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Abstract  
 

Airborne electromagnetics (AEM) is a geophysical investigation method used to make resistivity models 

of the subsurface, for ground investigations related to various types of projects. It was originally 

developed as an exploration method for use in the mining industry, but the development of the method 

happening around year 2000 opened up for new applications. More recently, AEM has been increasingly 

applied in geotechnical and engineering projects, demanding high-resolution information. The more 

recent use of AEM stretches the methods ability to give detailed subsurface information, especially in 

the near-surface. The first five to ten meters have the highest impact on surface infrastructure projects 

and are often the most difficult to resolve. Manufacturers and programmers continuously work to 

develop and improve the operational systems and the programs used to handle the acquired data, in order 

to achieve more accurate data and high-resolution models. 

Data from AEM surveys carried out in Norway, to support ground investigations for infrastructure 

projects, are used in this study. In large infrastructure projects, knowledge of sediment type and 

thickness is vital, as is information about possible occurrence of highly sensitive clay. Both a newly 

introduced method, utilizing earlier time data, is tested and experimentation with inversion settings is 

conducted, in order to investigate whether any improvement in the near-surface resolution can be gained 

for two datasets formerly acquired at NGI. 

In an area with conductive clay over resistive bedrock, the recently introduced system response method 

is tested. It is applied during the inversion of SkyTEM data and makes it possible to utilize the very 

earliest time gates (before 10 µs). By including earlier time data more information about the upper 

meters is obtained, which ideally should give an increase in the near-surface resolution of the models. 

The method is tested on a site where very small resistivity contrasts (5 to 10 Ωm embedded in 10 to 50 

Ωm) are crucial to resolve to identify hazardous quick clay. The models obtained show to give more 

pronounced structures in the near-surface, reflecting true structures observed in resistivity borehole 

measurements. The same outcome is observed when conducting synthetic modelling. Utilizing the very 

early time gates thus increases the near-surface resolution and makes it possible to distinguish and 

resolve layers with small resistivity contrasts. 

In another setting, the stability and resolution of AEM models from a site with extremely high resistivity 

contrast (100s to 1000s Ωm overlaying 0.1 to 1 Ωm) in combination with a noisy environment is studied. 

Preliminary AEM models had a tendency to overestimate the thickness of the resistive overburden. The 

acquired dataset is reprocessed and inverted with different inversion settings, to investigate the effect 

the parameters set in the inversion have on the accuracy and resolution of the resulting models. 

Experimenting with and optimizing the inversion settings results in models better fitting other prior 

information from the survey area. This shows the importance of customizing the inversion settings to 

suit the geological condition present, and not just use default settings adapted to a more general case. 

Especially for unusual geological conditions, the inversion parameters should be carefully selected in 

order to obtain reliable models. In addition, limited low moment data were available due to a noisy 

environment. This affects the reliability of the models, illustrated by modelling and seen in the resulting 

real models. 
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1 Introduction 

1.1 Background and motivation 

Several geophysical methods, based on different techniques, can be used in order to investigate and 

image the subsurface as; electrical resistivity tomography (ERT), induced polarization (IP), seismic, 

magnetotellurics (MT), ground penetrating radar (GPR) and electromagnetic methods as ground EM 

and airborne EM. All of them have strengths and limitations in different settings, providing different 

potential investigation depths and resolution (NGI, 2012; Mussett & Khan, 2000). These geophysical 

investigation techniques provide information about the subsurface without any direct observations or 

sampling. The methods exploit the contrast in the physical properties of the subsurface and can possibly 

provide information as sediment thickness and type, depth to bedrock and quality and type of rock 

masses, identify folds, dykes, major faults and weakness zones, as well as identify reservoirs of water 

or oil, metal objects and contaminants (NGI, 2012; NGI, 2017b). By integrating traditional geotechnical 

data as borehole information with data resulting from one or more of these geophysical investigation 

methods, a continuous, comprehensive and detailed model can be produced for use in different 

applications, as large infrastructure projects (NGI, 2017a). 

This thesis deals with the geophysical investigation method airborne electromagnetics (AEM). The first 

AEM systems were developed in the 1950s for use in base-metal exploration. To begin with, the AEM 

method was just used for anomaly detection but developed to become a conductivity mapping tool. 

Several different systems were developed over the years, both frequency-domain systems (FEM) and 

time-domain or transient systems (TEM), operated with a fixed-wing aircraft or helicopter. Most of the 

systems were primarily designed for mining exploration, but as the system developed and improved, it 

opened up for other applications. Advancements in the acquisition, processing, forward modelling and 

inversion of the data over the years have made the method more accurate and capable of providing high-

resolution models. In the early 2000, airborne transient helicopter systems were introduced and over the 

past decade, the transient electromagnetic method has gained increasing popularity (Auken, et al., 2006; 

Sørensen & Auken, 2004). The transient helicopter system SkyTEM, launched in 2004, was designed 

to map geological structures in the near-surface for groundwater and environmental investigations. For 

investigations like this, a system providing data of high accuracy and quality is vital. The SkyTEM 

system was developed as an alternative to ground-based TEM surveys. The goal was that the system 

could provide as good data quality as the ground-based systems, with a comparable or even better 

resolution, both when it comes to shallow and deep structures (Auken, et al., 2009; Sørensen & Auken, 

2004). Today SkyTEM is one of the leading airborne geophysical survey companies, offering high-

quality accurate data (SkyTEM, 2017). 

Over the last years, there has been a growing interest in AEM because of the advantages of using the 

method to exploit the subsurface by creating high-resolution resistivity models for different purposes. 

Geotechnical AEM plays an increasing role as a highly cost- and time-efficient method, providing 

geological information used to design detailed drilling campaigns (Pfaffhuber, et al., 2016a). At the 

Norwegian Geotechnical Institute (NGI), AEM has over the last 5-6 years been used in geotechnical and 

engineering projects with great success. Several extensive AEM surveys have been carried out in 

Norway, Zambia and Bhutan since 2011, using the SkyTEM system. The purpose of conducting these 

surveys has been to get information about depth to bedrock, bedrock quality, sediment type, or identify 

faults and weakness zones, for use in projects concerning construction of roads, tunnels, railways etc. 
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Geotechnical surveys stretch the achievable near-surface resolution as the first five to ten meters have 

the highest impact on surface infrastructure projects and are often the most difficult to resolve. 

Manufacturers and programmers strive to improve the AEM method to meet the need for high-resolution 

data, especially near the surface, both by developing the systems used in acquisition and the programs 

and algorithms handling the acquired data. The recently introduced system response method, applied in 

the inversion of SkyTEM data, gives the opportunity to utilize the data measured at very early times 

(before 10 µs), including during the ramp-down of the electrical current. By utilizing this early time 

data, a better near-surface resolution should ideally be achieved (Andersen, et al., 2016b). How the data 

is processed and inverted also plays a major role for the reliability and accuracy of the resulting models. 

It should be specified that geophysical investigation methods cannot substitute for traditional 

geotechnical measurements, as they can't provide the amount of detailed information necessary, but can 

be used as a complementary method.  If AEM is applied in an early projects phase, useful information 

can be provided for use to plan the geotechnical investigations and significant time and costs can be 

saved (NGI, 2017b; NGI, 2014a). 

1.2 The airborne electromagnetic (AEM) method 

The basic principle of the AEM method is electromagnetic induction, where a transmitter current runs 

in an antenna, generating a time-varying primary magnetic field, inducing eddy currents in the ground, 

which creates a secondary magnetic field that can be measured (Figure 1.1). The AEM method measures 

the time decay or the frequency response of the secondary field. The transient electromagnetic method 

(TEM) measures the time decay of the secondary magnetic field in time windows called gates. The 

characteristics of this secondary magnetic field depend on the electrical resistivity in the ground. 

Resistivity models can be obtained by inversion of the data, giving the resistivity distribution in the 

ground. The models are used to interpret the geological layers (NGI, 2014a; Sørensen, et al., 2006). 

 

 

Figure 1.1: Electromagnetic induction is the basic principle behind the airborne helicopter TEM 

method. The large picture shows the system in the air and a schematic showing the electromagnetic 

fields generated. The small picture to the right shows a close up of the SkyTEM system, with the 

helicopter carrying the system as a sling load below. Modified from (NGI, 2017b). 
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AEM methods offer an efficient tool to investigate the resistivity structures in the subsurface over large 

areas, in short time and at relatively low costs. With a helicopter one can fly almost everywhere and a 

helicopter EM survey is well suited in areas where access on the ground is difficult, due to steep 

topography, vegetation or rivers, in remote areas or in areas where it is difficult to get permission from 

the landowner to conduct ground based investigations (Auken, et al., 2006; NGI, 2014a). The method 

can be used to model the electrical resistivity of the subsurface layers down to a depth of several hundred 

meters and also offer good near-surface resolution (Sørensen & Auken, 2004; Sørensen, et al., 2006). 

1.3 The original project description 

In the original master thesis proposal, the idea was to look at the difference in the near-surface resolution 

using different antenna types. An antenna consists of a loop with one or more turns. The more turns used 

in the antenna, the higher the momentum. At NGI two different antenna types have been used in the 

acquisitions; a SkyTEM302 antenna, with a low moment (LM) where the current runs in one turn and a 

high moment (HM) with two turns, and a SkyTEM304 antenna with LM with one turn and HM with 

four turns. LM is mainly giving information about the shallower layers, while HM is used to get 

information from deeper parts of the subsurface. The higher the moment, the deeper the depth 

penetration is, providing information about the deeper layers. As the 304 antenna has a larger HM than 

the 302, it can penetrate deeper. Both systems use a LM with one turn in the loop and should therefore 

theoretically provide the same amount of information about the near-surface. The question to be 

answered was if there could be a difference in the near-surface resolution obtained by using the different 

antenna types. Could any other differences in the systems or the difference in high moment have any 

impact on the resolution? NGI proposed to take advantage of the different datasets available at NGI and 

study these in detail, and compare datasets acquired with the different antenna types. They were 

interested in knowing if one of the antennas was preferred over the other when it came to the near-

surface resolution obtained. If it could be shown that the near-surface resolution obtained did not differ 

between the two systems, the 304 antenna would have been the best choice, as it gives as good near-

surface resolution at the same time as it also provides deeper depth penetration. If not, the question 

would be which one to choose over the other in different settings, depending on whether resolution or 

depth penetration matters the most. 

The datasets available at NGI were studied with the software Aarhus Workbench in order to get to know 

the different datasets and to eventually pick proper areas to use in the study. After doing some research, 

it turned out that the comparison of the antenna types was not so easy to implement for different reasons. 

A difference between the two systems, when it comes to near-surface resolution, would not have been 

very prominent, as both systems have a LM with one turn. In order to compare two datasets, they should 

be based on the same conditions. The ideal case would have been to have an area flown with both 

systems and then compare the data. It turned out difficult to find two areas flown with the two different 

antennas with similar geology, making the comparison difficult. It would be hard to determine if any 

differences observed would be due to differences in the geology, noise in the area or other conditions, 

or if it was due to the different antenna type used. The company providing the system (SkyTEM Surveys) 

informed us that the 302 system was no longer in use as a separate system, as the systems are being 

upgraded and changed continuously. Comparing a system that no longer exists as it did back in 2013, 

when the survey with the 302 antenna was conducted, with a more recent survey done with the 304 

system, was not considered very valuable.  

The conclusion drawn was that this comparison would be hard to implement and it would be difficult to 

separate the effect of the antenna type from the effects of the geology. In addition, the study would not 
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be very valuable, as the 302 system could not be used anymore. It was then considered necessary to 

head in another direction. At the same time, a new method making it possible to utilize earlier time data, 

with the aim of improving the near-surface resolution of the AEM models, was introduced to NGI. In 

addition, NGI had a dataset they wanted to have a closer look at, due to problems related to detecting 

the thickness of a top layer in preliminary models. 

1.4 Purpose and objectives 

This thesis presents the results from a study proposed and supervised by the Norwegian Geotechnical 

Institute (NGI). The main purpose of the thesis is to look into the near-surface resolution of the 

geophysical investigation method airborne electromagnetics (AEM). One aims to get an image of the 

subsurface that is as close to the reality as possible. The objective is to improve the near-surface 

resolution of resulting resistivity models, using datasets available at NGI, by two different approaches; 

applying system response and experiment with inversion parameters. The recently introduced method 

system response is tested to investigate the effect of including data from earlier time gates on the 

resolution in the upper meters. In another setting, the stability and accuracy of AEM models in a setting 

with extremely high resistivity contrast, in combination with a noisy environment, are studied by 

experimenting with inversion parameters. 

The Danish airborne geophysical survey company SkyTEM has developed a method named system 

response (SR). This new implementation makes it possible to include earlier gates (time-data), carrying 

information about the shallowest layers, which until now have been omitted in the inversion due to the 

influence of system effects. The effect of including these earlier gates on the near-surface resolution of 

AEM models is investigated in this thesis, to get an idea of the potential of the method. NGI was 

interested in seeing how the implementation of this method would influence real data and wanted to 

know how large improvement of the model resolution that could be expected. They suggested to make 

use of already existing datasets at NGI and compare the inversion results with and without including the 

earlier gates. The method is applied to a dataset acquired in 2015, in specific areas of interest, to see if 

any improvements of the near-surface resolution can be observed. In addition to using real AEM data, 

resistivity data in the form of RCPT measurements are used for comparison and synthetic data are 

generated to conduct sensitivity modelling. The SR method is still in the phase of testing and is not fully 

developed in terms of how it should be implemented and handled in Aarhus Workbench. There is 

especially little experience when it comes to assigning uncertainty values, given as standard deviation 

factors (STD), on these earlier gates. Therefore, some experimentation with STD values is conducted as 

well, to study how different values set affected the models, however more research is needed in this 

field. 

In a setting with a very large resistivity contrasts, in combination with a rather noisy environment, the 

acquired dataset is inverted with different inversion settings to investigate their effect on the accuracy 

and resolution of the resulting models. Preliminary models formerly inverted at NGI overestimated the 

thickness of a resistive top layer over conductive bedrock, compared to prior knowledge about the survey 

area. The results obtained were unexpected as the depth to a conductive layer should be an easy target 

for AEM (Auken, et al., 2006). NGI wanted to have a closer look at the dataset to investigate the reasons 

for the unforeseen result and if a better result could be obtained. The objective is to optimize the 

inversion settings aiming to improve the preliminary results and get more accurate and trustworthy 

models. Synthetic modelling is conducted as well, to see if responses seen in real data are present in 

synthetic results too.  
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1.5 Available data 

The main focus in this thesis is the AEM method, but data from other investigation methods are used as 

well to evaluate the AEM results. The other investigation methods used are ground based electrical 

resistivity tomography (ERT) and borehole measurements. 

