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Abstract: Electromagnetic waves, also known as radio waves, which propagate at low frequencies of only 3 kHz to 

30 kHz, are usually used for communication with submarines. However, these waves can also be used on land to 

measure differences in the electrical conductivity of the subsurface. This technique is called Very-Low-Frequency 

Electromagnetics (VLF-EM) and has been successfully used to gain an insight into the geological properties of the 

subsurface. 

In the present work, these VLF-EM measurements were performed in an active rift valley in Uganda, East-Africa 

(Albertine graben) to locate suspected anomalies in the form of ore deposits. The data were processed and display-

ed in a three-dimensional space and thus made it possible to visualize distinctive areas. To validate these striking 

areas, additional geological data such as remote sensing and geochemical rock analysis and geological maps were 

blended with VLF-EM results in 3D space. Thereby promising zones could be found, which indicate anomalies by 

different data. The VLF-EM methodology has proven to be quite cost effective compared to other geophysical ex-

ploration methods, but it does harbor a number of peculiarities that should be considered in advance. 
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Sammanfattning: Elektromagnetiska vågor, även kända som radiovågor, är vågor som sprider sig med låga frek-

venser från 3 till 30 kHz. Dessa lågfrekventa vågor används vanligtvis när man önskar kommunicera med ubåtar. 

De kan emellertid också användas på land för att mäta skillnader i jord– och bergarters elektriska konduktivitet. 

Denna mätteknik kallas Very-Low-Frequency Electromagnetics (VLF-EM) och har framgångsrikt använts för att få 

en inblick i underlagets geologiska egenskaper. 

I detta projektarbete utfördes VLF-EM-mätningar i en aktiv riftdal (Albertine graben) i Uganda i Afrika för att lo-

kalisera misstänkta avvikelser i form av järnrika malmer. Datan bearbetades och visas i ett antal tredimensionella 

sektioner för att åskådligöra potentiellt intressanta zoner. För att validera dessa kompletterades VLF-EM datan med 

annnan geologisk information, såsom fjärranalys och geokemisk bergartsanalys. Därmed kunde potentiellt intres-

santa zoner hittas, identifierade såsom anomoalier. VLF-EM-metodiken har visat sig vara en kostnadseffektiv me-

tod jämfört med andra geofysiska undersökningsmetoder. 
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cial peculiarities and geomagnetic investigations, 

which, however, in the area of the study area was not 

sufficiently resolved. 

In this context, indicators for anomalies were found by 

remote sensing analysis and field campaigns in which 

existing rocks have been geochemically investigated. 

This research will be considered in this thesis and will 

be blended and discussed in combination with the 

newly surveyed VLF-EM data from 2019. As indica-

ted by the results in certain places, outstanding zones 

have been localized. It turned out that certain findings 

coincide giving increased indications of particular 

areas.  

 

2  Regional geology and study 
area 

The study area is located within a classical rift system 

called East-African-Rift (EAR). This rift, which ex-

tends over several thousand kilometers across Africa, 

widens progressively with up to 5 cm/year (Kampunzu 

et al. 1998). Between the major African Nubian plate 

continent and the African Somalian plate drifting to-

wards southwest, the lithosphere is opening to form an 

early stage of an oceanic basin (Simiyu & Keller 

1997). Due to the diverging plate boundaries of the 

African Plate with the Mid-Atlantic Ridge in the west 

and the Carlsberg Ridge in the east, the African Plate 

is actually under compression (Richardson 1992). The 

reason for extensional tectonics in East-Africa after 

Chorowicz (2005) derives from the Afar mantle plume 

of about 1000 km in diameter. The plume appeared 30 

million years ago in Ethiopia and progressively thins 

out the lithosphere due to its enormous thermal energy 

causing doming in its center. Consequently, after 

Zoback (1992) the force exerted by enhanced buo-

yancy of the upper mantle against the force of the 

compression must be greater and thus contributes to 

the extension and thinning within the African conti-

nent. According to Morley (1989), the crustal thick-

ness in the western branch is only about 15 to 30 km, 

while Prodehl et al. (1997) have identified a general 

crustal thickness in eastern Africa of 40 ± 5 km. The 

brittle continental crust subsequently fractured, for-

ming normal faults and graben or half-graben. Pro-

gressive thermal uplift of the whole rift results in 

scarps and graben shoulders, which are subject to ero-

sion and fill off the interstitial basins with sediments.  

 The EAR can be further divided into two diffe-

rent branches, which have also developed individually 

(figure 1). The western branch runs from North Ugan-

da arched over 2500 km to Mozambique and includes 

Lake Albert (Mobutu), where the study area is in close 

proximity. Shoulders of these rift zones are several 

kilometers wide and its average western shoulders are 

generally more elevated than the eastern shoulders. 

The characteristic tectonics of the western branch dis-

plays a half-graben with lengths between 80 to 160 km 

and 30 to 60 km width (Rosendahl 1987). The origin 

of the western branch, however, is not as clearly as the 

1  Introduction 
Electromagnetic (EM) radio waves in the very-low-

frequency (VLF) range are the major tool for commu-

nication of submarines. In the 1960s this method was 

first modified for geological investigations in Sweden 

by Paál (1965), and is still in use, even if it includes 

decisive restrictions for reception and processing. 

However, the efficiency of ever more advanced com-

puters and algorithms opened up new opportunities for 

VLF surveys. Thus, this study is intended to apply the 

VLF-EM method for investigating a potentially highly 

ore-rich area in the Albertine Graben in Uganda, East-

Africa (Figure1). 

 Uganda has an area of over 240 000 km² with a 

population of about 33.6 million. Its climate is warm 

and tropical, with temperatures up to 30°C. Between 

March and May and between September and Novem-

ber are the rainy seasons in Uganda, in which VLF-

EM investigations are not to be recommended due to 

the electronic measuring instruments and the an unfa-

vorable alteration of the electrical properties of the 

soil. Circa 180 km southwest of the western branch of 

the Kilembe area at the foot of the Ruwenzori Moun-

tains (figure 1, top right), lies the largest copper mine 

in Uganda, where approximately 4 million tons of cop-

per and undefined amounts of incidental cobalt are 

suspected (Owuor 2019). According to the Ministry of 

Energy and Mineral Development Uganda (2018), 

approximately 50 million tonnes of iron ore are esti-

mated in the Kabale area (also in southwestern exten-

sions of the western branch rifts) in southwestern 

Uganda. Additionally, petrolum reserves have been 

discovered in the Albertine Graben (AmanigaRuhanga 

& Manyindo 2010).  

 This work is based on the assumption that 

certain anomalies in form of ore grade rocks exist in 

the investigated area which should be narrowed down 

locally with the help of this work. In the course of the 

previous investigations regarding the collaborations of 

the Geological Survey of Uganda, the  Darmstadt Uni-

versity of Technology, Gernany and the company Ro-

ckinol Limited, the studied area was selected for the 

VLF-EM surveys Therefore, these two main objectives 

of this study should be achieved:  

• Identification of underground (max. 200 m depth) 

anomalies in form of ore grade rocks in several 

profiles using VLF-EM measurements with subse-

quent data inversion of the measured profiles.  

• Blending obtained data with additional geological 

data within a georeferenced 3D model to locate 

potential anomaly locations as a basis for future 

reconnaissance drilling. 

Therefore, the proposed M.Sc. project overlaps with 

previously mentioned research by the Darmstadt Uni-

versity of Technology, Uganda Geological Survey and 

the company Rockinol Ltd., which holds the license 

for the study area and funds the research. Previous 

investigations of the cooperation include field work on 

site with rock analyses, remote sensing to map superfi-
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Fig. 1. Overview map of East Africa with the East African Rift (EAR) and the different tectonic plate boundaries and 

directions of movement (1). The EAR is further divided into a western and eastern branch (2).  In the north of the Wes-

tern branch in Uganda lies the northernmost rift called Albertine Graben. There, the main faults (North Toro Bunyoro 

and Tonya fault) run equally Northeast to Southwest direction (3). In immediate proximity to the North Toro Bunyoro 

fault on the rift shoulder at ca. 1100 m above sea level the study area is situated. In this area, two different regions (1 and 

2) were investigated. The direction of the yellow profiles was determined by the consistent response from the Australian 

VLF transmitter NWC during the first VLF signal receiving test to obtain the best possible resolution. Explanations on 

the relationship between profile direction and VLF transmitter are discussed in 5.1.(4). 
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development of the entire rift in East Africa. Accord-

ing to Ebinger (1989) and Upcott et al. (1996) it origi-

nates pure extensional dynamics that lead to tectonic 

horst-and-graben structures and normal faults, which 

also appear to be representative of the whole EAR. 

Especially Morley (1989) considers that compression 

in the western branch must have occurred in addition 

to sheer extension. However, Abeinomugisha & 

Kasande (2013) have worked out essential propositi-

ons for additional compressional regime during the 

formation of the western branch in the Albertine Gra-

ben.  

