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Abstract 

 
The Fennoscandian Shield as a part of a large Precambrian basement area is located in northern Eu-

rope and hosts economically important mineral deposits including base metals and precious metals. Re-
gional geophysical data such as potential field and magnetotelluric data in combination with other geosci-
entific data contain information of importance for an understanding of the crustal and upper mantle struc-
ture. Knowledge about regional-scale structures is important for an optimized search for mineral deposits. 
In order to investigate in more detail the spatial distribution of regional electrically conductive structures 
and near-surface mineral deposits, complementary magnetotelluric measurements have been done within 
the Precambrian Shield in the north-eastern part of the Norrbotten ore province. The potential field data 
provided by the Geological Survey of Sweden have been included in the current study. 

Processing of magnetotelluric data was performed using a robust multi-remote reference technique. The 
dimensionality analysis of the phase tensors indicates complex 3D structures in the area. A 3D crustal model 
of the electrical conductivity structure was derived based on 3D inversion of the data using the ModEM 
code. The final 3D resistivity model revealed the presence of strong crustal conductors with a conductance 
of more than 3000 S at depth of tens of kilometres within a generally resistive crust. A significant part of 
the middle crust conductors are elongated in directions that coincide with major ductile deformation zones 
that have been mapped from airborne magnetic data and geological fieldwork. Some of these conductors 
have near-surface expression where they spatially correlate with the locations of known mineralisation. 

Processing and 3D inversion of the regional magnetic and gravity field data were performed, and the struc-
tural information was derived from these data by using an open-source object-oriented package inversion 
code written in Python called SimPEG. In this study, a new approach is proposed to extract and analyse the 
correlation between the modelled physical properties and for domain classification. For this, a neural net 
Self-Organizing Map procedure (SOM) was used for data reduction and simplification. The input data to 
the SOM analysis contain resistivity, magnetic susceptibility, and density model parameter values for some 
selected depth levels. The domain classification is discussed with respect to geological boundaries and 
composition. The classification is furthermore applied for prediction of favourable areas for mineralisation. 

Based on visual inspection of processed regional gravity and magnetic field data and a SOM analysis per-
formed on higher-order derivatives of the magnetic data, an interpretation of a sinistral fault with 52 km 
offset is proposed. The fault is oriented N10E and can be traced 250 km from Karesuando at the Swedish-
Finish border southwards to the Archaean-Proterozoic boundary marked by the Luleå-Jokkmokk Zone. 

Keywords: Magnetotelluric, Electrical Conductivity, Potential Field, 3D Inversion, Mineralisation, Classi-
fication, Self-Organizing Map (SOM). 
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Chapter 1- Introduction 
  

The work presented in this Licentiate thesis is part of the project within the Center of Advanced Mining 
and Metallurgy (CAMM²) and initially aimed at establishing the links between the crustal structures and 
mineral occurrences in the Norrbotten ore province in northern Sweden. The current study images the major 
crustal structures and provides a better understanding of the regional tectonics of the study area using a 
combination of geological and geophysical data. 

1.1 Background 
Mining and metal production in Sweden dates to nearly more than thousand years ago. Sweden is one 

of the largest iron producers in Europe accounting for 91% of the iron ore output in the European Union 
(Berverksstatistik, 2013). In addition to iron ore, a great variety of other metal commodities, such as base 
metal including copper, zinc, lead, and precious metal (gold and silver) is mined, (Koistinen, 2001). Swe-
den’s mineral wealth derives from several major ore provinces with a long mining history (Eilu, 2012) 
which are named the Bergslagen and the Skellefte districts, the gold line, the Caledonian thrust front, and 
the northern Norrbotten ore province. The latter is in focus of this study. The northern Norrbotten area is 
considered as an important iron ore province includes the type localities for iron oxide apatite (IOA) de-
posits referred to as Kiruna-type deposits. The area has furthermore been in focus for various exploration 
and research related to Iron Oxide-Cu-Au (IOCG) mineralisation during the last decades. Several different 
types of Fe-oxide and Cu-Au±Fe oxide mineralisation occur in the region. The main occurrences and de-
posits within the upper crust comprise i.e. Luossavaara-Kiirunavaara (Kiruna), Svappavaara, Mertainen 
and Malmberget IOA ores, the Aitik porphyry copper ores, and the Nautanen IOCG mineral deposits.  

Ore deposits require several factors to form. Hydrothermal systems require a source for fluids that are 
driven by an energy source, such as intrusions or metamorphism. These fluids need to transport metals that 
are either sourced from intrusions or leached from the surrounding rocks. The fluids can use structures as 
conduits and traps are required for metal precipitation. All these processes form a mineral system that result 
in fracturing, hydrothermal alteration and mineralisation of large volume of rocks (Wyborn et al., 1994). 
As hydrothermally altered minerals and ore-hosting rocks are associated with anomalous electrical proper-
ties (Kearey et al., 2002), changes in conductivity will exist between unaltered host rock and the mineralised 
rocks. 

In the last decades, the magnetotelluric method has attracted much interest for its enormous depth penetra-
tion range, sensitivity to the electrical conductors, and vast improvements in instrumentation and processing 
(Varentsov et al., 2013). The ability of this method to image much deeper areas of the crust compared to 
controlled source electromagnetic methods has been made this method of interest in mineral exploration 
(Bedrosian & Feucht, 2014), For example (Heinson et al., 2006) has shown that the Olympic Dam deposit 
in South Australia has large areas of enhanced conductivity underneath the orebody, that is interpreted as 
fluid pathway from the mantle. Previous studies (e.g. Cherevatova et al. (2015)) have shown some similarity 
between the Archean-Proterozoic lithosphere in northern Sweden and the Gawler Craton in Australia. How-
ever, denser MT measurements were needed for further investigations and confirmation of this hypothesis 
in the area. Other geophysical methods such as airborne magnetic surveying systems are also effective for 
direct targeting of iron ore-deposits and for proving information on geological structures suitable to host 
rocks with other types of mineralisation. The gravity method is also a capable method in mineral prospect-
ing due to its sensitivity to dense orebodies and general mapping of geological structures. 

1.2  Scope of the thesis and outline 
This work focuses on understanding of the geologic evolution and regional tectonic with respect to the 

mineralisation by geophysical studies.  



4 
 

The main objectives of the current study are: 

• Obtain 3D resistivity models of the Archaean lithosphere in the Norrbotten ore province which 
hosts economical mineral deposits. 

• Update the previous study about the correlation between the regional conductivity structures and 
mineralisation at or close to the surface. 

• Map the electrical conductivity structures of the crust with improved spatial resolution and high-
quality MT data. 

• Develop and test a new method to analyse quantitatively three types of petrophysical parameters in 
order to produce a more detailed understanding of the geological units and structures in the study 
area. 

In the following, I give a brief explanation of the geology and the tectonic setting of the study area (Chapter 
1), summarize a few aspect of the theory behind the geophysical methods used in the current study including 
the magnetotelluric method and potential field methods, describe briefly the inverse theory and introduce a 
method classified as an unsupervised neural network procedure used to analyse and integrate different 
petrophysical properties (Chapter 2), present the fieldwork and measurement area (Chapter 3), summarize 
the output (Chapter 4). The results of this study are presented in two papers. Paper-I presents and discusses 
the 3D inversion results of the magnetotelluric data in northern Sweden (Norrbotten county). Paper-II 
deals with a new neural network approach for classification and analysis of different petrophysical proper-
ties. 

