite

D01 1.688 (5) 0.09918 (5) 0.428 (5) 2840 (5) Dyke (andesitic)

E01 5.769 (3) 0.10129 (5) 1.856 (3) 2762 (3) Andesite

F01 1.251 (6) 0.07537 (6) 0.417 (6) 2857 (6) Dyke (mafic/andesitic)

G01 0.491 (5) 0.06370 (5) 0.192 (5) 3048 (5) Dyke (mafic)

H01 0.210 (5) 0.02476 (6) 0.203 (5) 2724 (5) Andesite

I01 0.407 (4) 0.04750 (5) 0.164 (4) 2829 (5) Dyke (andesitic)

Note: Geometric mean has been calculated for the natural remanent magnetisation NRM, the magnetic susceptibility K and the Königsberger

ratio Q, while arithmetic mean has been calculated for density. The number of specimens is given in brackets.
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magnetic lineation characterises these outcrops, while

the magnetic foliation (not defined for site B01) is

subvertical and striking approximately E–W. The

same trends have been obtained for sites 219, 221,

25 and, with some differences, for site 217, which are

located in the centre of the studied area. In these cases

magnetic lineations and poles to the magnetic folia-

tion planes are well grouped, giving a general sub-

vertical magnetic lineation and E–W striking magnetic

foliation. Outcrop 217 differs from the others with a

N–S striking magnetic lineation (1898/638) and Kint

and Kmin directions distributed within a plane perpen-

dicular to the magnetic lineation. In the SW, both the

andesitic and basaltic rocks (sites 61a/b and 62, 67,

respectively) present intermediate to low degree of

AMS with poorly defined principal directions of

AMS. For sites 62 and 67, the Kmin directions cluster

at around 3308/208 (Table 3), while the Kmax and Kint

axes are scattered orthogonally to the Kmin. This is

also reflected in a foliated character of the shape

parameter T (0.32 and 0.50, respectively). Site 61a/b

cannot be used for tectonic interpretation because of

the excessive scattering of the specimen AMS direc-

tions. A short description of the magnetic fabric for

specimens from sites 13 and 14 is given in the dis-

cussion below.

Assuming that the lnPV is in linear relationship

with natural strain, a plot of this variable may indicate

Fig. 10. T vs. PV diagram for different sites in Tjårrojåkka. In the inset the same diagram is shown for all the specimens.

Fig. 9. Remanence behaviour during AF-demagnetisation of rocks

with different values of Q. The median destructive field (MDF)b10
mTesla and the quasi-exponential decay indicate multi-domain

magnetite as a dominant magnetic mineral.
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major strain differences in the area (Fig. 12a). High

degree of AMS can be noted in the central and NE

parts of the area. The directions of the Kmax–Kint

planes have also been plotted in Fig. 12a and as a

Rose diagram (Fig. 12b). Only when a foliated char-

acter of the AMS is defined, can these planes be

considered as magnetic foliation planes. Three major

trends in directions can be seen from the Rose dia-

gram: one is an E–W striking direction, which char-

acterises the very central part of the area; another is a

NW–SE direction identified in the NE part; and

finally a SW–NE direction that characterises the out-

crops in NW part of the central area. Note that the

directions now defined match perfectly with linea-

Fig. 11. Stereographic projections of the minimum (left) and maximum (right) axes of the AMS ellipsoid. X mark site mean directions when the

lineation L or foliation F parameters ( F =K int /Kmin; L=Kmax /K int) are b5%.

Table 3

Declination (D) and inclination (I) of the maximum and minimum

axes of AMS ellipsoid

Site mean directions for Kmax and Kmin

Site D d Kmax I d Kmax D d Kmin I d Kmin

13 119 64 210 0

14 21 5 279 70

25 159 81 357 8

61a 202 55 354 32

61b 195 63 4 27

62 186 78 326 10

67 101 50 339 25

102 205 52 357 35

166 220 33 57 56

217 189 63 313 16

221 258 48 357 8

222 209 23 101 37

224 227 42 65 47

226 211 42 66 42

229 262 44 5 13

A01 278 75 171 4

B01 206 80 28 10

C01 116 66 1 11

D01 195 83 310 3

E01 75 87 313 2

F01 211 72 329 9

G01 302 63 49 9

H01 230 77 121 4

I01 214 52 123 1

Table 2

AMS parameters for the different sites in the area

Magnetic fabric parameters

Site N K (SI)

Geo. Mean

PV L

(Kmax /K int)

F

(Kint /Kmin)

T

13 4 0.02498 1.082 1.005 1.068 0.854

14 9 0.05866 1.020 1.009 1.011 0.120

25 8 0.04134 1.141 1.091 1.042 �0.356

61a 6 0.15746 1.141 1.032 1.100 0.509

61b 7 0.00170 1.032 1.021 1.011 �0.321

62 7 1.23843 1.158 1.050 1.100 0.319

67 8 2.30956 1.045 1.011 1.032 0.498

102 7 0.10493 1.252 1.124 1.114 �0.038

166 6 0.10274 1.252 1.096 1.140 0.175

217 7 0.01662 1.074 1.062 1.003 �0.914

221 7 0.04055 1.215 1.060 1.141 0.389

222 6 0.01510 1.367 1.245 1.087 �0.450

224 7 0.00081 1.064 1.013 1.047 0.561

226 7 0.01305 1.407 1.157 1.214 0.140

229 8 0.04892 1.178 1.054 1.115 0.351

A01 5 0.03764 1.401 1.220 1.146 �0.186

B01 5 0.00138 1.120 1.098 1.008 �0.844

C01 6 0.05746 1.377 1.110 1.234 0.338

D01 5 0.09918 1.342 1.191 1.125 �0.193

E01 5 0.10129 1.516 1.209 1.253 0.088

F01 6 0.07537 1.322 1.036 1.248 0.723

G01 5 0.06370 1.167 1.105 1.054 �0.313

H01 6 0.02476 1.210 1.092 1.108 0.079

I01 5 0.04750 1.272 1.107 1.148 0.150

Note: N is the number of specimens. K is the mean magnetic

susceptibility. PV, L, F and T parameters as defined by Jelinek

(1981).
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ments defined from the aeromagnetic data. In addi-

tion a detailed vertical magnetic field map centred on

the major Fe-deposit indicates a SW–NE strike of

the magnetic body that is parallel to the magnetic

foliations in andesites and dykes in the NW. A

probable E–W dextral deformation of the magnetic

body can, however, be seen from ground magnetic

data. Such an E–W deformation is also indicated by

AMS data for sites in proximity of the orebody. Sites

in the SW part of the area are characterised by low

degrees of AMS and no well-defined AMS direc-

tions, but at least a generic SW–NE trend can be

recognised for magnetic foliation in specimens from

sites 62 and 67.

8. Discussion

The magnetic fabric can be of primary (syngenetic

with the rock) or of secondary origin (Tarling and

Hrouda, 1993). The latter is due to tectonism and

metamorphic events and to recrystallisation phenom-

ena. Because of the metamorphism that affected the

area of Tjårrojåkka, and taking into account the pre-

sence of numerous zones of deformation, the AMS is

expected to be generally of secondary origin. How-

ever, an exception may be demonstrated by the quartz-

monzodiorite and by the dioritic–gabbroic intrusion

(sites 13 and 14, respectively), for which the magnetic

fabric may be primary.

Various mechanisms and models for rotation and

deformation of AMS ellipsoids within and in proxi-

mity to deformation zones have been proposed, and a

general conclusion is that in tectonic studies a one-to-

one relationship exists between AMS directions and

finite strain directions (e.g., Tarling and Hrouda,

1993; Borradaile and Henry, 1997; Borradaile et al.,

1998). For multi-domain magnetite in a non-coaxial

transpression, the grain elongations move towards the

shear direction, while the Kmin migrates into the plane

containing the shear direction and the pole to the

shear-plane. In shear zones and thrusts the AMS

axes rotate towards the shear-plane (Borradaile and

Henry, 1997). In cases of stress-controlled crystallisa-

Fig. 12. (a) Magnetic anomaly map (total field), the directions of Kmax–Kint plane (long axis of ellipses) and the logarithm of the degree of AMS

(expressed by the eccentricity of the ellipses) are shown. Black ellipses for sites with a degree of foliation F N5%, grey ellipses when F b5%
( F =K int /Kmin). (b) Rose diagram for magnetic foliation directions. (c) Detailed map of the vertical magnetic field from the Tjårrojåkka-Fe

deposit.
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tion or nucleation, neo-formed crystals align perfectly

with the contemporary stress-field (Borradaile and

Henry, 1997; Borradaile et al., 1999).

From geophysical data (airborne magnetics and

ground gravity data; Fig. 13) three major trends can

be defined. In the SW, a gradient trend in the Bouguer

anomaly strikes SW–NE. In the same area, AMS

directions (sites 62, 67 and, in minor part, site 61a/

b) give a magnetic foliation with the same approxi-

mate strike and with a dip of ~708SSE. These data

suggest the possibility of a subvertical movement

slightly directed towards NW. Site 25 presents a sub-

vertical magnetic lineation associated with E–W strik-

ing magnetic foliation. Together with other sites in the

central area (sites 217, 219, 221, 229, A01, B01,

C01), the well-defined magnetic lineation is subver-

tical or dipping ~608W in the easternmost outcrops.

The magnetic foliation for specimens from these out-

crops is invariably striking E–W. Outcrops in the NW

part of the central area present vertical lineation with

SW–NE magnetic foliation, which is parallel to the

strike defined for the major Fe-deposit. In the NE,

aeromagnetic, VLF, gravity data and magnetic folia-

tion mark a different NW–SE trend. In this area the

magnetic lineation dips ~308SSW.

These observations may indicate that, in the central

area, there was an original SW–NE structural trend,

still visible in the central and south-western parts of

the area, which has been overprinted by the E–W

striking tectonic event. The original trend is also

reflected by the shape of the mineralised body, the

direction of which may suggest a preferential direction

of crustal weakness. This is in good agreement with a

model proposed by Wright (1988; Fig. 14), who

interpreted an ESE–WNW thrust of supracrustal

rocks from geological data, with subsequent ramping

and development of vertical axial planar cleavage in

the most incompetent rocks.

Fig. 13. Map of the total magnetic field anomaly (grey tones; black for high anomalies), gravity anomaly map (isolines; expressed in g.u.) and

directions of magnetic foliation/lineation ( F/L) shown in stereograms.

A. Sandrin, S.-Å. Elming / Ore Geology Reviews 29 (2006) 1–18 15



The E–W deformation zone is characterised by a

magnetic lineation dipping from 908 to 608W, which

suggests a dextral shear character for the deformation.

In the NE, the AMS directions suggest a probable

thrust of meta-volcanic rocks and gabbros towards

NE. Magnetic fabric for site 224 and 226 is dominated

by paramagnetic and ferromagnetic phases, respec-

tively; however, they show the same AMS directions.

If magnetite is secondary, it formed before or during

this tectonic event or it may mimic the fabric of the

pre-existing silicates. The deformation may have been

controlled by the presence of a crustal discontinuity

due to a granitoid intrusion in the northeast (Perthite–

monzonite suite; Bergman et al., 2001), which is also

indicated by the gravity data (Fig. 13). The strike

direction of magnetic foliation for sites 224 and 226

is parallel to the direction of a regional ductile shear

zone related to the granitoid itself (see Fig. 1). Poles to

the magnetic foliation obtained for specimens from

site 13 (quartz-monzodiorite; Fig. 15a) group at 2108/
08, giving a strike direction for the magnetic foliation

that matches perfectly with the boundaries of the

granitoid at regional scale. Unfortunately the size of

the outcrop and its isolated location does not allow a

better correlation with the major granitoid intrusion.

However it can be noted that the Perthite–monzonite

suite shows magmatic foliation near its margins

(Bergman et al., 2001).

An open problem is represented by the specimens

from the gabbroic rock of site 14. The long and

intermediate axes of the AMS ellipsoid (Fig. 15b)

are scattered within a subhorizontal plane, while the

minimum axis roughly groups at ~2808/708. In spite

of some alteration of the rocks at sites 13 and 14, their

magnetic fabric does not show the same trends shown

by other rocks in the area. It may be due to a later

emplacement of the intrusions after the major defor-

mations, as proposed by Wright (1988). An alternative

interpretation may be a peripheral location of both

intrusive bodies in respect to the zones of major strain.

This interpretation is supported, to some extent, by the

fact that the magnetic foliation for site 14 is gently

Fig. 15. (a) Directions of AMS ellipsoid axes from site 13. (b) Directions of AMS ellipsoid axes from site 14. Square for Kmax, triangle for Kint

and circle for Kmin. Ellipses mark 95% confidence limit (Jelinek, 1978).

Fig. 14. Tectonic model for the Kiruna area (simplified from Wright, 1988). Thrust and folding of supracrustal units (in grey) toward WNWon

the basement (white with grains) are shown. Subsequently several granitic (white with crosses) and gabbroic (black dots on white) plutons

intruded the basement and the supracrustal units. Black line marks the present erosional level.
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dipping towards ESE, which may be an effect of the

ESE–WNW compression.

Analyses of the magnetic mineralogy show that

multi-domain magnetite is the most common mag-

netic mineral in Tjårrojåkka. Specimens from volcanic

rocks show a decrease of magnetic susceptibility after

heating/cooling cycle in air. This behaviour indicates

the presence of an unstable phase, which may be

difficult to interpret.

Thewide peak at 300 8C and the following drop at 320

to 3508C may be due to the presence of Ti-magnetite,

which exsolves into a Ti-rich component and a Ti-poor

magnetite around 300 8C (Dunlop and Özdemir, 1997;

Jones et al., 2001). This magnetite oxidises to maghe-

mite (metastable gFe2O3) that may invert irreversibly to

stable and less magnetic haematite at ~350 8C (aFe2O3;

Tarling andHrouda, 1993), thus explaining the decrease

in susceptibility after cooling. An alternative interpre-

tation is that Ti-maghemite is original and not created

during the laboratory procedure. This Ti-maghemite

becomes instable during heating and exsolves into

ilmenite–magnetite intergrowths (e.g., Lyons et al.,

2002; Dunlop and Özdemir, 1997). Unfortunately the

resulting intergrowths are in texture and composition

very similar to those obtained when Ti-magnetite, with

the same amount of Ti, undergoes oxidation.

