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Abstract 

The Norrbotten region in northern Sweden, as a part of the Fennoscandian (Baltic) Shield, is 
one of the most active mining areas in Europe. It is acknowledged that geological structures 
such as faults, shear zones, and associated fracture systems play a key role in providing a 
physical pathway connecting metal sources and the sites of mineral precipitation. In particu-
lar, several magnetotelluric (MT) surveys around the world have revealed a spatial relation-
ship and correlation between mineral occurrences and regional scale conductive structures. 
Previous lithospheric studies in the Fennoscandian Shield have indicated enhanced conduc-
tivities in the Norrbotten region, and they served as a basis for the proposal to test the hy-
pothesis of this genetic connection. Therefore, the current project was initiated with the aim 
of obtaining more detailed information on crustal and upper mantle structures in the Paleo-
proterozoic Norrbotten ore province by utilising a combination of regional geophysical data 
including, MT and potential field data. Potential field data (airborne magnetic, and ground 
gravity) are extensively used as the first choice in geophysical/geological mapping due to 
good areal coverage, whereas MT surveys are typically designed to answer more specific geo-
logical and geophysical questions. In order to improve utilisation of the geophysical methods, 
quantitative analyses and integration approaches have been developed and applied to the 
geophysical data. 
This thesis covers four topics: (i) a regional-scale study of Norrbotten County using 3D inver-
sion of newly measured MT data to reveal crustal geoelectric structures, (ii) integration of 
the resistivity model with regional-scale magnetic susceptibility and density models using an 
unsupervised classification approach to extract and analyse the possible correlation between 
modelled petrophysical properties and provide a geophysical domain classification as input 
to geological interpretations, (iii) identification of a regional-scale tectonic feature in north-
ern Sweden by processing and analysing the potential field data, (iv) the development and 
evaluation of the feasibility of a classification approach designed to identify patterns in po-
tential field data that are indicative of the type of geological environment. 
The conductivity model of inverted new MT data reveals the presence of strong crustal elec-
trical conductors. The conductance of thousands of Siemens within a generally resistive crust 
is modelled. Some of the conductors in the model have near-surface expressions and are spa-
tially correlated with the location of known mineralisation. A significant part of middle crust 
conductors is elongated in a direction that coincides with parts of major deformation zones. 
The derived conductivity model provides a new insight into the tectonic unit boundaries in 
the area. 
The magnetic susceptibility and density models were subsequently integrated with the re-
sults obtained from the MT data. The integration approach is based on a joint analysis of the 
three modelled physical properties by using an unsupervised classification approach referred 
to as Self-Organising Map (SOM). The depth variations of the properties were included in 
the classification. The obtained domain classification is discussed with respect to the previ-
ously mapped/interpreted geological units and compositions. Some discrepancies between 
existing geological maps and the domain classification are noted for some areas. The dis-
crepancies may partly be related to the fact that the surface geological features are com-
pared with geophysical models that also include information at depth. 
A detailed analysis of high-resolution potential field data in northern Sweden led to the dis-
covery of a regional-scale strike-slip fault, which we refer to as the Norrbotten Mega Fault 
(NMF). The presence of a fault cutting through the entire area in a roughly N5E direction 
with horizontal displacement of 51.2 km can be traced from Karesuando at the Swedish-
Finnish border in the north to the Archaean-Proterozoic boundary, which is marked by the 
Luleå-Jokkmokk Zone roughly 250 km towards the south. Altogether, the length, apparent 
displacement, and straight character of the proposed fault suggest that it represents a late-
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orogenic, brittle fault. The initial identification of the location of the fault was primarily 
based on visual inspection of potential field data. The estimation of the displacement and 
validity of the proposed NMF is supported by analyses of several higher-order spatial deriva-
tives of the potential field data. The analyses included application of a neural network SOM 
classification and a visualisation approach with subsequent matching of well-defined anoma-
lies and anomaly patterns. 
The application of SOM for pattern recognition and classification were developed further 
with respect to analysis of potential field data. This involved various experiments on data 
feature definitions and extraction. Data features that capture information about spatial var-
iations, both depth-wise and horizontally, are used as input to the SOM for domain classifi-
cation. The feasibility of the methodology and the limitations are discussed with respect to 
the results derived from a synthetic model. The proposed approach is furthermore applied to 
measured data from the entire Norrbotten area. 
The models derived from the geophysical data, as well as the new integration and classifica-
tion approaches presented in this study, may be applied as a guidance for future exploration 
and investigations in the area, such as for planning or expanding geophysical surveys in 
high prospective areas, mapping and interpretation of the geology, mapping the mineral pro-
spectivity or other prediction tasks, or used as a guidance for follow-up on geological and ge-
ochemical work. 
Keywords: Potential Field, Magnetotelluric, 3D Inversion, Regional Structure, Classification, 
Pattern Recognition, Self-Organising Map (SOM), Mega Fault, Mineralisation. 
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Symbols and Acronyms 

Bold symbols in equations denote vector quantities. 

E Electric field intensity 

D Dielectric displacement current 

B Magnetic induction 

H Magnetic field intensity 

J Electric current density 

qe Electric charge density 

! = !0!r Magnetic permeability 

!0 = 4π	∙10-7 Magnetic permeability in vacuum 

!r Relative magnetic permeability 

χ Magnetic susceptibility 

ε = ε0εr Dielectric permittivity 

ε0 = 8.85	∙10-12 Dielectric permittivity in vacuum 

εr Relative dielectric permittivity 

σ Electrical conductivity 

ρ Electrical resistivity 

ρa Apparent resistivity 

ƒ Frequency 

ω = 2πƒ Angular frequency 

Z Complex impedance tensor 

$ Impedance phase 

% Phase tensor 

δ Skin depth 

λ Regularisation parameter 

Ψ(m) Objective (or penalty) function 

MaSca “Magnetotellurics in the Scandes” project 

EM Electromagnetics 

MT Magnetotelluric 

BBMT Broad-Band Magnetotelluric 

ModEM The modular system for EM inversion 

SimPEG Simulation and Parameter Estimation in Geophysics (an object-
orientated package inversion code) 

GNCG Gauss Newton Conjugate Gradient (method) 
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NLCG Nonlinear Conjugate Gradient (method) 

SOM Self-Organising Map (data analysis tool) 

PT Phase Tensor 

RMS Root Mean Square 

TMI Total Magnetic Intensity 

DZ Deformation Zone 

FDZ Fjällåsen DZ 

NDZ Nautanen DZ 

PSZ Pajala Suture Zone 

FDZ Fjällåsen DZ 

KNDZ Kiruna-Naimakka DZ 

VRDZ Vidsel-Röjnoret DZ 

LJL Luleå-Jokkmokk Line 
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Chapter 1 

Introduction 

This chapter provides a brief introduction to the concept of mineral systems to make the 
reader acquainted with the research area. Moreover, the objective of the research and ap-
proaches associated with the appended papers are presented. 

1.1. Background and motivation 

Several MT surveys around the world (e.g. Heinson et al., 2021; Sheng et al., 2021) have re-
vealed a correlation spatially between the presence of mineral deposits near the surface with 
the presence of highly conductive structures at larger depths. Results provided by Chereva-
tova et al. (2015) have indicated that a similar relationship may exist in northern Sweden. 
In general, some ore deposits occur at the location of large energy and mass flux systems, 
which are often also associated with intrusive activity. During the ore genesis, large volumes 
of rock can be fractured, hydrothermally altered and mineralised (Lowell & Guilbert, 1970; 
Wyborn et al., 1994; McCuaig et al., 2010). Hydrothermally altered minerals and ore-hosting 
rocks are often associated with anomalous electrical properties (Kearey et al., 2002). Con-
trasts in electrical conductivity typically exist between the unaltered host rock and mineral-
ised zones. Additionally, most large mineral systems are associated with geological struc-
tures (e.g. shear zones and fault systems) that may provide a physical pathway to transport 
metals to the surface (Huston et al., 2016). However, multiple factors (e.g. reactivation and 
deformations of the rocks over time) may make it difficult to identify these structures. Com-
bination and integration of multiple regional geophysical survey data (e.g. magnetic, gravity, 
and magnetotelluric data) with other geoscientific data have shown the ability of these 
methods for providing information on the crustal and upper mantle structures which have 
had significance for the mineralising events. 
The Norrbotten ore province in northern Sweden hosts a large number of base metal depos-
its and occurrences. The mined main deposits comprise, for example, Luossavaara-
Kiirunavaara (Kiruna), Svappavaara, Mertainen and Malmberget iron oxide-appetite (IOA) 
ores, the Aitik porphyry copper ores, and the Nautanen iron oxide-Cu-Au (IOCG) mineral 
deposits. Most of the know mineral occurrences in the area are hosted in Paleoproterozoic 
bedrock, but Archaean basement as well as exposed Archaean rocks are not well studied. 
The current geophysical study focuses on the north-eastern part of the Norrbotten region, 
where regional structures are expected to have been one of the controlling factors regarding 
locations of mineral occurrences and deposits. 
MT as a one of the deep probing geophysical methods capable of imaging the electrical con-
ductivity structures of the subsurface has become increasingly important in exploration, es-
pecially, in mineral exploration as deeper targets are pursued and regional control of ore 
bodies is sought (Heinson et al., 2018, 2021). MT data provide information which may be 
used for identifying areas of high potential for hosting ore bodies as well as for direct target-
ing. Many mechanisms have been proposed to explain high electrical conductivity within 
parts of the Earth’s crust. The presence of grain boundary graphite and carbon films, saline 
fluids, sulphide minerals and interconnecting metallic minerals such as magnetite, or a 
combination of these, are the most common reasons for enhanced the conductivities 
(Schwarz, 1990; Glover, 1996; Selway, 2014). The crustal conductors can also be related to 
the shear zones associated with graphite that often forms elongated and partly connected 
bands of conductive material (Korja et al., 1996). The graphite may originate either from or-
ganic sources or from deeper inorganic material. 
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Other geophysical data, in particular airborne magnetic data and partly ground gravimetric 
data have been used extensively for mapping geological structures and for providing valua-
ble information on the rock types that are associated with mineralisation (Holden et al., 
2012; Airo, 2015). In particular, studies in the areas with no or limited exposures have made 
airborne magnetic surveys the first choice in geological/geophysical mapping (e.g. Hanna, 
1990; Hinze et al., 2013). Interpretations of data from potential field surveys are typically 
based on the evaluation of models derived from inversion and imaging techniques, and/or 
interpretations of various maps produced from the recorded and processed data. The latter 
approach, which is often referred to as qualitative interpretation, has shown the usefulness 
of these data in deriving information about upper crustal structures and lithologies, particu-
larly by applying properly processing methods and subsequent visual inspection of maps. 
The information derived from joint analyses of several geophysical data and methods is 
acknowledged as important for optimum geological interpretations. Several approaches have 
been proposed to tackle the integration of multiple geophysical data, and machine learning 
techniques have gained some popularity due partly to establishing a powerful system that 
may automatise and/or guide the decision processes for interpretation of complex and non-
linearly related datasets and models. Development on joint inversion of geophysical data 
have been presented by, for example, Moorkamp et al. (2011), Kamm (2014) and Heincke et 
al. (2017). The lack of prior well-defined relationships between petrophysical parameters 
constitute one of the major obstacles for joint data inversion, but progress in solving these 
problems has recently been reported by Moorkamp (2022) by introducing the Variation of 
Information measure in the inversion algorithm of multi-physics data. 
The MT method has a long history in the study of the lithospheric architecture and geologi-
cal evolution of the Fennoscandian Shield (Jones, 1982; Rasmussen et al., 1987; Korja et al., 
2002; Korja, 2007; Cherevatova et al., 2015). Some studies have also been reported along its 
margin by, for example, Smirnov & Pedersen (2009). Upper crustal studies have been con-
ducted in mining environments (e.g. Juanatey et al., 2013). The lithospheric study in the 
Fennoscandian Shield by Cherevatova et al. (2015) showed the presence of high conductivity 
in the lower to middle crust in the Norrbotten region. However, due to large station separa-
tion, the need for a denser station coverage was needed to provide better understanding of 
the regional-scale structures in the area. 