1.3  Regional geology 
The Fennoscandian (Baltic) Shield in northern Europe is divided into three major domains including 

the Karelian domain (Archaean), the Paleoproterozoic Svecofennian (jointly also known as the Svecokare-
lian) domain, and the Mesoproterozoic Scandinavian domain (Sveconorwegian orogen), (Gaál & 
Gorbatschev, 1987), (Fig. 1). The bedrock in northern Norrbotten is dominated by Paleoproterozoic supra-
crustal and intrusive rocks emplaced on the Archean basement including several rifting events followed by 
subduction and collisional events. The Archean domain in the northern part of the Fennoscandian shield is 
dominated by tonalite-trondhjemite-granodiorite (TTG) rocks and comprises the Cratonic nucleus in the 
Norrbotten Craton (towards the west), the Kola Craton (towards the north-east), and the central Karelia 
provinces (Gaál & Gorbatschev, 1987; Weihed et al., 2005). The exposed Archean rocks in northern 
Norrbotten are comprised of meta-granitoids formed approx. at 2.8 Ga, and were subsequently deformed 
and metamorphosed at 2.7 Ga and later (Bergman et al., 2001; Lauri et al., 2016). 

The Paleoproterozoic tectonic evolution of the northern part of the Fennoscandian Shield as presented by 
Nironen (1997) and later modified by Lahtinen et al. (2005), commenced with a predominantly NE-SW 
continental extension and the first major rifting event at 2.5 Ga. The long period of rifting is accompanied 
with continental break up at 2.06 Ga which resulted in the development of a marginal basin along the 
present western margin of the Archaean Craton. The rifting events in the time interval 2.5-2.1 Ga formed a 
greenstone belt composed of basaltic volcanic and related sedimentary rocks overlying the Archaean base-
ment. The passive margin later developed into a destructive margin, resulting in northeast-directed subduc-
tion beneath the SW border of the Archaean Craton (BABEL Working Group, 1990) and was followed by 
arc accretion further south onto the continental margin (Knaften arc to the south at 1.91 Ga and Kittilä arc 
to the north-east at 1.87 Ga), (Nironen, 1997; Weihed et al., 2005). Based on the Sm–Nd isotope data 
(Öhlander et al., 1993; Mellqvist et al., 1999), the boundary between the Archaean Craton and juvenile 
accreted crust runs WNW-ESE roughly from Jokkmokk to Luleå in Sweden, and is defined as the Raahe-
Ladoga Zone (RLZ) in Finland (Fig. 1). 

The time frame of Paleoproterozoic orogenies in the Fennoscandian Shield indicates major orogenic evo-
lution at the period of 1.94-1.79 Ga which can be divided into the Lapland-Kola orogen (1.94-1.86 Ga, 
Daly et al. (2006)) and the Svecofennian orogen (1.92-1.79 Ga, Lahtinen et al. (2005)). The Svecofennian 
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orogen is divided into the Lapland-Savo, Fennian, Svecobaltic and Nordic orogens. According to this in-
terpretation of the orogenic evolution, the collisional stage started at 1.92 Ga by the continent–continent 
collision between the Karelian and Kola Cratons in the Lapland-Kola orogeny and the collision of the Ka-
relian Craton with the Norrbotten (in the west) and the Keitele microcontinent (in the south-west) during 
the Lapland-Savo orogeny. The Lapland-Savo orogeny resulted in ~1.91 Ga deformation phase which is 
mainly revealed in Finland. The subsequent northeast-directed subduction below the Gulf of Bothnia began 
at 1.9 Ga and resulted in the formation of the volcanic arc in the Skellefte district and related back-arc 
spreading and formation of a back-arc basin in the northern Norrbotten area (Allen et al., 1996; Sarlus et 
al., 2019). The extensional setting resulted in the formation of bimodal arc and back-arc magmatism. 
(Bergman et al., 2001; Weihed et al., 2005). The major magmatic intrusive suites related to the early Sveco-
fennian orogeny are referred to as the Haparanda suite (1.89-1.88 Ga), the Perthite-monzonite suite (1.88–
1.86 Ga) in northern Norrbotten, and the Jörn and Perthite-monzonite suites in the Skellefte ore district 
(Bergman et al., 2001; Weihed et al., 2005). The late Svecofennian intrusive rocks comprise widespread S-
type granites which in time coincide with extensive I- to A-type felsic batholiths of the Transscandinavian 
Igneous Belt (Weihed et al., 2002).  

 

Figure 1. Simplified bedrock geology map of northern Sweden modified from Bergman et al. (2001). Coloured lines 
delineate modified main deformation zones (DZ) in the area. DNDZ: Deppis-Näsliden DZ, FDZ: Fjällåsen DZ, LJL: 
Luleå-Jokkmokk Line (extend of concealed Archaean crust after Mellqvist et al. (1999)), NDZ: Nautanen DZ, PDZ: 
Pajala DZ, VRDZ: Vidsel-Röjnoret DZ, modified after Bergman et al. (2001) and Bauer et al. (2018). Insert map 
indicates main tectonic domains in Fennoscandian Shield modified from Koistinen (2001). The major deformation 
zones of the northern Fennoscandian Shield (black lines) modified after Skyttä et al. (2019). BBSZ: Bothnia-Senja 
shear system, HSZ: Hirvaskoski shear zone, MOL: Malangen-Onega Lineament, RLZ: Raahe-Ladoga zone. The red 
polygon in the insert map indicates the study of the area. 

Metamorphism and regional deformation 
The Paleoproterozoic rocks in the Norrbotten area have been affected by several ductile and brittle defor-
mation events during the Svecofennian orogen in the time interval 1.88-1.74 Ga. The first deformation 
event of the Svecofennian orogeny in northern Sweden is constrained at ~1.88-1.86 Ga based on syn-tec-
tonic intrusions and cross-cutting relationships (Bergman et al., 2001; Skyttä et al., 2012; Bauer et al., 
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2018). This is supported by the occurrence of 1.88 Ga titanite of metamorphic origin in andesite from the 
Sammakkovaara Group (Martinsson, 2004), and other age data from the Kiruna area (Bergman et al., 2001). 
This event is suggested to represent the regional peak metamorphism in northern Sweden (Bergman et al., 
2001; Bauer et al., 2018). In general, the regional metamorphic grade in the Norrbotten area varies from 
upper greenschist in the west to upper amphibolite facies in the east and is mainly of low to intermediate 
pressure type (Bergman et al., 2001). The metamorphic grade in the Kiruna area is estimated to greenschist 
facies conditions while amphibolite facies conditions are suggested for the Gällivare area (Bergman et al., 
2001; Martinsson, 2004). Based on radiometric studies on zircon and monazite from the Pajala area as well 
as dating of syn-tectonic intrusions in the Gällivare area, a second metamorphic event was constrained 
between 1.86-1.78 Ga (Martinsson, 2004; Bergman et al., 2006). The latter event is related to emplacement 
of the 1.8 Ga Lina Suite and is interpreted to represent a low pressure and high temperature regional contact 
metamorphic event (Bauer et al., 2018; Sarlus et al., 2019b).  

The majority of the major deformation zones in northern Norrbotten show a long-lived history with several 
reactivation events. Intensity of the ductile deformation zones varies both regionally and on the local scale. 
Recent results by Skyttä et al. (2019) indicate that the structural architecture in the northern Fennoscandian 
Shield formed during the 2.4 Ga rifting event and resulted in a certain amount of fault reactivation. This 
indicates that the earliest structures already originated in the Archaean. The crustal-scale shear zones of the 
northern Fennoscandian Shield show major activities during the 1.89 Ga crustal extension and reactivation 
during the 1.87-1.86 Ga and 1.81-1.78 Ga deformation phases (Bauer et al., 2011; Lynch et al., 2015). 
These major ductile shear zones are represented by the N to NNE-directed Pajala deformation zone (PDZ) 
and the NNW-directed Nautanen deformation zone (NDZ), (Fig. 1). The NDZ has a length > 150 km and 
a width up to 3 km in the northwestern part which is increasing southeastwards. The PDZ formed during 
the collision of the Archaean Karelian and Norrbotten Craton (Kärki et al., 1993) has been multiply reac-
tivated with major movements during the 1.82-1.78 Ga deformation phase (Bergman et al., 2006b; Lahtinen 
et al., 2015). The Fjällåsen deformation zone (FDZ) to the west in the Gällivare area was documented 
recently (Western supracrustal belt in Andersson et al. (2020). 

