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Abstract
Comparison of Magnetic Susceptiblity Models from UAV-borne and Ground Measurements in
Enåsen Area, Sweden
Clara Sjödin

Mapping anomalies in the Earth’s magnetic field is one method used in applied geophysics, for
exploring buried structures and objects. Magnetic surveys can be ground-based or made airborne,
onboard airplanes, helicopters, or unmanned aerial vehicles (UAV), also known as drones. The
measurements in this project were made as part of a mapping project by the Swedish Geological Survey
(SGU) in the Enåsen area in Hälsingland, central Sweden. The magnetic data were collected by SGU
in the field summer of 2021. The aim of this project is to model the data from UAV-borne surveys and
validate them by checking the response with the measure ground-based data collected by SGU and
compare several different profiles to investigate the different results from ground-based vs. UAV-borne
surveys. Two models from two different UAV flight lines were made using the software Potent, to show
anomalies in the magnetic field intensity. The modelling results show a relatively good correlation
between the response from the model and ground-based data. However, there are detailed variations in
the ground-based data that are not resolved by the UAV data. This is partly because of the height
difference and partly different sampling. The magnetic anomalies in the project area were interpreted,
with the help of the modelled profiles, as being caused mainly by geological units consisting of
metasedimentary rock/migmatite. These units generally dip with 30-50°, some of them containing Cu-
and Au-mineralizations. The dip, rock type, and magnetic susceptbilities of these units match the field
data from SGU relatively well and are also backed up by SGU models of electrical resistivity from the
same area.
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Sammanfattning
Modeller för magnetisk susceptibilitet: en jämförelsestudie med utgångspunkt i mark- och
drönarmätningar från Enåsenområdet
Clara Sjödin

Kartläggning av avvikelser i jordens magnetfält är en metod som används inom tillämpad geofysik för
att upptäcka underjordiska strukturer och objekt. Magnetiska undersökningar kan utföras på marken
eller från luften, med hjälp av flygplan, helikopter eller drönare. De geofysiska mätningarna i detta
projekt gjordes som en del av ett karteringsprojekt av Sveriges geologiska undersökning (SGU) i
Enåsen, Hälsingland. Dessa magnetiska data insamlades av SGU under sommaren 2021. Syftet med
projektet är att modellera magnetiska data insamlade med hjälp av drönare, för att sedan kontrollera
modellerna med magnetiska markdata insamlade av SGU i samma område. Dessa profiler jämfördes
för att undersöka hur insamlad data från drönare respektive markmätningar skiljer sig. Modellerna
gjordes i programvaran Potent, där anomalierna i magnetfältets intensitet. Resultaten från
modelleringen visar en relativt tydlig korrelation mellan hur modellen (från insamlade drönardata)
svarar mot markdata. Det förekommer dock små variationer i profilerna från markdata, som inte syns i
modellerna från drönardata. Detta beror delvis på att mätningarna gjordes på olika höjd, och delvis på
att proverna skiljer sig åt i viss mån. De magnetiska anomalierna i projektområdet tolkades med hjälp
av de modellerade profilerna, och förmodas vara orsakade av enheter av metasedimentär
bergart/migmatit. Dessa enheter stupar mestadels med 30-50°, och på vissa platser förekommer Cu- och
Au-mineraliseringar. Stupningen, bergarter och den magnetiska susceptibiliteten stämmer relativt väl
överens med SGU:s information från fältundersökningar, och tolkningen styrks ytterligare av SGU:s
modeller av den elektriska resistiviteten i samma område.

Nyckelord: magnetisk susceptibilitet, Enåsen, drönare, magnetiska anomalier, Potent
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1. Introduction