Two datasets from former AEM surveys done at NGI are picked out for this study. One of the datasets 

was acquired for a railway project in the Tønsberg area while the other one was acquired for a road 

project in the Jevnaker area, both in the southeastern part of Norway. The two areas are different in 

terms of geological settings and challenges connected to the datasets. In addition, borehole information 

in the form of resistivity measurements (RCPT) and total soundings are used together with the AEM 

data from the Tønsberg area. Two ERT lines were present in the survey area at Jevnaker and a profile 

showing depth to bedrock, based on different type of borehole information, was available as well. This 

data are used together with the AEM data in the Jevnaker area.  

Data from these other investigation methods are used for two reasons: to have a basis for comparison 

and to create synthetic models. When observing changes in the true data due to including earlier gates 

or by changing inversion parameters, it is of essential importance to know if the changes observed are 

reflecting true subsurface structures or not. In order to investigate if, and possibly validate that the 

resolution of the AEM models improves when applying SR, a need for a comparison with resistivity 

methods of higher resolution is necessary. Observed changes could be caused by artefacts not taken into 

account in the development of SR or by applying an insufficient noise model. If a comparison between 

resistivity measurements of higher resolution and the resulting AEM models shows larger agreement 

with the use of earlier gates, this could validate the methods ability to provide models with higher 

resolution. The thicknesses and resistivity values provided by these other investigation methods are used 

as basis for the modelling conducted as well. The synthetic models produced are used to compare with 

observations in the real data. 

1.6 Structure of the thesis 

This first chapter has given an introduction by going through the background and motivation for this 

work, telling a bit about the original proposal and addressing the final purpose and objective of this 

thesis, before a brief introduction to AEM and the available data used. Then the 2nd chapter presents 

some theoretical background relevant for the work done in this thesis. Both theory related to AEM and 

other investigation methods used are presented, followed by some general inversion theory, before the 

SR method is explained in more detail. In Chapter 3, the software used in this study is introduced, before 

the process from data acquisition to creation of the final models is reviewed. Information about the study 

areas and the different available datasets used is presented in Chapter 4. Chapter 5 describes the 

implementation of the STD investigations, the synthetic modelling and the processing and inversion of 

the real data. Then Chapter 6 gives the results of the real data inversions and the synthetic modelling, 

before the findings will be discussed and compared. Finally, in Chapter 7 the conclusions drawn from 

this study are presented, together with suggestions for further work. 
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2 Theoretical background 

This chapter gives some theoretical background relevant for the work done in this thesis. The first 

section 2.1 gives an introduction to airborne electromagnetics and theory connected to the method, as 

well as some information about the AEM system used to acquire the data used in this thesis. In section 

2.2 two other investigation methods are briefly presented, as data from these methods are used in this 

work. General theory about inversion is presented in section 2.3 and theory connected to the SR method 

is given in section 2.4. 

2.1 Airborne electromagnetics (AEM) 

2.1.1 Resistivity 

Electrical resistivity (𝜌) is a material property which expresses the material ability to oppose the flow 

of electrical current. The resistivity is measured in ohm-meter (Ω𝑚), and the inverse of resistivity is 

defined as conductivity (𝜎 = 1/𝜌), measured in Siemens per meter (S/m). A low resistivity (high 

conductivity) indicates a material that readily allows flow of electrical current, while an electric current 

is very weak or absent in a material of high resistivity (Everett, 2013; Sandven, et al., 2012). 

The resistivity in the subsurface is varying with type of sediments and/or rocks present, and the 

variations are usually closely related to the porosity, permeability, the clay content, the amount of water 

present and the amount of salt dissolved in the water (Mussett & Khan, 2000; NGI, 2014a). Figure 2.1 

shows the typical range of resistivity and conductivity values for different Earth materials. 

AEM is a method mainly used to investigate variations in the subsurface resistivity, aiming to produce 

a model of the subsurface resistivity structure, which can be used to interpret the subsurface geology 

(Pfaffhuber, et al., 2016b). In order to use the method, a resistivity contrast has to be present in the 

ground for it to be possible to distinguish different units when interpreting the resulting models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Typical resistivity (top scale) and conductivity (bottom scale) range for different 

Earth materials. Note that different materials have overlapping ranges (after Palacky 1988). 
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Hard rocks, like igneous and metamorphic rocks, in general have a high resistivity, as most rock-forming 

minerals are poor conductors. However, rocks have pores and cracks that can be filled with water, which 

has a fairly low resistivity, and the resistivity of the rock is largely depending on the porosity, saturation 

of the pore spaces and ion contend of the pore fluid (Mussett & Khan, 2000). Sand and gravel, and 

sedimentary rocks composed of these materials, are characterized by medium to high resistivity values 

depending on the above mentioned factors (porosity, saturation etc.). Clay is a material that readily 

allows the flow of electrical current due to a high ion content and is therefore characterized by low 

resistivities. Clays deposited in a marine environment have a very high ion content due to the presence 

of salt. In many coastal areas in North America and Scandinavia, clays deposited in a marine 

environment during the last deglaciation has later been isostatically uplifted above sea level after the ice 

retreated. The uplifted marine clays can later be subjected to leaching, where fresh water wash away the 

salt, decreasing the number of ions present (Kalscheuer, et al., 2013; Sandven, et al., 2012). This type 

of clay is called sensitive clay and can possibly be so-called quick clay, which is very unstable. If 

subjected to sufficient stress, the inner structure of quick clay collapses and the clay turns into a liquid. 

As the salt content in sensitive clays are lower and thus have a lower ion content, the resistivity 

characterizing these clays is higher compared to normal marine clays (Sandven, et al., 2012). Norwegian 

marine clays are characterized by resistivites between 1-10 Ωm, while the resistivity characterizing 

sensitive clays is strongly site-dependent, ranging from 10-100 Ωm (NGI, 2014a). Due to this subtle 

resistivity contrast, it is possible to distinguish non-sensitive and sensitive clays by resistivity methods. 

Sulfides are also materials where an electrical current flows easily, thus characterized by very low 

resistivity values. Alun shale, which is a type of black shale, has a high sulfide content giving very low 

resistivity values.  

The resistivity of a material can have a large range, and different materials may have equal resistivity 

values (Figure 2.1), making it hard or impossible to distinguish some types of geology by using 

resistivity methods. Clay and shale is an example of materials with overlapping resistivity ranges and 

eg. an area with clay deposited on top of shale would likely not be a suitable target for resistivity methods 

(NGI, 2014a). If the different materials present in the ground possess different resistivity values, it is 

possible do distinguish different units by their resistivity. The resistivity structures of the subsurface 

given by a resistivity model, created from AEM measurements in this case, can thus be interpreted to 

provide geological information about the subsurface. 

2.1.2 Electromagnetic induction 

In 1819 the Danish physicist Hans Christian Ørsted discovered for the first time that electrical currents 

could be the source for magnetic fields. His observations were further investigated giving rise to 

Ampere's law which states that an electric current generates a magnetic field (Lillestøl, et al., 2006): 

where 𝑩 is the magnetic field or magnetic flux density, 𝜇0 is the permeability of free space and I is the 

electrical current. The total current can be rewritten as the surface integral of the current density (𝑱): 

 

 
∮𝑩𝑑𝒓 = 𝜇0𝐼 (2.1) 

 
𝐼 = ∫𝑱 𝑑𝑨 (2.2) 
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Combining these two equations and apply Stokes' theorem, Ampere's law can be written on differential 

form as: 

This law was later modified by Maxwell to also be true for time-varying electrical fields expressed as 

Ampere's modified law (Griffiths, 2008; Lillestøl, et al., 2006), which on differential form is given by: 

with the relations 𝑱 = 𝜎𝑬, known as Ohms law where 𝜎 is the electrical conductivity and 𝑬 represents 

the electric field and  𝑫 = 휀0𝑬, where 𝑫 represents the electric displacement field and 휀 the electric 

permittivity. 

Michael Faraday, a British physicist and chemist, discovered by his experiments in 1831 that a variation 

in a magnetic field gave rise to an electric current as well. By leading a magnet quickly into a loop, a 

strong reading was observed on a galvanometer connected to the loop. When pulling the magnet quickly 

back out of the loop a reading was again observed, but in the opposite direction. What Faraday observed 

was that a variation in a magnetic field through a loop caused a current to flow in the loop. He had 

discovered magnetic induction (Lillestøl, et al., 2006). The outcome of Faradays experiments, showing 

that when the magnetic flux (ΦB) of a magnetic field 𝑩 changes, an electromotive force, also called 

𝑒𝑚𝑓 (denoted 휀 and measured in volts), is induced in a loop,  is expressed by the flux rule or Lenz's law: 

 

휀 = −
𝑑ΦB

𝑑𝑡
 (2.5) 

where ΦB is the flux of a magnetic field 𝑩 through a loop given by: 

 
ΦB = ∫𝑩 𝑑𝒂 (2.6) 

where 𝑎 is the area of the loop. So whenever a magnetic flux through a loop changes an electromotive 

force (𝑒𝑚𝑓) will appear in the loop equal to the negative of the time rate of change of the flux of the 

magnetic field, enclosed by the loop. 

An electromotive force is created due to an induced electrical field in the conducting material: 

 
휀 = ∮𝑬 𝑑𝒍 (2.7) 

Using this together with the flux rule and applying Stokes' theorem it can be shown that Faraday's law 

can be written on differential form as: 

 

∇ × 𝑬 = −
𝜕𝑩

𝜕𝑡
 (2.8) 

Faraday's law says that time varying magnetic fields will generate electric fields. 

 ∇ × 𝑩 = 𝜇0𝑱 (2.3) 

 

∇ × 𝑩 = 𝜇0 (𝑱 +
𝜕𝑫

𝜕𝑡
) = 𝜇0 (𝜎𝑬 + 휀0

𝜕𝑬

𝜕𝑡
) (2.4) 
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Ampere's modified law (2.4) and Faraday's law (2.8), together with Gauss' law and Gauss' magnetism 

law, not given here, constitute Maxwell's equations. The behaviour of electromagnetic fields is founded 

by Maxwell's equations and in principle all relations concerning electricity and magnetism can be 

described by using these equations (Auken, et al., 2006). Maxwell's equations play the same role in 

electromagnetism as Newton’s laws in mechanics (Lillestøl, et al., 2006). 

By differentiating Ampere's modified law with respect to time and combine it with Faradays law, 

assuming a source-free case, the electromagnetic wave-equation for the electrical field can be derived 

(Gelius, 2016) and is given by: 

 
∇2𝑬 − 𝜇0𝜎

𝜕𝑬

𝜕𝑡
− 𝜇0휀

𝜕2𝑬

𝜕𝑡2
= 0 (2.9) 

A similar approach can be employed to obtain the electromagnetic wave-equation for the magnetic field. 

A Fourier transform with respect to time, transforms the wave-equation from time domain to frequency 

domain. The time derivative (𝜕/𝜕𝑡) in time domain is equivalent to a multiplication by 𝑖𝜔 in frequency 

domain, where 𝑖 = √−1 and 𝜔 is the angular frequency, and the wave-equation can be written as: 

where a hat on top of the bold letters designates frequency domain. For high frequencies, 𝜎 will be much 

smaller than  휀𝜔 , and the term 휀𝜔2  will dominate. Neglecting the first term, the wave-equation 

corresponds to propagating waves which reflects differences in the electric permittivity. For low 

frequencies, 𝜎 will be much larger than 휀𝜔 and the term 𝑖𝜎𝜔 will dominate and the second term can be 

neglected. The waves will be diffusive and reflect differences in the conductivity (Everett, 2013; Gelius, 

2016). 

The airborne electromagnetic (AEM) method is based on the physical principle of electromagnetic 

induction (Figure 2.2) (NGI, 2014a). Electromagnetic induction methods are based on the fact that a 

time-varying magnetic field creates a time-varying electrical field and vice versa, governed by 

Maxwell's equations (Lillestøl, et al., 2006). EM induction methods utilize low frequencies, which 

according to equation (2.10) implies that diffusion is the physical mechanisms governing the 

electromagnetic induction. Consequently, EM induction measurements respond almost entirely to the 

conductivity of the ground. 

For an EM system an electrical current runs in a transmitter (Tx) coil in short impulses, giving a time 

varying current. The electrical current flowing in the Tx coil generates a primary magnetic field 

according to Amperes' law given in equation (2.4), as shown schematically by the green solid lines in 

Figure 2.2.  The time-varying current creates a change in the magnetic field and thus a varying magnetic 

flux, which in turn generates an electromotive force (emf) according to Faraday's law of induction given 

in equation (2.5). The emf causes eddy currents (red solid lines in Figure 2.2) to flow in conductive 

ground. These induced currents generate a weak alternating secondary magnetic field (blue dashed lines 

in Figure 2.2) (Everett, 2013). 

 
∇2�̂� = (𝑖𝜎𝜔 − 휀𝜔2)𝜇0�̂� = 0 (2.10) 
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For a time-domain EM system (section 2.1.3), it is primarily the secondary magnetic field that is 

measured. The usual way of detecting the secondary field is by measuring the induced current in a 

receiver (Rx) coil, related to the rate of change of the secondary magnetic field, given as a voltage 

difference. By using Maxwell's equations it can be shown that at later times the rate of change of the 

strength of the secondary magnetic field, which is measured in the receiver coil, is proportional to the 

resistivity of the ground. According to Sørensen, et al. (2006) the late-time approximation of the impulse 

response is given as: 

 𝜕𝑏𝑍

𝜕𝑡
≈

−𝐼𝜎3/2𝜇0
5/2

𝑎2

20√𝜋
𝑡−5/2 (2.11) 

where 𝑎 is the radius of the loop and 𝜕𝑏𝑍/ 𝜕𝑡 decays proportionally to 𝑡−5/2. The only unknown in the 

equation is the conductivity (𝜎). By using that the resistivity is inversely proportional to conductivity 

(ρ=1/σ) and solving equation (2.11) with respect to ρ, the apparent resistivity as a function of time can 

be written as: 

 

𝜌𝑎 = (
𝐼𝑎2

20
𝜕𝑏𝑍
𝜕𝑡

 
)

2/3

𝜇0
5/3

𝜋1/3
𝑡−5/3 (2.12) 

This equation gives the apparent resistivity as a function of time, which is used as input in the inversion 

procedure in order to get models of the resistivity distribution in the ground (described in section 2.3). 