 The Albertine Graben itself describes the 

northernmost basin of the western arm with a length of 

about 500 km and a width of about 50 km, beginning 

at the northern border of Uganda with Sudan up to the 

end of Lake Edward. The lakes Albert, George and 

Edward are located from north to south within the Al-

bertine Graben. The Lake Albert is ca. 130 km long 

and ca. 35 km wide with a maximum water depth of 

58 m and comprises the northernmost lake of the wes-

tern branch of the East African Rift. Overall, the rift in 

the Lake Albert area yields a symmetrical graben 

structure with the Bunia fault in the Northeast and the 

Tonya or North Toro Bunyoro fault in the Southeast

(figure 1). In contrast other rifts in the western branch,  

show asymmetric characteristics. The Bunia fault 

strikes between 40°N and 60°E and the North Toro 

Bunyoro fault on the eastern side of the graben runs 

from 40°N to 60°E, forming a 90 km long escarpment 

which exceeds Lake Albert by more than 400 m in the 

east (Upcott et al. 1996).  In southeastern continuation 

the Tonya fault strikes from 20°N to 35°E approx. 85 

km, also causes an escarpment of several hundred me-

ters. At the transition between the North Toro Bunyoro 

fault and the Tonya fault, which is located approxi-

mately in the middle of the east coast of Lake Albert, a 

complex zone formed which is interpreted as a relay 

ramp. In addition, the Butiaba fault lays at the northea-

stern connection to this ramp, which dips at only 40° 

and forms a littoral platform at the east coast of the 

lake (Karp et al. 2012). Exactly where the North Toro 

Bunyoro Fault and the Tonya Fault converge and 

presumably form that relay ramp lies the investigated 

area of this study. This study area is therefore located 

approximately 8 km east of Lake Albert and ca. 35 km 

to the west of the city of Hoima in northeastern Ugan-

da (figure 1). It is ca. 2 km² in size, topographically 

comprising a ridge (the eastern Albertine graben 

shoulder) that descends steeply from 1200 m a.s.l. 

(meters above sea level) to 800 m a.s.l. towards the 

lake.  

 The regional geology in the study area is thus 

strongly linked to the evolution of Lake Albert's gra-

ben formation and will be considered chronologically 

subsequently. Although it is generally agreed that the 

aforementioned graben structures are appearances due 

to the extension of the crust, there are also structures 

within the rift that indicate compression. Accordingly, 

the direction of expansion or compression of the crust 

in the Lake Albert area is the subject of a considerable 

amount of research and does not always yield a uni-

form derivation of the rift evolution of the Lake Albert 

area. The initial rifting in the Lake Albert area at Al-

bertine Graben began in the late Oligocene (~25 Ma) 

to Early Miocene (~20 Ma). In the Mid Miocene (~12 

Ma) compression occurred while rifting again reoccur-

red in the Pliocene (~4 Ma) followed by another peri-

od of compression during the Pleistocene (~2 Ma) 

(Delvaux & Barth 2010). At Lake Albert, the rift is 

active and shows an extension in northeast-southwest 

direction, as well as in east-west direction (Nyblade & 

Langston 1995). Strecker et al. (1990) also show that 

the direction of extension has rotated gradually over 

time. Additionally, Abeinomugisha & Kasande (2013) 

argue that this regime of alternating compression to 

extension has led to complex fault zones that facili-

tated the trapping of vast hydrocarbon deposits within 

the Lake Albert rift. 

 Regarding the geological development on a 

large scale of the EAR and also on a smaller scale of 

the study area at Lake Albert, the following is notice-

able: The rift processes, whether de-compressional or 

compressional, are geologically so young with a few 

tens of millions of years that they could be described 

as recent. If, however, one observes studies of the ex-

posed rocks, their enormous age differences stand out. 

In the study area and in the large area of eastern Lake 

Albert, rocks from the Neoarchaean with more than 

2500 Ma aging can be found. Particularly in the inves-

tigated area this is predominantly Kaseeta potassium 

granite gneiss with an approximate age of 2732 ± 8 Ma 

but also quartzite and schist (figure 1) with occasional-

ly appearing mafic intrusions. About 200 meters 

southeast of the study area runs the boundary to the 

slightly younger Tonalite-Trondhjemite-granodiorite 

gneiss (TTG gneiss) rock formation, which also origi-

nates from the Neoarchaean. That boundary is readily 

exposed, which means it is not covered and runs ap-

proximately parallel to the main North Toro Bunyoro 

fault direction from southwest to northeast (GTK 

CONSORTIUM 2011). 

 

3  Methodology 
3.1  Very Low Frequency Electromag-

netics (VLF-EM) technique 
Very-Low-Frequency-Electromagnetic (VLF-EM) is a 

technique that utilizes electromagnetic waves in the 

Very Low Frequency range to determine conductivity 

variations in the subsurface. This "Very-Low-

Frequency" comprises the frequency range from 3 

Kilohertz (kHz) to 30 kHz in the spectrum of 

electromagnetic waves (figure 2). The corresponding 

wavelengths range from 100 km (frequency 3 kHz) to 

10 km (frequency 30 kHz). A primary signal is emitted 

by the antennas primarily used to communicate with 

submarines. This primary signals produce secondary 

signals induced by bodies with high electrical conduc-

tivity in the subsurface (McNeill & Labson 1991). 



10 

 

 The following section describes how geological 

insights can be obtained from this VLF signal for sub-

marine communication and  is based on the work by 

Knödel (2005) and Reynolds (2011). The underlying 

physical electromagnetic principle is explained in Ap-

pendix I and a more in-depth explanation of the techni-

cal VLF-EM parameter handling is given in Appendix 

II.  

 Electromagnetic waves (occasionally called 

radio waves) are emitted by the VLF transmitting an-

tenna. As the name implies, these waves have 2 com-

ponents, a magnetic and an electrical which in the 

conduct of this work will be regarded separately and 

referred to as fields. The VLF-EM is based on the ana-

lysis of the magnetic field component, which propaga-

tes horizontally from the transmitting antenna (figure 

3). At the area to be investigated, this primary signal 

can of course be measured with the VLF device, but 

the essential factor is the secondary signal, which is 

not horizontal, but vertical. This secondary vertical 

signal of the magnetic field is only generated if there 

are electrically conductive sources in the subsurface of 

the study area (Pedersen et al. 2009). Hence, a mea-

sured vertical magnetic component in the VLF fre-

quency range is inevitably an anomaly, since this verti-

cal component needs to be induced first (Knödel 

2005).  

 A parameter frequently mentioned in the 

context of VLF-EM measurements is the tilt angle, 

which simply describes the relation between the pri-

mary and secondary magnetic field. This angle, in 

turn, indicates to which extent the primary magnetic 

field is impinged by the secondary magnetic field. The 

magnetic field lines of the secondary induced field 

span to a certain extent circles whose side directly 

above the body runs parallel to the surface and thus the 

angle of the resulting field changes signs by crossing 

an anomaly horizontally at the surface (figure 4). Ac-

cordingly, if a profile is measured over an electrically 

conductive body, the tilt angle is first positive, then 

zero, and after that negative. As shown in figure 4, the 

point at which the tilt angle equals zero is called the 

crossover point and indicates the position of the 

conductive body in the underground.  

 In summary, an electrically conductive body 

generates a vertical secondary magnetic field by 

electromagnetic induction from the horizontal primary 

magnetic field of the transmitted VLF signal. Through 

the combination of the horizontal and induced vertical 

components, the resulting magnetic field is created, 

which is measured on the surface by the VLF-EM de-

vice. The relation between strength and direction of 

the secondary magnetic field to the resulting total 

magnetic field provides then insight into the location 

of electrically conductive areas in the subsurface 

(Monteiro Santos et al. 2006). 

 

3.2  VLF-EM surveying  
3.2.1  Acquisition and field work 

Three different frequencies were utilized with its 

corresponding transmitters located on several conti-

nents (see Table 1 and figure 5). Two different areas 

were defined within the study area, which are here 

referred to as region 1 and region 2 (figure 1). The 

Fig. 3. Schematic illustration of the primary VLF field with 

the components of the magnetic and electric field. The 

electric field propagates vertically while the magnetic field is 

perpendicular and therefore horizontally. Both components 

are perpendicular to the direction of propagation from the 

transmitting antenna. Dashed lines show a suspected anoma-

ly in the subsurface which extends in propagation direction 

(figure by  Kearey et al. (2001)). 

Fig. 2. Very-Low-Frequency (VLF) is in the range of long-wave radio waves in the electromagnetic spectrum with frequencies 

from 3 kHz to 30 kHz. The corresponding wavelengths range from 100 km to 10 km. The wavelengths are increasing from left 

to right, while the frequencies are decreasing. Between Ultraviolet (UV) and Infrared (IR) the colored visible light spectrum is 

situated (created after Verhoeven (2017)). 
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profiles in region 1 are in the southwestern part of the 

study area and have lengths of ca. 450 m and a vertical 

penetration of ca. 160 m. The profiles of region 2 lo-

cated in the northeastern part of the study area, have an 

average length of ca. 700 m and a penetration of ca. 

160 m. These regions are considered as two separate 

study areas as they are about 1 km apart. Mentioned 

coordinates and all figures are referenced to the Uni-

versal Transverse Mercator (UTM) 36N on basis of 

the World Geodetic System 1984 (WGS84).  

Measurements in the field took place from 

08.02.19 to 12.02.19 and were acquired using a GEM 

GSM-19V VLF device. Profiles with the 500 to 800 

meters length in NE- SW direction were defined using 

a differential GPS. A distance of 10 meters was defi-

ned between the individual measuring points on these 

profiles, the distance between the individual profiles 

was 60 meters. The GEM GSM-19V VLF device in-

cludes a measurement console, a GPS receiver and a 

VLF device, which can be carried by one person. First, 

a transmitter search was started to find up to the maxi-

mum number of 3 transmitters with a sufficient signal 

strength. The measurement started at the first profile 

point, where the device was kept stable and parallel to 

the earth's surface. Each individual measurement was 

stationary and thus not performed during movement. If 

the measurement was successful after 5 to 15 seconds, 

the acquired value was displayed directly. If the instru-

ment was at an unfavorable measuring angle, the mea-

surement was stopped and the direction in which the 

instrument should to be rotated was displayed (for 

deviations of 10° from the horizontal plane). In this 

way, a new measurement was recorded every 10 me-

ters until the defined end of the profile. Then, the mea-

surement was directly switched to the adjacent profile 

and carried out in the opposite direction on this profile. 