Magnetic surveying is one of several methods used for geophysical exploration. It has a wide range of
applications, for example detecting buried landmines, exploration of magnetic orebodies (iron oxides),
and mapping large geological structures. This method uses anomalies in the magnetic field intensity
caused by buried objects and underground structures containing magnetic minerals, mainly magnetite.
It is a relatively cheap method, and surveys can be conducted at the Earth’s surface (ground-based),
from the air, at sea, or from satellites (Kearey et al, 2002). Ground measurements are mainly carried
out for more detailed surveys where specific targets found from airborne data are selected. Even though
the ground surveys are easier to plan and conduct, there are cases where the feasibility might be an issue
due to obstacles such as waterbodies or inaccessible terrain. Airborne surveys are typically done by
airplanes, which requires more careful planning, and for smaller surveys it is not a particularly cheap
or environmentally friendly method. For these reasons, the use of unmanned aerial vehicles (UAVs), or
drones, is being developed for conducting medium size surveys (4-100 km2).
     Magnetic anomalies are local variations in the Earth’s magnetic field. These variations occur because
different rock types have different magnetic properties, which are mainly determined by their magnetite
(FeଷOସ) content. The higher the magnetite content in a rock, the higher the magnetic susceptibility,
which in turn gives rise to an induced magnetization that generates an anomalous field in the presence
of the inducing magnetic field. Mafic (basic) igneous rocks usually contain the most magnetite, and
thus have higher magnetic susceptibilities. Igneous felsic (acidic) rocks mostly have lower magnetite
contents, and sedimentary rocks such as sandstone and limestone usually have very low magnetic
susceptibilities. Anomalies can also be caused by buried artefacts containing iron (Kearey et al, 2002).
     The aim of this project is to compare magnetic-susceptibility models from forward modelling of
UAV- survey with ground-based magnetic data. The models are then validated by using ground-based
data along profiles that coincide with UAV flight-lines in the same area. The surveys were performed
by the Swedish Geological Survey (SGU) in the summer of 2021, as part of their mapping project in
the area surrounding the abandoned Enåsen goldmine in Hälsingland, central Sweden.

1.1 Earth’s magnetic field and rock magnetism

Magnetic materials have been used by humans for centuries, initially for navigation purposes.
Compasses were used as far back as 400 BC in China, and the first recorded use of compasses in Europe
was in 1190. Magnetism has fascinated philosophers for hundreds of years and given rise to many
theories. By the late 1600s, the principal theories of the source to geomagnetism were to be found in
heavenly bodies, or in mountains/islands made of loadstone (magnetite). More modern theories were
developed in the 19th century and onward (Courtillot & Le Mouël, 2020).
     Earth’s magnetic field, also called the geomagnetic field, resembles the field around a magnetic
dipole, with its magnetic south-pole located near Earth’s North Pole. The axis of the magnetic field is
tilted about 11.5° from Earth’s rotational axis, and the angle between the magnetic North Pole and the
geographic North Pole is called the declination (Kearey et al, 2002). Anomalies in the magnetic field
are mostly caused by the iron-rich mineral magnetite (FeଷOସ) residing in the Earth’s crust: The
magnetic character of a rock is determined by the size, shape, and distribution of magnetite grains within
the rock. The magnetic behavior of the rock is classified by the overall magnetite content. Magnetic
susceptibility (c), a dimensionless physical property, is a measure of a material’s ability to become
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magnetized when a magnetic field is applied. It is the ratio of induced magnetization (M in A/m) to the
intensity of the applied magnetic field (H in A/m) (Kearey et al, 2002):

߯ =
ܯ
ܪ

(1)

Mafic (basic) igneous rocks usually have a high magnetite content, and thus cause large magnetic
anomalies. The magnetite content is usually lower in felsic (acidic) igneous rocks, and in metamorphic
rocks the magnetic behavior varies depending on rock type, but the magnetic susceptibilities are usually
moderate for metamorphic rocks. Sedimentary rocks like limestone and sandstone generally have low
magnetic susceptibilities (Kearey et al., 2002).
     Magnetic minerals are either diamagnetic, paramagnetic, or ferromagnetic. Diamagnetic materials
have no unpaired electrons, and when placed in an external magnetic field they produce a weak
magnetic field that opposes the applied field. Two examples of diamagnetic minerals are halite (rock
salt) and SiOଶ (quartz). The magnetic susceptibility of diamagnetic minerals is weak and negative.
Paramagnetic minerals have unpaired electrons in their outer shells. When an external field is applied,
a weak magnetic field aligned with the external field is produced. The magnetic susceptibility of
paramagnetic minerals is weak and positive. Examples of paramagnetic minerals include olivine,
garnet, biotite, and amphibole. Finally, in ferromagnetic minerals, the spin of the unpaired electrons are
lined up parallel to each other, in so-called magnetic domains. The magnetic domains can produce a
spontaneous magnetic field even without an external field, and they have high magnetic susceptibilities.
An example of a ferromagnetic mineral is magnetite (Bastani, 2020a).
     Anomalies in the Earth’s magnetic field caused by rocks have amplitudes ranging from tens to
hundreds of nanoteslas, and up to thousands of nanoteslas over magnetite ores. In sedimentary rocks
are caused by magnetite grains in the heavy-minerals fraction, and in sediment-covered areas magnetic
anomalies are usually caused by intrusions or underlying igneous or metamorphic basement. The higher
the magnetite content and consequently higher magnetic susceptibility, the larger the anomalies caused
by the rock (Kearey et al, 2002).
     There are two types of magnetizations in magnetic materials, induced and remanent. Induced
magnetization is created when a material is placed within an external magnetic field. The material (rock,
in this case) produced its own magnetic field within the external field. This induced magnetic field
disappears when the external magnetic field is removed. The remanent (permanent) magnetization is
the magnetization that remains when the external magnetic field, such as Earth’s magnetic field, is
removed. The remanent magnetization in rocks can be used to determine how Earth’s magnetic field
was oriented in the past (paleomagnetism), a method which was used to support the theory of continental
drift. When a mineral is heated above its Curie temperature, which is different from different rock types,
the induced and remanent magnetizations are removed. The Curie temperature of magnetite is at 578
°C. The remanent magnetization depends on the magnetic susceptibility of the rock, and the strength of
the external magnetic field at the time the minerals are formed. An example of a mineral that hold
remanent magnetization is hematite (Fe2O3) (Kearey et al, 2002).

