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Abstract
In this work the magnetic and magnetotelluric (MT) geophysical methods have been used to
produce two 3D models for the Laver area in southern Norrbotten. A new discovery of a
porphyry copper deposit located at the Lill-Laverberget was reported by Boliden in 2012. The
goal with the models is to form a better understanding of the setting for the porphyry deposit
and to see if any of the geophysical methods are suited to be used in exploration for it. For
starters an edge detector (Beiki, 2010) was used on magnetic data to identify structures and
petrological contacts in the area. The magnetic data was modelled using the SimPEG (Cocket,
et al., 2015) inversion software to create a 3D model over the area. The Magnetic method quite
clearly managed to resolve the volcanic units in the Laver area. MT data was collected during
fieldwork in September of 2018 and modelled using the MOD3DEM (Egbert & Kelbert, 2012)
inversion software. The MT model did not show any clear anomalies that could be related to
the deposit.

Sammanfattning
I detta arbete så har de magnetiska och magnetotelluriska (MT) geofysiska metoderna används
för att skapa två 3D modeller över Laverområdet i södra Norrbotten. I området finns en
porfyrkopparfyndighet som Boliden rapporterade in 2012. Målet med båda modellerna är att
fördjupa förståelsen för bildningsmiljön för fyndigheten och för att se hur lämpade de geofysiska
metoderna är för prospektering. Det första steget var att använda befintliga magnetiska data och
processa den med ED funktionen (Beiki, 2010) för att identifiera strukturer och
bergartskontakter i området. Den magnetiska data användes för att producera en 3D modell med
inversionsprogrammet SimPEG (Cocket, et al., 2015). Denna modell kunde skilja mellan
vulkaniska och övriga bergarter i området. Magnetotelluriska data samlades in i september 2018
och modellerades med MOD3DEM (Egbert & Kelbert, 2012), denna modell hade dock problem
att finna anomalier i området.
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1 Introduction
This thesis is part of a project to characterise the geological environment hosting deposits in the
Laver area performed by researchers at LTU (Luleå tekniska universitet) for SGU (Sveriges
Geologiska Undersökning, The Swedish Geological survey). The project begins with this thesis
and will continue until 2020 with final interpretations being made by the LTU researchers. The
content of this thesis will be described in the following section.

1.1 Background
The geophysical investigation of the high volume and low-grade Cu-Au-Mo mineralisation at
Laver and Lill-Laverberget in northern Sweden is done to characterise the geology that hosts
them. The Laver deposit is well known and was in production by Boliden Mineral AB (Boliden)
from 1934 to 1946. Lill-Laverberget is a recent discovery, reported by Boliden in 2012 and lies
only 1 km south of Laver. Boliden has applied but has yet to be granted exploitation concession
for the new discovery by SGU. Even so the area has been classified to be of specific interest in
relation to the supply of minerals by SGU in December of 2014.
The idea is to use the Lill-Laverberget mineralisation as a proxy to find and show characteristic
geophysical signatures for these low-grade, large volume mineralisations. To be able to locate
similar mineralisations the regional geology must be understood so that the geological
environment in which the mineralisation was formed is correctly interpreted. Before any
potential mining activity, it is important to collect Electromagnetic (EM) data since once a mine
is taken into production the noise level in the measurements will make processing difficult. The
collected data can then produce models which can be verified using information gathered during
potential mining operations. By verifying said model’s important guidelines could be established
for further exploration work on similar mineralisation types.
To increase the understanding of the setting in which the Laver deposits are located two models
will be produced. The first model is done by using airborne magnetic data collected by the SGU
in the open source inversion program SimPEG (Cocket, et al., 2015). The second model is done
from Magnetotelluric (MT) data collected in September 2018 with equipment described in
Smirnov, Korja, Dynesius, Pedersen, & Laukkanen (2008) and inverted using the MOD3DEM
software (Egbert & Kelbert, 2012). When the two models have been produced they can be
compared to discover if they complement each other in the search of the large scale and lowgrade deposits.
1

1.2 Aim
The aim of the project, this thesis is a part of, is to develop new and deep exploration methods
for this deposit type and to provide a better understanding to the regional tectonics and geological
environment hosting the mineralisations.
1 The developing of new and deep exploration methods for this particular type of deposits
2 To provide a better understanding of the regional tectonics and geological environment
hosting the deposit in Laver.
3 Make a joint interpretation of two 3D-models made with two geophysical methods for
the Laver area to find signatures there.
To achieve these aims different processing and inversion schemes will be used to find signatures
of the deposit. The magnetic anomaly maps will be processed with an edge detector function to
try discovering local structures in the area. To better understand the area 3D models will be
created using aeromagnetic and MT data. For this thesis the 3D inversion will limited to the
magnetic and MT geophysical methods. The magnetic method was chosen to examine how
good the SGU data is, by performing a 3D inversion with it. The MT method is used because
it will measure the electrical resistivity, which potentially could be anomalous for the Laver
mineralisations.

1.3 Geology
Laver is located about 40 km west of Älvsbyn, a small town in northern Sweden. The Laver
deposit is hosted by the Arvidsjaur group volcanics, which consists of felsic to intermediate
volcanic rocks and porphyries. This group lies in the Fennoscandian shield and dating of it gives
an approximate age of 1.88-1.86 Ga. North of the deposit lies the Archean-Proterozoic
boundary as defined by 𝜀Nd values from Mellqvist, Öhlander, Skiöld, & Wikström (1999). The
deposit is situated between the VMS rich Skellefteå district in the south and Norrbotten ore
district in the north. The setting in which the volcanic unit is interpreted to have been formed
is an active continental margin or a continental arc (Kern, 2013, p. 4) which is supported by the
calc-alkaline character of the rocks in the area. The formation of the deposit is probably due to
hydrothermal activity related to porphyritic intrusion (Kern, 2013, p. 43), leading to naming the
deposit a porphyry copper style of mineralisation. The ore minerals are chalcopyrite and
molybdenite occurring in veins and related to alteration.

There is also evidence for

remobilisation, but the timing is not determined whether it is formed at the time of
mineralisation or at a later tectonic event. The alteration that relates to the copper mineralisation
is epidote and chlorite, which is atypical for a porphyry copper deposit where the mineralised
zone is usually in the potassic rather than the propylitic assemblage.
2

Figure 1: The regional geology around the old Laver deposit (the green dot) can be seen above. The red lines on
the map represent major deformation zones ©SGU.
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2 Method and Theoretical Background
2.1 Inversion Theory
The main idea behind the inversion theory is to find a model which fit the observed data (Aster,
Borchers, & Thurber, 2013). The model describes the distribution of some physical parameters
in the subsurface, when talking about modelling the Earth’s structure. The physical process
which leads to the observed data can be described as a functional (G) transforming the model
parameters (m) into data (d):
𝐺(𝑚) = 𝑑

(1)

The forward operator G can be used to calculate a model response from a model, this is called
forward modelling. Inverse modelling aims to recover a model from observed data. In general,
the inversion can be formulated as a minimisation problem for the following objective function
Φ(m, d) = (𝑑 − 𝐺(𝑚))

𝑇 −1
𝑇
𝐶𝑑 (𝑑 − 𝐺(𝑚)) + 𝛽(𝑚 − 𝑚0) 𝐶−1
𝑚 (𝑚 − 𝑚0 ))

(2)

Which consists of a data misfit term and the model norm, which are weighted with a
regularisation parameter 𝛽.
What equation (2) means is that we want to find a model which produces data as close to the
observed data as possible, while at the same time being as simple as possible. The case where a
perfect fit is achieved is rarely fulfilled because of noise contaminating the data, either from the
measuring instrument or by artificial signals. The noise can in be described in a statistical sense
by the data errors (or a full description is given by the data covariance matrix Cd). A small error
can give rise to large differences between the recovered and true model. It is often possible to fit
observed data better than simply within the error, but this would add unnecessary complexity to
the model. To solve the inverse problem of finding the model given the data, the problem
generally needs to be discretized since the earth is continuous, but the observed data is finite.
This is solved by forming a vector containing the data points and parametrising the Earth into a
mesh, then the forward operator will be discretized into a matrix.
There are three issues that need to be considered when evaluating a solution to the inverse
problem: existence, uniqueness and instability (Aster, Borchers, & Thurber, 2013). If a unique
solution that changes continuously with the initial conditions exists, then the problem is termed
well-posed. However, the existence of most real inverse problems is nonunique, this can be due
to noise in the data which makes it possible to produce infinite number of models which fits the
data within the error. Instability is how sensitive the model is to small changes in data, i.e. noise.
This usually is the case for non-linear problems like MT which would be termed as an ill-posed
4

problem. The instability of a solution needs to be examined and is usually dealt with through
regularisation. Regularisation can be done in different ways, but all of them act as roughers. This
means that the features that are sensitive to noise will be removed or dampened, which will
stabilise the solution on behalf of the resolution.