1.2. Objective and scientific approach 

The main objectives of the current study with respect to the associated publication are sum-
marised as follows: 
Paper I – Testing the hypothesis of a spatial correlation between mineral deposits and occur-
rences with deep crustal conductors based on an updated 3D conductivity model of northern 
Sweden. The study also aimed to improve our knowledge of the major tectonic units and the 
boundaries between them. 
Paper II – Development of improved integration methods for multi-variate geophysical data 
and models. This study complemented the previous study of the area by providing new in-
version models from regional magnetic and gravity data. A new method based on a neural 
network algorithm to integrate and analyse all information derived from all geophysical data 
was introduced. The study provided a geophysical domain classification of the investigated 
region which was subsequently evaluated on a regional-scale geological context. 
Paper III – Analyses of potential field data with focus on new methods for pattern recogni-
tion and identification of geological structures and boundaries. The analyses contributed to 
identification of a hitherto unknown tectonic event in the area. 
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Paper IV – Application of a machine learning technique to provide quantitative and qualita-
tive analyses of potential field data with an emphasis on data feature extraction from the 
study area on a regional-scale. The study demonstrates how the technique can automatise 
and guide decision processes for the interpretation of potential field data. 

1.3. Thesis structure 

As a comprehensive summary of the work, this thesis has been structured into the following 
six chapters and is followed by appended papers. 
Chapter 1: Introduction – Presents the background and gives a brief introduction to the re-
search performed in this thesis. Moreover, the purpose and objectives of the research are de-
scribed. 
Chapter 2: Geological overview – Provides a brief outline of the geology and the tectonic set-
ting of the study area. Moreover, the regional deformations and mineralisation in the area 
are discussed. 
Chapter 3: Geophysical methods and interpretation approaches – This chapter summarises a 
few aspects of the electromagnetic theory and the potential field methods, and briefly de-
scribes the interpretation methods including the inversion of MT, magnetic, and gravity da-
ta, and the Self-Organising Map (SOM) classification algorithm applied to the data and 
models analysed in this thesis. 
Chapter 4: Data collection – This chapter describes the fieldwork and data acquisitions per-
formed for the current research. In addition, the previously measured data used for this 
study are presented. 
Chapter 5: Summary of the appended papers – This chapter presents a summary of the ap-
pended papers including major findings and discussions. 
Chapter 6: Conclusion and future research – This chapter provides the conclusions drawn 
from the presented results, and some ideas for future studies are suggested. 
References – A list of references is provided. 
Appended papers – This part of the thesis contains four papers. The contents of the papers 
are summarised in other chapters including the methodology in chapter 3, the results and 
findings in chapter 5 and conclusions in chapter 6. 
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Chapter 2 

Geological overview 

This chapter provides an overview of the regional geology of the study area in northern Swe-
den. Furthermore, regional structures and timing of ore deposits are discussed. 

2.1. Geological setting of the study area 

The study area is located in the northern part of the Fennoscandian (Baltic) shield, in Swe-
den, where the crust is dominated by Archaean and Paleoproterozoic orogenic processes. The 
oldest crust in the Norrbotten region, in northern Sweden, is comprised of gneisses and am-
phibolites that formed during the Samian (3.5–3.0 Ga) and Lopian (2.9–2.6 Ga) orogenies 
forming a Neoarchean paleo-continent (Martinsson et al., 1999; Bergman et al., 2001). The 
southern border of this Archaean continent is defined by ℇNd-signatures in the Paleoprotero-
zoic plutonic rocks indicating assimilation of Archaean basement materials. The boundary is 
represented by the Luleå-Jokkmokk Zone (Fig. 1; Öhlander et al., 1993; Mellqvist et al., 
1999). Detailed Structural studies on the exposed Archaean basement are currently lacking 
in Sweden, but studies on structures in northern Finland suggest reactivation of the base-
ment structures (Piippo et al., 2019). 
The WNW-ESE continental rifting at 2.5–2.0 Ga interpreted as a result of a NE-SW conti-
nental extension resulted in the deposition of abundant mafic volcanics, and related volcano-
sedimentary and sedimentary rocks that formed a pronounced green stone belt overlying the 
Archaean basement (Fig. 1; Pharaoh & Pearce, 1984; Martinsson, 1997; Lahtinen et al., 
2005; Hanski et al., 2014; Bingen et al., 2015). 
The onset of the Svecokarelian (or Svecofennian: Nironen, 1997) orogeny in northern Sweden 
is marked by the formation of 1.95–1.89 volcanic arcs that were later accreted to the Archae-
an continent (the Knaften arc located south of the younger Skellefte arc: Wasström, 2005; 
the Kittilä arc in the northeastern part of Norrbotten: Nironen, 1997; Lahtinen et al., 2005). 
The accretion of the Kittilä arc (as the earliest arc accretion event) onto the Karelian part of 
the Archaean led to the formation of the Pajala shear zone (PSZ) marked by a pronounced 
suture zone (Fig. 1; Lahtinen et al., 2005). The subsequent subduction from the southwest at 
1.90 Ga led to the formation of the Skellefte volcanic arc, resulting in normal and related 
transfer faults and a back-arc basin in northern Norrbotten (e.g. Allen et al., 1996; Sarlus, 
2018; Andersson et al., 2020). The arc and back-arc magmatism formed in an extensional 
setting led to formation of 1.9–1.88 Ga volcanic sequences and related volcano-sedimentary 
and sedimentary rocks (Bergman et al., 2001; Weihed, 2005). 
The two major suites of syn-orogenic and co-magmatic plutonic-volcanic rocks that formed 
during the early cycle of subduction and accretion in northern Sweden were the calc-alkaline 
Haparanda suite-Porphyrite group (HS-PG) and the alkali-calcic Perthite Monzonite suite-
Kiirunavaara group (PMS-KG). The PMS-KG predominates to the west, and it is character-
ised by gabbroic, monzonitic, and granitic rocks, and mafic to felsic volcanic counterparts 
(Bergman et al., 2001). The HS-PG predominates to the east, and it is comprised of diorite to 
granodiorite intrusions and intermediate to felsic volcanic equivalents. 
The late Svecofennian magmatic cycle (1.81–1.62 Ga) resulting from subsequent eastward-
directed subduction with a related E-W-directed crustal shortening (Bauer et al., 2018), gen-
erated widespread S-type intrusive rocks (Lina granite) associated with extensive I- to A-
type felsic batholiths of the Trans-Scandinavian Igneous Belt (Weihed et al., 2002). Accord-
ing to Öhlander et al. (1987), the Lina granite represents several intrusive events. 
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Fig. 1. Regional geology map of northern Sweden including the Norrbotten ore province and Skellefte 
district. Insert map indicates the location of the Archaean Proterozoic boundary referred to as the Lu-
leå-Jokkmokk line defined by isotope data and location of the hypothesised Norrbotten back-arc dur-
ing the Svecokarelian orogeny. Modified from Weihed & Williams (2005). The major deformation 
zones are marked by solid lines (red line: location of hypothesised Norrbotten mega fault, NMF). 

2.2. Deformation-metamorphism-metal deposits 

The regional deformation and metamorphism in northern Norrbotten have been inferred in 
conjunction with two major magmatic episodes (ca. 1.88 Ga and 1.80 Ga). However, the met-
amorphic systematics in the region is complex and poorly constrained due to a lack of pres-
sure-temperature (P-T) determinations. 
The structural data from northern Norrbotten indicate two prominent compressional events 
and associated metamorphism coinciding with the early and late Svecofennian orogenic cy-
cles in the time interval 1.88–1.74 Ga (Bergman et al., 2001; Lahtinen et al., 2015; Martins-
son et al., 2016). The timing of the first deformation event (D1) is constrained at ~1.88–1.86 
Ga, based on an identified contrast in deformation intensity shown by intrusions of the Hap-
aranda suites (HS) and Perthite Monzonite suites (PMS) (Bergman et al., 2001). This is sup-
ported by the occurrence of 1.88 Ga titanite of metamorphic origin in andesite from the 
Sammakkovaara group (Martinsson, 2004), together with other age data from the Kiruna 
area (Bergman et al., 2001). This early regional deformation event (D1) is considered to rep-
resent the regional peak of metamorphism in northern Sweden (Bergman et al., 2001; Bauer 
et al., 2018). D1 formed under an overall NE-SW crustal shortening regime, locally generat-
ing well-defined penetrative foliation (S1). The E-W directed S1 foliation can be traced in the 



