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ABSTRACT 
 
 
The geological and geophysical knowledge about the northernmost part of Sweden has 
recently increased due to the Barents project, which includes acquisition of modern 
geophysical and geological information on behalf of the Swedish Geological Survey (SGU). 
During August 2013, a helicopter-borne versatile time domain electromagnetic (VTEM) 
survey was performed by Geotech Ltd, in the Soppero area northeast of Kiruna. From the 
VTEM measurements, a number of TEM anomalous zones have been identified and two of 
them are located south and southeast of the Lannavaara village. The main conductive features 
in the Lannavaara area can be explained by the presence of graphitic schist, which is spatially 
associated with a number of sulphide and iron oxide mineralisation occurrences. In this 
project, Maxwell thin sheet modelling and EM Flow conductivity-depth-imaging (CDI) 
software have been applied to selected anomalies in the Lannavaara area, for the purpose of 
extracting geometrical parameters of conductive features. This information has been used in 
order to confirm the structural framework of the area and evaluate the utility of VTEM 
measurements in this geological environment. In general, Maxwell thin sheet models of 
anomalies with small amplitudes show a better correlation with existing drill holes than 
models of anomalies with large amplitudes. The use of small amplitudes managed to confirm 
the structural model in the central part of the investigated area, which is an anticline. 
However, the use of different models and their distribution across the area is limited. 
Compared with Maxwell, CDIs from EM Flow provided a better way of confirming the 
general structural model in the area, although they include artefacts due to strong lateral 
gradients in conductivity. The Lannavaara area has also been investigated by VLF, Slingram 
and magnetic measurements and based on these data, multivariate analysis in SiroSOM 
reveals a strong correlation between VTEM and Slingram data, while VLF data appears to 
have much less or more complicated correlation with the other data sets. In summary, the 
results from the various software raise a question about the geological complexity in parts of 
the Lannavaara area, which may include multiple layers of graphitic schist, possibly 
expressed as smooth transitions in conductivity when represented by data from 
electromagnetic methods. 
 
 
  



 

 

SUMMARY IN SWEDISH 
 
Mängden geologisk och geofysisk information från den nordligaste delen av Sverige har 
stadigt ökat i takt med insamlandet av moderna data i Barentsprojektet, som Sveriges 
Geologiska Undersökning (SGU) ansvarar för. Under 2013 genomfördes en helikopterburen 
Versatile Time Domain Electromagnetic (VTEM) mätning av Geotech Ltd i Sopperoområdet 
nordöst om Kiruna. Resultatet från mätningarna påvisar ett flertal TEM anomalier varav två 
är belägna syd och sydöst om Lannavaara. De konduktiva strukturerna i Lannavaara är 
troligen orsakade av grafitskiffer, som har en association med flera järn och 
sulfidmineraliseringar i området. Modellering av så kallade ”thin sheets” i Maxwell och 
conductivity-depth-imaging (CDI) i EM Flow har utförts i syfte att bekräfta den strukturella 
modellen i området samt validera användbarheten av VTEM mätningar för den specifika 
geologiska miljön. Generellt påvisar Maxwell modeller av anomalier med lägre amplitud en 
bättre korrelation med borrhålsinformation än modeller av anomalier med högre amplitud. De 
lägre amplituderna bekräftar den strukturella modellen i de centrala delarna av området, som 
är en antiklinal. Resultaten från EM Flow är något tydligare vad gäller bekräftandet av den 
strukturella modellen i området, även om CDI sektionerna innehåller artefakter som troligen 
är kopplade till de höga laterala gradienterna i konduktivitet. Som en ytterligare analys av 
EM mätningar i området har programmet SiroSOM används för att analysera korrelationen 
mellan VTEM, Slingram och VLF data. Resultatet påvisar en stark korrelation mellan 
Slingram och VTEM, medan VLF inte visar någon tydlig korrelation med de andra 
datatyperna. Sammanfattningsvis så antyder resultaten från de olika programmen att delar av 
Lannavaaraområdet bör betraktas som en komplex geologisk miljö med multipla lager av 
grafitskiffer som sannolikt uttrycker sig som mjuka variationer i konduktivitet när det 
representeras av data från elektromagnetiska metoder.  
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LEGEND 
 
Abbreviations 
 
SGU Swedish Geological Survey 
NSG Nämnden för Statens Gruvegendom 
LKAB Loussavaara Kirunavaara AB 
TEM Transient Electromagnetic 
AEM Airborne Electromagnetic 
VTEM Versatile Time Domain Electromagnetic 
VLF Very Low Frequency 
VCA Vertical co-axial 
S/N Signal to Noise ratio 
SVD Singular Value Decomposition 
Tx Transmitter 
Rx Receiver 
 
 
Roman upper case 
 
I Current [A] 
J Electric current density [A/m2] 
D Electric flux density or dielectric displacement [C/m2] 
E Electric field strength [V/m] 
H Magnetic field strength [A/m] 
B Magnetic flux density [Wb/m2 or Tesla] 
 
S Conductance [S] 
A Amplitude or cross-section area. 
Ai Amplitude coefficient for the ith exponential 
K Numerical constant 
U Matrix with columns being orthonormal eigenvectors spanning data space 
V Matrix with columns that are orthonormal eigenvectors spanning the model 

space 
∧ diagonal matrix with positive eigenvalues 
 
 
Roman lower case 
 
k Complex wave number 
𝑧 Admittivity  
𝑦 Impedivity  
d Diffusion depth [m] or thickness [m] 
n Number of turns in transmitter loop 
a Area of the loop [m2] 
w Eigenvalue 
m Dipole moment [A m2] 
t Delay time [s] 
 
 



 

 

Greek lower case 
  
e Dielectric permittivity [As/Vm] 
µ Magnetic permeability [Vs/Am] 
𝜇% Magnetic permeability of free space [Vs/Am] 
r Electric charge density owing to free charges in [C/m3]  
𝜌' Surface charge density [C/m2] 
s Electrical conductivity [S/m] 
τ Time constant, tau [mS] 
w Angular frequency [radian/S]  
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1 INTRODUCTION 
 

1.1 Framework of this thesis 
 
During October 2012 – August 2013, a helicopter-borne Versatile Time Domain 
Electromagnetic (VTEMplus) and horizontal magnetic gradiometer survey was performed by 
Geotech Ltd in the Soppero area, situated northeast of Kiruna, Sweden (Geotech, 2013). The 
survey was requested by the Swedish Geological Survey (SGU) as part of the Barents project, 
which purpose is to acquire new detailed geological and geophysical knowledge about the 
northern part of Sweden. The time domain electromagnetic (TEM) method uses a transmitter 
loop that drives a time varying-current, inducing eddy currents in subsurface materials. As 
eddy currents diffuse into the ground, the variation of the secondary magnetic field is 
recorded by a receiver and the rate of decay provides information about the subsurface 
conductivity structure. The TEM method is especially efficient at detecting the surface of 
good conductors and can locate conductive features that are covered by thick sections of 
resistive material (Christiansen, Auken, & Sørensen, 2009). The VTEM system is a modern 
technique and its usefulness in the geological environment of northernmost Sweden is 
important to investigate, due to the amount of mineralisation occurrences hosted by this part 
of the Fennoscandian shield. 
 
Modelling of TEM data provides means of locating conductive features and extracting 
information about geometrical properties. There are various modelling software developed 
for EM modelling, using different dimensions, forward model algorithms and inversion 
constrains. An important aspect of selecting modelling software is to make sure that the 
algorithm reflects the geological environment being studied. The Lannavaara area hosts 
several iron oxide and sulphide mineralisation occurrences and geological information from 
field work and drill holes (Ambros, 1980; Frietsch, 1985; Lehto, 1978; Lehto, 1979 and NSG 
1987) as well as resistivity depth sections from Geotech Ltd (2013) confirms a sub vertical 
dipping geological sequence. This Master’s thesis has focused on thin sheet modelling and 
conductivity-depth-imaging (CDI) of data from selected flight lines from the Lannavaara 
area, for the purpose of investigating the amount of information that can be extracted from 
VTEM data. 
 

1.2 Aim and method 
 
The aim of this Master’s thesis is to perform modelling of the VTEM data from the 
Lannavaara area and validate the results by comparison to existing geological information. 
To achieve this, the software packages Maxwell and EM Flow have been used. The first one 
is based on the thin sheet assumption which approximates the conductivity distribution of a 
plate with constant thickness and conductivity by an infinitesimally thin sheet, governed by 
the conductance. The second one uses a transformation of data into tau domain and 
estimations of conductivities for each transient decay in order to produce 2D sections. 
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Other sources of geophysical information in the area include VLF, Slingram and magnetic 
data, which were used in a multivariate analysis in the software SiroSOM, to compare the 
performance of the electromagnetic methods and investigate their correlation with the 
magnetic signature of the area. 
 
 
 
The specific questions to be answered by this Master’s thesis are: 
 

• What geometrical information can be extracted from thin sheet modelling of VTEM 
data in the Lannavaara area? 

• What geometrical information can be extracted from CDI sections from VTEM data 
in the Lannavaara area? 

• Is there a correlation between VTEM, VLF, Slingram and magnetic data in the area? 
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2 ELECTROMAGNETIC FIELD THEORY 
 
Electromagnetic (EM) methods are based on the principles of electromagnetic induction and 
this chapter presents the fundamental concepts and equations that form the basis of all EM 
methods. 
 

2.1 Maxwell’s equations 
 
All macroscopic electromagnetic phenomena are governed by Maxwell’s equations, which in 
time domain corresponds to the following equations:  
 

 ∇ ∙ 𝐃 = 𝜌 
 (2.1) 

 ∇ ∙ 𝐁 = 0 
 

(2.2) 

 
 ∇×𝐄 = −

𝜕𝐁
𝜕𝑡  

 

(2.3) 

 
∇×𝐇 = 𝐉 +

𝜕𝐃
𝜕𝑡  

 

(2.4) 

Where 
E is the electric field strength in [V/m] 
D is the electric flux density or electric displacement in [C/m2] 
𝜌 is the electric charge density owing to free charges in [C/m3] 
B is the magnetic flux density in [Wb/m2] or Tesla. 
H is the magnetic field strength in [A/m] 
J is the electric current density in [A/m2] 
 
 
Equation (2.1) is the differential form of Gauss’ law for the electric field. It states that the 
total electric flux through any closed surface is equal to the total charge enclosed by that 
surface. (2.2) is Gauss’ law for the magnetic field and it defines the field as strictly 
solenoidal. This means that the magnetic field is free of divergence with solely rotational 
behaviour. Equation (2.3) is Faradays law, stating that a time-varying magnetic field induces 
an electric field. Equation (2.4) is Ampere’s law and it specifies that conduction currents give 
rise to a rotating magnetic field. 
 
In a linear and isotropic medium, the vector functions E, D, B, H and J are linked via the 
constitutive relations and Ohm’s law. For earth materials in frequency domain, these relations 
correspond to (Ward & Hohmann, 1988): 
 
 
 𝐁 = 𝜇𝐇 

 
(2.5) 

 𝐃 = 𝜀7(𝜔) − 𝑖𝜀77 𝜔 𝐄 = 𝜀𝐄 
 

(2.6) 

 𝐉 = 𝜎7 𝜔 − 𝑖𝜎77 𝜔 𝐄 = 𝜎𝐄 
 

(2.7) 
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Where 𝜀 is the dielectric permittivity and 𝜎 is the electrcial conductivity, both being complex 
functions of angular frequency 𝜔. The magnetic permeability 𝜇 is assumed to be independent 
of frequency and equals the value of free space, 𝜇 = 𝜇%. 
 
Maxwell’s equations can be derived in frequency domain by application of a Fourier 
transform to equations (2.3) and (2.4) while using the constitutive relations (2.5), (2.6) and 
Ohms’ law (2.7). Using the notation by Ward and Hohmann (1988): 
 
 ∇×𝐄	 + 𝑧𝐇 = 0 

 
(2.8) 

 
 ∇×𝐇 − 𝑦𝐄 = 0 

 
(2.9) 

Where 𝑧 = 𝑖𝜇𝜔 is the impedivity and 𝑦 = 	𝜎 + 𝑖𝜇𝜔 is the admittivity. 
 

2.2 The wave equations 
 
Maxwell’s equations in time domain and the vector identities governing these enable 
derivation of the wave equations (2.10), (2.11) for the electric and magnetic fields in time 
domain. The wave equations characterise the EM field by diffusion (first term, right hand 
side) and wave propagation (second term, right hand side): 
 
 

∇>𝐄 = 𝜇𝜎
𝜕𝐄
𝜕𝑡 + 𝜇𝜀

𝜕>𝐄
𝜕𝑡>  

 

(2.10) 

 
∇>𝐇 = 𝜇𝜎

𝜕𝐇
𝜕𝑡 + 𝜇𝜀

𝜕>𝐇
𝜕𝑡>  

 

(2.11) 

A Fourier transformation with respect to time of equations (2.10) and (2.11) yields the wave 
equations in frequency domain, known as the Helmholtz equations: 
 
 ∇>𝐄 − 𝑘>𝐄 = 0 

 
(2.12) 

 ∇>𝐇 − 𝑘>𝐇 = 0 
 

(2.13) 

Where 𝑘> = 𝜇𝜀𝜔> − 𝑖𝜇𝜎𝜔 is a constant of propagation and k is the complex wave number. 
 
In earth materials and for frequencies less than 105 Hz, displacement currents are negligible 
relative to the conduction currents and propagation of electromagnetic fields can therefore be 
explained as a diffusive process. This is known as the quasi-stationary approximation and it is 
valid when: 
 
 𝜇𝜀𝜔> ≪ 𝑖𝜎𝜔 

 
(2.14) 

 
Application of the quasi-stationary approximation therefore reduces the constant to 𝑘> ≈
−𝑖𝜇𝜎𝜔 and equations (2.12) and (2.13) can be simplified to diffusion equations in frequency 
domain: 
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 ∇>𝐄 − 𝑖𝜔𝜇𝜎𝐄 = 𝟎 

 
(2.15) 

 ∇>𝐇 − 	𝑖𝜔𝜇𝜎𝐇 = 𝟎 
 

(2.16) 

 

2.3 Boundary conditions 
 
The primary and secondary fields that arise due to direct current turn-on and turn-off in 
electromagnetic measurements not only have to satisfy Maxwell’s equation but also 
conditions at the boundaries between homogeneous regions such as the air-earth interface or 
layer boundaries in the earth. The complete derivation of the boundary conditions can be 
found in appendix A1.2. in Ward and Hohmann (1988).  
 
For an interface separating two mediums 1 and 2 of constants 𝜀C𝜇C𝜎C and 𝜀>𝜇>𝜎>	𝑟 
respectively, the following conditions for the electric and magnetic fields must be satisfied: 
 
 𝐵FC = 𝐵F> 

 
(2.17) 

 
 𝐷F> − 𝐷FC = 𝜌' 

 
(2.18) 

 
 𝐸IC = 𝐸I> 

 
(2.19) 

 
 𝐻IC = 𝐻I> 

 
(2.20) 

 
 𝐽FC = 𝐽F> 

 
(2.21) 

 
Where the subscript n denotes the normal component and t denotes the tangential component. 
 