Timing of ore deposits 
Mineralising events in the area coincide with the early and late phases of the Svecokarelian orogeny (e.g. 
Billström et al. (2011)). For example, volcanogenic massive sulphide (VMS) deposits (associated with the 
felsic volcanic rocks) in the Skellefte ore district and iron oxide-apatite (IOA) deposits in northern Norrbot-
ten were formed in the time interval 1.89-1.87 Ga in arc-/back-arc-extensional setting (Bauer et al., 2011; 
Skyttä et al., 2012; Andersson, 2019). The ore deposits formed in the late Svecokarelian cycle are primarily 
restricted to structurally controlled IOCG-only style with ages spanning 1.80-1.78 Ga (e.g Billström et al. 
(2011); Martinsson et al. (2016)). The IOA-deposit linked to the late Svecokarelian orogeny is the Tjårro-
jåkka deposit dated at 1.78 Ga (Edfelt, 2007), but the Tjårrojåkka deposit is anomalous and the role of late-
cycle IOA-formation remains an unresolved question (Martinsson et al., 2016).  



7 
 

Chapter 2- Methods and theoretical background 
 

2.1 Principle of geophysical methods included in current study 
Geophysical surveys measure the spatial and/or temporal variation of physical quantities such as a 

magnetic field, gravity acceleration, or an electrical field, which are directly related by constitutive rela-
tionships to the physical properties of the rocks (petrophysical properties) in the crust.  

The geophysical methods used in this thesis includes magnetotelluric (MT) and potential field methods and 
the principles are summarized in the two next sections.  

MT as a passive geophysical tool that images the physical properties of the electrical conductivity of the 
subsurface, utilizes wide-spread induced current in the ground within a wide range of frequencies. It is 
capable of penetrating tens or even hundreds of kilometers and thereby the entire lithosphere. The method 
is particularly sensitive to conductive structures and is widely used in different geophysical contexts such 
as mineral exploration (Livelybrooks et al., 1996; Jones et al., 1997; Farquharson & Craven, 2009) as well 
as more general lithospheric studies (Patro & Sarma, 2009).  

Magnetic and gravity methods also known as “Potential Field'' surveying are effectively applied for almost 
all geological-geophysical problems and is widely used for mineral exploration (Parasnis, 1962; Dentith & 
Mudge, 2014). In general, the values of the vertical component of the gravity acceleration and the total 
magnetic field provide excellent possibilities to image of the subsurface structures, despite that potential 
field data inherently are non-unique with respect to modelling of petrophysical property variations. In ex-
ploration geophysics, the potential field surveying investigates the physical properties of the rocks such as 
density, magnetic susceptibility, and remanent magnetization. Surveying is performed on the earth surface 
(ground) or on-board airplane (airborne). The interpretation is usually done by integration with other geo-
physical methods such as MT or even seismic methods in order to solve different geological problems 
(Jessell, 2001; Goleby et al., 2002). 

2.1.1 Magnetotellutic theory 
The MT method as a frequency-domain electromagnetic (EM) technique uses the natural electromag-

netic (EM) fields as signal source in order to investigate the electrical conductivity distribution of the sub-
surface. The basic principles of the MT method were initially developed by Tikhonov (1950) and inde-
pendently by Cagniard (1953) and Rikitake (1950). As all EM methods, the fundamental equations of the 
MT builds upon Maxwell’s equations which describe the relationship between magnetic and electric fields: 

 𝛻 × 𝑬 = −
𝜕𝑩
𝜕𝑡

 (2.1) 

 𝛻 × 𝑯 = 𝑱 +
𝜕𝑫
𝜕𝑡

 (2.2) 

 𝛻 ∙ 𝑩 = 0 (2.3) 

 𝛻 ∙ 𝑫 = 𝑞! (2.4) 

where: 

𝑬 is the electric field intensity [V/m] 

𝑫 is the Dielectric displacement current [As/m2] 

𝑯 is the magnetic field intensity [A/m] 

𝑩 is the magnetic induction [T=Vs/m2] 
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𝑱 is the electric current density [A/m2] 

𝑞! is the electric charge density [As/m3] 

The equations above state: 

i. Faraday’s Law (Equation 2.1): Time variation of the magnetic field creates an orthogonal cir-
cular symmetric electric field. 

ii. Ampere’s law (Equation 2.2): The vector sum of electric currents and time-varying electric 
fields generate an orthogonal circular symmetric magnetic field.  

iii. Gauss’s law (Equation 2.3): No magnetic monopole exist, it means the magnetic flux through 
a closed surface is zero.  

iv. Coulomb’s law (Equation 2.4): The divergence of the electric field equals the electric charge 
(Coulomb’s law). 

Several assumptions are made in order to derive the equations forming the basis of MT: 

1. The Earth does not generate electromagnetic energy, only dissipates, or absorbs it. 
2. All fields are treated as conservative and analytic away from their sources. i.e., they are differenti-

able at all points with the exception of locations with discontinuities in conductivity.  
3. The magnetotelluric source fields are sufficiently distant that they can be approximated as uniform, 

plane-polarized electromagnetic waves with vertical incidence to the Earth’s surface. 
4. Charge is conserved, and the Earth is assumed as an Ohmic conductor, obeying the Ohm’s law: 

𝑱 = 𝜎𝑬 which states that a material must have non-zero conductivity to allow electric currents to 
pass through it. (𝜎 = "

#
 is electrical conductivity of the medium [S/m], 𝜌 is electrical resistivity 

[Ω.m]). 
5. A linear relationship exists between 𝑯 and 𝑩, and between 𝑫 and 𝑬. 

 𝑩 = 𝜇𝑯 (2.5) 

 𝑫 = 𝜀𝑬 (2.6) 

where: 

𝜀 is the dielectric permittivity [As/Vm], 𝜀 = 𝜀$𝜀%,  

𝜇 is the magnetic permeability [Vs/Am], 𝜇 = 𝜇$𝜇% 

𝜀$  is the dielectric permittivity in vacuum [As/Vm], 𝜀$ = 8.85.10−12 

𝜀% is the relative dielectric permittivity 

𝜇& is the magnetic permeability in vacuum [Vs/Am], 𝜇$ = 4π.10−7 

𝜇% = 1 + 𝜒 is the relative magnetic permeability, and 𝜒 is the magnetic susceptibility (no units in SI system) 

If the material under study has strong magnetic susceptibility 𝜒 and if the displacement current is consid-
ered, the relative magnetic permeability by 𝜇% = 1 + 𝜒 and relative permittivity described by 𝜀% , are im-
portant. However, these factors are typically neglected in MT since the most common rock types are only 
weakly magnetic and without dispersion at the frequencies considered. Therefore, 𝜇 and 𝜀 are set as the 
constant values in vacuum (𝜇 = 𝜇$, 𝜀 = 𝜀$). 

All these assumptions allow for the formation of the following linear relationship between the horizontal 
electric 𝑬 = =𝐸' , 𝐸(? and horizontal source magnetic fields 𝑯 = (𝐻' , 𝐻() for a given angular frequency 𝜔 
at the Earth’s surface:   

 𝑬(𝜔) = 𝒁(𝜔)	𝑯(𝜔) (2.7) 
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where indices 𝑥, 𝑦 refer to orthogonal orientation, typically in north and east directions, respectively and 𝒁 
is a 2×2 complex matrix composed of elements with both real and imaginary parts and known as the im-
pedance tensor. Each element of the impedance tensor (𝒁)*; 𝑖𝑗 = 𝑥𝑥, 𝑥𝑦, 𝑦𝑥, 𝑦𝑦) can be physically inter-
preted by their phase angle 𝜙 and scaled amplitude known as apparent resistivity (𝜌+). These parameters 
are defined as: 

 𝜌+,)*(𝜔) =
1
𝜇&𝜔

I𝑍)*(𝜔)I
-
, 𝜙)*(𝜔) = 𝑎𝑟𝑐𝑡𝑎𝑛

𝐼𝑚=𝑍)*?
𝑅𝑒=𝑍)*?