2.1.1 Covariance and Smoothing
The first part of the objective function will minimise the difference between observed and
predicted data. The second part of the objective function will regularize the solution by choosing
the model closest to the reference model (m0). The reason for choosing a simple model comes
from the principle known as Occam’s razor, named after the 14th century English Franciscan friar
William of Ockham. The principle states that simpler explanations are preferred to complicated
ones since fewer assumptions are made (Aster, Borchers, & Thurber, 2013, p. 244). Included in
the objective function is also the inverse of the model (Cm) and data (Cd) covariance matrices
which act as roughening operators. The data covariance matrix is usually diagonal with the
entries consisting of the inverse data errors. This will merely be a scaling of the data vector and
the forward mapping, so it will not add much computations to the inversion. The model
covariance matrix will describe the smoothness around each cell in 3 dimensions. There is also
possible to incorporate a priori knowledge into the model with the reference model m0. The
model covariance will have more entries since it will describe which model cells that will
influence one another. Since the matrix is not sparse it will have a high demand for
computational power for matrix multiplications. Therefore, it will be substituted in the
MOD3DEM code by Egbert & Kelbert, (2012) used for MT inversion, so that the problem is
simplified and solved for a transformation. After each iteration the untransformed model can be
recovered through a simple matrix vector multiplication.
The data misfit is usually measured by normalised root mean square (RMS), equation (3) which
is the normalised difference between observed and predicted data. The goal for the RMS value
is one, but this does not mean that perfect fit is reached or wanted, it means that the model has
been fitted to the error bars of the data.
1

𝑑𝑜𝑏𝑠 −𝑑𝑝𝑟𝑒𝑑 2

RMS = √𝑛 ∑𝑛𝑖=1 (

𝜀

)

(3)

2.1.2 The Conjugate Gradient Optimisation
The conjugate gradient (CG) method is used for solving symmetric and positive definite
equations on the form Ax=b. The theorem behind the CG method is known as Krylov subspaces
5

which states that any matrix can be decomposed to a polynomial series of vector matrix
multiplications. The basic principle for this algorithm is that there exists a basis p in which the
minimisation of the equation is extremely simple. The basis is selected so that it is mutually
conjugated with respect to A, this means that piTApj=0 when i≠j. The algorithm has the property
that each new residual is orthogonal to both all previous residuals and all previous search
directions. This property results in a major advantage with the method, since only the last residual
is needed to form the new search direction it is not necessary to store large full matrixes. This is
the main reason for using this method, that large full matrixes are not stored so it will be more
memory efficient. The algorithm used in SimPEG follows these steps:
‖𝑟𝑘 ‖22

1) 𝛽𝑘−1 = ‖𝑟

2
𝑘−1 ‖2

2) 𝑝𝑘 = −𝑟𝑘 + 𝛽𝑘−1 𝑝𝑘−1
‖𝑟 ‖2

𝑘 2
3) 𝛼𝑘+1 = 𝑝𝑇 𝐴𝑝
𝑘

𝑘

4) 𝑥𝑘+1 = 𝑥𝑘 + 𝛼𝑘 𝑝𝑘
5) 𝑟𝑘+1 = 𝑟𝑘 + 𝛼𝑘 𝐴𝑝𝑘
6) 𝑘 = 𝑘 + 1
The first step is to calculate the ratio β which is the ratio between the residuals. This will be used
to scale the new base vector which is formed together with the residual. The α is chosen so that
the new search direction is orthogonal to the previous search directions. A new solution x is
calculated and then the new residual is calculated, and the algorithm moves on to the next
iteration.
In theory the method will reach convergence in n iterations, where n is the rank of A, but due
to round off errors this will not be the case. Instead the optimisation stops when the residual is
less than the defined tolerance (Shewchuk, 1994).

2.2 Potential Field Methods
The potential field methods used were airborne gravity and magnetic data provided by SGU.
The magnetic data was collected by SGU 1970-71 and NSG 1985, with a flight altitude of 30
m and a line spacing of 200 m which were flown in east-west directions. The gravimetric data
was collected by SGU and others have contributed with data collected during the 1970s and
2000s with an average point spacing of 1.2-1.3 km between measurements (Kathol, Jönberger,
Kumpulainen, & Larsson, 2012). The methods are both passive, i.e. they measure a natural field
that varies because of a difference in petrophysical properties. The petrophysical properties are
6

density for gravity measurements and magnetic susceptibility for magnetic measurements. The
gravity measurements are measured in milliGalileo [mgal] and the magnetic is measured in
nanotesla [nT].
The processing of the magnetic and gravimetric data is done using the edge detector (ED) from
(Beiki, 2010) to find structures and lithology contacts in the area. The data processing is done in
the software Modelvision© 15.0. The data processing starts with an upward continuation (UC)
to dampen noise in the datasets as well as removing regional trends. For the magnetic data a
pseudogravity transformation is done to produce monopole (gravity) data of the magnetic
(dipole) data (Jekeli, Erkan, & Huang, 2010). When these data are in monopole format the
gravity gradient tensor (GGT) is produced for the gravity or pseudogravity maps similar to
Pedersen & Rasmussen (1990). The analytic signal of the pseudo-GGT first and second columns
are produced separately, and the first vertical derivative is calculated for the two analytic signals
to enhance structures (Pedersen, Rasmussen, & Dyrelius, 1990). Finally, the two maps are
merged by taking the norm of the two first vertical derivative maps.
The maps are then imported into the ArcGIS software to evaluate structures enhanced by the
applied filters. The maps used were the magnetic anomaly map, the ED function (UC 100m),
and the GGT elements Gxx, Gxy and Gyy as well as the SGU lithology map containing lithology
contacts and deformation zones. Then a comparison between the different maps followed and
the structures were marked out in a separate layer. A few magnetic anomalies were found and
subsequently marked out.

2.2.1 The Magnetic method
The magnetic method describes variations in the petrophysical property magnetic susceptibility
which measures the magnetic property of a material. The magnetic property of the material is
largely influenced by the content of iron oxides and pyrrhotite which can occur together with
minerals of economic importance. When a material with a magnetic susceptibility larger than
zero is exposed to an external magnetic field a secondary induced magnetic field will be created.
The magnetisation created by the external field is seen in equation (4).
(4)

𝑀 = 𝜒𝐻

Where M is magnetisation, 𝜒 is magnetic susceptibility and H is the magnetic field strength. The
measurements refer to magnetic intensity and not magnetic field strength, which means that the
measurements will have to be converted according to equation (5).
(5)

𝐵 = 𝜇𝐻
7

Where B is the magnetic intensity, H is the magnetic field strength and µ is the magnetic
permeability according to the approximation stated in equation (6).
(6)

𝜇 = 𝜇0 (1 + 𝜒) ≅ 𝜇0
Since 𝜒 ≪ 1. The value for the magnetic permeability will then be 4π *10-7.

Discretization
The discretization of the problem is done by discretizing the earth into cells with constant
susceptibility and magnetisation. The magnetic field strength at an arbitrary observation point p
will consist of the inducing and the induced field as seen in equation (7).
(7)

𝐻(𝑝) = 𝐻0 (𝑝) + 𝐻𝑠 (𝑝)
Where the induced (secondary) field is calculated with the integral in equation (8).
1

+𝑞

1

𝐻𝑠 (𝑝) = 4𝜋 ∫−𝑞 𝑀(𝑄) ∗ ∇∇ 𝑟(𝑝,𝑄) 𝑑𝑉

(8)

Where Q is the centre of the cell, ±q is the range of the cell, M is the magnetisation and r(p, Q)
is the distance between the observation point to the centre of the cell.

The standard linear approximation
The assumption that are made is magnetic isotropy, magnetic linearity and the absence of
remnant magnetisation. Further the magnetisation is simplified to only depend on the external
field since the induced field is produced from this external field as a scaling with the magnetic
permeability. Because of this dependence the induced field will be a millionth the size of the
inducing field resulting in the omitting of the induced field from the magnetisation as per
equation (9).
(9)

𝑀 = 𝜒𝐻 = 𝜒(𝐻0 + 𝐻𝑠 ) ≅ 𝜒𝐻0

This means that the equation can be modified, using a single direction (l) of the magnetic flux,
the equation correlating flux and strength can be used to produce equation (10)

1

+𝑞

1

𝐻𝑠 (𝑝) = 4𝜋 ∫−𝑞 𝜒 × 𝐻𝑙 (𝑄) ∗ ∇∇ 𝑟(𝑝,𝑄) 𝑑𝑉

(10)

Equation (10) is the operator that connects the wanted magnetic susceptibility with the magnetic
data, i.e. the forward operator. A limitation with the magnetic method is that it does not contain
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any depth information. This results in the possibility in creating equivalent models but where
the anomalies are located at different depths. The inversion deals with this by a depth weighting
function, which will determine the depth to the anomalies.

9

2.3 The Inversion Software SimPEG
The inversion with the potential fields was done in the open source Simulation and Parameter
Estimation in Geophysics (SimPEG) software (Cocket, et al., 2015). The software is written in
Python and uses the numerical python for the scientific calculations. The software consists of
several scripts with the main one calling others for specific tasks when needed. This gives it
transparency so that no part of the inversion is done with black box operations. When using the
software an input file is created which contains everything that will be needed for the inversion
i.e. the mesh-file. The path to the input file is specified and the content is imported into SimPEG.
Then the survey and its source field are defined, followed by the survey being paired with the
problem. The software then continues to calculate the sensitivity cell weights from the forward
operator and thus creating the roughness matrix. This is followed by the definitions of a reference
model, regularisation norms and the data misfit. When this is done the optimisation directives
for the inversion are set and the inversion can start. Once the software has reached a model it
prints a top and cross-section view of the model as well as observed and predicted data,
convergence and Tikhonov curves.