Thus, the normal component of B and the tangential component of H are continuous across 
the interface. The normal component of J and the tangential component of E are also 
continuous across the interface. Regarding D, its normal component is discontinuous across 
the interface due to the accumulation of surface charge density 𝜌'.  
 
 
 
 
 
 
  



 

 

6 

3 THE TRANSIENT ELECTROMAGNETIC METHOD 
 
This chapter introduces the TEM method with respect to principles, system characteristics 
and sources of error. Included is also a short description of the VTEM system from which 
data have been studied in this Master’s thesis. 

3.1 History of EM methods 
 
The time domain electromagnetic (TEM) method developed after the frequency domain 
electromagnetic (FEM) method, which was the dominating electromagnetic technique in 
mineral exploration from 1960 to 1980. Being sensitive to low-resistivity mineral deposits 
hosted by high-resistive rocks, FEM was successfully applied in North America. On the other 
hand, the method had problems penetrating the thick, low-resistive regolith layer covering a 
major part of Australia. Consequently, the development towards TEM took place in Australia 
despite the lack of sophisticated electronics at that time. Besides mineral exploration, TEM is 
today also used for geological mapping and hydrogeological investigations (Christiansen, 
Auken, & Sørensen, 2009). The FEM method is still used in mineral exploration, mainly in 
airborne surveys constructed to map shallow conductive targets such as Kimberlites (Reed & 
Witherley, 2007). 
 
Airborne EM developed after the end of World War II as an additional technique to airborne 
magnetics that mainly found its use in geological reconnaissance surveys rather than mineral 
exploration (Palacky & West, 1991). The first AEM systems were frequency domain 
systems, used to detect conductive massive sulphides hosted by resistive rocks in the 
Precambrian shield of Canada. Combined with the general development in EM systems and 
the need for detecting other targets, time domain AEM systems evolved. The 1970s are 
associated with the era of fixed wing AEM systems but the growing need for mapping 
complex geological terrains with higher spatial resolution resulted in the development of 
helicopter-borne EM systems. Resolution is increased as helicopter-borne systems are 
capable of flying transmitters and receivers at nominal altitudes of about 30m, compared to 
an order of 100m needed by fixed-wing systems (Macnae J. , 2007). 
 
 

3.2 Principles of time-domain measurements 
 
In time-domain electromagnetic methods, a current pulse is used to generate a primary 
magnetic field. Usually, an ungrounded loop of wire is used for this purpose. An abrupt 
change in the primary field is produced by either turning on or off the current and this time 
varying behaviour of the primary field induces an electric field, according to Faraday’s law 
(eq. 2.3). This results in circulating currents in conductors in the ground, known as eddy 
currents. Due to ohmic losses, eddy currents decay over time and produce a secondary 
magnetic field, according to Ampere’s law (eq. 2.4). The decay of the Eddy currents depends 
on the conductivity, size and geometry of conductors in the Earth, which accordingly, affects 
the behaviour of the decaying secondary magnetic field.  
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For many systems, a receiver detects the secondary magnetic field after pulse turn-off, that is, 
in absence of the primary magnetic field, known as off-time measurements. Other systems 
include on-time measurements, made in presence of the primary magnetic field and full-
waveform sampling, where many measurements are performed during the full period of the 
system waveform (Dentith & Mudge, 2014). 
 

3.2.1 Transmitting system 
 
The strength of the primary magnetic field used in time-domain measurements can be 
quantified by its dipole moment m: 
 
 m = nIa 

 
(3.1) 

Where I	is the current in [A], n is the number of turns in the coil or loop and a is the area of 
the coil/loop in [m2].  The larger the dipole moment the stronger is the accompanying 
primary magnetic field, resulting in that stronger eddy currents are induced in the ground. For 
a single loop, increasing the area of the transmitter loop and/or increasing the current 
accomplish this. Advantages includes improved S/N ratio of the secondary field measurement 
and improved capability for detecting deeper targets. However, there are limitations in 
transmitter loop size and current as large loops can prevent instantaneous step turn-off of the 
primary magnetic field. This is due to the fact that the induced electromotive force in the 
receiver coil will oppose the change in the primary magnetic field. Therefore, the current is 
turned on or off over a period known as ramp-time. (Dentith & Mudge, 2014) 
 
Transmitter waveforms are different for various TEM systems and the measured response 
depends heavily on the nature of the primary field variation.  Two examples of common 
transmitter waveforms are square and triangular pulses. The transmitter waveform is repeated 
periodically, often with alternating polarity as this removes the zero-frequency components in 
signal, enabling noise rejection close to the zero frequency (Palacky & West, 1991). 
 
The repetition rate of the primary pulse, known as the system base frequency, controls the 
resolution of various conductors. Increasing base frequency enables faster pulse turn-off, 
allowing measurements at shorter delay times, which is useful for resolving near surface 
features. However, increasing base frequency also shortens the transmitter off-time in case of 
off-time measurements, preventing measurements at later delay times that is necessary for 
resolving good quality conductors at greater depths (Dentith & Mudge, 2014). 
 

3.2.2 Receiving system 
The TEM method measures the amplitude of a signal as a function of time. Receivers are 
often categorised as B-field sensors and dB/dt sensors. B-field sensors are magnetometers 
measuring the strength of the secondary magnetic field, while dB/dt sensors records the 
induced voltage that is proportional to the time derivative of the secondary magnetic field. A 
step change in the primary magnetic field will be measured as an impulse response by a dB/dt 
sensor, while a B field sensor produce the step response (Dentith & Mudge, 2014). 
 
In time-domain electromagnetic methods, it is necessary to measure the secondary magnetic 
field over a long time interval, typically from 0.00001s to 0.001s. This causes the amplitude 
of the secondary magnetic field to show great variation, meaning that the method has a large 
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dynamic range (Christiansen, Auken, & Sørensen, 2009). Measurements are performed over 
specific time intervals after the primary field turn-off (or turn on), known as channels or time 
gates. The amplitudes from the responses over a time window can be averaged by integration 
to one single amplitude positioned at the mid-point of the gate, defining the delay time, 
(Nabighian & Macnae, 1991) but every single recording may also be used for processing. 
The gates are often logarithmically spaced in time, as early gates need closer spacing to let 
the receiver record the rapidly changing decay associated with early times. The transmitted 
waveform is repeated periodically to enable stacking, which is averaging of gate values at 
equal delay times. This is done in order to supress random noise, or in other words, improve 
the S/N ratio which is especially important for late delay times when the secondary magnetic 
field is weak (Dentith & Mudge, 2014). 
 

3.3 Current diffusion  
 
The location and behaviour of the eddy currents induced due to current turn-off varies with 
time. Initially, currents are confined to the surface of the conductor and they will have a 
magnitude and direction that oppose any change in the primary magnetic field. For a 
horizontal loop positioned on the ground, the currents initially form a mirror image of the 
transmitter loop current. The eddy currents start dissipating immediately, expanding 
downward and outwards while loosing energy.  
 
For a homogeneous half space, the current pattern will after a short initial period move 
downward at an angle of approximately 30 degrees (Nabighian & Macnae, 1991). 
The diffusion of the current causes its velocity to decrease and the amplitude response 
measured at the surface is highly dependent upon the conductivity and the velocity of the 
current system. The current density at a particular delay time 𝑡 [s] has its maximum at a 
length known as diffusion depth 𝑑 [m]: 
 
 

𝑑 =
2𝑡
𝜎𝜇 

 

(3.2)    

Where 𝜎	is the conductivity in [Siemens/m] and 𝜇	is the magnetic permeability in [Henry/m]. 
Because the velocity of the current is slower in conductive environments, the diffusion depth 
is smaller than in resistive environments for measurements made at any delay time. 
 
When the current system has diffused a large distance, its velocity decreases to a low value 
resulting in that its position changes very slowly. This behaviour affects the secondary 
magnetic field so that it becomes vertical with and amplitude independent of position. The 
half space exhibits a late-stage response giving a signal decaying as a power law (Nabighian 
& Macnae, 1991). 
 
For a horizontally layered earth, variations in conductivity between layers will interrupt the 
normal diffusion pattern. If a low resistive layer is situated above a high-resistivity layer, the 
diffusion of the current system will be confined to the low-resistivity layer and exhibit lateral 
expansion for a period of time. Consequently, it acts as a shield for the high-resistive layer 
below and prevents gain of information from that layer. In other words, the TEM method is 
very efficient for detecting the surface good conductors, because a larger proportion of the 
current flows in these parts (Christiansen, Auken, & Sørensen, 2009).  
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This can be exemplified in environments with conductive overburden mainly controlling the 
response for early delay times (Dentith & Mudge, 2014). The response from a thin, 
unconfined conductor decays faster than that of a half-space and is therefore not affecting the 
late-stage responses. For thin layers, the decay of the response is controlled by the 
conductance, being the product of the conductivity and the thickness of the layer (Nabighian 
& Macnae, 1991). 
 
 

3.4 Time constant, tau 
 
When eddy currents flow in a conductor, they are controlled by a characteristic transient 
decay that depends on their time constant, tau. The time constant is a function of the 
conductivity and effective cross-section of the conductor according to (Nabighian & Macnae, 
1991): 
 
 𝜏 = KσµA 

 
(3.3) 

Where K is the numerical coefficient and A is proportional to the effective cross-section of 
the conductor. 
 
The amplitude of an impulse response will be proportional to the   
time rate of change of the secondary magnetic field as (Dentith & Mudge, 2014): 
 
 
 A	 =

1
𝜏 𝐴Z𝑒

\(I/^) 
 

(3.4)      

Where 
𝐴Z is the apparent initial amplitude of the exponential decay, depending upon the conductor’s 
shape, size and depth and 𝜏 is the characteristic time constant for the conductor. 
 
The time constant is a measure of the quality of a conductor. Poor conductors having small 
values of tau generate signals with high initial amplitude but with a rapid decay, while good 
conductors with large values of tau generate signals with small initial amplitude but with a 
slow decay. Tau is therefore a quantification of the speed of the decay of the electromagnetic 
response, forming a valuable target discrimination tool independent of the depth of a 
conductor (Geotech Ltd, 2013).  
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3.5 Noise and other sources of error 
 
TEM measurements are affected by various forms of noise and errors that are handled in 
different ways. This section presents the most common forms of encountered problems 
together with general solutions. 
 

3.5.1 Geometrical errors 
Variations in the relationship between the transmitter and the receiver are mainly a source of 
error in on-time measurements where the primary magnetic field is present. The separation of 
the primary and secondary magnetic fields can be performed in various ways. One way is to 
accurately control the relative position between the transmitter and receiver so that the signal 
from the primary field can be kept constant and removed by some form of cancellation 
algorithm. This is achieved with the use of rigid systems in AEM surveys (Palacky & West, 
1991). 

3.5.2 Natural Noise  
Sources to the natural noise spectrum vary for different frequency ranges. 
Below 1 Hz, the interaction with the solar wind with the Earth’s magnetosphere and 
ionosphere distorts Earth’s ambient magnetic field, resulting in geomagnetic pulsations. 
In the frequency range from 1Hz to 10KHz, the contribution is mainly from sferics 
(Nabighian & Macnae, 1991).  These are currents caused by lightening discharges that travel 
in the waveguide between the ionosphere and the earth and are associated with thunderstorm 
activity, often near equatorial areas.  Except for spatial variations, the occurrence of sferics 
can show both diurnal and seasonal variations. Noise due to sferics is removed from data by 
non-linear procedures such as spike detection and removal (Macnae J. , Developments in 
broadband airborne electromagnetic in the past decade, 2007). 
 
Motion induced noise, also known as microphonics, is due to irregularities in the receiver’s 
motion in Earth’s magnetic field, formed by local vibrations. The effect is pronounced for 
AEM systems due to turbulence in the air (Palacky & West, 1991). 
 

3.5.3 Equipment performance 
The large dynamic range encountered in TEM measurements sometimes causes difficulties 
for the amplifiers and these may also be saturated due to cultural or atmospheric noise. By 
using a high-altitude reference, the drifts due to this electronic instability can be estimated 
(Macnae J. , 2007). It is common to combine all instrumental errors over a wide range of time 
into a system response. The system response can be calculated in a laboratory, or for AEMs 
system in a calibration flight. By deconvolving the system impulse-or step function response, 
deviation from an ideal impulse or step response can be accounted for in the modelling (Spies 
& Frischknecht, 1991). 
 

3.5.4 Cultural effects 
The most important sources of man-made noise are the power lines operating at 50 or 60Hz. 
By setting the system base frequency at an odd harmonic, the interference with powerlines is 
minimised. VLF radio stations also create noise but at frequencies from 10 to 25kHz, this can 
be accounted for by choice of base frequency or the use of a notch filter (Macnae J. , 2007). 
Other electrical installations associated with the power lines generate currents at multiples of 
the power line harmonics, inducing currents in nearby conductors such as fences, railway 
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lines or building made of metal. This also induces currents in the receiving coil during a TEM 
measurement (Dentith & Mudge, 2014).  
 

3.5.5 Current channelling 
 
If a conductor is electrically connected to a conductive host rock or conductive overburden, 
the eddy currents for the various systems interact. Because of this, the conductor is not only 
affected by the change in the primary magnetic field and the decaying secondary magnetic 
field due to the diffusion of the current system but also by the half space eddy currents 
flowing through the region of the conductor. Half space eddy currents tend to dominate the 
current flow through the conductor so that the decay of the secondary magnetic field mainly 
depends on the conductivity of the host rock. Current channelling may broaden the anomaly 
and increase the amplitude for the response from a conductor, introducing difficulties in 
interpretation, as the conductor may appear to be of better quality and at a deeper position 
than the actual target (Nabighian & Macnae, 1991). 
 