 

 
Figure 2.2: The basic principles of the AEM method is electromagnetic induction, used to 

calculate the resistivity in the subsurface. Electrical currents in the transmitter loop creates 

a primary magnetic field (green lines) which induces electrical eddy currents (red lines) in 

the subsurface, generating a secondary magnetic field (blue dashed lines) detected by the 

receiver coil (NGI, 2014a). 
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2.1.3 Airborne EM systems 

Two different types of airborne EM systems can be used when it comes to generating and receiving the 

electromagnetic field, depending on the domain used. The two systems are called transient or time-

domain electromagnetic (TEM) systems and frequency-domain electromagnetic (FEM) systems (NGI, 

2014a). Time-domain measurements consider changes with time, while frequency-domain 

measurements consider at what frequency the changes take place. These different systems have different 

advantages and disadvantages when it comes to what they are capable of resolving. In the beginning all 

the systems introduced were frequency-domain systems, but later the time-domain systems were 

developed and are today the most frequently used (Auken, et al., 2006; NGI, 2014a). In addition, two 

operational systems exist (Figure 2.3): fixed-wing system, where the transmitter loop of the TEM/FEM 

system is mounted on a fixed wing aircraft, and helicopter system, where the transmitter loop is carried 

as a sling load beneath the helicopter (NGI, 2014a). 

 

Around year 2000, helicopter time-domain electromagnetic (HTEM) systems were introduced and a lot 

of new developments and improvements were made in the following years, making new applications 

possible. Recently the use of this method has increased for engineering surveys (Pfaffhuber, et al., 

2016b). By using TEM systems, a very high depth resolution can be obtained as the frequency band is 

sampled within many time gates and a sufficient depth is obtained due to the high transmitter moment. 

The penetration depth can be up to several hundred meters, depending on the geology. In contrary, the 

FEM systems typically operate with 5-7 frequencies and a lower transmitter moment, providing less 

penetration depth but better near-surface resolution (NGI, 2014a). The use of helicopter is beneficial in 

areas with rapidly changing topography, forest areas or areas with a lot of infrastructure where the flight 

height has to be adjusted rapidly, as is the case in large parts of Norway. The system used by NGI is a 

helicopter time-domain system, and only time-domain AEM systems will be considered from now on. 

 

Figure 2.3: The two operational systems used when acquiring AEM data. Left: Fixed-wing 

system. Right: Helicopter system (NGI, 2014a). 
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The basic principle of a TEM system is shown in Figure 2.4. For a time-domain system a typical current 

waveform consists of a slow rise followed by a steady current, before the current flowing in the 

transmitter is abruptly turned off (Figure 2.4 a)) (Everett, 2013) The current turn-off is not instantaneous 

but stretches over some time, from a few microseconds to up to over 100 microseconds, depending  eg. 

size of moment used (Andersen, et al., 2016b). The rapid turn-off causes a change in the primary 

magnetic field, inducing an electromotive force (Figure 2.4 b)) generating currents in the ground, which 

in turn gives rise to the secondary magnetic field (Figure 2.4 c)), as described in the previous subsection 

(2.1.2). After the current is terminated, the emf vanishes and the eddy currents diffuse downward and 

outward in the ground, while diminishing in amplitude. The weak secondary magnetic field is generated 

in proportion to the diminishing strength of the eddy currents. The magnitude of the secondary magnetic 

field sensed by the receiver depends upon the resistivity value and distribution of the materials in the 

ground (Mussett & Khan, 2000). 

For a time-domain system the measurements are conducted in the off-time, when the weak secondary 

field is not affected by the much stronger primary magnetic signal, which is present in the on-time. Only 

the secondary magnetic field is measured in the receiver coil. The decaying secondary magnetic field is 

referred to as the step response (B). As this secondary field is measured using an induction coil, the data 

measurements is the time rate of change of the secondary magnetic field, referred to as the impulse 

response (𝑑𝐵/𝑑𝑡) (Everett, 2013; Sørensen, et al., 2006). After the turn-off, the decay curve is measured 

as a function of time in time windows often referred to as gates (Figure 2.4 c)). The very first gates are 

linearly spaced, after which they are arranged with logarithmically increasing width, intended to 

improve the signal-to-noise ratio at later times. As seen in Figure 2.4 the current in the transmitter coil 

alternates between positive and negative polarities for each single pulse. This is done in order to suppress 

coherent noise from power lines by choosing a repetition frequency equal to a sub-harmonic of the 

power line frequency. The measurements done for each single pulse, referred to as a transient, are 

significantly affected by electromagnetic background noise. The measurements (transient) are repeated 

and stacked to form soundings, increasing the signal-to-noise ratio (Sørensen, et al., 2006). 

 

t 

t 

t 

Figure 2.4: Principle of a TEM system. a)  The current in the transmitter as a function of time with 

a slow rise in current for the turn-on, followed by a steady current before a fast turn-off and off 

time. b) The induced electromotive force (emf) created when the current in the transmitter changes, 

inducing eddy currents in the ground. c) The decaying secondary magnetic field created due to the 

induced currents in the ground, measured in time windows (gates). (Sørensen, et al., 2006) 
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In the time just after the current in the Tx-loop is turned off, the current generated in the ground is close 

to the surface and the measured signal carries information about the resistivities of the top layers. At 

later times, the current in the ground has diffused deeper into the ground and the measured signal gives 

information about the deeper layers (NGI, 2014a; Sørensen, et al., 2006). Thus a quick and precise turn-

off gives early measurements and more information about the upper layers, increasing the near-surface 

resolution. A larger transmitter moment increases the strength of the magnetic field which results in a 

higher measured signal, increasing the signal to noise ratio. This makes it possible to use measurements 

at later times and thus increase the depth penetration and the depth resolution. 

The depth penetration is less for a conductive ground than for a resistive ground, expressed by the so-

called skin depth. The solution of the wave-equation for a diffusive wave shows that the electromagnetic 

signal decays exponentially with distance and the diffusive wave is characterized by the skin depth. The 

skin depth is defined as the distance 𝑑, where the amplitude of the plane-wave signal has been attenuated 

by a factor of 1/𝑒 (Everett, 2013;  Gelius, 2016), expressed by the following relation: 

 

𝑑 = √
1

𝜋𝜇0𝜎𝑓
= 503,3√

𝜌

𝑓
 (2.13) 

where 𝜇0 ≈ 1.2566 ∗ 10−6 and 𝜌 = 1/𝜎 are used. The skin depth increases with increasing resistivity 

(𝜌) and/or decreasing frequency (𝑓). This implies that an EM wave propagating in resistive materials is 

less attenuated and penetrate deeper than a wave propagating in more conductive materials. 

In a conductive media, strong eddy currents are induced in the ground, giving a stronger secondary 

magnetic field resulting in higher readings in the receiver. In addition, the measured voltage decays 

slowly for a conductive material. For these reasons, both the resistivity and layer boundaries of good 

conductors are usually well resolved. For a resistive material, the eddy currents induced are weaker and 

decay faster, giving weaker signals to be measured. The resistivity value of very high resistive 

formations is thus often poorly resolved in the presence of a good conductor (Sørensen, et al., 2006). 

For an airborne EM system, the measured Earth response decreases with increasing flight altitude. This 

implies a lower signal to noise ratio at late times and thus poorer vertical resolution of deeper parts, as 

noise do not show a significant decrease with altitude within the operating altitude range. Also the near-

surface resolution decrease with increasing altitude. The flight height is kept as low as possible, taking 

safety into consideration. Forest areas, steep topography and man-made installations affect flight 

elevation and therefore resolution. As described earlier the signal-to-noise ratio is increased by 

performing stacking of transients, increasing the resolution. The flight velocity matters when it comes 

to collecting transients for the required stack size. At a lower velocity, a higher stack size can be achieved 

compared to a higher velocity (Sørensen, et al., 2006). Typically the soundings are generated for every 

30 meters and for each of these soundings a 1D resistivity model will be produced after inversion of the 

data. 

As explained by Everett (2013) the secondary magnetic field exhibits a sign change from positive to 

negative values, due to the diffusion of the eddy currents, when using an offset loop configuration where 

the Tx and Rx loops are separated by some distance. As a result, the measured impulse response exhibits 

a sign change from negative to positive. This is relevant for the application of SR. A schematic showing 

the sign change with increasing Tx-Rx separation (L) corresponding to the response from a uniform 

half-space (𝜎~0.1 𝑆/𝑚) is shown to the left in Figure 2.5 (Everett, 2013). To the right in the figure the 

effect different resistivities have on the occurrence of the sign change, for a given Tx-Rx separation, is 
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illustrated. For a smaller Tx-Rx separation or a more resistive ground, the sign change occurs at earlier 

times. 

 

There are several commercial providers of AEM systems and there are a lot of different TEM systems 

on the market as VTEM, HeliTEM, AeroTEM and SkyTEM (NGI, 2014a). The data studied in this 

thesis is acquired with the SkyTEM system, which is a helicopter time-domain system. 

2.1.4 The SkyTEM system 

SkyTEM Surveys ApS is a Danish airborne geophysical survey company providing systems and field 

staff for use in airborne transient electromagnetic (TEM) mapping (SkyTEM, 2017).  NGI has hired 

SkyTEM to perform all the AEM surveys conducted at NGI. The company is a spinoff company of 

Aarhus University in Denmark, founded around a unique helicopter time-domain system designed for 

very high resolution near-surface and deep mapping in 2004. It was originally developed and designed 

for hydrogeophysical and environmental investigation, but has later been utilized in a wider range of 

applications (Auken, et al., 2009).  Today SkyTEM has several different systems for use in application 

from near-surface to deep targets, each suiting requirements in the mineral, energy, geotechnical 

engineering and water sectors. They offer systems that are capable of mapping to depths of as much as 

over 500 meters or as shallow as the upper few meters, matching different purposes and targets 

(SkyTEM, 2017). 

SkyTEM developed the unique technology using dual-moment transmitter design, capable of mapping 

both shallow and deep geological structures simultaneously, with high resolution. A dual moment 

configuration utilizes both a low moment (LM) and a high moment (HM) transmitter, operating 

alternately (SkyTEM, 2017). Using a dual moment system provides major advantages over a single 

moment system, as it is possible to measure a wider range of time gates. With LM the current runs in 

one turn in the loop, the current is switched off fast and very early time data are measured. This provide 

information about the shallower layers, thus allowing for more accurate images of high resolution in the 

near-surface. With HM, several turns in the loop are used giving stronger fields which penetrates deeper. 

Figure 2.5: Left: Impulse response as a function of time for different Tx-Rx separations (L). Sign change occurs 

earlier for smaller Tx-Rx separations (Everett, 2013). Right: The impact on the measured impulse response due 

to a two meter thick top layer with varying resistivities (1, 4, 20, and 100 Ωm) over a 20 Ωm half-space. The 

sign change occurs earlier for a more resistive top layer (Andersen, et al., 2016b). Solid lines marks positive 

values and stippled lines negative values. The sign change occurs in the sharp cusps in the response curves  
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Later time data are measured, providing information about and imaging deeper depths. A greater depth 

penetration is achieved by increasing the HM, which increases the signal to noise (S/N) ratio at late 

times (SkyTEM, 2017; SkyTEM-Surveys, 2015). 

Due to the dual transmitter mode, the SkyTEM system offers a good trade-off between near-surface 

resolution thanks to the early usable time-gate measurements from the LM transmitter and sufficient 

depth of investigation due to sufficient high moment in the HM transmitter. 

Different systems exist with different frame size and number of turns in the HM. The system mainly 

used at NGI is the SkyTEM304 system which has been employed worldwide since 2004. It is capable 

of delivering accurate data from the top few meters, to a depth of up to 350 meters in resistive areas. 

Further descriptions in this thesis will concern the SkyTEM304 system. 

2.1.4.1 System setup 

The carrier frame, made of rigid aerodynamic composite, is formed as an octagon and the transmitter 

(Tx) coil is mounted on the frame. The transmitter is a four-turn loop of about 341 m2, transmitting a 

LM in one turn and a HM in all four turns (Auken, et al., 2009). Different devices are mounted on the 

frame (right in Figure 2.6), measuring the navigation data, to ensure detailed information about position 

and movement of the frame in the air. The position of the SkyTEM-system is recorded with two GPS 

receivers. The distance between the transmitter coil and the ground (altitude) is measured using two 

laser altimeters, while the pitch and roll of the frame are measured by two inclinometers and are used 

for correction of the altitude and voltage data (SkyTEM-Surveys, 2015). The receiver (Rx) coil is 

mounted on the back of the frame. The entire system is carried as an external sling load underneath the 

helicopter (Auken, et al., 2009). In Figure 2.6 the system in operation is shown together with a sketch 

where the normal location of the different devices with respect to the frame can be seen. 

a)                                                                          b) 

 

 

Figure 2.6: a) The SkyTEM system in operation. The carrier frame with the Tx loop and the different 

instrumentation mounted on is carried as a sling load underneath the helicopter (SkyTEM, 2017). b) Sketch showing 

the location of the instrumentation mounted on the rigid carrier frame (blue line); GPS, lasers, inclinometer 

(tiltmeter) and receiver coil (Rx) (SkyTEM-Surveys, 2015). 

Rx coil 

Tx coil 
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An alternating current runs in the transmitter coil shifting between LM and HM with a pre defined on 

and off time giving a certain repetition frequency.  Figure 2.7 shows an example of the piece-wise linear 

normalized waveform for the HM (top) and LM (bottom) transmitter current, with a zoom in on the 

ramp-down. A waveform cycle takes shorter time to complete and the ramp-down is faster for the LM 

compared to the HM. Table 1 shows an example of parameter setup for the two different moments. 