It took about 30 to 40 minutes to perform the measure-

ment of one individual profile. 

 

3.2.2  Preparation and filtering  

The recorded data was loaded as a .txt file from the 

GEM GSM-19V VLF device. In addition to the VLF-

EM values in phase and out of phase, the GPS coordi-

nates, time, altitude (topography) and of course the 

frequency and signal strength of the transmitter were 

recorded for each single measurement. It is necessary 

to process the VLF-EM raw data through a series of 

geostatistical algorithms to create understandable visu-

alizations from the difficult to conceive VLF-EM valu-

es for in-phase and out-of-phase. In the past, this has 

been a major constraint, since filtering the data itself 

has been very time-consuming. In the progress of digi-

talization, computer-aided methods have been develo-

ped for this purpose. In this study the software 

VLF2Dmf by EMTOMO® was used. This program is 

adapted to read data from the GEM GSM-19V VLF 

device, to filter the data according to established algo-

rithms, to invert and to interpolate the data.  

In the following, the applied procedure will be descri-

bed chronologically.  

1. Import of the raw data from the .txt file generated 

by the GEM GSM-19V VLF device. 

2. Application of a three-points moving average filter 

to obtain a smooth-running curve of the measured 

values. 

3. Application of the Fraser filter (Fraser 1969). This 

filter algorithm is a four-point weight average fil-

Fig 4. Schematic illustration of the primary, secondary and 

resulting signals of the magnetic field. This figure shows a 

cross section through the study area of an entire profile with 

a suspected ore body in the subsurface. While the primary 

magnetic field (P) is horizontally aligned, a secondary mag-

netic field (s) is induced by the ore body and vertically in-

clined. Both fields repel each other to form a resulting field 

(R). These variables change in strength (shown here as 

length of vectors) and in phase shift (shown here as tilt ang-

le) while a measurement is made along the profile. Since the 

magnetic field lines are concentric around the ore body, the 

fulcrum of the curve (bold black curve) indicates the appro-

ximate center of the body. How these transfer variables are 

processed in detail is explained in Appendix II. (figure by  

Kearey et al. (2001)). 

Fig. 5. Location of the main transmitters in the VLF range on 

the global map. The transmitters used for this work are 

shown with their respective incidence direction to the study 

area. These include the Norwegian transmitter JXN in 

Gildeskål, the US-American transmitter NAA in Cutler and 

the Australian transmitter NWC in North West Cape. It is 

important that the arrows are only a schematic indication of 

the direction, as the earth's curvature must be considered at 

these distances. (figure by Reynolds (2011), edited) 
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ter for converting noisy non-contourable data into 

less noisy contourable data and making the diffe-

rent ranges of measurement points consistent. It 

also generates peaks at the turning points of the 

measured values and thus indicates areas of in-

creased conductivity. Intermediate values are crea-

ted by adding and subtracting the measured values 

at certain points. For example, if the intermediate 

value between measuring points 2 and 3 is to be 

determined, it is calculated by the following for-

mula. f2,3 = (M3 + M4) - (M1 + M2).  

4. Application of the Karous-Hjelt filter (Karous & 

Hjelt 1983). This filter is a further development of 

the Fraser filter, which takes 6 measuring points 

into account for calculation. It uses the in-phase 

part of the VLF-EM data to create pseudo-sections 

with the same current distribution that would re-

sult from the measured magnetic field. VLF2Dmf 

used Karous-Hjelt weights: 0.102, -0.059, 0.561, -

0.561, 0.059, -0.102. 

5. Application of the apparent resistivity filter. It is 

important to specify a realistic value for the re-

sistivity of the subsurface, because this value can-

not be calculated. Hence, it is beneficial to identify 

the bedrock or, at best, to use electrical methods to 

measure the conductivity (Basokur & Candansayar 

2003). Due to the dry magmatic and metamorphic 

rocks with low sedimentary deposition, a resistivi-

ty of 2000 Ωm was assumed (according to resisti-

vity data by Dentith & Mudge (2014)). 

 

3.2.3  Inversion and visualization 

The subsequent step emphasizes the generation of an 

initial model response. In this step it is possible to de-

termine whether resistivities change in the subsurface, 

for example when sediments or known lithology chan-

ges are involved, and to adapt the model accordingly. 

Since this was not expected originally, a uniform mo-

del including topography was used. It is assumed for 

the model that the bedrock has a high electrical resisti-

vity of ca. 103 - 105 Ωm, as is usually the case for 

crystalline igneous or metamorphic rocks (Dentith & 

Mudge 2014) for the following data inversion accord-

ing to Sasaki (1989). This algorithm generates a 2D 

model consisting of numerous rectangular blocks, 

where each block has a constant resistivity. The used 

configuration was damping factor 3.0, damping de-

creasing factor 0.9, iterations 15, data error for real and 

imaginary 0.02, since these parameters are recom-

mended for a highly resistive subsurface above 1000 Ω

m in the VLF2Dmf manual by EMTOMO®. 

 Previously, only 2D models were created for 

each profile. Since there are 6 profiles for one fre-

quency, the next step is to load the data into a 3D pro-

gram to view the appearance in context. Therefore, the 

inverted 2D model was exported as .png image file 

and as .xyz file for further importing into EMER-

SON® SKUA-GOCAD™. The obtained data from the 

program VLF2Dmf includes .xyz files and the associa-

ted .png image file. In principle, the .xyz file contains 

information on conductivity in three-dimensional 

space, i.e. the coordinates, depth and measured value 

for each profile. The .png image file reflect simply the 

areas of equal conductivity based on the data stored in 

the .xyz format. The visualization was achieved by 

two different procedures. First, the .xyz files from 

VLF2Dmf were used to create 2D interpolation profi-

les in SKUA-GOCAD™. The processing in SKUA-

GOCAD™ had to be done to highlight areas with  

resistivities below 1000 Ωm or to make only areas 

with low conductivities visible. For this purpose, a 

cross-sectional surface was created from the .xyz files 

which corresponds to the profile line of the measure-

ment and in which the measuring points lie. The coor-

dinates and measured values were then projected onto 

this surface and its resistivity property was subse-

quently interpolated using the DSI algorithm (Mallet 

1989).  

 

3.3  Additional blending data 
3.3.1  Remote sensing imagery 

A further technique for blending VLF-EM data is geo-

logical remote sensing using satellite imagery. For this 

purpose, images are taken by the satellites Landsat and 

ASTER, which fall within the frequency range beyond 

visible light in the infrared range. By subsequent eva-

luation of the images, different colors of the visible 

light are simply assigned to these signals in order to 

investigate the different properties of the subsurface. 

Of course, this is not the actual color of the surface. 

This work requires profound knowledge of remote 

sensing and above all a lot of experience. For this 

reason, the processed data is kindly provided by Dr. 

Bert Rein. In principle, areas were highlighted in red 

color that indicate increased iron concentrations on the 

surface. The implication is that increased iron concent-

Table 1. Overview of the used transmitters in the VLF range with their key parameters (data from McNeill & Labson (1991) ). 

Name Location 
Frequency 

[kHz] 

Power 

[kW] 

Distance 

[km] 
Direction 

JXN Gildeskål, Norway 16.4 350 ~ 7400 NNW 

NWC North West Cape, Australia 19.8 1000 ~ 9400 ESE 

NAA Cutler, Maine, USA 24.0 1800 ~ 10500 NW 
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rations may indicate rocks that also have high iron 

concentrations and occur and weather at the marked 

locations (Butz et al. 2018). 

 

3.3.2  Geochemical analysis 

In the context of that previous research in the study 

area in August 2017, the surrounding rocks were exa-

mined by Dr. Rouwen Lehné and Dr. Bert Rein in or-

der to identify possible locations for further explorati-

on. Samples of the rocks were taken and afterwards 

examined in the laboratory by Dr. Christoph Butz. The 

Bruker S1 Titan Model 800 was used to determine the 

element concentrations of these rocks by x-ray flu-

orescence (XRF). Of the 23 rock samples collected, 5 

were considered for this work, which were found in 

the immediate vicinity of the VLF-EM measurements 

and explained in the context of the discussion under 

5.3. 

 

4  Results  
The results of the VLF-EM surveys are presented in 

the following as 2D pseudo-sections. A pseudo-section 

describes the results of the VLF-EM measurements in 

vertical direction. Electrical resistivities are solely cal-

culated based on the magnetic measurements and are 

not measured directly. The coloured profiles shown in 

Figures 6 and 7 therefore represent sections of the sub-

surface that are expected from the calculations and not 

direct measurement results of the electrical resistivity. 

The procedure for creating these profiles is explained 

as part of the methodology section.  

 The limits for the visualization of the anomalies 

were set to 1000 Ωm, as this is the best approach to 

reveal the structures. Below 500 Ωm can be considered 

as outstanding, as this value means less than half the 

regular value of the expected rock resistivity. Accord-

ingly, high electrical resistivities are indicated in red 

and low electrical resistivities in blue. The interesting 

areas or also called anomalies are the blue areas, be-

cause low electrically resistive zones are being sought. 

The white areas within a profile display high electrical 

resistivities (more than 1000 Ωm) and are therefore in 

the red color spectrum. Only the junction at 1000 Ωm 

is shown in red here, but not the areas above 1000 Ωm, 

since the focus lies mainly on low electrical resistivity 

(blue). As described in the methodology under 3.2, the 

study area is divided into 2 regions and will be consi-

dered separately in the following. Table 2 provides an 

overview of the key data of each investigation. 