3.5.6 IP effects 
 
Even though the conductivity of earth materials is often assumed to be frequency 
independent, the effects from electrically polarisable conductors may in some cases be of 
importance. The polarisation discharge at late times will have opposite polarity to the induced 
eddy currents and cause a reduction in the amplitude of the secondary magnetic field. IP 
effects may even reverse the polarity of the secondary magnetic field and negative transients 
measured by coincident-loop configurations have been attributed to this phenomena (Spies B. 
R., 1980). While negative transients are detectable and removable from data such as VTEM 
(Kwan, Prikhodko, Legault, & Goncharov, 2015), IP effects can still affect data without 
being distinguishable from true EM induction. As a result, IP effects may produce problems 
for layered earth inversion based on purely real resistivities (Raiche, Benett, & Smith, 1985; 
Raiche, Sugeng, & Wilson, 2007). Today, there are modelling software using a Cole-Cole 
impedance model in favour of the quasi-static approximation (Raiche, Sugeng, & Wilson, 
2007). Furthermore, Macnae (2007) points out that negative transients may be caused by 
energy stored in magnetic fields, such when an open loop is capacitively coupled to the earth. 
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4 VTEM 
 

4.1 The VTEM system 
 
The VTEM (versatile time-domain electromagnetic) helicopter system (Witherley, Irvine, & 
Morrison, 2004; Witherley & Irvine, 2006) has been developed since 2002 and is owned by 
Geotech Ltd with head office in Aurora, Canada. It was primarily designed for mineral 
exploration applications but has shown to be successful in hydrogeological investigations 
(Martinez, Lo, Pitcher, Tishin, & Ploug, 2008). Development of the system has resulted in 
the Full Waveform VTEM system (Legault, Macnae, Prikhodko, Oldenborger, & Dodds, 
2012) which records streamed half-cycles of both transmitter and receiver waveforms and 
stacks the half-cycles during time of data acquisition. The stacking reduces natural and man-
made magnetic noise, leaving a calibration file used to perform a complete system response 
calibration of the survey flight. Other important features of the full waveform VTEM system 
are transmitter drift and parasitic noise correction and an ideal waveform deconvolution 
(Legault, Macnae, Prikhodko, Oldenborger, & Dodds, 2012). 
 

4.2 VTEM equipment and waveform 
 
The VTEM system uses a vertical axis 4-turn transmitter coil with a diameter of 26 metres. 
The configuration of the standard VTEM (VTEMPLUS) system uses a 2 or 3 axis vertical (Z-
vertical, X-horizontal along line, and optional Y-horizontal across line) dB/dt receiver coils. 
These are positioned in the centre of the transmitter coil, forming a coincident-coplanar 
geometry for the Z-coil. This type of geometry produces a symmetric system response, 
meaning that any asymmetry on a profile will be due to the dip of a conductor and not the 
system itself or the flight direction during the survey. The magnetometers/gradiometers 
included in the VTEM system are suspended above the transmitter and receiver in a separate 
loop (fig.1) (Legault, Macnae, Prikhodko, Oldenborger, & Dodds, 2012). 
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Figure 1: VTEM system configuration (Geotech Ltd, 2013). 

 
 
The navigation system utilizes a WAAS (Wide Area Augmentation System) enabled GPS 
receiver. One antenna is mounted on the helicopter tail, the other installed together with a 
Gyro inclinometer on the loop carrying the magnetometers to record the tilt and position of 
the loop. Positional accuracy is 1.8m or 1.0m, the latter is valid when WAAS is active. 
Terrain clearance is recorded using a radar altimeter mounted beneath the bubble of the 
helicopter cockpit (Geotech Ltd, 2013). 
 
The VTEM system uses a Bi-polar trapezoidal pulse shape (fig.2), to approximate a step 
response. The transmitter is digitally controlled and can operate over a wide range of base 
frequencies (Legault et al, 2012). The VTEM decay sampling scheme is described in figure 3. 
 
 

Figure 2: VTEM transmitter waveform (Geotech Ltd, 2013). 
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Figure 3: VTEM decay sampling scheme (Geotech Ltd, 2013). 
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5 CONDUCTIVITY-DEPTH-SECTIONS 
 
There are various methods for computing conductivity-depth-sections that display the 
inferred conductivity at each measurement location for a range of depths. They form a useful 
tool for mapping a variable background response together with local anomalies, which forms 
the base for further interpretation in terms of mineral exploration. (Macnae, King, Stolz, 
Osmakoff, & Blaha, 1998).  
 

5.1 Techniques for calculating CDIs 
 
One method is to invert data sample-by sample to a set of 1D models and then stitch these 
together to a pseudo 2D section. This method assumes an ideal horizontally layered earth and 
the number of layers is chosen manually. A common feature in layered earth inversion (LEI) 
is to use a smooth model where the conductivity is forced to be as smooth as possible from 
layer to layer, without degrading the data fit significantly. There are also software using 
laterally constrained inversion (LCI), which restricts the variation in conductivity between 
adjacent sample points in order to achieve a smooth variation along the survey line. The 
Aarhus Workbench LCI (Auken, Christiansen, Jacobsen, Foged, & Sørensen, 2005) uses full 
nonlinear inversion with lateral constrains. 
 
Another method is conductivity-depth-imaging (CDI) which is a method used by the software 
EM Flow (Macnae, King, Stolz, Osmakoff, & Blaha, 1998). The technique uses 
deconvolution and transforms data into tau domain before it derives conductivity estimates 
for each transient decay. CDI is based on Maxwell’s receding image concept which 
mathematical basis can be found in Macnae & Lamontagne (1987). 
 
1D inversion yields reliable results when the ground can be approximated by horizontally 
layered conductivity structures. 1D models may introduce inversion artefacts where there 
exist strong lateral conductivity contrasts due to edges of horizontal conductors, vertical 
conductors such as dykes or steeply dipping conductivity contrast near faults. The artefacts 
may appear as steeply dipping conductivity zones that are difficult to define in terms of 
position and structural parameters (Wolfgram, Sattel, & Christensen, 2003). In general, is 
important to let the geological environment act as a guideline when choosing inversion 
algorithm and Ley-Cooper et al (2015) points out that laterally continuous environments 
makes best use of inversion algorithms forcing horizontal smoothness while environments 
with expected faults or confined targets should avoid lateral constraints and automated 
filtering procedures. Furthermore, if detected anomalies are known to have their origin in 2 or 
3D structures with small lateral extension and low resistivity, 1D models cannot by 
themselves explain the heterogeneous nature of the subsurface and 2 or 3D modelling 
software will be needed to determine the shape and dip of the target (Persson, 2015). 
 

5.2  EM Flow  
 
The waveform dependency of the AEM response combined with need of fast and effective 
processing algorithms have introduced the need of EM waveform decomposition, as a way of 
reaching a system-independent EM representation (Macnae, King, Stolz, Osmakoff, & Blaha, 
1998). In time domain, this can be achieved by convolution a set of exponential decays with a 
repetitive system waveform. The linear combination of such exponential decays can then be 
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fitted to observed data, generating a set of amplitudes with associated time constant. The 
preconvolved exponentials can provide information about the performance and sensitivity of 
the EM waveform as their shape and magnitude is indicative of the resolution of responses 
with various time constants. By analysing the SVD of a set of exponential basis functions, 
such an investigation can be made (Stoltz & Macnae, 1998). 
 

5.2.1 Time domain step-response  
 
The step response from an isolated conductor due to a step change in the primary magnetic 
field can be written as the sum of exponential decays (Kaufman, 1978) The step function 
response of an isolated conductor is expressed as: 
 
 𝐴 𝑡 = 𝐀𝐢exp(−𝑡/𝜏d)

d

= 0 

 

(5.1) 

Where 𝐀𝐢 is the amplitude coefficient and 𝜏d is the time constant for the ith exponential. 
The response at 𝑡 = 0 is referred to as the inductive limit, corresponding to the sum of the 
amplitude coefficients as: 
 
 𝐴% = 𝐀𝐢

d

 

 
 

(5.2) 

If viewed in terms of the induction process, the inductive limit is the stage when all 
secondary currents are restricted to the surface of the conductor. In that way, a change in the 
normal component of the primary magnetic field is opposed. The inductive limit only 
depends upon the geometry of the conductor (Stoltz & Macnae, 1998). 
 
There is also a term known as the resistive limit, which in time domain for a step response 
yields: 
 
 

𝑅𝐿 = 𝐀𝐢𝜏d
d

= 𝐴 𝑡 𝑑𝑡
g

%
 

 

(5.3) 

The resistive limit 𝑅𝐿 is the total area under the decay of a step response and corresponds to 
the stage in the induction process when the currents have penetrated the body completely. At 
this stage, both conductivity and geometry information can be extracted. 
 

5.2.2 Decomposition of basis functions 
 
EM Flow calculates basis functions by preconvolving exponential decays of discrete time 
constants with the transmitter waveform as sampled at the receiver. When the particular EM 
system basis functions have been calculated, they are ready to be deconvolved. The 
deconvolution involves the process of solving a system of linear equations that arises when 
eq (5.1) is extended to the arbitrary waveform case. Considering a system having 𝑚 number 
of basis functions and 𝑛 number of measurement windows, (5.3) is converted to (Stoltz & 
Macnae, 1998): 
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 𝐷C

.
𝐷F

=
𝐀of𝐓 𝑡C, 𝜏C ⋯ 𝐀of𝐓(𝑡C, 𝜏o)

⋮ ⋱ ⋮
𝐀of𝐓(𝑡F, 𝜏C) ⋯ 𝐀of𝐓(𝑡F, 𝜏o)

𝐴C
.
𝐴o

 

 

(5.4) 

Where 𝐷d is the data, corresponding to the measured TEM response at the ith system time 
window, 𝐀of𝐓 is the kernel matrix having m number of basis functions as columns and maps 
from time domain to tau domain or data space to model space. 𝐀of𝐓 𝑡d, 𝜏r  is the amplitude 
of the jth basis function for the jth time constant sampled at the ith measurement window. 𝐴r 
is the amplitude coefficient for the jth basis function which is the unknown parameter to be 
determined. The representation of the time domain EM response as exponential basis 
functions with individual amplitude constants is referred to as tau domain representation. 
 
When the system has been solved for the unknown amplitude coefficients 𝐴r, these can be 
substituted into the equation for the standard form of the ideal system response, eq (5.1). This 
enables calculation of the inductive and resistive limits that can be inverted for geometry and 
conductivity (Macnae, King, Stolz, Osmakoff, & Blaha, 1998). 
 

5.2.3 SVD analysis of basis functions 
 
As the basis functions are calculated for a specified number and range of time constants, the 
deconvolution process is dependent upon these time constants. If the selected time constants 
happen to be inappropriate for the particular EM waveform, the problem of solving the 
system of equations becomes ill-posed and consequently destabilises the deconvolution 
process (Stoltz & Macnae, 1998). Time constants can be preselected by analysis of the 
exponential basis function in the 𝐀of𝐓 matrix in SVD form: 
 
 [𝐀of𝐓] = 𝐔 ∧ [𝐕𝐓] 

 
(5.5) 

Where U is an	m	×	n matrix with columns that are orthonormal eigenvectors spanning the 
data space (time domain) and V is an m	×	m	matrix with columns that are orthonormal 
eigenvectors spanning the model space (tau domain). ∧ is an n	×	n diagonal matrix with 
positive eigenvalues denoted 𝒘𝒊 or zeros as elements. Theoretically, the mapping from time 
domain to tau domain by the 𝐀of𝐓 matrix can be investigated by examining the columns of 
V. In EM Flow, this is visualised in a plot with tau as horizontal axis and eigenvalue as 
vertical axis. The relative amplitude of each eigenvector in tau domain is then used in order 
to plot a series of tracks vertically (fig.4). 
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Figure 4: Eigenvector plot in EM Flow. 

 
The eigenvector analysis can provide information about the performance and sensitivity of 
the EM waveform as their magnitude and shape is indicative of the resolution of responses 
with various time constants (Stoltz and Macnae 1998). The peak sensitivity range of the EM 
system is defined by the range of tau describing the principal eigenvector, which is the 
topmost track in the eigenvector diagram. In general, a broad lobe in the first track of the 
eigenvector display is indicative of a good range of time constants across the time range 
required (pbEncom, 2012). Additional to eigenvector analysis, a decay plot with time versus 
amplitude of the secondary field can be analysed (fig.5) 
 

 
Figure 5: Decay plot in EM Flow. 

 
The decay plot shows the response contribution of each individual tau through the EM 
system time range. An optimal selection of tau has been made when the decay plot shows a 
spread of significant responses from early to late channels. For example, if late taus appear to 
have very low amplitude, the information content from these taus will also be very limited.  
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5.3 EM Flow parameters for VTEM data in the Lannavaara area 
 
The tau range for the Lannavaara area was selected from 0.024 to 9.61 ms and the number of 
taus were selected to 12. Corresponding eigenvector plot and decay plot are displayed in 
figure 4 and 5 respectively. The selection was based on visual inspection of these plots as 
well as trial and error in deconvolution mode. When a selected tau range managed to produce 
an acceptable fit in deconvolution mode, this was selected for further processing. It should be 
pointed out that the decay curves for the corresponding tau range show that there is very 
limited information content for the latest taus. 
 
The algorithm selected in deconvolution mode was PLS (positive least squares) with a 
smoothing factor of 0.3, as this proved to be more stable than other algorithms such as L1 
min error and L1 positivity. For the CDI processing, a restriction in conductivity range was 
made from 0.17 to 1000S/m. This was selected based on the experience that EM Flow 
otherwise produced unreasonably high conductivity values for the Lannavaara dataset. 
However, conductivity measurements on graphitic schists from the area would be needed in 
order to justify this decision. 
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6 THIN SHEET MODELLING 
 
The general definition of a conducting thin sheet is a sheet with such a small thickness 𝑑 and 
with such a high conductivity 𝜎 so that the conductivity-thickness product 𝑆, also known as 
conductance, remains constant as 𝑑 approaches zero (Nabighian & Macnae, 1991): 
 
 𝑆 = 𝜎𝑑 

 
(6.1) 

The response of the sheet will depend on the conductance of the sheet, resulting in that 
neither thickness nor conductivity can be determined separately. The consequence of a 
conductor being electrically “thin” is that the induced currents will be restricted to the plane 
of the plate, while the electric fields normal to the plate must be continuous through the plate 
(Raiche, Sugeng, & Wilson, 2007). In practise, the thin sheet approximation is valid as long 
as the thickness of the plate is less than ½ the value of the diffusion depth (Electromagnetic 
Imaging Technology, 2015) and is a useful special case of a 3D model that can represent 
various geological features such as intrusive dipping dikes or horizontal layers with finite size 
as well as mineralized veins and isolated conductive ore bodies. However, thin sheets form a 
very simple conceptual model that only approximates the true 3D structure of a crystalline 
bedrock. For this Master’s thesis, thin sheet modelling has been selected on basis of the 
geological framework in the area, mainly comprising near vertical sequences (Frietsch, 1985; 
NSG, 1987). The selected software, Maxwell, offers fast computation of forward model 
responses which simplifies subsequent inversion and model evaluation. 
 

6.1 EMIT Maxwell 
 
Maxwell is a software made for geophysical EM data visualisation, processing and 
modelling, supporting both time domain, frequency domain and ground and airborne 
systems. Maxwell has been written by EMIT (Electromagnetic Imaging technology) in Perth, 
Australia (Electromagnetic Imaging Technology, 2015). The thin sheet algorithm in Maxwell 
simulates eddy current flow by ribbons, representing closed circuits. The electrical resistance 
of each ribbon varies linearly with length and width and inversely with plate conductance. 
Current is restricted to flow within the selected number of ribbons and cannot galvanically 
cross between ribbons. Maxwell thin sheet modelling assumes a very resistive background 
with no host rock interaction but the inductive interaction between multiple sheets is 
accounted for.  
 