 

 

 

Table 1: Example of parameter setup for HM and LM mode (values listed are from the system used in the 

InterCity project). Modified from (SkyTEM-Surveys, 2015) 

Transmitter: SkyTEM Dual-Moment, time-domain electromagnetic system 

Parameter LM mode HM mode 

Number of turns (N) 1 4 

Transmitter area (A) 340,82 m2 340,82 m2 

Transmitter current (I) ~ 9 Amp ~ 110 Amp 

Peak Moment (M=NIA) ~ 3000 NIA ~ 150 000 NIA 

On-time 800 μs 10 ms 

Off-time 738 μs 10 ms 

Rep. frequency 325 Hz 25 Hz 
 

Figure 2.7: Examples of the piece-wise linear normalized waveforms used when modelling SkyTEM-

data (from the InterCity project, Tønsberg dataset). This is used as an approximation to the theoretical 

transmitted waveform. The top figures shows the waveform for the HM data, while the bottom one shows 

the waveform for the LM data. The figures to the right is a zoom in to the ramp-down of the waveforms, 

marked with a red box in the left figures. Note the different time scales.   
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The geometry of the SkyTEM system, waveform characteristics and transfer functions are completely 

described and the system is equipped with several devices measuring the movement of the frame in the 

air. This enables a complete modelling of the system and the movement of the system in the air, making 

it possible to obtain high-resolution images of the subsurface (Auken, et al., 2009).   
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2.2 Other relevant investigation methods 

In addition to AEM-data two other types of investigation methods are used in this thesis; Electrical 

resistivity tomography (ERT) and borehole measurements in the form of resistivity measurements 

(RCPT) and total sounding data. Only a brief description of these two methods are presented as the main 

focus is AEM and going into detail is out of the scope in this thesis. 

2.2.1 Electrical resistivity tomography (ERT) 

ERT gives information about the resistivity distribution in the subsurface. ERT measurements are 

performed at the surface of the Earth, using direct currents to measure the electrical properties of the 

subsurface. An electrical current is injected into the ground through pairs of steel electrodes. The 

potential difference is measured with another pair of electrodes (Figure 2.8). An ERT acquisition is set 

up along lines where steel electrodes are put into the ground with a set separation. The electrodes are 

connected to a cable which is connected to a battery, being the electrical source. In the case of a 

homogeneous layer the potential difference ∆𝑉 is related to the current 𝐼 and the resistance 𝑅 of the 

layer the current is running through by Ohm's law: 

By knowing the input current and the measured voltage together with the geometry of the array, the 

resistance can be calculated. The electrical resistance is usually expressed in terms of resistivity. The 

resistivity of a conducting body with resistance R, length L and cross-sectional area A, is expressed as: 

The length of the array defines the depth of investigation. A general estimate of the depth of investigation 

is 10-20 % of the array length, depending on the resistivity structures in the ground. The resolution is 

defined by the electrode spacing, where denser electrodes provide higher resolution. Different electrode 

configurations exist, the one used at NGI is the so-called gradient array where a large number of potential 

electrode combinations is used. The measured data are inverted and the result of an ERT acquisition is 

usually a 2D resistivity model. The instrument NGI uses to conduct the measurements is an ABEM 

Terrameter LS system (Figure 2.9) (NGI, n.d.). 

 
∆𝑉 = 𝑅𝐼 (2.14) 

 𝜌 = 𝑅𝐴/𝐿 (2.15) 

 

Figure 2.9: The equipment and setup of an ERT 

acquisition. The picture shows the ABEM 

Terrameter LS used to conduct ERT-measurements. 

In the background an electrode array can be seen 

which is connected to a battery, providing power to 

run the electrical current, through a cable connected 

to the electrodes (NGI, n.d.) 

 

Figure 2.8: Basic principle of electrical resistivity 

imaging. A direct current (I) is injected into the 

ground through electrodes (C1 and C2) and the 

resulting potentials (voltage) created in the Earth is 

measured (P1 and P2). From the voltage 

measurements it is possible to determine the 

resistivity distribution in the Earth (NGI, n.d.). 
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2.2.2 Geotechnical borehole data 

Traditional ground investigations as drilling, sampling and probing are the most common field surveys 

conducted. Such direct investigation methods provide detailed information about the subsurface (NGI, 

2017b). Several different investigation methods exist, but result from two different methods are used in 

this thesis; total sounding and cone penetration test with resistivity measurements (RCPT). 

Total sounding is a method used to determine the 

layering in the soil and depth to bedrock. The method 

is capable of drilling through rocks. The presence of 

bedrock is confirmed by drilling a minimum three 

meters into the rock, ensuring that it is not a big 

boulder that is hit. When a total sounding is conducted, 

the probe is pressed down into the ground at a constant 

rate, at the same time as it rotates. When solid layers 

or rock are hit and the resistance becomes too large to 

maintain the penetration speed, the rotation is 

increased. If the speed is still not maintained, flushing 

and hammering are initiated, making it possible to drill 

through solid rock. The results are presented in 

diagrams where curves show the pushing force and 

speed (Figure 2.10). Increased rotation and use of 

hammering and flushing are marked as well. The 

results are interpreted, giving information about 

layering and depth to bedrock (Sandven, et al., 2012). 

With an RCPT, resistivity measurements are 

conducted while performing standard CPT (cone 

penetration test) measurements (Geotech, 2014). CPT 

measurements give information about eg. layering, 

soil type and mechanical properties (Sandven, et al., 

2012). The data used in this thesis were acquired with 

an RCPT probe manufactured by the Swedish 

company Geotech AB. The probe is placed above the 

standard CPT probe and consists of four ring 

electrodes placed in a Wenner configuration (equal 

spacing between the electrodes) (Figure 2.11). An 

electrical current is injected through the two outer 

electrodes and the potential difference is measured 

between the two others (Geotech, 2014). The 

cylindrical probe has a conical tip and the system is 

pressed down into the ground at a constant penetration 

speed. The force against the conical tip and side 

friction at the cylinder as well as the resistivity are 

measured (Sandven, et al., 2012).  Readings are made 

every second (Geotech, 2014).  The testing is stopped 

when harder materials are hit and it is not possible to 

maintain the penetration speed without increasing the 

pressure force over a certain level.   

 

 

 

Ring 

electrodes 

Figure 2.11: Left: Illustration of an RCPT 

measurement in the field where the probe is 

pressed down into the ground, while a current is 

injected through two electrodes and the potential 

difference is measured between the two other 

electrodes. Right: Picture of an RCPT probe, 

where the devise measuring the resistivity is 

mounted over the regular CPT probe, with four 

ring electrodes (Geotech, 2014).                                                        

Figure 2.10: Curves showing the speed (left) and 

pushing force (right) measured during a total 

sounding. Hammering and flushing are marked by 

shaded fields, while crosses mark increased 

rotation.  

Interpreted 
bedrock 

surface 
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2.3 Inversion 

2.3.1 Linear least squares inverse problem 

Geophysical inversion is a method used to obtain information about Earth's interior, based on 

measurements made at or near the surface (Everett, 2013). An inversion process is a computational 

approach used to fit a geophysical model to the observed data acquired from a survey. This is done by 

forward modelling, where the response from a model that is assumed to reflect the true subsurface is 

predicted and compared to the true measured Earth response. The model is updated iteratively until the 

difference between the theoretical response from the model and the measured data is minimized (Chang-

Chun, et al., 2015).  Inverse problems are non-unique, meaning that different models have essentially 

the same response, resulting in numerous models fitting the observed data equally well. Adding 

constraints and a priori information may help to overcome this non-uniqueness problem (Everett, 2013). 

The linear inverse problem will be addressed first, before the non-linear invers problem ant theory 

related to inversion of AEM data will be considered in the next section. In the following calculations, 

bold lowercase letters mark vectors while matrices are given as bold uppercase letters.  

In an inverse problem, the data is given and a model with a response fitting the data has to be predicted. 

In the case of a forward problem, the model is given and the data has to be calculated. As a simple 

example a linear system 𝒅 = 𝑎𝒙 + 𝑏 can be studied, which on matrix form can be written as (Maupin, 

2016): 

where the vector 𝒅 is the measured data, the vector 𝒎 = (𝑎, 𝑏) is the model parameters and 𝑨 is a 

coefficient matrix that gives the physics connecting the model parameters to the data response vector 

(Everett, 2013; Maupin, 2016). In the forward problem, the model vector 𝒎 is known and vector 

𝒅 containing the data is calculated, while for the inverse problem 𝒅 is known and the model parameters 

in 𝒎 are the one to be predicted (Lecomte, 2016; Maupin, 2016). The matrix 𝑨 does not always have an 

inverse as one might not have enough information to uniquely determine the solution to the equations, 

giving an underdetermined problem. Instead, the goal is to find the model parameters which fits the set 

of equations in the best way, by solving a minimization problem. For a linear problem the model 𝒎 

giving the wanted model parameters can be expressed by (Maupin, 2016): 

Forward modelling is the spine in the inversion process (Auken, et al., 2016). In a typical inversion, 

synthetic soundings known as forward responses (𝒅𝑝𝑟𝑒𝑑) are generated for a given model and compared 

to the true data (𝒅𝑜𝑏𝑠). This is done until achieving a minimum misfit criteria between the synthetic 

soundings and the true data, and a model is proposed that best matches the true data (Vela, 2015). There 

are several software programs made to solve inverse problems, using different algorithms, based on 

various approaches. One of the most used approach is the well-known least squares inversion, where the 

goal is to minimize the sum of squared difference (called L2 norm misfit criteria) between real measured 

data values and the predicted data, generated in the forward modelling in the inversion process (Auken, 

et al., 2014; NGI, 2014a). This squared difference is referred to as the misfit and gives a measure of how 

close the predicted data from the model fits the observed data. In the simplest form the misfit, 

represented by the L2-norm, for a linear problem can be written (Constable, et al., 1987; Maupin, 2016): 

 

 𝒅 = 𝑨𝒎 (2.16) 

 𝒎 = (𝑨𝑇𝑨)−1𝑨𝑇𝒅 (2.17) 
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This minimization problem has a unique solution and the misfit is minimized by equation (2.17). 

There is always an error associated with the observed data (𝒆𝑜𝑏𝑠), reflecting the noise content in the 

measurement, and this should be taken into account in the inverse problem to improve the estimate of 

the model. Each data point 𝑑𝑗 has an associated error bar 𝑒𝑗  (Auken & Christiansen, 2004; Everett, 

2013). The actual values of the observation errors can not be determined and only statistical quantities 

such as the variance can be found. If the observational errors are assumed to be unbiased and 

uncorrelated the covariance matrix becomes a diagonal matrix given by (Maupin, 2016): 

 

The covariance matrix can be used to obtain an improved estimate of the model vector 𝒎 that fits the 

accurate data better than the noisy ones. If a datum has a large error, one should use a small weight on 

the value. A diagonal matrix with entries inversely proportional to the covariance matrix (𝑪𝑑
−1) can be 

applied to the normal equations in equation (2.16) to weight the data, giving (Everett, 2013; Maupin, 

2016): 

and the expression for the model becomes: 

minimizing the weighted misfit: 

In addition, a priori information and constraints with associated errors can be added to the primary model 

parameters, adding parameters to the problem and further complicate these equations. This is taken into 

account in the next section where a non-linear inverse problem is considered. 

Usually the problem addressed is not linear as in the case described so far. One has a non-linear inverse 

problem where the relationship between the model and the data are more complex and given by 

(Constable, et al., 1987): 

where d represents the data and g is a nonlinear forward function acting upon the model m to produce 

the data. The relation between the AEM data and resistivity values in the ground is not linear and in 

order to obtain models giving the resistivity distribution, a linearized inversion is performed, described 

in the next section (Auken & Christiansen, 2004).   

 

𝑄 = ||𝒅𝑜𝑏𝑠 − 𝒅𝑝𝑟𝑒𝑑||
2

= ∑(𝑑𝑜𝑏𝑠𝑖
− 𝑑𝑝𝑟𝑒𝑑𝑖

)2

𝑁

𝑖=1

 

 (2.18) 

 

𝑪𝑑 =

[
 
 
 
𝜎1

2 0 ⋯ 0

0 𝜎2
2 0 ⋮

⋮
0

0
⋯

⋱
0

0
𝜎𝑛

2]
 
 
 

 (2.19) 

 𝑪𝑑
−1𝒅 = 𝑪𝑑

−1𝐴𝒎 (2.20) 

 𝒎 = (𝑨𝑇𝑪𝑑
−1𝑨)

−1
𝑨𝑇𝑪𝑑

−1𝒅 (2.21) 

 

𝑄 = ∑
(𝑑𝑜𝑏𝑠𝑖

− 𝑑𝑝𝑟𝑒𝑑𝑖
)2

𝜎𝑖
2

𝑁

𝑖=1

 

 (2.22) 

 𝒅 = 𝒈[𝒎] (2.23) 
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2.3.2 Inversion theory related to inversion of AEM data 

The measurements acquired by the AEM-system gives the apparent resistivity (section 2.1.2), reflecting 

the integrated resistivity of all layers the electromagnetic field is passing through, and not the resistivity 

of each layer in the subsurface. In other words, the apparent resistivity measured corresponds to the 

measurement done over a homogeneous half-space where the property is an average of the properties of 

each of the layers in the real ground (NGI, n.d.; Vela, 2015). This gives an inverse problem that needs 

to be solved in order to get a model giving the subsurface resistivity distribution, ideally representing 

the real world in an exactable manner (Figure 2.12). The primary model parameters sought are the layer 

thicknesses and corresponding resistivity values. 

 

There are several geological models with a response that could fit the data equally well, as one sounding 

could originate from many different subsurface configurations, and the inversion of the data acquired 

does not yield a unique solution. But a single model to represent and interpret the data is wanted and the 

challenge is to find the one that best represents the reality (Constable, et al., 1987). The inversion 

algorithm used for inverting AEM-data in this thesis uses a technique based on damped least squares. 

Least-squares techniques are so-called "downhill" searching methods, meaning that they search for a 

minimum data misfit, which is found in the bottom of a "valley" or a minima (Chang-Chun, et al., 2015). 

The solution of a non-linear inverse problem normally requires minimization of a scalar objective 

function (Everett, 2013). The search for a solution stops when this minima is found as further model 

changes result in an increase in the value of the objective function. The solution can be trapped in a local 

minimum instead of a global one, as AEM inversions are non-unique and can converge to different final 

models depending on the initial starting model. Therefore a good starting model can ensure that the 

solution converges to the true model, and not a local minima (Chang-Chun, et al., 2015). Adding a priori 

information and constraints in the inversion process, referred to as regularization, may help to resolve 

the non-uniqueness of the inverse problem so that the calculated solution is more likely to represent the 

true subsurface structure (de Groot-Hedlin & Constable, 2004; Ellis, 1998). A priori information is 

known information about the survey area that does not originate from the AEM data itself. Constraints 

can be set on the wanted model in the inversion, for example on thickness, resistivity or depth. One can 

Figure 2.12: Data are collected during a geophysical AEM survey and inversion is applied in order to 

determine the distribution of the physical properties, in this case resistivity, which give rise to the 

observed data. A priori information and constraints can be included in the inversion in order to make 

a model that best represents the true subsurface structures. 
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use vertical, lateral or spatial constraints, telling something about how adjacent data points are related 

and can vary according to each other (Auken & Christiansen, 2004). The principle behind laterally (LCI) 

and spatially (SCI) constrained inversion will be described in section 3.5 where the inversion procedure 

of SkyTEM data in Workbench is described. A solution to the problem is now a trade-off between 

minimizing the misfit, a priori information and model roughness. 