2.3.1 The Magnetic Inversion
The magnetic inversion requires several parameters to be defined for it to run smoothly. The
first parameter to be defined is the source field, this parameter is the inducing source of the
anomaly. The source field is defined as a total magnetic intensity of 50000 nT, an inclination of
79.6 degrees and a declination of 2.6 degrees. When the source field is known the next step is
to create a mesh. The mesh has 80 cells in the east (X) and north (Y) directions and 30 in the
depth (Z) direction. The standard cell size for the centre of the model are 250 by 250 by 200
meters in the X, Y and Z direction. The five cells at the edges of the model are scaled up in
response to the poorer resolution at the edges of the dataset. The topography can be set, but in
this inversion a zero topography is used to simplify inversion. The next step is to define a
reference model which will be the same as the starting model where every cell has a magnetic
susceptibility of 0.001 units. The regularisation norms are the default values of [0, 1, 1, 1, 2] and
the regularisation parameters will start at 1. The standard deviation for the data is set to 5 nT for
all data points. The optimisation method was the Gauss-Newton Conjugate Gradient method
(CG) with maximum number of iterations set to 25, bounds for the magnetic susceptibility 0
and 1, maximum number of iterations for the line search set to 20, maximum number of CG
iterations was 10 and tolerance of CG was 0.001. When the optimisation is determined the next
step is deciding the very important beta0_ratio which will have a very large influence on the
10

outcome of the inversion. The parameter decides the regularisation between data misfit and
model norm, with a value smaller than 1 will mean that the data misfit is more important than
the model norm. The selected parameter value was 0.01. The last step before running the
inversion is to specify stopping criterion. The stopping criterion is if there’s minimum change in
the objective function (1e-4) and the beta tolerance of 10 which decides when beta will be
scaled. The maximum number of iterations from the optimisation can also act as a stopping
criterion if the inversion does not fulfil its other stopping criterion.

2.4 Magnetotelluric Method
The Magneto-telluric (MT) method is a natural source electromagnetic method that can achieve
very deep penetration into the subsurface. The method has its roots from the 1950’s with
Tikhonov, (1950) and Cagniard, (1953) regarded to have developed the method. The natural
EM fields that are used comes from either tropical thunderstorms or by interaction between solar
winds and the Earth’s magnetic field. The frequency range above 1 Hz is caused by the tropical
thunderstorms and is known as Audio Magneto-telluric (AMT) method which will be used in
the measurements presented in this thesis. The method only requires the use of receivers, five to
measure the electric field (E) and 3 coils for measuring the magnetic field (H). The time variation
of the magnetic and electric field will depend on the time varying EM source field and the
induced electric field from a conductive Earth. The method measures the apparent resistivity of
the subsurface. The apparent resistivity will be the true resistivity only in the case of a
homogeneous subspace, otherwise it will be an average of the different resistivities for the
subsurface. The variables which control the depth penetration for the method are the frequency
of the source and the resistivity distribution of the subsurface.

2.4.1 MT Assumptions
The MT method needs certain assumptions to be fulfilled for the method to be used (Simpson
& Bahr, 2005, p. 16).
•

The EM waves are assumed to behave in accordance with the Maxwell equations.

•

Earth may dissipate or absorb energy, but not generate any electromagnetic energy.

•

The charge is conserved, and Earth is assumed to act as an Ohmic conductor.

•

All fields are considered to be conservative and analytic, when away from the sources.

•

The electromagnetic waves are assumed to be plane and normally incident into the Earth.
The plane wave assumption infers that the sources are time invariant, which in turn
means that the measured impedances are the same, independent of recording time.
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•

Charges can only accumulate along discontinuities in a 2D or 3D Earth but not at all in
a 1D case. This is the cause of the phenomena known as static shift.

•

The EM induction is assumed to be purely diffusive in the Earth.

•

The variations in magnetic permeability and electric permittivity are assumed to
negligible compared to the bulk rock resistivity variations.

2.4.2 Measurements of AMT data in Laver
The Laver area AMT measurement campaign in September (15-25th) of 2018 was planned as a
5 by 5 km area with 1 km site separation. Following the Laver field campaign were another three
weeks of measurements in the Kiruna area in the DESMEX project, where MT stations were
used both for MT data and measurements of CSEM (Control Source Electro Magnetic) data.
The data collected in the Kiruna area will not be processed in this thesis. The sample sites were
placed near roads due to accessibility limitations caused by the instrumentation. The planned
sites form an irregular grid with 28 measurements sites seen in Figure 2, of these 22 sites were
measured and 20 of them were used in the inversion. The position of the grid was chosen after
considering both interesting features from the magnetic model and cultural features. The cultural
feature referred to is a power line located around 2 km to the west of the western most site. This
power line cause noise that will disturb the sampled data, which is why the grid is located more
to the east. The equipment was left at the site overnight so that it could measure during the
“quiet” hours of the night. The equipment has two sampling frequencies, 20 Hz and 1000 Hz
which will manage to resolve different frequencies, from 0.001-300 Hz. The 20 Hz sampling is
continuous, and the 1000 Hz is a burst sampling that was running 2 hours from midnight. The
20 Hz sampling will resolve lower frequencies and thus giving information from deeper parts of
the subsurface whereas the 1000 Hz sampling measures higher frequencies which gives
information on the shallower parts. The reason for the midnight sampling is that the industrial
noise is reduced during these hours and this will improve the noise levels in the data.
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Figure 2: The position of AMT sites in the Laver area ©Google Earth. The green markers are sites that were done
during the field campaign and the red markers represent sites that were planned but could not be reached or were
dropped due to time constraints.

The instrumentation used were three sets of FMTU2005 (Finnish Magneto Telluric Unit) as per
Smirnov, Korja, Dynesius, Pedersen, & Laukkanen (2008), which means that we could measure
three sites per day. The instruments consist of 5 electrodes, 2 magnetic coils, a GPS, a battery
and a data logger. The electrodes are dug down in a north, south, east and west direction roughly
50 m from the centre. The fifth electrode is a reference electrode and is dug down in the centre
of the cross formed by the other electrodes. The electrodes are dug down to 10-20 cm depth
and the soil is soaked with salt water to reduce contact resistivity. The electrodes are nonpolarisable and consist of Cu-CuSO4 (copper-copper sulphate), meaning that the electrode is a
copper wire in a copper sulphate solution. Before connecting the electrodes, the contact
resistivity and voltage are measured so that we can double check that the recordings work. The
two magnetic coils are laid out in the north (Hx) and east (Hy) direction. These sensors are then
connected to the data logger which is powered by a 12 V battery. The data logger is also
equipped with a GPS unit so that the exact time and location of the measurement can be
recorded. The next step is to connect a laptop and fill in where the instrument will save the data
and what electrode spacing there is and which coils that were used. The data is quickly reviewed
to make sure that the instrument is collecting data as it should and to make sure that the
connection between the sensors and the equipment is fine. The equipment is covered with the
13

tarpaulin to protect the instrument box from rain and peeking eyes. On top of the box a paper
explaining what is measured is left in case anybody would pass by.

Figure 3: The AMT setup that was used can be seen in the sketch above (from (Smirnov, Korja, Dynesius, Pedersen,
& Laukkanen, 2008, p. 17)).

During the field campaign most sites were set up close to the road. The site placement is supposed
to be flat so that topography does not influence the electric currents. The site placement is
preferentially in a bog because of water-saturated peat provides a low contact resistivity. Problems
with setting up in a bog is that the data logger should be at a dry spot and the magnetic coils can
be influenced by ground movements by a wobbling bog. It is difficult to find a good placement
for the coils since even on hard ground—if the coils are laid out close to a tree and if it is windy
then the tree will move causing vibrations through its roots—resulting in noise in the magnetic
channels.
Another advantage for setting up in a bog is that if the setup is done on a dryer place e.g. a clear
cut the electrodes are more likely to go dry which can result in insufficient data quality, which
in turn can result in the need to remeasure the site. This problem was mostly fixed by applying
silicone in the worms of the lower part of the electrode so that the seepage would be minimised.
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2.4.3 The Maxwell Equations
The foundation for classical electromagnetism is defined by the Maxwell equations.
∇𝐷 = 𝜌

(11)

∇𝐵 = 0

(12)
𝛿𝐵

(13)

∇ × 𝐸 = − 𝛿𝑡

𝛿

∇ × 𝐻 = 𝑗 + 𝛿𝑡 𝐷

(14)

Where

D is the dielectric displacement [C/m2]
𝜌 is the electric charge density [C/m3]