 

4.1 VLF-EM results of Region 1 
In region 1 six profiles were recorded on 08.02.19 with 

a frequency of 19,8 kHz. In profiles 4, 5 and 6 only the 

upper 30 m show enhanced conductivity, slightly in-

creased up to approx. 50 m in the northeastern part of 

profile 5 at coordinates 281500/163200. In profiles 1, 

2 and 3, on the other hand, a similar pattern can be 

seen. At the northeastern end of the profiles, conducti-

ve areas are already visible at the profile bottom, 

which run approximately by 45° in a southwesterly 

direction until they reach the upper edge of the profiles 

after 150 m. The conductive areas are also visible at 

the bottom of the profiles, which is most distinctly 

recognizable in profiles 2 and 3. Furthermore, anoma-

lies can be detected in the continuation of the profile 

from approx. 200 m from the northeast, which dip 

from the upper 30 m of the profiles to almost the profi-

le bottom towards the southwest.  

 The measurements from 10.02.2019 at 16,4 

kHz resulted in a total of only 5 profiles, as the fre-

quency in the first profile was not receivable at all. 

Areas of low conductivity are found halfway through 

profile 3 as spherical areas on the profile bottom. In 

continuation on profile 4, also slightly on the middle, 

there is also a rounded area of approx. 25 m diameter 

with low conductivity. Here, anomalies can still be 

identified at the top 10 m on half of the profile which 

were previously slightly smaller in profile 2. Anoma-

lies are also recorded at the northeastern ends of profi-

les 5 and 6 near the surface (about 30 m), running 

about 200 m in southwestern direction. 

 The identical 6 profiles with the equal fre-

quency of 19,8 kHz recorded 2 days later on 10.02.19 

Region Day Signal strength [nT] Frequency [kHz] Transmitter 

1 

08.02.2019 ~ 1 - 2 19.8 NWC (Australia) 

10.02.2019 ~ 0.3 – 0.6 

19.8 NWC (Australia) 

16.4 JXN (Norway) 

24.0 NAA (USA) 

2 

09.02.2019 ~ 1 - 2 
19.8 NWC (Australia) 

24.0 NAA (USA) 

11.02.2019 ~ 0.6 – 0.8 
16.4 JXN (Norway) 

24.0 NAA (USA) 

Table 2. Overview of the two regions in the study area with the frequencies used, the signal strength of the transmitter and the 

date of the measurement. 
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Fig. 6. The individual pseudo-sections of Region 1 are displayed as 2D profiles and resemble the VLF-EM results. Thereby the 

profiles are always at the same position but measured with different frequencies at different times (see box upper left corner). All 

profiles lie on a digital elevation model (DEM) of the surface of the terrain, which is displayed in gray scales. An UTM 36N grid 

with a length of 50 meters per cell is included. The colors in the profiles itself correspond to the expected electrical conductivity 

(according to the calculated model under 3.2.3). 
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show low conductivity at the southwest end of profiles 

2, 3 and 4. While in profile 2 and 4 low conductivity 

up to approx. 30 m also occurs in the near-surface 

areas, in profile 3 these are in the lower area from 30 

m to the bottom of the profile. In addition, at the nor-

theastern beginning of Profile 1 there is an area of 

spherical anomalies in the order of 10 meter from the 

lower end of the profile to the upper end. Only shallow 

conductivity near surface areas can be found at the 

northeastern beginning of profiles 3, 4, 5 and 6. The 

characteristics of the anomaly in profile 3 at coordina-

tes 282000/163130 are also visible in parallel extensi-

on towards east-northeast in profiles 4, 5 and 6. 

 The 6 profiles of 10.02.19 measured at a fre-

quency of 24,0 kHz exhibit clear anomalies of low 

conductivity. Especially the profiles 3 and 4 show a 

band of approx. 30 m width from the surface to the 

bottom of the profiles. In profile 3 this band is almost 

vertical, in profile 4 it is 45° from the northeast to the 

middle of the profile. There are also striking areas in 

the first 50 m along profiles 1 and 2 from the northe-

ast. The thickness here is a slightly greater of about 60 

m in profile 2 and 30 m in profile 2. Profile 5 has a 

prominent area of low conductivity around point 

282150/163100, but this is not seen in the following 

profile 6. 

 

4.2 VLF-EM results of Region 2 
In the following the 4 different measurements in regi-

on 2 are outlined. At the frequency of 19,8 kHz mea-

sured on 09.02.2019, distinct zones with relatively low 

conductivity below 1000 Ωm can be observed. Especi-

ally at the southwestern end of profiles 1, 2, 3 and 5 

these areas are predominantly apparent at the surface 

but also up in depths of almost 100 m. The most pro-

minent zone, however, is at the northeastern end of 

profiles 2, 3, 4 and 5, where extensive areas of low 

conductivity are visible from the surface to the vertical 

end of the profiles. Starting there from the northeastern 

end at the bottom of profiles 2 and 3, the area extends 

further southwest and forms an approximately 80 m 

wide zone that does not reach the surface. Instead, 

after approximately 250 m from the northeast, this 

zone becomes smaller and moves southwest only in 

the upper 30 m of both profiles 2 and 3. In profile 4, 

the extension of the low conductivity areas is confir-

med and even extends from surface to ground at the 

northeastern beginning of the profile. 

 Measurements at 24,0 kHz on 09.02.2019 show 

the most distinct anomalies in profiles 1, 2, 3 and 4. 

The first profile exhibits low conductivity stripe of 

about 50 m at the southwest end at coordinates 

2830500/1640500, which appears to be dipping from 

south west direction from the surface to the bottom of 

the profile. The anomalies in profiles 2 and 3 look ap-

proximately identical and show a spherical area of low 

conductivity of approximately 100 m in diameter at 

the bottom of the profiles at approximately 300 m 

from the northeast. This spherical shape tends to 

spread in diameter towards the bottom of the profiles. 

A similar large area is found at the northeastern end of 

profile 4, which does not extend all the way to the bot-

tom of the profile but rather occupies only the upper 

half of the profile. This area appears the inverse, as its 

spherical shape is extended upwards and not down-

wards as in the case of the two profiles 2 and 3. 

 Extended areas of low conductivity in the mea-

surements of 11.02.2019 at 16,4 kHz are clearly visib-

le in the profiles 3 and 4. The anomaly extends from 

the bottom of profile 3 at the northeastern end to the 

surface of the profile diagonally falling approx. 200 m 

in southwestern direction. Profile 4 also shows an ex-

tensive zone of low conductivity at the northeastern 

end, which takes up the entire depth of the profile and, 

also extends to approx. 200 m in a southwesterly di-

rection. In addition, anomalies can also be seen in pro-

file 1 at the southwest end of the profile that begin 

approximately 50 meters below surface and extend to 

the end of the profile. In the subsequent profile only a 

small zone of low conductivity can be recognized at 

the bottom of the profile with a diameter of approx. 

100 m and approximately in the middle of the entire 

profile. Other prominent areas appear in profile 5, star-

ting at the surface at the extreme southwester end. 

From there this zone falls with approx. 45 ° in the nor-

theast direction and reaches after approx. 200 m the 

bottom of the profile and forms a stripe of about 50 m 

width. The extended anomaly in profile 5 is not seen 

on adjacent profiles 4 and 6. In profile 6, only a 20 m 

wide strip appears on the surface at the outermost nor-

theastern end for approximately 150 m. 

 In the profiles from 11.02.2019 at 24,0 kHz, the 

low conductivity areas are concentrated mainly in the 

southwestern area of profiles 2, 3, 4 and 6. Further 

areas are located in the northeastern part of profiles 1 

and 5. Profile 1 shows an area of approximately 100 m 

depth from surface to the northeast. In a further exten-

sion in this profile, approx. in the middle, a narrow 

strip of approx. 20 m width can be seen which begins 

just 20 m below the surface and then ends again 20 m 

before the end of the profile. In the next profile 2, this 

strip can also be identified even if the strip is a slightly 

larger area approx. 20 m below the surface. In the 

southwestern area of profile 2 at coordinates 

283100/164000, a large area of low conductivity ex-

tends from the surface to 20 m in front of the bottom 

of the profile. This area also extends to profile 3, even 

to the bottom of profile three. In the northeast of profi-

le 3 there is a narrow zone of about 15 m at the bottom 

of the profile. This pattern is neither noticeable in pro-

file 2 nor in the adjacent profile 4. The following pro-

file 4 shows only one single area of low conductivity, 

that is, at the outermost south-western end. Here it 

seems as if a strip of about 50 m from the surface at 

the extreme southwest end to about 150 m in length 

extends to the bottom of the profile. A similar but 

much smaller area appears in profile 5 in extension. At 

the north-eastern end of profile 5, however, a strip of 

low conductivity of approximately 30 to two-thirds 

shows up in a south-westerly direction. This strip can-
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not be seen in profile 4 or in profile 6. Only the outer-

most southwestern area of profile 6 shows an extended 

area of approximately 150 m length and 50 m width, 

which begins approx. 30 m below the surface and con-

tinues until close to the bottom of the profile. 