The rocks are believed to be volcanics extruded

into subaerial or submarine environments, where they

may have been oxidised (Kontny et al., 2003; Matzka

et al., 2003). This supports the thesis that the unstable

phase may be oxidised Ti-magnetite (Ti-maghemite;

Dunlop and Özdemir, 1997). Furthermore, hydrother-

mal alteration in the presence of ground- or seawater

during low-grade metamorphism may induce oxida-

tion of original Ti-magnetite in both subaerial and

submarine lava flows (Dunlop and Özdemir, 1997).

9. Conclusions

In the region SW of the city of Kiruna and in the

Tjårrojåkka area, Fe and Cu deposits occur in a com-

plicated tectonic environment. Geophysical and pet-

rophysical analyses allow the definition of various

trends of tectonic deformation zones at both the

local and regional scales. In Tjårrojåkka a SW–NE

trend is shown by elongation of the major Fe-miner-

alised body and by the magnetic foliation plane in

several outcrops approximately 1 km NW of the Fe-

deposit. This, together with the epigenetic character of

the deposits (Bergman et al., 2001), the spatial rela-

tionship between the Cu-, Fe-occurrences, potassic

alteration and deformation zones, suggests a connec-

tion between the formation of the mineral deposits and

a tectonic event. The tectonic event may be related to

an ESE–WNW regional compression in the Kiruna

area and westwards, as has been proposed by other

authors (e.g., Wright, 1988). After the formation of

the Fe–deposit, an E–W striking deformation affected

the central and western areas. Magnetic foliation and

magnetic lineation directions suggest a dextral trans-

pressive character for this deformation. Such an E–W

deformation is also indicated by lineaments in the

airborne magnetic and VLF maps, lineaments that

trend SW–NE in the south and gently change their

directions to almost pure E–W in the centre of the

area. In the NE part a probable thrust involving vol-

canics and gabbros is suggested. The movement of

this thrust seems to be directed from SW towards NE.

The thrust may have been controlled by the presence

of a massive granitic body, whose boundary trends

NW–SE, also at regional scale. The same trend has

been found for the magnetic foliation in an outcrop

that is probably related to that granitic intrusion.

Airborne radiometric data have been demonstrated

to be a useful method for mapping boundaries

between rocks with different K contents (e.g., ande-

sites and basalts). In addition the ratio K/Th has also

indicated areas affected by potassic alteration, which

here seem to be spatially related with Cu-deposits.

Petrophysical analyses indicate that Fe-oxides are

widely present at Tjårrojåkka, whereas Fe-sulphides

are almost absent. This is in perfect agreement with

the IOCG character of the deposits. Among the Fe-

oxides, magnetite seems to be dominant. A thermomag-

netically unstable phase has been noted, particularly in

volcanic rocks, and it is suggested to be (Ti)-maghemite

resulting from oxidation of (Ti)-magnetite in a subaerial/

marine environment or during hydrothermal activity

related to metamorphism.
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Abstract

In the last decades Fe-oxide Cu–Au (IOCG) deposits attracted the interest of exploration geologists and geophysicists. General
geophysical descriptions of IOCG deposits have been published in the recent past, but there is still a lack of detailed geophysical
investigations. We present a petrophysical study of rock samples from exploration borehole TJ71305, which intersects the Cu-
prospect in the Tjårrojåkka IOCG mineralised area, northern Sweden. Furthermore geophysical data are compiled and analysed to
tentatively define a geophysical signature, at local scale, for this type of deposit. The study area is dominated by intrusive and
volcanic rocks of Middle Proterozoic age, the latter hosting the Cu and Fe occurrences.

The Fe occurrences are clearly defined from both aeromagnetic and ground magnetic data, and are also indicated by gravity,
geoelectric and electromagnetic data. Enrichment in ferromagnetic minerals in the area is suggested by the high values of magnetic
susceptibility commonly obtained for different rock types; magnetite and Ti-magnetite are the dominant magnetic minerals.
Haematite with variable contents of Ti was detected and it is probably a result of oxidation of magnetite in alteration zones.

In Tjårrojåkka a clear spatial relationship is noted between Cu occurrences and high K/Th ratios. This ratio is calculated from
airborne radiometric data and is an expression of enrichment in potassium, due to alteration. The Cu-prospect is also indicated by
high gravity and magnetic anomalies, by clear positive anomalies in induced polarisation data and by negative anomalies for the
imaginary part of ground electromagnetic (Slingram) data. However, high-density/high-susceptibility/low-resistivity (Ti)-magnetite
is associated with the Cu-prospect and this may lead to misinterpretation of potential field, electromagnetic and geoelectric data.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Geophysics; Petrophysics; IOCG deposits; Proterozoic; Fennoscandian Shield; Sweden

1. Introduction

The discovery of the giant Olympic Dam deposit in
Australia late in the 1970s attracted the interest of the
scientific community to a new class of ore deposits that
was subsequently defined as iron oxide (Cu–Au–U–

REE) by Hitzman et al. (1992). Later on, in a collection
of papers edited by Porter (2000), a complete descrip-
tion of the Iron Oxide–Copper–Gold (IOCG) deposits
was presented. Olympic Dam was followed by the
discoveries of other IOCG deposits in a variety of
settings, like Candelaria (Chile) and Ernest Henry
(Australia). Despite this, an exploration model for this
type of deposit was and still is needed.

Geophysical prospecting for IOCG deposits has been
carried out by major mining companies worldwide.
However, few papers have been published on this topic.
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Smith (2002) wrote a general description of the
geophysical features of this class of deposits. No
detailed studies have yet been performed on the
geophysics and petrophysics of IOCG deposits in the
Fennoscandian Shield, and in Sweden in particular.
Since the Kiruna district (northern Sweden) represents
an important area of exploration for IOCG deposits, a
major project started in the 2001 to define the main
characteristics of these deposits. The IOCG occurrences
of Tjårrojåkka were selected for a detailed geological
and geophysical study. The mineral occurrences in
Tjårrojåkka are currently defined as deposits of
subeconomic interest (Bergman et al., 2001), but they
also represent a perfect example of spatially (genetical-
ly?) related Cu-sulphide and Fe-oxide occurrences
(Frietsch, 1997; Bergman et al., 2001; Edfelt and
Martinsson, 2003). Hitzman et al. (1992) include the
Tjårrojåkka occurrences into the Stuor-Ratek IOCG
district (ca. 50 km SW of the city of Kiruna).

The first published geophysical study (Sandrin and
Elming, in press) investigated the area of Tjårrojåkka
from a tectonophysical point of view. The present paper
represents a natural follow up to that work and focuses
on a petrophysical and geophysical investigation of the
main Cu-prospect in the area. In the near future more
detailed petrophysical analyses on new rock samples
from boreholes at the Cu-prospect and at the Fe-prospect
will follow and the results will be compared with
geochemical data by use of advanced statistical
methods.

Data were compiled from various geophysical data
sets. Particular attention was given to the major Cu-
sulphide occurrence and a series of petrophysical
measurements was performed on samples from one
exploration borehole (TJ71305). Magnetic susceptibil-
ity, natural remanent magnetisation (NRM), thermo-
magnetic properties, and density were determined for
these rock specimens.

The aim of this study is to characterise the Cu-
prospect from the geophysical-petrophysical point of
view and tentatively to define a geophysical signature
for IOCG deposits and rock alteration in their proximity.
This, together with other geological analyses, may
contribute to an exploration model for IOCG deposits.

2. Characteristics of Fe-oxide–Cu–Au–(U–REE)
deposits (IOCG)

2.1. General description

The first major publication concerning IOCG
deposits was that of Hitzman et al. (1992), who defined

some salient features of this class of deposits. Those
characteristics have been modified by the work of
several authors, and a comprehensive update was
published by Hitzman (2000), who recapitulates the
characteristics of iron oxide–Cu–Au (including mag-
netite–apatite) deposits. The most relevant features are
briefly summarised here.

IOCG deposits have been found in rocks ranging
from Early Proterozoic to the Pliocene. The tectonic
environments in which the IOCG deposits occur are
characterised by voluminous igneous activity, high heat
flow and oxidised source rocks. Areas hosting this kind
of deposit are often associated with marine or lacustrine
evaporites and the deposits are often localised along
high-/low-angle faults, generally splays of major crustal
faults. The deposits show a variety of morphologies,
from stratabound to irregular stockwork breccia zones.
Fe-oxide minerals are normally abundant, whereas Fe-
sulphides are almost absent. The host rocks are normally
intensely altered. Examples dominated by magnetite–
apatite are spatially related to sodic/sodic–calcic
alteration, which can grade into haematite–potassic or
hydrolytic alteration. Deposits with magnetite and
haematite can be temporally related to later Fe-oxide–
Cu–Au occurrences. Fe-oxide–Cu–Au deposits are
associated with sodic–potassic, potassic, hydrolytic
alterations.

2.2. Implications for geophysical exploration

Geophysical surveys are widely used in regional and
local scale mapping and targeting of mineral deposits.
Furthermore, some features that are peculiar for this
kind of deposits are valuable for geophysical
prospecting:

(1) High angle faults related to deep-seated faults are
favourable areas for IOCG deposits.

(2) IOCG deposits can be associated with sodic–
potassic, potassic or hydrolytic alterations.

(3) IOCG deposits are temporally later than magne-
tite–apatite deposits.

It has been noted in various districts that, on the
regional scale, ore zones are often associated with
second order structures related to major strike slip faults
(Pollard, 2000). The structural control is evident in
various important IOCG deposits like Wernecke
Mountains (Yukon, Canada) and Olympic Dam (Hitz-
man et al., 1992). From this point of view, geophysical
data are of great importance in defining deformation
zones, major faults and other structures that may be
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related to economically relevant prospects. In the
Eastern Fold Belt district (Queensland, Australia),
aeromagnetic data were used to identify altered fault
zones in areas of sodic alteration. In proximity of the
Cloncurry fault (Queensland, Australia) linear magnet-
ic low anomalies coincide with haematite–albite
alteration zones (Haynes, 2000).

At regional scale, sodic alteration is rather common
in areas hosting IOCG deposits (Hitzman et al., 1992;
Haynes, 2000). Enrichment in sodium cannot be
detected directly by geophysical methods, but other
minerals associated with sodic alteration can be
identified. Aeromagnetic data indicate high content of

magnetite in the Candelaria district, and this magnetite
is believed to be related to the sodic alteration
(Haynes, 2000). Detailed studies of sodic alteration
in the Eastern Fold Belt indicate that magnetite is of at
least two generations: one related to pre-/syn-peak
metamorphism and one coeval with the deformation/
alteration event (Haynes, 2000). Hitzman et al. (1992)
observe that sodic alteration normally occurs at depth
and it is characterised by the assemblage albite–
magnetite±actinolite. Sodic and sodic–calcic altera-
tions are frequently overprinted by late potassic
alteration, characterised by an increase in biotite and
K-feldspar. Potassium enrichment may be localised

Fig. 1. Geological map of the northern part of Norrbotten County (Sweden; modified from Bergman et al., 2001). The coordinates are given in the
national Swedish grid RT90. The coordinates for the map in the inset are latitude and longitude.
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from analysis of airborne radiometric data. Normally,
potassic alteration is associated with simultaneous
depletion in thorium, so the ratio K/Th may be used
to enhance the image of the alteration (Smith, 2002).

Sulphide deposition normally occurs after magnetite
deposition, and haematite forms at the same time as the
sulphides through oxidation of magnetite (Pollard,
2000). This may induce a decrease in magnetisation,
considering that the magnetic susceptibility of magnetite
is several times higher than that of haematite. Conse-
quently, zones of oxidised magnetite (haematite bearing
rocks) are expected to be favourable areas for the
presence of Cu-sulphides.

3. Geology of the study area

The Tjårrojåkka area is situated in the northern part
of the Fennoscandian Shield, ca. 50 km SWof Kiruna in
northern Sweden. The regional tectonic setting is

dominated by major crustal ductile deformation zones
(Fig. 1). The trend of these deformation zones varies
from NW–SE to pure N–S and NNW–SSE. However,
the mineral occurrences of the Tjårrojåkka area seem to
show a spatial relationship to a pure E–W fault, which is
a second order structure of a major NW–SE trending
deformation zone (Sandrin, 2003; Sandrin and Elming,
in press).

The bedrock in proximity of Tjårrojåkka (Fig. 2a) is
dominated by supracrustal rocks of Svecofennian age
(ca. 1.96–1.85 Ga), intruded by younger and/or coeval
plutonic rocks (Bergman et al., 2001). The Svecofen-
nian supracrustal rocks are represented by intermediate
to mafic volcanites (Porphyrite and Kirunavaara
Group, respectively) metamorphosed at amphibolite
facies (Bergman et al., 2001; Edfelt and Martinsson,
2003). Various types of intrusive rocks are present,
ranging from gabbroic–dioritic to quartz–monzodiori-
tic compositions. Several dykes, of both mafic and

Fig. 2. (a) Simplified geological map of the Tjårrojåkka area (modified from Edfelt et al., 2005 and Sandrin and Elming, in press). The structural
elements are magnetic foliations and lineations as defined in Sandrin and Elming (in press) by analysis of the magnetic fabric of rock samples. (b)
Ground geophysical surveys in the study area. Geophysical data along profile 320E are shown in Fig. 15. The location of five exploration boreholes
crossing the Cu-prospect is shown in the inset.
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intermediate character, intrude the metavolcanites. The
area has been strongly tectonised and at least three
deformation events have been defined from geological
and geophysical analyses (Sandrin and Elming, in
press).

Regional and local sodic alteration (scapolitisation)
affected the rocks and is particularly intense in mafic
extrusive and intrusive rocks (Bergman et al., 2001;
Edfelt and Martinsson, 2003). Potassic alteration is
developed in andesitic rocks and appears to be related to
fracture/deformation zones (Edfelt and Martinsson,
2003). This potassic alteration is expressed as enrich-
ment in K-feldspar and biotite. Albitisation is present in
proximity of the major Cu occurrence and is associated
with the apatite–magnetite veins zone, which represents
the “structural” footwall of the Cu occurrence (Bergman
et al., 2001; Edfelt et al., 2005).

The major occurrences (centre of map in Fig. 2a;
ca. 1642500E–7515000N) have been discovered
during various exploration campaigns. In this work
the expression “prospect” will be used only for the
major mineral occurrences, while the word “occur-
rence” will be used for minor occurrences in the area.
The Fe-prospect was revealed by the Geological
Survey of Sweden (SGU) in 1963 by airborne
magnetic survey. The investigation was followed by
ground geophysical surveys and drilling campaigns
during the 1960s and 1970s. The Cu-prospect was
found by SGU in 1970 ca. 750 WNW of the Fe-
prospect.