E is the electric field [V/m]
B is the magnetic induction [T]
H is the magnetic field intensity [A/m]
J is the electric current density [A/m2]
These equations state that
1. The electrical flux leaving a volume only depends on the electric charge density.
2. There are no magnetic monopoles, meaning that the magnetic flux through a closed
surface is zero.
3. A time varying magnetic field will cause an induced electric field in a closed loop if the
loop is perpendicular to the magnetic field.
4. The magnetic field around a closed loop will be proportional to the electric current
density and the rate of change for the electric field.
Equation (13) and (14) can be coupled if there exist a linear and isotropic medium by the material
equations (15) and (16)
𝐵 = 𝜇𝐻

(15)

𝐷 = 𝜀𝐸

(16)

Where µ is the magnetic permeability and ε is the dielectric permittivity. These factors are
negligible compared to resistivity variations in the subsurface. The values that these constants
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take in vacuum are ε 0=8.85e-12 [As/Vm] and µ0=4π e-7 [Vs/Am], and since these factors will
vary insignificantly they will be regarded as constants.
The electrical current density j and the electric field E will be connected by the conductivity if
the conductivity is nonzero.
(17)

𝑗 = 𝜎𝐸

Where σ is the conductivity [S/m], (note that σ =1/ρ , where ρ is the resistivity). Using the
material equations and equation (17) the Maxwell equations take on the form
∇𝐸 =

𝜌

(11a)

𝜀

(12a)

∇𝐵 = 0
𝛿𝐵

(13a)

∇ × 𝐸 = − 𝛿𝑡

𝛿𝐸

(14a)

∇ × 𝐵 = 𝜇𝜎𝐸 + 𝜇𝜀 𝛿𝑡

2.4.4 Electromagnetic Induction in a Homogeneous Half-space
By taking the curl of equation (14a) it can be rewritten to give an expression for the subsurface.
𝛿𝐸

𝛿𝐵

𝛿2 𝐵

∇ × (∇ × 𝐵) = ∇(∇𝐵) − ∇2 𝐵 = ∇ × (𝜇𝜎𝐸 + 𝜇𝜀 𝛿𝑡 ) = −𝜇𝜎 𝛿𝑡 − 𝜇𝜀 𝛿𝑡 2

(18)

Using equation (12a) to substitute Curl E with dB/dt on the right-hand side and the vector
Laplacian to simplify the left-hand side. The left-hand side can be simplified further using
equation (11a), leading to a telegraphy equation for diffusive waves in a medium with σ >0.
𝛿𝐵

𝛿2 𝐵

∇2 𝐵 = 𝜇 (𝜎 𝛿𝑡 + 𝜀 𝛿𝑡 2 )

(19)

Under the assumption of B being time dependent by eiω t where i=-11/2 and ω =2π f, where
ω is the angular frequency in Hertz. This leads to the Helmholtz equation in frequency domain
(∇2 + 𝛾 2 )𝐵 = 0

(20)

Where γ =iω µσ -ω 2µε =k2 – κ 2. Then 𝛾 is a complex number and since σ >>ε ω (the
quasi-static assumption) for the low frequencies used in MT 𝛾 can be approximated by k2
=iω µσ . Leading to a modified equation (18)
(∇2 + 𝑘 2 )𝐵 = 0

(20b)

When the curl of the equation (11a) is done in a similar fashion the corresponding equation is
(∇2 + 𝑘 2 )𝐸 = 0
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(21)

This is because of the assumption that there are no current sources in the subsurface. Equation
(20b) and (21) will be dependent on conductivity, angular frequency and depth assuming that

B is propagating normally into the Earth, given a three-dimensional geographical coordinate
system. This means that the diffusion equations have the following solutions:
𝐵 = 𝐵0 𝑒 −𝑖𝑘𝑧 + 𝐵1 𝑒 𝑘𝑧

(22)

𝐸 = 𝐸0 𝑒 −𝑖𝑘𝑧 + 𝐸1 𝑒 𝑘𝑧

(23)

Where e-ikz is a complex dampening term. Since B and E will vanish towards infinite depth

E1=B1=0, the solution will simplify to

Where

k2=iω µσ

which

𝐵 = 𝐵0 𝑒 −𝑖𝑣𝑧 𝑒 −𝑣𝑧

(24)

𝐸 = 𝐸0 𝑒 −𝑖𝑣𝑧 𝑒 −𝑣𝑧

(25)

can

be

rewritten

with

the

Euler

formula

to

k=(1+i)(ω µσ /2)0.5=(1+i)v. This means that the wave will vary sinusoidal with depth as well
getting dampened by the later e-vz term. The inverse of the real part of k is known as the skin
depth, which is the depth that the wave has been dampened to 1/e (~37 %) of the amplitude at
surface. The skin depth is then
𝛿 ≈ 500√𝑇𝜌𝑎

(26)

This expression shows that attenuation only depends on the period of the electromagnetic wave
and the apparent resistivity of the subsurface. The magnetic permeability can be treated as a
constant since its variations is small in comparison with the other factors.

Apparent resistivity and phase
If the Curl operator for equation (4a) is expanded the result is
𝛿𝐸𝑦
𝛿𝑦
𝛿𝐸𝑥
𝛿𝑧
𝛿𝐸𝑦
𝛿𝑥

−
−
−

𝛿𝐸𝑦
𝛿𝑧
𝛿𝐸𝑧
𝛿𝑥
𝛿𝐸𝑥
𝛿𝑦

= −𝑖𝜔𝐵𝑥

(27a)

= −𝑖𝜔𝐵𝑦

(27b)

= −𝑖𝜔𝐵𝑧

(27c)

But since B is assumed to be propagating downward in the Z-direction, Ez=0. Further the
assumption that B is a vertically incident plane wave infers that we only have horizontal
components of B, meaning that Bz=0. Using Equation (24) and (25) in (27a) results in
−

𝛿𝐸𝑦
𝛿𝑧

= 𝑘𝐸𝑦0 𝑒 −𝑘𝑧 = 𝑖𝜔𝐵𝑥 = −𝑖𝜔𝐵𝑥0 𝑒 −𝑘𝑧

The MT impedance is the ratio between the electric and magnetic fields at surface level.
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(28)

𝐸𝑦0

𝜔

𝑍(𝜔) = 𝐵 = −√𝜇𝜎 √𝑖
𝑥0

(29)

If equation (27b) would be used instead of equation (27a) the result would merely be change of
signs in equation (29). From equation (29) the conductivity of the subsurface can be solved as a
function of 𝜔 , 𝜇 and the impedance. In the frequency domain the impedance will have an
associated phase that will be 45 degrees for all conductivities for a homogeneous subsurface.

Anisotropic half-space
For an anisotropic half-space, the conductivity is represented by a 3 by 3 tensor that have
properties of being symmetric and non-negative definite. Using 3 elementary rotation matrices
the conductivity tensor can be diagonalised. This results in that the tensor only has three nonzero entries, which lie on the main diagonal. The three entries will correspond to the
conductivities along the used reference frame.

2.4.5 Electromagnetic Induction in a 1D-Earth
Considering a horizontally layered earth where the conductivity only varies with depth z. Since
each layer have up- and down going components of the Ex it can be expressed by
𝐸𝑥𝑛 = 𝑎𝑛 (𝑘𝑛 𝜔)𝑒 −𝑘𝑛𝑧 + 𝑏𝑛 (𝑘𝑛 𝜔)𝑒 𝑘𝑛𝑧

(30)

The corresponding magnetic field in the y-direction would then become
𝑘

𝐵𝑦𝑛 = 𝑖𝜔𝑛 𝐸𝑥𝑛

(31)

This leads to the transfer function
𝐸

𝐶𝑛 (𝑧) = 𝑖𝜔𝐵𝑥𝑛

(𝑧)

𝑦𝑛 (𝑧)

(32)

The transfer function can be determined for each layer starting with the deepest using a recursive
formula stated by Wait, (1954)
1

𝐶𝑛 (𝑧𝑛−1 ) = 𝑘

𝑛

𝑘𝑛 𝐶𝑛+1 (𝑧𝑛 )+tanh(𝑘𝑛 (𝑧𝑛 −𝑧𝑛−1 )
1+𝑘𝑛 𝐶𝑛+1 (𝑧𝑛 )×tanh(𝑘𝑛 (𝑧𝑛 −𝑧𝑛−1 )

(33)

The deepest layer will have the same conductivity as the homogeneous half-space. The apparent
resistivity can be connected to the transfer function with
𝜌𝑎 (𝜔) = |𝐶(𝜔)|2 𝜇𝜔
There is also an associated phase that is equal to
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(34)

𝐼𝐶

𝜑 = 𝑡𝑎𝑛−1 ( )

(35)

𝑅𝐶

Where I and R is the real and imaginary component of the transfer function. The phase and
apparent resistivity are connected by the Kramers-Kronig relationship (Weidelt, 1972).
𝜋

𝜔

∞

𝜑(𝜔) = 4 − 𝜋 ∫0

1
𝜔 ′2 −𝜔2

𝑙𝑜𝑔

𝜌𝑎(𝜔′ )
𝜌0

𝑑𝜔′

(36)

This means that the phase can be calculated for a homogeneous half-space from the apparent
resistivity except for the scaling factor ρ 0. The phase will be above 45 degrees when
conductivity increases with depth.