The observed data, a priori information and constraints can be used as data input in the inversion and 

the final output is a model of how the physical properties, which in the case of AEM is resistivity, is 

distributed in the subsurface. The final output is given as 1D models where horizontal constraints can 

be set between the models. In the following inversion of AEM data will be addressed in a more 

mathematical way. The derivations are following closely the work of Auken and Christiansen (2004). 

When acquiring AEM-data the measured 𝑑𝐵/𝑑𝑡 -data is converted to apparent resistivity (𝜌𝑎 ) by 

applying equation (2.12) given in section 2.1.2. The measured or observed data (𝒅𝑜𝑏𝑠) that have been 

collected at a point 𝑖 = 1: 𝑥 along a profile can be arranged in a data vector: 

 where N is the number of data points and the subscript T denotes the vector transpose. The total number 

of data points (𝒅𝑜𝑏𝑠) collected along the profile is then 𝐷 = 𝑥 ∗ 𝑁. For each surface measuring point 𝑖, 

the subsurface model is represented by 𝑛𝑙  layers with a corresponding resistivity value. The model 

parameters are assembled into a model vector: 

where 𝜌 denotes the interval resistivity and 𝑡 the interval layer thickness of each layer in each 1D model. 

Each 1D model then has 𝑝 = 2𝑛𝑙 − 1 parameters, and the full model (𝒎) to be determined has 𝑀 = 𝑥 ∗

𝑝  parameters. In order to minimize nonlinearity and to impose positivity, logarithmic data and 

logarithmic model parameters are applied.  

The dependence of the apparent resistivities on subsurface parameters are usually described as a non-

linear problem. The problem is linearized by finding the linear approximation using the first term of the 

Taylor expansion of the non-linear forward problem: 

where 𝒈 is a non-linear mapping of the model to the data space. In order for the linear approximation to 

be valid, the true model 𝒎𝑡𝑟𝑢𝑒  has to be sufficiently close to some reference model 𝒎𝑟𝑒𝑓. 𝒆𝑜𝑏𝑠 is the 

observational error associated with the observed data. The matrix 𝑮 is called the Jacobian, which in the 

case of 1D solutions contains all the partial derivatives of the mapping (partial derivatives of each datum 

with respect to each model parameter): 

for the 𝑗th apparent resistivity in the data vector (𝑗 = 1:𝑁) and the 𝑘th parameter in the model vector 

(𝑘 = 1: 𝑝). 

Equation (2.26) can in short be written: 

where 𝛿𝒎𝑡𝑟𝑢𝑒 = 𝒎𝑡𝑟𝑢𝑒 − 𝒎𝑟𝑒𝑓 and 𝛿𝒈𝑜𝑏𝑠 = 𝒈𝑜𝑏𝑠 − 𝒈(𝒎𝑟𝑒𝑓) 

 𝒅𝑜𝑏𝑠𝑖
= (log(𝜌𝑎𝑖1) , log(𝜌𝑎𝑖2) , … , log(𝜌𝑎𝑖𝑁))𝑇 (2.24) 

 𝒎𝑖 = (log(𝜌𝑖1) , log(𝜌𝑖2) , … , log(𝜌𝑖𝑛𝑙
), log(𝑡𝑖1), log(𝑡𝑖2) , … , log(𝑡𝑖(𝑛𝑙−1)))

𝑇
 (2.25) 

 𝒅𝑜𝑏𝑠 + 𝒆𝑜𝑏𝑠 ≅ 𝒈(𝒎𝑟𝑒𝑓) + 𝑮(𝒎𝑡𝑟𝑢𝑒 − 𝒎𝑟𝑒𝑓) (2.26) 

 
𝐺𝑗𝑘 =

𝜕𝑑𝑗

𝜕𝑚𝑘
 (2.27) 

 𝑮𝛿𝒎𝑡𝑟𝑢𝑒 = 𝛿𝒅𝑜𝑏𝑠 + 𝒆𝑜𝑏𝑠 (2.28) 
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Known information or a priori information about the primary model parameters, which do not originate 

from the AEM data itself, might help to resolve the non-uniqueness of the model. A priori information 

is included as an extra dataset 𝒎𝑝𝑟𝑖𝑜𝑟; expressing that the true model should be similar or close to the a 

priori model: 

where 𝛿𝒎𝑝𝑟𝑖𝑜𝑟 = 𝒎𝑝𝑟𝑖𝑜𝑟 − 𝒎𝑟𝑒𝑓 . 𝐼 is the identity matrix with the dimension 𝑝 × 𝑝, where 𝑝 is the 

number of model parameters. As for the data an error,𝒆𝑝𝑟𝑖𝑜𝑟, is associated with the a priori model. The 

variance in the a priori model is described in the covariance matrix 𝑪𝑝𝑟𝑖𝑜𝑟. 

Also roughening constraints can be added with respect to the primary parameters in 𝒎𝑡𝑟𝑢𝑒: 

where 𝛿𝒓𝑝 = −𝑹𝑝𝒎𝑟𝑒𝑓  and Rp is the roughening matrix containing 1 and -1 for the values to be 

constrained and zero elsewhere. Lateral constraints can be added between neighbouring models.. In 

addition to lateral constraints, vertical constraints can be applied as well, resulting in so-called minimum 

structure models or smooth models. The strength of the constraints is described in the covariance matrix 

𝑪𝑅𝑝
. 

Combining the equations (2.27), (2.29) and (2.30) the inverse problem can be written as: 

which can be compactly written as: 

The solution to the inversion problem with respect to some reference model 𝑚𝑟𝑒𝑓  can be written 

(Menke, 1989): 

where the observational error of both the observed data, the a priori information and the roughness 

constraints, given in the covariance matrixes 𝑪𝑜𝑏𝑠, 𝑪𝑝𝑟𝑖𝑜𝑟 and 𝑪𝑅𝑝
 respectively, are incorporated in the 

covariance matrix 𝑪′: 

The inversion of a non-linear problem is performed as an iterative process. The model update at the nth 

iteration in an iterative inversion scheme can then be written as (Auken, et al., 2014): 

where 𝜆𝑛 is a Marquardt damping parameter (Marquardt, 1963). The parameter is iteratively updated to 

stabilize the inversion process. The update of 𝑮𝑛
′ , the data vector update 𝛿𝒅𝑛

′  and the covariance matrix 

𝑪′ include both the data, the a priori and the roughness constraints and are defined next. 

 𝑰𝛿𝒎𝑡𝑟𝑢𝑒 = 𝛿𝒎𝑝𝑟𝑖𝑜𝑟 + 𝒆𝑝𝑟𝑖𝑜𝑟 (2.29) 

 𝑹𝑝𝛿𝒎𝑡𝑟𝑢𝑒 = 𝛿𝒓𝑝 + 𝒆𝑟𝑝 (2.30) 

 

[

𝑮
𝑰

𝑹𝑝

] ∙ 𝛿𝒎𝑡𝑟𝑢𝑒 = [

𝛿𝒅𝑜𝑏𝑠

𝛿𝒎𝑝𝑟𝑖𝑜𝑟

𝛿𝒓𝑝

] + [

𝒆𝑜𝑏𝑠

𝒆𝑝𝑟𝑖𝑜𝑟

𝒆𝑟𝑝

] (2.31) 

 𝑮′𝛿𝒎𝑡𝑟𝑢𝑒 = 𝛿𝒅′ + 𝒆′ (2.32) 

 𝛿𝒎𝑒𝑠𝑡 = [𝑮′𝑇𝑪′−1𝑮′]−1 ∙ [𝑮′𝑇𝑪′−1𝛿𝒅′] (2.33) 

 

𝑪′ = [

𝑪𝑜𝑏𝑠 0 0
0 𝑪𝑝𝑟𝑖𝑜𝑟 0

0 0 𝑪𝑅𝑝

] (2.34) 

 𝒎𝑛+1 = 𝒎𝑛 + [𝑮𝑛
′𝑇𝑪′−1𝑮𝑛

′ + 𝜆𝑛𝑰]−1 ∙ [𝑮𝑛
′𝑇𝑪′−1𝛿𝒅𝑛

′ ] (2.35) 
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where 𝑮𝑛 represents the update of the Jacobian of the forward mapping. I is an identity matrix, with 

dimensions as the model vector, necessary to give constraints on the a priori values. 𝑹 is the roughness 

matrix giving the parameters to constrain. 

where 𝛿𝒅𝑛 is the distance between the nth forward response 𝒅𝑛 and the observed data 𝒅𝑜𝑏𝑠, 𝛿𝒎𝑛 is the 

distance between the nth model vector 𝒎𝑛 and the a priori model vector 𝒎𝑝𝑟𝑖𝑜𝑟 (used as starting model 

for the iterative procedure) and 𝛿𝒓𝑛 = −𝑹𝒎𝑛 is the roughness of the nth model vector. 

The object function, given as the Euclidean distance, minimized by (2.35) is expressed by (Auken & 

Christiansen, 2004): 

where Nd, Nm, NR, represents the number of data points, the number of model parameters and the number 

of constraints respectively. This equation gives the convergence criteria in the iterative scheme run in 

the inversion program. 

When the covariance matrixes are diagonal matrixes as in this case, the objective function simplifies to: 

where 𝝈𝑖
2 is the variance (square of the error or standard deviation) of the observed data. This equation 

gives the total residual. The resulting models are then a balance between the data and the a priori- and 

roughness constraints. 

When only the data is taken into account (not considering a priori or constraints) in the misfit criterion, 

the objective function is given as: 

which is known as the misfit or data residual. 

The data residual is in Aarhus Workbench used to evaluate the inverted models. As it is not possible to 

make a model with synthetic soundings fitting the true data exactly, the inversion leads to an uncertainty, 

i.e. the misfit expressed as a residual, in the produced resistivity model. (NGI, 2014a). A high residual 

means that the data response from the resistivity model produced is not matching the real measured data, 

while a low residual indicate a model giving a response similar to the measured data, which is what is 

sought. A misfit of 1 means that the data are fitted within the error estimate (SkyTEM-Surveys, 2014).  

 
𝑮𝑛

′ = [
𝑮𝑛

𝑰
𝑹

] (2.36) 

 

𝛿𝒅𝑛
′ = [

𝛿𝒅𝑛

𝛿𝒎𝑛

𝛿𝒓𝑛

] = [

𝒅𝑛 − 𝒅𝑜𝑏𝑠

𝒎𝑛 − 𝒎𝑝𝑟𝑖𝑜𝑟

−𝑹𝒎𝑛

] (2.37) 

 

𝑸 = (
1

𝑁𝑑 + 𝑁𝑚 + 𝑁𝑅
 (𝛿𝒅𝒏

′𝑇𝑪′−1𝛿𝒅𝒏
′ ))

1
2

 (2.38) 

 

𝑸 = (
1

𝑁𝑑 + 𝑁𝑚 + 𝑁𝑅
(
[𝛿𝒅𝒏′2]

𝝈2 ) )

1
2

 (2.39) 

 

𝑸𝑑 = (
1

𝑁𝑑
(
[𝛿𝒅𝒏

2  ]

𝝈2 ))

1
2

 (2.40) 
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2.4 System response (SR) 

Helicopter time-domain electromagnetic systems have over the last years been increasingly applied in 

larger scale for engineering surveys. With these new applications of AEM, more accurate data and 

models are sought. Manufacturers and programmers work to improve the acquisition system and 

programs handling the data to increase the sensitivity to near-surface and deeper targets. High-quality 

data, accurate forward modelling of the systems and a precise and robust inversion are needed to obtain 

a higher resolution and produce reliable results (Christiansen, et al., 2011). 

Recently SkyTEM Surveys and Department of Geoscience at Aarhus University in Aarhus, Denmark 

have been developing and testing a new implementation making it possible to use data from earlier time-

gates and thus get more information from the near-surface. In the article “Modelling and inversion of 

the TEM response during transmitter ramp-down” (Andersen, et al., 2016b), which is not yet published 

but under submission, this new algorithm for calculating the TEM-response for early gates is described. 

The calculated TEM response is used in the forward modelling in the inversion algorithm, aiming to 

improve the sensitivity to the near-surface of the AEM system. The goal is to be able to produce models 

with higher near-surface resolution, giving more reliable and detailed results. 

The method is recently introduced and not fully tested and developed yet. There is not much material 

available at this time and the following is based on a manuscript for an article under submission 

(Andersen, et al., 2016b) received from Esben Auken at Aarhus University and on personal conversation 

with employees at Aarhus University and SkyTEM surveys. 

When measuring the Earth response during ramp-down the primary field is non-zero and the pure 

secondary magnetic field cannot be measured directly. In order to use the gates during transmitter ramp-

down, the primary field has to be suppressed. To overcome this problem zero-positioning combined 

with primary field compensation (PFC) techniques are used to remove the primary field contribution.  

In the co-called zero-position, the flux of the primary field through a receiver is zero. Zero-positioning 

requires a very rigid setup as only small changes in the frame geometry will cause a primary field flux 

through the receiver. For an airborne system, small variations in the frame geometry will occur and the 

secondary field will be affected by a small residual primary field. In the PFC technique, the primary 

field is estimated and subtracted directly from the measured raw data. A combination of these two 

methods is used for the SkyTEM data, and the data collected during the ramp-down, used when applying 

SR, are assumed to be primary field free. 

Increased depth penetration is mainly achieved by increasing the transmitter moment or decrease noise, 

making it possible to utilize later gates. In order to get good near-surface sensitivity a fast transmitter 

ramp-down and suppression of the primary filed is required. In addition, the gates measured at very 

early times have to be forward modelled correctly. In order to forward model correctly, the effects 

related to the system affecting the measurements have to be taken into account. The data in the very 

early time range is very sensitive to system effects and several effects occur and contribute to the total 

signal in this time span. These effects can be calculated on the basis of the transfer functions of the 

individual system components or the total response can be measured at high altitude, where the 

secondary field from the ground is too weak and negligible. The main components affecting the signal 

is the transmitter waveform and the filter characteristics of the receiver coil and the electronics. 