17 

Gällivare area (Lynch et al., 2015). A second deformation event (D2) formed as a response to 
the subsequent E-W to NW-SE crustal shortening, and it resulted in major reactivation of N-
S-trending shear zones and refolding of the earlier D1-fabrics (Bergman et al., 2001; Luth et 
al., 2018; Bauer et al., 2021). The D2 event is associated with the regional hydrothermal and 
metamorphic event (M2) characterised by high-low temperature-pressure (Wanhainen et al., 
2012; Bauer et al., 2018). The major ductile shear zones in northern Norrbotten, active at ca. 
1.8 Ga, are represented by, for example the NNW-directed Nautanen Deformation Zone 
(NDZ) in the Gällivare area, the east-dipping Kiruna-Naimakka Deformation Zone (KNDZ) 
in the Kiruna area, and the N to NNE-directed Pajala Shear Zone (PSZ) (Fig. 1). 
Although the area’s metamorphic grade and character, both in time and space, are not fully 
understood, the limited available geothermometry data indicate a variable metamorphic 
grade in northern Norrbotten. The regional metamorphic grade decrease from east to west 
and is mainly of a low to intermediate pressure type (Bergman et al., 2001). The metamor-
phic grade in the Kiruna area is estimated to have greenschist facies conditions, while am-
phibolite facies conditions are suggested for the Gällivare area (Bergman et al., 2001; Mar-
tinsson, 2004). 
Mineralising events in the area coincide with the early and late cycles of the Svecokarelian 
orogeny (e.g. Billström et al., 2011). The iron oxide-apatite (IOA) deposits known in northern 
Norrbotten are concentrated in the Kiruna-Gällivare area, and they were formed in the early 
Svecokarelian cycle in a back-arc extensional setting (Martinsson et al., 2016; Andersson et 
al., 2021). The porphyry-copper style deposits, being the early mineralisation stage (e.g. in 
Aitik), were formed in the transitional phase between extension and compression (Wan-
hainen et al., 2012). The deposits formed in the late Svecokarelian cycle are primarily re-
stricted to structurally controlled Cu-Au, iron oxide-copper-gold (IOCG), of an age spanning 
1.80–1.78 Ga, and they are mostly shear zone hosted, or else vein hosted in association with 
shear zones (e.g. Lynch et al., 2015; Martinsson et al., 2016; Bauer et al., 2021). The IOCG 
deposits also formed during an early cycle, but the timing is not as tightly constrained (ca. 
1.86 Ga, or slightly younger age, e.g. Smith et al., 2007; Martinsson et al., 2016). Some age 
data indicate that the IOA deposits are linked to the late Svecokarelian orogeny (e.g. the 
Tjårrojåkka deposit, dated at 1.78 Ga; Edfelt, 2007). However, the geological interpretation 
of the deposit is unclear, and the late cycle IOA-formation remains an unsolved question 
(Martinsson et al., 2016). 
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Chapter 3 

Geophysical methods and interpretation approaches 

This chapter describes the theoretical background of the geophysical methods used in the 
current research. The methods used for interpretation purposes are set out in the following 
discussion. 

3.1. Magnetotellurics 

The magnetotelluric (MT) method, is a natural-source (passive) geophysical method. Alt-
hough time series data are recorded, the method is classified as a frequency-domain electro-
magnetic (EM) technique since response functions are estimated after the Fourier transform 
and subsequently displayed as function of frequency (or period). The response functions im-
age the electrical conductivity distribution of the Earth at subsurface depths. The MT meth-
od utilises naturally occurring geomagnetic variations as the power source. The wide-spread 
induced current in the ground within a wide range of frequencies utilised in this method al-
lows the determination of electrical conductivity distribution in the subsurface, at depth 
scales ranging from tens of meters to even hundreds of kilometres, and thereby for the entire 
lithosphere. The method is particularly sensitive to conductive structures, and it is widely 
used in different geophysical contexts such as mineral exploration (Livelybrooks et al., 1996; 
Jones et al., 1997; Farquharson & Craven, 2009; Heinson et al., 2018), as well as more gen-
eral lithospheric studies (Patro & Sarma, 2009). 
The fundamental principles of MT were initially set out by Tikhonov (1950) and then, in 
more detail, by Cagniard (1953) and Rikitake (1950). The propagation of EM fields can be 
described by a set of four relations (in international system of units (SI)) called Maxwell’s 
equations. These can be expressed in differential form together with their associated inter-
face conditions for electromagnetic fields at conductivity boundaries, and they describe the 
relationship between magnetic and electric vector fields (bold symbols refer to vector quanti-
ties and non-bold to a real scalar value unless stated otherwise). 

& ∙ ' = 0 Gauss’s Law for Magnetism (2.1) 

& ∙ * = +! Gauss’s Law (2.2) 

& × - =
−/'

/0
Faraday’s Law (2.3) 

& ×1 = 2 +
/*

/0
Ampere’s Law (2.4) 

where ' is magnetic induction in units of [T=Vsm-2], * is dielectric displacement current in 
units of [Asm-2], +! is electric charge density [Asm-3], - is electric field [Vm-1], 1 is magnetic 
field intensity [Am-1], and 2 is electric current density [Am-2]. The symbols & ∙ and & × stand 
for divergence and curl, respectively. 
Equation (2.1), called Gauss’s law, states that magnetic fields, defined by magnetic induction 
', are always source-free. This means that magnetic flux through a closed surface is zero. 
Equation (2.2) describes the relationship between the electric displacement current *, and 
the electric charge density +!. Faraday’s Law, in equation (2.3), shows how the time varia-
tion of the magnetic field creates an orthogonal circular symmetric electric field. Curls of 
magnetic fields with a magnetic intensity 1, are caused by electric current density 2, and 



20 

time-varying electric displacements, and this is mathematically expressed in equation (2.4), 
known as Ampere’s law. 
For a linear, isotropic medium, Maxwell’s equations can be related through their constitutive 
relationships: 

	2 = 4-  (2.5) 

	' = !1  (2.6) 

* = 5-  (2.7) 

where 4 is electrical conductivity [Sm-1] (its reciprocal being electrical resistivity 6 = "
# 

[Ω.m]). Equation (2.5) is also known as Ohm’s law, which states that a material must have 
non-zero conductivity to allow electric currents to pass through it. The symbols 5 = 5$5% and 
! = !$!% denote the dielectric permittivity [As/Vm] and the magnetic permeability [Vs/Am],
respectively. 5$ = 8.85 ∙ 10&"' [As/Vm] is the dielectric permittivity of free space, and !$ =
4< ∙ 10&( [Vs/Am] is the magnetic permeability of free space. 5% and !% are also referred to as
relative dielectric permittivity and relative magnetic permeability, respectively, (no units in
SI system).
4, 5 and ! describe the intrinsic properties of materials through which electromagnetic fields 
propagate. In anisotropic materials, they must be expressed in a tensor form instead of a re-
al scalar. However, anisotropy is neglected in this work and the properties of the Earth ma-
terials are assumed to be isotropic. The 5 value ranges from 5$ in vacuum/air, to 805$ in wa-
ter, and they vary depending on the frequency of electromagnetic fields. Magnetic permeabil-
ity ! can be approximated to its value in a vacuum for most Earth materials. However, in 
cases where there is a high degree of magnetisation of the materials, this value can be an 
order of magnitude higher in, for example, magnetite ore bodies. Since the most common 
rock types are only weakly magnetic and without dispersion at the frequencies considered, 
these factors are typically neglected in the MT method. Thus, ! and 5 are simply approxi-
mated as the constant values in vacuum, ! = !$, 5 = 5$. Based on the assumptions defined in 
the constitutive equations above, and considering the time dependency >&)*+ of the fields 
with angular frequency ? =

',
- , by moving from the time-domain into the frequency-domain 

through a Fourier transform ( ..+
/
→−A?), Faraday’s and Ampere’s-Maxwell’s laws are approx-

imated as follows: 

& × - = A?!1 (2.8) 

	& × 1 = (4 − A?5)- (2.9) 

where the permittivity and permeability are assumed to be constant. 
Induced polarisation in MT data, i.e. frequency dependent conductivity 4, has been reported 
to exist in a few studies (Stoyer, 1976; Gasperikova & Morrison, 2001; He et al., 2010). In-
duced polarisation is a common phenomenon in many controlled source EM data in mineral-
ised areas. However, the large footprint (volume of sensitivity) of the MT method compared 
to controlled source methods implies that the typical small volume of dispersive material is 
unlikely to cause strong and detectable responses. Induced polarisation is therefore mostly 
ignored in interpretations of MT data. 
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3.1.1. Electromagnetic wave equations 

The equations defined above represent the basic equations of electromagnetic induction in a 
source-free medium. The electromagnetic waves equation, in terms of the electrical and 
magnetic fields, is derived by taking the curl of equations (2.8) and (2.9) and substituting the 
above equations: 

& × & × - = A?!(& × 1) = A?!(4 − A?5)- (2.10) 

& × & ×1 = (4 − A?5)& × - = (4 − A?5)A?!1 (2.11) 

By using the vector identity & × (& × D) = &(& ∙ D) − E'D, and assuming that the electric 
field is divergence free, & ∙ - = 0 (there are no natural electric sources in the Earth), then 
equations (2.10) and (2.11) can be rewritten as follows: 

E'- + (A?!4 + ?'!5)- = 0 ⇒ E'- + G'- = 0 (2.12) 

E'1+ (A?!4 + ?'!5)1 = 0 ⇒ E'1+ G'1 = 0 (2.13) 

with G' = A?!4 + ?'!5 = ?!(A4 + ?5), which is called the propagation constant in the medi-
um. For most situations within the MT frequency band (104 – 10-4 Hz), 4 ≫ ?5, which allows 
us to neglect displacement currents. This assumption is considered as a quasi-static approx-
imation, which reduces the wave equations above to the diffusion equation for electric and 
magnetic fields: 

E'- + A?!4- = 0 (2.14) 

E'1+ A?!41 = 0 (2.15) 

with G' = A?!4. 

3.1.2. Skin depth 

Natural electromagnetic fields are induced in the Earth within the period range 10-4 s to 105 

s (or frequencies of 104 Hz to 10-5 Hz). Depending on the target depth of the investigation, an 
MT survey is conducted over a range of frequencies from broadband MT (BBMT) in the peri-
od range of typically 0.001–1000 s, which is suited for crustal-scale studies, to long-period 
MT (LMT) in the period range of 1–10000 s ideal for lithosphere studies (Chave & Jones, 
2012). The diffusion factor describes the penetration depths of the fields known as the skin 
depth I(J), and for a homogeneous media with resistivity 6[LM], it is defined as: 

I(J) ≈ 500P6J[M] (2.16) 

The equation represents the exponential decay of the EM-field amplitude with depth at 
which the source signal amplitude at a period J in units of [s] is attenuated to 1/e (≈ 37%) of 
its original strength. 
In the case of an inhomogeneous subsurface, the attenuation may vary considerably spatial-
ly, but a rough estimate of depth of investigation may be considered by using the apparent 
resistivity 60 instead, and the equation above can be approximated as follows: 

	I(J) ≈ 500P(J60)[M]            (2.17)  
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3.1.3. MT transfer functions 

Impedance tensor 
The impedance tensor Q, defined as a complex second rank and frequency dependent matrix, 
is a description of the relationship between the orthogonal magnetic and electric fields at a 
given frequency: 

-(?) = Q(?)1(?) , R
S1
S2
T = R

U11 U12
U21 U22

T R
V1
V2
T (2.18) 

where the indices W, X refer to orthogonal orientation, typically in north and east directions, 
respectively. Q is complex, and thus each matrix element is a complex number composed of 
both real and imaginary parts. Each element of the impedance tensor (U)3; AZ = WW, WX, XW, XX) 
can be physically interpreted by its phase angle $, and the scaled amplitude, known as ap-
parent resistivity (60). These parameters are defined as follows: 

60,)3(?) =
1

!5?
[U)3(?)[

'
, $)3(?) = \]^0\_

ℑaU)3b

ℜaU)3b
(2.19) 

where the apparent resistivity defined by 60[LM] represents the average resistivity of an 
equivalent uniform half-space at a particular frequency, and the impedance phase $ in de-
gree describes the phase difference between the electric and magnetic field thereby giving 
additional information on the resistivity structure (Simpson & Bahr, 2005). 