2.4.6 Electromagnetic Induction in a 2D-Earth
Assuming a 2D-model with a vertical resistive boundary in the x-direction, conductivity can
change with depth (z) and in the y-direction. This means that the derivative with respect to the
x-axis will be zero and the Maxwell equations can be decoupled into two modes, namely
Transverse Electric (TE mode) and Transverse Magnetic (TM mode). With transverse it means
that the named field only have components transverse to the propagation of the EM wave. The
TE mode describes currents flowing parallel to strike, creating a magnetic field in the y- and zdirections (in terms of Ex, By and Bz). The TM mode describes currents flowing perpendicular
to strike, creating an electric field along the y- and z-axis (in terms of Ez, Ey and Bx).
TE mode

TM mode

𝛿𝐸𝑥

𝛿𝐵𝑥

𝛿𝑦
𝛿𝐸𝑥
𝛿𝑧
𝛿𝐵𝑧
𝛿𝑦

= 𝑖𝜔𝜇𝐵𝑧
= −𝑖𝜔𝜇𝐵𝑦
−

𝛿𝐵𝑦
𝛿𝑧

= 𝜎𝐸𝑥

𝛿𝑦
𝛿𝐵𝑥
𝛿𝑧
𝛿𝐸𝑧
𝛿𝑦

= −𝜎𝐸𝑧
= 𝜎𝐸𝑦
−

𝛿𝐸𝑦
𝛿𝑧

= −𝑖𝜔𝜇𝐵𝑥

(37)

The TE mode will give a more stable solution compared to the TM mode that will have a
sharper lateral resolution (Simpson & Bahr, 2005, p. 29). This is due to the discontinuity of Ey
when it crosses the resistive boundary that runs in the x-direction. The Ey term is not present
in the TE mode resulting in a stabile solution whereas in the TM mode the discontinuity will
show the contact clearly but smearing the apparent resistivity.
Since the MT-data is collected during field work the likelihood of the data being collected along
strike will be rare at best. This means that the impedance tensor will include non-zero entries.
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The solution for this is to rotate the tensor so that it contains the elements which are parallel and
perpendicular to the strike.
The transfer function for a Geomagnetic Depth Sounding (GDS) is a complex vector that
describes the connection between the amplitude and phase of the horizontally induced field and
the vertical anomalous field.
𝐵𝑧 = 𝑇𝑧𝑥 𝐵𝑥 + 𝑇𝑧𝑦 𝐵𝑦

(38)

The transfer functions will be zero until a border between a high and low conductivity is reached,
then the transfer function can maximum be of magnitude one. This vector can be shown using
a graphical representation known as Parkinson induction arrows. These arrows have an in- and
out-of-phase part (Real and Quadrature) whose length and orientation are given by
2 + 𝑅𝑇 2
𝑀𝑟 = √𝑅𝑇𝑧𝑥
𝑧𝑦

(39a)

2 + 𝑄𝑇 2
𝑀𝑞 = √𝑄𝑇𝑧𝑥
𝑧𝑦

(39b)

𝑅𝑇𝑧𝑦

𝜑𝑟 = tan−1 (𝑅𝑇 )

(40a)

𝑧𝑥

𝑄𝑇𝑧𝑦

𝜑𝑞 = tan−1 (𝑄𝑇 )

(40b)

𝑧𝑥

Where M is the length and 𝜑 is the orientation. The orientation should be clockwise from the
x-direction (geomagnetic north) and the arrows should point towards areas of high conductance.

2.4.7 Electromagnetic Induction in a 3D-Earth
For a 3D environment the impedance tensor will be connecting all the magnetic and electrical
fields’ horizontal components according to
𝑍𝑥𝑥
𝐸𝑥
[𝐸 ] = [
𝑍𝑦𝑥
𝑦

𝑍𝑥𝑦 𝐵𝑥
][ ]
𝑍𝑦𝑦 𝐵𝑦

(41)

Since the survey will measure the full magnetic field (x, y and z) and the horizontal components
of the electric field (x and y) the full complex impedance tensor can be calculated with a real
and quadrature part.
[

𝑍𝑥𝑥
𝑍𝑦𝑥

𝑍𝑥𝑦
𝑋𝑥𝑥
]=[
𝑍𝑦𝑦
𝑋𝑦𝑥

𝑋𝑥𝑦
𝑌𝑥𝑥
]+𝑖[
𝑋𝑦𝑦
𝑌𝑦𝑥

𝑌𝑥𝑦
]
𝑌𝑦𝑦

(42)

The impedance tensor Z will contain both a phase and an amplitude
1

𝜌𝑎𝑖𝑗 = 𝜇𝜔 |𝑍𝑖𝑗 (𝜔)|
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2

(43)

𝜑𝑖𝑗 = tan−1 (

𝑄𝑍𝑖𝑗
𝑅𝑍𝑖𝑗

)

(44)

Static Shift
The phenomenon known as static shift is caused by small-scale conductivity contrasts in the
shallow subsurface. Discontinuities in conductivity will cause local distortions in the amplitude
of the electric fields due to the conservation of electric charge. This distortion will cause the
magnitudes of the impedance tensor to be scaled by real scaling factors. The reason it is called
static is because it is not a time dependent phenomenon, which means that the impedance phase
is unaffected. This is how the phenomenon is detected by comparing the phase and apparent
resistivity curves to each other, if the resistivity curves are shifted and the phases are not, there
exists a static shift in the data. Static shift is more common in resistive environments since smallscale heterogeneities will have a larger influence on the electric fields (Simpson & Bahr, 2005,
p. 80).
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3 Magnetic data & Inversion
The first step in the investigation of the Archean-Proterozoic boundary is to examine already
existing geophysical and geological maps. These maps have been supplied by SGU and can be
seen in Figure 1 and 4.

Figure 4: The magnetic (left) and Bouguer (right) anomaly maps for the Laver area, © SGU. The green dot marks
the location of Laver.

To enhance regional structures the ED function as per Beiki (2010) is applied to the magnetic
anomaly map, creating the ED map seen in Figure 5. This ED map is meant to simplify locating
structures but can also be used to find anomalies and structures which are not revealed by the
original map.
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Figure 5: The magnetic Edge Detector (left) and the interpreted structures (right). The ED function (left) applied
on the magnetic anomaly map using ModelVision. The green dot is the location of Laver. The interpreted structures
from the ED function (right) on top of the geology map.

After examination of the ED and magnetic anomaly maps some anomalies were found in the
area, as seen in Figure 6. A closer look at the line data across these anomalies shows that not all
of them are true anomalies. A closer look Anomaly_02 reveals that the anomaly is one point
only and lacks the characteristic “side bumps” that are showcased by a real anomaly such as
Anomaly_01.
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Figure 6: The plots above show five anomalies that were found after processing the magnetic map. The plots
represent line data from the survey and only anomaly 2 appear to be non-real lacking the “bumps” that should
occur at either side of the anomaly. These graphs were created in the software Oasis Montaj Geosoft.

3.1 Magnetic Inversion
After the 2D maps had been created and analysed it was time to start a 3D modelling of the
magnetic susceptibility in an area more local to the Laver deposit. The centre of the model is at
0741150 easting and 7301775 northing in the SWEREF99 (UTM33N). The extent of the
model is a 17.5 km side square centred on the mentioned point. The created model can be seen
in Figure 7, where it is shown in the Paraview software. In Figure 8 the geology for the same
lateral extent as the model is shown as interpreted by the SGU bedrock map. The data used for
the inversion is a smoothed and resampled dataset since the original dataset contained some
artefacts from the flight lines.
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Figure 7: The Magnetic susceptibility model for the Laver area created in the SimPEG software and visualised in

Paraview. The cells that are shown are a reduced dataset consisting of cells with a magnetic susceptibility higher
than 0.05. The coordinate system shows X points towards east, Y points towards north and Z downwards.

Figure 8: The geological map corresponding to the white frame in Figure 5. The rock types are yellow-felsic
vulcanite, green-mafic vulcanite, and red and pink are granites. Modified after the SGU bedrock map.
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Figure 7 show the part of the magnetic model with a magnetic susceptibility higher than 0.05.
The scale has been rescaled to 0-0.1 to make it easier to distinguish differences in the physical
property, the original scale went from 0 to 0.3. This means that all values higher than 0.1 is now
treated as 0.1. In Figure 9 cross-sections of the model can be seen how the resolution changes
with depth.

Figure 9: Two slices of the magnetic model. Top is a slice looking west. Bottom is a slice looking north.

The model also be seen from above in Figure 10 where it has been sliced along the depth axis
at 2000 m.
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Figure 10: A cross-section along the Z-axis at 2000-meter depth.

As seen in the SimPEG model the higher magnetic susceptibility seems connected to the volcanic
rocks in the area, compare the magnetic anomaly and geology map. The granites seem to have
lower susceptibility values but there is an overlap at the contact between them where the
susceptibility values of the volcanic rock decreases towards the granite. While the deposit is
hosted by the volcanic rocks it is possible that the origin of the deposit is related to the granitic
intrusions.
To evaluate how good the model is the first step is to look at how well it replicates the observed
data. As seen in Figure 11 it has managed to replicate the shape and magnitude of the anomalies
to a good degree. The difference between them can be seen in Figure 12, which is useful in
finding in which areas that the predicted data deviates from the observed data. The deviation
seems to mainly occur at contacts between high and low data values, which is a built-in error
due to the smoothness constraint enforced by the model norm. The smoothness constraint forces
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the model to change smoothly between cells to reduce noise effects, which have the appearance
of spikes.