In order to make a model giving the resistivity distribution in the ground, the Earth response has to be 

calculated through forward modelling and compared to the real measurements. Ideally, only the 

secondary response from the Earth would be measured. This is not true as the measurements are 



2. Theoretical background 

 

28 

 

influenced by the above mentioned system effects. If assuming that the measurements are primary field 

free, unbiased and noise free, the measured voltage (𝑉𝑚𝑒𝑎𝑠) is a convolution of the time derivative of the 

theoretical magnetic field (𝐵𝑠𝑡𝑒𝑝) generated from the steep current turn-off, the time derivative of the 

transmitter current or waveform (𝐼) and the system filters of the receiver coil (𝑅𝑥𝑖𝑟
) and the electronics 

(𝐿𝑃𝑖𝑟): 

where 𝑁 is the number of turns in the receiver coil, 𝐴 is the receiver coil area and the response from the 

system filters are combined to ℎ𝑠𝑦𝑠𝑡𝑒𝑚. The filters and waveform are gathered into a single system 

response defined by: 

The measured voltage can then be expressed by: 

where convolution identities are used and where 𝑑𝑆/𝑑𝑡  is used in the actual calculations, given by: 

Andersen et al. (2016b) show that the 𝑆′ calculated on the basis of the measured waveform convolved 

with the two filters agrees well with the 𝑆′ measured at high altitude (Figure 2.13 b)). The convolution 

of the filters plotted in Figure 2.13 a) shows that the filters delay the measured signal by about 1.5 µs 

and stretches it slightly. For the earlier gates, this has a large effect and emphasize the need of extremely 

accurate modelling.  

 

 
𝑉𝑚𝑒𝑎𝑠 = 𝑁𝐴

𝑑𝐵𝑠𝑡𝑒𝑝

𝑑𝑡
∗

𝑑𝐼

𝑑𝑡
∗ 𝑅𝑥𝑖𝑟 ∗ 𝐿𝑃𝑖𝑟 = 𝑁𝐴

𝑑𝐵𝑠𝑡𝑒𝑝

𝑑𝑡
∗

𝑑𝐼

𝑑𝑡
∗ ℎ𝑠𝑦𝑠𝑡𝑒𝑚 (2.41) 

 
𝑆 =

𝑑𝐼

𝑑𝑡
∗ ℎ𝑠𝑦𝑠𝑡𝑒𝑚 (2.42) 

 

𝑉𝑚𝑒𝑎𝑠 = 𝑁𝐴
𝑑𝐵𝑠𝑡𝑒𝑝

𝑑𝑡
∗ 𝑆 = 𝑁𝐴𝐵𝑠𝑡𝑒𝑝 ∗

𝑑𝑆

𝑑𝑡
 (2.43) 

 
𝑑𝑆

𝑑𝑡
= 𝑆′ =

𝑑2𝐼

𝑑𝑡2
∗ ℎ𝑠𝑦𝑠𝑡𝑒𝑚 (2.44) 

Figure 2.13: a) The two low pass filters (solid and dotted lines) and the convolution of them 

(hsystem) shown as stippled line. b) The normalized 2nd time derivative of the waveform shown as 

a dashed-dot line. The calculated (solid line) and the measured (dashed) normalized* system 

response (𝑆′ ) based on the convolution of system effects and high altitude measurements 

respectively, close to completely coincide (*normalized by peak current) (Andersen, et al., 

2016b).   
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A measurement is described by its value and the uncertainty estimate on this value (Sørensen, et al., 

2006). This data uncertainty specifies an error interval around the measured data value. The data is 

assumed to have a value somewhere within this interval when the uncertainty is taken into account. The 

uncertainty is usually given as the standard deviation factor (STD). The value of the data point 𝑑 falls 

in the interval: 

The uncertainty value is given as a factor and this implies that an STD of 1.1 is approximately equivalent 

to an uncertainty of the data value of 10% (Auken & Christiansen, 2004). The value set controls the 

influence of the data point on the inversion results. A high STD gives the data value a low weigh in the 

inversion, affecting the result less (section 2.3). 

Normally a 3% data uncertainty, expressed as a standard deviation, is imposed on all data for inversion. 

Andersen et al. (2016) states that an additional relative uncertainty has to be added to the earlier gates 

due to the system effects. The systematic uncertainties are hard to determine as several factors seems to 

be relevant (eg. transmitter current variations due to temperature changes and timing jitter). In the article 

by Andersen et al. (2016), a noise model for the earlier gates is proposed and given by: 

As seen from the formula this additional uncertainty is taken into account and dominates for 𝑡 ≤  10µ𝑠, 

where SR plays a major role. Then the data uncertainty of 3% dominates, before man-made noise takes 

over as the largest noise contributor at late times. 

At present, there is limited experience with including the earlier time gates and assigning data STD. A 

noise model is not yet implemented in Workbench and STD values have to be set manually. 

 

  

 𝑑

𝑆𝑇𝐷𝑑
< 𝑑 < 𝑑 ∙ 𝑆𝑇𝐷𝑑 (2.45) 

 
𝜎𝑆𝑅

𝑉𝑚𝑒𝑎𝑠
= 3% (

𝑡

10𝜇𝑠
)
−1

 (2.46) 
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3 Acquisition and subsequent handling of SkyTEM-data 

After an airborne electromagnetic survey is carried out in the field and all the data are collected, the 

measured data is handled in several steps to obtain the best data quality possible. The data are used to 

produce resistivity models of the subsurface, by performing inversion, used in the final interpretations 

(Auken, et al., 2009). 

The data received from the acquisition company SkyTEM, referred to as raw data, are pre-processed by 

SkyTEM before the customer can proceed to do further data analysis. Pre-processing steps done by 

SkyTEM are presented in the SkyTEM-report delivered together with the data (SkyTEM-Surveys, 

2015). The received raw data are then further processed by performing different processing steps and 

are eventually inverted to produce subsurface resistivity models. The obtained resistivity models is then 

used to visualize the resistivity distribution as profiles or as depth slices, used for interpretation. In the 

following sections this process, from field operations through the subsequent handling of the data to the 

final results, is presented (Figure 3.1). First the acquisition procedure is presented shortly (3.1) before 

the programs used in the handling of the data are introduced in section 3.2 followed by a more detailed 

description of the import, processing and inversion process in section 3.3, 3.4 and 3.5 respectively. The 

last section (3.6) deals with visualization and interpretation. 

 

 

 

Figure 3.1: Steps needed to obtain final models from raw data acquired in the field. The data are collected 

by flying along planned survey lines (A). The response from the ground, displayed as decay curves (B) are 

processed and inverted to give the interval resistivity with depth in the ground (C). The inversion results 

can be displayed as profiles or as resistivity maps (D) which is used in the interpretation (NGI, 2014a).  
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3.1 Acquisition 

AEM-surveys are carried out by flying sequences of parallel lines with a spacing of 50-200 m. The 

lateral resolution is greatest along the flight lines, and the direction of the lines should therefore be 

decided so that they cross any known or expected geological structures. The flight altitude is kept as low 

as possible and varies according to the terrain in the survey area. As a compromise between resolution 

and safety concerns the altitude is normally set to about 30 m in an open terrain, while it has to be 

increased over steep terrain, forest and installations like power lines, resulting in decreased resolution. 

The footprint of a single measurement is approximately 3-4 times the distance from the system to the 

ground. As far as possible it should be avoided to fly close to houses, cables, power lines, railways etc. 

as it affects the data by adding noise and is a safety risk (NGI, 2014a). The flight speed is a trade-off 

between resolution and time spent, affecting the survey costs. A typical flight speed is about 50 km/h 

and it is kept as constant as possible to get data at regular intervals. The data are continuously collected 

as transients which is stacked to form a sounding. The size of the transient stacks and the flight speed 

determine the sounding distance. The soundings formed alternate between LM and HM measurements. 

 

 

The airborne helicopter system, with the transmitter, receiver, devices monitoring the movement and 

power supply, is carried as a sling load beneath the helicopter. The acquisition must be performed during 

daylight and under good weather conditions (Figure 3.2). 

3.2 Software used in processing, inversion and modelling of AEM data 

In the handling of the AEM data the program Aarhus Workbench (www.aarhusgeosoftware.dk/aarhus-

workbench) is used. Aarhus Workbench is a software package for processing, inversion and 

visualization of geophysical data, collected by electromagnetic and electrical instruments. The software 

was initially developed at Aarhus University in Denmark but is now being further developed and drifted 

by Aarhus GeoSoftware. The company was established in 2015 as a private spin-off company from the 

HydroGeophysics Group (HGG) at Aarhus University (SkyTEM-Surveys, 2015; AGS, 2016a). The 

Aarhus Workbench package includes different data processing modules for several geophysical data 

types. For the work presented in this thesis, the Airborne TEM module is used. 

Figure 3.2: The SkyTEM system in operation. The helicopter is flying approximately 

30 meters above the ground, whit the system carried as a sling load below and the 

acquisition has to be performed under good weather conditions (SkyTEM, 2017).  
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The airborne data are integrated with a GIS interface (Figure 3.3), making it possible to track the position 

of soundings and display the produced models in the terrain. The interactive GIS map can be used to 

check if there are obvious sources for noise observed in the data by confirming the presence of eg. roads 

or power lines, or explain outliers in the reflections registered by the altimeters due to presence of forest 

areas. After manual processing the data are visualized in a processing interface where manual edits can 

be performed (Figure 3.3). The voltage data are displayed as soundings in time at the x-axis with the 

different gates downwards in time at the y-axis. When the processing is done, the data are inverted by 

defining a starting model and constraints. The inverted results are visualized as profiles, or different 

theme maps, as mean resistivity, can be created based on the achieved results (AGS, 2016a). 

Aarhus Workbench uses a robust and fast inversion code named AarhusInv (formerly known as 

em1dinv). AarhusInv is a high performance modelling and inversion code, which support a variety of 

different geophysical data types. The inversion program uses a damped least square algorithm (section 

2.3.2). Resistivity models, as well as data residuals for each model, and calculations of depth of 

investigation are outputs from the inversion. AarhusInv uses a local 1D model description, but adding 

constraints between the models forms pseudo-2D and 3D models. Lateral and vertical constraint can be 

set on any model parameters and the code supports both smooth, layered and sharp models (AGS, 

2016b). The inversion process is done iteratively, reducing the misfit until a satisfactory value is reached. 

Several files are created, or has to be created if using AarhusInv as a standalone program, and are used 

as input into AarhusInv to run the inversion (HGG, 2015). These files are described in more detail in 

section 5.3. 

 

Figure 3.3: Workspace in Workbench. 

Large picture shows the GIS interface 

with GIS themes the position of the 

flight lines. The processing interface is 

shown in the small picture, with the 

raw data (soundings) and device data, 

along a chosen flight line.  
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In addition to Workbench and AarhusInv, the programming software MATLAB is used in this thesis to 

create files for the modelling conducted and to plot different types of data. 

Further, an explanation of the different steps in the handling of the AEM data in Workbench, from the 

import of the data to the final visualisation of the model, are presented. A typical workflow is illustrated 

in Figure 3.4. 

Figure 3.4: Typical workflow in Aarhus Workbench, from data import through processing, inversion and quality 

check, to visualisation and interpretation of the final model results. 

3.3 Data import 

The data recorded with the SkyTEM system are reported in different file formats. When the data is 

imported to Aarhus Workbench the data appear in the form of four different file types; geometry file 

(.gex), line number file (.lin), SPS-file (.sps) and SKB-file (.skb) (HGG, 2011a). The geometry file holds 

information about the configuration of the SkyTEM system, as the geometry of the transmitter frame, 

positions of the various devices, the waveform, gate times, calibration parameters etc., while the line 

number file states the line numbers and the corresponding production time interval. In the SPS-file the 

GPS-positions, pitch-, roll-, altitude- and transmitter data are found. The SKB-file mainly contains the 

voltage data from the receiver (HGG, 2011b). The information from these different files are linked 

together and stored in the database during the import (HGG, 2011a). A more detailed description of the 

different file types and their content can be found in Guideline and standards for SkyTEM 

measurements, processing and inversion (HGG, 2011b). 

When SR is applied in the inversion process, the information needed is supplied in a separate SR-file 

(.sr2), which is imported together with the other files. The SR-file contains times and corresponding SR 

value for the convolutions performed in the inversion process. An SR-file is needed when the parameter 

"SystemResponseConvolution" in the geometry file is set to 1. This file is automatically loaded with the 

geometry file and needs to have the same file name as the geometry file (AGS, 2017). SkyTEM provided 

the necessary SR-files for the datasets used in this thesis. An example of a SR-file can be found in 

Appendix 3. 

It can be convenient not to have to deal with all the data in the dataset at the same time. In the import 

process there is an option to divide the data into different nodes based on eg. the day of acquisition, 

different flights within the same day or only parts of one flight. Each node can be processed and inverted 

individually. After the data is correctly and successfully imported into Workbench it has to be processed. 
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3.4 Data processing 

The processing of the AEM data is important in order to improve the data quality and remove bad data 

that will give erroneous results, to achieve as reliable information as possible. Both the navigation data 

and voltage data have to undergo processing, but it is the voltage-data processing that requires the most 

time, often as much as 50%-70% of the time spent on processing (Andersen, et al., 2016a). This process 

becomes particularly time consuming if flying in culturally developed  areas, as the acquired data are 

influenced by couplings to man-made conductors such as power lines, pipelines, fences, railways etc. 

The processing includes filtering, averaging as well as culling of noisy or distorted data (Auken, et al., 

2009). The data is automatically processed before manual processing is conducted, ensuring high-

quality processing. 

3.4.1 Couplings 

Often surveys are carried out in, or in close proximity, to culturally developed areas. The measured Earth 

response may be distorted by couplings to man-made structures in the survey area (Figure 3.5). In man-

made electrical conductors, currents are induced, affecting the measurements (Sørensen, et al., 2006). 

All the soundings in the dataset have to manually be inspected to detect couplings. Responses that are 

coupled must be identified and culled from the data in order to prevent good data from being degraded 

and avoid erroneous results and interpretations. Coupled soundings must be removed as the influence 

on the signal cannot be corrected for or removed by filtering or stacking (Andersen, et al., 2016a; Auken, 

et al., 2006). If coupled data are kept in the dataset it will usually create artificial conductive structures 

in the models, that have no geological origin and affect good data by migrating through horizontal 

constraints (Andersen, et al., 2016a; Auken, et al., 2009). The coupled responses are generally divided 

into two groups: capacitive and galvanic couplings (Sørensen & Auken, 2004). The two types of 

couplings have different origins and give rise to two very different signals (Andersen, et al., 2016a). 