1.2 Magnetic surveying
Magnetic surveying is a geophysical method used to measure anomalies in the Earth’s magnetic field.
They can be used for a variety of purposes, most commonly for mineral exploration (iron ore) but also
hydrocarbon exploration, finding buried artefacts, mapping geological subsurface structures, etc. This
method also contributed to the theory of plate tectonics and the theory of seafloor spreading. It is a
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relatively cheap, quick, and non-invasive method that can be performed either from the air, satellites,
at sea, or on the ground. The instrument used to measure intensity of the magnetic field is called a
magnetometer (Kearey et al, 2002). There are different types of magnetometers: proton procession,
fluxgate, alkali vapor, and magnetic gradiometers. For ground-based surveys, proton magnetometers
are usually used. Aeromagnetic surveys often use alkali vapor magnetometers, which have a very high
precision (Bastani, 2020b).
     For areas larger than 100 km2 the magnetic surveys are normally carried out onboard an airplane or
a helicopter. In such cases the magnetic field data is usually collected in evenly spaced lines, and the
flight lines are at a constant height above the ground. This is also the case for the UAV-based surveys,
and in the Enåsen survey, for example, there were 29 flight lines, each 1200 m long, with 200 m line
separation, with the drone flying 60 m above the ground. Ground-based surveys are carried out by a
person carrying a magnetometer with a GPS over the survey area. During ground-based magnetic
surveys, it is important that the person operating the magnetometers does not carry any metallic objects
that might skew the data. The collected data must then be corrected, for example by removing the
geomagnetic reference field to isolate the anomalies (Bastani, 2020b).
     For surveys in areas smaller than 4-100 km2, routine airborne measurements are not always suitable
since the logistics are not economically viable. With recent developments, use of UAVs is becoming
more common for geophysical surveys including magnetic field measurements (Malehmir et al., 2017).
This allows covering areas difficult to access or those covered by waterbodies. In a recent project, the
Geological Survey of Sweden (SGU) developed two data acquisition systems to collect geophysical
data, including magnetic field, onboard an electric UAV. In Figure 1 a photo of the UAV and the
housing (the so-called bird) for the data acquisition and the sensor is shown. The sensor and data
acquisition device hang 10 m below the UAV to avoid/minimize the noise on the data. The same system
has been utilized to acquire the data from Enåsen used in this project.



4

Figure 1. The UAV and the sensor housing (bird) that were used by SGU to measure the magnetic field in
Enåsen. Photo is taken by AMKVO AB and is provided by Mehrdad Bastani.

There are some limitations to magnetic surveys. Major magnetic anomalies are only caused by rocks
containing minerals with high magnetic susceptibilities, which are mainly present in areas with mafic
rocks (see section 1.1). Additionally, due to heat flow and temperature increase with depth (normal rate
is 25-30 °C/km), magnetic surveys cannot be used for studying deeper geological features of the
continental crust, since the Curie isotherm (below which minerals lose their induced and remanent
magnetization) lies at about 20 km. However, the paramagnetic property is kept and since it is very
weak the anomalies from deeper sources can also be obscured by the anomalies of more shallow
sources.
     Non-uniqueness of models is another issue when it comes to magnetics; different sources can create
similar anomalies, since the shape of the anomaly is not closely related to its source. An anomaly caused
by, say, a buried iron pipe can look exactly the same as an anomaly caused by a basaltic dyke. Therefore,
it is necessary to combine magnetic surveys with more information about the subsurface. When
attempting to model geological subsurface structures, the models become more accurate by including
more information one has about the area. The more knowledge one has about rock types, magnetic
susceptibilities, strike and dip of the rock units, environment in which the rocks were formed (for
example, are magmatic intrusions common in the area?) the more accurate models can be created
(Kearey et al, 2002).
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1.3 Enåsen Goldmine

The Enåsen area is located approximately 30 km SW from Ånge in Ljusdal Municipality, Hälsingland
in central Sweden (Figure 2). The mine, which is owned by Boliden AB, was in use from 1984-1991,
and the following minerals were mined: Au, Ag, and Cu.