There is no published paper describing the Maxwell algorithm but it is similar to the one used 
by MultiLOOp (Lamontagne, Macnae, & Polzer, 1988). The problem of calculating the EM 
response of the thin sheet corresponds to calculating the response of the ribbons. If each 
ribbon is replaced by a single wire loop of known self inductance and resistance, one can 
compute the response from a number of independent wire loops in free space (Grant & West, 
1965). 
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The plate parameters used for Maxwell thin sheet modelling are described in table 1. 
 
 
Table 1: Plate parameters as defined in Maxwell 

Abbreviation Parameter Unit 
X North coordinate Meters 
Y East coordinate  Meters 
Z Level coordinate (centre top of plate) Meters 
Depth Depth below surface elevation (centre top of plate) Meters 
D Dip  Degrees 
DD Dip Direction Degrees 
Rot Rotation Degrees 
SL Strike Length Meters 
DE Depth Extent Meters 
CT Conductivity-Thickness Siemens 
 

6.2 Anomaly selection 
 
The Lannavaara area was selected for Maxwell modelling partly because of the linear 
conductive structures clearly visible on the tau symbol plot (fig.19) which is a favourable 
feature in plate modelling. This decision was done with the knowledge that shale and 
graphitic schist is common in the area and may be responsible for most of the conductive 
features visible in the VTEM data. However, the Lannavaara area hosts several 
mineralisation occurrences that occur within the same geological unit as the graphitic schist 
and that either coincides or shows a close relation to the conductive structures on the tau grid 
map. Therefore, modelling of the conductive structures in general has the potential to provide 
more information about the area. 
 
The selection of the specific anomalies in the Lannavaara area was made from the amount of 
geological and structural information available in various parts of the surveyed area as well 
as simplicity of the VTEM responses. The initial idea was to model the anomalies occurring 
close to the mineralisation occurrences where drill hole information also existed. However, 
part of these anomalies turned out to be very difficult to model due to their high amplitude in 
the Z component, resulting in that anomalies with lower amplitude outside the mineralised 
areas were analysed instead. Considerations have been made regarding existing lakes and 
streams in the area (Lantmäteriet, 2015) and anomalies coinciding with or occurring very 
close to such a feature have not been selected for modelling. The reason for this is that 
sediments on the bottom of lakes sometimes produce EM anomalies (Thorkild Maack 
Rasmussen, personal communication 2017-04-07). 
 
When selecting anomalies, profiles with dB/dt data were first analysed in various channel 
ranges in order to pick a suitable width of the anomaly. This is necessary because conductive 
features occur in various channel ranges. Decay curves were checked for noise in both 
components, revealing a higher influence of noise in the X-component. Channels 34-39 
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(fig.3) were selected for modelling based on the ability to fit to data and perform inversion on 
conductors with good quality. The selection of a limited range of channels is important as the 
Maxwell algorithm tend to fit to the higher amplitudes in the early channels if no restriction 
is made. One important aspect of the early time channels is that they represent data with a 
higher resolution. Consequently, they are difficult to model with simple conceptual models 
such as the thin sheet approximation used by Maxwell. 
 

6.3 Forward model parameters 
 
Part of the forward model parameters were based on geological information available in the 
area (SGU, 2016b) together with the tau symbol plot created from the Geosoft GDB database 
provided by SGU. The most important of these parameters are the dip direction and the strike 
length which have been visually determined from the tau symbol plot (fig.19) together with 
information about the line spacing for the survey. Existing point observations of soil depth 
(SGU, 2015g) were used as a guideline for determining the minimum depth to the top of each 
plate. Strike length (SL) and dip direction (DD) were kept fixed during the inversion for most 
profiles in the case it was still possible to fit to data with these initial values. Other 
parameters have been determined by a trial-and error procedure to find what values that were 
needed in order to reach a reasonable fit to data. 
 

6.4 VTEM anomaly characteristics 
 
The are some general features for VTEM anomalies that can be used as a guideline when 
selecting forward model parameters. The forward model responses presented in this chapter 
are calculated for channels 30-35 and flight direction is from west to east. For a thin sub 
vertical target, the Z component produce a positive double peak anomaly while the X 
component produce cross-over anomalies from + to - in direction of flight (fig.7). For a thin 
horizontal conductor, the Z component produce a single positive peak anomaly while the X 
component produce a cross-over anomaly from – to + in direction of flight (fig.6). The 
asymmetric shape of the X and Z component that is introduced when the plate departs from a 
pure horizontal or vertical direction can be used for determining the approximate dip of the 
plate (fig.8, 9). 
 
Forward model responses for horizontal plates generate significantly larger amplitudes in the 
Z component than sub vertical or vertical plates positioned at the same depth. Moreover, an 
increase in the conductivity-thickness product does not generally increase the amplitude in 
the early and mid-channels, however, for late channels, amplitude will increase. It should also 
be pointed out that an increase in strike length does not necessarily increase the amplitude of 
the model response, due to the conditions in the thin sheet approximation. Calculated forward 
model responses for a sub vertical plate with 200m and 2000m strike length are presented in 
figure 9 and 10. 
 
The shape of the Z and X component in VTEM also provides information about the number 
of sheets needed in order to fit to data. A single anomaly with a very simple shape for both Z 
and X components can generally be modelled with one plate. However, modelling two plates 
with same dip and dip direction positioned very close to each other will not result in a 
significant change in the shape and amplitude of the forward model response. For plate 
distances more than approximately 50m, the anomaly will become broader. 
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In other cases, the shape of the anomaly is more complicated and this may be an indication 
that several sheets and or/overburden modelling are needed in order to fit to data. When the 
host rock to a potential target is conductive, or when the target is located close to another 
conductive target, responses will be superimposed and the anomaly crossover location may 
migrate relative to the location of a single plate response (Nabighian & Macnae, 1991). 
 
 

 
Figure 6: Forward model response with Z component (black) and X component (blue) for a thin horizontal sheet. Strike 

length is 200m. 

 
 
 

 
Figure 7: Forward model response with Z component (black) and X component (blue) for a thin vertical sheet.  Strike 

length is 200m. 
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Figure 8: Forward model response with Z component (black) and X component (blue) for a thin sheet dipping 45 degrees 

to the east. Strike length is 200m. 

 
 

 
Figure 9: Forward model response with Z component (black) and X component (blue) for a thin sheet dipping 45 degrees 

to the west. Strike length is 200m. 
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Figure 10: Forward model response with Z component (black) and X component (blue) for a thin sheet dipping 45 

degrees to the west. Strike length is 2000m. 

 

6.5 Inversion 
 
Because the real conductivity of the earth is a continuous function that one measures with 
finite sampling methods, the electromagnetic inverse problem does not have   
a unique solution (Parker, 1977). When adding random noise, the number of possible models 
increase and this number must be reduced by constrains based on geological knowledge. 
 
In Maxwell, each iteration step determines the sensitivities of the parameters in order to 
instigate a change in the model’s parameters. Inversion ends when either the maximum 
number of iterations is reached, the model data misfit is below a specified threshold or, when 
the model-data misfit cannot be reduced (N. Dorn, personal communication, 12th of April 
2017). With respect to computation times and final results, thin sheet inversion is a process 
that strongly depends on the forward model and the number of free parameters. As for 
determining forward model parameters, inversion also includes a certain amount of trial and 
error, where experiences from successful and non-successful inversions act as a guideline for 
future modelling. Furthermore, it is important to understand what error is expected from the 
inversion, so that one does not try to generate complicated models in order to achieve a 
perfect fit to data. In this project, inversion have been interrupted when a desirable fit to data 
has been achieved, or when the inversion has started to go in an unfavourable direction. The 
desirable fit to data has been viewed in terms of fit to anomaly shape for both components 
and amplitude of the Z component. Accordingly, a fairly large range in error between 
different models are expected.  
 
What is here regarded as an unfavourable direction of the inversion is mainly such parameter 
values that oppose a plausible model. One such experience is the problem of handling 
inversion with multiple sheets. An important aspect of modelling multiple sheets in Maxwell 
is that complicated anomaly shapes can be rather easily fitted by modelling intersecting 
plates. If plate intersection is not a desirable feature due to geological reasons, this needs to 
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be avoided by either fixing the position and dip of the plates before running inversion, or by 
interrupting the inversion when it starts to go in that direction. This will be needed when two 
conductive features are likely to have the same dip and dip direction. Such a situation can 
occur when two conductive bodies exist within the same geological unit and have been 
subject to the same type of deformation phases. If one plate is more responsible for the 
general shape and amplitude of the response but a second one is needed in order to fit to 
smaller characteristics of the anomaly, it is usually more efficient to only have one plate free 
for inversion at a time. In that way, a better control of the final iterations is achieved. 
 
Modelling with a single sheet also needs consideration in view of what can be regarded as a 
plausible model. A horizontal plate positioned at a certain depth below the surface can 
generate approximately the same amplitude in the Z component as a plate dipping 45 degrees 
having with different values for the other parameters, although anomaly shape will be slightly 
different. In such cases, information about the shape of the X component can be valuable and 
act as a guideline towards which model to choose. However, the asymmetry in the shape of 
the X component is more distinct for sub vertical sheets than for sub horizontal sheets. 
Furthermore, the X component may be of such low amplitude that the distinguishing 
asymmetry for various dip and dip directions vanish.  
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7 SiroSOM, Self-Organising Maps 
 
The SiroSOM (Self-Organising Maps) software (Fraser & Dickson, 2006) is a geoscientific 
computational tool that can be used for deriving patterns and relationships between data types 
with spatial location information. Such information may include both geology, geochemistry, 
mineralogy and geophysical data.  
 

7.1 Multivariate data analysis in SiroSOM  
 
The procedure initially includes the representation of data points as vectors defined by the 
contributions from each specific data type (variables). In an electromagnetic geophysical 
context, one vector may for example be defined by a specific value for apparent resistivity, 
time constant tau and Slingram Real and Imaginary components. The vectors form 
populations of data in a multi-dimensional data space, where all vectors within a population 
are similar to each other with respect to the values defining the vectors. The SOM algorithm 
finds the “medium vector” of each population and then projects each of them into a cell in a 
new data space with only 2 dimensions known as the “SOM space”. The coordinate axis in 
the “SOM space” corresponds to a pre-selected number of rows and columns that form a 
specific number of cells which is lower than the number of input data. It does not represent 
the geographic locations of the vectors, but vectors are projected at relative distances so that 
relationships between data types are maintained. This means that two vectors that plot far 
from each other in the multi-dimensional data space will also be projected far from each other 
in the 2D “SOM space”. Although geographic representations are not displayed by the 
coordinate axis in this 2D map, information about the dimensionality of the input data is 
retained.  
 
Each input data type in SiroSOM can be plotted separately in the “SOM space” so that 
comparisons between various data types can be performed by visual inspection of multiple 
maps. This form of representation is known as component plot. Associated with the 
component plot is the U-matrix, which displays the similarity between adjacent cells in the 
matrix. The deviation for a particular cell to surrounding cell in the U-matrix is colour coded 
so that cool colours represent a close relationship between adjacent cells and warm colours 
represent a distant relationship between adjacent cells. 
 
Besides the component plot, data processed in SiroSOM can be clustered, which is a form of 
classification based on differences between data values. Differences can be calculated by 
various forms of distance measures, of which the Euclidian distance is one example. Unit 
differences are handled by a chosen form of normalisation, such as standard deviation. 
Clustering results in grouping of data so that the data objects are similar to other data objects 
within the same cluster. With the cluster representation, data can be viewed in a geographic 
map so that clusters with characteristic values of certain data types can be located. 
For data lacking well-defined classes, clustering may be unsuccessful and this is sometimes 
typical for geophysical datasets representing smooth functions.  
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7.2 Input data types in SiroSOM 
 
In this project, SiroSOM has been used for deriving the correlation between magnetic data 
(SGU, 2016d) and three types of airborne electromagnetic data  available in the Soppero area: 
VTEM (SGU, 2016d), Slingram (SGU, 2016e) and VLF (Abtahi, Pedersen, Kamm, & 
Kalscheuer, 2016). 
 
For the magnetic data, the tilt derivative (Miller & Singh, 1994) and analytic signal (Roest, 
Verhoef, & Pilkington, 1992) have been used as input to SiroSOM. The tilt derivative is the 
arctangent of the ratio between the vertical derivative and total horizontal derivative and 
works as an edge detector. It is positive over a magnetic source and negative outside the 
source, responding well to both shallow and deep sources (Miller & Singh, 1994). The 
analytic signal of the total magnetic field is calculated from the orthogonal derivatives of the 
field and is independent of the direction of magnetization for a 2D magnetic anomaly (Roest, 
Verhoef, & Pilkington, 1992). It forms a ridge over a vertical contact and is laterally 
displaced for a dipping contact. 
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8 SURVEY AREA 
 
The studied area is situated in the northernmost part of Norrbotten, Sweden, forming a 20 x 
15km rectangle including the Lannavaara village (fig.11,12). This area forms the easternmost 
part of a larger region which has been surveyed by both VTEM, magnetic, gravity, VLF and 
Slingram measurements, which are shortly described in the section below. The geology is 
presented in both regional (fig.11), sub regional (fig.12) and local (fig.14) scales. 
 

8.1 VTEM measurements 
 
On behalf of SGU, Geotech Ltd performed helicopter-borne TEM measurements with the 
VTEMplus system during July and August 2013. Specifications of the VTEM system is 
described in section 4.1 in this report. The survey was performed within the Barents project, 
in an area located 20 km north of Kiruna and with an extension of 85 km in the eastern 
direction (fig.11). In total, 4531 km was surveyed including traverse lines at a spacing of 500 
m and tie-lines perpendicular to the traverse lines at a spacing of 4985 m. Measurements 
were performed with an average EM-bird terrain clearance of 56 m. The surveyed area covers 
slightly more than 2000 km2. In this Master’s thesis, only the part of the surveyed area 
covering the Lannavaara area was used for modelling (fig.13). 
 
The results from the survey by Geotech Ltd have been delivered as processed off-time data 
(Z and X components) for 45 time gates, corresponding to middle-time delays from 0,021 to 
10.6 ms, together with calculated time constant. The survey and its results are described in 
the report by Geotech Ltd (2013), while data were provided by SGU (2016d). 
 

8.2 Other geophysical measurements 
 
Simultaneous with the VTEM measurements performed by Geotech Ltd in 2013, horizontal 
magnetic gradiometer data were collected. The gradiometers consisted of Geometrics split-
beam field magnetic sensors, separated 12.5 meters apart on a separate loop positioned 10m 
above the EM bird (Geotech Ltd, 2013). These data are included in the same database as the 
VTEM data (SGU, 2016d). 
 
During 1991, SGAB performed airborne Slingram measurements in the area using the 
Slingram 80 system (3720 Hz) (SGU, 2016e). The survey was performed with a ground 
clearance of 30 m, a line separation of 100 m and a distance between stations from 20 to 40 
m (SGU, 2016e). The configuration for Slingram 80 was vertical co-axial (VCA) (Lena 
Persson, personal communication 2017-05-08; Mats Wedmark, personal communication 
2017-05-11).  
 
