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Abstract 

Gravity and Magnetic Survey, Modelling and Interpretation in the Blötberget Iron-
Oxide Mining Area, Bergslagen, Sweden 
Ezra Yehuwalashet 

The Blötberget mining area, the focus of this MSc project, is located about 230 km northwest of 
Stockholm and 12 km southwest of the city of Ludvika (central Sweden). The mining area has been 
known since 1600 for its various types of mineralization particularly iron-oxide deposits (magnetite and 
hematite) with the mining commenced in 1944. Previous geoscientific research in the area provides 
detailed information about lithological variations and structure of the bedrock near the surface. 
However, knowledge of the depth extent of the mineral deposits and their host rocks is limited. To shed 
lights on these issues and support deep mineral exploration potential in the study area, within the recently 
launched StartGeoDelineation project, new ground gravity data, 180 data points on average 150 m apart, 
were collected during two field campaigns in 2015 and 2016. Aeromagnetic data were obtained from 
the Geological Survey of Sweden (SGU) to complement the ground gravity measurement interpretations 
and modelling. After a careful inspection of the field gravity data, they were reduced to complete 
Bouguer anomaly with a maximum error estimate of about 0.6 mGal due to uncertainty in the 
instrumental drift, slab density, geodetic surveying, diurnal variations and terrain (or topography) 
correction. The Bouguer gravity data after separation of regional field (second order polynomial at the 
end was used) were used (~ 8 mGal range) for interpretation and 3D inverse modelling. Clear anomalous 
zones are noticeable in the gravity data particularly due to mineralization and a major boundary 
separating a gravity low from gravity high in the southern part of the study area likely representing a 
fault boundary separating two different lithological units. In my study, both forward and inverse 
modelling using rudimentary objects/shapes and voxel-type (mesh) approach were carried out. Effect of 
initial and reference models were tested on both gravity and magnetic datasets. While the constrained 
models have still significant ambiguity, they help to suggest structural control on the location of 
mineralization and may allow estimating an excess tonnage due to the presence of mineralization in the 
study area. Due to access limitations (e.g., unable to measure on the water-filled pit) the gravity model 
is sensitive to the measuring positions and constraints using known shape of mineralization was not at 
the end successful to overcome this. Collecting more gravity data on the target area and repeated test of 
3D inversion by adjusting the inversion parameters might help to improve the final result. 

Keywords: Blötberget, gravity, Bouguer, magnetic, 3D inversion modelling, surface geology, ore 
deposit 
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Populärvetenskaplig sammanfattning 

Gravimetri och magnetometri, modellering och tolkning av järnoxidmineraliseringen 
Blötberget, Bergslagen, Sverige 
Ezra Yehuwalashet 

Gruvområdet Blötberget som denna MSc avhandling är fokuserat kring ligger 230 km från Stockholm, 
12 km från Ludvika, i Bergslagen. Mineralförekomster, framförallt järnmalm (magnetit och hematit) 
har varit kända i området sedan 1600-talet, och storskalig brytning inleddes år 1944. Tidigare geologiska 
undersökningar i området har gett detaljerad information om fyndighetens ytnära litologi och struktur. 
Hur långt ner förekomsten och moderbergarten sträcker sig har dock varit okänt. Som del av det 
nystartade projektet StartGeoDelineation utfördes marknära gravimetrimätningar. Totalt 180 mät-
punkter, med ett medelavstånd av 150 m, samlades in under två fältkampanjer under 2015 och 2016. 
Vid modellering komplementades gravimetridata med magnetometridata, insamlad under flygmätningar 
utförda av Sveriges geologiska undersökningar (SGU). Efter noggrann bearbetning av gravimetridata 
togs den kompletta bougeranomalin fram. Det uppskattade felet är ca 0.6 mGal och är till följd av 
osäkerhet i korrigeringar för drift hos instrument, dygnsvariation, geodesi och topografi. Efter korri-
gering av regional trend (uppskattad från 2:a ordningens pylonom, och med satt skala av 8 mGal som 
resultat) gjordes en 3D modell, via inversionsalgoritmer, samt en tolkning. Det står klart av framförallt 
i gravimetridatan att det finns två avvikande zoner. Dessa indikerar mineraliseringen och en gräns i den 
södra delen av undersökningsområdet med gravimetridata i låg respektive höga värde. Detta återspeglar 
troligtvis också en förkastningszon mellan två lithologiska enheter. I denna studie har enkla geometriska 
former och voxlar (mesh) använts för bådadera forward modellering och inversionsalgoritmer. De 
ursprungliga och referensmodellerna testades på både dataset för gravitmetri och magnetometri. Trots 
att modellerna fortfarande visar tvetydiga resultat så kan de ändå användas för att ge förslag på strukturer 
och läge för mineraliseringen, och skall även kunna användas för att uppskatta tonnage. Det sistnämnda 
kunde dock inte uppnås då punktäthet i mätdatan, till följd av att det numera vattenfyllda dagbrottet inte 
kunde inkluderas i mätområdet, och att formen av mineraliseringen inte kunde avgränsar på ett 
tillfredsställande sätt. För en förbättring av resultaten bör fler mätpunkter till gravimetridata samlas in i 
området så att 3D-modelleringen kan förbättras genom upprepade justeringar av inversions-
parametrarna. 
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1 Introduction

Gravity and magnetic methods are geophysical techniques used to study the characterization of geology

of earth’s surface based on lateral and vertical variation of its physical properties. These methods are also

known as potential field methods, have long history and importance in geophysical application (Blakely,

1995). The gravity method deals with the variation of gravitational potential caused by spatial density

difference in the subsurface while magnetic method studies anomalies in the subsurface geology that is

induced by the earth’s magnetic field resulting from their properties.