 

 

 

 

Figure 3.5: Raw voltage data along a flight line where coupled data are culled and shown in grey. Good quality 

data appears as even and parallel gate lines, with no abrupt changes or crossing lines. Notice that the data at later 

times, going into the background noise, are not culled as this data are stacked out in the averaging of the raw data.  
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Capacitive couplings can be 

described as an LCR circuit in 

the ground. They are easy to 

detect as they give large 

oscillations in the AEM 

soundings (right in Figure 3.6). 

A common source for such a 

coupling is an underground 

cable where the circuit consists 

of the cable and the ground (left 

in Figure 3.6) (Andersen, et al., 

2016a). 

Galvanic couplings can be 

described as an LR circuit. The 

galvanic couplings do not give 

rise to an oscillating signal, but 

appear as an exponential decay 

with a rise in signal compared 

to an undisturbed signal (right 

in Figure 3.7). This makes a 

galvanic coupling harder to detect than the capacitive once. In order to identify this type of coupling, it 

has to be compared to neighbouring uncoupled soundings, looking for a rise in the signal that seems to 

be too abrupt to be caused by changes in the resistivity of the ground. Grounded overhead power lines 

can be a source for this type of couplings, where the loop consists of the power line masts, the wire 

connecting the masts and the ground (left in Figure 3.7) (Andersen, et al., 2016a). 

 

 

 

Figure 3.6: Left: A schematic showing an example of a source of a 

capacitive coupling. An LCR circuit generated by a underground cable and 

the resistive earth. A time varying primary magnetic field (BP(t)), 

generated by a changing current in the transmitter (ITx(t)), creates a current 

(Ic(t)) in the LCR circuit.  This current creates a secondary magnetic field 

(Bs(t)) and the response from the LCR circuit is measured by the receiver 

(IRx(t)) (Andersen, et al., 2016a). Right: Plot of an undisturbed sounding 

(black) and a capacitive coupled sounding (grey) which changes sign 

(Danielsen, et al., 2003). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Left: A schematic showing an example of a source of a galvanic coupling, a LR circuit generated 

by a grounded overhead power line. A time varying primary magnetic field (BP(t)), generated by a changing 

current in the transmitter (ITx(t)), creates a current (Ic(t)) in the LR circuit. This current creates a secondary 

magnetic field (Bs(t)) and the response from the LR circuit is measured by the receiver (IRx(t)) (Andersen, et 

al., 2016a). Right: Plot of an undisturbed sounding (black) and a galvanic coupled sounding (grey) showing 

a rise in signal (Danielsen, et al., 2003). 

 

http://www.sciencedirect.com/science/article/pii/S0926985103000600#gr4
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/1365-2478.12302#figure-viewer-gpr12302-fig-0002
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/1365-2478.12302#figure-viewer-gpr12302-fig-0002
http://www.sciencedirect.com/science/article/pii/S0926985103000600#gr5


  3. Acquisition and subsequent handling of SkyTEM-data 

 

37 

 

3.4.2 Automatic processing 

The automatic processing is applied to the altitude-, tilt-, position- and raw-data. During the automatic 

processing, a number of automatic filters and averaging are applied to correct the navigation and voltage 

data. The automatic processing is based on a number of user-defined settings, but no manual corrections 

are made (HGG, 2011a). 

The tilt, giving the pitch and roll of the frame, is filtered to eliminate possible outliers. The tilt is used 

to correct both the altitude data and the voltage data. The raw altitude data assumes that the laser is 

normal to the ground surface, and the extra distance caused by the tilt has to be corrected for. The voltage 

data has to be corrected as the z-directed magnetic moment is reduced caused by the tilt of the frame 

(Sørensen, et al., 2006). 

The altitude data, giving the distance to the 

ground measured by lasers, have to be 

processed as it can be affected by reflections 

from vegetation. Reflections from eg. tree tops 

are identified as abrupt and heterogeneous 

drops in the altitude measurements. A precise 

determination of the altitude data is crucial to 

obtain satisfactory resolution in the upper 

meters of the subsurface, especially in highly 

resistive areas. Altitude data are processed 

using a recursive filter technique operating in 

iterations, effectively eliminating the unwanted 

reflection not originating from the ground. This 

is done by repeatedly fitting a higher order 

polynomial filter to the altitudes and remove 

outliers (Auken, et al., 2009; Sørensen, et al., 

2006). Figure 3.8 shows a section of altimeter 

data over open land and a minor forest area, at 

different steps in the processing procedure. In 

some cases, a reasonable estimate of the 

altitude is not provided by the filter and manual 

edits have to be done by the user. One should 

be aware of that the reflections registered by the 

altimeter are not corrected for the tilt, while for the processed altimeter data the tilt is taken into account. 

If doing manual corrections, this must be taken into consideration when the tilt is large. 

In the automatic processing of the raw voltage data, filters are applied to automatically identify and cull 

couplings to man-made structures and noise influenced data. Geometrical corrections are applied to 

correct for the tilt of the transmitter frame. Averaging of the raw data stack is also normally conducted 

to form averaged data, by applying trapezoid-shaped filter kernels. With this filter design, the early time 

data are averaged less than the late time data, by setting a small filter width for early times and increase 

the width for later times (upper right in Figure 3.9). Three filter times and widths have to be defined in 

Workbench. The filtering is performed to maintain high lateral resolution at early times, as well as 

increasing the signal to noise ratio at late times, thereby maintaining the desired penetration depth 

(Auken, et al., 2009).  All raw data are usually assigned a 3% uniform STD (uncertainty estimate) and 

the data are then stacked and averaged applying the trapezoid-shaped filter, to form the averaged data 

 
Figure 3.8: The upper panel (a) shows the raw altitude 

data, which is reflections registered by the altimeter 

(red and green dots). Panel (b) shows the processed 

altitude line (black) together with the raw data after the 

first iteration of the altitude processing, while panel (c) 

shows the final processed altitude. The filter applied 

effectively removes reflections from a forest area (grey 

dots). Modified from (Auken, et al., 2009). 

(c) 

Open land  Open land  Forest  
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used in the inversion (right in Figure 3.9). A new uncertainty estimate is calculated based on the raw 

data stack. Another way to obtain the final data is to calculate an STD on the raw data from the transient 

data stack and not do any stacking and averaging of the raw data (left in Figure 3.9). One might say that 

the latter method is better, as the STD is calculated based on the variations in the data itself and that 

using trapezoidal filtering in an area with rapidly changing geology will smear out sharp boundaries, 

giving results not representing the real world well. On the other side, using a trapezoidal filter may be 

advantageous if handling very noisy data, where large parts of the data have to be discarded if not 

averaged. By averaging, the signal-to-noise ratio is improved and more late-time data may be kept, 

increasing the depth resolution (Nikolaj Foged, pers. comm., 2017). Which approach to use depends on 

the geology in the area, the quality of the dataset and the target, and is as a trade-off between resolution 

and depth penetration. For noisy data and very deep targets, averaging is beneficial. For data where the 

signal-to-noise ratio is good and lateral and near-surface resolution is a priority, the approach of 

calculating STD on transient stack and not perform averaging is the best suited (HGG, 2011a). The data 

points in Workbench are given as error bars, where the size of the bar reflects the STD value of the data 

point. 

 

 

 

 

Figure 3.9: Left: STD calculated from transient stack. No averaging, raw data (top) and average data 

(bottom) are the same. Right: 3% STD on all raw data (top). Data are averaged (bottom) using a 

trapezoidal-shaped filter, illustrated by shaded areas given my three filter times and widths. Final STD 

values are calculated from the raw data stack. Data points are given as error bars, where the size of the bar 

reflects the STD value of the data point. 
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Averaged 

data  

STD calculated from transient stack, 

no averaging 

3 % STD on raw data, averaged applying 
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3.4.3 Manual processing 

The automatic processing is never ideal and manual processing is often necessary. Small corrections 

may be needed for the altitude data, while the voltage data usually need more comprehensive 

corrections. 

The automatic processing of voltage data is mainly performed to give a god starting point and make the 

manual processing easier, by hopefully detect and cull bad data for you. In some cases, the automatic 

processing cull data that are still useable or data that should have been removed are not detected by the 

filters. Going through the data to do manual corrections where needed is therefore necessary. After the 

raw data are corrected and the edits are applied to the averaged data, the averaged data that has reached 

the background noise level but are not stacked out in the averaging, must be removed as well (HGG, 

2011a). 

A laterally constrained inversion (LCI), described in the next section (3.5), is performed in order to 

evaluate the processing by investigating the models and data residuals. If necessary, more data are culled 

which for some reason has not been omitted. Data that cannot be fitted, typically deviating more than 

twice the data STD to the forward response of the inverted models, should be removed manually (Auken, 

et al., 2009). 

3.4.4 Handling system response (SR) in the processing 

The first 5-6 gates included when applying SR are not considered when identifying couplings. These 

gates tend to vary a lot in signal and rapid changes are not related to couplings as for the later gates 

(Figure 3.10). The SR-gates are influenced by system effects and therefore have another behaviour than 

the later gates. These system effects are compensated for in the forward modelling in the inversion 

process. Data in the SR-gates should therefore only be culled if couplings are identified in the later gates. 

A noise model for the earlier gates 

is not yet included in Workbench 

and the STD values on the data 

points have to be set manually for 

the SR-gates. This is done by 

defining the gate, the minimum 

signal for the user defined STD and 

the corresponding user defined STD 

and apply the changes to the data. 

This implementation is described in 

more detail in section 5.2. 

When the processing of the data is satisfactory, the data is ready to be inverted in order to create a models 

fitting the data. The next section deals with the inversion process in Workbench. 

 

 

 

 

 

Rapid changes not 

related to couplings 

but to influence of 

system effects.   

SR-gates 

Figure 3.10: The first gates (SR-gates) influenced by system effects 

tend to vary a lot in signal. These rapid changes are not related to 

couplings, as for later time gates.  
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3.5 Inversion 

As previously stated, the goal of geophysical investigation methods is to provide a physical description 

of the ground without any processes involving digging or drilling. When using the AEM method the 

electrical resistivity of each layer in the ground is the physical property sought. By conducting an 

inversion it is possible to create models giving the resistivity distribution with depth, ideally representing 

the real world in an exactable manner, using the apparent resistivity measurements, constraints and other 

information as input in the inversion. The resistivity models are then used to do a geological 

interpretation of the subsurface. 

As described in section 2.3 an inversion is an iterative process that aims to find a model that gives 

forward responses (predicted measurements) similar to the real measurements made. The measured 

averaged data are used as input in the inversion and the STDs calculated from the raw data stack or the 

transient stack, depending on method used, is used to weight the individual data points (Auken, et al., 

2009). During the inversion process, the measured data are compared to the forward responses from the 

created models. The model is changed until the real data values and forward responses from the model 

are as close as required. The model giving this forward response is used as the final model. In the forward 

modelling the transmitter waveform, loop shape, flight altitude, pitch and roll and low pass filters are 

modelled to obtain accurate models.  

When setting up an inversion in Workbench, different model settings have to be defined. A start model 

is defined by giving the number of layers to be used, the layer resistivities, thicknesses and depths and 

a priori constraints on these values. Then vertical and horizontal constraints are set, controlling how 

large variations are acceptable for the model parameters within and between the 1D models. A priori 

values and vertical and horizontal constraints are expressed as standard deviations (STD) values, given 

as factors. A factor of 1.1 will allow the starting value or two neighbouring values to vary by about ± 

10%. The starting value can also be set to remain fixed or to be free to take any value (AGS, 2017). 

Normally a start model is assigned a uniform start resistivity for all layers in all the models, equivalent 

to a homogeneous half space. For time-domain AEM data, it is possible to use the option auto scale 

resistivity to set the starting resistivity for each sounding. When using this option a uniform start 

resistivity will be found for each individual sounding, instead of setting a uniform start resistivity for all 

soundings. This is done by using an adaptation of a method called Zohdy's method (AGS, 2017). 

When working with AEM data it is also possible to invert for altitude. The flight altitude is included as 

an inversion parameter in Workbench, with the recorded altitude as a priori value and with a priori 

constraints and lateral constraints (AGS, 2017). Including altitude as an inversion parameter allows the 

inversion to move the processed altitude to correct for errors in the processing (Auken, et al., 2009). It 

is possible to specify how many iterations to run before introducing the altitude as an inversion 

parameter (AGS, 2017). By setting the number of iterations to be the maximum iteration number (50) it 

will in practise be like not inverting for altitude.  

Normally an inversion is set to run in log space. When inverting with SR the inversion has to be run in 

linear space due to negative 𝑑𝐵/𝑑𝑡 values for the very first gates, located before the sign change (section 

2.1.3). 
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3.5.1 Layered vs. smooth inversion 

Depending on the number of layers in the model and how the model parameters are constrained, the 

inversion is characterized as smooth or layered (Figure 3.12). A layered inversion uses a model with 

few layers, normally about 5, while a in smooth inversion the model has several layers, normally about 

20-30 (AGS, 2017). They both have advantages and disadvantages and which one is the best suited vary 

with type of dataset and geology of the study area (NGI, 2014a). 

In a smooth model the layer thicknesses are fixed, while the 

resistivities are free, but are set to gradually vary through the 

model by giving tight vertical constraints (Figure 3.13, top). For 

the smooth model, the layer thickness is usually set to increase 

logarithmically downward through the model. This is done by 

specifying the first and last layer boundary and the thicknesses 

will automatically be calculated to give a logarithmic increase, 

with the last layer extending to infinite depth (AGS, 2017). One 

should be aware that the settings chosen for the layers in the 

smooth model decide what can actually be resolved in the 

resulting models. Setting the layer thickness of the first layer to 3 

meters will not make it possible to detect a 1 meter thick 

resistive/conductive top layer, even if it theoretically can be 

resolved. A smooth model is a very good starting point if there is 

little prior knowledge about the area, as quite few assumptions are 

made about the subsurface (AGS, 2017). As a smooth model only 

allows for a gradual variation in resistivity with depth, sharp 

boundaries with relatively large resistivity contrasts will be 

smeared out in the inversion result (Figure 3.11) (Lysdahl, et al., 

2016). 