The Fe-prospect is an apatite–magnetite (Kiruna-
type) deposit. The massive magnetite core (60–67% Fe)
is surrounded by a magnetite breccia, which contains
25% to 60% Fe. The host rock is an altered andesite
(albitic, potassic, and scapolitic alterations noted;
Frietsch, 1997; Edfelt and Martinsson, 2003; Edfelt et
al., 2005).

The Cu-prospect occurs within the andesitic rock
and consists of chalcopyrite, magnetite, bornite, and
small amounts of haematite, pyrite, chalcocite, covel-
lite (Frietsch, 1997; Edfelt and Martinsson, 2003). The
mineralised body has its top located immediately
below the bedrock surface. It extends to a depth of
ca. 450 m, is ca. 650 m long, and 10 to 60 m wide
(Frietsch, 1997; Bergman et al., 2001). A magnetite
rich zone is noted in proximity of the Cu-prospect and
seems to be related to the albitic alteration (Bergman et
al., 2001; Edfelt and Martinsson, 2003). The deposit is
estimated to contain 3.2 Mt of ore at 0.87% Cu (Ross,
1979).

Both the Fe and Cu mineralised bodies are elongated
in a ca. SW–NE direction and dip almost vertically

(Frietsch, 1997; Edfelt and Martinsson, 2003; Sandrin,
2003; Sandrin and Elming, in press).

4. Material and methods

This study is based on compilation and analysis of
various SGU databases. Petrophysical data are taken
from a database covering the ca. 15,000 km2 area
extending from 7450000N to 7600000N and 1600000E
to 1700000E (Swedish National grid RT90). The area of
Tjårrojåkka is an 8×8 km2 square limited by the
coordinates 7512000N and 7520000N, 1639000E and
1647000E.

Airborne magnetic and radiometric data have been
collected by the LKAB Company during the 1980s. The
flight altitude is 30 m, the distance between flight lines
is 200 m and the measurement spacing ca. 35 m. The
direction of flight lines is south–north. The magnetic
anomaly (total magnetic field) is given in reference to
the Definite International Geomagnetic Reference Field
1965 (DGRF-65). Concentrations of K, Th and U are
calculated from total radiometric spectra; Th and U
concentrations are expressed in ppm, while K concen-
tration is expressed in percent.

Ground geophysical maps have been obtained in
analog format from SGU and they were manually
digitised by the authors. The maps are centred on the
mineral prospects in Tjårrojåkka (Fig. 2b) and the
measurements have been performed in various phases
between 1966 and 1974. Magnetic datum is the
magnetic anomaly of the vertical magnetic field
(1967) expressed in nT, with a reference magnetic
field of 50,110 nT. The distance between the measure-
ments is 20 m (40 m in some cases) and 10 to 20 m in
proximity of the Fe-prospect. The gravity field was
measured in 1968 and is expressed as Bouguer anomaly.
Induced polarisation and resistivity measurements were
made with a 20 m spacing distance using 3-electrode
geometry, with an inversion of current flow every 4 s.
The induced polarisation is expressed as a percentage of
the residual voltage (dt=0.38 s) on the steady voltage
during the current flow.

Slingram (coupled horizontal coils; see Frischknecht
et al., 1991) data were digitised only for one profile
(320E). The measurement distance is generally 20 m,
the frequency of the EM field is 18 kHz and the distance
between the coils is 60 m. In some parts measuring
stations are missing, therefore the distance between
them is variable. The datum presented, for both real and
imaginary parts of the measured vertical magnetic field,
is the anomaly expressed in percentage of the normal
magnetic field.
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In the petrophysical database, magnetic susceptibil-
ities and densities are given together with a brief
description of the rock type. At subregional scale
petrophysical properties are available for ca. 4600
rock samples. In Tjårrojåkka magnetic susceptibility
and density are given for around 280 samples.

The exploration borehole TJ71305 is located along a
profile crossing the Cu-prospect (inset in Fig. 2b) and
was selected for detailed petrophysical measurements.
The distance between samples is approximately 7 to
9 m, for a total of 54 samples, to give a characterisation
of all the rock types present: albitised andesite, andesite
containing magnetite–apatite veins, K-feldspar altered
andesite, scapolitic altered andesite, Cu-mineralised
andesite and a mafic dyke (Fig. 3). One specimen

from each sample was analysed. Variation of magnetic
susceptibility with temperature was measured for 10
samples at various depths along the borehole.

The magnetic susceptibility was measured at the
laboratory of petrophysics of Luleå University of
Technology (LTU) using a Kappabridge KLY-3S
(Agico Inc., Brno). The same instrument and a CS-3
apparatus of the same manufacturer were used for
thermomagnetic measurements in air. Remanent mag-
netisation was obtained by use of a DC-SQUID
magnetometer (2G-enterprises, California). Density
was measured weighting the saturated and dry speci-
mens in air and in water. The geochemical data were
taken from SGU databases, and were manually digitised
by Å. Edfelt.

Fig. 3. Cross-section through the Cu-prospect (simplified from Edfelt et al., 2005). For clarity a number of mafic dykes are omitted. The black dots
mark the positions of the samples used for the petrophysical analyses. Thermomagnetic measurements were performed on the ten samples for which
the sample numbers (depths) are given.
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5. Petrophysical analysis and magnetic mineralogy

Magnetic susceptibility and density of rocks in the
Tjårrojåkka area were used to give a general petrophy-
sical characterisation and to support the interpretation of
geophysical data. Magnetic susceptibility follows a log-
normal distribution at semi-regional scale (4600 sam-
ples; Fig. 4a). The same type of diagram for samples in
Tjårrojåkka shows a slightly different character (Fig.
4b). The log-normal distribution is maintained, but some
peaks at relatively high values of magnetic susceptibility
indicate enrichment in ferromagnetic minerals. The plot
of magnetic susceptibility vs. density for the Tjårrojåkka
area (Fig. 5) shows that the magnetic properties are
generally independent of the rock type. Therefore, the

magnetic character is, to a large extent, not related to the
original composition of the rock, but rather to a sub-
sequent alteration event.

The analysis of density values indicates that meta-
volcanites and plutonic rocks of mafic character have
densities higher than 2800 kg/m3, while the intermediate
and felsic rocks normally do not exceed 2900 kg/m3.

Fig. 4. Histograms for magnetic susceptibility values. (a) At semi-
regional scale. (b) In the area of Tjårrojåkka (data from SGU
databases).

Fig. 5. Magnetic susceptibility vs. density plot for samples from the
Tjårrojåkka area (data from SGU databases).

Fig. 6. Histogram of magnetic susceptibility for specimens from
borehole TJ71305.
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Magnetic susceptibilities for specimens from borehole
TJ71305 indicate that the magnetic susceptibility
follows approximately a log-normal distribution (Fig.
6), with anomalous high susceptibility for some speci-
mens: specimens m135.3 and m250 (Table 1) are mostly
composed of massive magnetite.

The Königsberger ratio Q (ratio between remanent
magnetisation and induced magnetisation) <1 indicates
that multi-domain magnetite is dominant (Dunlop and
Özdemir, 1997). Only in a few specimens have Q values
>1 been obtained (Fig. 7a, Table 1).

In the magnetic susceptibility vs. density plot for
the samples from the borehole (Fig. 7b), three major
groups can be distinguished. Metaandesites with
estimated low content of ferrimagnetic minerals give
low values of both magnetic susceptibility (<3×10−4

SI) and density (<2750 kg/m3). Metaandesite speci-
mens giving the same density values, but higher
susceptibilities (4×10−3 SI–10−1 SI) form the domi-
nant group. Metamorphosed mafic magmatic rocks are
characterised by high densities (>2900 kg/m3), but
they show variable magnetic susceptibility. Few
specimens have high susceptibility, while a well-
clustered group of specimens is characterised by
lower values (<10−3 SI). It has to be noted that,
especially for metaandesites, the density and suscep-
tibility increase due to the presence of magnetite veins.
This is the case for specimen m135.3, a metaandesitic
rock with a significant vein of massive magnetite
(specimen density is 3003 kg/m3).

In the attempt to characterise different types of rock
and alterations, geochemical and petrophysical data for
borehole TJ71305 are compared (Fig. 8). The Fe content
is plotted for comparison with magnetic susceptibility
and the ratio Q. TiO2 content may define the rock type,
since in Tjårrojåkka metamorphosed mafic volcanites
and dykes present titanium contents higher than those
shown by metaandesites (Edfelt, 2003). Potassic
alteration normally causes an increase of potassium
(K2O content ca. 4.5% to 7.0%) and barium content
(1600 to 4600 ppm) for metaandesites in Tjårrojåkka
(Bergman et al., 2001). Since K2O content is not
available for the borehole investigated, BaO content is
considered. The Cu content is shown to investigate any
possible relationship with the rock alteration and the
petrophysical properties.

The Fe2O3 content is generally between 4% and 10%
for the rocks from the borehole studied, with some high
contents reaching 12–16%. Magnetic susceptibility is
generally high (>0.01 SI), with higher values in the
apatite–magnetite veins zone. This is also accompanied
by high density values (>3200 kg/m3). A sequence of

Table 1
Magnetic properties and density for specimens from borehole TJ71305

Depth
(m)

Magnetic
susceptibility
(SI)

NRM
(mA/m)

Q Magnetic
susceptibility
(μSI)

Density
(kg/m3)

22 0.01097 91.1 0.2076 10,970 2648
34.2 0.00865 15.47 0.0447 8650 2660
40.3 0.03191 236.7 0.1854 31,910 2690
49 0.02485 69.79 0.0702 24,850 2689
56.8 0.10210 138.4 0.0339 102,100 2929
72.3 0.00026 39.64 3.7681 263 2727
78 0.00024 0.806 0.0856 235 2742
86.8 0.00019 0.367 0.0492 187 2685
93.1 0.00024 0.532 0.0549 242 2740
100 0.00021 0.45 0.0524 215 2738
109.7 0.00020 0.818 0.1024 200 2702
117.5 0.00413 239.3 1.4492 4128 2737
122.3 0.04169 5610 3.3641 41,690 2767
135.3 Veins of massive magnetite 3003
143.5 0.07615 5187 1.7029 76,150 2875
153.9 0.01888 161.2 0.2135 18,880 3127
164.3 0.06297 590 0.2342 62,970 2842
168.9 0.01536 1067 1.7367 15,360 2753
176.3 0.00627 48.1 0.1919 6267 2700
182.5 0.00066 54.53 2.0559 663 2724
188 0.00659 242.3 0.9186 6594 2723
193 0.01501 128.3 0.2137 15,010 2774
198.4 0.07217 2224 0.7704 72,170 3301
215.2 0.01155 48.24 0.1044 11,550 2687
220.6 0.01277 50.29 0.0985 12,770 2776
227.5 0.00900 51.7 0.1436 9000 2668
231.9 0.00658 43.54 0.1655 6579 2702
250 Veins of massive magnetite 3247
261 0.06682 1245 0.4658 66,820 2737
264.7 0.00881 190 0.5393 8808 2752
270 0.00703 203.1 0.7220 7033 2717
275.6 0.00053 4.223 0.1987 531 2947
280 0.00055 3.847 0.1737 554 3024
286.3 0.01027 1060 2.5803 10,270 2848
293 0.00052 1.64 0.0786 522 2928
302.3 0.00069 4.078 0.1482 688 2988
308 0.00045 24.7 1.3722 450 2915
315.5 0.00859 264.7 0.7706 8587 2635
330 0.04983 24,310 12.1965 49,830 2836
342 0.04563 12,510 6.8540 45,630 2722
347.5 0.00871 87.43 0.2509 8713 2711
356.6 0.01446 132.9 0.2298 14,460 2779
364.5 0.02484 1216 1.2238 24,840 2708
375.3 0.02483 692.5 0.6972 24,830 2740
380.3 0.04482 2038 1.1368 44,820 2756
406.5 0.00157 22.15 0.3529 1569 2668
414.5 0.05924 488.3 0.2061 59,240 2746
423 0.01742 1956 2.8071 17,420 2725
427.9 0.00111 8.114 0.1829 1109 2948
434.7 0.06668 1720 0.6449 66,680 2736
440.3 0.05313 472.4 0.2223 53,130 2778
452.2 0.08448 924.8 0.2737 84,480 2779
455.4 0.07653 538.2 0.1758 76,530 2717
461.2 0.04148 543.6 0.3276 41,480 2738
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low susceptibilities is detected between m275.6 and
m308. In this interval, the Fe2O3 content is high, while
the magnetic susceptibility is low (<0.001 SI). Howev-
er, the TiO2 content exceeds 1.2%, indicating a mafic
character for the rock. This is also supported by the
density values that exceed 2900 kg/m3. The BaO
content is relatively low in this interval and quite high
in the surrounding rock. This may be due to the mafic
composition of the rock within the interval and the
andesitic composition in the contiguous rock. Notably

the Ba enrichment seems to correspond to an increase in
Cu content.

The Königsberger ratio Q approximately follows the
trend of the susceptibility and does not appear to be
related to any other petrophysical or geochemical
characteristic.

Magnetic susceptibility vs. temperature measure-
ments in air were performed to define the magnetic
minerals in 10 specimens (Fig. 9). Specimens from the
intervals m72.3–m109.7 (I1) and m275.6–m308 (I2)

Fig. 7. (a) Variation of remanentmagnetisation NRMwith magnetic susceptibility for specimens of borehole TJ71305. (b) Magnetic susceptibility vs.
density diagram (TJ71305).

64 A. Sandrin, S.-Å. Elming / Ore Geology Reviews 30 (2007) 56–73



give low susceptibilities but different densities and Ti
content. In fact, densities in interval I1 are typical of
metaandesitic rocks, while the densities obtained for
specimens from interval I2 are consistent with a mafic
character of the rock. For specimens from interval I1, the
analysis of variation of magnetic susceptibility with
temperature (Hrouda and Zapletal, undated) indicates
the presence of haematite and paramagnetic minerals.
However, a small decrease in magnetic susceptibility
around 580 °C suggests that minor amounts of
magnetite are present in the three specimens analysed
from this interval.

In specimens with high-susceptibility (m143.5,
m227.5, m264.5, m330) the main magnetic mineral is
magnetite (Curie temperature at ca. 580 °C). Specimen
m315.5 shows magnetite as dominantmagnetic mineral,
but a “tail” above 600 °C indicates the presence of
haematite. This specimen also presents an unstable
phase, which is destroyed during the treatment, leading
to a final decrease of magnetic susceptibility.