LKAB also surveyed the area by Airborne VLF in 1985, which only includes measurements 
of the vertical component and the total magnetic field. Apparent resistivity maps have been 
produced by Abtahi, Pedersen, Kamm, & Kalscheuer (2016).  
 
Furthermore, the area is included in the gravity grid of Sweden (SGU, 2016f) from which 
data have been collected since the 1950s and interpolated with 500 m cell size. 
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8.3 Regional geology 
 
The surveyed area is situated in the northern part of Norrbotten county, Sweden, which is a 
part of the northern Fennoscandian shield (fig.11). The basement consists of Archean rocks 
(2.8 - 2.6 Ga), dominated by metagranitoids and gneisses and with minor supracrustal rocks 
(Bergman, Kübler, & Martinsson, 2001). These are overlain by Karelian units (2.4 -1.96 Ga), 
which includes the Kovo group and the Greenstone group. The Kovo group is 
stratigraphically lowest and includes conglomerate, quartzite, basaltic lava, mafic dykes and 
volcanogenic greywacke with intercalations of carbonate rocks (Martinsson, 1997). In the 
Kiruna area, the Kovo group is covered with a thick sequence of mafic to ultramafic volcanic 
rocks forming the Kiruna greenstone group (Martinsson, 1997). Included in this group are 
also komatiites and volcaniclastic units, the latter with occurrences of black schists and 
carbonate rocks. 
 
The Karelian craton was subject to a long period of rifting that finally resulted in continental 
break-up, evolution to a passive margin and subduction towards the northeast. Volcanic arc 
magmatism and accretionary processes resulted in the deposition of Svecofennian units (1.96 
-1.85 Ga) onto the paleoproterozoic cover (Weihed, Bergman, & Bergström, 1992; Nironen, 
1997; Lahtinen, Korja, & Nironen, 2005). Svecofennian units include metasedimentary and 
metavolcanic rocks, the latter subdivided into the stratigraphically lower Porphyrite group 
and the overlying Porphyry group (Martinsson & Perdahl, 1995). The Porphyrite group 
consists mainly of andesites and is restricted to the Kiruna area. In the eastern part of 
Norrbotten, there exists a sequence of mixed volcanic and epiclastic rocks that are 
stratigraphically related to the Porphyrite group, known as the Sammakkovaara group 
(Martinsson, Billström, Broman, Weihed, & Wanhainen, 2016). The Porphyry group can be 
found in the central and western parts of northern Norrbotten and consists of basalts, 
trachyandesites and rhyodacite-rhyolites, hosting economically important iron ores such as 
Kiirunavaara. Metavolcanic rocks of the Porphyry group rocks are in some places covered by 
younger metasedimentary rocks, such as in the Stora Sjöfallet area and to the northwest of 
Vittangi. The overlying rocks are dominated by quartzite, which can also be found in the 
Kiruna area (Bergman, Kübler, & Martinsson, 2001). 
 
A relatively large proportion of the bedrock in northern Norrbotten is composed of intrusive 
rocks. These are dominated by granitoid suites but mafic to ultramafic plutons and dykes also 
occur. The three major granitoid suites are the 1.89-1.87 Ga Haparanda Suite, 1.88-1.86 Ga 
Perthite – Monzonite Suite and the 1.81-1.78 Ga Lina granitic suite. The Haparanda Suite is 
dominantly granodioritic-tonalitic while the Pertite-Monzonite suite is mainly granitic to 
monzonitic in character. The Lina granitic suite is characterised by granites and pegmatites.  
Intrusive rocks of granite-syenitoid-gabbroid association (1.8-1.79 Ga) occur in the Tärendö-
Lainio area, north of Svappavaara and southwest of Kiruna. These intrusions and plutons 
have a composition similar to the rocks belonging to the Transscandinavian Igneous Belt 
(TIB). Sheet intrusions or plutons of gabbros and mafic dykes (<1.8Ga) occur in the 
easternmost part of the area. (Bergman, Kübler, & Martinsson, 2001). 
 
Northern Norrbotten was affected by ductile and brittle deformation events during the 
Svecokarelian orogen (1.88-1.74 Ga). The deformation resulted in the formation of major 
crustal-scale shear zones, represented by the NNE-directed Karesuando-Arjeplog 
deformation zone (KADZ) in the central part, the NNE-directed Kiruna-Naimakka 
defomation zone (KNDZ) located to the west of KADZ, the N-NE directed Pajala shear zone 
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in the easternmost part and the NNW-directed Nautanen deformation zone in the southern 
part (Bergman, Kübler, & Martinsson, 2001).  
 
Northern Norrbotten is an important metallogenic province with type localities for Kiruna-
type apatite iron ore and a large range in Fe-oxide and Cu-Au+-Fe oxide mineralisation 
occurrences  (Martinsson, Billström, Broman, Weihed, & Wanhainen, 2016). Most economic 
deposits in the Fennoscandian shield occur within the Paleoproterozoic unit and not in the 
Archean (Weihed et al., 2005). 
 
 

 
Figure 11: Regional geological map modified after Bergman, Kübler, & Martinsson (2001) with black polygon showing 
the location of VTEM measurements performed by Geotech Ltd in 2013. 
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8.3.1 Key areas in the Barents project 
 
Parts of the area surveyed by VTEM (fig.12) are included in the Barents project, which aim is 
to acquire more geophysical and geological information about the northern part of Sweden. 
This is done in order to constrain the tectonic and metallogenic processes that have affected 
the region (Luth et al., 2014). In the western part, two important key areas known as 
Harrijärvet and Vittangivaara are located. The tonalitic Archean basement and the overlying 
Kovo and Kiruna Greenstone groups are the dominating bedrock units in this area. In 
Harrijärvet, which is located to the west of KNDZ, the contact between the Archean 
basement and the overlying Kovo group is folded and shear zones trend in the N and NNW 
directions. In western Vittangivaara, the contact between the Archean basement and the Kovo 
group forms a mylonite zone and N-S trending shear zones have been observed. Another key 
area, named Akkiskera-Kuormakka, is located in the north-eastern part of the surveyed area 
where KADZ is the major deformation zone. In the western part of Akkiskera-Kuormakka, 
the Archean basement is overlain by quartzite and a vertical mylonite zone has been observed 
along the contact. Further to the east, basalts of the Kiruna Greenstone group occur and 
gabbroid and tonalitic-granodioritic rocks dominate the central and easternmost areas. A 
major part of the deformation in the area is localised along steeply dipping NNE trending 
shear zones (Luth, et al., 2014). 
 
 

 
Figure 12: Geology of the area surveyed by VTEM measurements, modified after Berggrund 1:50 000-1:250 000 © SGU. 
Blue polygon shows the location of the Lannavaara area which has been studied in this project. 

 
The original map Berggrund 1:50 000-1:250 000 (SGU, 2016b) was modified in ArcGIS in 
order to simplify visualisation and interpretation (fig.12). Due to a N-S trending discontinuity 
in the mapped geology at E783300, units of gabbroid-dioritoid located directly west of this 
border were merged with units of tonalite-granodiorite located directly to the east. This 
resulted in a uniform geological unit similar to the one on the geological map of the 1:1 
million scale (SGU, 2016a). Furthermore, rock types of the same composition with relatively 
small differences in age have been merged for simplification and use in a geophysical 
context. Colouring is different from the original map by SGU. 
 
 



 

 

33 

8.4 Topography in the Lannavaara area 
 
The topography of the Lannavaara area (fig.13) shows some variability and ranges from 320 
m around major streams and lakes in the central part and up to 580 m at the Nunasvaara 
mountain. The areas in the lower parts of the topography are dominated by swamps while 
most hills and mountains are covered by forest. 
 
 

 

Figure 13: Topograghy from GSD-Höjddata, grid 2+, © Lantmäteriet. Roads, lakes and streams from GSD-Vägkartan 
vektor, © Lantmäteriet. 

 
 

8.5 Geology and mineralisation occurrences in the Lannavaara area 
 
The geology of the Lannavaara area (SGU, 2016b), mineralisation occurrences (SGU, 2017) 
and selected drill holes (SGU, 2016c) are presented in figure 14. All rocks are Precambrian 
and strongly affected by metamorphism. The main rock units are the Kiruna Greenstone 
group, the Kiruna Porphyry group and the Pahakurkkkio group (Ambros, 1980). Rocks of the 
Greenstone group occur in the central part of the area and comprise basaltic greenstone, 
tuffites, limestones, iron ores, skarn and graphitic schists. The rocks of the Greenstone group 
are overlain by rocks of the Pahakurrkio group, comprising a thick sequence of quartzite and 
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intraformational conglomerate. Rocks from the Greenstone and Pahakurkkio groups have 
been intruded by rocks belonging to the Haparanda series, mainly granodiorites and gabbros. 
The Porphyry group occurs at the Teltaja iron ore deposit and further south and it comprises 
andesite, syenite porphyry and conglomerate. Ambros (1980) describes the major structural 
elements of the Lannavaara area with an anticline exposing the rocks of the Greenstone group 
and a syncline with the rocks of the Pahakurkkio group. The axial dip of this anticline is 
directed to the south. 
 
The Lannavaara area hosts several mineralisation occurrences of various types. The most 
well documented are the iron investigated in the Iron Ore Inventory Programme initiated by 
SGU on behalf of the Swedish government in the 1960s. The Kevus iron ore is the 
northernmost iron deposit in the studied are and was investigated by geophysical 
measurements and four drill holes (Frietsch, 1985). The ore occurs as massive bodies and 
veins of skarn and magnetite in a trachyte, partly with impregnation of magnetite. It strikes in 
a N-S direction and dips 80-85 degrees to the west (Frietsch, 1985). Both the ore and host 
rocks were strongly affected by tectonic disturbances (Ambros, 1980). 
 
The Sattavara iron deposit occurs approximately 1 km to the southeast of Kevus and outcrops 
at several positions. It was investigated by prospecting trenches and geophysical 
measurements (Frietsch, 1985). Magnetite occurs in skarn hosted by mafic metatuffites and 
metasediments belonging to the Greenstone group and is overlain by a graphite bearing 
schist. In the central part of the deposit, magnetite and skarn occur as banded layers in chert. 
Further to the southwest, the magnetite-bearing skarn also contains a sphalerite 
mineralisation and the south-western part of the main ore zone is overlain by a graphite-
bearing schist. According to Frietsch (1985), the magnetic signature of the Sattavara area is 
irregular and varies rapidly due to remanent magnetisation. 
 
The southernmost deposit of the Lannavaara iron ores is the Teltaja deposit. Its knowledge is 
based on geophysical measurements and 7 drill holes (Frietsch, 1985). Teltaja comprises two 
ore bodies striking to the NNW-SSE, dipping steeply to the west. The ore minerals hematite 
and magnetite are associated with skarn silicates and occur mainly as veins or disseminated 
in a trachytic rock. Graphite bearing schist occurs to the west of the ore and at depth, at a 
location above the ore zone (Frietsch, 1985). Approximately 1 km to the west of the Teltaja 
deposit, there is a Zn-Pb deposit named Huornaisenvuoma. It comprises two stratiform ore 
horizons hosted by a skarn-rich zone in the uppermost part of a dolomite layer. The 
succession of the greenstones in this part of the Lannavaara area comprises mafic tuff-tuffite, 
manganiferrous iron, black schist and dolomite, which is overlain by an intermediate volcanic 
rock (Martinsson, 1995). 
 
The eastern part of the Lannavaara area has been subject to less investigations than the 
western part. Most important is the Outavaara mineralisation situated in the northeast, 
comprising mainly pyrite and pyrrhotite with anomalous contents of copper and zinc. The 
mineralisation is hosted by units of graphitic schist and chert ocurring in the Greenstone 
group and comprises a local horizon of gold. Drill holes show that the mineralisation is 
dipping approximately 50 degrees to the east (NSG, 1987). About 6 km to the south of 
Outavaara, close to the mountain Kiivivaara, there is another N-S-striking mineralisation with 
pyrite, pyrrhotite and chalcopyrite hosted by a tuffite. This mineralisation is dipping 70 
degrees to the east (Lehto, 1978). 
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Figure 14: Geology of the Lannavaara area, modified after Berggrund 1:50 000-1:250 000 © SGU. Mineralisation 

occurrences from SGU Kartvisare – malm och mineral (2017-03-08). Positions of selected drill holes from SGU drillhole 
database, © SGU. 

 

 

  



 

 

36 

9 RESULTS 
 
This chapter initially presents gravity and magnetic maps and continues with the results and 
interpretations made from Maxwell thin sheet modelling, EM Flow CDI sections and 
multivariate analysis in SiroSOM. The reason why results and interpretations have been 
merged lies in the aim of the project, which major part is to investigate the amount of 
information that can be extracted from VTEM data when modelled by two different types of 
software. This investigation involves extraction of geometrical properties and conductivity 
and comparison to existing geological information from surface maps and drill holes. Any 
assessment of the likelihood that each unexplained anomaly represents an economic 
mineralisation has not been made but correlations with existing mineralisation occurrences 
and units of graphitic schist are discussed. 
 

9.1 Gravity, magnetic and tau maps 
 
The area surveyed by VTEM measurements has also been surveyed by ground gravity 
measurements (SGU, 2016f) which were gridded with 600 m cell size (fig.15). The Bouguer 
map clearly delineates a positive gravity anomaly in the Lannavaara area, coinciding with 
units of basalt-andesite in the central part and trachyte-dacite further south (fig.12). The 
majority of all documented mineralisation occurrences in the Lannavaara area also occur 
within this gravity high, although, there are occurrences in other areas outside Lannavaara 
which have not been plotted as they are positioned outside the area studied by EM modelling. 
However, the largest positive gravity anomaly is situated to the north of Lannavaara, 
comprising a more variable geology with granite, tonalite-granodiorite, gabbroid-dioritoid, 
basalt-andesite and iron mineralisation (fig.12). 
 
 
 

 
Figure 15: Bouguer anomaly, 600m cell size from Geofysiska markmätningar, tyngdkraft (översiktlig) © SGU. 
Mineralisation occurrences in Lannavaara area from SGU Kartvisare- malm och mineral (2017-03-08). 
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Magnetic data (SGU, 2016d) is also available for the area and the data within the Lannavaara 
area were IGRF corrected and gridded with 125m cell size. One map is coloured by equal 
area (fig.16) and one with linear scale (fig.17). On the map coloured by equal area, there is a 
positive magnetic anomaly that roughly coincides with a unit of basalt-andesite in the central 
part of the Lannavaara area, and dacite-rhyolite in the southern part. Other positive magnetic 
anomalies coincide with units of gabbroid-dioritoid composition, visible in the south-western 
and northern parts of the area (fig.14). The borders between the basalt-andesite and quartz-
arenite around N756600 E795000 and dacite-rhyolite and quartzite around N7557000 
E795000 are clearly defined by the magnetic map. On the map with linear colour scale 
(fig.17), it is evident that the Kevus and Teltaja iron deposits occur at locations with higher 
magnetic intensity than the Sattavaara iron deposit. Petrophysical measurements in the 
Sattavaara area show that there is a variation in the Köningsberger ratio from 0.07 to 17 with 
the highest values measured on basalt and graphitic schist and lower values on skarn rocks 
(SGU, 2016h). 
 