Figure 11: The left figure shows the observed data and the right is the data predicted from the produced magnetic
model. The black lines are data points which are overlapping and forming the flight lines.

Figure 12: The difference between observed and predicted data.
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To continue to evaluate the model several plots and maps were created. The plots are created
by comparing different parameters to see how they change over the course of iterations. This
will include what is called Tikhonov curves, Figure 13 that plot data misfit, model norm (size)
and a regularisation factor β that weighs them, which are all part of the objective function. These
parameters are chosen because the goal for a model is to both fit the observed data and to do so
with as simple of a model as possible, as per Occam’s razor. The problem with this goal is that
data misfit and model norm is at odds with each other, if there is a need to explain a small
anomaly the model size needs to increase.
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Figure 13: Tikhonov curves shows how the model evolves over iterations. The top curve plots data misfit (Φ d)
against the beta value (regularisation term between misfit and model size). The middle graph plots the model norm
Φ m, which is the model size) against the regularisation. The bottom graph shows the data misfit plotted against
the model norm.

As seen in the Tikhonov curves in Figure 13 as the data misfit decreases the model norm
increases. The optimisation is defined so that the algorithm should minimise the sum of the misfit
and model norm, from that it seems that the optimum place in the bottom graph of Figure 13
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would be in the bend. This is because the minimum sum would be located where the line is
closest to the origin. However, in this case there is also a regularisation parameter that weighs in
the model norm and influences the sum towards a lower misfit.

4 Magnetotelluric data & Inversion
Once the MT data is collected the next step is to process the data to minimise noise in the
dataset. To produce the best model, one would prefer the input data to consist of as noise-free
data as possible. The processing scheme and later the inversion follows what is described in
Smirnov M. Y. (2003). In this section the processing and later the inversion will be covered.

4.1 Data Quality
The first check on quality have already been made in the field when the site is dismounted to
make sure that the geomagnetic variations are clearly visible. Generally, noise is divided into
three types, namely cultural, meteorological and sensor. The cultural noise can be power lines,
the meteorological can be wind moving cables or temperature variations and sensor noise can be
a result of the electric circuitry.
Some noise is of course seen and expected such as coherent noise from powerlines with a
frequency of 50 Hz and 16 2/3 Hz from the railways. Of course, there is always incoherent noise
as well which can vary in strength and intensity. This could for example be wind blowing in
cables and inducing a small voltage in them. A car could influence the data by adding both
magnetic noise and seismic noise that will cause errors in the electric channels.
Of the 22 measured sites 20 would be used in the inversion. The two sites that were not used
were l19 and l21. The site l19 was discarded due to one electrode drying out during the night
meaning that one electrode pairing was very noisy. The site l21’s GPS did not work correctly
meaning that the time of the measurements is unreliable.

4.2 Pre-processing
The pre-processing is performed in time domain and will remove as much noise as possible
before converting the data to frequency domain. The first step is to remove unusable data at the
start and end of the time series which contain disturbances from the setup and relocating of the
station. Industrial noise and its corresponding harmonics is filtered out with a notch filter (bandstop filter). The industrial noise mainly seen is the 50 Hz from powerlines and harmonics of it.
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The next step is to use an autoregressive model to identify outliers and fill short gaps. The
autoregressive model calculates a forward prediction and a corresponding error. If the predicted
error is larger than a certain value, the data point will be replaced by the predicted data value.
The following step is to divide the time series into partly overlapping segments. The overlap
varies between 0-50 % depending on frequency and length of the time series. Each segment will
be low pass filtered to remove energy from above the Nyquist frequency. The segments will also
be high pass filtered to remove instrumental drift through a first difference filter. The time series
is corrected for the frequency response of the sensors. To prevent spectral leakage a time
weighting function is used to put the central part of the segment in focus. The time series is now
prepared to be Fourier transformed to frequency domain.
Each coil has a characteristic period dependent transfer function which is used to calibrate the
data and give a correct conversion between the induced voltage and the magnetic field. This
means that the recorded induced voltage has been converted to the corresponding magnetic
intensity. The reason it is characteristic for each coil is because it measures the induction which
will depend on the winding for the individual coil.

4.2.1 Remote Reference
To reduce random noise, we assume that the magnetometers measure the same natural variations
at all sites within the area but that the random noise will differ between the sites. This is then
used to separate random noise from the signal and thus reduce the noise level in the data. The
way this works is that if the sites measured field differs more than a defined value it will be
replaced by the value from the reference site. This method is called remote referencing. The
remote referencing can also work for coherent noise since the site separation is large enough so
that the noise on one site differs to the next site. This then removes the magnetic part of the
locally coherent noise replacing it with the remote reference data, meaning that the noise no
longer is in both the magnetic and electric channels and can be removed through a comparison
between the magnetic and electric channels.

4.3 Post-processing
The later processing should edit and average the transfer functions. Since several sites were used
for remote reference several impedance segments are loaded into an MT-viewer (Smirnov M.
Y., 2003). The different segments are cut as needed to produce a smoothly varying curve. This
is especially needed in the so-called dead band between the periods of 1 to 10 seconds where
the signal is at its weakest and the signal to noise levels are low. Once the noisiest parts of the
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transfer functions are removed a robust average (one-step reduced M-estimator) is calculated.
This process is repeated for each station, producing robust averages for all station that will be
used in the inversion.
The following examples shows data from all the sites. In Figure 14 the apparent resistivity and
the phase is plotted versus the period. The period is a proxy for depth. Each curve represents the
robust average of each site segments. The curve is supposed to vary smoothly since a change in
apparent resistivity reflects a change in the average of the resistivity for the subsurface enclosed
by a certain period. In the viewer it is ensured for each site that the phase lies between 0 and 90 degrees.

Figure 14: The apparent resistivity and phase is plotted as a function of the period. The curves shown includes the site l19 which
is not part of the final inversions. The l19 curve is clearly different compared to the other 20 sites which are shown above.

The effect of static shift can be seen clearly in how the phase is practically the same among the
sites while the resistivity curves have the same shape but are shifted relative to each other.
Depending on how the phase changes one can determine how the resistivity of the subsurface
changes, even with static shift (Simpson & Bahr, 2005, p. 81).

4.4 Dimensionality Analysis
Assuming a 2D environment the dimensionality analysis is done by rotating the impedance tensor
to a form that minimises the main diagonal, the angle needed to rotate the tensor to this form
will tell us the main structural direction (with 90-degree ambiguity) as seen in Figure 15. It is
rarely the case that the main diagonal is zero because galvanic distortion will cause some 3D
effects.

33

Figure 15: The regional strike for the measurements in the Laver area. The longest periods looks noisy is likely due to fewer
number of data points being recorded for these periods.

To estimate the dimensionality for the area certain parameters can be observed to conclude what
kind of structures is located beneath the survey area. This is usually done to decide the
dimensionality of the inversion, i.e. 1D structures only need 1D inversion to resolve the
structure. For the Laver survey the grid was planned with a 3D inversion in mind from the start,
but in the end four 2D profiles were created as well. The 3D inversion is so that it will be a fairer
comparison between the magnetic and MT models. It is still an interesting observation what
trend the structures in the area shows and this is needed for the 2D inversion. Since the inversions
only uses periods of up to one second it is for this part of the Figure 15 we should examine. To
determine what dimensionality there is, a look at Figure 16 is helpful.
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Figure 16: The skew plots can give information of the structure of the subsurface. If the value is higher than 0.2-0.3 on the Yaxis the structure is not of the lower dimensionality.

As seen in the plots above the value is too high for it to be a 1D structure but not more than a
2D structure, meaning that the structure is most likely 2D in the subsurface of the Laver area.
This can be questioned by Figure 19, where the PT skew angle is plotted.
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Figure 17: The PT skew angle is a measure on the dimensionality. If it is higher than 12 degrees, the structure is assumed to be
3D.

The plotted PT skew in Figure 19 suggests that there exist some 3D structure belonging to the
period of 10 seconds. In Figure 18 one can see a similar trend at 10 seconds but in that case an
argument could be made that it is only a 2D structure.
From the figures in this section we can estimate the general direction of the area to be 60 degrees.
This is however with 90 degrees ambiguity and for the shallow parts of the subsurface. To find
out if the structural direction is 60 or 150 degrees geological and geophysical maps are
interpreted. Old MT and GDS data (Rasmussen, Roberts, & Pedersen, 1987) from the Skellefteå
area indicate a strike of 145 degree. This direction is for a plate that is dipping in such a way that
it would occur with depth beneath the Laver area. This would then indicate that the 150-degree
strike direction is the correct one for the deeper parts of the Laver area. From the magnetic and
geological maps, the conclusion is that the shallow geology varies along the 60-degree strike.
For 2D inversion the profiles should be oriented perpendicular to this, so along 150 degrees.
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4.5 2D-Inversion
While 3D inversion is in general the better option for inversion, in some cases 2D inversion
could show features not present in the 3D model because of slight differences in the inversion
procedures. The first step in 2D inversion is to choose which sites should be used for each profile.
Four sections will be produced, all with the same direction of 150 degrees. Since the grid was
not designed for 2D inversion each profile will start at the westernmost point and then continue
from there in an SSE direction projecting each site onto that profile as seen in Figure 18.