In the interval I2, high contents of Fe2O3 (>12%) are
also associated with low magnetic susceptibilities. Ti-
haematite, paramagnetic minerals and minor magnetite
are the magnetic minerals (see Hrouda and Zapletal,
undated; Kasama et al., 2004). This interpretation is also
supported by the high Ti content seen from geochemical
data (see Discussion).

6. Airborne geophysical data

The enrichment in ferromagnetic minerals may also
be detected from airborne geophysical data (Fig. 10a).
High values of the magnetic field (total field) match
perfectly with known Fe-oxide occurrences. These
anomalies are striking principally WSW–ENE and E–
W, a fact thatmay be related with the stratiform shape of
the steeply dipping magnetic bodies (Edfelt and
Martinsson, 2003; Sandrin, 2003; Sandrin and Elming,
in press).

Linear low magnetic anomalies (trending NW–SE
and E–W) are probably due to alteration of magnetic
minerals in deformation and fracture zones. At least two
major deformation zones (black arrows in Fig. 10a) may
be identified from the airborne magnetic maps. This is
also confirmed by detailed geological mapping (Edfelt,
pers. comm., 2003; Edfelt et al., 2005) and by
tectonophysical investigations (Sandrin and Elming, in
press). The analysis of the anisotropy of magnetic
susceptibility (AMS) of rock specimens collected in the
area indicates that possibly three deformation events
occurred: first a SE–NW compression event caused
subvertical SW–NE magnetic foliation, which is
parallel to the main magnetite body (Sandrin and
Elming, in press); then this event was followed by an
E–W striking deformation, visible from airborne

Fig. 8. Variation of content of four elements (Fe, Ti, Cu and Ba) and petrophysical properties (magnetic susceptibility, Königsberger ratio Q and
density) with depth in borehole TJ71305. Simplified column on the right shows alteration zones within the metaandesitic rocks and the presence of a
metamorphosed mafic dyke (from Edfelt and Martinsson, 2003; Edfelt et al., 2005).
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magnetic data and confirmed by AMS studies (Sandrin
and Elming, in press). The ESE–WNW striking
direction of the mineral occurrences is probably related

to the E–W trending fault, which is a second order
structure of a deformation zone, of regional relevance,
trending NW–SE (see Fig. 1). Finally a SW–NE

Fig. 9. Density and magnetic susceptibility values for specimens from borehole TJ71305.On the right: thermomagnetic curves for selected specimens
(indicated by the corresponding depth). I1= interval 1, I2=interval 2 (see the text for comments).
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compression probably caused a thrust of volcanic rocks
on a granitic intrusion in the north-east (Sandrin and
Elming, in press). A “halo” of strongly magnetised rock
surrounds the Fe- and Cu-prospects (centre of map in
Fig. 10a). Other linear positive anomalies are spatially
connected to minor Fe occurrences.

Gamma-radiation recorded during airborne radio-
metric (AR) measurements has its main source in the
upper 50 cm of soil cover or in outcropping bedrock
(Airo and Loukola-Ruskeeniemi, 2004). The interpre-
tation of AR data may help in defining boundaries

between different rock types. However, it has to be taken
into account that the soil cover may not reflect the
character of the underlying bedrock in case of glacial
movements.

In Fig. 10b, AR data are presented as a three-colour
image. Direct field observations indicate that in the
western part of the area outcrops dominate and the
quaternary cover is modest. The area of high potassium
content corresponds to an area of metaandesitic rocks, as
defined from geological field observations. An addi-
tional enrichment in potassium is probably due to the
high potassic alteration noted in the field. Smith (2002)
proposed that K/Th ratio might indicate areas affected
by this type of alteration. The histogram in Fig. 11b
shows that the main range (∼90%) of K/Th ratios is
limited to <1.0, while a restricted group exceeds this
value. K/Th ratios >1.0 seem to be spatially related to
the SSW–NNE fault zone and to Cu occurrences (Fig.
11a). This correspondence is especially clear within the
andesitic rocks.

Soil covered areas (north-eastern and south-eastern
segments) are characterised by a relative enrichment in
U and Th minerals, while a high-K area in the centre of
the map (approx. 1644000E/7517000N) probably
reflects the presence of andesitic components in the
glacial cover.

7. Ground geophysical data

Ground geophysical data were used for defining a
signature of the Cu/Fe prospects. Kriging interpolation
was applied to the data and contour maps are presented
for gravity data, magnetic data and induced polarisation
data.

The map of the gravity anomaly (Bouguer anomaly,
Fig. 12) gives a discontinuity expressed by a semi-
regional high gravity gradient. This gradient coincides
with the E–W trending deformation zone, as interpreted
from other geophysical and geological observations
(Sandrin and Elming, in press). A well-defined local
positive anomaly corresponds to the Fe-oxide prospect
(ca. 2 mGal). The Cu occurrences do not seem to show
the same strong link to high gravity anomalies.
However, there is a weak anomaly (<1 mGal) found
in connection to the Cu-prospect.

Magnetic data (Fig. 13) pinpoint the magnetite
prospect and define the shape of the mineralised body
(inset in Fig. 13). West of the major magnetic anomaly a
strong magnetic anomaly is associated with the Cu-
prospect (ca. 20,000 nT; approx. 1642200E/7515000N).
Other Cu occurrences (western part of map in Fig. 13)
are not strictly associated with any magnetic anomaly.

Fig. 10. (a) Aeromagnetic map for the Tjårrojåkka area. Black arrows
mark interpreted deformation zones. (b) Airborne radiometric data.
Three-colour image. Same symbols as in (a).
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Resistivity data are strongly influenced by the low
resistive soil cover, which masks the presence of
mineralised conductive bodies in the bedrock. There-
fore, these data have a limited role in targeting mineral
occurrences in Tjårrojåkka and are not presented here.

However, induced polarisation data locate both the Fe
and Cu-prospects quite well (Fig. 14). Some other
significant anomalies are visible at the boundaries of the
area covered by the measurements, but they are not
discussed here.

To look for characteristic geophysical features of the
Cu-prospect, the data are presented along a profile in
Fig. 14 (see also Figs. 11 and 13). Resistivity data
mainly define limits between areas covered by glacial
deposits (low resistivity values in the southeast) and
areas of outcropping bedrock (high values in the
northwest). Gravity data show a local trend from high
values in the southeast to lower values in the northwest.
However, a local weak positive anomaly is seen in
correspondence to the Cu-prospect. A significant
increase in the intensity of the magnetic field also
locates the Cu-prospect.

More difficult is the analysis of the slingram data
(electromagnetic measurements, coupled horizontal
coils). In the imaginary part of the datum low values
are obtained above the prospect. The real part of the
datum seems to reflect the resistivity contrast between
the soil-covered area in the south-east and the more
resistive area in the north-west.

8. Discussion

At Tjårrojåkka, metamorphosed andesites do not
present densities >2900 kg/m3. Some extremely high
densities are only noted for metaandesitic specimens
containing veins of massive magnetite. These specimens

Fig. 11. (a) Map of the calculated K/Th ratio (modified from Sandrin and Elming, in press). Cu/Fe marks the position of Cu/Fe occurrences. (b)
Histogram of the K/Th ratio for the Tjårrojåkka area.

Fig. 12. Bouger anomaly map (mGal). Points mark measurement
stations. Cu=Cu occurrence; Fe=Fe occurrence.
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also present higher magnetic susceptibilities. Enrich-
ment in ferromagnetic minerals is noted in proximity of
the Cu-prospect (borehole TJ71305).

Two groups of specimens show low magnetic
susceptibilities (<0.001 SI) and this feature is not
related to the rock type, since one group is formed of
specimens from ametamorphosed mafic dyke, while the
others are from a potassic/sodic altered metaandesite.
The natural remanent magnetisation (NRM) is high in
some cases and a linear trend may be seen in the NRM
vs. MS diagram (Fig. 7a). Most of the specimens show a
Königsberger ratio Q<1, indicating that multi-domain
magnetite is the dominant magnetic mineral.

Unpublished geochemical data and mineralogical
macroscopic observations indicate potassic alteration
overprinting an albitic alteration (Edfelt, 2003; Edfelt,
pers. comm., 2004; Edfelt et al., 2005). The thermo-
magnetic analyses describe the magnetic mineralogy as
a combination of magnetite, haematite and paramagnetic
minerals. Haematite is probably a product of oxidation
of magnetite, which suggests that the physical properties
of specimens from interval I1 may be partly due to
alteration in a fracture zone. The assemblage of sodic

Fig. 13. Map of the ground magnetic data. Scale is in nT (anomaly of the vertical magnetic field). The map in the inset is a detail centred on the Fe-
prospect. Scale in nT. Fe=Fe occurrence; Cu=Cu occurrence.

Fig. 14. Map of the induced polarisation. The measurements are shown
with dots. Scale is the dV as a percentage of V after 0.38 s.
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alteration at regional scale in various IOCG districts is
albite+scapolite+magnetite+actinolite (e.g., Eastern
Fold Belt, Candelaria; Hitzman et al., 1992). However,
Haynes (2000) notes that in more oxidised environ-
ments (e.g., Cloncurry Fault) late pink-pigmented
altered rocks (albite+haematite assemblage) coincide
with linear magnetic lows. He also remarks that more
oxidised sodic alteration assemblages occur in major
faults in districts that host IOCG deposits. In some
deposits, haematite formed with sulphides through
oxidation of magnetite. This suggests a crucial role for
the early magnetite as a fluid reductant (Pollard, 2000).

For specimens from interval I2 (m275.6–m308), the
magnetic mineralogy, as interpreted from thermomag-
netic data analysis, is characterised by magnetite, Ti-
haematite, and paramagnetic minerals. Kasama et al.
(2004) interpret analogous susceptibility/temperature
curves as indication of presence of haematite and Ti-
haematite with lamellae of ilmenite. This interpretation
is supported by high contents of titanium and iron
observed for specimens from this interval. In specimen
m315.5 (a potassic altered metaandesite), in close
proximity to I2, magnetite is the dominant magnetic
mineral, haematite is also noted and an unstable phase is

Fig. 15. Geophysical data along the profile 320E (see Fig. 2b). From above: apparent resistivity, induced polarisation (IP), Bouguer anomaly,
magnetic anomaly, slingram (real and imaginary parts). Black triangles mark positions of boreholes. Approximate positions of the Cu-ore (Cu) and
the magnetite-vein zone (Fe) are shown.
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altered during the treatment. This phase may be Ti-
magnetite (for subaerial volcanites; Dunlop and
Özdemir, 1997) that forms intergrowths of magnetite
and ilmenite when heated in air (>300 °C). The
resulting products are similar to those produced from
heating of Ti-maghemite with identical content of Ti.
Continuing the oxidation process the magnetite–
ilmenite intergrowth transforms to mixtures of haema-
tite+pseudobrookite+ rutile, which can explain the
final decrease in susceptibility after the treatment.
Therefore the initial unstable phase, before the labora-
tory heating, may be either Ti-magnetite or Ti-maghe-
mite with the same Ti-contents. However, Kasama et al.
(2004) explain a similar susceptibility vs. temperature
behaviour as an expression of coexistence of maghemite
and magnetite. In this case maghemite is interpreted as
being an oxidation product of magnetite.

In the light of these results, it is reasonable to
interpret the oxidation of ferromagnetic minerals to less
magnetic Fe-phases (i.e. haematite and Ti-haematite) in
the intervals I1 and I2 to be due to fluid activity in a
fracture/permeable zone. A more speculative suggestion
is that mineralising fluids were active within and in
proximity of the interval I2 (m275.6–m308) and–
considering that IOCG are preferentially hosted by
feldspar-rich rocks (Haynes, 2000)–that the surrounding
metaandesitic rock acted as a chemical trap for the Cu-
prospect. Unfortunately lack of geochemical data for the
interval I1 does not allow a similar interpretation for Cu-
content and alteration zones for this interval.

The airborne magnetic and radiometric data clearly
define major structural trends and the approximate
extent of different rock types. Low magnetic anomalies
of linear shape are probably associated with fracture
zones, in which magnetite and (Ti)-magnetite/(Ti)-
maghemite altered to less magnetic (Ti)-haematite.
The Fe-prospect is marked by a very high magnetic
anomaly and it is surrounded by a halo due to the
enrichment in ferromagnetic minerals, probably associ-
ated to the ore deposit itself. Some authors propose that
magnetite may be an expression of sodic alteration (e.g.,
Haynes, 2000), which is quite well developed in the
Tjårrojåkka area (Edfelt and Martinsson, 2003).

Analysis of airborne radiometric data at local scale
has shown to be especially useful in defining areas
affected by potassic alteration, which seem to be related
with the copper occurrences.

According to Smith (2002), the geophysical signa-
tures for IOCG at deposit scale are “complex”. Fe-oxide
and Cu-sulphide show approximately the same densities
(Kobranova, 1989) and similar electrical properties
(Parasnis, 1997). Nonetheless magnetic properties

should be different, since magnetite is highly magnetic
when compared to haematite and chalcopyrite (several
orders of difference; Hunt et al., 1995).

The Cu-prospect in Tjårrojåkka is localised by
several geophysical methods. Only resistivity seems to
work poorly, due to the conductive soil cover. Induced
polarisation, magnetic, gravimetric and electromagnetic
data seem to better define the position of the mineralised
body. Unfortunately, these data are also influenced by a
magnetite vein zone in the structural footwall of the Cu-
prospect (see Fig. 15). A “barren” (without associated
Cu-sulphide) magnetite rich zone may thus give the
same geophysical signature. In addition, rock specimens
containing massive magnetite have the same densities as
massive sulphide and/or Cu-sulphide veins-rich speci-
mens (densities in the range 3000–4000 kg/m3,
Berggren and Sandrin, 2004, unpublished data). It
leads to a similar gravimetric signature for magnetite
and Cu-sulphide mineralised bodies.

Magnetite occurrences are clearly visible from
ground geophysical data. They are normally associated
with high magnetic and high gravity anomalies. Geo-
electric and electromagnetic ground surveys also give
anomalies associated to magnetite occurrences. This is
in perfect agreement with the low resistivity shown by
the magnetite (Keller, 1987; Gueguen and Palciauskas,
1994; Parasnis, 1997).

9. Conclusions

Our study of physical and chemical properties of
rocks from borehole TJ71305, intersecting the Cu-
prospect in Tjårrojåkka, indicates that:

▪ The albitic alteration zone is associated with high
density and high magnetic susceptibility due to the
presence of magnetite veins.