Geomagnetic transfer function 
The vertical magnetic field component V6, can be measured to utilise a technique known as 
Geomagnetic Depth Sounding (GDS). A complex vector, known as geomagnetic transfer func-
tion (Tipper) d, is introduced to describe the relationship between the horizontal aV1	, V2b 
and vertical magnetic field components (V6): 

V6	(?) = J61	V1(?) + J62	V2(?) (2.20) 

where ? is the angular frequency. 
Induction arrows are a commonly used representation of the complex tipper vector. The ar-
row is often separated into real and imaginary parts, and it can be used to infer the pres-
ence, or absence of lateral variations in resistivity (Gregori & Lanzerotti, 1980). With refer-
ence to Parkinson (1959, 1962) and Wiese (1962), two concepts are defined for plotting induc-
tion arrows. Following the Wiese convention that  as used for the MT data analyses here, the 
real part of the induction arrow points away from anomalous current concentration and 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 
the distance range increasing for longer periods. 
The advantage of GDS is its 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), as will be discussed in the following section. 

3.1.4. Galvanic distortion 

Distortion as a known phenomenon can be a major problem when dealing with measured MT 
data. This effect is caused by small-scale conductivity contrasts in the shallow subsurface 
when the skin depth is significantly larger than the dimensions of the small anomaly 
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(Zhang, 1987; Groom & Bahr, 1992; Simpson & Bahr, 2005). These bodies cause charge dis-
tributions and induced currents that influence the magnetotelluric responses. Distortion can 
be considered as being either inductive or galvanic. The inductive distortions generated by 
current distributions have a small magnitude and decay over a period, and they can be ig-
nored under the quasi-stationary approximation (4 ≫ ?5), (Berdichevsky & Dmitriev, 1976). 
Galvanic distortion, caused by discontinuities in conductivity, influences the amplitudes of 
electric fields due to the conservation of the electric charge. It distorts the corresponding im-
pedance tensor by real scaling factors and is frequency independent. The magnetic fields are, 
however, assumed to be less affected by galvanic distortion (Jiracek, 1990; Agarwal & 
Weaver, 2000). In the case of 2D, the most simplified description of the galvanic distortion is 
a static shift on the apparent resistivity curves that will only be overcome by different ap-
proaches, as was discussed by Chave & Jones (2012). In the case of 3D, charge accumulation 
can be simulated by a lateral conductivity change in the near surface layer and, therefore, a 
sufficient discretisation at shallow layer allows for compensation for even moderate to heavy 
static shift effects. 

3.1.5. Phase tensor 

Caldwell et al. (2004) introduced a useful method in MT that is both free of presumptions 
about the underlying dimensionality, and immune to distortion. 
The tangent of the MT phase was introduced in equation (2.19) as the ratio of the imaginary 
and real parts of the impedance tensor Q. This expression can be generalised to the entire 
tensor, specifically the real (e) and imaginary (f) parts of the complex impedance tensor   
Q = e + Af, as follows: 

 g = e&"f = R
%11 %12
%21 %22

T (2.21) 

where g defines the real phase tensor. 
The individual phase tensor elements can be calculated from the real and imaginary compo-
nents of Q in the following manner: 

 g = R
%11 %12
%21 %22

T =
1

h>0(e)
R
i''j"" − i"'j'" i''j"' − i"'j''
i""j'" − i'"j"" i""j'' − i'"j"'

T (2.22) 

Here, the determinant is defined as h>0(e) = i""i'' − i'"i"', where the numbers 1 and 2 
refer to the W and X components, respectively. 
The phase tensor can be represented graphically by an ellipse (Bibby, 1986) with four values. 
The three coordinate invariants are the maximum phase tensor value %801, the minimum 
phase tensor value %8)9 (in order |%801| ≥ |%8)9|, which are defined as principal axes of the 
tensor), and the skew angle m, which measures the tensor asymmetry. The angle n, express-
es the dependency of the major axis with respect to the coordinate system and is not coordi-
nate invariant: 

 %801 = o(%"
' +%:

') + o(%"
' +%:

' −%'
') (2.23) 

 %8)9 = o(%"
' +%:

') − o(%"
' +%:

' −%'
') (2.24) 

where, 
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%" =
0](g)

2
,%' = h>0

"
'(g), 	%: =

qr(g)

2
(2.25) 

Here, tr: trace, det: determinant, and sk: skew, all express the characteristics of the phase 
tensor as defined in the following equation: 

0](g) = %11 +%22	,	h>0(g) = %11%22 −%12%21	, qr(g) = %12 −%21 (2.26) 

The angle n, and skew angle m, are calculated from the trace and the skew: 

n =
1

2
0\_&"

%12 +%21
%11 −%22

 (2.27) 

m =
1

2
0\_&"

%12 −%21
%11 +%22

 (2.28) 

The orientation of the major axis specified by angle s = n − m is applied to indicate the re-
gional strike (if any) or its perpendicular direction. If m = 0, then the tensor would be consid-
ered as symmetric. 
Additional information about dimensionality of the subsurface could be drawn from phase 
tensor analyses. For a 1D geoelectric structure, the phase tensor is represented by a single 
coordinate invariant phase equal to the 1D impedance tensor phase since the maximum and 
minimum phases are equal. In 2D regional electrical resistivity cases, the skew angle m is 
zero, and the phase tensor is symmetrical with one of the principal axes aligned parallel to 
the regional strike (Caldwell et al., 2004). For the quasi-2D case, the m is typically consid-
ered to be less than 3 degrees or when the normalised skew angle t, defined as t = 2m, is 
lower than 6 degrees (Booker, 2014). However, although this condition is necessary in order 
to conclude two-dimensionality, it is not a sufficient condition because 3D symmetry can 
make t small locally. What is more important than this condition is the consistency or sta-
bility of the phase major axis throughout the period range and along a profile within an ar-
ea. 
Phase tensor and strike analysis is important specifically when the available MT data only 
are available along profiles. Knowledge of dimensionality of the geoelectrical structures is 
typically used to justify whether 1D or 2D modelling is adequate. The advent of 3D model-
ling software combined with MT station distributions in grids implies that the need for these 
types of analyses is somewhat diminished. Nevertheless, the results are useful in qualitative 
assessment of the geology and provides insight on the complexity of the electrical structures. 

3.1.6. Inversion of MT data 

The aim of inversion is to find a model or models that reproduces the observed data within 
corresponding data errors, through minimising the discrepancy or misfit between the meas-
ured and predicted data using an inverse modelling algorithm. To obtain a quantitative es-
timate of the conductivity distribution in the subsurface, the MT data are inverted for the 
3D case using the inversion code ModEM (Egbert & Kelbert, 2012; Kelbert et al., 2014). The 
complex impedances are directly used as input data for 3D inversion modelling. A forward 
computation is needed for the inversion in each iteration based on the equation (2.14). The 
electric field is calculated using a staggered grid and finite-difference formulation consider-
ing quasi-static approximation (no displacement current) and the magnetic permeability ap-
proximation as the constant value in vacuum as described in section 3.1.1. In the staggered 
grid formulation of Yee (1966), the discretised electric field vector components are defined on 
the cell edges. The secondary field can be defined from electric field through
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1 = −(A?!)&"& × - on the discrete grid of cell faces. Using the solution for two polarisations, 
the impedance (equation 2.18) and tipper (equation 2.20) predicted by a resistivity model is 
obtained. 
For inversion of MT data, a non-linear conjugate gradient scheme is used to minimise an ob-
jective function in the least square sense. The objective function contains the sum of a term 
describing the data misfit and a regularisation term. The regularisation term quantifies the 
deviation of the model from a prior model simultaneously with a penalty for model rough-
ness. The inversion thereby searches for the smoothest model relative to the prior model that 
fits the data within the data errors. The objective function needed to be minimised consists 
of the data misfit and regularisation terms in the following manner (Egbert & Kelbert, 
2012): 

t(u) = [v − w(u)]-x;
&"[v − w(u)] + y[u −u<]-x8&"[u −u<] (2.29) 

where v is the data vector, u is the model parameter vector, u5 is a priori model parameter 
vector or first guess, w(u) is forward function, x;&" is defined as inverse of data covariance 
and x8&" as inverse of model parameter covariances. Data covariance matrix is in most cases 
considered as a diagonal matrix, and model covariance matrix describes the constraints on 
the model variation relative to an a priori reference model, (e.g. Siripunvaraporn & Egbert, 
2000; Kelbert et al., 2014). Constraints are typically placed on smoothness of the model 
which is searched. These a priori constraints expressed by u5 and smoothness requirements 
eliminate some of the problems related to non-uniqueness of the inverse problem. The trade-
off between data misfit and model regularisation is defined by y. An empirical good choice of 
y can be obtained by the trade-off curve or L-curve (Hansen, 1992; Menke, 2018). However, 
in ModEM code, a “cooling” scheme is used, whereby the value of y is modified during the 
iterations. A relatively high y is used initially, but it is made smaller once the change in mis-
fit becomes smaller than a preset threshold value between subsequent iterations. 
The misfit between real data v and the predicted ones z derived from a given conductivity 
model is calculated in the following equation: 

{|} = ~
1

�
ÄÅR

h) − Ç)
Éh)

T
'=

)>"
(2.30) 

where � is number of data point with uncertainty Éh)	prescribed to the Ath data. RMS: root 
mean square. 