Figure 18: A map from Google Earth, showing the position of the measured MT-sites and the 2D profiles.

Even though sites are not located on the actual profile—if the assumption that the area can be
considered 2D is valid—it should be no variations in the perpendicular directions. The sites are
projected onto the profile in accordance with Table 1.
Table 1: The table shows which sites were used to create each profile.

PROFILE
1
2
3
4

SITES
l02, l04, l05, l13, l14, l26
l01, l03, l04, l07, l10, l26
l07, l09, l11, l20, l23, l26
l12, l18, l20, l22, l23, l25, l26

START SITE
l02
l01
l09
l18
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A grid is designed for the profile with a cell size of 100 m along the profile and 10 m along the
z-axis with padding and depth scaling. A homogeneous initial model is suggested to be 1000
ohmm. The initial model can have a large influence on the final model since it is used as a
minimisation criterion, which will forcefully create models similar to the initial one.
The stations mtf files are loaded into the MT-viewer and the determinant data is then exported.
The 2D inversion will be run using REBOCC 95 (REduced Basis OCCam) (Siripunvaraporn
& Egbert, 2000) code for the determinant data of the phase and apparent resistivity. The profile
coordinates are entered into the data file and the inversion is ran, the code automatically
calculates 10 iterations, but the inversion will start to jump around within the minimum found
so the first iteration within the minimum is the chosen model. The cross-section is then plotted,
and the result can be seen in Figures 19 to 22.

Figure 19: The first 2D-profile from the survey area with start at l02 and a direction of 150 degrees.
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The first profile starts at the site l02 and continues for 6 km at 150 degrees. Between the second
and third stations (l05-l13) along the profile there is an anomaly which lies close to the LillLaverberget where the deposit is found.

Figure 20: The second 2D-profile from the Laver area.

The second profile lies slightly to the north from the first profile and starts at l01 and runs for 6
km. The anomaly in the western part of the profile is situated close to the old Laver deposit.
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Figure 21: The third 2D-profile in the Laver area.

The third profile starts at l09 and continues for 6 km. There is a small anomaly in the central
part of the profile and with depth we have the same highly resistive subsurface as the other
profiles.
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Figure 22: The fourth 2D-profile in the Laver area.

The fourth profile lies the furthest north and starts with l18 and continues for 6 km. The anomaly
in the central part of the profile could have a connection with the one in profile 3 since it shares
some stations with that profile. There is an unusually sharp boundary at the eastern part of the
anomaly. This is probably due to the anomaly not being present in the two stations right of the
boundary while it is in the one west of the boundary.

4.6 3D-Inversion
The first step in the inversion is to replace the UTM 34 coordinates in the mtf files with a local
grid with centre in the measured area. The centre of the grid is the measurement site l11 with
new coordinates (0,0). The mtf files are then exported as one data file z.z3d. The data used had
periods from 0.003 to 1 second with 0.05 error floor and 4 decimations.
For us to run an inversion we need to define a 3D mesh with an initial model. When designing
a mesh, the skin depth (Equation 26) needs to be considered. To calculate the skin depth the
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value of the apparent resistivity is read from Figure 14 at the period of 1 second. The calculated
skin depth is 50 km and the mesh should be designed to be a couple of times larger to ensure
that measured signal is modelled within the mesh.
The mesh used is seen in Figure 23 as a 100 by 100 by 10m cell size with a depth scaling of 1.2,
with padding to minimise edge effects in the model area. The initial model will be used as
minimisation criteria as well. The inversion will both try and minimise the RMS (Root Mean
Square) and the difference between the initial model and the current one. This means that the
inversion will be heavily influenced by the chosen starting model.

Figure 23: The initial model used to start the inversion.

The next step is to start the inversion using the inversion software MOD3DEM (Egbert &
Kelbert, 2012) running with a non-linear conjugate gradient (NLCG) optimisation algorithm.
The inversion was run for 48 iterations after which an RMS value of 1.09 after 48. Then the
model is converted to a vtk file in MATLAB and then plotted using the Paraview visualisation
software together with the data localities, see Figure 24.
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Figure 24: The final MT model as shown in Paraview. The red spheres mark the locations of the sites. The shown cells are the
ones with a resistivity of 3 or less.

The created model does not show much of interest apart from a slightly more conductive body
at depth in the south-eastern corner. Most of the surface anomalies are most likely site-related as
seen in Figure 25.

Figure 25: Slices of the MT model normal to the Z-direction at depths of 300 m (left) and 600 m (right) from Paraview.

As seen in the figure above surface anomalies have a high degree of correlation to the site locales,
possibly due to galvanic distortion. These figures can be compared with Figure 26 where the
43

conductance is plotted for different depths. The conductance is calculated forming the sum of
the multiplication of conductivity and layer thickness for all layers. This is fundamentally based
in the equivalence problem which in this case states that we can only resolve conductance. Since
conductance is the multiplication of conductivity and thickness, the conductance can always be
equally well explained by a thicker less conductive layer or a thinner layer with a higher
conductivity.

Figure 26: Conductance maps. The conductance from the 3D MT model from 0-100m (top left), 50 m to 1 km.(top right), 12 km (bottom left) and 2-4 km (bottom right).

The conductance map was plotted in MATLAB© for four layers. The conductance can be
considered to represent the average conductivity for the top part of the model. The first layer is
so shallow that it is merely showing the effects of site locations and galvanic distortion. The
second layer also shows surface anomalies, but larger ones and the effects of the sites have been
reduced. The third and fourth layers shows deeper parts of the survey area and it clearly shows
that it is very resistive in the central parts and a slightly less resistive in the south-eastern corner.
In Figure 27 cross-section slices of the MT model can be seen.
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Figure 27 Slices of the MT model normal to the Y-direction (left) and X-direction (right) from Paraview. The position of the
slices is where Y=0 and X=0 respectively.

The slices above quite clearly show that most of the surface anomalies vanishes at 400-500 meter
depth. The site-specific RMS is shown in Table 2 and it is clear that the model nicely fits the
observed data.
Table 2: The calculated RMS value for each site for the xy and yx components of the impedance and phase tensor.

SITE

RMS
Z RMS PHASE
XY+YX
XY+YX
L01
1.14
0.80
L02
1.17
0.98
L03
0.89
1.04
L04
0.81
1.06
L05
1.09
0.99
L07
0.69
1.94
L09
1.16
1.47
L10
0.78
1.66
L11
1.02
1.66
L12
0.75
1.78
L13
2.98
2.73
L14
0.93
1.61
L18
0.69
1.37
L20
0.94
1.32
L22
0.90
1.40
L23
1.68
1.44
L24
1.92
0.70
L25
1.27
1.40
L26
1.45
1.82
L28
0.55
1.03
AVG
1.14
1.41
As seen in the table above the site-specific RMS values are all reasonable, with the largest value
belonging to the site l13. The RMS values have been calculated through the standard way. The
values that are lower than 1, have a fit that is better than the standard deviation (5 %) of the data.
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5 Discussion
In the previous sections I have described what I have done and what models that have been
produced. In this part the results of the magnetic and MT inversion presented in the previous
section will be discussed.

5.1 Discussion on the Magnetic data
The processed anomaly maps were produced to enhance structures in the area. The ED function
worked well in enhancing the structures in the area and with it five anomalies were found, and
further structures were interpreted from the ED map.
The magnetic susceptibility model was created using a reduced dataset for the Laver area. This
is not optimal but because of computer limitations it had to be done this way. The final model
looks good even with this smoothed dataset, as seen in the observed and predicted data plots.
One thing that should be noted with this model is that the padding is removed and still there
are cells outside of the data coverage. This simply results in the edges of the model being
unreliable because of data spacing issues.
An observation is that the higher susceptibility values seem to relate to the volcanic rocks. When
looking closer at the edge of the volcanic rocks, it is clear that the magnetic susceptibility of the
volcanic rocks gradually decreases towards the interpreted contact with the granite. The
modelled volcanic rocks could be used to identify exploration targets. Since the deposit forms
stratigraphically above the volcanic rocks, one should search for an area where the volcanic rocks
are located beneath the surface so that the potential deposit which should be situated on top of
the volcanic unit has not weathered away.
An observation made by comparing the magnetic model and the ED map is that there seem to
exist a structure between the two main bodies of felsic volcanic rocks. This structure was seen
in the ED map and since there are not any volcanic rocks in between the gap is clearly seen in
the magnetic model as well.