 

5  Discussion 
5.1  VLF survey dependencies  
Even if the VLF-EM surveys can be carried out simply 

and quickly in comparison to other geophysical mea-

surements (e.g. Geoelectrics), they still yield a variety 

of peculiarities that should be considered carefully to 

avoid errant interpretations. In addition, these charac-

teristics also affect the results and the interpretation of 

the anomalies to different extents. For this reason, all 

factors are briefly explained in this paragraph and dis-

cussed in the following paragraphs based on the obtai-

ned data. The intention is to evaluate which factors 

have an influence on the VLF-EM results and, most 

importantly, how heavily weighted they are expected 

to ascribe and thus to evaluate how reliable the VLF-

EM outcomes can be. Unless otherwise stated, the 

assertions mentioned are based on the very detailed 

explanations provided by McNeill & Labson (1991). 

Fig. 7. The individual pseudo-sections of Region 2 are displayed as 2D profiles and resemble the VLF-EM results. Thereby the 

profiles are always at the same position but measured with different frequencies at different times (see box upper left corner). All 

profiles lie on a digital elevation model (DEM) of the surface of the terrain, which is displayed in gray scales. An UTM 36N grid 

with a length of 50 meters per cell is included. The colors in the profiles itself correspond to the expected electrical conductivity 

(according to the calculated model under 3.2.3). 
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5.1.1  Time 

The transmitter antennas have very distinct times 

during which no broadcasting is done at all due to 

maintenance schedules. However, these time intervals 

can be derived from the manual of the GEM GSM-

19V VLF device manual in advance and therefore did 

not play a role in this work. Not only diurnally diffe-

rences can be observed in the activity of solar radiati-

on, but also seasonally and suddenly exceptional oc-

currences such as sunspots. The optimal time for the 

survey is from early morning to noon, because the 

electromagnetic disturbances of the ionosphere in-

duced by the sun radiation are usually minimal then. 

VLF waves are reflected by the fee electrons in the 

ionosphere, which enables the transmission of these 

electromagnetic waves over thousands of kilometers in 

the first place. Furthermore, thunderstorms also gene-

rate so-called sferics, i.e. natural electromagnetic 

fields (Kearey et al. 2001). In case such a thunder-

storm is located between the transmitter and the area 

under investigation, the output signal can be attenua-

ted. Since these factors only influence the primary 

signal, but not the secondary signal induced by the 

suspected anomaly, it is sufficient to simply determine 

the strength of the primary signal. The used GEM 

GSM-19V VLF device can scan the signal and shows 

the signal strength of the transmitting antenna (refer 

table 2). The manufacturer's specifications in this re-

gard are as follows: excellent results are expected 

from 5 Nanotesla (nT) upwards, useful measurements 

are still possible below 5 nT and below 0.5 nT indica-

tes that the data is unusable (GEM Systems 2008). 

 

5.1.2  Directions 

The directional relationship between the expected ano-

maly and the transmitting antenna of the VLF signal is 

probably one of the most important of all. De facto, 

VLF-EM results always depend ultimately on how the 

expected anomaly is in aligned to the transmitting 

antenna. If the expected anomaly should be perpendi-

cular to the direction of a used transmitted signal of 

the antenna, it is highly unlikely that any anomalies 

will be detected by measuring the magnetic field com-

ponent. The reason for this is the electromagnetic in-

duction, which is described in Appendix I. Briefly 

restated here, the area or volume to be flowed through 

is simply minimal if the expected body is directed 

perpendicular to the transmitting signal of the antenna. 

The device used for the work (GEM GSM-19V VLF) 

determines the magnetic field components, induced by 

conductivity differences in the subsurface. This me-

thod is called VLF-EM. However, there are also VLF 

devices, which additionally determine electric field 

components, which must be distinguished as VLF-R 

technique. In VLF-R, electrodes are placed in the 

ground to directly measure the electrical conductivity 

and to relate it to the magnetic field. This enables the 

detection of anomalies that are not aligned with the 

VLF transmitter but represents a considerable additio-

nal survey effort.  

5.1.3  Locality 

The composition of the subsurface at the survey site is 

of decisive importance. This applies in particular to the 

existing rock and the more impactful covering with 

soil, which is discussed after the country rock effects. 

The best conditions are found when the rock is as 

electrically resistant as possible, because the output 

signal is then barely attenuated and the conductivity 

contrast between rock and anomaly increases. The 

main variable that is very influential and is also used 

in other electromagnetic techniques is the skin depth. 

This value defines the investigation depth or indicates 

when the signal has already been attenuated to such an 

extent that signal beyond the skin depth can no longer 

be considered. The skin depth can be determined with 

the following formula (1), where ρ is the host rock's 

electrical resistivity and f is the frequency of the anten-

na used. In the case of an electrically very conductive 

host rock, the skin depth decreases considerably e.g. 

for the used frequency of 19,8 kHz, the skin depth is 

about 160 meters with a host rock resistivity of 2000 

Ωm. If the host rock has a resistivity of only 500 Ωm, 

the skin depth decreases by half down to 80 meters. 

This way also the maximum depths of the VLF-EM 

profiles or pseudo sections were determined, which 

were included in the results. 

 

 

                                          (1) 

 

 

The area investigated for this work consists to a large 

extent of crystalline metamorphic rocks such as gneiss 

and quartzite, occasionally mafic intrusions also occur. 

With electrical resistances in the order of 2000 Ωm for 

the surrounding host rocks and 100 Ωm for anomalies 

in form of mineralized rocks (values based on Dentith 

& Mudge (2014)),, good initial conditions can be seen. 

In general, crystalline rocks are optimal for VLF-EM 

measurements due to their high electrical resistances 

from host rock (Saydam 1981). 

 Accordingly, the covering of the existing rock 

also has an impact on the VLF-EM results. Since in 

most cases this covering consists of weathered rocks 

and soil, the effect is much greater than that of hosts 

rocks alone. The reason is that weathered material has 

significantly higher electrical conductivities and can 

even obscure underground anomalies. In this context, 

the term "overburden effect" is used, which refers to 

the extent to which the superimposed layers can affect 

the results. McNeill & Labson (1991) discovered that 

with a vertical contact between a medium of 10000 

Ωm and one of 1000 Ωm and a covering of a medium 

of 100 Ωm with a thickness of 10 m, the results were 

reduced by about 30%. For this purpose, the thickness 

and the electrical properties are usually determined in 

order to incorporate them into the later model. How-

ever, in the investigated area no electrical measure-

ments have been made. On the one hand, no 

equipment was available for this purpose, on the other 
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hand, the investigation area lies on a graben shoulder, 

as already described in the geological introduction. 

This leads to the material being eroded preferentially 

into the graben, in this case into Lake Albert, and these 

ridges exhibit only slight sediment cover.  

 To ensure a more detailed investigation it 

would be advisable to drill small boreholes in order to 

determine the sediment cover at different locations and 

to carry out subsequent geoelectrical measurements to 

determine the conductivities. These values should then 

be included in the model for inversion of the data. De-

spite this missing information, numerous spots of ex-

posed bedrock at the studied area, it is assumed that 

the sediment cover might be considerably low. Dril-

lings in the quarry development about 3 km south of 

the study area are further evidence for this. One bore-

hole directly encountered existing bedrock, the second 

one encountered about 60 cm of sediment cover 

(Isabirye 2008).  

 The topography of the area to be investigated is 

likewise influential. Since different skin depths can be 

achieved by the topography, the effect cannot simply 

be calculated based on elevation data. Even if the stu-

dy area is located on an elevated shoulder of the 

trench, the measured profiles are too short in relation 

to show significant height differences. The profiles are 

therefore neither located in topographical valleys nor 

on particularly high peaks. 

 

5.1.4  Anomaly 

Another significant aspect is the influence on VLF-EM 

results based on the properties of the expected anoma-

ly in the study area. It should be noted that the mea-

sured signal induced by a possible anomaly is propor-

tional to the contrast of the different conductivities and 

thus more important than the actual conductivity. As-

suming there lies a fault in the subsurface with a 

conductivity of 100 Ωm in a host rock with 1000 Ωm. 

In case the fault would have a conductivity of 1000 

Ωm and the host rock 10.000 Ωm the measured signal 

would be identical. In practice, it is rather unlikely that 

anomalies run exactly in a certain direction or have 

completely vertical angles. In the case that the anoma-

lies lie vertically in the subsurface, no significant in-

fluences were detected even at 45° deviation from the 

vertical. This means that anomalies such as faults do 

not depend on the incidence angle but mainly on the 

contrast of the conductivity itself. Lastly, there is one 

question that arises frequently from the use of VLF-

EM surveys and is directly related to the anomaly it-

self: Is it possible to determine through VLF-EM 

exactly which anomaly is present in the subsurface or, 

more precisely, to differentiate between a geological 

feature (e.g. fault) and an ore body? McNeill & Lab-

son (1991) have therefore calculated the saturations of 

the signal based on the work of Saydam (1981) and 

Saydam (1984, unpublished). In other words, they 

determined the resolution with which the VLF-EM 

results are recorded and how exactly this can be attri-

buted to the source and concluded literally: "[...] VLF 

measurements are generally poor for distinguishing 

between even moderately conductive geological struc-

tures and much more conductive ore bodies [...]". As a 

result, the following discussion refers to anomalies, i.e. 

areas in which high electrical conductivity can be as-

sumed.   