3.2. Potential field methods 

 Potential field methods refer to measurements of the gravity and magnetic field variations. 
These methods are widely used, for example, in ore explorations and in delineation of the 
geologic subsurface structures such as alteration zones, folds, and faults (Domzalski, 1966). 
Magnetic and gravity surveys are often applied and interpreted simultaneously by assuming 
that the causative anomalous bodies are similar in terms of geometry. 

3.2.1. Magnetic 

The magnetic method, the oldest geophysical technique, measures the spatial variation of 
the strength or intensity (and in some cases, even the direction) of the magnetic field re-
ferred to as magnetic flux density, magnetic induction, or '-field in units of nano Teslas 
[nT]. At any point on the Earth, the magnetic field can be described by an amplitude or in-
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tensity, and a direction known as inclination Ñ and declination Ö angles in degrees from the 
horizontal plane and geographic north, respectively. 
The measured magnetic induction is the result of the interaction between the Earth’s mag-
netic field 1, and the magnetic rocks of the crust. It should be noted that the '-field is also 
often referred to as the magnetic field despite the above-mentioned terminology and defini-
tion. In addition to induced magnetisation Ü)9;, rocks may have a permanent or remanent 
magnetisation Ü%!8 acquired, for example, when the rock cooled below the Curie tempera-
ture or during sedimentation of magnetic minerals. The inducing field intensity 1, or the 
Earth’s main magnetic field, quantified in units of Amperes per meter [Am-1], is related to 
the '-field by the equation ' = !1, where ! is the magnetic permeability of the material. ! 
can be described according to the approximation stated in ! = !5(1 + á) ≅ !5, where !5 =
4< ∙ 10&( [Vs/Am] is magnetic permeability of a vacuum, and á is magnetic susceptibility, a 
unitless constant indicating the degree of magnetisation of a material. The most common 
rocks have á ≪ 1. In the case of accounting for anisotropy of induced magnetisation in the 
materials, the scalar value of á is replaced by a 3 × 3 tensor {ã} derived from partial deriva-
tives of the components of the induced magnetisation vector Ü?

?@A = {ã}1, with respect to the 
components of 1: G),3 =

.B!
!"#

.C$
, where A and Z refer to directions of the applied field and mag-

netisation, respectively. Modelling of magnetic data is in most cases performed by assuming 
induced magnetisation only, despite the fact that many rocks may have significant remanent 
magnetisation. The main reason for this simplification is that it is not possible to fully sepa-
rate the two types of magnetisations. 
Measurements are usually made of the total magnetic intensity (TMI) of the magnetic field 
', or in some cases, of components of the field (using e.g. a 3-component fluxgate magnetom-
eter), in the air or at the ground, or even at sea through parallel survey lines. Recordings 
from airborne magnetic surveys or aeromagnetic surveys are also performed along less dense 
lines, termed “tie” lines, oriented perpendicular to the overall survey line orientations and at 
the same survey height. These additional lines that cross the survey lines are used to check 
the measurements at the intersections of the lines and for levelling purposes. Several correc-
tions need to be applied to magnetic data in order to put the data into a form that represents 
the subsurface features. These corrections include, for example, diurnal correction to remove 
temporal changes of the magnetic field during the progress of a survey, tie-line levelling in 
order to tie the field values between the survey and tie lines. For exploration purposes, the 
Earth’s main magnetic field should be subtracted from the magnetic observations in order to 
obtain the anomalous field associated with the magnetic minerals in the lithosphere. For 
this purpose, the International Geomagnetic Reference Field (IGRF) is used. The IGRF pre-
dicts a global mathematical model of the Earth’s magnetic field generated by electric cur-
rents in the Earth’s core over time and space. In the final step, interpolation and gridding of 
the data is performed to create a magnetic map and display the data for further interpreta-
tion. The gridded data are also used for the calculation of, for instance, spatial derivatives of 
the field, and also for calculating components of the magnetic field from the total field data 
(Pedersen et al., 1990). 

3.2.2. Gravity 

The gravity method, known as gravimetry, is a passive exploration method in that it is based 
on the universal law of gravitation and the measurements of the Earth’s gravitational field 
caused by lateral variations in the density of the subsurface units. Generally, what is meas-
ured is the vertical component of the gravitational acceleration or, in more limited explora-
tion investigations such as airborne gravimetry, the gradient components of the total gravity 
field. The measurement is made along a traverse that crosses the expected location of the 
target, or at points distributed in more or less regular grid configurations. 
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The field gravity measurements, as with other geophysical methods, require processing and 
corrections prior to interpretation of the subsurface variations in density. These corrections 
include instrument drift (temporal variations in measurements depending on instrument 
drift), tidal effects, latitude variation, free air (height effect), the Bouguer plate (excessive 
mass) and terrain correction (deviation of the terrain from a flat topography). Corrected ob-
served gravity data, referred to as the Bouguer gravity anomaly, is presented in either maps 
or profiles for further analysis. 

3.2.3. Residual and regional anomaly separation and data filtering 

The corrected potential field data are a combination and superposition of all responses from 
the anomalous sources regardless of their depths or distance from the observation point, or 
of any errors in the data processing. In exploration surveys, the anomalies of interest are 
caused by relatively shallow sources, and they are the targets of the surveys. However, 
measured data are affected by any large-volume geological features at depth, and these are 
referred to as regional anomalies. On the other hand, the regional structures could be the 
focus of other investigations such as tectonics studies. Therefore, the elimination of the re-
gional anomaly from the observed anomaly is a critical step in gravity and magnetic data 
analyses for which numerous schemes have been developed (Blakely, 1996). Widely used as 
isolation and separation filters are high/low pass filters, such as Butterworth filters, and fil-
ters based on upward continuation filters (Jacobsen, 1987). The common approach is to filter 
the data in the spectral domain based on anomaly wavelength characterisations. 
In addition to regional/residual separation filters, various other types of data processing can 
be performed to highlight or de-emphasise specific wavelength. The filtering is most conven-
iently done in the wavenumber domain after 2D Fourier transform of the data. Spatial dif-
ferentiation horizontally enhances short wavelength anomalies relative to long wavelength 
anomalies. For example, the first order derivative scales the data by multiplication of each 
wavelength y3 by the wavenumber á3 =

',
D$

, where the subscript Z refers to the horizontal di-

rection. First order vertical derivative scales the data by the factor G6 = oG1' + G2', where the 
subscripts W and X refers to north and east directions, respectively. For example, both verti-
cal and horizontal derivatives are helpful in increasing the perceptibility of the anomalies 
from shallow sources. Upward continuation filters attenuate the anomalies from shallow 
sources by transforming the observed potential field anomalies onto a surface ∆é	above the 
observation plane by multiplication with >&E%F6 in the wavenumber domain followed by in-
verse Fourier transform. As proposed by (Pedersen & Rasmussen, 1990), upward continua-
tion can be combined with the derivative calculations to attenuate or eliminate short wave-
length noise in the data that otherwise tend to become very large if higher order differentia-
tion is used. 

3.2.4. Inversion of potential field data 

An open-source object oriented forward simulation and inversion package in Python called 
SimPEG (Simulation and Parameter Estimation in Geophysics; Cockett et al., 2015) is used 
for the inversion of magnetic and gravity data. The current package includes several options 
concerning model discretisation, standard numerical solver packages, optimisation algo-
rithms, and other choices with respect to model parametrisation (including a priori models 
and model regularisation) in order to facilitate the inversion. The basic inversion theory be-
hind the applied algorithm is derived and described by Li & Oldenburg (1996). The inversion 
is based on Tikhonov regularisation principles, and the optimisation is performed based on 
an iterative Gauss-Newton (GN) algorithm solved with a Conjugate Gradient (CG) approach. 
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3.3. Neural network Self-Organising Map 

The Self-Organising Map (SOM), initially introduced by Kohonen (1982), is a type of artifi-
cial neural network (ANN) using unsupervised learning to analyse and visualise multivari-
ate data with unknown relationships. It has become a popular computational tool to analyse 
the non-linear statistical relationships among high-dimensional datasets, and it has been 
applied to various areas such as pattern recognition and image analysis for prediction, clas-
sification and clustering purposes (Fraser & Dickson, 2007; Brunton et al., 2010). A SOM’s 
main advantage is its ability to approximate the probability density of the input data by 
transformation of a feature vector of arbitrary dimension drawn from a feature space into a 
simplified two-dimensional map as a representation of the input data space. Therefore, it is 
a powerful method for the visualisation of multi-dimensional patterns. Ortiz et al. (2014) 
provide a thorough investigation and discussion on both feature selection prior to the SOM 
analysis and on algorithms for segmentation into distinct classes of the output from SOM. 
Although they used magnetic resonance brain scanning images, the conclusions on input da-
ta definition and segmentation procedures are also of interest for the analysis of geophysical 
data studied in this thesis, where no prior class definitions are available as input for super-
vised classification. 

SOM algorithm 
Since input data usually have different units, and before SOMs are trained, the values of 
each variable in the data are normalised to have a zero mean and a standard deviation of 
one. This procedure ensures each variable is without units and equally weighted in a SOM 
analysis. 
The process of reducing the dimensionality of input data in the SOM algorithm is closely re-
lated to vector quantisation (Fig. 2a). The input variables can be represented by feature vec-
tors in a n-dimension (nD) space, referred to as data space, where n is the number of input 
variables. The nD data space is seeded randomly by a pre-defined smaller number of node-
vectors equal to the size of the required output map in the SOM space. 
The node-vectors are subsequently trained and updated in order to represent the patterns 
between the input data (Fig. 2b). This process is performed in two iterative learning steps as 
follows: 
I) Competitive step: Each input sample is compared with all node-vectors within 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 the 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.
II) Cooperative step: All node-vectors and their neighbouring vectors are updated and moved
towards the data vectors. The process is repeated several times for each input data vector so
as to provide a good approximation of a set of data vectors. After training, the node vectors
are situated within the original input data vectors such that each node represents a group of
the data vectors closest to it.
The ratio between the number of input data and number of node vectors corresponds to the 
degree of data reduction performed by the classification algorithm. 