▪ At two depth intervals spatially related with Cu-
enrichment, a low magnetic susceptibility is inter-
preted to be caused by oxidation of (Ti)-magnetite to
less magnetic phases like (Ti)-haematite.

▪ Cu-enrichment appears to be spatially related to Ba-
enrichment that is here interpreted as a signal of
potassic alteration.

At deposit scale, our study suggests a preliminary
geophysical exploration model for IOCG deposits:

▪ The IOCG deposits may preferentially occur in
relationship with deformation zones and faults.

▪ The IOCG deposits may contain ferromagnetic Fe-
oxides that are strongly magnetic and contribute to
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high magnetic anomalies. However, the ferromag-
netic minerals may be altered and the IOCG deposits
may thus also be associated with weakly magnetised
rocks.

▪ Rocks containing Fe-oxides/Cu-sulphides have high
densities, which generate positive gravity anomalies.

▪ The presence of Cu/Fe enriched minerals in the rock
induces anomalies in electromagnetic and geoelectric
measurements.

▪ Airborne radiometric data in favourable environmen-
tal conditions (modest soil cover or soil cover
reflecting the composition of the bedrock) may
define areas of potassic alteration, which seem to
host Cu-deposits.

Positive K/Th ratios, induced polarisation anomalies,
electromagnetic-field anomalies and gravity anomalies,
not coinciding with high magnetic anomalies, and the
indications of deformation/fault zones may thus be a
signature for Cu-sulphide deposits in northern Sweden.
When these anomalies are associated with high values in
the magnetic field, the presence of Cu-sulphides is
uncertain.
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The Tjårrojåkka Fe–Cu-prospect in northern Sweden is considered an example of a Fe-oxide Cu–Au (IOCG)
deposit and is hosted in metamorphosed Paleoproterozoic volcanic and intrusive rocks. Rock samples from
24 outcrops were collected for petrophysical analysis (magnetic susceptibility, remanent magnetization,
variation of magnetic susceptibility with temperature, Curie temperature and density). The major Cu-
prospect in the area has been studied by magnetic and electron microprobe analyses of four selected rock
samples. The samples are from an exploration well that intersects the main Cu-mineralized body.
The magnetic analyses show that magnetite is the dominant magnetic mineral, while hematite and other Fe-
minerals are present in minor amounts. The electron microprobe observations confirm the presence of
magnetite and further indicate that hematite is an alteration product of magnetite. Moreover, microprobe
observations indicate that Fe-sulfides are present in negligible amounts in the samples from the Tjårrojåkka
area. The strong spatial relationship of Cu-minerals (e.g., chalcopyrite) and the oxidation of magnetite to
hematite suggest that the presence of rocks with low magnetic susceptibility in areas dominated by high
susceptibility rocks may be a signal of related Cu-prospects.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The relevance of Fe-oxide Cu–Au deposits (IOCG) has been
continuously rising among the most important classes of ore deposits,
due to the discovery of a number of major deposits (e.g. Olympic Dam
and Prominent Hill, among the others), and to the possible linkage of
IOCG deposits to porphyry-copper and magnetite–apatite (Kiruna
type) deposits (GAC-MAC-SEG short course, Vancouver, 2003).

The complexity and variety of IOCG deposits have not yet allowed
the creation of an ultimate exploration model. Detailed studies of the
physical properties of rocks hosting IOCG deposits would certainly
contribute to the creation of an effective explorationmodel,whichwould
also necessitate of a better understanding of the genetic relationships
between different end-members of the group, the importance of geo-
logical structures for the formation of these deposits, and the definition
of the favorable tectonic setting for the formation of IOCG deposits.

Probably the first paper that provided an overview on petrophysical
and geophysical properties of IOCG deposits was published in 2002
(Smith, 2002). To date, public geophysical databases on IOCG deposits
are still poorly available and the number of published works on inter-
national scientific journals is still very limited.

IOCG deposits are characterized by a number of properties
summarized here (see Hitzman et al., 1992 and Porter, 2000, for a
more exhaustive explanation):

• IOCG deposits are of Early Proterozoic to Pliocene ages;
• the tectonic environments hosting IOCG deposits are associated
with voluminous igneous activity;

• IOCG deposits occur in areas where marine or lacustrine evaporites
are also present;

• IOCG deposits are often located along faults, generally splays of
major crustal faults;

• thedeposits have “stratabound” to irregular “stockwork”morphologies;
• Fe-oxideminerals are normally abundant,while Fe-sulfides areminor;
• magnetite–apatite dominated deposits are spatially related to
sodic/sodic–calcic alteration;

• deposits with magnetite and hematite can be temporally related to
later Fe-oxide Cu–Au occurrences;

• IOCG deposits are associated with sodic–potassic, potassic and/or
hydrolytic alterations.
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The present study aims at describing and clarifying the relationship
between magnetic Fe-minerals and alterations associated with IOCG
deposits (Shives et al., 2000; Airo, 2002; Smith, 2002) investigating
rock samples from Tjårrojåkka (Norrbotten, Sweden; see also Sandrin
et al., 2007).

The first target of this work is to give a description of density and
magnetic properties of rocks collected from 24 outcrops in the
Tjårrojåkka IOCG mineralized area, in the Paleoproterozoic part of the
Swedish Fennoscandian Shield (Fig. 1). The association of Fe- and Cu-
occurrences makes the area of Tjårrojåkka one of the Fe-oxide Cu–Au
(IOCG; Hitzman et al., 1992; Hitzman, 2000) prospects in the Kiruna
district (Edfelt et al., 2005, 2006; Sandrin and Elming, 2006, 2007). The
results obtained are compared to a similar study performed on rock
samples from an exploratory well at the Tjårrojåkka copper deposit in
the same area (previously described also by Sandrin and Elming, 2007).
Four additional rock samples from the same well (TJ-71305 — see
Sandrin and Elming, 2007) were selected for detailed electron
microscope and petrophysical observations.

The petrophysical data from the Tjårrojåkka area are also compared
to existing geochemical analyses (Edfelt, 2007) for a number of outcrops
to investigate any relationship between magnetic properties, density,
content of ore minerals and rock alteration.

2. Rock types of the Norrbotten region

The bedrock in the northern part of Sweden can be divided into
four major groups according to age: Archaean, Karelian, Svecofennian,
and Caledonian rocks (Fig. 1B).

The Archaean basement has limited exposure and can be found in
proximity to the city of Kiruna and at the Finnish border (Matisto,
1969; Martinsson, 1999). Gneissose granitoid rocks are the most
common Archaean rocks in Norrbotten (Bergman et al., 2001).

The Karelian rocks (2.4–1.96 Ga) can be subdivided into the Kovo
Group and the Greenstone Group. The Kovo Group is defined by
Martinsson (1997) as a basal clastic metasedimentary unit unconform-
ably overlying the Archaean basement in the Kiruna area. Martinsson
(1997) also correlates the Kovo Group with the Sariolian rocks further
east, which have an approximate age of 2.39–2.33 Ga. The Greenstone
Group consists of metabasalts, metaargillites, calcsilicate and marble,
and ultramafic rocks (Martinsson, 1997).

The Svecofennian rocks overlie the Karelian units and consist of
older sedimentary rocks, the Porphyrite and Kiirunavaara Group
volcanic rocks, and younger sedimentary rocks. The Svecofennian
time (1.96–1.85 Ga) was also characterized by extensive plutonism.
The Porphyrite Group consists of metamorphosed low-titanium
andesites, basalts, and minor intercalations of tuff and tuffites. It has
been suggested byMartinsson and Perdahl (1995) that the Porphyrite
Group is a calc-alkaline volcanic series formed in a compressional
environment. The Kiirunavaara Group, overlying the Porphyrite
Group, is composed of metamorphosed high-titanium basalts,
trachyandesites, and rhyodacites-rhyolites. The basalts can be found
in the south-western part of northern Norrbotten, and in the area
south-west of Kiruna where they have a thickness of at least 4 km
(Bergman et al., 2001). Martinsson and Perdahl (1995) suggest an
extensional environment for the formation of the alkaline rocks of the
Kiirunavaara Group. Skiöld and Cliff (1984) and Welin (1987) have
documented ages for the felsic metavolcanic rock of 1.882 Ga and
1.909 Ga, with errors for these age determinations that are in the
range of ±20My. The first episode of plutonism in the area originated
the Haparanda and Perthite-monzonite Suites (around 1.89–1.87 Ga),
while the second one (1.8 and 1.7 Ga) generated the Trans-
Scandinavian igneous belt (TIB) and the Lina Suite granitoids. The
Haparanda Suite rocks are mainly found in proximity of the border to
Finland, and their compositions vary between gabbro, diorite,
monzonite, granodiorite, and granite. Age determinations made on

Fig. 1. (A) Location of the study area. The locality of Tjårrojåkka is situated in northern Sweden about 60 km west of the city of Kiruna. (B) Map of lithologies, tectonic elements, and
mineral occurrences. The area in the square is shown in Fig. 2.
Modified from Bergman et al. (2001).
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the Haparanda Suite rocks indicate an age of 1.89–1.85 Ga (Lindroos
and Henkel, 1978; Skiöld, 1979; Skiöld, 1981a,b; Martinsson et al.,
1999). The Perthite-monzonite Suite of intrusions is distributed in a
north–south trending belt in the western part of northern Norbotten.
Chemical investigations of the Perthite-monzonite Suite and the
Kiirunavaara Group volcanic rocks indicate them being comagmatic
and emplaced under subvolcanic conditions (Witschard, 1975, 1984).
The rocks of the granite–pegmatite association, here referred to as the
Lina Suite, are restricted in composition to monzogranite (Bergman
et al., 2001). Plutons of the granite–syenitoid–gabbroid association
(TIB) can be found in the northeastern part of Norrbotten. The
granite–syenite–gabbroid association has a composition that varies
from gabbroic to granitic, with monzonite and monzodiorite as
intermediate members (Bergman et al., 2001). Their approximate age
is ~1.799–1.792 Ga (SGU unpublished data and Romer et al., 1994).

Neoproterozoic to Cambrian rocks unconformably overlie weath-
ered Archaean and Early Proterozoic rocks in the western Norrbotten.
During the Caledonian orogeny these rocks were overthrusted by
nappes from the west (Bergman et al., 2001). The cover rocks are
mainly sand- and siltstones, quartzites and shales (Thelander, 1982).

3. Geological setting and sampling sites

The geology in the Tjårrojåkka area is dominated by metamor-
phosed mafic to intermediate extrusive and intrusive rocks of
Paleoproterozoic age (Fig. 2). The intermediate rocks are of andesitic
to basaltic–andesitic composition and have been classified as
belonging to the Haparanda Suite of volcanic rocks (Edfelt et al.,
2006). The overlying basaltic unit and associated dolerites cannot be
correlated with any known basaltic unit in Norrbotten. The intrusive
rocks in the area vary from quartz-monzodiorite to gabbro in

composition. The intermediate rocks were formed during subduc-
tion-related magmatism in a volcanic arc environment, while the
basic rocks represent a more local extensional event in a back-arc
setting (Edfelt et al., 2006). The rocks have been strongly affected by
albite, scapolite, and K-feldspar alteration, which is more intense in
the vicinity of deformation zones and mineral occurrences.

The area is located within a splay off of a regional NW–SE trending
deformation zone and has undergone intense faulting (Edfelt et al.,
2006; Sandrin and Elming, 2006). At least three tectonic events are
identified from Anisotropy of Magnetic Susceptibility (AMS) analyses
by Sandrin and Elming (2006; Fig. 3A).

Several structurally controlled iron and copper occurrences have
been found in the area (Edfelt et al., 2006; Sandrin and Elming, 2006)
of which the largest are the Tjårrojåkka magnetite–apatite and the

Fig. 2. Geological map of the area of Tjårrojåkka. The position of the wells is shown in
the inset.
Modified from Bergman et al., 2001, Sandrin and Elming, 2006, and Edfelt et al., 2006.

Fig. 3. (A) Magnetic anomaly image of the area. The Bouguer anomaly is represented as
isolines (contour interval of 2mGal; regional field of about−40mGal). (B) Topographic
map of the area (elevation in meters). SGU petrophysical sampling sites are shown as
dots, new sampling sites presented in this work are marked as reversed triangles, and
mineral prospects as in Fig. 2. Ground gravity measurements have an average spacing of
~750 m. Airborne magnetic data were acquired with flight clearance of 30 m, line
separation of 200 m (north–south direction) and distance between measuring points of
~40 m.
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Tjårrojåkka copper–gold occurrences located 750 m apart. The
Tjårrojåkka iron deposit was discovered through airborne magnetic
measurements in 1963 by the Geological Survey of Sweden. A drilling
program was initiated in 1967 during which some copper-bearing
boulders and outcrops were found, and the Tjårrojåkka Cu-prospect
was discovered. The Tjårrojåkka iron deposit is hosted by strongly
sheared intermediate metavolcanic rocks and less deformed dolerites.
It consists of a massive magnetite core surrounded by a fractured host
rock with apatite–magnetite veins filling the fractures (breccia)
known to a depth of 400 m. The calculated tonnage for the apatite-
iron deposit is 52.6 Mt @ 51.5% Fe (Quezada and Ros, 1975) with
locally up to 3% Cu in some sections. The Tjårrojåkka Cu-occurrence,
which is characterized by copper sulfides with minor quantities of
magnetite, is hosted by the same rocks, localized in a 30 m wide and
700 m long zone, striking NE and dipping approximately 85° towards
north. The deposit is estimated to contain 3.23 Mt @ 0.87% Cu (cut-off
0.4%) (Ros, 1979).

Based on geological observations and preliminary tectonic studies,
24 outcrops were selected for sampling (Fig. 3B and Table 1). All the
different rock types present in the Tjårrojåkka area were sampled.
Petrophysical properties were also measured for selected specimens

from the exploration well TJ-71305 (Sandrin and Elming, 2007) for
comparisonwith results from outcrops. The well cuts the main copper
occurrence at Tjårrojåkka.

4. Methodology and sampling

The outcrop samples were drilled using a portable drill machine.
Each sample has a cylindrical shape with a diameter of ~2.4 cm and a
length between 5 and 10 cm. In the laboratory the sampleswere cut to
obtain 2 to 6 specimens each.

4.1. Density measurements

The density was measured using a standard method. The speci-
mens were immersed in water for several days to induce saturation of
the pore spaces. Then they were weighted in water and in air. The
Saturated Density is calculated according to the following:

SWa
SWa − SWw

= SD ð1Þ

Where SWa is the saturated weight in air, SWw is the saturated
weight in water and SD the density of the saturated specimen.