 

5.2  VLF-EM result analysis  
5.2.1  Anomalies in Region 1 

The outstanding feature of region 1 is that the 3 mea-

surements at 19,8 kHz (both days) and 16,4 kHz only 

show smaller VLF-EM anomalies with a maximum 

diameter of 50 meters and solely the results at 24,0 

kHz (10.02.2019) exhibit anomalies with a diameter of 

more than 100 meters (figure 6). Moreover, it is no-

ticeable that the 24,0 kHz results do not show a consis-

tent trend in the contiguous neighboring profiles. As 

soon as a larger anomaly occurs, which is more than 

100 meters in diameter, as in profile 5, there is no lon-

ger any indication of this in profile 6. Even if profiles 

3 and 4 resemble each other with an almost vertical 

anomaly, neither profile 2 nor profile 5 shows a simi-

lar shape. Since the profiles are indeed 60 m horizon-

tally apart from each other, local low conductivities 

could occur between 2 profiles and not be present 

outside. For vertical dimensions of more than 100 me-

ters displayed in these profiles, this assumption is 

rather unlikely. The signal strength of all frequency on 

10.02.2019 varied between only 0.5 nT  and 1 nT, 

which, according to the manufacturer, are critical mea-

surement conditions (GEM Systems 2008). For this 

reason, the VLF-EM results of 08.02.2019 should have 

a significantly higher reliability than the results of 

10.02.2019. Conversely, this means that it would be 

more reliable to consider the measurement on 

08.02.2019 at 19,8 kHz and to use the reference mea-

surement on 10.02.2019 at the same frequency as a 

comparison material, since this is where the fewest 

parameters for deviation are existing. Surprisingly, the 

results for 19,8 kHz on different days show almost no 

significant differences. Only superficial sporadic 

conductivity differences can be observed in both cases. 

Figure 6 shows that the initial signal originates at 19,8 

kHz from the ESE direction (Australia). Accordingly, 

at this frequency all potential anomalies are optimally 

detected which are also in an alignment with this di-

rection (refer explanation at 5.1.2). Similarly, at 24,0 

kHz, only the signal originates from the opposite di-

rection (USA). Therefore, the profiles at 19,8 kHz and 

24,0 kHz are approximately at right angles to the origi-

nal signal, which means optimum measurement 

coverage.  

 In contrast, at 16,4 kHz the transmitter is not at 

right angles to the measured profiles, but at approxi-

mately 30°. Thus, anomalies are amplified in NNW 

direction, i.e. roughly in the direction of the profile. 

This makes it more difficult to detect a tendency from 

neighboring profiles, since the suspected anomalies 

appear preferentially in profile lines or more precisely. 
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Anomalies that lie in the juxtaposition of the profiles 

can barely be determined in this frequency direction. 

 In conclusion, there is a striking area at the 

coordinates 281950/163000, though only the measure-

ment of one frequency (24,0 kHz) provides distinct 

pattern, and the measurement at 16,4 kHz can slightly 

support this anomalous pattern by slightly similar pat-

tern at profile 3 and profile 4. Due to the limited evi-

dence by only one frequency VLF-EM result and the 

fact that more reliable data at 19,8 kHz exhibit no ano-

malous appearance, this area could yield high conduc-

tive material but needs further investigations in detail. 

 

5.2.2  Anomalies in Region 2 

The two different measurements at 19,8 kHz and 24,0 

kHz both captured on 09.02.2019 in region 2 are very 

consistent in their appearance (figure 7). An extensive 

anomaly is appearing in the northeast of profiles 2, 3, 

4 and 5, suggesting that the anomaly might increase in 

volume at depth. It is the largest area that has been 

confirmed by multiple measurements throughout the 

study. For example, the results on a different day and 

with a different frequency (11.02.2019 at 16,4 kHz) in 

profiles 3 and 4 show the largest anomalies of the enti-

re campaign at this location. There, almost the entire 

profile thickness is occupied by areas of very low 

conductivity. In this context, the direction to the trans-

mitting antennas of the respective frequencies should 

be considered. At 19,8 kHz and 24,0 kHz, the profiles 

are close to the transmitter at right angles and ensure 

good coverage of the investigated area. If an anomaly 

e.g. a fault runs in the direction of the transmitters, the 

output signal simplified said has the largest attack area 

and the secondary signal can be determined therefore 

very well. The measuring profiles are then placed per-

pendicular to the transmitter direction to ensure the 

best coverage. This can best be described using the 

example of a fault. If several profiles are placed in the 

direction of the fault, the entire extent of the fault will 

be shown in one profile. However, if the profiles are 

placed at a right angle to the fault, the fault will most 

probably be shown in all profiles at a certain position. 

Since the transmitter at 16,4 kHz is slightly in line 

with the direction of the profile (or shows an oblique 

angle of 30°), it can be concluded that the large con-

spicuous areas of low conductivity in profiles 3 and 4 

are also present in this direction. Thus 3 different mea-

surements from 3 directions point to the same zone in 

the study area. In addition, the measurements at 24,0 

kHz are inherently inconsistent with many small areas 

and long anomalies, such as a patched rug and larger 

anomalies of a profile are not confirmed in 

surrounding profiles. Though it is theoretically possib-

le, as in the description of region 1, that the anomalies 

are locally limited, i.e. smaller than the 60 m profile 

distance between each other, but if a conspicuous area 

is stretched several tens of meters or even more than 

100 m in profile direction, the vertical orientation 

might be comparable or at least visible to certain 

degree. Furthermore, the input signal strength was 

more than 2 nT during the measurements of 

09.02.2019 and the signal strength on 11.02.2019 with 

less than 1 nT. Hence, as similar for the previous men-

tioned results in region 1, the VLF-EM results of 

09.02.2019 should have a significantly higher reliabili-

ty than the results of 11.02.2019. 

 In summary, this area within a radius of 100 m 

around the coordinates 283250/164300 should be tar-

geted for future investigations, as it shows conspicu-

ous features by 3 VLF-EM measurements. In addition, 

these 3 measurements also indicate anomalies in the 

immediate vicinity of the coordinates 283100/164050. 

The results at 24,0 kHz on 11.02.2019 should be trea-

ted with caution because the anomalies cannot be con-

firmed by other VLF-EM measurements and the recei-

ved signal strength was very low. The measurements 

at 16,4 kHz should also be viewed critically, even if 

some parts of the profiles with profiles from 

09.02.2019 have similarities. The possibility for a 

coincidental match is of course also given. 

 

5.3 VLF-EM results blended with additio-
nal data 

5.3.1 Multiple analysis of Region 1 

Since tectonic movements have occurred in this study 

area and the main fault is only a few kilometers away, 

it is quite conceivable that much smaller faults can 

arise in the vicinity. As shown in figure 8 and 9, an 

already mapped fault runs directly vertically from west 

to east. This fault hits profiles 3 and 4 directly where 

the previously described approximately vertical ano-

malies are located. The measurements on the same day 

(10.02.2019) at 16,4 kHz also show anomalies ex-

tending from the profile bottom to the surface, even if 

they are not as concisely vertical as at 24,0 kHz. How-

ever, the fault in all other profiles lies at about half the 

length and not only in profiles 3 and 4. Measurements 

at other frequencies do not show any signs of irregula-

rities. Thus, results at 19,8 kHz (both days) and 16,4 

kHz are quite consistent in the profiles 4, 5 and 6 with 

the surface elongated area of low conductivity and 

quite contrary to the measurements at 24,0 kHz. In 

addition, the overall areas of the anomalies are quite 

small, appear rather exclusively near the surface and 

otherwise sporadically, rather patchy. 

 In the overview map of figure 8, the concentra-

tions of iron are obtained through remote sensing data 

from satellites. Superficial concentrations of iron natu-

rally occur where rocks with ferrous minerals occur or 

are weathered. Since iron-rich source rocks also pos-

sess high electrical conductivity and low electrical 

resistivity, enhanced superficial iron anomalies indica-

te such subsurface rocks. As can be noticed in the stu-

dy area, within and nearby region 1 and region 2, that 

enrichments with increased iron concentrations are 

recorded from remote sensing data. The prominent 

elongated area at coordinates 283200/162700 near the 

mountain is situated on a road that runs from 

southwest to northeast. An increased occurrence of 
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superficial iron anomalies is evident in region 1 com-

pared to the vicinity of the profiles from this region. 

The highest anomalies are found at the southwestern 

beginning of profile 1, approximately 50 m in diameter 

in size, and most importantly at half of profile 3. At 

profile 3, the anomaly exhibits an extension of more 

than 100 m in diameter, the location that should be 

considered in association with additional data. Region 

2, on the other hand, shows only sporadically smaller 

areas of anomalies in the 10 meters range. Only half of 

profiles 5 and 6 contain a zone with about 50 m diame-

ter of increased iron concentrations. This area should 

therefore serve as a basis for consideration with other 

data.  

 An interesting location has been identified at 

coordinates 281900/162950, coinciding with the previ-

ously discussed VLF-EM anomalies in profiles 3 and 4 

at 16,4 kHz and 24,0 kHz. Thus, the use of remote iron 

anomalies could be seen as a further indicator of this 

area if there were not another area of increased iron 

concentration at the direct southwest beginning of the 

first profile. The rock sample “a” identified as hemati-

te ore in region 1 (figure 8) highly supports the obser-

vations of iron concentrations in the vicinity of profile 

3. Hematite ore of course indicates that there are high 

concentrations of iron in the vicinity. These results 

also support the results of the VLF-EM measurements 

of 10.02.2019 at 24,0 kHz. Taken together there are 

VLF-EM anomalies, a fault, enhanced iron concentra-

tions by remote sensing and a rock specimen. Regar-

dless of these parallels, there can no protruding ano-

maly be found at other frequencies of VLF-EM mea-

surements.  