Figure 1.1. Location map of Blötberget. Source: Swe-
den Geological Survey

In this thesis, ground gravity survey and air-

borne magnetic survey were used for mapping and

modelling the geologic structure and depth extent

of the mineral deposits located at Blötberget, a

small mining town located 230 km north-west of

Stockholm (Figure 1.1). Since 1600 the area has

been known for its iron ore and the production

started in 1944 (Keller, 1986). Approximately over

150 Mt iron ore were produced until mine closure

in 1989 (Place and Malehmir, 2016). After long

time of mining and exploiting the shallow parts,

it is very difficult to continue the mining with-

out having tangible information of the depth extent

of the mineral deposits. Geological studies show

that, apatite iron-oxide is dominated by magnetite

and haematite with variable phosphorous hosted by

mainly felsic and to some extent metamorphosed volcanic rocks (Lowicki et al., 2015). There is also

some indication that the Blötberget mineralization extends to a depth of ∼700 m, although the knowledge

of the exact geometry and tonnage of the ore are limited. To continue the mining process it is essential

to delineate the geometry of the deposits at depth using cost-effective exploration methods. One way

to overcome this limitation is a careful application of potential field methods in combination with other

geophysical techniques. On my part as a MSc thesis, I dedicated my effort on acquiring gravity data,

process them to complete Bouguer gravity and employ forward and 3D inverse modelling of potential

field (including ground gravity and airborne magnetic) using constraints of geologic information, rock

properties and seismic sections to provide an information that may contribute to the final outcome of the

structural architecture of the mineral deposit in the study area.
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2 Geology of the Blötberget mining area

The Blötberget mining district forms part of the Svecokarelian orogen in the Fennoscandian Shield (Jans-

son and Allen, 2015). The geological map, which has been published by SGU shown in Figure 2.1 is

at scale of 1:50,000 and illustrates the main geologic features and bedrock types formed by the paleo-

proterozoic volcano-sedimentary and intrusive rocks formed in extensional contenental margin (Allen et

al., 1996; Place et al., 2015). The deposit of Blötberget and its surrounding area contains approximately

40%-63% iron-oxide apatite mineralization dominated by magnetite and haematite with a variable phos-

phorous (Kuusisto, 2014; Kuusisto, 2015; Reisinger and Steel, 2015; Lowicki et al., 2015; Maries et al.,

2016). According to (Lowicki et al., 2015), in Blötbegret mining area, there are about five mineralized

bodies dipping 50◦ to 60◦ southeast. The deposits also consist of a significant resource of Rare Earth

Elements (REE) similar to the world-class ore bodies of Kiruna (Jonsson et al., 2011).

The host rocks at Blötberget mining area are generally intrusive rocks with granite, granodiorite

and monzonite compositions and meta-volcanic rocks with rhyolite and dacite compositions. Near the

mineralization these host rocks constitute phyllosilicate and amphibole rich assemblages as a result of

hydrothermal alteration (Jonsson et al., 2011; Place et al., 2015). The host rocks also comprise lap-

atite formation i.e., mainly felsic to intermediate regionally metamorphosed (Jansson and Allen, 2015;

Jonsson et al., 2016).

The extension of the mining induced fracture system possibly caused by ’Brewery fault’ led to several

deformations in the region and is still a matter of debate how it was formed and its subsurface extension

(Place et al., 2015, Place and Malehmir, 2016). Therefore, the other aim of this study is to provide

additional information of the nature of the subsurface structures, particularly fault systems that can be

important for both mining but also exploration in the area.
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Figure 2.1. Bedrock map of Blötberget mining area. Acidic intrusive rocks including of granite, granodiorite and
monzonite and acidic volcanic rocks including rhyolite and dacite are main rock types in the study area. Blue
triangles are the location of gravity stations surveyed in this study. Blue circles filled with white are existing
boreholes scaled based on their depth extent. The deepest hole intersect mineralization at about 700 m depth

3



3 Potential field

3.1 Gravity method

Gravitational field is a naturally existing potential field that is governed by superposition principle; for

all small masses dm = ρ(x, y, z)dv continuously distributed on space (Figure 3.1), the collection of the

gravitational potential of all masses is the same as the sum of the gravitational attraction of the individual

masses Blakely (1995).

U(L) = G
∫

v

ρ(x, y, z)
r

dv (1)

From Newton’s law, the gravitational attraction in the direction of the mass is given by:

g =
Gm
r2 (2)

Figure 3.1. Gravitational potential at point L due to den-
sity distribution ρ.

where G is the gravitational constant (G = 6.67 ∗

10−11m3Kg−1s−2). U is gravitational potential, r

is the distance between the two masses, ρ is den-

sity of the body and v is the volume.

The gravity investigation of the subsurface

materials is based on the variation of gravita-

tional field of the rocks due to their varying den-

sity, shape and distance from the measuring point

or surface of the earth. From the gravity mea-

surement, the anomalous rock type shows differ-

ent gravitational field due to its density difference

when compared with the surrounding rocks Keller

(1986). This perturbation of the gravitational field

is called gravity anomaly. Based on this anomaly,

it is possible to know the geology of the causative rock and its surrounding rocks, which is buried at a

certain depth.