Figure 2. Location of the Enåsen area in Sweden, circled in pink (Wikimedia Commons).

The Enåsen area is located within the Ljusdal lithotectonic unit, which is part of the Svecofennian
orogeny (also known as the Svecokarelian orogeny), in the Fennoscandian/Baltic shield (Figure 3). The
Svecofennian orogeny was a series of orogenies (2.0-1.8 Ga) that formed most of the bedrock of today’s
east Sweden, south Finland, and a small area in westernmost Russia. The Ljusdal lithotectonic unit is
dominated by plutonic rocks from 1.87-1.84 Ga, the so-called Ljusdal batholith which is contained
within the boundaries of the Ljusdal lithotectonic unit. The rocks have been metamorphized to varying
degrees, and migmatites are common. Granite massifs and dykes (1.87-1.75 Ga) occur all over the unit.
The Enåsen area is located in the northwestern part of the Ljusdal lithotectonic unit. Along the northern
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boundary of the Ljusdal unit, very close to the Enåsen area, is the Hassela Shear Zone (Högdahl &
Bergman, 2020).
     Boliden AB opened the Enåsen goldmine in 1984, which was open until 1991. The Enåsen
mineralization is one of very few within the Ljusdal lithotectonic unit. It is now classified by SGU as a
potential area for the Swedish state to study for gold mineralization (Bergman et al., 2022).

Figure 3. A. Location of study area in Sweden. B) The Ljusdal lithotectonic unit in Sweden. The black square
titled “Projektområde” shows the surveyed area in Enåsen. The figure is from the report by Bergman et al., 2022
(p. 6).

The area at the location of the mine is characterized by a syncline overturned to the North-East, whose
axial plane dips with 35-50°. The axial plane strikes North-West (Bergman et al, 2022). The surface
geology of the mapped area consists mainly of metagranite, with a 300-500 meters wide unit of
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metasedimentary rocks such as metaarkose, metagraywacke and metaarenite (Figure 4). Granitic
intrusions formed before and after the regional metamorphism events also occur (Hallberg, 1993).
     The Enåsen Goldmine is located within the metasedimentary unit, where deposits of minerals such
as Au and Cu can be found (see Figure 3 for locations of the main Au and Cu-mineralizations) (Bergman
et al., 2022). The Au deposits in Enåsen is mainly found in a unit of quartz-sillimanite gneiss, layered
with garnet-bearing gneiss and biotite-rich layers with Cu-ore and gold. The Cu-mineralizations also
occur in copper sulfides (Boman, 1993).

Figure 4. Geological map of the study area around Enåsen goldmine from SGU’s digital database.

From the geophysical survey conducted by SGU in 2021, it was shown that the metasedimentary unit
(see Figure 4) has a heterogenous magnetization, that is higher than in the surrounding metagranite
bedrock (Bergman et al, 2022).
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2. Methods

2.1 Data acquisition and processing

The UAV-data were obtained by SGU in a mapping project during the summer of 2021. SGU routinely
uses a fixed wing system where the airborne magnetic field measurements are made using a Cesium
pumped sensor mounted in the airplane tail. The airborne data were collected along NW-SE flight lines
with 200 m spacing at a nominal height of 60 m. The drone used for the magnetic field survey has six
electrical motors, which required recharging after each 20-minute flight. During the survey there were
three landing locations, from which the pilot controlled the drone to make it fly along the 29 parallel
UAV-lines (as seen in Figure 5). Each line was approximately 1000 m long, with 100 m between them.
The drone returned to the landing spot after 20 minutes to change batteries, and the extra flight tracks
caused by this were removed from the dataset by SGU experts.
     The collected data need to be processed to isolate the anomalies and remove unwanted features. For
example, geomagnetic corrections are necessary since the Earth’s magnetic field changes slightly
during the day. The data can then be modelled using a computer software (Kearey et al, 2002). The total
magnetic field anomaly, from the field measured by the UAV, was calculated after removing the
geomagnetic reference field (see section 1.2). The diurnal variations were also corrected for, using the
data from a base station recorded near the surveyed area. All of these corrections were made by SGU
experts using a commercial software.
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Figure 5. Recorded magnetic field anomalies in the Enåsen area, with magnetic intensity increasing from blue
to red. The thin, straight lines numbered 1-29 and striking from NE-SW are the UAV-lines; the thicker, wobbly
lines are ground-survey lines.