 (2.8) 

where the apparent resistivity defined by 𝜌+	[Ω𝑚] represents the average resistivity of an equivalent uni-
form half-space at a particular frequency, and the impedance phase 𝜙 in degree describes the phase differ-
ence between the electric and magnetic field giving additional information on the resistivity structure 
(Simpson & Bahr, 2005). 

Electromagnetic fields are naturally induced in the earth within the period range 10-3 s to 105 s (or frequen-
cies of 103 Hz to 10-5 Hz). A MT survey is conducted over range of frequencies, dependent on the target 
depth of the investigation, from broadband MT (BBMT) in the period range of 0.001-1000 s, suited for 
crustal scale studies, to long-period MT (LMT) in the period range of 1-10000 s, ideal for lithosphere stud-
ies (Chave & Jones, 2012). The penetration depth at which the source signal at a period 𝑇 in units of [s] is 
attenuated to 1/e (≈ 37%) of its original strength, is known as the skin depth 𝛿(𝑇). For a homogenous half 
space with resistivity 𝜌	[Ω𝑚], 𝛿(𝑇) ≈ 500[𝜌𝑇	[𝑚]. In the case of an inhomogeneous subsurface, the at-
tenuation may vary considerably spatially but a rough estimate of depth of investigation may be considered 
by using the apparent resistivity 𝜌+	instead, i.e. 

 𝛿(𝑇) ≈ 500[(𝑇𝜌+)				[𝑚] (2.9) 

Phase tensor 
A useful parameter in MT introduced by Caldwell et al. (2004) is the phase tensor (𝜱), which is defined 
from the real (𝑿) and imaginary (𝒀) parts of the complex impedance tensor 𝒁 = 𝑿 + 𝑖𝒀. It provides infor-
mation about the dimensionality of the resistivity structures, i.e. whether the Earth structures can be ap-
proximated as being either 1D, 2D or if 3D structures are needed to explain the observed data. In contrast 
to the amplitude of the impedance tensor elements, the phase tensor is not biased by frequency independent 
electric field galvanic distortion caused by near-surface heterogeneities. This parameter is represented by a 
complex matrix or tensor. All further descriptions in the following can be found in Caldwell et al. (2004) 
and Booker (2014). 

 𝜱 = 𝑿."𝒀 = _
𝛷'' 𝛷'(
𝛷(' 𝛷((

` (2.10) 

The individual phase tensor elements can be calculated from the real and imaginary components of 𝒁 in the 
following manner:  

 𝜱 = _
𝛷'' 𝛷'(
𝛷(' 𝛷((

` =
1

𝑑𝑒𝑡(𝑿) _
𝑋--𝑌"" − 𝑋"-𝑌-" 𝑋--𝑌"- − 𝑋"-𝑌--
𝑋""𝑌-" − 𝑋-"𝑌"" 𝑋""𝑌-- − 𝑋-"𝑌"-	

` (2.11) 

where the determinant is defined as  𝑑𝑒𝑡(𝑿) = 𝑋""𝑋-- − 𝑋-"𝑋"-. 

The phase tensor can be represented graphically by an ellipse with four values, the minimum and maximum 
phases (in order |𝛷/+'| ≥ |𝛷/)0|) as principal axes of the tensor, the skew angle 𝛽 and the angle 𝛼. 

 𝛷/+' = h(𝛷"- +𝛷1-) + h(𝛷"- +𝛷1- −𝛷--) (2.12) 
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 𝛷/)0 = h(𝛷"- +𝛷1-) − h(𝛷"- +𝛷1- −𝛷--) (2.13) 

where: 

 𝛷" =
𝑡𝑟(𝜱)
2

,𝛷- = 𝑑𝑒𝑡
"
-(𝜱), 𝛷1 =

𝑠𝑘(𝜱)
2

 (2.14) 

which indicate three coordinate invariants (tr: trace, det: determinant and sk: skew) expressing the charac-
teristics of the phase tensor 𝑡𝑟(𝜱) = 𝛷"" +𝛷-- , 𝑑𝑒𝑡(𝜱) = 𝛷""𝛷-- −𝛷"-𝛷-" , 𝑠𝑘(𝜱) = 𝛷"- −𝛷-". 

Parameter 𝛼 expresses dependency of the major axis with respect to the coordinate system and the coordi-
nate invariant skew angle 𝛽 describes the tensor asymmetry. 

 𝛼 =
1
2
𝑡𝑎𝑛."

𝛷'( +𝛷('
𝛷'' −𝛷((

 (2.15) 

and 

 𝛽 =
1
2
𝑡𝑎𝑛."

𝛷'( −𝛷('
𝛷'' +𝛷((

 (2.16) 

It is also possible to represent the phase tensor in the form of: 

 𝜱 = 𝑹2(𝛼 − 𝛽) _
𝛷/+' 0
0 𝛷/)	0	

` 𝑹(𝛼 + 𝛽) (2.17) 

where 𝑹 is a coordinate rotation matrix and 𝑇 denotes its transpose. The orientation of the major axis is 
specified by angle (𝜃 = 𝛼 − 𝛽) and used as an indicator of regional strike (if any) or it’s perpendicular 
direction.  

The phase tensor contains additional information about dimensionality of the subsurface. For 1D geoelec-
tric structure, the maximum and minimum phases are equal, and the phase tensor is represented by a single 
coordinate invariant phase equal to the 1D impedance tensor phase. In the case of 2D regional electrical 
resistivity, the phase tensor is symmetric with one of the principal axes aligned parallel to the regional strike 
(Caldwell et al., 2004). The skew angle in the 2D case is zero. The Quasi-2D is typically considered when 
𝛽 is less than 3º or 𝜓 = 2𝛽 (normalised skew angle) lower than 6º (Booker, 2014). However, this condition 
is necessary but not sufficient to conclude two-dimensionality as 3D symmetry can locally make 𝜓 small. 
What is important more than this condition is consistency or stability of the phase major axis throughout 
the period range and along a profile. 

Geomagnetic depth sounding 
The vertical magnetic field component, 𝐻4 can be measured to utilize a technique known as Geomagnetic 
Depth Sounding (GDS), which is based on relationships between the three components of the magnetic 
field (𝐻5 , 𝐻6, 𝐻4). For a 1D Earth, the vertical field component is zero, whereas perturbations in 𝐻4	are 
caused by the interaction of the horizontal magnetic field with lateral conductivity changes in Earth 
(Simpson & Bahr, 2005).  

The vertical magnetic field is related to the horizontal magnetic fields through the complex tipper 𝑻: 

 𝐻4 = (𝑇45	𝑇46) _
𝐻5	
𝐻6
` (2.18) 

The advantage of  GDS is immunity from the effects of local distortions of the electric field manifested as 
static shift in the impedance tensor (Jones, 1988) and galvanic distortion (Bibby et al., 2005). 

Induction arrows are vector representations of the complex tipper. The arrow is often separated into real 
and imaginary parts and can be used to infer the presence, or absence of lateral variations in resistivity 
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(Gregori & Lanzerotti, 1980). Following the Wiese convention, the real part of the induction arrow points 
away from conductors, in the direction of increasing resistivity (Wiese, 1962). The length of the arrow is 
determined by a combination of the magnitude of the anomaly and its distance from the GDS/MT site, with 
distance range increasing for longer periods. 