The instrument I used to conduct the gravity survey was the LaCoste and RombergTM gravimeter

(Figure 3.2). It is capable of detecting up to 0.1 gu, which is 100 µms−2. During the gravity survey we

registered about 160 dial readings (a vertical component of gravitational field) along each road on the

target area with 150 m station spacing. Since DGPS (differential global positioning system) reading is the

crucial part in gravity measurement, we collected easting, northing and elevation of each station carefully

using high accuracy DGPS. To reduce DGPS signal perturbation, we compared the collected DGPS data

4



with high resolution DEM (digital elevation model) of the study area measured using lidar system. As

shown in Figure 3.3A, the difference between the DGPS data and DEM are minimal except at gravity

stations 32, 34 and 83 where the difference between the elevation data are 6 m, 5 m and 4 m respectively

(Figure 3.3B). We attributed these due to bad DGPS data for these stations and given the high accuracy

of Lidar data we used the elevation for these stations from the Lidar data. The differential GPS that has

been used in the field has the mean of 1 cm elevation error with standard deviation 0.007396 m (Figure

3.4A). However, I took 3 cm elevation error resulting in ∼0.1mGal Bouguer gravity error.

Figure 3.2. Lacoste and Romberg Gravimeter during the field survey at Blötbarget. On the same spot where
the dial readings (a vertical component of gravitational field) was taken, the geodetic data (easting, northing and
elevation) were also registered using differential GPS.
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Figure 3.3. (A) The difference between the differential GPS (red color) and Lidar data (blue color) at every gravity
station. (B) The difference of elevation at gravity station 32 is 6 m, gravity station 34 is 5 m and gravity station 83
is 4 m. After inspecting DGPS data at these stations we concluded these are due to bad satellite signal and hence
Lidar data were used instead.

After collecting carefully the gravity data from the ground survey, the next step was the correction of

observed gravity data. I used GeosoftTM software to correct the gravity data and to calculate the absolute

gravity value of the base station, and considered 982000 mgal initial gravity value as a reference. The

corrections that were applied to the observed gravity data are: (1) Instrumental dri f t: a correction due

to the variation of gravimeter reading at fixed place (base station) due to a slow change in behaviour

of spring in the instrument; Table 3.1 shows the drift correction at each loop (a loop is consists of a

number of stations, in which at least the absolute gravity of one station so called ’base station’ is known)

during the survey period. The total amount of corrected instrumental drift in this survey was 0.042 mGal

with standard deviation 0.06 mGal. (2) Tidal correction: resulted from the factor that comes from the

attraction of the earth with the sun and the moon. As shown in the Figure 3.4C, the total amount of

tidal correction is 0.009 mGal. (3) Latitude correction(LC): this correction has to be done to reduce the

variation of gravity value due to the non-spherical shape of the earth and its rotation. The distance from
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Table 3.1. Total drift correction. Number of loops are a gravity survey from opening the base station and closing
at a certain time. Mean drift shows drift error of gravimeter in each loop. Strd dev is the standard deviation of drift
correction in each loop. Total time is the time it takes to finish the survey in each loop. Drift/hour is the amount of
drift error created in each hour of the survey.

No. of Loops Mean drift (mGal) Strd dev (mGal) Total time (hour) Drift/hour (mGal)
Loop1 -0.062 0.08818 3.26 -0.019
Loop2 0.049 0.06972 4 0.01225
Loop3 -0.048 0.06816 5.5 -0.0087
Loop4 -0.012 0.01753 4 -0.003
Loop5 -0.036 0.05137 5.35 -0.0067
Loop6 0.043 0.06096 2.38 0.018
Loop7 -0.031 0.04396 6.85 -0.0045
Loop8 0.051 0.07229 2 0.0255
Loop9 0.052 0.07414 6.18 0.00841

the center of the earth to the surface of the earth decreases as we go from the equator to the poles. Due to

this reason measuring the gravity value of the same body placed at equator and at pole is not the same.

When we deal with regional gravity mapping, this effect has considerable impact. The rotation of the

earth affects the gravity by the centripetal acceleration created by the rotating earth, which is naturally

in opposite direction with gravitational attraction. The accurate value of latitude correction of gravity is

given by (Blakely, 1995):

LC = 978031.85(1.0 + 0.005278895sin2(φ) + 0.000023462sin4(φ))(mGal). (3)

(4) Free air correction (FAC): the gravity value increases or decreases with respect to decreasing

and increasing in elevation value, respectively from mean sea level or datum. This kind of variation in

gravity depends on only the height (h) from the datum and the surface of the earth. In another words,

it excludes the type of rock materials that exist in between observation point and datum (Keller, 1986).

The Free-air correction is given by:

FAC = 3.086h(mGal) (4)

where h is height in meter.

(5) Bouguer correction (BC): the correction of gravity value by removing the effect of rock materials

below the observation point. The Bouguer correction assumes the rock between observation point and

datum as infinite horizontal slab with the thickness equal to the height of elevation h and subtracts the

effect from the observed gravity value (Blakely, 1995) using:

BC = 0.0004191ρh(mGal) (5)

where ρ is density of the subsurface material and h is height in meter. The Bouguer plate reduction

7



was carried out using equation (5) and the estimated error of Bouguer correction is 0.113 mGal in this

study. The software calculates both simple Bouguer that includes terrain effect and complete Bouguer,

which is terrain corrected gravity value. To see the terrain effect, I subtracted the complete Bouguer

value from the simple Bouguer value. The estimated error of terrain correction is 0.378 mgal (Figure

3.4D). Nonetheless, the total estimated error after having computed all the calculation and reduction is ∼

0.6 mGal and the final result called Bouguer gravity anomaly (BA) is due to the density variation in the

subsurface only and is given by the equation:

BA = g0 − LC ± FAC ± BC ± Earthtidecorrection ± Dri f tcorrection (6)

where g0 is the observed gravity. To increase the density distribution of the measured gravity data on the

study area, I added 20 previously surveyed gravity data from SGU data base.