 
Figure 16: Residual magnetic field, 125m cell size and coloured by equal area. Created from magnetic data within the 
TEM-Barents database © SGU. Mineralisation occurrences from SGU Kartvisare- malm och mineral (2017-03-08). 
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Figure 17: Residual magnetic field, 125m cell size and linear colour scale. Created from magnetic data within the TEM-

Barents database, © SGU. Mineralisation occurrences from SGU Kartvisare- malm och mineral (2017-03-08). 
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Tau values originate from the same database as the magnetic measurements (SGU, 2016d) 
and are presented by a symbol plot along the flight lines (fig.18). Anomalous tau values 
roughly follow the outline of the graphitic schist within the basalt-andesite in the central part 
of the Lannavaara area (fig.14). Some local anomalies also appear outside the extent of the 
graphitic schist. When comparing the tau plot with the magnetic map coloured by equal area 
(fig.16), it is evident that anomalous tau values roughly coincide with the outer edge of the 
positive magnetic anomaly, however, they do not exactly overlap. 
 
 
 

 
Figure 18: Tau time constant (ms) symbol plot. Created from VTEM data within the TEM-Barents database © SGU. 
Mineralisation occurrences from SGU Kartvisare- malm och mineral (2017-03-08). Locations of selected drill holes from 
SGU drill hole database © SGU. 
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9.2 Maxwell thin sheet models 
 
The results presented in this chapter include figures with profile plots and thin sheet models 
together with tables presenting the plate parameters for the modelled lines in the Lannavaara 
area. Plate parameters are according to the description in section 6.1 table 1. All models have 
been calculated in the channel range 34-39 (fig.3) and the error from inversion for this 
channel range is included in the figure text for each profile plot. All lines have been modelled 
separately and each plate is named by line number and a following letter. Some lines have 
been modelled for both X and Z components while others have been modelled for Z 
component only. In the latter case, the shape of the X component have been used as a 
guideline for geometry determination, although excluded from the inversion. The name and 
projection of all modelled plates onto the tau symbol plot is presented in figure 19. 
 
 

 
Figure 19: Tau time constant (ms) symbol plot. Created from VTEM data within the TEM-Barents database © SGU. 
Mineralisation occurrences from SGU Kartvisare- malm och mineral (2017-03-08). Coloured polygons show the 
projection of plates modelled in Maxwell. 
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The N-S trending anomaly around E795000 (fig.19) has been modelled for lines L1340, 
L1360, L1430 and L1440. The northernmost line, L1340, has been modelled with two plates 
with different dip (fig. 20, table 2). This location of the Lannavaara area hosts the Outavaara 
gold mineralisation, which has been drilled with four drill holes (fig.18) by NSG (1987). 
Three drill holes located from W to E coincide with the location of the eastern anomaly 
modelled by plate L1340_A (fig.20). According to these drill holes, the bedrock contains 
multiple horizons of graphitic schists, dipping approximately 50 degrees to the east. Some are 
hosting anomalous content of Au, Zn, Cu and V. The dip of the mineralisation agrees with 
plate L1340_B but not with L1340_A (fig.21). Moreover, the data fit for the X component is 
considerably better for L1340_B. The anomaly modelled by L1340_A is of much higher 
amplitude and difficult to fit with a sub vertical sheet. While the near horizontal sheet used in 
the model gives an acceptable fit for the Z component but not for the X component, it is also 
clear that the X component for this anomaly has a different shape compared to the X 
component for L1340_B. Furthermore, the overall error for the Z component can be regarded 
as high.  
 
 
 

 
Figure 20: Modelled plates for line L1340 and Z component response (red) and field data (black). 

 
 
 
 
Table 2: Plate parameters for L1340. 

Plate X Y Z Depth D DD Rot SL DE CT 
L1340_B 793395 7568400 375 -17 54 80 0 235 214 74 
L1340_A 794069 7568400 379 -39 -2 80 0 500 453 56 
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Figure 21: L1340 field data (black) and model response (red). Error 13.64 (Z component). 
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The continuation of the N-S trending anomaly around E795000 (fig. 19) has been modelled at 
L1360. This part of the anomaly has been modelled with plates of similar dip and dip 
directions as L1340 (fig. 22, table. 3). However, the Z component for the anomaly modelled 
by plate L1360_A is of lower amplitude than L1340_A and a reasonable fit to data has been 
achieved with a plate of larger strike length. In general, this anomaly is more easily fitted in 
both Z and X components, and the error for the Z component is also lower compared to 
L1340 (fig. 23). 
 
 
  

 
Figure 22: Modelled plates for line L1360 and Z component response (red) and field data (black). 

 
 
 
 
Table 3: Plate parameters for L1360. 

Plate X Y Z Depth D DD Rot SL DE CT 
L1340_B 793750 7567400 370 -18 65 80 0 183 125 121 
L1340_A 794301 7567400 347 -47 0 80 0 2000 499 117 
L1340_C 793693 7567360 370 -18 56 80 0 71 60 138 
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Figure 23: L1430 field data (black) and model response (red). Error 3.47 (Z component). 
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Further south, the shape of both anomalies for this subparallel conductor changes and at line 
L1430, opposite polarities in the X component are evident (fig.25). This line has therefore 
been modelled with one sub vertical and one sub horizontal sheet with different dip directions 
(fig. 24, table.3). The calculated error is low and the dip for plate L1430_B is approximately 
the same as the dip for L1360_B, which indicates a consistent geometry for this conductor in 
this part of the Lannavaara area. 
 
 
 

 
Figure 24: Modelled plates for line L1430 and Z component response (red-positive), X component response (red-positive-

negative) and field data (black). 

 
 
 
Table 4: Plate parameters for L1430. 

Plate X Y Z Depth D DD Rot SL DE CT 
L1360_B 795018 7563915 375 -13 68 80 0 201 169 117 
L1360_A 795574 7563910 338 -82 8 260 0 288 131 128 
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Figure 25: L1430 field data (black) and model response (red). Error 1.92 (X and Z component). 
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The opposite polarities in the X components for L1430_A and L1430_B vanish further south 
at L1440 (fig.27) and this line has been modelled with two sub horizontal sheets with the 
same dip direction (fig.26, table.5). Compared to lines L1340 and L1360 crossing the 
northernmost part of these subparallel conductors (fig. 20, 22) the amplitude is higher for the 
westernmost anomaly in both Z and X components. It should be pointed out that the model 
response for the Z component has an asymmetry that is not visible in the field data (fig.27). 
However, the error lies in the same range as for other models presented. 
 
 
 
 

 
Figure 26: Modelled plates for line L1440 and Z component response (red) and field data (black). 

 
 
 
Table 5: Plate parameters for L1440. 

Plate X Y Z Depth D DD Rot SL DE CT 
L1440_A 
Turquoise 795440 7563410 360 -18 20 89 0 500 139 108 
L1440_B 
Green 795001 7563410 360 -21.6 24 89 0 700 124 126 
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Figure 27: L1440 field data (black) and model response (red). Error 3.42 (Z component). 
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For the NW-SE trending anomaly around E790000 (fig.19), line L1490, L1510 and L1580 
have been modelled. The northernmost of these lines, L1490, has an anomaly that occurs 
approximately 1.3 km NW of the Kevus iron ore. The Kevus deposit has been investigated by 
four drill holes which show that the ore is dipping 80-85 degrees to the west (Frietsch, 1985). 
The plates used for modelling, L1490_D, E and F are all sub vertical (fig.28, table 6) and 
yielded a reasonably good fit to data for the Z component (fig.29). However, the dip is far 
from the 80-85 degrees proposed by Frietsch (1985). 
 
 
 

 
Figure 28: Modelled plates for line L1490 and Z component response (red) and field data (black). 

 
 
 
Table 6: L1490 plate parameters. 

Plate X Y Z Depth D DD Rot SL DE CT 
L1490_D 789992 7560850 330 -29 50 250 0 356 155 86 
L1490_E 789879 7560925 347 -13 50 250 0 412 149 76 
L1490_F 789760 7560895 270 -91 50 250 0 1160 200 81 
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Figure 29: L1490 field data (black) and model response (red). Error 2.24 (Z component) 
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The corresponding anomaly at line L1510 is positioned approximately 500 m to the west of 
the northern end of the Kevus iron ore and has a more simple shape for both X and Z 
components (fig.31) compared to L1490. Accordingly, the fit to data is also better and the 
indicated dip from the modelled plates L1510_E and F are somewhat steeper than for L1490 
(fig.30, table 7). 
 
 
 

 
Figure 30: Modelled plates for line L1510 and Z component response (red) and field data (black). 

 
 
 
Table 7: L1510 plate parameters. 

Plate X Y Z Depth D DD Rot SL DE CT 
L1510_F 790211 7559835 339 -20 65 250 0 283 307 62 
L1510_E 790262 7559880 336 -23 56 250 0 297 144 72 
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Figure 31: L1510 field data (black) and model response (red). Error 1.28 (Z component). 
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The western part of line L1520 has an anomaly that occurs approximately 200 m to the W of 
the southern end of the Kevus iron ore. The shape of the Z component is similar to the one in 
line L1510 but the amplitude is almost 4 times higher (fig.32) and difficult to fit with a sub 
vertical plate. Additionally, the shape of the X component is different from L1510 and would 
in general terms correspond to one or multiple plates dipping to the east (fig.8). With respect 
to the model results for L1510 and L1490, together with the indicated dip from drill holes 
(Frietsch, 1985), there is an obvious inconsistency that makes it inappropriate to perform 
modelling of the L1520 anomaly with any plate configuration available in Maxwell. 
 
 
 
 

 
Figure 32: L1520 field data only. 
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The southernmost line modelled in the western part of Lannavara is L1580. The anomaly 
occurs approximately 200 m to the northwest of the Teltaja iron ore and 250 m to the 
northeast of the Hournaisenvuoma Zn-Pb deposit. According to Frietsch (1985), the Teltaja 
iron ore is dipping steeply to the west, while drill holes for the Hournaisenvuoma deposit 
indicate a geological sequence dipping to the east (Lehto, 1979). It appeared to be very 
difficult to fit the data using near vertical plates or with plates dipping to the west, due to the 
shape of the X component. With the plates L1580_D and E dipping approximately 40 degrees 
to the east (fig. 33, table 8), it is possible to fit the data with a relatively low error (fig.34). 
The position of the anomaly makes it likely to be a continuation of the graphitic schist 
occurring further north, which is in agreement with the geological map by Martinsson (1995). 
 
 

 
Figure 33: Modelled plates for line L1580 and Z component response (red) and field data (black). 

 
 
Table 8: L1580 plate parameters. 

Plate X Y Z Depth D DD Rot SL DE CT 
L1580_D 792499 7556380 335 -20 39 80 0 112 142 76 
L1580_E 792720 7556370 330 -19 46 80 0 223 178 94 
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Figure 34: L1580 field data (black) and model response (red). Error 2.90 (Z component). 
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9.3 EM Flow CDI sections 
 
This subsection presents the results generated by EM Flow in the form of CDIs and fitted 
error for all selected lines. Each CDI is referred to by a corresponding line number, and 
comparisons to Maxwell thin sheet models are made where model lines coincide. 
 

9.3.1 CDI from Maxwell synthetic data 
 
The EM Flow software only produces final CDIs from data and there is unfortunately no 
option for generating synthetic forward model responses. Synthetic data for the Z component 
was therefore produced in Maxwell using the algorithm LeroiAir (Raiche, Sugeng, & Wilson, 
2007) and used as input to EM Flow in order to acquire knowledge about the result that 
would be expected from data representing the response from a thin conductor in a half-space 
of 100 ohm-m. Ground clearance was set to 40 m and plate parameters are presented in table 
9. The produced CDI is presented in figure 35. 
 
 
 
Table 9: Plate parameters for synthetic data produced in LeroiAir. 

Type X Y Z Depth D DD Rot SL DE CT 
Thin 
sheet 11090 10000 -30 -30 45 270 0 400 200 100 

 

 
Figure 35: CDI and fitted error from synthetic data produced by LeroiAir. 

 
The white areas in the CDI correspond to unresolved areas caused by an unsuccessful 
acquisition of responses with long decays.  The underlying cause is that the primary fields do 
not penetrate sufficiently deep, due high conductivities and system limitations (pbEncom, 
2012). Accordingly, only the upper part of the conductive sheet is visualised in the CDI.  
 
When comparing the conductive feature in the CDI (fig.35) and plate parameters used for 
creating the synthetic data (table.9), it is clear that the western “limb” of the conductor has a 
dip that agrees with the dip of the plate. The eastern limb is an artefact, probably 
corresponding to an edge effect due to the strong lateral gradient in the conductivity 
distribution. Accordingly, the extraction of structural parameters such a shape and dip is 
interfered and one needs to be very careful when making interpretations based on such CDIs 
(Wolfgram, Sattel & Christensen 2003). 
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9.3.2 CDI sections for the Lannavaara area 
 
CDIs have been produced for lines L1340, L1360, L1430, L1440, L1470, L1490, L1510, 
L1520, L1550 and L1580 (fig.18). 
 
The CDIs for L1340 (fig.36) and L1360 (fig.37) show two subparallel conductors between 
E793500 and E794800. The westernmost of these conductors appears to have a dip of 
approximately 50 degrees towards the east. This dip roughly agrees with the dip of plate 
L1340_B and L1360_C produced by Maxwell (fig.21, 22) and the information from drill 
holes investigated by NSG (1987). The eastern conductor has a more spurious shape and the 
CDI also gives very limited depth information at this location. On the one hand, the geometry 
of this conductor as extracted from the CDI, corresponds better with geology than the 
horizontal sheet modelled in Maxwell. On the other hand, the CDI gives the appearance that 
this feature has the same conductivity as the western one, although the quality of the 
conductors may differ as evidenced on the tau symbol plot (fig.18). 
 
 
 
 

 
Figure 36: L1340 CDI and fitted error. 

 
 
 

 
Figure 37: L1360 CDI and fitted error. 
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The two subparallel conductors between E793500 and E794800 present at L1340 and L1360 
continue to the southeast and are present at the CDIs for L1430 and L1440 (fig. 38, 39) with 
approximately the same shape. At the CDI for L1430, around E794200 and approximately 
200 m below the surface, there is an indication of a very local conductive feature which is not 
evident at L1440 but possibly at L1360. 
 
 
 
 
 

 
Figure 38: L1430 CDI and fitted error. 