2.1.2 Electrical properties in the geological materials 
Electrical conductivity (𝜎) as a specific material property has a widespread variation between differ-

ent types of rocks and span over several orders of magnitude (Fig. 2). In material sciences, material is 
referred as conductors (10-8 – 10-5 𝛺𝑚), as semiconductors (10-5 – 107 𝛺𝑚), or as an insulator (>107 𝛺𝑚). 
In geophysics, the terms conductors and resistors are used in a somewhat less strict and less well-defined 
manner and often used in order to describe relative variations when comparing different regions. MT is 
particularly sensitive method to the presence of conductive materials within resistive rocks and is an excel-
lent tool to image the subsurface. 

Several factors can influence the conductivity such as temperature, fluids such as water and melts, and 
presence of electrically highly conductive minerals (e.g. ore minerals and graphite). Two dominant types 
of electrical conduction are referenced with respect to the crust and mantle based on types of involved 
charge carrier and its mobility (velocity) throughout a medium caused by an electric field. They are elec-
tronic conduction and ionic conduction. 

As shown in Fig. 2, electrical resistivity of Earth materials ranges from high resistive igneous and meta-
morphosed rocks to very high conductive graphite-bearing shear zones and massive sulphide deposits. Such 
a wide variance and thereby possible contrast provides a potential for producing well-constrained models 
of the Earth’s electrical conductivity structure. 

Selway (2014) provides a review of the possible causes of enhanced electrical conductivity in tectonically 
stable cratons. One of the referenced favoured explanations for enhanced conductivity in the lower crust is 
the presence of graphite film on grain boundaries (Frost et al., 1989). Selway (2014) states however that an 
explanation of graphite films requires temperatures lower that 900 degrees since graphite is unstable at 
higher temperatures. At present, the condition of temperatures lower than 900 degrees is clearly fulfilled in 
e.g. northern Sweden but at the time of creation of the Archaean lower crust, temperatures may have been 
significantly higher. Yoshino & Noritake (2011) states that "If graphite precipitation occurred at less than 
1000 K, the maximum residence times of the interconnected carbon film with initial thickness of 100 nm 
are ~200 and 20,000 years at 700 and 600 K, respectively, based on kinetic data. The presence of carbon 
films formed at lower temperatures may point to relatively sluggish kinetics for textural equilibrium, and 
therefore to the possibility that carbon films may be present as transient features in the crust. In particular, 
a carbon film developed along open fractures or shear zones at low temperatures (Mathez et al., 2008) may 
have a long residence time, and sustain interconnection on grain or fracture surfaces”. Selway (2014) points 
out that carbonates released during e.g. subduction events at times when the overlying crust has undergone 
cooling could provide a mechanism to introduce stable grain boundary films. 
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Figure 2. Electrical resistivity of earth materials and aqueous modified from Palacky (1988). Figure is taken from 
Miensopust (2010). 

2.1.3 Magnetic surveying principle 
Magnetic surveying as a passive method measures the spatial variation of the strength and in some 

case even direction of the magnetic field. The magnetic field is defined by an amplitude or intensity quan-
tified in units of nano Teslas [nT] and a direction known as inclination and declination angles, which is 
defined as the angle from the horizontal plane and geographic north, respectively. The magnetic field meas-
ured in a magnetic surveying is named magnetic flux density, magnetic induction, or B-field, which is the 
result of the interaction between the Earth’s magnetic field 𝑯 with the magnetic rocks of the crust. As 
discussed, the inducing field intensity 𝐻, quantified in units of Amperes per meter [A/m], is related to 
induced magnetic intensity (𝐵) by the equation: 𝑩 = 𝜇𝑯, where 𝜇 is the magnetic permeability of the ma-
terial according to the approximation stated in 𝜇 = 𝜇&(1 + 𝜒) ≅ 𝜇&. (𝜇& = 4.π.10-7 Vs/Am: magnetic per-
meability of free space and 𝜒: magnetic susceptibility which is a unitless constant and indicates the degree 
of magnetization of a material, (𝜒 ≪ 1)). Scalar values of 𝜒 are often assumed but needs to be replaced by 
a tensor in the case of magnetic anisotropy of the rocks. 

Measurement procedures of magnetic field 
Measurements can be usually made of the Earth’s total magnetic field or of components of the field in 
various directions from the air or ground with a magnetometer. Recording in airborne magnetic surveys or 
aeromagnetic surveys are usually performed along lines with an additional subset of lines, termed “tie 
lines'', oriented perpendicular to the overall survey line orientations and at the same survey height. Most 
surveys measure the total field only. Various corrections need to be applied to the data such as removing 
temporal changes of the magnetic field during the progress of a survey generally termed as “diurnal” vari-
ation, tying the field values between the survey and tie lines defined as tie-line leveling. In order to calculate 
the magnetic anomaly caused by the magnetic minerals in the subsurface, the International Geomagnetic 
Reference Field (IGRF), a global model of the earth’s magnetic field generated by electric currents in the 
Earth’s core, is also subtracted from the measured magnetic field. The last process is generally gridding the 
data in order to create a magnetic map to display the data for further interpretation. The grid data are also 
used for calculation of e.g. spatial derivatives of the field, and for calculating components of the magnetic 
field from total field data, (Pedersen & Rasmussen, 1990). 
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2.1.4 Gravity method 
The gravity method known as gravimetry is used to measure the gravity field of the Earth in order to 

map geology and provide a better understanding of the subsurface structures such as the alteration zones, 
folds, and faults (Domzalski, 1966). In this method, the vertical component of the gravitational acceleration 
is usually measured along a traverse that crosses the expected location of the target or at point measurements 
distributed in more or less regular grid configurations. In regional surveys, point locations are often highly 
linked to presence of roads. The data are providing information about the density variations of the subsur-
face. Before any interpretation of a gravimetric survey, several corrections need to be applied to the field 
gravity reading including corrections for instrument drift, tidal effects, latitude, free air (elevation), Bouguer 
plate (excessive mass) and terrain (deviation of terrain from a flat topography). The processed data are 
displayed as Bouguer gravity anomalies for further interpretations. The term complete Bouguer anomaly is 
sometimes used to emphasize when the additional terrain correction is applied after the standard Bouguer 
plate correction. Gravity method can be a very helpful method in mineral exploration for higher density ore 
bodies, but the method is also useful in general mapping of the lithosphere. 

2.2 Overview of the inverse theory 
In the determination of the Earth’s structure from several geophysical measurements, mathematical 

inverse modelling as an effective tool has always played a key role (Menke, 1984). Geophysical inverse 
theory considers the Earth as a mathematical space, within which all the model parameters of the under-
ground material properties vary. This so-called model space (𝒎) is related to the measured data (𝒅) by a 
mathematical function called the “forward model” and is represented by the 𝑭 operator. 

The main idea behind the data inversion is to find an Earth model that explains the geophysical observation 
and fit the observed data. However, in practice, it is impossible to obtain a true model. One of the key issues 
related to inverse problem is that there is often an infinite number of possible models that can satisfy the 
data. Therefore, the inverse problem is generally non-unique. In addition, the presence of the experimental 
noise, which is usually assumed to be Gaussian, complicates the problem. To circumvent these issues, the 
inversion is usually formulated as an optimization problem, the solution to this problem depends heavily 
on the nature of relation between the data and model as well as number of available data points and choice 
with respect to model parameterisations. This chapter describes some of the most basic aspects of geophys-
ical inverse theory.    

In inverse problems, the data vector 𝒅 = [𝑑", 𝑑-, … , 𝑑7]2containing N field data with their corresponding 
uncertainties 𝒆 = [𝑒", 𝑒-… , 𝑒7]2 are related to the model vector 𝒎 = [𝑚", 𝑚-, … ,𝑚8]2containing M 
model parameters (𝑇 indicates matrix transpose) through a generally non-linear forward operator 𝑭: 

 𝒅	 = 𝑭(𝒎) + 𝒆 (2.19) 

where  𝑭 is expressed as a N×M matrix. 