 A)  B)

 C)  D)

Figure 3.4. (A) Vertical DGPS error 0.01 m with standard deviation 0.007396 m. (B) Horizontal DGPS error
0.001 m with standard deviation 0.004209 m. (C) Estimated error of tidal correction, which is 0.009 mGal and
(D) terrain correction error 0.378 mGal. Terrain correction was calculated by subtracting the complete Bouguer
values from the simple Bouguer values.
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3.2 Magnetic method

Figure 3.5. The alignment of dipole moment
in the material produces induced magnetiza-
tion.

The magnetic force F, in a similar manner to gravitational

force governs the mutual interaction of two point masses m1

and m2 separated by a distance r:

F =
ρ0m1m2

4πρRr2 (7)

where ρ0 and ρR are permeability of the vacuum and per-

meability of the medium separating the two masses. The

magnetic field B due to the mass m at the distance r and the

magnetic potential V for a single mass is given by:

B =
F
m

(8)

and

V = B ∗ r (9)

When rocks are exposed to external magnetic field, they acquire magnetization in the direction of the

external field, which then is lost when the external field is removed (Keller, 1986). This is called induced

magnetization (Figure 3.5). The intensity of induced magnetization J is defined as the dipole moment M

per unit volume of the material:

J =
M
LA

(10)

The intensity of induced magnetization can also be directly proportional to the strength of magnetization

force H of inducing field:

J = kH (11)

where k is the magnetic susceptibility of the rock materials.

According to Blakely (1995), unlike permeability, which varies in atomic mass unit (emu) and (SI)

unit by the magnitude of ρ = 1 + 4πk in emu system and ρ = ρ0(1 + k) in SI system, magnetic sus-

ceptibility is dimensionless in both systems and susceptibility in emu equals 4π times susceptibility in

SI unit. Furthermore in geophysical studies both J and H are used to measure the same magnetic field

of the earth though they have little difference in magnitude and direction. Therefore, they can be used

interchangeably.

The magnetic anomaly of the rock in the subsurface is the combination of the field from the core and

earth’s main field (Blakely, 1995). Therefore, to calculate the magnetic effect by the rock only the re-
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moval of the earth’s main field has to be carried out. For this purpose the mathematical description called

International Geomagnetic Reference Field (IGRF) has been presented by International Association of

Geomagnetism and Astronomy (IAGA) and International Union of Geodesy and Geophysics (IUGG).

Every five years the association has to change IGRF value due to the fact that geomagnetic field changes

with time.

The magnetic survey can be carried out on land, sea and in air depending on the survey area topogra-

phy. Most survey areas are in accessible to cover using ground survey method. In this case aeromagnetic

survey is preferable and this is not just because of the topography but also it is rapid and time and cost

effective.

In Blötberget, we used aeromagnetic data, which was carried out by SGU in 1972. As I mentioned

above, in addition to removing the external main field from the data it is essential to compute diurnal

correction, which is caused by the variation of magnetic intensity at the same location in different time

of the day. In aeromagnetic survey, this can be done by arranging a crossover point in the survey line of

the air. The assessment of varying magnetic value at the same location in different time allows to correct

the diurnal variation of the whole survey data (Keller, 1986). The terrain and elevation correction most

of the time are not applied due to their low influence on varying the magnetic value of the survey data

(Keller, 1986). After all these correction, the final aeromagnetic data surveyed at attitude of 30 m above

the surface with data spacing 40 m and flight line spacing 200 m east-west direction was considered for

processing of the anomalies due to the magnetic property of the subsurface rocks.

3.3 Forward and inverse modelling of gravity and magnetic data

Forward modelling is the process of predicting data from a certain model of physical parameter such

as density and susceptibility (Richardson, 2009). According to Blakely (1995), Gravimeters measure a

vertical component of gravity field mainly, which is caused by density ρ(x, y, z) and given by:

g(x, y, z) = G
∫

v
ρ(r)

z − z0

|r − r0|3
dv (12)

where r0 is distance from observation location and r is distance from source location.

To carry out the forward problem of gravity data, d (observed data) should be linearised with model

density using gravitational field g as kernel matrix then by generating a certain region of interest, which

is divided by 3D cells that could have the same or different density values and integrate with respect

to the volume. Assigning density value for each cells are depend on the prior knowledge that we have

about the target area (Malehmir, 2007; Malehmir et al., 2009; Hedin et al., 2014). Then we discretize the
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density model and calculate the gravity field at any position using the following approach:

di = gz(ρ0i) (13)

=

M∑
j=1

ρ jG
∫

v

z − z0

|r − r0|3
dv (14)

=

M∑
j=1

ρ jF j (15)

Therefore the gravity data consisting of N observation are given by:

d = Fρ (16)

where d = (d1; ...; dN)T is the data vector and ρ = (ρ1; ...; ρM)T is the model vector and F is an M ∗N

kernel matrix, which transforms density to gravitational field anomaly. Kernel matrix F needs very fast

speed computing system specially for large amount of data since it calculates three spatial coordinates.

The iteration will take very long time to complete the calculation for a high resolution model.

The inverse modelling is the reverse operation of forward modelling. It calculates the numerical

value and its physical property of the assumed model. This means the calculation is to recover the

density directly from the given gravity data gz. To analyse whether the predicted data fits the observed

data, we use the data misfit, which is given by:

φd = ||wd(d − dobs)||2 (17)

where dobs = (gz1; ...; gzN) is observed data, d is predicted data, Wd = ( 1
σ1

; ...; 1
σN

) is weighting parameter

and σN is the standard deviation.