4.2. Magnetic measurements

All the tools used were non-magnetic, to avoid magnetic
contamination of the samples. The remanent magnetization is the
magnetization remaining in the absence of an applied external
magnetic field (Dunlop and Özdemir, 1997; Sheriff, 1999). A primary
remanent magnetization is formed at the same time as the rock and is
parallel to the Earth magnetic field present at that time in that
location. Overprinting remanent magnetizations may be vectorially
added to the primary one during later thermal, chemical, tectonic
events (Butler, 1992).

The Königsberger ratio Q is expressed by:

Q =
NRM

MS · HPresent
ð2Þ

That is the ratio between the NRM and the product of the magnetic
susceptibility and the present Earth magnetic field strength (for
comparison of rocks from different regions, a standard value of
31.8 A/m is used). Values of Q lower than the unity indicate that
induced magnetization dominates the NRM. The remanent magnetiza-
tion (NRM) is related in part to the size of the grains carrying the
magnetization. In presence of magnetite the value of the Königsberger
ratio (Q-value) for a rock specimen is related to theproportionsofmulti-
domain versus single-domain grains of magnetite. If magnetite is the
main carrier of NRM, Q values below unity indicate that multi-domain
magnetite occurs (Dunlop and Özdemir, 1997).

ACryogenicDC-SQUIDmagnetometer (2GEnterprises,USA)wasused
to measure the NRM. Magnetic susceptibility K (magnetic susceptibility
per unit volume) was measured using an AGICO K-Bridge, while for the
variation of bulk K with temperature (T) a CS3-apparatus of the same
manufacturer was used. For thermomagnetic measurements the speci-
mens were crushed to obtain millimeter scale grains, which were then
heated in air from room temperature to 700 °C, and subsequently cooled
back to ambient temperature. The curvesobtainedare visualized as bulkK
vs. T (°C). The petrophysical measurements were performed at the
Laboratory of Petrophysics, Luleå University of Technology.

4.3. Electron microscope observations

Theelectronmicroprobeanalyseswere carriedoutona JEOL JXA-8200
Superprobe at the Department of Geography and Geology, University

Table 1
Petrologic description of the outcrops sampled in the Tjårrojåkka area.

Outcrop Sample Rock description

25 62_2002 Altered andesite. The alteration is mostly potassic (K-feldspar)
with some traces of scapolitic alteration (in veins). Cu-minerals
have been noted.

102 37_2002 Deformed and K-feldspar altered andesite. Foliation well
developed.

217 05_2002 K-feldspar altered andesite. The site is located within a
deformation zone (E–W striking).

221 48_2002 Andesitic rock that suffered scapolitic alteration. Deformed
cracks and veins.

229 52_2002 Metamorphosed andesitic rock. K-feldspar alteration with
scapolitic veins.

A01 02_2001 In proximity of the major Cu-prospect in Tjårrojåkka.
Foliation visible at specimen scale. K-feldspar alteration. Low
grade Cu-mineralization.

B01 06_2001 In proximity (~2 m) of the A01. Strongly K-feldspar altered
andesite. Clear foliation seen on specimens.

C01 14_2001 K-feldspar altered andesite. Visible foliation and Cu-minerals
are present (chalcopyrite).

E01 E_2001 Scapolitic altered andesite. Epidotization of crystals of
plagioclase also noted.

H01 42_2001 Andesite with scapolitic alteration. Plagioclase phenocrystals
still visible.

61a 65_2002 Metamorphosed mafic/intermediate volcanic. K-feldspar
alteration. Epidote and scapolitic alteration also noted.68_2002

61b 72_2002 This sitediffers fromsite61a for itsdominant scapolitic alteration.
62 79_2002 Basaltic rock that suffered K-feldspar and scapolitic alteration.
67 89_2002 Basaltic rock with scapolitic alteration. Intense fracturing of

the outcrop.
224 25_2002 Basalt with alteration minerals as scapolite, K-feldspars and

epidote.
226 30_2002 Basalt with alteration minerals as scapolite, K-feldspars and

epidote.
D01 21_2001 Dyke of mafic/intermediate character (from hand-samples

observations it can be defined mafic; geochemical analyses
indicate a more andesitic character).

F01 28_2001 Scapolitic altered mafic dyke.
G01 37_2001 Original blackish rock affected by intense scapolitization

(‘Snowflakes’ of scapolite).
I01 – Scapolitic alteration and K-feldspar alteration. Intense

fracturing. Mafic to intermediate dyke.
14 95_2002 Cu-mineralization noted in outcrop. Dioritic rock with strong

alteration.101_2002
166 19_2002 K-feldspar altered gabbro.
222 09_2002 Gabbroic rock with scapolitic and K-feldspar alterations.

Highly deformed.
13 107_2002 Qz-monzodiorite.
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of Copenhagen, using a standard silicate set up (Si, Al, Ti, Mg, Mn, Fe,
Ca, Na, K, Cr, Ni). Count times were 10 s on peak and 10 s on
backgrounds, using a probe diameter of 3 μm and an accelerating
voltage of 15 kV. Data were corrected for matrix effects using the ρσz
method. The instrument was calibrated using a set of in-house and
silicate and metal standards. All Fe-oxide analyses containing more
than 0.1 wt.% SiO2 are excluded as these are likely to represent
analyses of small crystals where excitation of other silicate minerals
surrounding or beneath the Fe-oxide have contributed to the anal-
ysis. The microprobe cannot distinguish between Fe2+ and Fe3+,
therefore the distinction between hematite and magnetite is based
on differences in totals, where magnetite should sum up to ca. 93 wt.%,
whereas hematite should sum up to ca. 90 wt.%, and differences in
color in back-scattered images.

5. Density, magnetic susceptibility and remanent magnetization

Magnetic susceptibility versus density diagrams have been used to
characterize petrophysically rock types at regional to local scale (Henkel,
1991). This approach is used in the present work to investigate if it is
possible to discriminate the favorable host rocks for IOCGdeposits. TheK
and density values are plotted in Fig. 4. Rock samples from a large area,
extending from 7,500,000°N to 7,550,000°N and 1,630,000°E to
1,670,000°E (national Swedish grid RT90) represented in gray, are
compared with values obtained for rock samples from the exploratory
well TJ-71305 (Fig. 4A) and with values for rock samples from the
mineralized area at Tjårrojåkka (Fig. 4B). The distribution of the points

for the Tjårrojåkka samples and for the well samples does not appear to
differmuch fromthe trendsof samples fromthe larger area.Nonetheless,
it canbenoted that thehigher values ofK obtained at semi-regional scale
are from samples from the Tjårrojåkka area (Fig. 4C). For these samples
the density varies from 2700 kg/m3 to more than 3200 kg/m3. On the
contrary, the K values obtained for the well samples are variable, from
high values of K to intermediate or even low values. These values,
discussed by Sandrin and Elming (2007), may reflect a local enrichment
in ferromagneticminerals, with amoderate or intense alteration of these
minerals to less magnetic Fe-oxides (e.g. hematite).

The analysis of K versus density plots at semi-regional scale (Fig. 5)
for different rock types indicates that amphibolitic rocks and basic
volcanic and intrusive rocks have high density values, with variable K
values. Intermediate volcanic rocks show intermediate density values
with K values clustered at values larger than 0.01 SI units. Syenitic
rocks and acid intrusive/volcanic rocks are characterized by low
densities and variable K values. However, the K values for the different
rock types plotted as histograms (Fig. 6) suggest that the more basic
rocks are the most magnetic at semi-regional scale. This reflects the
higher content of magnetic minerals normally recorded for basic
intrusive or extrusive rocks.

The rock samples from the well show the lowest values of natural
remanent magnetization (NRM, Fig. 7; Sandrin and Elming, 2007).
Most of the samples from the Tjårrojåkka area are characterized by a
Königsberger ratio Q less than one. This may be interpreted as an
indication of multi-domain magnetite as the dominant magnetic
mineral (Dunlop and Özdemir, 1997).

Fig. 4.Magnetic susceptibility (K) vs. density diagrams: (A) Values for the specimens fromwell TJ-71305 and (B) from the Tjårrojåkka area (SGU database, grey circles) are compared
to petrophysical data from a larger area (see Fig. 1 for geographic limits— SGU data plotted as grey circles). (C) Histogram for K values at regional scale (grey bars) and for the area of
Tjårrojåkka (black bars, superimposed on the full dataset).
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In this study, the samples from the 24 outcrops in the Tjårrojåkka
area were analyzed from a petrophysical point of view. The magnetic
fabric of the samples and the tectonic significance of these observations
have been studied previously by Sandrin and Elming (2006). In this
work, the geometricmean of theK is calculated for eachoutcrop and the
results are used to obtain an approximation of the equivalent
concentration of magnetite (Fig. 8; Tarling and Hrouda, 1993).
Extremely high values ofK, and consequently ofmagnetite, are obtained
for two outcrops (n. 62 and n. 67), for which the magnetite
concentrationmay be estimated being between 20% and 50% in weight.
Most of the outcrops are characterized by a concentration of magnetite
between 0.4% and 4% inweight. Only three outcrops show low values of
K and thus low concentrations of magnetite: one of these outcrops is a

basaltic rock (n. 224), while the other two (n. 61b and B01) are located
in proximity of a minor Cu-occurrence and the main Cu-deposit.

6. Magnetic mineralogy

Themagneticmineralogywas investigated by thermal treatment of
pulverized specimens. The variation of K with temperature may help
defining themagnetic minerals present in a specimen, whichmay give
important information for interpretation of geophysical data.

The technique is mainly based on the definition of the Curie
temperatures (Table A1 (from Hunt et al., 1995)), and the trend and
shape of the K vs T curve can be furthermore used as indication of
phase transformation and presence of other magnetic minerals.

Fig. 5.Magnetic susceptibility (K) vs. density diagrams for various rock types at semi-regional scale. (A) Acid intrusive rocks; (B) Amphibolite metamorphic rocks; (C) Acid volcanic
rocks; (D) Basic volcanic rocks; (E) Diabases and gabbroic intrusions; (F) Metamorphic rocks (undefined grade; gneiss to greenschist); (G) Intermediate volcanic rocks; H) Syenitic
rocks. Data from SGU datasets.
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6.1. Interpretation of thermomagnetic data

Eight thermomagnetic curves are shown in Fig. 9 and are selected to
exemplify the main features used to define the magnetic minerals. For
specimen 06_2001 (Fig. 9A) the bulk K before and after the treatment is
lower than20×10−6 SI. In the beginningof themeasurement thebulkK
value is ~10×10−6 SI and it sharply decreases at ~570 °C (Curie
temperature of magnetite). During the cooling phase the bulk K
increases to be higher than the initial value, probably due to alteration
paramagnetic minerals.

For specimen 05_2002 (Fig. 9B) the characteristic feature is the
sharp decrease at ca. 580 °C, the ‘hump’ during the heating between
200 °C and 300 °C, and the absence of this ‘hump’ during the cooling
stage and the decrease of bulk K after the treatment. Hrouda et al.
(2003) define this case “relatively infrequent” and state that “the
interpretation of this case in general terms is very difficult”.

The drop of K at the temperature of ~250 °C is possibly due to
inversion of maghemite to less magnetic hematite (Orlicky, 1990;
Kontny and deWaal, 2000;Matasova et al., 2001; Kasama et al., 2004).
Therefore it can be proposed that the specimen 05_2002 contained

Fig. 6. Histograms for the K values for various rock types at semi-regional scale. (A) Acid intrusive rocks; (B) Amphibolite metamorphic rocks; (C) Acid volcanic rocks; (D) Basic
volcanic rocks; (E) Diabases and gabbroic intrusions; (F) Metamorphic rocks (undefined grade; gneiss to greenschist); (G) Intermediate volcanic rocks; (H) Syenitic rocks.
Data from SGU datasets.
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dominant magnetite withminor maghemite. It is also possible that Ti-
magnetite causes the ‘hump’ during the heating, whereas pyrrhotite is
less likely to be present, as it was not found on thin sections in the area
(Edfelt, 2007).

Specimen 72_2002 and 25_2002 have similar K vs. T curves (Fig. 9C
and F), the shape of which indicates absence of magnetite. The
approximately hyperbolic shape of the curves suggests that the
thermomagnetic behavior is dominated by paramagnetic minerals.

This interpretation is also supported by the low bulk K measured.
Possibly some hematite is present, since the rock still carries a K at
temperatures above 600 °C.

An almost completely reversible thermomagnetic curve is
obtained for specimen 95_2002 (Fig. 9D). A small ‘hump’ between
200 °C and 300 °C is probably caused by maghemite that inverts to
hematite over 300 °C, leading to the final decrease in susceptibility
after cooling. In general magnetite dominates in this specimen.

Fig. 7. Natural remanent magnetization (NRM, in SI units — A/m) vs. magnetic susceptibility diagram (K in SI units). Same symbols as in Fig. 4. The line corresponding to a
Königsberger ratio Q=1 is also shown.

Fig. 8. The concentration in weight (as percentage) of magnetite is estimated from the mean values of magnetic susceptibility for selected outcrops.
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Specimen 107_2002 (Curie temperature of ~580 °C; Fig. 9E) shows
a reversible thermomagnetic curve and appears to be magnetite-
dominated.

An almost reversible curve is obtained for the basaltic rock of
specimen 30_2002 (Fig. 9G). During the heating a first Curie
temperature is seen at ~250 °C (possibly due to Ti-rich magnetite). A
second drop in bulk K is noted at ~580 °C, which is caused by the
presence of magnetite. During cooling, magnetite is formed together
with Ti-magnetite.

The K vs. T curve for specimen 21_2001 is shown in Fig. 9H, in spite
of the error in the measurement during the cooling (shift of
temperature during cooling). This specimen was chosen due to the
chemical analyses that were performed on it. The heating curve is

characterized by the ‘hump’ due to maghemite. Afterwards a drop at
570 °C marks the Curie temperature of magnetite.

6.2. Thermomagnetic analyses on different rock types

The magnetic minerals present in the different rock types in the
Tjårrojåkka area were defined on basis of the previous observations. A
detailed thermomagnetic description is given here for all the rock
types sampled in Tjårrojåkka.