The aim of inversion is finding a model or models that reproduces the observed data within corresponding 
error, through minimizing the discrepancy or misfit between the measured and predicted data. From a math-
ematical point of view, a least square method, which also is known as	𝐿- norm inversion (by taking into 
account the errors), is used to minimize the misfit function known as objective function: 

 𝜓9(𝒎) = ‖𝐖𝐝 −𝑾𝑭(𝒎)‖- = [𝒅 − 𝑭(𝒎)]2𝑾[𝒅 − 𝑭(𝒎)] (2.20) 

where 𝑾 = 𝑑𝑖𝑎𝑔=1 𝑒⁄ " , 1 𝑒⁄ -… , 1 𝑒⁄ 7?
 is a N×N positive data weighting matrix containing the inverse of 

the data errors. Locating the minimum of the objective function is solved by setting its derivative with 
respect to model parameters to zero. The least square approach defined above provide a solution to linear 
inverse problems (Menke, 1989). However, in almost all geophysical method such as MT, the forward 
operator 𝑭	is not linear due to the relation between conductivity and the EM fields described in Maxwell’s 
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equations. The linearization of the function 𝑭(𝒎) can be achieved through Taylor-expansion around a trial 
solution 𝒎0 : 

 𝑭(𝒎) = 𝑭(𝒎0) +
𝜕𝑭(𝒎0)
𝜕𝒎0

(𝒎 −𝒎0) = 𝑭(𝒎0) + 𝑱𝛿𝒎 (2.21) 

where  𝑱 is called the Jacobian or sensitivity (N×M) matrix defined in following: 

 𝐽)*(𝒎) =
𝜕𝐹)(𝒎)
𝜕𝑚*

	 , 𝑖 = 1,… ,𝑁, 𝑗 = 1,… ,𝑀 (2.22) 

Returning to the minimization problem using the linearizaed form of 𝐹	(Equation 2.21), yields the following 
equation (Menke, 1989; Meqbel, 2009):  

 𝛿𝒎 = (𝑱2𝑱)."𝑱2𝒅´ (2.23) 

where 𝒅´ = 𝒅 − 𝑭(𝒎0) describes the misfit between measured and predicted data. 

Equation 2.23 is known as the Gauss-Newton or unconstrained least square solution. A solution is searched 
in an iterative procedure by utilizing an approximated Taylor-expansion (Equation 2.21) to linearize the 
forward modelling operator. For many geophysical inversion schemes, the number of model parameters is 
significantly larger than the number of data (N < M), and there is no unique solution. Therefore, applying 
constraints along with the normal objective function is required to seek a regularized and stable solution, 
(Tikhonov & Arsenin, 1977): 

 𝜓 = 𝜓9(𝒎) + 𝜆𝜓/(𝒎) (2.24) 

where 𝜆𝜓/ is a regularization term with the regularization or trade-off parameter 𝜆. The balance between 
𝜓/	and 𝜓9 will be changed by variations in the value of 𝜆. An empirical good choice of λ can be obtained 
by the trade-off curve (Hansen, 1992; William Menke, 2018). In general, the regularized objective function 
can be formulated as:  

 𝜓(𝒎) = [𝒅 − 𝑭(𝒎)]2𝑪9."[𝒅 − 𝑭(𝒎)] + 𝜆[𝒎 −𝒎&]2𝑪/."[𝒎 −𝒎&] (2.25) 

where 𝒎& is a prior model or first guess, 𝑪9." is defined as inverse of data covariance and 𝑪/." as inverse 
of model parameter covariances. Data covariance is in most cases considered as a diagonal matrix and 
consists then of inverse of the data errors, and model covariance matrix describes the constrains on the 
model variation relative to an a priori reference model, (e.g. Siripunvaraporn & Egbert (2000); Kelbert et 
al. (2014)). Constrains are typically placed on smoothness of the model which is searched. These a priori 
constraints expressed by 𝒎& and smoothness requirements eliminated some of the problems related to non-
uniqueness of the inverse problem. 

Nonlinear inversion  
An iterative “nonlinear conjugate gradient (NLCG)” technique can be used for minimizing the objective 
function 𝜓 with respect to the model parameter of m, (e.g. Newman & Alumbaugh (2000); Rodi & Mackie 
(2001)). The NLCG avoids explicit use of the Jacobian matrix (Avdeev, 2005), and it is therefore a realistic 
option for solving 3D problems with a large number of model parameters. A large amount of model param-
eters and data may otherwise prevent implementation of other inversion schemes due to limitations on 
available computer memory. However, it requires more steps for convergence compared to Gauss-Newton 
approach, (Meqbel, 2009). 

2.3 Self-Organizing Maps analysis 
The Self-Organizing Maps (SOM) is a multivariate data analysis, visualisation, and interpretation tool 

that was initially developed by (Kohonen, 1982). It has become a popular computational tool for analysing 
and interpreting high-dimensional complex datasets to derive patterns and relationships within and between 
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the various data types that can be used for prediction, clustering, and classification purposes (Fraser & 
Dickson, 2007; Brunton et al., 2010). Unlike many other neural network approaches, the SOM is based on 
unsupervised training algorithms having the ability to organize the information with no prior knowledge of 
a predefined data nature. Furthermore, SOM allows easy visualisation of a multi-dimensional data set by 
displaying them on a 2D map. 

The map in a SOM analysis is typically a 2D hexagonal or rectangular grid composed of cells (nodes). The 
size of the SOM is equal to the number of the nodes and each node represents a node-vector in the data 
space referred to as a group of data with similar properties. The main function of this map is to facilitate 
the interpretation of the complex multidimensional input data while preserving the original topological 
characteristics, i.e. organized in such a way that show the relative similarity and dissimilarity between data 
types based on their relative distance. Similar data appear adjacent to each other whereas the dissimilar data 
are separated and plotted with greater separation distances. 

Here, we briefly explain the principles of the SOM with reference to Fig. 3: 

Since the input data usually have different units, before the SOMs are trained, all data variables are nor-
malised by subtraction of mean values and division by data standard deviation of the data. This procedure 
ensures each variable is without units and equally weighted in the SOM analysis. 

I) Vector quantization & Randomization: Each sample or data point is treated as a vector that can be 
represented in a n-dimensional (nD) space (data-space) where n is equal to the number of input variables 
(Fig. 3a). The n-dimensional data space is seeded randomly by a defined smaller number of node-vectors 
equal to the size of the required output map in the SOM space (e.g. 10×20 sized map in SOM space means 
200 node-vectors). 

II) Node-vectors training: The node-vectors are subsequently trained in order to represent the patterns 
between the input data (Fig. 3b). This process is performed in two iterative learning steps: In the competi-
tive step, each input sample is compared with all node-vectors in a particular radius of the input sample 
based on a measure of vector similarity (Euclidean distance). The node that is closest, to the starting input 
sample vector is called Best Matching Unit (BMU). After finding the BMU, the node-vectors are updated 
so that the BMU moves closer to the input data vector in the data space. In the next (cooperative) step, all 
node-vectors and its neighboring vectors are updated and moved toward the data vectors. The process is 
repeated several times for each input data vector to provide a good approximation of a set of data vectors. 
After training, the node vectors are situated within the original input data vectors and that each node repre-
sents a group of the data vectors closest to it.   

III) Multiple visualisation: The output in the SOM can be represented in different categories based on the 
visualisation purpose. Component plots (Fig. 3c) indicate the variation of a particular variable on the 2D 
SOM space using a standard colour scale or contouring (normalised data or after transformation back to 
original data values). The comparison between various variables at the same location in SOM space can be 
performed by visual inspection which allows detecting correlation or relationship among all data types. 

The unified distance matrix or U-matrix (Ultsch & Vetter, 1994) is a classical way of viewing the SOM 
(Fig. 3d). This is performed by expressing the similarity between adjacent code vectors in terms of an 
Euclidean distance measure where the deviation of a particular cell to the surrounding cell is colour coded. 
Typically, cold colours (blue) indicate similarity or shorter Euclidean distance while warm colours (red) 
indicate larger distance or difference. Various type of other visualisation such a scaling the size of the 
hexagonal cells by the amount of input data associated with a specific cell can be performed. It should be 
noted that some cells are not necessary associated with any input data. 