The output of many inverse problems in gravity data, however, shows a number of solutions that can

reduce the misfit of the required value (Li and Oldenburg, 1998). This problem in potential field inversion

process is called non-uniqueness. According to Li and Oldenburg (1998), UBC-Geophysical Inversion

Facility (2005), to tackle this kind of problem we choose a objective function at a given parameter and

minimize it until it fits the data. The 3D objective function is given by:

φm(ρ) = αs

∫
v

ws(w(z)[ρ(r) − ρ0])2dv + αx

∫
v

wx(
∂w(z)[ρ(r) − ρ0]

∂x
)2dv

+αy

∫
v

wy(
∂w(z)[ρ(r) − ρ0]

∂y
)2dv

+αz

∫
v

wz(
∂w(z)[ρ(r) − ρ0]

∂z
)2dv (18)
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φm(ρ) = ||Wm(m − m0)||2 (19)

where φm(ρ) is objective function, ws,wx,wy,wz are weighting parameters and αs, αx, αy, αz are coeffi-

cient that affect the relative importance of the different function and m stands for the assumed density.

The procedure of forward modelling of magnetic data is almost similar to the gravity forward mod-

elling except the formula used to calculate the problem. A specific target area of having an intensity

magnetization J, the magnetic field Ba(r) of the anomalous body can be given by:

Ba(r) =
µ0

4π

∫
v
∇∇

J
|r − ri|

dv (20)

Where J = kH0, H0 =
B0
µ0

and v is the volume of magnetization.

If the prior information of the susceptibility value of the target area is known, it is possible to give a

constant susceptibility value and the above equation will change to a matrix form:

Ba = µa

∣∣∣∣∣∣∣∣∣∣∣∣∣
T11 T12 T13

T21 T22 T23

T31 T32 T33

∣∣∣∣∣∣∣∣∣∣∣∣∣
kH0 (21)

Ba = µ0kT H0 (22)

Therefore, once we know the susceptibility value and matrix T from the above equation, it is easy

to determine the magnetic anomaly in any direction. Furthermore it is worth remembering that we do

follow similar steps to construct 3D cells to compute inverse modelling except using susceptibility than

density (Columbia, 2005).

Inversion of magnetic data also has similar steps with that of gravity. Sensitivity matrix G connects

the extracted anomaly data and the susceptibility of the model:

d = Gk (23)

where d = (d1; ...; dN)T is the data vector and k = (k1; ...; kM)T is the model vector.

To see the quality of the computed inversion, the optimization problem that minimizes the objective

function φm(m) is applied (Li and Oldenburg, 1996). Note that m represents the susceptibility of all model

elements with reference model m0. The aim of the objective function is to make the model as close as

possible to the reference model. According to Li and Oldenburg (1996), Columbia (2005) approach, the

objective function can be given by:

φm(m) = αs

∫
v

ws(w(z)[m(r) − m0])2dv + αx

∫
v

wx(
∂w(z)[m(r) − m0]

∂x
)2dv
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+αy

∫
v

wy(
∂w(z)[m(r) − m0]

∂y
)2dv

+αz

∫
v

wz(
∂w(z)[m(r) − m0]

∂z
)2dv (24)

φm(ρ) = ||Wm(m − m0)||2 (25)

where φm(m) is objective function, ws,wx,wy,wz are weighting parameters and αs, αx, αy, αz are coeffi-

cient that affect the relative importance of the different function and m stands for the assumed suscepti-

bility. The misfit of the observed and measured data which enables us to see and analyse the quality of

the inverted data is given by:

φd = ||wd(Gk − dobs)||2 (26)

where dobs = (kz1; ...; kzN) is observed data, Gk is predicted data, Wd = ( 1
σ1

; ...; 1
σN

) is weighting

parameter and σN is the standard deviation.

For inverse and forward modelling of both gravity and magnetic data I used ModelVisionT M, GRAV3D

and MAG3D. The current version of ModelVisionT M allows to export all the necessary components such

as data, topography, boundary and mesh and model as well as enables to link directly with GRAV3D or

MAG3D algorithms.

GRAV3D and MAG3D are an academic research facility of University of British Columbia (UBC),

which use for forward and inverse modelling of potential field data with all mathematical computation

based on Li and Oldenburg (1998). Before computing inversion model, all gravity and magnetic data

must be well corrected and noise free then the forward model can be manipulated using the grid of

the processed data in ModelVisionT M. Both GRAV3D and MAG3D algorithms use mesh cells for the

inversion. The number of cells needed to assign the body density and susceptibility depends on the target

area. For larger area, we need large number of cells and good computer speed and memory. To minimise

the depth resolution problem of potential field data we applied the weighting parameters that balance

the natural decay of the field as the distance and depth becames larger. To avoid edge effects, usually

the modelled area is larger than the data area. The final modelling results are density or susceptibility

contrasts since anomalies are used for inverse modelling.
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4 Results

Bouguer gravity data from ground survey conducted by Uppsala University (yellow dots) and Geolog-

ical Survey of Sweden (black dots) with a total of 180 data points on average 150 m data spacing has

been used for processing and modelling. After careful inspection of the observed gravity data with

estimated correction error of 0.6 mGal due to instrumental drift, terrain, tidal effect, elevation and uncer-

tainty of slab density, the data were reduced to complete Bouguer gravity anomaly (Figure 4.1A) using

high resolution digital elevation model obtained from Lantmäteriet. To complement the ground gravity

measurement interpretation, aeromagnetic data provided by the Geological Survey of Sweden were used

(Figure 4.2A).