The ground data were obtained by SGU in the same project. The ground-based survey was performed
by an operator carrying a magnetometer, walking parallel to the UAV-lines (see Figure 6). When using
a magnetometer, the operator must be relived of all metal objects (such as keys), cellphone and other
objects which might affect the results of the survey. For the ground surveys shown in this report a GSM-
19 magnetometer from GEM system has been utilized. The data from the ground-survey were corrected
by SGU experts, similarly to the data from the UAV-survey. The oval shape in the middle of Figure 6
is the location of the old mine pit, which is a lake today, and since the operator could not walk on water,
there are no ground-based data from that area.
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Figure 6. Close-up of the surveyed area, with the UAV-lines as straight lines striking NE-SW (numbered) and
the ground-survey lines are the slightly thicker lines in purple. The small dots with black labels mark the
location of petrophysical samples collected by SGU.

2.2 Modelling magnetic field data

The processed data were imported into the modelling software Potent from Geophysical Software
Solutions. This program allows the user to create models based on data from geophysical surveys by
choosing a certain geometry (shapes), adjusting their physical properties such as magnetic susceptibility
and density, as well as changing their sizes and position (depth and horizontal location). The user can
then generate geophysical models that best fit the measured data, to explain the subsurface geological
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structures. The data fitting/forward modelling using Potent is rather time consuming and needs fine
tuning. Along each selected line/profile the measured magnetic anomaly data is shown as diagram, with
the x-axis showing the distance on the ground in meters, and the y-axis shows the total magnetic field
intensity (TMI) in nanoteslas. Below this graph there is another diagram showing the topography as a
green line, and the y-axis shows the depth below ground, in meters (see Figure 7 for an example of what
the workspace can look like).

Figure 7. An example of a model (red polygon) with its response (red curve) along a profile with a measured
magnetic field (dark blue curve). The elevation of the point (green line in bottom box) can be imported in the
program as a column in the data file.

Two UAV-profiles were modelled using Potent for this project. The two profiles chosen for were from
UAV lines 15 and 19 (see Figure 8). Line 15 is located in the central part of the mapped area and crosses
the North-Western shore of the lake. Several rock samples were collected by SGU near this line, which
helps with the modelling of magnetic anomalies. Line 19 is located at the South-Eastern shore of the
lake and several rock samples were collected along this line (see Figure 6). For each UAV-profile a
profile based on ground-based data was picked out, based on proximity to the UAV line.
     By adding geological bodies of different shapes to the model, and adjusting parameters like depth,
size, shape, and magnetic susceptibility, one can find a model that fits the data. Information about the
general geology of the area was considered when creating the models. The ground-based data were not
modelled for this project but were used to compare with the UAV data as well as to the responses to the
models created for nearby UAV-profiles. The models created from profiles 15 and 19 were then
compared with the ground-profiles, and the use of both methods (drone- and ground-based surveying)
were discussed.
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Figure 8. Map of the magnetic anomalies with scale above the Enåsen area. The black lines numbered 1-29 are
UAV flight lines, and the thicker lines in the middle of the map are from the ground-measurements. Dashed
pink arrows show the UAV-lines selected for the modelling.

Before modelling the data, the general geology of the area was studied. Since the magnetic data and
anomalies are non-unique, it requires interpretation based on available information about the area. In
this case, the following is known: the Enåsen area is part of the Svecofennian orogeny (see section 1.3),
and the oldest rocks are about 2-1.8 Ga. The area has undergone metamorphism, and
folding/overturning of the folds. The main structure of the area is a syncline overturned to the NE, and
its axial plane dips between 35-50° (Bergman et al., 2022). The topography is relatively rugged. The
bedrock in the mapped area consists mainly of metagranite and metasedimentary rocks, with the latter
having a higher magnetization than the metagranites. The presence of rocks such as basalt and granite
within the metasedimentary rocks imply that structures like dykes and intrusions may be present.