The andesitic rock samples are characterized by a Curie temper-
ature of ~570–590 °C. This clearly defines magnetite as the dominant
magnetic mineral. However, specimen 72_2002 has a heating/cooling
curve typical of paramagnetic minerals. Also in specimen 06_2001,

Fig. 9. Thermomagnetic curves (K vs. temperature; K in 10−6 SI units and T in °C) for eight specimens. See text for explanation. Arrows define heating and cooling stages.
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together with magnetite with a clear Curie temperature at 580–
590 °C, there appears to be some paramagnetic phases (‘crenulated’
curve). Specimens 65_2002 and, partially, 68_2002 show reversible
curves, while for the other specimens unstable phases (maghemite
and Ti–Fe-oxide?) are destroyed during the treatment, resulting in a
significant decrease of bulk K after the heating–cooling cycle. For
specimen 02_2001 the Curie temperature indicates magnetite.

The quartz-monzodiorite of specimen 107_2002 has a reversible
curve with a Curie temperature at 570–580 °C, typical of magnetite.
The dioritic (09_2002 and 19_2002) and gabbroic (95_2002 and
101_2002) specimens are dominated by magnetite and a second
uncertain phase (maghemite?) may also be present and destroyed
during the heating.

The thermomagnetic curves obtained for basaltic rocks have variable
shapes. For specimen 25_2002 no magnetite is detected and the curve
reflects the presence of paramagnetic minerals. In contrast, specimen
30_2002 is characterized by magnetite (Curie temperature at ~570–
580 °C), but other magnetic phases are present (Ti–Fe-oxide?). For this
specimen the K values before and after the thermal treatment coincide.
Specimens 79_2002 and 89_2002 present similar curves, dominated by
magnetite and by other magnetic minerals (maghemite and Ti–Fe-
oxide?) which are destroyed during the treatment.

The results obtained from selected diabases indicate that magnetite
is the principal magnetic mineral, with a second magnetic phase
(maghemite) that is destroyed during the cycle, resulting in a decrease
in the total K.

7. Thermomagnetic and BSE analyses for rock samples from
well TJ-71305

Backscattered electron microscope observations were carried out
on four specimens from well TJ-71305 (Figs. 10 and 11, Table 2).

Two textural regions are identified in specimen T93, collected at
93 m along the core (Fig. 11): (1) a fine grained, granoblastic region
dominated by fine grained feldspar and hornblende (<0.05 mm) with
accessory apatite and small, fine grained anhedral opaques and
occasional large (ca. 1mm) relict altered and albite twinned plagioclase
(albite); (2) a coarser grained (ca. 1mm),moremafic region dominated
by subhedral to anhedral, light brown to green pleochroic amphibole
(magnesiohornblende to actinolite), albite (An0.6–1.4), epidote/clino-
zoisite, chlorite and fine grained sphene (<0.1 mm) and occasional
large apatites (up to 0.5 mm). Opaque phases occur within the coarser
grained portion as relatively large (up to 2 mm) anhedral to subhedral
crystals of Fe-oxide exhibiting complex banded (botryoidal) textures
(representing complete replacement of magnetite/hematite; Fig. 12A).
Microprobe analyses of the Fe-oxides indicate that these grains have
somewhat lower Fe contents and considerably higher concentrations of
TiO2 (0.1 wt.%–1.6 wt.%) than in other samples in this study (typically
less than 0.05wt.%). Many of the analyses also contain significant Si (up
to 3%), and this, together with textures suggest the Fe-oxide may be
goethite or lepidocrocite (e.g. Deer et al., 1966).

Specimen T264 comprises a fine grained (<0.05 mm) granoblastic
matrix dominated by alkali feldspar (Or90–97) with lower amounts of
albite (An1–4) and accessory apatite and zircon. The mafic phases are
dominated by larger (0.5–1 mm) light brown to green pleochroic,
subhedral amphibole (magnesiohornblende to actinolite) with lower
amounts of chlorite, epidote/clinozoisite and sphene, the latter
generally associated with opaque phases. Minor scapolite is also
present. Opaque phases are dominated by euhedral to subhedral
grains of magnetite being progressively oxidized on the rims and
along cleavages by hematite (martite; Fig. 12B). Electron microprobe
analyses indicate that the magnetite and hematite contain insignif-
icant amounts of TiO2 (<0.05 wt.%), and up to 0.15 wt.% Cr2O3.

The specimen also contains low amounts of Cu-minerals, typically
associated with fractures and epidote. The Cu-minerals occur as

relatively large (ca. 1 mm) rare crystals of an unidentified Cu sulfide
associated with Cu–Fe-sulfides (bornite).

Specimen T308 is a relatively mafic-rich, foliated rock dominated
by chlorite (breaking down to sphene) and light brown to green
pleochroic amphibole (magnesiohornblende). The amphibole varies
from fine grained, granoblastic regions to larger (<1mm) anhedral to
subhedral crystals, with fine grained interstitial feldspar. Epidote
occurs sporadically as subhedral crystals up to 0.5 mm long. The
amphibole in this specimen has a composition distinctly different
from the others, with generally lower SiO2, and somewhat higher K2O,
Na2O and CaO contents. The specimen is cut by several, foliation
parallel, feldspar veins, consisting of either relatively pure albite
(An0.1–0.5) or alkali feldspar (Or91–97) with minor calcite. The
relatively few opaque phases occur as small (<0.1 mm) anhedral
grains, all identified as magnetite, although small regions of hematite
may also be present (Fig. 12C). Electron microprobe analyses indicate
that the magnetite and hematite contain insignificant amounts of Ti
O2 (<0.05 wt.%), and up to 0.25 wt.% Cr2O3.

Specimen T315 is dominated by altered granoblastic alkali feldspar
(typically <0.1 mm) with subordinate albite. Larger (relic) albite
crystals (up to 2mm) also occur throughout the specimen. Amphibole
(magnesiohornblende to actinolite) is evenly distributed throughout
the specimen as anhedral to subhedral light brown to green
pleochroic crystals up to 0.5 mm long. Also present are sparse,
subhedral crystals of epidote (up to 0.1 mm), relatively abundant and
large euhedral apatite (up to 0.2 mm) and regions of secondary
calcite. Fe-oxides are relatively abundant and distributed evenly
throughout the sample as subhedral to euhedral crystals up to 0.2 mm
in diameter. Crystals occur as grains of magnetite being progressively
oxidized on the rims to hematite (Fig. 12D). Replacement along
cleavages (as observed in specimen T264) is not observed here. A few

Fig. 10. Cross section through the Tjårrojåkka Cu-prospect (modified after Sandrin and
Elming, 2007). The locations of the rock specimens for which magnetic susceptibility
was measured are shown as black dots. The labels for the specimens indicate the
distance along the core in meters.
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small (<0.2 mm) anhedral crystals of chalcopyrite also occur in the
specimen.

The K obtained for rock specimens from the well (Fig. 11) are in
the order of 10−2–10−1 (SI units). In two depth intervals (70–110 m
and 270–310 m), the K is lower than 10−3 (SI units). Chemical data
for rock specimens from the interval m 270–310 show high contents
of Fe (expressed as Fe2O3) associated with low K.

The specimen T93 has low magnetic susceptibility. The thermo-
magnetic curve shows a drop in K at ~570 °C, indicating the presence
of small amounts of magnetite. During the cooling stage, magnetite is
formed (raise of K at ~570 °C and below), and the total Kmeasured at
room temperature at the end of treatment is about eight times the
original K.

Specimen T264 is characterized by an almost completely revers-
ible thermomagnetic curve. The sudden drop of K at ~580 °C marks
the Curie temperature of magnetite. At the same temperature during
the cooling phase a small increase in K is observed.

The low K measured in specimen T308 has its origin in small
amounts of magnetite, as indicated by the decrease of K at ~570 °C.
During cooling, magnetic minerals are formed, which leads to an
increase of K of about three times the original K.

Specimen T315 has a high K. During heating, a first drop in K is
observed at ~570–580 °C, indicating the presence of magnetite.

However, a tail in the curve above 600 °C suggests that some hematite
is also present. The cooling curve follows the heating curve to the
Curie temperature of magnetite, although there is an overall loss of
approximately 20% in K during the heating and cooling cycle. Below
this temperature the K remains constant to room temperature. The
total decrease of K after treatment is probably due to oxidation of
magnetite to less magnetic phases.

The results of the present study seem to confirm previous observa-
tions (Edfelt, 2007) that indicate that, for the Tjårrojåkka Cu-prospect,
early massive magnetite deposition was followed by chalcopyrite (main
Cu-mineral) deposition with minor hematite, with associated potassic
alteration. The first stage of massive magnetite deposition occurred
at approximate temperatures of 500–650 °C, while the second stage
(Cu-deposition and hematite formation) was characterized by tem-
peratures in the rangeof 400–450 °C. Later alterationmoments occurred
at lower temperatures (~200 °C), whichwould imply further possibility
of alteration of the first stage magnetite to less magnetic (or, better,
higher oxidized minerals) maghemite and hematite.

8. Physical and chemical analyses

Geochemical analyses were performed on rocks from 13 outcrops
(Edfelt, 2003) and have been compared with petrophysical data

Fig. 11. Diagrams of the Fe2O3 content and magnetic susceptibility for rock samples from well TJ-71305. Four specimens were selected for thermomagnetic analyses (curves on the
right): magnetic susceptibility is the bulk susceptibility in SI units, temperatures is in °C. The arrows indicate the heating and the cooling stages. See text for detailed explanation.
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Table 2

a) Representative and average hematite analyses.

Sample T264 T315 T93

1-16 10-1 1-10 10-5 Av.(n=8) 5-3 11-4 1-8 11-1 Av.(n=18) 11-6 1-2 6-11 1-3 Av.(n=47)

SiO2 0.003 0.031 0.034 0.037 0.037 0.000 0.000 0.013 0.067 0.033 0.045 0.842 1.193 1.413 1.226
TiO2 0.014 0.002 0.006 0.000 0.016 0.016 0.000 0.009 0.000 0.024 1.190 0.212 0.181 0.142 0.650
Cr2O3 0.099 0.116 0.103 0.140 0.107 0.143 0.150 0.069 0.136 0.121 0.025 0.007 0.003 0.000 0.016
Al2O3 0.042 0.075 0.041 0.076 0.038 0.041 0.012 0.033 0.006 0.033 0.068 0.268 0.083 0.135 0.249
FeO 90.260 90.470 90.630 90.360 90.459 89.840 89.350 89.300 89.460 89.389 89.390 87.540 88.660 86.530 87.289
MnO 0.112 0.025 0.006 0.046 0.055 0.049 0.028 0.167 0.034 0.047 0.090 0.165 0.159 0.081 0.131
NiO 0.000 0.028 0.005 0.000 0.009 0.000 0.056 0.000 0.022 0.018 0.020 0.000 0.019 0.015 0.015
MgO 0.007 0.029 0.000 0.028 0.010 0.000 0.021 0.026 0.000 0.005 0.027 0.003 0.011 0.034 0.021
CaO 0.000 0.000 0.000 0.000 0.026 0.000 0.000 0.013 0.000 0.005 0.000 0.037 0.071 0.145 0.117
Na2O 0.023 0.014 0.055 0.000 0.021 0.010 0.010 0.000 0.027 0.013 0.048 0.114 0.029 0.150 0.047
K2O 0.013 0.000 0.000 0.000 0.003 0.003 0.000 0.003 0.019 0.011 0.000 0.008 0.022 0.000 0.008
Sum 90.573 90.790 90.880 90.687 90.780 90.102 89.627 89.633 89.771 89.698 90.903 89.196 90.431 88.645 89.769

Fe3+/Fe2+ recalculated
Fe2O3 100.304 100.538 100.715 100.415 100.525 99.837 99.293 99.237 99.415 99.337 98.512 96.810 97.306 95.293 95.366
FeO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.743 0.425 1.098 0.779 1.472

Cations (3 oxygens)
Si 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.002 0.001 0.001 0.022 0.031 0.038 0.033
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.024 0.004 0.004 0.003 0.013
Cr 0.002 0.002 0.002 0.003 0.002 0.003 0.003 0.001 0.003 0.003 0.001 0.000 0.000 0.000 0.000
Al 0.001 0.002 0.001 0.002 0.001 0.001 0.000 0.001 0.000 0.001 0.002 0.008 0.003 0.004 0.008
Fe3+ 1.992 1.991 1.993 1.992 1.992 1.994 1.993 1.992 1.992 1.992 1.950 1.944 1.930 1.922 1.904
Fe2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.009 0.024 0.017 0.033
Mn 0.003 0.001 0.000 0.001 0.001 0.001 0.001 0.004 0.001 0.001 0.002 0.004 0.004 0.002 0.003
Ni 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.001
Ca 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.004 0.003
Na 0.001 0.001 0.003 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.002 0.006 0.001 0.008 0.002
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000
Total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

b) Representative and average magnetite analyses.