 

 
Figure 39: L1440 CDI and fitted error. 
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The shape of all conductive features in the CDI for L1470 (fig. 40) shows great similarity to 
profile 1 and 2 generated in Aarhusinv by Persson (2015). However, the depth extent is 
smaller and conductors also appear closer to the surface than in Aarhusinv. For the feature 
between E798000 and E800000, a dip towards the west is indicated which also corresponds 
to the result by Persson (2015). The dip direction makes it likely to be part of the eastern limb 
of a syncline, as the fold axis of such a structure is located approximately 2500 m to the 
northwest of the conductive feature (SGU, 2016b). Furthermore, there is an indication of a 
dip to the west around 795600, which is approximately 2300 m to the east of the fold axis of 
an anticline (SGU, 2016b). This steeply dipping conductor is also evident at the CDI for 
L1490 (fig.41) and information from two drill holes positioned 250 m south of this location 
show a mineralisation comprising impregnation of pyrrhotite, pyrite and chalcopyrite in units 
of tuffite and amphibolite starting from 55 m below surface and dipping steeply to the east 
(Lehto, 1978). 
 
 
 

 
Figure 40: L1470 CDI and fitted error. 

 

 
Figure 41: L1490 CDI and fitted error. 
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At the CDIs for L1510 and L1520 it is possible to deduce a steeply dipping conductor around 
E790000 (fig.42, 43). This agrees with the geometry of plate L1510_E produced in Maxwell 
(fig.30) as well as dip determined from drill hole information for the Kevus iron deposit 
(Frietsch, 1985). This conductor is located approximately 400m west of the Kevus iron ore 
and most likely corresponds to a graphitic schist (SGU, 2016b). The Kevus iron ore itself is 
not visible in the CDI. The geological model with the fold axis of an anticline at E793000 
(Ambros, 1980) is confirmed by both L1510 and L1520. 
 
It should be pointed out that Maxwell was unable to produce a model for L1520 that agreed 
with the dip from available drill hole information, while EM Flow produced CDIs with a 
consistent behaviour for the westernmost conductor from L1510 to L1520. This is important 
as graphitic schist appear to continue far beyond these two lines in the N-S direction (SGU, 
2016b). The problems evident in Maxwell and the higher conductivity at E790000 for L1520 
(fig.42) may however be an indication of a more complex geological situation at L1520 that 
both software packages are incapable of handling. 

 
 
 

 
Figure 42: L1510 CDI and fitted error. 

 
 

 
Figure 43: L1520 CDI and fitted error. 
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The CDIs for L1550 and L1580 are the ones from which least information can be extracted. 
For L1550, the amount of information from E791000 to E792000 is limited due to the lack of 
sensitivity (fig. 44). The conductive feature from E7918000 to E792200 coincides with the 
southern end of the Sattavaara iron deposit while the sub vertical conductive feature directly 
west of this most likely corresponds to a graphitic schist (SGU, 2016; Frietsch, 1985). 
 
L1580 has been modelled by both EM Flow and Maxwell. The strong conductor at E792600 
(fig.45) is probably a continuation of the graphitic schist at Sattavaara (SGU, 2016; Frietsch, 
1985; Martinsson, 1995). According to Maxwell plates L1580_D and L1580_E (fig.32) the 
indicated dip of this conductor is approximately 40 degrees to the east, which roughly agrees 
with the dip of the eastern limb of the conductive feature present in the CDI by EM Flow. 
Nevertheless, the ambiguous interpretations of dip directions from drill holes of the Teltaja 
(Frietsch, 1985) and Hournaisenvuoma (Lehto, 1978) deposits make it difficult to validate 
whether the western limb is an artefact or part of the conductive structure in the area. 
 
At E793200 (fig.45), there is also an indication of a weaker conductor at depth. Three drill 
holes positioned 200 m south of this location, at the Teltaja iron deposit (Frietsch, 1985), 
confirm the existence of graphitic schist at 100 m below surface. There is also one single drill 
hole located 100 m north of the location of this conductive feature (SGU, 1971) where a 
mineralisation of pyrrhotite and chalcopyrite have been logged from a depth of 52 m and a 
magnetite-rich mineralisation from 116 m. 
 
 

 
Figure 44: L1550 CDI and fitted error. 

 
 

 
Figure 45: L1580 CDI and fitted error. 
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9.4 Multivariate analysis in SiroSOM  
 
Data from VTEM (SGU, 2016d) , airborne magnetic (SGU, 2016d), airborne vintage VLF 
(Abtahi, Pedersen, Kamm, & Kalscheuer, 2016) and airborne Slingram (SGU, 2016e) 
measurements were used for multivariate analysis in SiroSOM. Figures representing the 
clusters generated in SiroSOM and the colour code used for geographic representation are 
presented in figures 47 and 46 respectively. Component plots showing the input data 
channels in 2D “SOM space” are presented in figure 48.  
 
Cluster number 1 (fig.49) is defined by low values of VTEM dB/dt data, high values of 
Slingram Real and imaginary components and varying values for the other components. In 
the geographic representation plot, this cluster approximately defines the central part of the 
Lannavaara area, comprising a unit with basalt-andesite. 
 
Cluster 2 (fig. 50) and 3 (fig.51) are defined by high VTEM dB/dT values for all investigated 
channels, high tau values and low values for the Slingram Real component. The correlation 
between VTEM dB/dt values and tau is expected as they originate from the same dataset, that 
is, tau is calculated from dB/dt data. There is also some indication of high magnetic tilt 
derivative values, although these are not restricted to this cluster only. Furthermore, there is 
no correlation between high values of the analytic signal, high tilt derivative values and high 
VTEM dB/dt values. In the geographic representation plots, it is evident that cluster 2 (fig. 
50) delineates the main conductive structure in the area while cluster 3 (fig. 51) defines the 
locations with the most conductive features. The northernmost data points in cluster number 
3 are located in the Outavaara area, which is expected due to the presence of sulphides, while 
the south-western data points occur in areas with graphitic schist and iron formations. 
However, there are also data points in this cluster that plot in the south-eastern area, which 
currently do not host any known mineralisation. 
 
Cluster number 4 (fig.52) appears to be controlled by the VLF component and is partly 
defined by high resistivity values (fig.48). Data within this cluster plot outside the central part 
of the Lannavaara area and tend to coincide with higher levels in the topography (fig.13). In 
the component plot for VLF, it is evident that low apparent resistivity values do not show 
one-to-one correlation with high values of VTEM dB/dt and tau, together with low values of 
Slingram Real component.  
 
 

 
Figure 46 (left): Colour code representation of the clusters in SiroSOM. 

Figure 47 (right): Clusters as defined in SiroSOM. 
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Figure 48: Component plot by SiroSOM, displaying the input data types and their representation in “SOM space” which 
is a 2D data space independent of geographic location. 
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Figure 49: Geographic representation of cluster number 1. 

 
 

 

Figure 50: Geographic representation of cluster number 2. 
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Figure 51 (left): Geographic representation of cluster number 3. 

 
 

 
Figure 52: Geographic representation of cluster number 4. 
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10 Discussion 
 
One of the most important aspects of this project was to determine the geometry of the 
conductors in the Lannavaara area and see whether they were compatible with the structural 
information. The geological model of the Lannavaara area from west to east is currently an 
anticline-syncline (SGU, 2016b) and drill holes of the existing iron ores Kevus and Teltaja 
indicates a steeply dipping sequence towards the west while drill holes of the Outavaara gold 
mineralisation in the northeast indicate a moderately dipping sequence towards the east. 
 
The high amplitudes and lack of distinct double peak anomalies in the Z component close to 
the iron ores made it difficult to perform Maxwell modelling with steeply dipping sheets. 
This is the reason why no model results have been presented for the most conductive areas, 
such as L1550 crossing the Sattavaara iron ore and L1520 crossing the Kevus iron ore. With 
sheets dipping less than 40 degrees, amplitudes for forward model responses approached the 
amplitude of the Z component but this dip is less than what is suggested from drill holes 
(Frietsch, 1985). Modelling of anomalies with lower amplitude proved to be more successful 
in confirming the geological model. This is evident for plate L1510_F that has an indicated 
dip of 65 degrees and a good fit to the data with an error of 1.28. In the eastern part of the 
Lannavaara area, plate L1340_B and L1360_B and C appear to have a dip that agrees with 
drill holes of the Outavaara mineralisation. Nevertheless, the subparallel VTEM anomalies in 
the eastern part of the Lannavaara area indicate that a combination of subvertical and 
horizontal sheets is needed in order to fit to the data, a contradiction that neither complies 
with geological information, nor with the results produced by EM Flow. 
 
Regarding the results produced by EM Flow, all CDIs indicate a very resistive background 
with rather confined vertical to subvertical conductors. Such a result highlights the Maxwell 
software as an adequate choice for EM modelling in the Lannavaara area. The degree of fit is 
good with errors below 5 % at the locations for the conductive features. Furthermore, there is 
no indication of horizontal conductors which signifies the uncertainty of such models 
produced by Maxwell. However, at positions where a subvertical conductor is indicated by 
models produced in Maxwell, EM Flow shows a good correlation. The calculated synthetic 
model in EM Flow gives an indication of which type of artefact that is produced at positions 
with high contrasts in conductivity. Without this knowledge and a combined interpretation 
with Maxwell thin sheet models, any confirmation of geometrical parameters would be 
difficult. However, the knowledge extracted from such a synthetic model is limited due to the 
different algorithms used by Maxwell and EM Flow. Unfortunately, with VTEM data 
analysed in EM Flow, the validity of the CDI sections cannot be assessed by cross 
component analysis (pbEncom, 2012) as the primary waveform at the X-component receiver 
is zero. 
 
The validation of the CDI sections is further complicated by the inconsistency between some 
Maxwell plates and drill hole information, together with the lack of sensitivity in the most 
conductive areas. One possible explanation for the difficulty to fit to the main conductive 
features would be the presence of a complex geology. With multiple units of graphitic schists 
and gradual changes between geological units (Frietsch, 1985; NSG 1987) the conductivity is 
likely to show a smooth variation. This can be verified by VTEM data as most anomalies for 
the Z component have a simple shape without “edge effects” from interacting responses 
(fig.21, 23, 25). Other possible explanations for the high amplitudes could be effects from 
conductive overburden and current channeling, a feature that increases with increasing strike 
length (Nabighian & Macnae, 1991). On the other hand, there is an inability to fit to the data 
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with plates of very long strike length, possibly indicating that layers of graphitic schist are 
not continuous through the area. Additionally, results from EM Flow does not indicate a 
situation with conductive overburden and all conductors appear to be rather confined in their 
geometry. 
 
The conceptual model in Maxwell with thin sheets is approximating the real conductance 
with sharp contrasts and may therefore be too simple in some parts of the Lannavaara area. It 
is likely that a number of steeply dipping conductive bodies are hidden below the main 
conductive features, however, they cannot be detected by Maxwell plate modelling of VTEM 
data. One experience from Maxwell modelling in the Lannavaara area is that one should not 
automatically focus on the most conductive feature, as the lower amplitudes have proved to 
be more useful in providing structural information. 
 
Multivariate analysis in SiroSOM provided some interesting results with respect to the lack 
of correlation between VTEM and VLF data. The magnetic transfer functions in VLF, 
derived from the measured electromagnetic field, is efficient for detecting the lateral 
boundaries of conductors, while the conductor itself may be invisible (Becken & Pedersen, 
2003). The VLF method is therefore useful within a resistive environment, which is the case 
in most parts of Sweden (Kamm & Pedersen, 2014). The obvious advantage of a controlled 
source such as VLF or Slingram is that the whole conductor will be represented by the shape 
of the anomaly and not only the lateral boundaries. However, only apparent resistivity values 
derived from the electromagnetic transfer functions has been used in this comparison and 
such representations have earlier proved to be successful in identifying mineralised zones in 
Sweden (Pedersen, Persson, Bastani, & Byström, 2009). It is therefore surprising that VLF 
data does not show any distinct correlation with VTEM and Slingram data. Skin depths 
cannot be directly compared for the two methods, as the electromagnetic attenuation due to a 
local source is also affected by transmitter altitude and transmitter-receiver offset (Reid & 
Macnae, 1999). However, one needs to consider that the VLF method averages the Earth’s 
conductivity over a larger volume, due to the plane wave morphology of the source signal. 
 
Nevertheless, it is not unlikely that a complex geological structure with multiple layers of 
graphitic schists and smooth variations in conductivity is causing this discrepancy and that 
VTEM and Slingram methods perform better in this type of environment. It is also not 
unlikely that low VLF apparent resistivity values originates from swamps occurring in the 
lower levels of the topography and therefore show a more random behaviour than the 
conductive areas resolved by VTEM and Slingram. 
 
Furthermore, the results from SiroSOM show that there is no distinct correlation between 
positive magnetic tilt derivative values, high values of the magnetic analytic signal and high 
VTEM dB/dt and tau values. As mentioned by Persson (2015), the magnetic anomalies are 
likely caused by thin horizons of highly magnetised basaltic rocks which do not have to be 
electrically conductive. 
 
 
 
 
  



 

 

68 

11 CONCLUSION 
 
 
What geometrical information can be extracted from thin sheet modelling of VTEM 
data in the Lannavaara area? 
 
Maxwell thin sheet modelling shows that conductive features located on the border between 
units of granite and basalt-andesite, spatially associated with the Kevus iron deposit, are 
dipping 50-65 degrees to the west, while conductive features located further south in 
trachytic-dacitic rocks are dipping 40 degrees to the east. These dip determinations deviate 
from existing drill hole information, although the dip direction associated with the Kevus iron 
ore is correct.  
 
For the north-eastern part of the Lannavaara area, including the Outavaara mineralisation, 
thin sheet modelling give ambiguous results with a combination of subvertical and near 
horizontal conductors. The dip of the subvertical conductor is 50 degrees to the east, which is 
in agreement with the dip of the Outavaara mineralisation. This could possibly indicate a 
more complex geological situation at positions with indicated horizontal conductors, as the fit 
to the X components is considerable worse. 
 
What geometrical information can be extracted from CDIs from VTEM data in the 
Lannavaara area? 
 
The amount of geometrical information available from individual conductors as visualised in 
EM Flow is limited due to artefacts which is likely caused by strong lateral gradients in 
conductivity. In general, a resistive bedrock with several subvertical conductors is indicated. 
In a larger perspective, it is possible to distinguish the general structures with an anticline to 
syncline from west to east. 
 
Is there a correlation between VTEM, Slingram, VLF and magnetic data with respect to 
the locations of anomalies and existing mineralisation occurrences in the area? 
 
The majority of the mineralisation occurrences within the surveyed area occurs within rocks 
of the Greenstone group and have a spatial association with NW-SE and N-S trending 
graphitic schist from which two distinct VTEM anomalies can be distinguished. The 
Greenstone group rocks in the central part of the surveyed area are defined by a positive 
magnetic anomaly and especially high values are evident at the Kevus and Teltaja iron 
deposits.  
 