UAV-line 15

UAV-line 19
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In the tables below, information about the rock samples collected along/near lines 15 (Table 1) and 19
(Table 2) are presented, with rock type and their respective measured magnetic susceptibilities. The
samples were collected and analyzed by SGU for the Enåsen 2021 mapping project (Bergman et al.,
2022).

Line 15:

Table 1. Rock samples collected along UAV-line 15, with rock type and their respective magnetic
susceptibilities.

Rock type Magnetic susceptibility (SI * ି)
Au-mineralization 332.074
Sedimentary rock 1363.529
Migmatite 3350.384
Sedimentary rock 33.301
Granite 4.796

Line 19:

Table 2. Rock samples collected between UAV-lines 18-19, with rock type and their respective magnetic
susceptibilities.

Rock type Magnetic susceptibility (SI * ି)
Cu-mineralization 18.698
Cu-mineralization 1344.718
Cu-mineralization 537.441
Granite 489.858
Migmatite 23.557

The models were created by looking at the expected geological features of each profile/line. Since the
geological map is not very detailed, this was mainly based on the petrophysical data from rock samples
collected by SGU and using the measured strike and dip at the surface rocks as a starting point. The
modelling work done is as following:

1. Models in the form of polygonal prisms were added to the workspace in Potent.
2. Each prism was activated and assigned a physical property (in this case magnetic susceptibility)

corresponding to the recorded values of rock samples, using the values shown in Table 1&2.
3. By changing the shape, size, depth below ground, and fine-tuning the magnetic susceptibility,

the model response (the magnetic field generated by the synthetic model) was matched to the
measured UAV data along each flight line.

4. Other parameters such at strike and dips were also changed according to the field observations.
The surface rocks strike NW-SE, and the dip of the overturned syncline is between 35-50° (see
section 1.3). By repeatedly changing the model parameters, a model that suits the data could be
created.

The ground-based data were not modelled for this project; however, they were still taken into account
when creating models for the UAV-data. For each UAV profile, a line (as close as possible to the UAV-
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line) was chosen, and its fit to the models was checked. The general trends of the anomalies were also
compared between the UAV- and ground-profiles, and the ground-profiles are included in the results.

3. Results

The modelled profiles from lines 15 and 19 are presented below as figures created in Potent. The largest
anomalies were recorded above the metasedimentary rocks closest to the site of the old goldmine. The
modelling was focused on main anomalies, which is why the outer parts of the profile have not been
modelled.

Profile 15

The anomalies above line 15 are concentrated above the metasedimentary rock (see map in Figure 3),
from which the samples were taken. Close to line 16, a sample containing basalt (with a magnetic
susceptibility of 0.05366 SI units) was collected, which led to the interpretation that basalt could be
present along line 15 as well but buried too deep to have been sampled (Figure 9). The migmatite has
the highest magnetic susceptibility, 0.0335 SI of the samples taken from line 15. This led to the
interpretation that a migmatite unit (or several) is a source of magnetic anomalies, along with the basalt.
The model created in Potent is presented as a cross-section in Figure 9. Figure 10 shows the same model
to compare with a set of data from the ground-based survey (note that the data from the ground-survey
were not modelled for this project). As one can notice there are a few strong anomalies in the ground-
based data that are not explained by the model from the UAV data.
     SGU has also collected ground-based very low frequency (VLF) data to model the variation of
electrical resistivity of the ground along the same profile. In Figure 11 the electrical resistivity model
from 2D modelling of the VLF along profile 15 (from the report by Bergman et al., 2022) is presented.
Comparison between the two models show interesting correlation between the susceptibility and the
resistivity. More resistive corresponds to low susceptibility (granitic rocks) and the low resistivity
anomalies to high susceptibility (migmatites) that may have sulfidic mineralization.
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Figure 9. Model created from magnetic data along UAV flight line 15. The X-axis shows distance on the
ground, in meters, and the uppermost y-axis shows the total magnetic field (TMI) in nanoteslas.
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Figure 10. Model with the UAV-data (red line shows the model response) compared with the ground-based data
from line 19 (dark blue diagram). The X-axis shows distance on the ground, in meters, and the uppermost y-axis
shows the total magnetic field (TMI) in nanoteslas.

Figure 11. Electrical resistivity model of the same profile (line 15). Blue areas show units with lower resistivity
(100 ohm.m), and the red shows areas with higher resistivity (up to 10 000 ohm.m). This model is from figure
15 in the report by SGU (Bergman et al., 2022).