A careful filtering process was applied to enhance the desired anomaly caused by the anomalous

body and to minimize the noise at shallow and regional levels. For both gravity and magnetic data, the

applied filter was a 2nd order polynomial trend removal. The main reason for choosing this was its

effectiveness and less attenuation of the signal that comes from the shallow depths. Other suggested fil-

tering techniques like upward continuation and Butterworth filters, reduced the signal of residual gravity

data to ∼ 2 mGal gravity range and were decided not functioning for our modelling process. Figure

4.1B and Figure 4.2B shows residual gravity data with ∼ 8 mGal range and residual magnetic data with

∼ 20000 nT intensity range respectively after the separation of regional field. In these case both gravity

and magnetic data have reasonable contrasts on the target area shown by rectangular shape. For further

interpretation and inversion process, residual gravity and magnetic data were used.
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 B)

Target area

Figure 4.1. (A) Complete bouguer gravity anomaly. (B) Residual bouguer anomaly after the removal of regional
field using a 2nd order polynomial. White dashed circle shows the region where Blötberget deposit is located and
white dashed line is an interpreted major boundary south of the study area.
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 B)

Target area

Figure 4.2. (A) Total magnetic field intensity. (B) Residual magnetic field intensity after the removal of shallow
depth noise and regional magnetic field using a 2nd order polynomial. Dashed circle is the location of Blötberget
deposit and dashed line is the location of a potential fault separating a NE-SW magnetic lineament observed south
of Blötberget. The arrow is the location of the gravity low region observed in Figure 4.1.
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4.1 Forward modelling of magnetic data

The forward modelling of the observed magnetic response was performed using ModelVisionT M. Before

calculating the forward response, synthetic profiles were extracted and used to calculate the forward

response along these profiles.

To construct the forward magnetic model and in order to evaluate the 3D geometry of subsurface ge-

ology across the study area, 13 synthetic profile were created using the observed residual magnetic map

striking in 1350 northwest to southwest direction with 700 m line spacing and 50 m data spacing. For

geometric representation of high magnetic anomaly features, tabular bodies were used. For profiles that

crosses the region where the boreholes are located and other part of the study area, the density, suscepti-

bility and depth information of each body were taken from recently logged in boreholes and laboratory

measurements using drill core samples taken from 320 m to 570 m depth where the Blötberget miner-

alization located (Maries et al., 2016) and geological map (Figure 4.3B). However during the forward

calculations, some adjustment were made to fit the model with the observed magnetic data. This was

done using a trial and error procedure and taking the geological nature in to account. The 3D response of

the magnetic forward model with 3.9 nT estimated error is shown in the Figure 4.3A and perspective view

shown in Figure 4.3C. Furthermore, the grid of synthetic magnetic and calculated magnetic anomaly map

were produced for comparison as shown in Figure 4.4A and B. The data misfit of the two observed and

calculated magnetic data are 10%-15% except north-west and south-east part where the data misfit is high

(Figure 4.4C). The data misfit map shown in Figure 4.4C was calculated by subtracting the calculated

magnetic data from the observed magnetic data along the synthetic profiles.

The forward models on the magnetic high anomalies trending northeast-southwest separated by low

magnetic anomaly near mineralization (dashed circle) and north-east of the study area, fits nicely with

observed magnetic anomaly. These models (black colors in Figure 4.3B) also have high susceptibility

dipping 35◦-70◦ to the southeast.
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Label Type Colour Suscep�bility (SI) Density (g/cm^3) Depth (m)

Volcanics Tabular 0.6 2.77 258.3
Intrusive Tabular 0.023 2.77 753
Volcanics Tabular 0.4 2.77 188
Volcanics Tabular 0.8 2.77 330
Volcanics Tabular 0.11 2.77 198
Mafic flow Tabular 0.26 2.8 123
Volcanics Tabular 0.15 3.5 220
Acidic intrussive rock Tabular 0.8 3.8 239
Acidic intrussive rock Tabular 0.12 2.77 204
Acidic intrussive rock Tabular 0.1 2.77 303
Acidic intrussive rock Tabular 0.4 2.77 116
Acidic intrussive rock Tabular 0.8 2.77 202
Acidic intrussive rock Tabular 0.11 2.77 172
Acidic Volcanic rock Tabular 0.9 2.77 185
Acidic Volcanic rock Tabular 0.8 2.77 215
Acidic Volcanic rock Tabular 0.6 2.77 443
Acidic Volcanic rock Tabular 0.6 2.77 293
Acidic Volcanic rock Tabular 0.06 2.77 39
Acidic Volcanic rock Tabular 0.6 2.77 166
Acidic Volcanic rock Tabular 0.17 2.77 287
Mafic Tabular 0.25 2.77 180
Mafic Tabular 0.8 4 168
Mafic Tabular 0.9 3.5 278
Mafic Tabular 0.9 4.8 141
Mafic Tabular 0.7 3.5 72

Location of mineralization

N

10 km 

10 km
 

N

       C)            

       A)                   B)            

Figure 4.3. (A) The 3D magnetic forward model used along the synthetic profiles. Red profiles are observed
magnetic data while the blue profiles are the calculated magnetic response of the sheet-like models. (B) Density,
susceptibility and depth extent of each tabular body. Some of the properties are obtained from the borehole data
and the rest are from the geological map. (C) Perspective view of the 3D geometry of the models.
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A) B)

C)

Figure 4.4. (A) Observed magnetic data extracted from the synthetic profiles. (B) Calculated magnetic data from
the forward model. (C) The data misfit of the observed magnetic and the calculated magnetic data. The data misfit
is calculated by subtracting the calculated data from the observed data. The two dashed circles on (A) and (B)
show the location of Blötberget mine and the dashed lines shows the location of an interpreted faults in the study
area.
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4.2 3D gravity inversion modelling

By using the residual gravity data, and east-west directed synthetic profiles were created with point

spacing and line spacing of 50 m inside the target area marked by black rectangular line shown in the

Figure 4.2A. For the initial model, four known elliptical shapee bodies dipping ∼ 50◦ to the southwest

along the seismic section were used. For each body type a priori information of the physical prop-

erties such as density and susceptibility value were given (Table 4.1). Assigning of high density and

susceptibility values for the target bodies came from the information that the deposits of Blötberget and

its surrounding area consist of mainly magnetite and hematite (Maries et al., 2016). (Lowicki et al.,

2015), (Kuusisto, 2015). These two minerals have very high density and susceptibility values (with the

exception of hematite mineralization in the study area) along with their high content of iron.