Multivariate analysis in SiroSOM shows that there is no distinct correlation between positive 
values of the magnetic tilt derivative, high values of the magnetic analytic signal and high 
VTEM dB/dt and tau values. Regarding the electromagnetic methods analysed, there is a 
distinct correlation between VTEM and Slingram data, while VLF data appear to be 
uncorrelated from the other data sets. 
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12 FUTURE RESEARCH 
 
The VTEM measurements performed by Geotech Ltd. cover a large area from which only a 
selected part has been used in this Master’s thesis. An especially interesting continuation 
would be to perform modelling in the Akkiskera-Kourmakka, Harrijärvet and Vittangivaara 
areas, where the amount of existing geological information has increased with the Barents 
project. These areas comprise various structural frameworks that could be used in order to 
better validate the performance of Maxwell and EM Flow software. The VTEM anomalies in 
these areas are not as linear and distinct as for the Lannavaara area, but as results from this 
Master’s project show that modelling of low amplitudes can be successful in confirming the 
structural framework of an area, one should not down-weight the information contained in 
small anomalies.  
 
Furthermore, as the VTEM anomalies in the Lannavaara area are highly influenced by the 
presence of graphitic schist, possibly within a rather complex geological structure, it would 
be useful to perform modelling in an area that does not comprise graphitic schist. This could 
increase the understanding of which geological units that contribute to the EM signature of 
the area, which is valuable information when defining an explorational model. 
 
Another aspect of future research would be a more detailed modelling project of the 
Lannavaara area or other areas measured by VTEM, preferably with a 3D finite element 
mesh which is able to account for irregular subsurface structures. One example of a software 
using 3D finite elements is the “Loki class” available within the AMIRA P223F software 
suite (Raiche, Sugeng, & Wilson, 2007). One should always bear in mind that even though a 
1D or 2D algorithm replicates measured data to a high degree, this does not necessarily imply 
that data cannot represent a 3D structure (Ley-Cooper, Macnae, & Viezolli, 2010). However, 
such an advanced and time-consuming modelling algorithm should not be applied in the 
initial stage of analysis, but rather as an alternative if more simple algorithms remain 
unsuccessful.  
 
The use of airborne VLF and Slingram measurements in this project has mainly been for 
comparative purposes but there are several possibilities for modelling and more extensive 
comparisons of these data types. One idea for future research, is TEM forward model 
calculation based on VLF apparent resistivity values from maps, with a model only allowing 
horizontal variations in conductivity. One software that is suitable for this purpose is 
AMIRAs Marco Air which uses 3D rectangular prisms  (Raiche, Sugeng, & Wilson, 2007). 
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Appendix A: TEM data import and system configuration Maxwell 
 
For this project, Maxwell has been used for visualisation and modelling of VTEM data from 
Soppero. The procedure of importing a data set into Maxwell and selecting settings related to 
the system is a task that need careful consideration, both regarding the data itself and the way 
it is visualised and modelled in the software. The following description includes the steps 
performed when importing VTEM data in the project of this Master’s thesis, as well as 
problems encountered in the process.  The aim is to provide an outline of potential pitfalls 
that are present for someone working with an unfamiliar data set in an unfamiliar software 
environment. 
 
Understanding delivered data 
Besides the general considerations in the survey, such as system specifications, data 
acquisition and processing, information about the delivered data was acquired from the 
survey report written by Geotech Ltd (2013). This includes the format of the Geosoft GDB 
database comprising channel name, units and description. The Geosoft GDB database and 
detailed information about current waveform and sampling scheme were acquired from Lena 
Persson, SGU. The dataset was imported to Maxwell line by line which means that only one 
single line of data is imported to Maxwell at any time. This was done in order to save 
computer memory which is a potential problem when handling large datasets. 

 
Line direction and polarity 
In VTEM measurements, the polarity of the X-component is dependent upon flight direction. 
The original dataset was therefore checked for opposite polarities in Geosoft Oasis Montaj. 
As flight direction had not been corrected for earlier, the lines with flight direction opposing 
the Maxwell convention (west to east) were reversed. In general, Maxwell uses either fiducial 
or storage of data for defining the direction of each line and the calculated model response is 
dependent upon the line direction. Line direction can be cross-checked via arrows in the 
header of the profile window and in the model window by clicking on a station and zooming 
(fig.53, 54). 
 

 
Figure 53 (left): Model window –  line direction check. 

Figure 54 (right): Model window - zoom in on components, line direction check. 
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Generating a configuration file  
The survey configuration parameters can be edited in the configuration menu of the Line 
editor dialog in Maxwell and saved in an asci format .mcg file, which can then be applied to 
any line within the survey. The generation of a proper configuration file in Maxwell requires 
information about the system type, current waveform, sampling scheme and normalisation 
factors.  
 
Maxwell allows definition of two types of current waveforms within the configuration file. 
The standard waveform is always required and is defined by waveform type (periodic 
rectangle, half sine etc), turn off, turn on and duty cycle. A better approximation of the real 
waveform can be achieved by using a pasted (digital waveform) that represents the real 
waveform by a number of sub-waveforms. This can be defined in a separate .txt file 
containing columns of time (seconds, milliseconds or microseconds) and Tx current 
amplitude (ampers), respectively. It is important that the waveform is defined for the on-time 
only and that it ends with a point of zero amplitude. The digital waveform takes precedence 
over the standard waveform when it has been applied to the configuration file. 
 
The sampling scheme can be defined outside Maxwell in a channel .chn file and later used in 
the configuration file. The .chn file must contain the number of channels, the delay after turn 
off and width of each channel, in that specific order. If the zero time for an off-time sampling 
scheme is defined, this can be set as a timing-mark in Maxwell which means that this 
constant value is added to all the channels in the survey. In this way, the channels will be 
correctly positioned in relation to the current waveform. Another option is to add the zero 
time value to all channels in the .chn file and set the timing mark to zero. 
 
It is important that the configuration file is specified with the same normalisation and units as 
the dataset. The Line editor in Maxwell allows settings for normalisation by transmitter (Tx) 
current, Tx area and receiver (Rx) area. It should be pointed out that what is shown in the 
configuration window of Maxwell does not necessarily correspond to what is shown as 
forward model response, and this needs to be properly investigated in order to avoid 
misunderstandings. As an example, if the units of the data to be used is normalized by Tx 
current, one can type 1 for that parameter in the configuration window, or type the peak 
current. The display for the Tx waveform in the configuration window will be different but 
calculated model responses will be the same.  
 
Elevation data in meters above sea level and radar measurements for the EM-bird in meters 
have been added in order to define a LEVEL column describing the height of the survey. 
Furthermore, the elevation data have been selected to define ELEV. In this way, the VTEM 
profiles are drawn at the correct altitude and forward model responses will depend on the 
ground clearance. 
 
Validation of forward model response 
The correctness of the configuration file has been checked by modelling of plates with same 
parameters as in published data (Geotech Ltd, 2012) and contact with EMIT regarding 
questions about the Maxwell software. A problem which is often encountered when 
comparison is made to published models is that information about waveform, channels times 
ground clearance is not always included in the report. Even the numbering of the channels 
may differ as some surveys starts numbering channels in the on-time or uses an irregular 
form of numbering. 
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Appendix B: VTEM configuration file for Maxwell. 

 
 
 

MAXWELL CONFIGURATION FILE : 16
--------------------
CONFIGURATION
Configuration Types      : 1=Coincident Loop, 2=Downhole, 3=Fixed 
Loop, 4=In-loop, 5=Slingram, 6=Airborne, 8=Downhole dipole-dipole 
and 7=Other
Configuration            : 6
Airborne Types           : 0=Towed Bird, 1=Separated Coils, 2=In-
loop, 3=Wingtip
Airborne Type            : 2
--------------------
TRANSMITTER
Waveform  Types          : 1=Periodic Rectangle, 2=UTEM, 3=Single 
Step, 4=Unused, 5=Half Sine, 6=Crone Step, 7=Aerotem
Waveform                 : 1
Transmitter Name         :  
Transmitter Dipole       : YES
Tx Area Constant         : YES
Tx Area (m^2)            : 1
Tx Side Constant (Along) : YES
Tx Side Along Line (m)   : 1
Tx Side Constant (Across): NONE
Tx Turns Constant        : YES
Tx Turns                 : 1
Tx Moment Constant       : YES
Tx Moment (turn-m)       : 10000
Tx Current Constant      : YES
Tx Current (A)           : 1
Tx Elevation Constant    : NO
Tx Elevation (m)         : LEVEL500
Adjust Tx for Terrain    : NO
Tx Direction Types       : 0=Z, 1=X, 2=Y Component
TD Slingram Tx Direction : 0
--------------------
TX-RX SEPARATION
Along Line Constant      : YES
Along Line Separation (m): 0
Across Line Constant     : YES
Across Line Separation(m): 0
Vertical Constant        : YES
Vertical Separation (m)  : 0
Parallax                 : NONE
--------------------
RECEIVER
Receiver Name            :  
Receiver Coil Name       :  
B Field response         : NO
Receiver Dipole          : YES
Rx Elevation Constant    : NONE
Rx Side Constant         : YES
Rx Side (m) (Along)      : 1
Rx Side Constant   : NONE
Rx Turns Constant  : YES
Rx Turns                 : 1
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Adjust Rx for Terrain    : NO
Rx Direction Types       : 0=Z, 1=X, 2=Y Component
TD Slingram Rx Direction : 0
Dipole Direction Types   : 0=X and Y components +ve to East and 
North, 1=X and Y components +ve in line direction
Dipole Direction         : 0
Airborne Reverse Rx Components?
Z Component              : NO
X Component              : NO
Y Component              : NO
Rx Area Z Component      : 1.000
Rx Area X Component      : 1.000
Rx Area Y Component      : 1.000
Rx Area A Component      : 10000.000
Rx Area U Component      : 10000.000
Rx Area V Component      : 10000.000
Rx Area HCP Component    : 10000.000
Rx Area VCA Component    : 10000.000
Rx Area VCP Component    : 10000.000
--------------------
UNITS
Unit Types               : 0=mV, 1=uV, 2=nV, 3=pV, 4=nT, 5=pT, 6=fT, 
7=ppmHp, 8=%Ht, 9=nT/s, 10=pT/s, 11=ppmHt, 12=pptHp, 13=pptHt, 
14=ppmHx, 15=ppmHz, 16=pptHx, 17=pptHz
Units                    : 3
Normalise by Rx Area     : YES
Normalise by Tx Area     : YES
Normalise by Tx Current  : YES
--------------------
COMPONENTS
No. of Components        : 2
Z Component              : YES
X Component              : YES
Y Component              : NO
A Component              : NO
U Component              : NO
V Component              : NO
HCP Component            : NO
VCA Component            : NO
VCP Component            : NO
--------------------
TRANSMITTER LOOP, DIPOLE
Use Transmitter Loop     : NO
--------------------
TIME/FREQUENCY PARAMETERS
Time Domain              : YES
Base Frequency Constant  : YES
Base Frequency (Hz)      : 25
On Time Constant         : YES
On Time (s)              : 0.006
Off Time Constant        : YES
Off Time (s)             : 0.014
Turn On Constant         : YES
Turn On (s)              : 0.0008
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Turn Off Constant        : YES
Turn Off (s)             : 0.00137
Number of channels       : 45
--------------------
START OF CHANNEL TIMES
Ch  Start Time (s) End Time(s)
1   0.007440997500 0.007441002500
2   0.007445997500 0.007446002500
3   0.007450997500 0.007451002500
4   0.007455997500 0.007456002500
5   0.007461997000 0.007462003000
6   0.007467996500 0.007468003500
7   0.007474996000 0.007475004000
8   0.007482995500 0.007483004500
9   0.007492995000 0.007493005000
10  0.007502994000 0.007503006000
11  0.007515993500 0.007516006500
12  0.007529992500 0.007530007500
13  0.007545991000 0.007546009000
14  0.007564990000 0.007565010000
15  0.007586988500 0.007587011500
16  0.007611986500 0.007612013500
17  0.007639985000 0.007640015000
18  0.007672982500 0.007673017500
19  0.007709980000 0.007710020000
20  0.007752977000 0.007753023000
21  0.007802973500 0.007803026500
22  0.007859969500 0.007860030500
23  0.007924965000 0.007925035000
24  0.007999959500 0.008000040500
25  0.008086953500 0.008087046500
26  0.008185946500 0.008186053500
27  0.008299939000 0.008300061000
28  0.008429929500 0.008430070500
29  0.008580919500 0.008581080500
30  0.008752907500 0.008753092500
31  0.008950893000 0.008951107000
32  0.009179877500 0.009180122500
33  0.009440859500 0.009441140500
34  0.009742838500 0.009743161500
35  0.010086815000 0.010087185000
36  0.010482786500 0.010483213500
37  0.010940755000 0.010941245000
38  0.011461720000 0.011462280000
39  0.012060677000 0.012061323000
40  0.012752629000 0.012753371000
41  0.013544574000 0.013545426000
42  0.014455510500 0.014456489500
43  0.015502437500 0.015503562500
44  0.016705354000 0.016706646000
45  0.018086259000 0.018087741000
END OF CHANNEL TIMES
--------------------
UTEM NORMALISATION
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Normalisation Types      : 0=None, 1=Continuous, 2=Point
Normalisation Type       : 0
Point Norm. East (m)     : 0
Point Norm. North (m)    : 0
Point Norm. RL (m)       : 0
Utem Primary Subtraction : NO
--------------------
STANDARD WAVEFORM
Use Standard Waveform     : YES
Waveform Name            :
Waveform Timing Mark (s) : 0
Waveform Type            : 0
No. of waveform points   : 5
--------------------
START OF STANDARD WAVEFORM
Pt  Time (s)       Amplitude (A)
1   0.000000000000 0.000000000000
2   0.000800000000 1.000000000000
3   0.006000000000 1.000000000000
4   0.007370000000 0.000000000000
5   0.020000000000 0.000000000000
END OF STANDARD WAVEFORM
--------------------
DIGITAL WAVEFORM
Use Digital Waveform     : YES
No. of waveform points   : 20
--------------------
START OF DIGITAL WAVEFORM
Pt  Time (s)       Amplitude (A)
1   0.000000000000 0.000000000000
2   0.000500000000 0.400558849122
3   0.000800000000 0.387851147772
4   0.001300000000 0.688914515223
5   0.001700000000 0.675373929507
6   0.002100000000 0.829186532165
7   0.002500000000 0.810204315874
8   0.003000000000 0.884980659978
9   0.003400000000 0.862658495790
10  0.003800000000 0.929021559913
11  0.004200000000 0.900210907702
12  0.004700000000 0.966004426564
13  0.005080000000 0.946708901527
14  0.005550000000 1.000000000000
15  0.005920000000 0.981286555391
16  0.006050000000 0.985399196721
17  0.006500000000 0.738259551251
18  0.007000000000 0.322536530630
19  0.007420000000 0.000000000000
20  0.020000000000 0.000000000000
END OF DIGITAL WAVEFORM
--------------------
COMPONENTS BY FREQUENCY
Components by Frequency  : NO
--------------------
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SEPARATIONS BY FREQUENCY
Separations by Frequency : NO
--------------------
MOMENT BY FREQUENCY
Moment by Frequency      : NO
--------------------
FEM DATA FLOOR
FEM Data Floors          : NO



 

 

 