5.2 Discussion on the MT Inversion
The inversion produced a 3D-model with a good fit to the measured data. The model is rather
plain and do not show any deep extent of the Laver deposit or related structures. The surface
anomalies show a high correlation with the sites which could mean that the site separation was
too large, resulting in the inversion being unable to connect the anomalies between sites. Since
the anomalies show little connection between sites it is difficult to distinguish which anomalies
could be true and which ones are related to small-scale features. Of course, it would be possible
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to separate them with further measurements in a tighter grid. There are for instance a couple of
anomalies close to Lill-Laverberget which could be related to the deposit located there, but that
is speculative.
The structure that was seen between the volcanic rocks in the magnetic model can also be seen
in the MT model. In this model a high resistivity structure along the centre of the model can be
seen. The structure is however not connected between the sites because of a too large site
separation, resulting in the structure being discontinuous between sites.
The 2D-models were produced to examine if the results reproduceable or if previously
undetected anomalies would show up. The results all have in common that the resistivity
increases with depth, there are also some surface anomalies as seen in Profile 2 between site l13
and l14. This anomaly also showed up in the 3D-inversion which means that it is a common
feature for both inversions, meaning that both are solving the same problem in a similar way.
The reason for why the porphyry style deposit was not found with the MT method is most likely
due to the ore minerals; sulphides being disseminated meaning that their impact on the bulk
conductivity is very minor. There were some structures in the area which could be seen with
the ED function but once again the MT method was not able to find them. This could be
because of the structures not being very conductive or it could be due to too low resolution in
the MT model.
To improve the MT modelling in the Laver area I see two options: one could either try and fill
in the present grid or extend it. The infilled grid could be useful if we are trying to resolve the
anomaly caused by the deposit. For this inversion shorter periods would be needed since the
longer ones should not vary to much between the sites. The extended grid would be useful in
trying to resolve deeper structures in the area. For this an even sparser grid could possibly be
used so that the lateral extension is large enough for the inversion to resolve deeper structures.
This would also allow for inversion on a regional scale which was not done because of technical
limitations.
To improve the modelling, parts of site l19 and l21 could have been used after some more
processing. The l19 site could have been further processed and inverted with the one good
electrode pairing, contributing something to the inversion. The l21 site could with some
processing be used at least for the higher periods, which do not require as high precision in their
time measurements. The reason neither of this was done is because the model did not have any
interesting anomalies, so there is no reason to try and improve the resolution if the other stations
47

did not find anything that we would like to have a higher resolution of. If this added data were
to add a feature it would still be unreliable since it would come from stations with unreliable
data quality.
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6 Conclusions
This thesis aimed at developing new exploration methods by increasing the knowledge of the
subsurface of the Laver area by two 3D-inversions of aeromagnetic and AMT data. The magnetic
data was inverted using SimPEG (Cocket, et al., 2015) and the AMT data was inverted as a 3Dmodel with MOD3DEM (Egbert & Kelbert, 2012) and as 2D profiles with REBOCC 95
(Siripunvaraporn & Egbert, 2000). A structure enhancing map was also created with the magnetic
data using the ED function by Beiki, (2010).
The SimPEG 3D-model showed some interesting anomalies which corresponds well with
volcanic geological units in the area. This is good since the formation of the new Laver deposit
is interpreted to have formed in close proximity to the volcanic rocks (Kern, 2013, p. 43). This
means that the magnetic model can identify a rock unit genetically connected with the formation
of the deposit. This could be applied to find target areas where volcanic rocks are present and
located in a favourable way for the deposit to still be present. The model could also be an effective
solution in finding out the shape of the volcanic rock unit and potentially find the general
structural direction of the area.
The ED maps worked as expected and enhanced structures in the area. Even though one should
not use only one map type in search of structures it is good to have another option when
searching for structures. The structures could be very important when looking for this type of
deposit since it is created by hydrothermal fluids which tend to use structures as pathways
meaning that they could lead to the position of a deposit.
The MT method proved unsuccessful in finding deep anomalies in the Laver area. The aim with
it was to either find the deposit, related structures or deeper structures that could widen the
understanding of the tectonic setting. The reason for not finding the deposit is probably due to
the deposit being disseminated resulting in a small change in the bulk resistivity. The small-scale
structures are not seen in the model since the resolution is not high enough. For finding deeper
structures the lateral extent of the grid would have to be extended. This is due to being able to
resolve deep features the grid needs to be of similar extent as the depth if one wants to resolve
it.
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7 Future Work
The next step in this project would be to continue the MT sampling to increase the modelled
area and manage to model it to deeper levels and on a regional scale. The idea of trying to fill in
the current grid could also be done, but geophysical methods such as DC resistivity and induced
polarisation (IP) would probably be a better choice if it is resolution of the Laver deposit that is
wanted. The reason these methods would be preferred is due to other physical parameters being
used, resistivity and chargeability for DC resistivity and IP respectively. While MT also measures
resistivity, it is better at resolving conductive features whereas the DC resistivity is better at
resolving resistive features. The chargeability can resolve disseminated conductors, making it
suitable for the Laver deposit.
An interesting continuation of this would be to do the ED maps for the gravity data and model
the Laver deposit with SimPEG as well. The problem is that the gravity data lacks the sampling
density that the magnetic data has. This would mean that the quality and resolution of the
produced maps and models would not be as high as for the magnetic data.
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9.1 Appendix A: How to use SimPEG
The SimPEG (Simulation and Parameter Investigation in Geophysics) open access software is
written in the Python programming language. This of course means that some basic
programming skills with Python is required to use the software. When modifying the code, I
have used the Spyder Python console which I highly recommend. The two pointers I have for
a beginner in Python is that the language is case sensitive and that indentation matters. The
structure of the used script will now be described. The first directives are to import libraries such
as numerical Python and different modules relevant for the inversion. This follows by the
definition of a mesh as seen in the used script. An alternative is to make a mesh-file and include
it in the input-file. Then the index of the centre of the mesh is defined as well as the topography,
once again the topography can be defined in a topo-file and included in the input-file. An
important note here is that the mesh is defined with the zero level at the bottom of the model.
When the topography is defined the active cells can be set; these are every cell below the
topography and only these cells can have a value (other than zero). These active cells can then
be injected into the active map. Then the location of the input-file is defined, and it’s read.

From this file relevant data can be loaded into the inversion script, i.e. survey location, data and
source field. It’s important to know that the position of the data points must be above the
topography. Following this important step is the creation of an empty model that will be
referenced to for plotting the finished model. The next step is to define what the problem is, i.e.
magnetic, gravity etc. and connect the problem with the corresponding forward operator
(integrals, differential equations etc.). The survey is then paired with the problem. This connects
the mesh with the locations where the data was collected. The next step is to define the
roughness operator from the forward operator. The roughness operator will be used to create
the regularisation and the reference model is also defined here. When this is done it’s time to
define standard deviation (absolute error) which also can be done from the input-file. Finally,
it’s time to start choosing inversion parameters i.e. the part where you can experiment with how
the inversion will work. The first thing you choose is the optimisation algorithm. I have used
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the Gauss-Newton Conjugate Gradient method but there are others to choose from in the
optimisation script. For this type of optimisation there are choices in number of iterations,
bounds for the petrophysical property, maximum iterations for the line search and conjugate
gradient as well as tolerances for the conjugate gradient (the most important choices here are the
maximum number of iterations and the bounds). This is followed by defining the inverse
problem with the standard deviation, regularisation and optimisation. The beta estimation is then
done, and here is one of the more important parameters you can change located. The Beta0_ratio
this parameter defines the relative importance between data misfit and model norm, a value of
0.1 means that it will weigh the data misfit 10 times more than the model norm. This means
that this value will define if the final model will be simple with a poorer data misfit or fitting the
data but with a complex model. The next step is the iterative reweighted least squares which
will be the second mode of the inversion. The inversion parameters here are the f_min_change,
beta tolerance and minimum Gauss-Newton iterations. The most important of these is beta
tolerance since it is both a criterion for the inversion to switch from the CG mode to the IRLS
mode and a stopping criterion. The f minimum change is a stopping criterion, and the objective
function f is the data misfit plus the beta multiplied with the model norm (f =
data_misfit+beta*model_norm). The minimum Gauss-Newton is simply how many times the
GN is run before switching the beta. When this is done there is a command for saving the output
between iterations so that plots of how the model change with the iterations can be produced.
Then comes a directive to update the Jacobian matrix and then finally all directives for the
inversion are collected in a final command. The starting model is defined, and the inversion
starts.
A note on the starting model and reference model is that these are defined separately but should
probably be the same. The starting model is where the inversion starts while the reference model
is what is used as a reference in the model norm (not minimising size of the model but the model
minus the reference model). The starting model should be the same as the reference model since
if you know something about the area the inversion should start there but it should also produce
something as similar to what you know to be true of the area as possible.
When the inversion has run its course it’s time for plotting. The only real part that is needed is
the command to write the model into a model file which can be shown using a visualisation
program such as Paraview. There are a few more figures that can be helpful such as Tikhonov
curves, convergence curves and comparisons between observed and predicted data. If the
inversion is run remotely on a more powerful computer, the save figure command should be
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used instead of the plot show command since it’s better to have the figures saved in the first
place. If the computer lacks a screen or your command terminal doesn’t have a visualisation
program the matplotlib.use(‘Agg’) can be used to suppress the plots so that the inversion isn’t
aborted at this step.

9.2 Appendix B: Figures
Below the site-specific response is compared to measured apparent resistivity and phase is shown.
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In the figure above the observed and predicted data have been plotted. The RMS values are
calculated for the xy and yx components of the impedance tensor and the phase tensor.
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