Profile 19:

The anomalies for line 19 were also concentrated above the metasedimentary sequence of the bedrock
(blue on the map in Figure 1). The source of the highest anomaly in the middle of the profile was
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interpreted as a migmatite unit with a magnetic susceptibility around 0.0300 SI, similar to the migmatite
samples from line 15 (Table 1). The copper mineralizations in Enåsen were found within the
metasedimentary unit (Figure 3), and the rock samples collected at line 19 have magnetic
susceptibilities ranging from 0.0054 – 0.0134 SI. Therefore, the interpretation was that the smaller
anomalies were caused by Cu-mineralization units. The model is presented as a cross-section below, in
Figure 11. Figure 12 depicts the same model added to a set of data from the ground-survey (the data
from the ground-based survey were not modelled).

Figure 12. Cross-section of the modelled UAV data from line 19, with legend. The X-axis shows distance on
the ground, in meters, and the uppermost y-axis shows the total magnetic field (TMI) in nanoteslas.
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Figure 13. Model with the UAV-data (red line shows the model response) compared with the ground-based data
from line 19 (dark blue diagram). The X-axis shows distance on the ground, in meters, and the uppermost y-axis
shows the total magnetic field (TMI) in nanoteslas.

4. Discussion

For this project, the UAV-magnetic anomaly data were used to model subsurface geological structures
in the Enåsen area. Several reports have already been made on the geology of the area, which was very
useful when creating the magnetic-susceptibility models. The shape of a magnetic anomaly is not
closely related to the shape of its source, which makes things more difficult when modelling the data.
However, the created models/cross-sections appear to match the geology of the area relatively well. The
models have been annotated with question marks (Figures 9-10 & 12-13), to highlight the fact that the
depth extent of these units is unknown. It is a well-known issue with modelling the magnetic field data
that the depth extent of structures is very uncertain, and one needs other supporting data for example
borehole information or other geophysical data (gravity, seismic, etc.).
     The dip of the geological units in the UAV-model 15 (Figure 9) is between 30-50°, which matches
the field observation data from SGU (Bergman et al., 2022). Using the magnetic susceptibility data
from the collected rock samples seems to have contributed to creating a model that fits the data relatively
well for line 15 (Figure 9). It is not possible to know for sure whether the basalt unit in Figure 9 is the
true source of the anomaly, but it seems to be a reasonable interpretation when considering that there
was a basalt sample taken not far from this location, and the modelled unit fits the anomaly relatively
well. However, the unit interpreted as basalt could also have been metasedimentary/migmatite, or
metagabbro/metadiorite which are also found in the Enåsen area according to the bedrock map in figure
4. The migmatite units in Figure 9 were modelled as separate units, but since they are at similar depths
and have similar magnetic susceptibilities, it is not unreasonable to assume that they are in fact a single,
connected unit. The ground-based data for line 15 (Figure 10) generally follows the same trends as the
UAV profile.
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     For profile 15 (figure 9), there is an interesting correlation between the electric resistivity model
(figure 11) created by SGU, with data collected near the UAV line (Bergman et al., 2022) The electrical
resistivity model shows similar patterns as the magnetic-anomaly models of the same line (line 15, see
Figure 9). The mineralization-bearing migmatite/metasedimentary units in profile 19 have a similar dip
(dipping SW). The surrounding metagranite has a higher resistivity than the migmatite, which was
reported by SGU (Bergman et al., 2022). This information supports the interpretation of the model
created for line 15.
     The model from UAV-data of profile 19 (Figure 12) indicates that the Cu-mineralization units are
dipping approximately 60-70° to the SE, and the granite intrusion unit dipping with approximately 20°,
both to the north-west. This does not match the measured general dip of the area from the SGU field
data, but that does not necessarily mean that the models are incorrect. Although the migmatite sample
taken from line 19 (Table 2) has a magnetic susceptibility (0.0002 SI) much lower than the one in the
model (0.0350 SI) in Figure 12, it is reasonable to believe that the anomaly was still caused by a
migmatite unit. The migmatite samples generally have – according to the data from SGU – the highest
magnetic susceptibilities in the area, around 0.030 SI. Other than the basalt, and some type of
sedimentary rock not found near line 19, only the migmatites have such high magnetic susceptibilities.
Since there was in fact a migmatite sample taken along this line, a migmatite unit was used for the
model. The models fit the anomalies and the ground-based data cross-section (Figure 13) follow the
same trends as the UAV-data cross-section.
     The magnetic anomalies are caused by variations in magnetite content in the underlying rocks, and
the content can vary greatly between different samples of the same rock type. For example, the
migmatite sample in Table 1 has a magnetic susceptibility of 0.0335 SI, and the sample in Table 2 has
a magnetic susceptibility of 0.0002 SI. This fact, along with the non-uniqueness of models that recover
the same magnetic anomalies, and the fact that the modelled structured are underground adds to the
difficulty of making accurate models of the subsurface. More extensive 3D modelling of all the UAV
profiles would lead to a more accurate representation of the structures in this area, but the scope of this
project did not allow it. The data will, however, be modelled in 3D by SGU at some point in the future.
     The geological models created from UAV data were controlled with the ground-based magnetic data
collected approximately along the same lines. In theory, both datasets should lead to the same models,
but since the data acquisitions are at different levels and are collected by two different instruments there
are obvious differences. The processed data from the two surveys look very different when imported
into Potent. The ground-based data are more detailed and show higher frequency narrower anomalies,
whereas the UAV-data are of lower resolution and only show the largest anomalies. This is partly
because of the intrinsic properties of magnetic fields and is related to the distance between the source
and the observation points. That is to say, the magnetic field becomes weaker as the observation point
is further away from the magnetic sources and also the variations with higher frequency are filtered out.
Comparing the elevation difference between the ground-base and UAV measurements there is at least
50 meters difference which may cause a difference of hundreds of nanoteslas in the total field anomalies.
     The UAV-survey is more time-effective and practical for a project of this scale, since the drone can
cover large areas in a short time period and measure anomalies over any type of terrain. Ground-based
surveys, on the other hand, can only make measurements where the terrain is accessible by foot. They
also have more potential error sources, and something simple like the operator accidentally carrying
their keys can skew the results. Walking across uneven terrain, and attempting to do so in straight lines,
is also more time-consuming.
     Modelling the ground-based magnetic field data in detail is more time-consuming, and perhaps even
unnecessary when the goal is to map larger geological structures. Some advantages of ground-based
surveying are that it is possible to see the area up-close, and the surveyor can collect samples (with
recorded coordinates) and see geological structures that can help with the modelling. Since this survey
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was performed by an old mine there could be metallic objects left behind, or glacial erratics, that may
affect the data, and the operator will see them. The drone, on the other hand, surveys a larger area and
the operator will probably not have time to manually check the entire area for such objects.
     Another aspect is the scale and size of the survey area. It is then the environmental impact and
economic cost of these surveys. An aeromagnetic survey onboard an airplane was performed in the area
in 1977 by SGU and a recent one with more modern system in August 2021. For the more detailed areas
as one shown in this study using drones instead of airplanes for aeromagnetic surveys is more feasible
environmentally friendly and cost-effective than using airplanes. Airplanes require fossil fuel, whilst
drones are powered by electricity and also cheaper to operate. For a project of this scale, a drone is
preferable to an airplane. However, for other types of aeromagnetic surveys over inaccessible areas
where a drone pilot cannot control the drone from the ground, an airplane might be preferable.