 

Fig. 8. The upper figure illustrates the regional geology of the investigated area in combination with remote sensing 

data. The lower two figures are enlargements of the different regions of the study area. Region 1 is shown at the bottom 

left, while region 2 is shown at the bottom right. The yellow lines are the respective profiles of the VLF-EM measure-

ment in the corresponding plan view. 
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5.3.1 Multiple analysis of Region 2 

In Region 2, a striking mapped fault (see figure 8 and 

10) runs almost parallel to the profile direction on pro-

file 4, which coincides with the appearance of low 

conductivity results at that profile. It is conceivable 

that the fault is the cause of the low conductivity at 

this point, since the electrical properties of rocks can 

change at faults. In this regard it is worth mentioning 

that this fault runs in northeastern extension over an 

area which represents a mafic intrusion.  This mafic 

intrusion ends at the mapped surface at the northeast 

end of profiles 5 and 6. Whether the fault caused the 

intrusion to reach the surface at this point, or whether 

the fault formed because an intrusion occurred at this 

point, cannot be answered with the provided data. Ne-

vertheless, the fault itself has an effect on the VLF-EM 

results, since VLF-EM is sensitive to differences in 

conductivity caused by the fault. Although there are no 

mapped geological phenomena in the vicinity of profi-

les 1 and 2, large-area anomalies can be detected in 

three measurements on different days and with diffe-

rent frequencies. Even if in 3 measurements at two 

different locations similarities can be found in the VLF

-EM results, the appearing on 11.02.2019 at 24,0 kHz 

is radically differing. The results are not to be found in 

any other profile and it even seems as if the anomalies 

occur, where the other observations do not show any 

anomalies at all. In the case that a fault is the cause of 

the anomaly and the fault is so narrow and additionally 

falls at an angle that strikes one profile but not the ad-

jacent profile, this characteristic could be justified.  In 

this context, there is actually a fault that runs from 

north to south and strikes profiles 4 and 5 at such an 

angle. Since corresponding anomalies can only be seen 

in this measurement at 24,0 kHz and all other measu-

rements do not show any anomalies, the reason for 

these results seems to be somewhere else.  

 Remote Sensing superficial iron anomalies ex-

hibit no particular similarities in blending with geolo-

gical features and certainly with VLF-EM data. Alt-

hough minor areas of iron concentrations can be found 

in region 2 when comparing the more distant 

surroundings, there are no locally pronounced patterns. 

However, two distinctive rock samples “b” and “c” 

were investigated, sample “b” being gossan and samp-

le “c” being quartzite with hematite in fractures and 

pores within, which should result in increased remote 

sensed iron concentrations at that location. This is not 

the case, however, even though theses samples were 

found directly on profile 4 and directly in a fault zone 

(figure 8). Even if the remote sensing data does not 

really match the locations of the rock samples, the 

following is quite noteworthy. Both rock samples 

show increased copper concentrations in the range of 

0.01 wt.%.  A further 2 rocks “d” and “e” with high 

cobalt concentrations were found between Region 1 

and Region 2. Rock “d” is gneiss with 0.018 wt.% 

cobalt while sample “e” is gossan with approximately 

0.015 wt.% cobalt. Consequently, there are also indi-

cations of the presence of ores in Region 2 and even 

beyond Region 2 (see figure 8). A rock sample with 

significantly increased electrical conductivity due to 

increased metal content is clear evidence for the 

presence of these rocks in the subsurface, even more 

important than the VLF-EM results, because it is a 

direct result and not an indirect measurement. How-

ever, these rocks were not found in the existing be-

drock, but as loose pieces. Although it is obvious to 

claim that they were not very far away from the origi-

nal source rock, this is certainly not guaranteed. 

Hence, rock samples are not conclusive evidence of 

the local occurrence of anomalies, or in other words: It 

is difficult to determine from the rock samples where 

exactly further investigation should be carried out.  

However, they serve very well to support the assump-

tion that there are rocks with significant ore contents in 

the vicinity of the study area. To make a statement 

through VLF-EM about the material causing the ano-

malies is highly speculative and should be avoided. It 

is a useful method to localize considerable differences 

in conductivity (Aina & Emofurieta 1991). Again, the 

presence of rocks with the respective increased con-

centration of metals can be an important reason for 

these differences in conductivity, but only the VLF-

EM data recorded 11.02.2019 at 24,0 kHz indicate 

anomalies in the junction of these rock sample loca-

tions (figure 10). 

 

6  Conclusions & Summary   
As technology advances and the ability to perform 

ever more complex and comprehensive calculations 

improves, the VLF-EM method has achieved a kind of 

renaissance. However, it is still a tedious process to 

display the VLF-EM results in three-dimensional 

space, as there is currently no way to quickly process 

and display the data within a single program. Never-

theless, the data could be blended with geological data, 

total magnetic intensity surveys and remote sensing of 

the occurrence of superficial iron anomalies. The re-

sults have provided useful indications of areas for fu-

ture investigation.  

• Surveying in Region 1 at coordinates 

281950/163000 indicates a subsurface anomaly 

supported by remote sensing data, a mapped fault 

and one VLF-EM measurement. However, from 

VLF-EM prospection this is a rather vague assump-

tion, since it is only confirmed by one of four total 

measurements. Additionally, the signal strength was 

weak during this measurement and it shows rather 

steep and thin appearance of the anomaly.  

• Region 2 at coordinates 283250/164300 seems to 

be interesting for further and more comprehensive 

investigations. The VLF-EM results with the most 

reliable signal strengths (how strongly the signal 

from the antenna can be received at the study area) 

all point to this area and the dimension of the ano-

maly is also considerably larger than all other mea-

surements of the whole survey. An already mapped 

fault also runs through the rocks in this area, but 
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there are no striking features revealed by remote 

sensing data. 

The objectives of study were to identify potential 

electrical conductivity anomalies with the VLF-EM 

technique and to locally define these anomalous areas 

where future investigations could be realized. It should 

be emphasized in this context that VLF-EM is not a 

method to provide strong evidence for ore rich be-

drock alone rather than detect contrasts in electrical 

conductivity and therefore presenting local anomalous 

areas. For the purpose of this study, the method is cost

-effective for prospecting, but requires blending additi-

onal data to make more reliable statements about the 

subsurface. What the cause for these anomalies is and, 

rather, what characteristic material in the subsurface 

the source of the anomaly is, can only be determined 

ultimately through drilling. 
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APPENDIX I 
Explanation of the physical background 
behind VLF-EM 
 
The underlying principle of the Very-Low-Frequency 

Electromagnetic (VLF-EM) method is based on 

electromagnetism, more precisely the interaction 

between electric currents and magnetism. The basis of 

electromagnetism lies in the Maxwell equations and 

their underlying principle. For this work and for under-

standing the VLF-EM method the reflections of James 

Clerk Maxwell from the 1860s, known as Maxwell 

equations, are essential. These equations describe the 

behavior of electric and magnetic fields, but their de-

duction is mathematically very complex. Therefore, 

these equations are here only explained briefly. For a 

detailed discussion of the Maxwell equations including 

derivation for the application of VLF-EM methods in 

geoscientific problems, refer to the work of (McNeill 

and Labson 1991). The first Maxwell equation is cal-

led Gauss's law and states in principle that the electric 

field has a source in form of charges. This electric 

charge can be positive or negative. The second Max-

well equation is called Gauss’s law for magnetism and 

states the magnetic field has no source. While electric 

charges can be separated to create an electric field 

between them, this is not possible for magnetic fields. 

According to present-day state of knowledge, there are 

no magnetic monopoles. The third Maxwell equation 

states that a time-varying magnetic field induces an 

electric field and is known as Faraday's law of induc-

tion. In the other direction is the fourth Maxwell equa-

tion, which states that a temporally changing electric 

field induces a magnetic field. This equation is also 

called Ampere's law.  

 The last two equations yield the core essence of 

the Very-Low-Frequency-Electromagnetic (VLF-EM) 

methodology: The connection of electric and magnetic 

fields is coupled to each other and induce one another. 

This coupling is utilized by the VLF-EM method and 

provides information about the characteristics of the 

subsurface. Electric fields are created by the basic 

structure of atoms with positively charged protons in 

the atomic nucleus and negative free electrons in the 

surrounding atomic shells. Charges always have an 

electric field and between different charges the respec-

tive fields affect each other in space and generate a 

force according to Coulomb's law such as the same 

charges will repel each other and attract if they are of 

opposite charge. Due to the mobility of electrons, the-

se charges can move from one place to another if, for 

example, it is a material that provides a particularly 

large number of electrons with high mobility, as is the 

case for metals. Therefore, metals are often called 

electrical conductors, whereas materials in which 

electrons are less freely mobile are called non-

conductors or insulators. This point is important be-

cause the VLF-EM method is intended to visualize 

these differences in the mobility of electrons between 

rocks. The term used to describe this is electrical 

conductivity. The higher the mobility of electrons, the 

higher the electrical conductivity of the medium. Since 

rocks are generally poor electrical conductors, the term 

electrical resistivity is more commonly applied. The 

electrical resistivity is simply the reciprocal of the 

electrical conductivity.  

 Besides, charges in insulators can also be made 

"visible" by rubbing a cloth against a glass stick, for 

example, and then "rubbing" electrons from one insu-

lator to another, or transferring electrons from one 

object to another, thus creating a charge difference. 