It is common to apply a K-mean clustering to the BMU’s but this is only suitable if input data have well-
defined clusters. In Fig. 3b, the BMU are coloured after K-mean clustering and in this example three well 
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separated clusters. Geophysical data are often obtained from continuous functions and also parameters de-
scribing model parameters often have smooth variations. In these cases, it is not always meaningful to 
perform a K-mean clustering.   

 

Figure 3. Illustration of the SOM concept. a) Vector quantization. A view of the original data shown by black dots in 
a n-dimensional space (n: number of variables, e.g. 3 numbers as used here). b) Vector training: representing the 
updated code vectors in which code vectors are trained and moved towards a group of data. c) Component plots 
represented for each variable in the SOM space. d) The unified distance matrix (U-matrix) showing the Euclidian 
distance between neighbouring nodes by use of colour scales. Cell sizes are scales by number of data associated to a 
cell. Cells without data are in white colour. 
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Chapter 3- Data 
 

Data collection in the study area was initiated based on the hypothesis of a possible correlation be-
tween deep crustal conductors and the presence of mineral occurrences and deposits at or near the surface. 
Investigation of regional scale crustal structures and their importance in controlling occurrences of miner-
alisation is also a part of the study. The data presented in this thesis are based on three geophysical methods 
used in the study area. MT measurements have been done during 2015-2018 for the current project and the 
potential field magnetic and gravity measurements by the Geological Survey of Sweden (SGU) are utilized. 
The SGU data are included in the data compilation referred as Circum-Arctic mapping project (Gaina & 
Werner, 2009) and data from this compilation used in the 3D modelling of potential fields. 

3.1 MT measurement 
Different names of the MT method are used depending on the period (frequency) range of the inves-

tigation. We measured broadband (BBMT) data covering a period range of 0.003 -1000 s during 2015-
2018. The choice of station location and frequency range were made with the intention of having a high 
data density with sufficient resolution to map the regional electrical structures and fill the gap in previous 
measurements from the MaSca project from 2011-2014 (Cherevatova et al., 2015). The combined data sets 
provide an average distance of 5-10 km between stations covering an area of 200 km by 250 km.  

Data acquisition was performed using two instruments. The MTU2000 system with a capacity of dual-band 
frequency recording simultaneously (developed by Smirnov et al. (2008)) and a system from the Metronix 
company. Time-varying magnetic field components were measured using three broadband induction coil 
magnetometers LEMI-120 from Ukraine (MTU2000 system) and three magnetometers from Metronix. The 
electric field is determined from measured potential difference using two non-polarized Pb/PbCl2 electric 
dipoles with approximately 100 m length. The dipoles are typically configured orthogonal to each other 
and aligned with the magnetic north (N) and east (E) directions. Sensors are usually buried at the depth of 
a few tens of centimetres or shielded from direct sunshine to reduce temperature variations. This further-
more reduces magnetometer noise induced due to movement of coils in the static magnetic field caused by 
winds. The porous lower part of the electrodes is placed into the soil to ensure a wet environment and 
thereby low contact resistance.  

To tackle the problem of industrial noise, a remote reference site is installed far enough away from these 
sources and recording simultaneously during the entire measuring campaign (Smirnov et al., 2008). How-
ever, special care has also been taken to avoid the influence of artificial electromagnetic signals from human 
infrastructures such as power lines and settlements. At each station, data were recorded for a period of about 
24 hours in order to achieve sufficient data for accurate estimate at the longest periods. A 20 Hz sampling 
was used continuously throughout the entire duration of the acquisition. A parallel 1000 Hz sampling was 
carried out for 2 hours directly after midnight when the influence of industrial noise is expected to be 
minimum. 

A GPS receiver is used to secure synchronized recording between simultaneously measured sites in order 
to have data for remote reference processing and to determine the exact site locations. The systems are also 
equipped with an option to use solar panels as a power source but in principle, a standard 12 V car battery 
is used as a stable power source. A computer with a network connection is used to configure the system in 
the field and check the data quality. A sketch of an MT station is shown in Fig. 4. 

For the material presented in this thesis, the estimation of all transfer functions was performed using a 
remote reference technique together with a robust statistical procedure with an algorithm developed by 
Smirnov (2003). The robust estimator implemented in the processing code is based on an algorithm of 
repeated medians.  
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Figure 4. Schematic MT station installation from Smirnov et al. (2008). 

3.2 Magnetic and gravity survey 
The ground gravity survey used in the area has been carried out by the Swedish Geological Survey 

(SGU) under various projects such as bedrock and bedrock quality mapping in different periods, mostly 
between 1960 and 1980. The systematic gravity measurements were made at points with varying distances 
between around 500 to 1500 m. The northernmost part of the investigated area close to the Norwegian and 
Finnish border has considerably lower data density. The data were processed with different corrections 
using a grid cell size of 500 m by 500 m and are shown in form of a Bouguer anomaly map. The density 
used for calculating the Bouguer anomaly is 2670 kg/m3. An upward continuation to 500 m was applied for 
the current data by using the Oasis Montaj software.   

The magnetic anomaly data used in this study are partly interpolated and gridded low altitude (35 m – 60 
m nominal terrain clearance, 200 m. grid cell size) airborne survey data and merged gridded data from the 
Circum-Arctic mapping project signed between several national agencies (Russia-VSEGEI and VNIIO, 
Sweden-SGU, Finland-GTK, Denmark-GEUS, USA-USGS, Canada-GSC, and Norway-NGU). The Cir-
cum-Arctic magnetic anomaly (CAMP-M) was constructed by compiling the World Digital Magnetic 
Anomaly Map (WDMAM). The compilation utilized near-surface magnetic data for the short-wavelength 
parts and the satellite-derived magnetic anomalies for the long wavelengths (Hemant et al., 2007; Maus et 
al., 2007). The final magnetic anomaly data produced in the CAMP-M dataset has been resampled to a 2 
km grid cell with an upward continuation of 1 km in a common datum (WGS84).   
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Chapter 4- Summary of the results 
 

4.1 Magnetotelluric data analyses from the northern Sweden  
In Paper-I, 3-D resistivity model from magnetotelluric data is presented for the easternmost part of 

the Norrbotten county, in northern Sweden (Fig. 5). Some similarities in conductivity structures of the 
1550-1450 Ma Gawler Craton in Australia (Heinson et al., 2006) and the Archaean-Proterozoic lithosphere 
in northern Sweden makes it of particular importance to obtain a better understanding of the plate tectonics 
in the Precambrian and the spatial and possibly genetic relation of regional-scale conductive structures to 
the presence of mineral occurrences and deposits. The major aim of this paper is to image in more detail 
the structure of the upper and lower crust in the area and place and understand the regional-scale conduc-
tivity anomalies in a plate tectonic context. The lower crust is considered of Archaean origin, but the area 
underwent considerable reworking during the Paleoproterozoic as described previously in section 1.3.  

The choice of station locations were made with the intention of having a high data density with sufficient 
resolution to map the regional electrical structures and fill the gap in previous measurements from the 
MaSca project (Cherevatova et al., 2015). The broadband MT data were collected at a total of 104 new 
stations between 2015 and 2018 with average station spacing approaching 5-10 km which covers an area 
of 200×250 km2 when adding 65 stations from MaSca project. Recordings included the frequency range 
from 0.001 to 300 Hz with the MTU system developed by Smirnov et al. (2008) and by using instrument 
manufactured by the Metronix company. All data were processed using the robust remote reference code 
by Smirnov (2003) to obtain impedance tensors at every site.  

 

Figure 5. Simplified bedrock geology map of northern Sweden with the location of MT stations in coloured circles. 
White lines indicate the major deformation zones. For more information about the geological map, see Fig. 1. 