Sample T264 T308 T315

1-1 10-8 1-2 10-6 Av.
(n=9)

3-5 8-3 7-20 7-21 Av.
(n=28)

7-10 1-4 7-14 6-5 Av.
(n=26)

SiO2 0.007 0.017 0.024 0.025 0.030 0.045 0.061 0.062 0.083 0.035 0.000 0.045 0.045 0.083 0.031
TiO2 0.000 0.000 0.000 0.000 0.009 0.022 0.021 0.000 0.000 0.011 0.015 0.003 0.000 0.015 0.005
Cr2O3 0.063 0.113 0.118 0.144 0.095 0.099 0.124 0.244 0.202 0.115 0.050 0.074 0.004 0.024 0.089
Al2O3 0.000 0.006 0.000 0.009 0.017 0.001 0.010 0.039 0.029 0.018 0.011 0.048 0.046 0.068 0.032
FeO 94.510 93.790 94.300 94.360 93.817 92.730 94.240 93.130 92.910 93.481 92.440 92.500 92.120 92.870 92.484
MnO 0.056 0.034 0.078 0.062 0.064 0.050 0.058 0.000 0.000 0.038 0.034 0.000 0.000 0.074 0.050
NiO 0.059 0.001 0.024 0.013 0.015 0.044 0.018 0.000 0.018 0.028 0.011 0.028 0.061 0.003 0.024
MgO 0.026 0.002 0.012 0.000 0.013 0.000 0.000 0.002 0.000 0.006 0.000 0.005 0.000 0.014 0.008
CaO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.000 0.012
Na2O 0.000 0.000 0.055 0.000 0.046 0.014 0.003 0.012 0.000 0.008 0.000 0.011 0.070 0.026 0.014
K2O 0.012 0.006 0.000 0.027 0.008 0.000 0.000 0.086 0.063 0.020 0.009 0.000 0.023 0.000 0.005
Total 94.732 93.969 94.611 94.640 94.115 93.006 94.535 93.575 93.306 93.760 92.570 92.714 92.383 93.178 92.754

Fe3+/Fe2+ recalculated
Fe2O3 70.136 69.458 70.106 69.940 69.694 68.684 69.703 69.077 68.791 69.274 68.500 68.468 68.565 68.780 68.561
FeO 31.397 31.288 31.214 31.424 31.102 30.924 31.517 30.970 31.008 31.143 30.799 30.888 30.421 30.978 30.789

Cations (4 oxygens)
Si 0.000 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.001 0.000 0.002 0.002 0.003 0.001
Ti 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.002 0.003 0.004 0.004 0.003 0.003 0.004 0.007 0.006 0.003 0.002 0.002 0.000 0.001 0.003
Al 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.002 0.001 0.001 0.001 0.002 0.002 0.003 0.001
Fe3+ 1.998 1.995 1.999 1.995 1.997 1.993 1.990 1.991 1.989 1.994 1.998 1.993 2.001 1.991 1.994
Fe2+ 0.994 0.999 0.989 0.996 0.991 0.997 1.000 0.992 0.996 0.996 0.998 0.999 0.986 0.996 0.995
Mn 0.002 0.001 0.003 0.002 0.002 0.002 0.002 0.000 0.000 0.001 0.001 0.000 0.000 0.002 0.002
Ni 0.002 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.002 0.000 0.001
Mg 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Na 0.000 0.000 0.004 0.000 0.003 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.005 0.002 0.001
K 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.004 0.003 0.001 0.000 0.000 0.001 0.000 0.000
Total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

Fe2+ and Fe3+ are calculated by charge balance after Droop (1987).
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(Table A2). K, NRM and the Königsberger ratio Q are given as the
geometric mean for several specimens from the selected outcrops,
and density is given as the arithmetic mean. The first feature to be
noted is the high TiO2 content shown in samples from outcrops 62,
226, 166 and 14. This suggests a mafic character for these rocks, which
is also supported by their high densities (>2800 kg/m3). High
contents of Cu and Au correlate with concentrations of K generally
higher than 5.5%. For rocks of andesitic composition this is likely due
to potassic alteration, which is therefore interpreted as a valuable
chemical–physical guide for detecting mineralized zones. The low K
content for the sample from outcrop 14, in spite containing this rock
the highest concentration of Cu, is probably caused by its original low
K dioritic composition. An anomaly is shown by the sample from site
61b, which shows high K content with no Cu–Au occurrence.

There seems to be no straightforward correlation between Cu–Au
content and petrophysical data. The magnetic susceptibility appears
not to correlate with Fe concentrations (given as Fe2O3). However, it is
noticed that K is highly variable for samples with similar contents of
Fe. For rock samples from sites 62 and 25, the same approximate
concentration of Fe results in K values that differ of two orders of
magnitude (1.238 SI against 0.0413 SI, respectively). Comparing the
Fe concentrations and the K values, it may be inferred that high
contents of Fe (Fe2O3>12%) combined with relatively low values of K
(K<0.1 SI) identify rock samples enriched in Cu–Au.

The relationship between magnetic susceptibility K and chemical
analysis is shown in Fig. 13. The K vs. Fe2O3 plot (Fig. 13A) shows that
a very general linear trend may be defined. However, given that K
should be strongly dependent on Fe content, the linear relationship

should have been more evident. This is probably caused by Fe being
contained in low K minerals. In Fig. 13B, K is plotted against Cu
content. No direct relationship is found for the various rock types. Cu
content appears to be in linear relationship with K content (Fig. 13C).
Similar results are obtained for the K vs. K relationship (Fig. 13D): also
in this case the K content does not seem to be related to the magnetic
susceptibility.

The plot in Fig. 13E shows the K2O vs. K relationship, with the circle
radii being proportional to Cu content. This diagram clearly shows that
the highest Cu concentrations are obtained for samples with high K2O
content and intermediate K (between 0.01 and 0.2 SI units).

9. Comparison with results for samples from well TJ-71305

The well intersects the Cu-deposit at Tjårrojåkka from a depth of
~250 m to a depth of ~300 m (Fig. 10). From ~150 m to ~250 m the
rocks show apatite–magnetite veins. Potassic alteration is noted
between ~230 m and the end of the well, at a down hole depth of
~350 m.

An issue with the microprobe analyses is that maghemite and
hematite are compositionally the same (Fe2O3), while optically (crystal
lattice) maghemite appears more similar to magnetite. Therefore, the
grains identified here as hematite could also be maghemite.

The thermomagnetic curves for the four specimens (Fig. 11)
appear to define two major groups: magnetite-dominated reversible
curves and hematite dominated curves.

The first group (T264 and T315) are andesitic rocks enriched in
magnetite (feature noted especially in the apatite-Fe veins interval).

Fig. 12. Selected back-scattered electron images showing: (A) the texture of Fe-oxides in specimen T93; (B) a crystal of magnetite (light grey) being replaced by hematite (dark grey)
in specimen T264; (C) textures of Fe-oxides in specimen T308, where Fe-oxides are predominantly magnetite, although minor, small regions of hematite (darker grey) may also be
present (these regions are too small to allow accurate microprobe analyses); (D) magnetite (light grey) and hematite (grey) from specimen T315. In the upper-left corners of each
image, the K vs. T curve of respective specimen is shown.
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Magnetite dominates the magnetic properties of sample T264. The
content of hematite, observed as an alteration product of magnetite at
its rims, is insignificant to produce any major signal in the K vs. T
curve. The decrease of K after the thermal treatment may be due to
oxidation of magnetite to hematite and/or inversion of maghemite to
hematite. Magnetite and hematite (as alteration of magnetite at the
crystal rims) are present also in sample T315. The total decrease in K
after heating–cooling treatment is probably due to oxidation of
magnetite and inversion of maghemite to hematite.

The specimens of second group (T93 and T308) have low
susceptibilities (1–2 orders of magnitude less than the specimens of
the first group) and are characterized by an increase of susceptibility
after the treatment. The high Ti content of the sample T93 indicates

the rock to belong to a mafic dyke. The effect of weathering at shallow
depths (<20 m from the surface) may have induced formation of Fe-
hydroxides, which dehydrate during the laboratory heating and form
more magnetic Fe–Ti oxides (hematite or even magnetite). Also the
alteration of paramagnetic minerals to highly magnetic magnetite
may enhance the susceptibility of the rock sample after the thermal
treatment. Small amounts of magnetite dominate the heating curve of
sample T308, while magnetite is formed during cooling by alteration
of mafic minerals (e.g., mica and amphibole).

The thermomagnetic results for samples from outcrops in the area
show some differences from the curves obtained for well specimens.
Hematite dominated curves are obtained only for specimens from the
Tjårrojåkka-Cu-prospect, both from well specimens and in outcrop

Fig. 13. A) Fe2O3 vs magnetic susceptibility plot for selected samples in the Tjårrojåkka area. B) Cu vs. magnetic susceptibility diagram. C) K2O vs. Cu plot. D) K2O vs. magnetic
susceptibility. E) Magnetic susceptibility vs. K2O diagram. Size of the circles is proportional to Cu content (expressed as ppm). Black diamonds=Diabase-gabbro; white
diamond=syenitic rock; black triangle=basic volcanic; white square=intermediate volcanic.
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(specimen 06_2001). For rocks from all other outcrops the thermo-
magnetic analyses indicate other Fe-oxides as major magnetic
minerals. In a few cases paramagnetic minerals are the dominant
magnetic minerals. The fact that magnetite (and maghemite) are
found in the area in such amounts, supports the idea that they formed
with the Tjårrojåkka-Fe deposit and, possibly, prior to the Cu-
mineralizing event. This event may then have occurred at the same
time as the oxidation of magnetite to hematite, which is found mainly
in proximity of the Tjårrojåkka-Cu-prospect.

The hypothesis of a secondary formation of magnetite (hydro-
thermal?) is suggested by the similar results obtained for different
rock types. It appears that multi-domain magnetite is the most
common Fe-oxide for all the rock types in the area. Nonetheless, it
cannot be ruled out that magnetite is of primary origin for volcanic
and intrusive rocks.

10. Alteration index and actual alterations

The alteration index A40 (A40=100(KA40−KB40) /KB40; with
KA40=K during cooling at 40 °C and KB=K during heating at 40 °C;
Hrouda et al., 2003) is here used to quantify the degree of alteration
that occurs during the thermomagnetic treatment of the specimens.
Positive (negative) values indicate that the final K (KA) is higher
(lower) than the original K (KB). These cases occur when magnetic
minerals are destroyed or created during the thermal treatment. In
the Tjårrojåkka area most of the specimens present negative values
of the alteration index A40 (Fig. 14 and Table A3). This is explained
mainly by inversion of maghemite to less magnetic hematite and
oxidation of magnetite. However, in a few specimens positive A40

indexes are obtained. These specimens are from outcrops in
proximity of Cu-occurrences and from a basaltic rock. The highest

Fig. 14. Diagrams showing the values of the alteration parameter A40 for specimens from (A) outcrops and (B) well TJ-71305.
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A40 indexes are obtained for specimens from the well TJ-71305. This
fact may be explained by formation of highly magnetic minerals by
reduction of the original hematite and/or alteration of paramag-
netic minerals to magnetite. This hematite might have been formed
contemporaneously with the Cu-mineralizing event (Edfelt et al.,
2005).

11. Conclusions

In the area of the Tjårrojåkka IOCGprospect, petrophysical analyses
define magnetite, maghemite and hematite as dominant magnetic
minerals (Table 3), whereas Fe-sulfides are not detected. Highly
magnetic minerals like magnetite (and maghemite) are common
phases in the Svecofennian rocks of the entire Tjårrojåkka area. Highly
oxidized Fe-minerals (e.g., hematite) occur in very local spatial
association with the mineralized rocks of the main Cu-prospect. The
low magnetic susceptibility of these minerals, compared to the high
susceptibility of magnetite and maghemite, and their spatial relation-
ship with the Cu-mineralized rock, may be used as a tool for targeting
Cu-mineralized zones at prospect scale (onwell logsmore than surface
surveys). The results obtained also indicate a correlation between the
Cu-(Au) occurrences and potassic alteration of the rock.

This suggests that gravity (high density Fe and Cu-minerals),
magnetic (high K values obtained for rock samples in the area)

and radiometric data (high potassium contents associated with
Cu mineralizations) may be a useful set of data for targeting
IOCG mineralized areas at semi-regional scale. At prospect scale,
gravity surveys can still be used to pinpoint high density (ore)
rocks. Ground magnetic data are helpful also at prospect scale
in defining the location of magnetite bearing units, while their
use in targeting economically important Cu-ores is not proven
by this study. Further analyses are required to investigate the
capability of electric methods in detecting such kind of mineral
prospects.
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Table 3
Petrophysical properties, magnetic minerals, rock type and alterations for 24 outcrops in Tjårrojåkka.

Site N K⁎ NRM⁎ Q⁎ Density # Magnetic minerals Specimen Rock type Alteration
(SI) (A/m) (kg/m3)

25 8 0.0413 0.292 0.174 2779 Mag., Magh., Ti–Fe oxid. 62_2002 A P–S
102 7 0.1049 0.871 0.204 2717 Mag., Magh., Ti–Fe oxid. 37_2002 A P
217 7 0.0166 0.154 0.229 2693 Mag., Magh., Ti–Fe oxid. 05_2002 A P
221 7 0.0405 0.285 0.178 2737 Mag., Magh., Ti–Fe oxid. 48_2002 A S
229 8 0.0489 0.583 0.297 2732 Mag., Magh., Ti–Fe oxid. 52_2002 A S–P
A01 5 0.0376 0.612 0.404 2694 Mag. 02_2001 A P
B01 5 0.0014 – – 2741 Mag., Hem., Param. 06_2001 A P
C01 6 0.0575 0.724 0.313 2693 Mag., Magh., Ti–Fe oxid. 14_2001 A P
E01 5 0.1013 5.769 1.856 2762 Mag., Magh., Ti–Fe oxid. E_2001 A S
H01 6 0.0248 0.210 0.203 2724 Mag., Magh., Ti–Fe oxid. 42_2001 A S
61a 6 0.1575 0.300 0.103 2865 Mag., Magh., (Ti–Fe oxid.?) 65_2002 A? P–S

68_2002
61b 7 0.0017 0.048 0.704 2881 Param., (Hem.?) 72_2002 A? S
62 8 1.2384 1.002 0.022 2827 Mag., Magh., Ti–Fe oxid., (Hem.?) 79_2002 B P–S
67 9 2.3096 2.801 0.031 2885 Mag., Magh., Ti–Fe oxid. 89_2002 B S
224 8 0.0008 0.017 0.530 2937 Param., (Hem.?) 25_2002 B S
226 7 0.0130 0.093 0.178 3026 Mag., Ti–Fe oxid. 30_2002 B S–P
D01 5 0.0992 1.688 0.428 2840 Mag., Magh., Ti–Fe oxid. 21_2001 D S
F01 6 0.0754 1.251 0.417 2857 Mag., Magh., Ti–Fe oxid. 28_2001 D S
G01 5 0.0637 0.491 0.192 3048 Mag., Magh., Ti–Fe oxid. 37_2001 D S
I01 5 0.0475 0.407 0.164 2829 Mag., Magh., Ti–Fe oxid. – D S–P
14 10 0.0587 0.368 0.156 2960 Mag., Magh., Ti–Fe oxid. 95_2002 G? P

101_2002
166 6 0.1027 0.375 0.091 3019 Mag., Magh., Ti–Fe oxid. 19_2002 GD P
222 6 0.0151 0.127 0.209 2986 Mag., Magh., Ti–Fe oxid. 09_2002 GD P?
13 4 0.0250 0.118 0.120 2725 Mag. 107_2002 QzMD –

P=Potassic.
S=Scapolitic.
A=Andesitic.
B=Basaltic.
D=Mafic=Intermediate Dyke.
G=Gabbroic.
GD=Gabbro=Dioritic.
QzMD=Quartz-Monzodioritic.
⁎Geometric mean.
#Average.
N=Number of specimens.
Param.=Paramagnetic minerals.
Mag.=Magnetite.
Magh.=Maghemite.
Hem.=Hematite.
Ti–Fe Oxid.=Complex exsolution of Fe–Ti oxides.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.gexplo.2009.07.002.
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