SOM Visualisation 
The output of a SOM analysis can be represented in different categories based on needs for 
visualisation, which assists in understanding and illustrating the structure and relation-
ships of the data. Mapping from the nD data space to the 2D rectilinear representation or 
map is done such that it preserves the relative distance relationship between the node vec-
tors, meaning that node vectors that are most similar to each other appear adjacent to each 
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other. 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 rep-
resents a node-vector in the data space referring to as a group of input 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. That 
is, it is organised in such a way as to show the relative similarity and dissimilarity between 
data types based on their relative distance. Similar data appear adjacent to each other, 
whereas dissimilar data are separated and plotted with greater separation distances. The 
unified distance matrix and component maps are two examples of this kind of visualisation. 
I) Component plots 
Component plots (Fig. 2c) indicate the variation of a particular variable in the 2D SOM 
space across a map using a standard colour scale or contouring (for normalised data or after 
transformation back to the original data values). The red region in the current scale is asso-
ciated with the highest values, and the blue zones with the lowest values. The component 
plots also allow for the detection of any correlation or relationship between all data types 
through a comparison of various variables at the same location in SOM space. 
II) U-matrix 
The unified distance matrix (Fig. 2d), or U-matrix, representation of the map (Ultsch & 
Vetter, 1994) is a classical way of viewing the SOM. This is performed by expressing the sim-
ilarity between adjacent node vectors in terms of a Euclidean distance measure, where the 
deviation of a particular cell from the surrounding cell is colour coded. A colour scale is typi-
cally used so that cold colours (blue) indicate similarity or a shorter Euclidean distance 
while, warm colours (red) indicate a larger distance, or greater differences, between the 
nodes. Various other types of visualisation, such as scaling the size of the hexagonal cells by 
the amount of input data associated with a specific node or cell, can also be performed. It 
should be noted, however, that some cells are not necessarily associated with any input data. 

k-means clustering applied to SOM 
The visual inspection of the component plots and U-matrix provides the initial estimation of 
the number of clusters if any, as well as their spatial relationships. However, these relation-
ships can be complex in some cases and thus create difficulties with respect to any useful in-
terpretations based on a U-matrix and component plots. To aid in this process, another data 
reduction approach, such as k-means clustering, can be applied to the BMUs of the SOM in 
order to simplify the map by dividing it into similar regions. The advantages of applying this 
approach emerge only if the input data have well-defined clusters. After k-means clustering, 
the BMUs are coloured a using a distinct colour coding and labelling for each class (Fig. 2b). 
Geophysical data are often obtained from continuous functions, and parameters describing 
model parameters often have smooth variations. In these cases, it is not always meaningful 
to perform k-means clustering. 
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Fig. 2. SOM procedure is illustrated in different steps. a) Vector quantisation: each data input 
(marked by black dots) is considered as a feature vector in nD space, where n refers to the number of 
input variables. b) Training phase: in this stage node vectors are trained and moved towards a group 
of data. c) Component plots and d) U-matrix: examples of SOM visualisation, component plots repre-
sent variation of each variable in SOM space after training, and U-matrix indicates the Euclidean dis-
tance between neighboring nodes using a colour scale representation. 
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Chapter 4 

Data collection 

This chapter describes, in detail all data measured during the PhD studies, and all previous-
ly measured data used for the current research work. The data presented in this chapter are 
based on the three geophysical methods used in the study area. 

4.1. MT stations 

The current study was initiated based on the investigation of regional-scale crustal struc-
tures and their importance in controlling mineral occurrences and deposits at or near the 
surface (in Norrbotten County). Understanding the correlation between deep crustal conduc-
tors and the presence of mineral deposits is also part of the study. In order to investigate the 
current hypothesis, MT surveys were carried out at a total of 104 new stations during the 
summer and autumn periods from 2015 to 2018. In addition to already available MT data 
(65 stations) from the MaSca (Magnetotelluric in the Scandes) project conducted 2011–2014 
(Cherevatova et al., 2015), these new measurements cover an area of 200 × 250 km2 in the 
north-eastern part of Norrbotten Craton, with average station spacing 5–10 km in most of 
the area (Fig. 3). 

Fig. 3. a) Measured MT stations applied for 3D inversion (marked by coloured circles in a and b) on a 
total magnetic intensity field (TMI) map (provided by SGU). TMI map in (a) is selected partly from 
the whole Norrbotten Craton, which was the focus of study in Paper III. b) Overview map of the mag-
netic field data from CAMP-GM project (Hemant et al., 2007; Maus et al., 2007) utilised for the study 
in paper II. Solid white lines indicate major deformation zones. The black symbols in (b) show the 
main mineralisation in the area. 
There are various names used for the MT method depending on the period/frequency range 
of the investigation. For this research, a broadband MT (BBMT) survey covering a period 
range of 0.003–1000 s was undertaken. The choice of the new station and frequency range 
were made based on the need to have a denser spatial coverage with superior resolution 
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compared to previous investigations in order to map the regional electrical structures and fill 
the gaps in the existing measurements from the MaSca project. 
Various types of instruments were used to measure the MT data. For the current study, the 
data acquisition was performed using two instruments. Most of the data were acquired using 
a system from Metronix together with a system called MTU2000 (developed by Smirnov et 
al. (2008)). Both systems have a capacity for recording dual frequency-band time series. The 
magnetic field variations were measured using three broadband induction coil magnetome-
ters LEMI-120 from Ukraine (MTU2000 system) and three magnetic induction coils from 
Metronix. In order to measure magnetic field components in x, y and z directions, these coils 
are oriented in a magnetic north-south (N-S) direction, a magnetic east-west (E-W) direction, 
and vertically. The orientations were organised such that the x-axis corresponded to the pos-
itive N direction, and the y-axis corresponded to the positive E direction and z-positive 
downwards. 
The electric field is determined from the measured potential difference using two non-
polarised Pb/PbCl2 electric dipoles, with a dipole length of 100 m. The dipoles are typically 
configured orthogonally to each other, with one dipole oriented with the magnetic N-S, and 
the other with the magnetic E-W. Using non-polarised electrodes is important to avoid addi-
tional electrochemical potential. The separation between electrodes is chosen based on the 
sensitivity of the acquisition system to guarantee enough voltage to be registered. However, 
the choice of distance is occasionally limited by the local terrain conditions. The porous lower 
part of the electrodes is placed into the soil to ensure a wet environment and thereby low 
contact resistance of the electrodes. In order to reduce noise caused by changes of tempera-
ture, the electrodes are usually buried at a depth of a few tens of centimetres. Magnetome-
ters are shielded from wind to avoid motion induced output signals from induction coils. 
To tackle the problem of cultural noise, a remote reference is installed at a sufficiently large 
distance from these sources, and recording is done simultaneously during the entire measur-
ing process (Smirnov et al., 2008). However, special care has to be taken to avoid the influ-
ence of artificial electromagnetic signals from human infrastructures at each MT station, 
such as power lines and settlements. The common duration of a MT measurement at each 
station is approximately 24 hours in order to gather sufficient data for accurate estimates 
over the longest possible periods. The sampling rate used by the MTU2000 system was set to 
20 Hz throughout the entire duration of the data acquisition. A parallel 1000 Hz sampling 
was carried out for two hours directly after midnight when the influence of industrial noise 
is expected to be at a minimum. The long term and the short-term recording used by the 
Metronix instrument were done at 32 Hz and 1024 Hz, respectively. 
A GPS receiver is also needed to secure synchronisation in recordings between simultane-
ously measured sites for remote reference processing, as well as for the determination of the 
exact site locations. The systems were also equipped with an option to use solar panels as a 
power source for on-site charging of a standard 12 V car battery used as the stable power 
source. To configure the system in the field, as well as, to check of the data quality, a com-
puter with a network connection to the data acquisition system was used. Some pictures 
from the field work and the sketch of a magnetotelluric station setup are shown in Fig. 4. 
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Fig. 4. Magnetotelluric field work 2015–2018 (on the left side). Schematic MT station installation from 
Smirnov et al. (2008) (on the right side). 

4.2. Magnetic and gravity data acquisition 

The magnetic data used in the current study were selected partly from airborne magnetic 
data provided by the Swedish Geological Survey (SGU), and the CAMP_GM (Circum-Arctic 
mapping – Gravity and Magnetic) gridded data gathered during a joint project between sev-
eral national agencies (Russia-VSEGEI and VNIIO, Sweden-SGU, Finland-GTK, Denmark-
GEUS, USA-USGS, Canada-GSC, and Norway-NGU) (Fig. 3b). The aeromagnetic data uti-
lised in the construction of the map in Sweden (Fig. 5a) were collected at a survey altitude of 
35–60 m and a survey line spacing of 200 m. The Circum-Arctic magnetic map (CAMP-M) 
was constructed by compiling the World Digital Magnetic Anomaly Map (WDMAM) using a 
common datum (WSGS84) and format. The compilation utilised near-surface magnetic data 
for the short-wavelength parts and satellite-derived magnetic anomalies for the long wave-
lengths (Hemant et al., 2007; Maus et al., 2007). The final magnetic data produced in the 
CAMP-M dataset was then resampled to a 2 km grid cell with an upward continuation of 1 
km. 
The gravity data utilised in the study area were acquired by the SGU under various projects 
such as bedrock and bedrock quality mapping projects in different periods, mostly between 
1960 and 1980. The measurements were made as a ground survey, and the data were col-
lected at points with distances varying from around 500 m to 1500 m. The northernmost part 
of the investigated area, close to the Norwegian and Finnish borders, has considerably lower 
data density. The data were processed with different corrections using a grid cell size of 500 
m by 500 m, and they are shown in form of a Bouguer anomaly map (Fig. 5b). 
In order to focus on regional structures in the area in paper II, an upward continuation to 
2000 m and to 500 m above the level on which datasets were acquired was applied for the 
magnetic and gravity data prior to inversion, respectively (see Figs. 3b and 5b). 
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Chapter 5 

Summary of the appended papers 

This chapter provides a summary of the papers included in the thesis and discusses the most 
significant results. Further information can be found in the appended papers. 