This can be recognized by the fact that the charged 

object exerts a force on neutral materials and, for exa-

mple, pulls hairs on the actual non-conductive glass 

rod. Since a charge difference has been created by 

friction and the charges cannot "flow off" freely in an 

insulator, the effect of that force can actually be 

readily observed. Although this effect makes charges 

seemingly continuous, the charges are actually quanti-

zed. This means that as an electron has a charge e = 

1.602 · 10−19 Coulomb (elementary charge), an object 

can only emit or absorb multiples of this elementary 

charge. Since this elementary charge is so small, it is 

not noticeable macroscopically. When electrons are in 

motion, so are charges. Moving charges are called 

electric current. It should be noted that there are histo-

rically two current directions, since it was originally 

assumed that the positively charged particles could 

move and generate a current. This movement of the 

positively charged particles is therefore also called 

"technical" current direction and it marks the direction 

from positive to negative (also called from north to 

south). The "real" or "physical" current direction, on 

the other hand, describes the actual movement of the 

electrons from negative to positive (south to north), as 

in fact only the negatively charged electrons are actu-

ally moving. For VLF-EM measurements, this relati-

onship is crucial and is a prerequisite when doing field 

measurements. Even if the VLF device processes the 

measurements in such a way that one does not have to 

bother about whether the real or the technical current 

direction is determined, one should always keep an 

overall picture of all variables and especially their cur-

rent directions. For this reason, it needs to be emphasi-

zed at this point that the technical flow direction is 

generally addressed throughout the work.  

 It also makes a difference in which direction the 

entire measuring profiles are recorded and whether this 

direction of the measuring profiles is also reasonably 

aligned. It is emphasized briefly once again why this 

should not be done arbitrarily: The components of the 

magnetic and electric field are vectors and because of 

that they are parameters with a given angle to each 

other, to the earth's surface, to the transmitter and to 

the investigated anomaly in the underground. The di-

rection from which the transmitted signal comes from 

the antenna is fixed, but different signals can be in-

duced by different positions of the anomaly in the 

ground, depending on the direction in which direction 
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the measurements are carried out on the surface. The 

vector separation of these signals is also described in 

the VLF-EM method, but it deserves to be noted at this 

point that even an ore-rich path (excellent electrical 

conductor) may not be localized only because an in-

appropriate direction of measurement has been adop-

ted.  

 Once an electric current flows a magnetic field 

is generated. At the instant the magnetic field is chan-

ged, a current is induced in an interspersed conductor 

within this magnetic field, which is referred to as in-

duction. According to Lenz's law, this current always 

opposes its source. So, a change of the electric field 

influences the magnetic field and vice versa. Therefo-

re, it is referred to as an electromagnetic field. The 

force which acts in an electromagnetic field is called 

Lorentz force and is perpendicular to the direction of 

movement of the charge as well as to the direction of 

the magnetic field. Electricity and magnetism or 

electric currents and magnetic fields are therefore inse-

parably connected, since the source of the electric field 

is always a charge and magnetic fields are created by 

the movement of this charge, which are however free 

of any source themselves. The causality of moving 

charges and the resulting magnetism is separate from 

materials that have a magnetic field (such as a perma-

nent magnet), even if there are no apparent moving 

charges.  

 Although most people know the functional 

principle of a permanent magnet, the reason for this 

magnetism cannot be explained without further effort. 

This requires the special theory of relativity and quan-

tum mechanics, since charges are also present in the 

structure of matter. In this context only a very brief 

outline is given of how this basic principle of quantum 

mechanics works. The protons and electrons of the 

atoms involved behave as if they rotated around an 

axis, which is called magnetic moment or spin. Thus, 

magnetism is inevitably linked to motion, whether 

through the motion of numerous charges or the self-

rotation of the individual particles of matter. Depen-

ding on how these particles are aligned in a material, 

different types of magnetism are generated. In general, 

a distinction is made between ferromagnetism, diama-

gnetism and paramagnetism. With ferromagnetism, 

numerous particles remain ordered in so-called mag-

netic domains and ferromagnetism means that the spin 

of particles is aligned in the same way. In diamagne-

tism, this frequent redirection of the spin cannot be 

produced, and paramagnetism means, an external mag-

netic field can cause alignment to a certain degree.  

 An electromagnetic wave is the spatial and tem-

poral propagation of the coupled electric and magnetic 

fields in the form of a wave at the speed of light. No 

matter, but only energy is transported through a medi-

um or even through a vacuum. The electromagnetic 

wave is a transverse wave with the components of the 

electric and magnetic field perpendicular to both each 

other and the direction of propagation of the wave 

(refer figure 3 and figure 11). There is a large spect-

rum of electromagnetic waves and VLF waves can be 

found at the end of the spectrum characterized by ha-

ving with low frequency and large wavelengths (figure 

2).  It is known from quantum mechanics that matters 

have both wave and particle properties. While wave 

properties dominate in the low frequency range of 

VLF and also in the radio range, particle properties at 

the other end of the electromagnetic spectrum predo-

minate in the X-ray and gamma radiation range. The 

wave properties of the electromagnetic wave include 

reflection, refraction, diffraction and interference, 

which play an important role in the use of the VLF-

EM methodology as they significantly influence the 

resulting data properties.  

 When performing VLF-EM measurements, an 

antenna is used for generating an electromagnetic 

wave. Inside the antenna electric current continuously 

change the direction along the antenna due to an ap-

plied alternating voltage. The alternating voltage cau-

ses charges to move periodically in the antenna, which 

can be described mathematically as a sinusoidal curve 

with a certain wavelength and frequency. Furthermore, 

a magnetic field perpendicular to the antenna is gene-

rated by these moving charges, which then also 

"resonates" with the electric wave. The result is an 

electromagnetic wave with a vertical oscillating 

electrical component and a horizontal oscillating mag-

netic component, which propagates radially from the 

transmitting antenna.  

 The primary electromagnetic wave with the 

horizontal magnetic and vertical electrical components 

then encounters the electrically conductive body, 

which provides free electrons to move within that bo-

dy inducing a voltage in it. According to Faraday's law 

of induction the induced voltage depends on the chan-

ge in the magnetic field, which means that the induced 

voltage lags behind the primary magnetic component 

Fig. 11. The electromagnetic wave propagates perpendicu-

larly from the transmitting antenna at light speed c. The 

electrical component E and the magnetic component B are 

perpendicular to each other. The electric field of a vertical 

antenna also moves vertically, while the magnetic field mo-

ves horizontally in the propagation direction (edited after 

Gitman et al. (2017)). 
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by 90° (π/2), because it takes a finite time to generate 

this voltage. In other words, when the wave of the pri-

mary magnetic field reaches its maximum or mini-

mum, the induced voltage in the body is zero. As a 

result, the primary wave and the indicated voltage in 

the body are out of phase by 90°. The induced voltage 

in the body causes eddy currents within the body, 

which take some time to flow. The delay is simply an 

additional phase lag between the induced voltage and 

the induced current. This phase shift depends on the 

electrical properties of the body and is large when the 

body is conductive and small when the body is poorly 

conductive. The moving charges in the form of eddy 

currents form a secondary magnetic field, which 

surrounds the body. It depends on the strength of the 

primary magnetic field, the attenuation by the under-

ground and above all the electrical characteristics of 

the body itself. 

  

APPENDIX II 
Disassembly of magnetic field vectors 
 

As both magnetic fields (primary horizontal and se-

condary vertical) interfere with each other, a resulting 

magnetic field is generated with a resulting phase shift 

in relation to the original wave of the primary field. By 

comparing the primary signal with the resulting signal, 

it is possible to describe the subsurface condition. The 

following procedure is designed to illustrate the pro-

cess of determining these variables based on Kearey et 

al. (2001). Figure 12 provides a visual outline of the 

following steps and describes the respective compo-

nents of the primary and secondary signal. 

1. The primary magnetic field P propagates in the 

form of a sine wave. The amplitude of this wave 

indicates the magnitude of the vector P. A vector 

diagram is used to illustrate the different magnetic 

fields. The first vector P represents the primary 

magnetic field at the point of measurement, i.e. the 

signal emitted by the transmitter.  

2. If the wave of the primary magnetic field P hits an 

electrically conductive body in the underground, a 

voltage is induced by electromagnetic induction. 

This voltage is shifted by 90° (π / 2) to the primary 

magnetic field (Faraday's law). The corresponding 

vector Sy of the induced voltage is plotted perpen-

dicularly to the primary field vector P. This vector 

is then plotted against the primary field vector (P). 

It is called imaginary part or out-of-phase part. 

3. The induced voltage produces electric eddy cur-

rents and this current is additionally phase-shifted 

by α. The reason for this is the time required to let 

this electric current flow in the electrically conduc-

tive body and is therefore directly dependent on its 

electrical conductivity. In order to represent the 

additional phase shift α, the vector S is ablated by 

an angle α starting from the vector Sy and descri-

bes the secondary induced magnetic field S. The 

larger the angle α, the better the electrical conducti-

vity of the body.  

4. The secondary magnetic field S and the primary 

magnetic field P overlap each other and form the 

resulting magnetic field R. This magnetic field R 

differs from the primary magnetic field P in 

strength (amplitude) and also in phase. This phase 

shift is marked with φ. The secondary magnetic 

field S can be calculated by vector decomposition 

into imaginary or out-of-phase part (Sy) and real or 

in-phase part (Sx) and finally gives information 

about the electrical properties of the subsurface at 

the measuring point. The larger the real or in-phase 

part (Sx) compared to the imaginary or out-of-

phase part (Sy), the better the electrical conductivi-

ty. 

Fig. 12. Illustration of the phase lags using sine curves and 

vector decomposition to calculate the utilized parameters.  

The phase lag of the primary signal of the electromagnetic 

wave of the antenna (1.) to the induced voltage in an electri-

cally conductive body in the underground (2.) is 90° initially.  

The current which then flows in this body continues to be 

phase-lagged depending on its electrical properties (3.). This 

results in a resulting phase lag (4.) to be measured in the field 

and thus necessitates decomposition into vectors. A detailed 

description of the individual points can be found in the text 

(based on Kearey et al. 2001) 
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