5. Conclusions

The aim of this project was to use magnetic anomaly data from UAV-borne surveys for forward
modelling of underground geological structures in the Enåsen area, central Sweden. For the modelling,
the geophysical software Potent was used, and the data were obtained by the SGU during their mapping
project of the Enåsen area in the summer of 2021. In addition to the UAV data, SGU collected and
analyzed rock samples from the same area. These data, combined with information about the geology
(rock types, orientation of folds, etc.) of the area were considered when creating the models. The models
were then validated using ground-based magnetic surveys in the same area.
     The models that best fit the UAV data were mainly from migmatite/metasedimentary units dipping
with between 30-50° SE and having magnetic susceptibilities of around 0.0300 SI units. One of the rock
units was interpreted as being basaltic, with a magnetic susceptibility of 0.0450 SI. These models match
the petrophysical data from samples collected near the modelled profiles quite well. The ground-based
survey profiles follow the same general trends as the UAV-profiles. Moreover, electrical resistivity
models made by SGU for the same area show similar results as the models in this project. The resistivity
model shows a similar dip for the metasedimentary rock/migmatite as in the modelled UAV profile.
The surrounding metagranite which has a lower magnetic susceptibility has a higher electrical
resistivity, and the metasedimentary unit has a higher magnetic susceptibility but a lower electrical
resistivity. The electrical resistivity model also helps strengthen the interpretation of the results.
     One should note that the depth extent of the geological units as shown in the susceptibility models
are not well constrained and it is because of the method used. For a more accurate depth estimation
one may need to use borehole data and other geophysical methods such as reflection seismic and
electromagnetic.
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