5.1. Contribution from MT to understanding the mineral systems 

The focus of this publication is directed towards an analysis of magnetotelluric data from the 
easternmost part of Norrbotten Craton in northern Sweden. This analysis was undertaken 
in order to investigate and determine the regional-scale crustal conductivity structures in a 
plate tectonic context, and also to understand their spatial genetic relation to the presence of 
the near-surface mineral deposits in the area (Fig. 3). The new denser measurements uti-
lised in the paper allowed for the construction of a 3D conductivity model with a superior 
resolution that allows the gaps in the earlier MT study in the MaSca project to be filled. In 
addition, investigation of the regional-scale structures in the area provided optimised re-
search regarding known and potential mineral deposits in the area. 
A 3D resistivity model was obtained from inversion of the full impedance and tipper data (24 
sites with tipper) for 165 MT stations, including 104 new measurements acquired during 
this study. Several choices of regularisation parameters, data partitioning and starting mod-
els were tested prior to defining the parameters for final inversion. 
The final 3D conductivity model reveals a highly heterogeneous distribution of conductivities 
with very high conductance (vertically integrated conductivity) of more than 3000 S at depth 
of tens of kilometres in some places in a generally resistive crust (Fig. 6). In particular, 
based on the model and data characterisation, the investigated area is subsequently divided 
into three domains. The boundaries between the three domains described by the conductivity 
distributions are oriented NW-SE. The central conductive domain is bounded towards north 
by RDI: resistive domain, where the domain boundary coincides with interpreted coastline of 
marine rift basin, which is spatially marked by the occurrences of the 2.4–2.3 Ga Kovo group 
(Kumpulainen, 2000; Bergman et al., 2001). Towards south, the boundary with RDII: resis-
tive domain, is parallel to the Luleå-Jokkmokk line (LJL: the boundary between the Archae-
an and Paleoproterozoic crust defined by isotope data; Öhlander et al., 1993), and numerous 
major lineaments within Archaean crust (Bergman & Weihed, 2020). However, the MT sta-
tions in the southern part of the model are insufficient for very detailed modelling. The con-
ductive structures north of LJL within the area with interpreted Archaean basement shows 
a NW dipping direction which differs from the interpretations of available seismic data lo-
cated around 200 km further east in the Bothnian Bay (BABEL working group, 1990). 
A positive correlation between the presence of the mineralisation and the modelled high 
electrical conductivity structures in the middle to lower crust is seen in the central conduc-
tive domain (Fig. 7c). The high density of the occurrences in the area occurs along a NW-SE 
directed area interpreted as a graben structure associated with the high conductivity zone in 
the model. However, a lack of MT stations and, in some areas, a lack of exposure or detailed 
exploration may result in a negative correlation shown in the map. Some of the lower crust 
conductors have an extent upwards to the near surface where the known mineralisation is 
located (e.g. conductor CI in Figs. 6b and 7c). 
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Fig. 6. The crustal conductance of a 3D inversion model of MT data for depth intervals of a) 5–15 km, 
and b) 15–40 km. Black circle symbols show the site locations. RDI and RDII indicate high resistive 
domains, RI, RII and CI…CIV indicate resistive and conductive structures, respectively. 

The lower crustal conductors except CIV strike roughly NNE-SSW which has been noted for 
most of major ductile deformation zones in the area, and some of these deformation zones 
(e.g. NDZ and VRDZ) are in a good correlation with high conductivity structures, e.g. CII 
(Fig. 7c). 
The regional-scale positive anomalies in the central conductive domain, which is separated 
by the NNW-SSE trending low shown by the pseudo gravity and magnetic field data (Fig. 
7a,b), may provide an argument for interpretation in terms of magnetite to explain the high 
conductivities. However, the presence of graphite as the cause of these high anomalies was 
not excluded, and the discussion was expanded by including examples of the presence of 
graphite deposits in some areas that are spatially close to the high conductivity zones (e.g. 
the Nautanen area (Årebäck et al., 2018) where it is close to the conductor CII, and the 
Nunasvaara graphite deposit (Lynch et al., 2016), which extends roughly 15 km along the 
strike and close to the CI conductor) (Fig. 6b). 

a) Conductance (5-15 km) b) Conductance (15-40 km)

CI

CIII
CII

CIV
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Fig. 7. a) Magnetic anomaly field data. b) Pseudo gravity field data. c) Crustal conductance for depth 
interval of 15–25 km. Mineralisation is shown in black circles and major deformation zones with 
white-coloured lines. 
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5.2. Complementing MT with potential field data using an unsupervised 
classification approach 

The focus of this publication was directed towards the integration of information obtained 
from several geophysical methods by applying an unsupervised classification approach in 
order to provide a simplified visualisation, data reduction, and geophysical domain identifi-
cation of the investigated area (the selected area is similar to that described in paper I: the 
easternmost part of Norrbotten County in northern Sweden). The integration approach in-
volves a quantitative analysis integrating the petrophysical properties associated with three 
data types including regional scale magnetotelluric, gravity and magnetic field data. The 
quantitative analysis was obtained by performing an individual 3D inversion of the men-
tioned geophysical data followed by an unsupervised classification of the petrophysical prop-
erties from these three models jointly. The model parameters defined for all individual in-
versions are representative of large volume averages with focus on mapping and interpreta-
tion of the regional scale structures. The results may then be used to provide a basis for sub-
sequent follow-up activities with respect to the geological fieldwork for an integrated inter-
pretation and analysis. 
The unsupervised classification was performed with a neural network Self-Organising Map 
(SOM) algorithm introduced by Kohonen (1982). The input data to SOM are defined such 
that information on depth variations of each petrophysical property is entered into the clas-
sification jointly with the actual values. The data inputted into the SOM analysis contain 3D 
resistivity, magnetic susceptibility, and density model parameter values for six different 
depth levels, which all had been sampled equally. The 3D potential field data inversion was 
obtained using the SimPEG code (Cockett et al., 2015), using a Gauss-Newton approach, and 
a 3D resistivity model was selected from the previous results as presented in paper I. Prior 
to SOM analysis, each data type was normalised based on the data in each level separately 
using mean value and standard deviation; that is, shifting to zero mean and normalised to 
unit standard deviation. The input data to SOM are tagged with the geographical coordi-
nates which allow back-projection of results to geographic space. The geographic coordinates 
do not enter the classification algorithm. 
The final result of SOM analysis was presented in terms of a domain classification in geo-
graphical space (Fig. 8) using a colour coding defined in SOM such that each BMU (best 
matching unit: an approximation of the input data in the SOM analysis such that similar 
data are associated with a specific BMU) is associated with a unique colour code for display 
of the results. The domain classification showed areas with similar properties and similar 
depth variations such that it may be used, for example, in mineral prospectivity mapping, or 
for prediction tasks where information from several geophysical methods needs to be inte-
grated. A specific geological phenomenon such as an observed presence of mineralisation in 
one domain class can be used to predict the favourability of similar mineralisation in areas 
belonging to the same class provided that the domains refer to the same geological environ-
ment. The results show a good correlation between some of the major deformation zones in 
the area and the domain boundaries e.g. the Nautanen deformation zone, NDZ, where dis-
tinct differences in crustal properties are noted across the zone (Fig. 8b). 
Component maps as another visualisation of SOM results provide information about correla-
tion of variables in SOM space (Fig. 9). Comparison of the input variables after analysis at 
the same location in SOM space was achieved by visual inspection of the component plots, 
which allows for detection of the relationships and correlations among all input data types. 
For example, it can be noted from Fig. 9 that there is no simple correlation between the dis-
tribution of the three petrophysical properties, but some depth-wise correlation can be noted 
with respect to the depth variations for a single petrophysical property. The simplification of 
the input data after analysis was provided by selecting one BMU as an example in the SOM 
grid (Fig. 9: black circle on the right side of the U-matrix). As illustrated in Fig. 8, a total of 
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12 geographic locations (black circles) are associated with the selected specific BMU in 
Fig. 9. The example shows the use of component maps and how to link the data in the SOM 
space to the location in geographic space. The resistivity at depth of 5 km and 10 km is noted 
to be intermediate at the same location, and to be low for other depth sections. However, the 
susceptibility value is low for all depth sections for this example. 

Fig. 8. Domain classification of three individual inversion models of magnetotelluric, magnetic and 
gravity data by SOM. The domains are visualised by colour coding defined in (a) and projected back to 
the geographical space (b). The grey lines mark isolines of ℇ!" = −3	ratio (thick line) and ℇ!" = 0 (thin 
line), which define the Luleå-Jokkmokk Zone interpreted as the Archaean-Proterozoic Boundary 
(Öhlander et al., 1993). Major deformation zones are shown by white-coloured solid lines. The black 
circle (as an example) in (a) indicates a selected BMU in the U-matrix (Fig. 9), which is associated 
with 12 geographical locations marked as black circles in (b). 

Fig. 9. Components plots of SOM analysis are indicated for each input parameter in the SOM space. 
The Euclidean distance to the neighbouring cells in the SOM is represented in a U-matrix map. The 
selected cell (BMU), marked by a black circle in the upper right part of the U-matrix plot, shows the 
simplification (data reduction) between data in the SOM space and input data in geographical space. 
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The result from Fig. 8 was partly used for comparison purposes with mapped geological 
units, and these may provide examples for follow-up work on improved geological mapping 
and interpretation. For example, the pronounced discrepancy between the geology and the 
domain boundary, marked by north-south trending thick black line in Fig. 10, was noted for 
a large area mapped as Lina granite. The middle crustal sections of resistivity and suscepti-
bility models show lower values towards east of the marked boundary. Occurrences of meta-
basalt and meta-andesites in the figure coincide well spatially with a SOM domain bounda-
ry. The good correlation between the geological units and the SOM map can also be noted in 
Fig. 11 (dashed black lines), where SW-NE trending boundaries linked to the modelled con-
ductive structures are noted in the middle to lower crust (Fig. 7c in section 5.1). Discrepan-
cies can also be observed (e.g. bold black line in Fig. 11), which partly may be due to the in-
clusion of information about depth variations in the analysis, whereas the geological map is 
mainly based on surface observations. 

Fig. 10. a) A surface bedrock geology map modified from Bergman et al. (2001) is selected from the 
area in northern Sweden for comparison with the SOM map in b. Lineaments are shown with solid 
black lines, and the bold line is the selected location used for comparison with the geological map. 

Fig. 11. a) A surface bedrock geology map modified from Bergman et al. (2001) is selected from the 
area in northern Sweden for comparison with the SOM map in b. Lineaments are shown with solid 
black lines. Bold black dashed and solid lines are the selected locations used for comparison with the 
geological map. 
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5.3. Contribution from potential field data to the discovery of a strike-slip 
mega fault 

The focus of this paper was directed towards an analysis of available potential field data 
provided by SGU from northern Sweden to validate the discovery of a hypothesised N-S 
trending brittle strike-slip fault referred to as the Norrbotten Mega Fault (NMF). The re-
sults are derived here from visual inspection and pattern recognition of several filtered high 
resolution airborne magnetic and ground gravity data maps with the support by application 
of Self-Organising Map (SOM). The maps are I) second order vertical derivative of the 
Bouguer gravity field, II) invariants of gravity gradient tensor, III) estimated vertical mag-
netic north component differentiated in both north and vertical directions, IV) SOM analysis 
map performed in a 30 km data strip along the proposed fault for five second-order deriva-
tives of magnetic components in north and east directions, and V) curvature of magnetic 
anomaly maxima. All provided maps as described above were analysed by visual inspection 
after subsequent separation of western and eastern blocks along the NMF and translation of 
the eastern block northward by 51.2 km in order to investigate how well the data match 
across the proposed boundary. 
Second order derivatives of input data are chosen for the analysis in order to include the da-
ta that emphasises horizontal contrast in magnetic properties. In addition, performing the 
SOM analysis is useful for integrating the information acquired from all five derivatives into 
one common output map. 
Selected maps that show the data match across the NMF boundary after restoration of the 
eastern block are shown in Figs. 12, 13, 14. 
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Fig. 14. a) Domain classification of the SOM analysis visualised by colour coding and b) Curvature of 
magnetic anomaly maxima after a 51.2 northward translation of the eastern block along the NMF 
(marked as a coloured straight line). The figures on the left side of both the curvature and SOM map 
show the southern part of data and, on the right, the northern part of the data. 