Figure 4.5. A 5000 m x 5000 m horizontally and 2500 m deep mesh
dimension was used for the inversion. Cell sizes are 100 m x 100
m horizontally and 2.148 m (deep) (smaller cell) to 100 m x 100 m
horizontally and 229.225 m (deep) (larger cell).

After several test a 5000 m (east-

west) × 5000 m (north-south) × 2500 m

(depth) with a volume of 62.5 km3 mesh

dimension were considered to construct

the mesh for the 3D inversion (Fig-

ure 4.5). The total number of cells

are 125,000 with a background den-

sity 2.67 g/cm3 and susceptibility 0

(cgs). The size of the cells increases

from the smallest cell dimension: 100

×100 (horizontal)×2.148 m (depth) to

the largest cell dimension: 100×100

(horizontal)×229.225 m (depth). Since

the size of the body that has been taken

as a constraint for the inversion is quite small as compared to the target region, all other part of the re-

gion were bounded by the density (0 to 5 g/cm3). ModelVisionT M software was used to prepare all the

necessary input data such as initial model, density bound, topography (DEM 50 m resolution were used

for this purpose) and the observed gravity for GRAV3D algorithm.

According to Li and Oldenburg (1998), gravitational field have poor depth and distance resolution

due to the fact that it possess the inverse square law. At depths kernel matrix decays rapidly and brings all

anomalous body close to the surface. To slow down this rapid decay and enhance the signal body effect

from depths, a depth weighting parameter was calculated from the mesh. After several gravity inversion

tests by changing the depth weighting parameters and size of cells, once the data misfit reached to a level

acceptable through several iterations, the model is used for interpretation and presentation (Figure 4.6).

20



The predicted gravity data from the inversion indicates good similarity with the observed gravity data

with 3% Gaussian error contamination of 0.2 mGal (Figure 4.6B). The 3D visualization of iso-density

surface of high density regions shows good fit with existing knowledge in the study area. However the

density contrast considered for the body is too small to represent iron-oxide ore body something that will

be discussed later.

Inversion

Inversion parameters

5 km 

2.5 km

5 km 

Blötberget

Blötberget

Blötberget

A)
 C)

 

B)
 

D)
 

E)
 

Figure 4.6. (A) Observed gravity data. (B) Predicted gravity data show a good similarity with the observed gravity
data with 3% of Gaussian error contamination of 0.2 mGal. (C) Mesh dimension and initial model. (D) 50 m
resolution topography, which is included in the inversion. (E) 3D view of the final density model. Dashed circle
show Blötberget deposit and dashed line show an interpreted fault boundary south of the deposit.
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Table 4.1. Density and susceptibility properties of causative bodies and surface geology obtained from the borehole
measurements and geological information (Maries et al., 2016).

Body Density value (g/cm3) Susceptibility value (cgs)
Goldkannan 4.07 0.9
Hugget 4.5 0.9
Kalv 4.5 0.8
Sandell 4.00 0.6
Acidic intrusive rock 2.77 0.06
Acidic volcanic rock 2.67 0.06

4.3 3D magnetic inversion modelling

On the same target area (Figure 4.2B), east-west synthetic lines with data spacing 50 m and line spacing

50 m were created as data input for magnetic inversion. By adding the surface geology extended 150 m

into the subsurface and upper and lower bounds, the 3D magnetic inversion was constrained. Suscepti-

bility values of acidic intrusive and volcanic rocks and mineralization (different ores) are shown in the

Table 4.1.

The mesh was constructed with dimension of 6000 m (east-west) × 7000 m (north-south) × 2000 m

(depth) with total number of 672,000 cells. The cell size increases from the smaller cell dimension: 50 m

×50 m (horizontal)×4.5 m (depth) to the largest cell dimension 50 m×50 m (horizontal)×186 m (depth).

This means the same on horizontal size but increases from 4.5 m top to 186 m along the depth of the

mesh volume (Figure 4.7C). The ore body model was introduced down to 700 m dipping about 50◦ to the

southeast as well as the extruded bedrock with no plunging as a constraints. Furthermore, susceptibility

bounds (0-1) (cgs) were used for the 3D inversion. Distance weighting parameter of factor 1 and R0 25

m, which is half of the cells width were used. After 50 iterations an example 3D model of susceptibility

is shown in Figure 4.7.
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Figure 4.7. (A) Total magnetic field intensity. (B) 50 m resolution topography. (C) Mesh dimension and initial
body constraints. (D) After 50 iteration of inversion process, 3D view of susceptibility model. Dashed circle shows
Blötberget deposit. The 3D inversion result (using initial body as a reference model) shows high susceptibility
anomaly at the same region where the mineralization located.
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5 Interpretation and discussion

From the gravity map (Figure 4.1A), it is possible to see that a northeast-southwest trending gravity high

particularly due to the mineralization and a major boundary separating a gravity high from a gravity low

probably representing a fault boundary separating two different lithological units in the southeast part of

the study area. Near Ludvika, northeast of the study area, exceptionally a large gravity high anomaly is

observed. This specific area is covered by Ludvika lake and more gravity data on this area is required to

confirm the gravity high anomaly. Nevertheless, it is known that a major iron-oxide mineralization exists

in this area (Väsmandeposits). The magnetic map (Figure 4.2A) also shows magnetic high anomalies

trending northeast to southwest with a large magnetic anomaly in the northeast and central part of the

study area (where the Blötberget mineralization is located). In the southeast of Blötberget, a large mag-

netic high feature can be linked to the mineralization particularly the iron-oxide deposits (magnetite and

hematite). One can also notice from the magnetic map that the shift of high magnetic anomaly pattern

near the town of Keppmora (dashed line) could be the result of a strike-slip fault.