The final 3D resistivity model was obtained from inversion of full impedance and tipper (24 sites) data for 
165 MT sites using the ModEM code (Egbert & Kelbert, 2012). For 3D inversion we set error floors to 5% 
of the off-diagonal data for all impedance elements and an absolute value of 0.05 for the tipper data. In 
order to avoid introduction of spurious conductors at large or intermediate depth due to problems in fitting 
short period data, different tests were performed in which data were inverted after being partitioned into a 
short periodic part (0.003 s to 10 s, in total 12 periods) and a long periodic part (10 s to 1000 s, in total 6 
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periods and inclusion of both impedance and tipper data). The model derived from inversion of the short 
periodic data was subsequently used as a priori model when inverting the long periodic data. This a priori 
model has in general smooth conductivity variations at depth due to the limited depth penetration of the 
input data. The risk of introducing artefacts at depth when inverting the long periodic data is therefore 
expected to be lowered. By this approach, we could fit the data at RMS value of 2.4 for long periods as 
well, producing a smooth model at the same time. In order to simultaneously fit the shorter periods, the 
model derived from inversion of the long periods as described above was continued running for the whole 
period range (0.001 s to 1000 s). Finally, data were fitted to the RMS value of 2.1 with no significant 
differences with the previous model and subsequently used for final interpretation. 

In general, the final 3D inversion model revealed strong crustal conductors with conductance of more than 
3000 S at depth of tens of kilometres within a generally resistive crust (Fig. 6). In particular, a division into 
three domains has been made with a central conductive domain bounded towards the south roughly at the 
Luleå-Jokkmokk Line (the boundary between crust having an Archaean basement and Paleoproterozoic 
crust defined by Sm-Nd data). Towards the north, the domain boundary coincides with the interpreted 
coastline of a marine rift basin, which is spatially marked by the occurrences of the 2.4-2.3 Ga Kovo group. 
The orientation of some major conductive structures in the central domain is partly consistent with a number 
of large-scale deformation zones (e.g. VRDZ: Vidsel-Röjnoret deformation zone), which are interpreted to 
be genetically linked to an extensional back-arc regime caused by an east directed subduction zone, west 
of the survey area. However, some uncertainties exist with respect to details of deformation zones such as 
ages, depth, and dip. Northern Sweden is endowed with a number of important ore deposit types. The spatial 
distribution of known mineral occurrences shows a positive correlation to the central conductive domain 
where high conductivities are located in the lower and middle crust (Fig. 7). A negative correlation may 
partly be due to lack of MT stations and in some areas lacking in exposures and detailed exploration. An 
interpretation involving enhanced quantities of magnetite in the lower crust is discussed. However, the data 
and modelling does not exclude an interpretation in terms of graphite as the main cause for the observed 
high conductivities. 

 

Figure 6. The crustal conductance of 3D inversion model for a) 5-15 km b) 15-40 km depth. The MT stations are 
indicated with gray-colour circles indication RMS (Root Mean Square) values. (For more information see Fig. 7 in 
paper-I).  
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Figure 7. The crustal conductance of 3D inversion model for middle crust. The mineralisation on the surface are 
outlined by black symbols. White lines indicate the main deformation zones, (see Fig. 1). 

4.2 Multivariate analysis of magnetotelluric and potential field data for mineral 
exploration 

In paper-II (manuscript in preparation), we analyse quantitatively the three petrophysical parameters 
(electrical resistivity, density, and magnetic susceptibility) associated with the three utilized methods (MT, 
gravimetry and magnetometry), in order to contribute to a better understanding and geophysical mapping 
of geological units and structures in the Norrbotten ore province (northern Sweden). The quantitative anal-
ysis is achieved by first performing 3D inversions of the potential field data followed by an unsupervised 
classification of petrophysical properties from the three models jointly. The domain classification is per-
formed using the neural net Self-organizing Maps (SOM) algorithm described cursorily in section 2.3. In 
order to maintain and incorporate information about depth variations for the three petrophysical parameters 
in the classification, input of petrophysical parameters to the classification scheme is partitioned into six 
separate depth levels. 

The input data to the SOM analyses are derived from 3D inversion of the newly acquired broad-band MT 
data (presented in paper-I), and models from magnetic and gravity data (SGU: Geological Survey of Swe-
den) for six selected depth levels (5, 10, 15, 20, 25, and 30 km). 3D inversion of the regional magnetic and 
gravity field data were performed using an open-source object-oriented package code referred as SimPEG 
(Cockett et al., 2015). The same discretisation is used for each petrophysical parameter based on interpola-
tion into a common 3D grid of the original derived 3D models. The common model discretisation includes 
11374 cells in each horizontal layer. A total of 11374×3×6 input data (three petrophysical parameters from 
six depth levels) are thereby available for the classification. After classification with SOM, BMU values 
are visualised in geographic space and the results discussed in relation to the geology of the region. 

In order to predict potential areas for mineralisation, we focus on two major deposits within the area: the 
Aitik and Nautanen areas. The prediction is based on selecting all locations having similar BMU as those 
mapped onto the Aitik and Nautanen deposits. In this manner, the initial unsupervised SOM classification 
is transformed into a procedure with similarities to a supervised classification approach. The SOM results 
provides potential areas for further investigations with respect to the same types of mineralisation. The 
predicted areas with high similarity to the selected areas after the SOM analysis is indicated in Fig. 8. 
However, it needs verification in the field. The inclusion of other parameters such as geochemical or petro-
physical data would allow going further with respect to data integration and subsequent interpretation. 
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Other multivariate analysis methods could be useful to be tested and compared with the current analysis. 
In particular, analyses involving data features describing also horizontal relationships are considered ben-
eficial.  

 

Figure 8. Resistivity slice in BMU’s value after SOM analysis at 
depth of 20 km. Red points demonstrate areas for mineralisation 
with similar characterisation with AitiK and Nautanen (marked in 
pink circles). Solid lines (white colour) delineate modified main 
deformation zones (DZ), (see Fig. 1). 

 

 

 

 

 

 

 

 

 

 

A hitherto unknown brittle sinistral transform has been identified base on inspection of airborne magnetic 
and ground gravity data. The hypothesized fault is validated by analysis of higher order derivative of the 
potential field data. The proposed fault with a relative shift northward of 51.2 km of the western block 
relative to the eastern block is noted to be consistent with the SOM analysis of the three petrophysical 
parameters, (Fig.9 and Fig. 10). 

 

Figure 9. a) Unique colour coding defined in the SOM space. b) The domain classification visualised by colour coding 
defined in (a) and projected back to the geographical space. (For more information see Fig. 7 in paper-II). 
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Figure 10. Results of SOM analysis of petrophysical models after shifting the eastern block 51.2 km northwards along 
the thick white line. (For more information see Fig. 13 in paper-II).  

 

Future Developments 
 

The work presented here focuses on the 3D inversion of the MT data and potential field data from the 
Archaean lithosphere in the north-eastern part of the Norrbotten ore province in northern Sweden. This 
thesis presents the first MT data measured between 2015 to 2018 and the interpretations with respect to 
imaging the electrical conductivity structures in the study area. Then, the obtained inversion model is com-
pared with the 3D magnetic and gravity models in order to obtain a better understanding of the regional 
structures and relation to mineralisation distributions in the area. An unsupervised neural net self-organiz-
ing map procedure is used to extract and analyse the correlation between the modelled physical properties, 
domain classification, and prediction of areas interest for a search of similar other mineral deposits. The 
new approach aimed at integration of various geophysical models with different petrophysical properties 
and indicate potential areas for mineralisation, however, it is still under discussion and needs verification 
in the field.  

The next step in this project would be improving 3D modelling and data inversion tools by joint inversion 
of different data sets such as MT, magnetic and gravity with inclusion of more constraints such as petro-
physical data, and improving the SOM analyses by including high resolution magnetic data, geochemistry 
data, and horizontal model and data features (e.g. lineaments).  
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