Visual inspection of the entire dataset for all selected maps above confirms the consistency of 
anomalies with similar properties after translation of the eastern block by 51.2 km. The 
southern termination at the Luleå-Jokkmokk Zone would imply a minimum length of 250 
km for the NMF within Sweden. A detailed analysis of northern extension into Finland has 
not been performed in this study. However, preliminary inspection of geophysical data from 
Finland and further north into Norway, suggests that the fault may continue to the Caledo-
nian Front about 200 km north of Karesuando. 
The length, apparent displacement of 51.2 km, and the straight character of the proposed 
NMF suggests that it formed as a result of the post-orogenic collapse in the most recent 
stage of the Svecokarelian orogeny. Details from previous study on Holocene faulting 
(Lagerbäck & Sundh, 2008) describes fault scarps at Lake Merasjärvi at the location of the 
proposed fault. A tentative interpretation is that the older fracturing of rocks controls the 
location of these fault scarps at or adjacent to the NMF. 
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5.4. Quantitative classification of patterns in potential field data 

The focus of this manuscript is on the application of an unsupervised learning approach for 
the quantitative classification of patterns in potential field data based on Self-Organising 
Map (SOM) (Kohonen, 1982). For this purpose, potential field data were analysed by imple-
menting several processing methods in order to extract the data features from the source da-
ta for subsequent use as input for the SOM analysis. The proposed processing methods in-
clude the calculation of the horizontal curvature of the potential field data, lineaments ex-
traction, pseudo-gravity field data calculations, and separation filtering based on upward 
continuations operators. All the above-mentioned processing methods provide valuable in-
formation on the subsurface, which is useful for domain classification. The choice of data fea-
tures is made in such a manner that the features are indicative of structures and properties 
of the subsurface, thereby allowing for quantitative classification to be performed. The data 
features are quantified by calculating statistical parameters, including mean, standard devi-
ation, and number of observations (e.g. minima, maxima, length of lineaments) per unit area 
from processed data through a sliding window. These parameters are then used as input 
(feature vectors) for the SOM. 
In order to validate and evaluate the current procedure, the potential field data from a syn-
thetic model (Fig. 15) and from measured data (provided by SGU) was used for the analysis. 
The regional scale measured data include aeromagnetic and ground gravity data from north-
ern Sweden, where Precambrian basement rocks are present below glacial deposits, and the 
degree of the exposure is below a few percent. 

Fig. 15. a) The magnetic anomaly field data for a synthetic model. b) The corresponding pseudo-
gravity field data. 

The comparison of clustered data from the SOM with the original data for synthetic magnet-
ic model reveals that domains can be identified, although no distinct boundaries are shown 
(Fig. 16). The domain indicated in the boundary coordinate 50–70 km (Fig. 16) is not well 
defined compared to the original model. The reason is that only a few anomalies are located 
per unit area, and thus classification becomes more difficult due to less well-defined statisti-
cal properties. A perfect match should also not be expected due to the averaging in a sliding 
window of the input data. However, the result illustrates the potential of the methodology, 
as well as some of the difficulties that might also be expected to occur with real data. 
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Fig. 16. The Domain classification of SOM visualised by colour coding defined in (a) and projected 
back to the geographical space (for magnetic field data from a synthetic model). 

The results from SOM classification of the measured potential field data (provided by SGU; 
Fig. 17a) reveal sharp contrasts in colours indicating approximate locations of distinctly dif-
ferent anomaly values and patterns in Fig. 17b (e.g. A, B, C, D, and E), whereas more gentle 
transitions imply less distinct spatial variations. However, there are some differences in the 
areas hosting the anomalies marked in the figure. B and E show similarity with respect to 
the low magnetic regional fields which is different compared to the other high magnetic 
anomalies marked in A, C, and D. Sharp contrasts in colour coding can be noted from many 
locations in Fig. 17b. The main obvious contrast in colour (and thereby input data) has been 
noted towards the south, where a NW-SE trending boundary is shown. This area roughly 
coincides with the Luleå-Jokkmokk Zone referred to as the Archaean-Proterozoic boundary. 
The evidence of the Norrbotten mega fault (NMF) can be followed in the domain classifica-
tion map where a north-trending boundary separate various “clusters” along the proposed 
NMF (marked with a white line in Fig. 17). However, no sharp boundaries can be expected 
due to the spatial averaging performed to prepare the input data. The correlation between 
the domain classification and the lithology map indicates two domains marked I and II in 
Fig. 17c, where SOM results provide distinctly different classes in contrast to the lithology 
map. The current result (in domain I associated with granite) is consistent with the SOM 
classification result presented in Paper II. 
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Chapter 6 

Conclusions and future research 

In this thesis, both MT and potential field methods have been applied in a regional scale 
study of the Precambrian crust of northern Sweden in the north-eastern part of the Norrbot-
ten ore province, where a number of important ore deposits, including graphite and base 
metals at several locations, are hosted. Moreover, the area has also proved to be of interest 
for additional investigations of geological structures (e.g. shear zones or fault systems) that 
may be associated with mineral systems. A new method, supported by a neural network al-
gorithm, was developed, and applied for integration and analyses of high-dimensional multi-
variate datasets. 
A geoelectric model for the region was obtained by 3D inversion of the newly measured high 
quality MT data, and its implications for tectonic evolution have been discussed. The focus of 
the study was mainly on the verification of hypothesised genetic links between occurrences 
of crustal scale conductive anomalies and near surface mineral occurrences and deposits. 
The results revealed that major crustal structures were generally expressed by highly con-
ductivity anomalies in the mid to lower crust. A possible correlation of the modelled electri-
cal conductivity structures with regional magnetic and gravity anomalies was discussed and 
the investigated area was subsequently divided into three separate domains based on the 
model and data characterisation. The central higher conductive domain is bounded towards 
south and north by resistive domains. The boundaries coincide roughly with the Luleå-
Jokkmokk Zone in the south and towards the north, with an interpreted 2.4–2.3 Ga coastline 
of a marine rift basin, which is spatially defined by occurrences of the Kovo group rocks. 
Some of the observed middle to lower crustal high conductivity structures have good correla-
tion with the location of major deformation zones that may have provided the fluid path for 
the metal sources at many locations with mineralisation. Both positive and negative correla-
tion between the presence of the mineralisation and high conductivities revealed in the mod-
el have been discussed. However, based on the model, the hypothesised correlation between 
occurrences of crustal penetrating conductors and current mineralisation could not be con-
cluded, although there was near-surface expression of some conductors with the location of 
the known mineralisation. Thus, more work has been suggested in the areas with known 
mineralisation, as well as on the locations of the revealed shallow conductors. 
Re-evaluation of potential field data in the area based on visual inspection of a detailed 
analysis of the data with support from a neural network indicated a hitherto unrecognised 
strike-slip mega fault. The proposed fault strikes approximately N-S and is suggested to 
have a roughly 51.2 km displacement covering a minimum length of 250 km. Based on the 
result, it can be traced from Karesuando at the Swedish-Finnish border in the north to the 
Archaean-Proterozoic boundary (marked by LJL) in the south. The detailed discussions on 
the deformation events in the area, and on the characterisation of the NMF, concluded that 
the origin of the proposed fault is likely related to the late-Svecokarelian post orogenic col-
lapse. Despite that the potential field data have been publicly available during several dec-
ades, it is evident from the current study that these data have not been fully utilised. Alt-
hough the presented neural net algorithms such as utilised in the thesis may serve as a way 
forward for more optimised use of potential field data. However, it is also evident that the 
use of neural net tools requires that careful prior feature vector definition and selection are 
done in accordance with the proposed hypothesis to be tested. 
The new methodology that was applied for the integration of MT and potential field data 
based on a neural net algorithm provided a simplification with respect to visualisation in 
that several models are described in a single map instead of several individual maps. The 
integration approach was based on quantitative analysis of the data achieved by performing 
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individual 3D inversion modelling followed by unsupervised classification using the SOM 
algorithm. This classification method facilitated the investigation of correlation between 
petrophysical properties by classification of spatial variations including depth information. 
The results indicate the suitability of the methodology in mineral prospectivity mapping or 
other mapping and interpretation tasks where the information from several geophysical 
methods typically needs to be integrated. The current classification result is proposed to be 
used as guidance for improving geological mapping and interpretation. 
In paper IV, the use of the unsupervised SOM algorithm has been expanded and applied to 
the potential field data for pattern recognition and quantitative classification. The paper fo-
cusses on feature extraction with inclusion of derived statistical parameters from the data in 
such a way as to provide valuable information of the subsurface. The output of SOM is useful 
for domain classification and quantitative analysis. The methodology has been tested using 
both a synthetic model response and also by applying it to the measured data in northern 
Sweden, where the Precambrian basement rocks are present below glacial deposits. The re-
sults indicate the feasibility of the methodology in terms of both identifying patterns in the 
potential field data and revealing the statistical properties of data that are indicative with 
respect to the type of geological environment. The derived domain classification was com-
pared with the lithological map, and it shows some degree of consistency with the geological 
subdivision. However, some discrepancies were noted that need additional follow-up work. 
The current methodology focused on the data expected to contain information mainly about 
upper crustal structures. The method can easily be expanded to include other types of data, 
for example, geochemical data. 
The results of this thesis have provided more knowledge about the regional structures of the 
studied area, both by using interpretations of new geophysical data, and by applying new 
methods for integration and analyses approaches. Further detailed geological and geophysi-
cal works may be motivated on the basis of the results from the current thesis. This further 
work may include a more detailed study with smaller site-spacing, detailed geological map-
ping and field works in the areas identified in this study that host highly conductivity struc-
tures, as well as those that have shown discrepancies between lithological units and the do-
main classification. Moreover, the application of SOM neural network algorithm in the iden-
tification of an unnoticed tectonic event, as well as in pattern recognition in the area, and 
integration of multivariate geophysical dataset approaches, has highlighted the needs for 
improved methods and for the testing of other machine learning algorithms that are able to 
extract concealed information. 
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