Despite the fact that, the density and susceptibility values of the initial model taken from the infor-

mation of geological map (for the region where the borehole data is inaccessible), the observed magnetic

and calculated magnetic data show sensible agreement with misfit range of ∼10%. except in some re-

gions where the misfit is high. To calculate the forward model, high magnetic anomaly regions (the two

magnetic lineaments trending northeast-southwest) are targeted. The 3D view of the final model gives

a glimpse of geometry of geological structures with high susceptibility body dipping 35◦ to 70◦ to the

southeast.

5.1 Structure of the iron-oxide ore body

Both gravity and magnetic inversion have been tested in order to see the influence of borehole and

surface geology constraints when using as initial and reference models. Despite the fact that the 3D

gravity inversion result still needs more work to enhance and resolve the density contrasts of the ore

bodies and its host rock (Figure 4.6E), it helps to suggest the structural control, depth extent and may

help to estimate the excess tonnage of the deposit in the study area. The depth slice view at 350 m, 600

m and at 800 m (Figure 5.1) shows the depth extent of high density materials on the same location where

the Blötberget mineralization located (white dashed circle ). It is also possible to see a good geometric

fit of 3D inversion with preliminary seismic result from the study area and the initial body (Figure 5.2A

and B) using in iso-density surface. The density high on the same location where the boreholes located

(Figure 5.1B), could be the result of lack of gravity data on that specific part of the target area.
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Despite the fact that aeromagnetic data distribution is denser and the high magnetic anomaly features

are clear and sharp in the study area, the 3D inversion process of magnetic data shows unsatisfactory

outcome, even if repeated tests was made by changing the inversion parameters and the size of the target

area. Unlike the gravity (the 3D inversion was calculated using the constraints as initial model, which

force the inversion process to search the density values of the targeted area by itself), the magnetic inver-

sion used the constraints as reference model. This process force the susceptibility models to resemble to

the the property of the initial model (constraints) instead of searching for itself in the target area. This

approach for magnetic inversion was chosen due to bad outcome when the constraints was used as initial

model. However, the 3D magnetic inversion test shown in the Figure 4.7D enables to notice a clear and

high susceptibility zone particularly due to the mineralization in the target area. The depth of this high

susceptibility body extends 650 m to 700 m.

Figure 5.1. (A), (B) and (C) are example of depth slices from the 3D density model at the depth of 350 m,
600 m and 800 m, respectively. The white dashed circle on each depth slice shows the location of Blötberget
mineralization and the dashed line is the interpreted boundary between two different lithology, which could also
be representing a fault.
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Figure 5.2. (A) 3D view of Blötberget ore bodies utilized with existing boreholes and recent reflection survey
conducted during 2015 (Maries et al., 2016). (B) the same view as (A) but with density model derived from the
3D inversion and (C) iso-surface (shell) of high density regions of the 3D model. It is possible that the two gravity
highs connect at the depth but gravity data have no enough depth resolution to prove this.
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6 Conclusions

Ground gravity data with 180 points in average 150 m apart were collected and used for processing and

modelling. After a careful correction of gravity data with an estimated accumulated error of ∼0.6 mGal

due to instrumental drift, terrain, diurnal variation and uncertainty in slab density, they were reduced to

complete Bouguer gravity data by using high-resolution digital elevation model of the study area. Af-

ter regional-residual separation of Bouguer gravity data by using a 2nd order polynomial, the resultant

residual gravity data were used for interpretation and 3D inversion. The magnetic map was constructed

by using aeromagnetic data obtained from the Geological Survey of Sweden. Both gravity and magnetic

anomaly maps show northeast-southwest trend of gravity high and magnetic high anomaly features pos-

sibly suggesting mineralization. A major boundary separating a gravity high from a gravity low and high

magnetic anomaly shift in the south-east part of the study area suggests northeast-southwest directed

faults.

The 3D magnetic forward modelling along each synthetic profile shows a good agreement between

the observed magnetic and calculated magnetic anomaly with data misfit of ∼10% in most part of the

model suggesting the modelled geometry dipping 35◦ to 70◦ to the southeast. The 3D inversion test of

the gravity data for the target area 5 km × 5 km (horizontal) ×2.5 km (depth), shows good geometric fit of

the 3D inversion with seismic data and suggest structural control on the region where the mineralization

is located. Magnetic 3D inversion model shows high magnetic susceptibility zone with depth extent 650

m to 700 m on the mineralization area.

The constrained model of both gravity and magnetic data still have significant ambiguity. The density

contrast used for iso-density surface to compare with seismic reflection is unlikely to represent iron-oxide

ore body of magnetite and hematite. Access limitation of gravity survey and rapid decay of the potential

field data at depth could be the main reason for the 3D inversion model using constraints from known

shape of mineralization was not satisfactory. For future work to see gravity and magnetic 3D inversion

with better resolution, and to enhance the density contrast of the gravity model, collecting more gravity

data in the target area where the mineralization located could be useful. Testing more and more gravity

and magnetic inversion model are recommended by changing density, susceptibility bounds and other

inversion parameters until the result makes more sense. Furthermore, using other geophysical methods

as constraints for 3D inversion and compare the outcome of the result could also be beneficial.
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