In a layered model, both the resistivities and thicknesses set in the start model are free to change, i.e. not 

constrained (Figure 3.13, bottom). Layered models allow for larger resistivity contrast between adjacent 

layers, giving a more blocky appearance than smooth models (right in Figure 3.12). This type of model 

requires some knowledge and understanding about the subsurface in the survey area. In a sedimentary 

environment, often represented by sharp layer boundaries, layered models often represent the actual 

geology more accurately, as the models may return better layer transitions than smooth minimum 

structure models (Auken, et al., 2005). 

 

 

Figure 3.11: Illustration showing 

how a smooth inversion smears out  

sharp boundaries (Lysdahl, et al., 

2016) 

 

 

Figure 3.12: The resulting resistivity profiles after running a smooth (20 layer) (left) and layered (5 layer) 

(right) inversion. 

Inverted 

model 

Real 

model 
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3.5.2 LCI vs. SCI 

For AEM data the inversion can be done for one individual sounding alone, giving an independent 1D 

model. This means that two neighbouring or close soundings might yield quite different inversion results 

due to different kind of noise or if processed differently. If assuming that the geology does not change 

abruptly from one sounding to the next, one can use constraints to force the information to only change 

with a certain amount between soundings (Vela 2015). To get consistent models, two commonly used 

constraining approaches are lateral constrained inversion (LCI), making use of consistency along the 

flight lines (left in Figure 3.14), and spatially constrained inversion (SCI), with consistency both along 

and across the flight lines (right in Figure 3.14) (NGI, 2014a). For this approach, a group of time-domain 

EM soundings are inverted simultaneously and are regularized through lateral smooth constraints, that 

tie the interface depths and resistivities of adjacent layers together, but where each sounding yields a 

separate 1D model (Auken, et al., 2005; SkyTEM-Surveys, 2015). 

Smooth inversion setup: 
 

Layered inversion setup: 

Figure 3.13: Example of inversion settings for a LCI for a smooth (top) and layered (bottom) model setup.  

STD factor of 1.001 means that the starting value is fixed while a factor of 99 means that the starting value is free 

(not constrained). Blue areas are locked for editing as the values set are required for the model used. Top: For the 

smooth model the number of layers are set to 20 and the start resistivity is set to 40 Ωm, first layer boundary to 1 

m and last to 200 m (left). Both vertical and horizontal constraints are set on the resistivity (right).  

Bottom: For the layered model the number of layers are set to 5 and the start resistivity is set to 40 (left). Lateral 

constraints are set on resistivity, no vertical constraints by definition (right).  

 



  3. Acquisition and subsequent handling of SkyTEM-data 

 

43 

 

 

 

 

 

 

 

 

 

 

 

 

When doing an LCI of AEM data, the individual soundings are tied together along the flight lines, which 

results in a quasi-2D model. In SCI the soundings are tied together so that connections are made to all 

the nearest neighbouring soundings, both along and 

across the flight lines, giving a quasi-3D model (NGI, 

2014a).  Using these kinds of constraints may help to 

resolve areas with poorly resolved parameters, as 

information from areas with well resolved parameters 

migrates through the constraints. If a priori information 

from e.g. boreholes, giving geological information about 

a point is added, this information will also migrate 

through the lateral constraints to parameters at 

neighbouring sites (Auken & Christiansen, 2004). 

Normally a smooth LCI is run first to evaluate the quality 

of the inversion by inspecting the residuals of the 1D 

models. The data residual is calculated by comparing the 

measured data with the response from the final model 

made in the inversion (see section 2.3.2) and thus give 

information about the fit (Figure 3.15). A good fit is 

obtained if the residual is around 1, meaning that the 

misfit between the data and the response of the final 

model after inversion, on average is equal to the noise. 

If very high residuals occur, it might be necessary to 

perform additional processing to remove the data that 

causes the residual. A high residual might occur because 

the data are noisier than the assumed noise, or due to 

inconsistency between the 1D models assumed in the 

inversion and the real world, or when coupling effects 

due to the presence of man-made structures are present  

(SkyTEM-Surveys, 2014). 

 

 

Figure 3.14: Schematics showing the principles of LCI with constraints along lines to the left, 

and SCI with constraints both along and across flight lines to the right. Blue stippled lines 

indicate flight lines and grey arrows marks how soundings are tied together (HGG, 2011b). 

Figure 3.15: Model curve for a LM (red) 

and HM (green) sounding. The measured 

data are marked with error bars, while the 

response from the model data, calculated in 

the inversion process, is given as the solid 

model curve. How well the data and the 

model corresponds is given by the residual. 

The data  displayed are generally well fitted, 

except for the early times for the LM. In this 

case the residual equals 2. 

SCI LCI 

Qd=2 
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3.6 Data visualization and interpretation 

The final inverted models are visualized by creating resistivity maps for chosen depth intervals and/or 

resistivity profiles (model sections) (Figure 3.16). 

The depth slices are maps created over the survey area that depict the mean resistivity in a certain 

depth/elevation interval. If viewed successively the different depth slices will show how the resistivity 

changes with depth. Resistivity profiles, or model sections, show the constrained 1D models along the 

flight lines or along any other profile of interest. 

Ultimately, the resistivity variations in the maps or profiles are interpreted as different geological units. 

Usually, additional geological or geophysical data are required for reliable interpretation, as certain 

resistivity values can originate from different geological materials (NGI, 2014a) 

 

  

 

Figure 3.16: Model visualisation. Left: Resistivity profile showing resistivity with depth as constrained 1D 

models. Right: Resistivity map for a given depth interval.  
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4 Site description and data used in the study 

At NGI, AEM is mainly used in geotechnical projects concerning construction of roads, tunnels, 

railways etc. where the interest is information as depth to bedrock and bedrock type, to identify sediment 

type, especially the appearance of possible quick clay, or identify faults and weakness zones. The aim 

of performing an AEM survey is to acquire information that can be used to plan and reduce the amount 

of geotechnical ground investigations necessary, which will reduce time and costs spent on a project. 

Several AEM acquisitions have been successfully performed at NGI over the last years. 

It was challenging to find proper datasets suited for the work in this thesis. Several of the different 

datasets available at NGI were studied and eventually two datasets were chosen, and selected areas were 

studied. One of the datasets is a part of the investigations connected to the InterCity railway project, 

flown in 2015 in the area between Tønsberg and Larvik (section 4.1). The other one is from a survey 

flown in 2014 in Jevnaker in connection with a new road project (section 4.2). Both surveys were flown 

with SkyTEMs 304 system. The two areas chosen are different when it comes to geology. In the first 

area, conductive sediment layers with possible quick clay presence overlay resistive bedrock. In the 

second area, resistive sediments cover bedrock consisting of very conductive shales. 

The Tønsberg dataset was chosen due to the presence of possible quick clay in the area. To be able to 

detect and map the presence and extent of quick clay is important, as it imposes a risk when it comes to 

construction work. As there is a small resistivity contrast between normal marine clay and quick clay, it 

was of interest to test if SR could improve the resolution and better detect small contrasts in the upper 

meters, as well as give an overall better resolution in the upper meters. The Jevnaker dataset was first of 

all chosen as it was in NGIs interest to have a closer look at the data. NGI had problems detecting the 

true depth to the conductive shale, covered with resistive sediments of varying thickness. The resulting 

AEM models tended to overestimate the thickness of the top layer. NGI wanted to understand the reason 

for the unsatisfactory result obtained and eventually improve the accuracy and reliability of the models. 

The original idea was to look into the processing and inversion of the data as well as apply SR to improve 

the near-surface resolution, which hopefully would help to resolve a thinner top layer in the models. 

Unfortunately the LM data were heavily influenced by noise. As SR is applied to LM data, the dataset 

was not suited for applying the SR method. Nevertheless, reprocessing and testing regarding the 

inversion settings were carried out to see if this alone could improve the results.  

Another important reason why these two study areas were chosen, was the availability of geotechnical 

borehole measurements as RCPT's and ERT data, at or in close vicinity to the AEM flight lines. These 

resistivity methods provide resistivity data of higher resolution than AEM data. Having the possibility 

to compare the resulting AEM models with other types of resistivity data, can help to verify that changes 

observed and the results obtained actually represent real subsurface features. The RCPT and ERT 

measurements are also used as basis for the synthetic modelling carried out.  

The original datasets cover larger areas than the study areas presented in this thesis. The only flight lines 

that covered the area of interest were identified and imported for further processing. Smaller datasets 

were advantageous in terms of time spent on manual processing and running the inversions. A large 

dataset may take considerable time to invert, and for the work in this thesis, it was necessary to run a 

large number of inversions to compare results. In order to be able to make progress fast enough, having 

a dataset that would not take hours to invert was vital. 
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4.1 InterCity project –Tønsberg area 

In 2015 NGI conducted an AEM survey along a planned railway on the route segment between Tønsberg 

and Larvik, in the south eastern part of Norway, for the Norwegian National Rail Administration 

(BaneNOR). This segment is a part of a larger railway project between Oslo and the three cities Halden, 

Skien and Lillehammer, named InterCity. The survey was conducted to map the bedrock topography 

and identify sediment type, with special focus on possible quick clay presence. Geological maps show 

that the bedrock in the area in general consists of magmatic rocks as Larvikite and monzonitt, 

represented by high resistivities (>800 Ωm). The area is characterized by a hilly bedrock topography 

with outcropping in the heights and valleys filled with thick marine sediments, mainly clay, 

characterized by lower resistivities (NGI, 2015). Two areas south of Tønsberg were chosen for this study 

and the locations can be seen in Figure 4.1. 

 

 

The data quality is in general good for the dataset, but due to couplings to man-made structures, data 

points had to be discarded in several places, leaving areas without data coverage (Figure 4.2). 

 

 

Figure 4.1: Maps showing the location of the study area from the InterCity - Tønsberg project. Black lines are 

flight lines, red dots mark RCPT measurements in the area and the RCPTs with a borehole number (yellow) 

are the ones used in this project. Maps from Norgeskart (Kartverket, 2017) and the Workbench software with 

permission from BaneNOR to publish survey information. 
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4.1.1 RCPT data 

It has not been very common to conduct resistivity measurements when performing CPT measurements 

at NGI, but in the future, measurement like this is expected to be more frequently performed (Kristoffer 

Kåsin, NGI, pers. comm., January 2017). However, some RCPT measurements were conducted in 2016, 

close to some of the AEM lines in the 

Tønsberg dataset. All files containing CPT 

data from the area were inspected in order to 

identify the ones also containing resistivity 

data. Then these boreholes were located and 

compared to the coverage of the AEM lines. 

The resistivity data from the RCPT's situated 

at or close to the survey lines were further 

investigated. A total number of eight RCPT's 

were located inside the AEM survey area (see 

red marks in Figure 4.1). 

The RCPT data were then plotted to give the 

resistivity variation with depth (Figure 4.3). It 

was revealed that several of the RCPT logs 

did not show much variation with depth. If no 

layering is present in the upper meters, 

including earlier gates would not contribute 

with much additional information. The result 

with and without the use of SR would 

therefore not be expected to show any 

 

 

LM data – 

early gates 

LM data 

HM data 

Figure 4.2: Example of the appearance of the raw data in the study area. LM data in the upper part and HM 

data in the lower part. The data quality is generally good, but data affected by couplings had to be discarded 

and are displayed in grey colour. 

Figure 4.3: Resistivity measurements from an RCPT 

plotted with depth. The plot to the left shows a larger 

variation with depth compared to the plot to the right, 

which shows very little variation, indicating quite 

homogeneous masses. Applying SR in an area where no 

change in resistivity is present will not improve the 

models, as there are no layering to be resolved.  
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difference. However, five of the RCPT's showed some variations in the upper 5-10 meters and were 

used in further work (red marks with yellow tag in Figure 4.1). Processing of the AEM data revealed 

that data in vicinity of two of these RCPTs had to be discarded due to couplings. These RCPTs could 

not be used, as no AEM data were present close enough for comparison. Only three RCPTs proved to 

be suitable to use in this study (Figure 4.4). 

 

In Lysdahl, et al., (2016), RCPT data used in this thesis were compared to sample tests done at the same 

locations. The depth intervals where quick clay was observed in the samples were identified and 

compared to corresponding resistivity values from the RCPTs. This made it possible to give an estimate 

of the resistivity values for quick clay in the area. It was found to be in the range from 12,5 Ωm to 35,9 

Ωm. 

One should be aware of the differences in resolution between AEM and RCPT. The footprint of an 

RCPT measurement is much smaller than for AEM measurements. While AEM measurements reflect 

the average over an area on a meter scale, RCPT measurements give information from an area on 

centimetre scale. If the geology is rapidly changing, two RCPT measurements close to each other could 

possibly look very different. AEM data from the same area would contain signal from both geologies 

and AEM models would most likely not fit any of the resistivity logs from the RCPTs, as none of them 

would be representative for the area the AEM measurement originates from. A less good fit between an 

RCPT measurement and an AEM model does not necessarily mean that any of them are wrong, only 

that they represent different resolution scales. Therefore, only an RCPT measurement representative for 

a larger area would be comparable to AEM models, and this has to be taken into consideration when 

comparing results. 

  

Figure 4.4: The three RCPTs from borehole VSS11002, VSS11006 and VSS13016, which coincided with the 

AEM data and showed some resistivity variation in the upper meters, were considered the most suitable to 

use. 
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4.2 New E16 Jevnaker – segment Aslaksrud - Opperud 

In 2014, an AEM survey was flown between Eggemoen and Olum in Jevnaker municipality for the 

Norwegian Public Roads Administration (Statens vegvesen), regarding investigation for a new road 

project. The main aim of the project was to map the extent of conductive shale, possible alum shale, 

along the planned road corridor. In the area between Aslaksrud and Opperud shales are present in the 

subsurface overlaid by resistive sediments, while southwest and northeast of this area, only resistive 

masses are to be found (NGI, 2014d). Only the area with resistive masses over conductive bedrock are 

in focus in the further work. The location of the study area is shown in Figure 4.5. 

 

The shale present in the area is divided into different units based on different composition. Shales in 

general have a low resistivity and especially alum shale is characterized by extremely low resistivity 

values due to its high sulfide content (according to Palacky, 1988, see Figure 2.1). Studies done prior to 

the AEM investigations, presented in Forundersøkelser helikopterbasert resistivitetkartlegging (NGI, 

2014c), revealed that resistivity methods were well suited to map alum shale. By conducting laboratory 

measurements on core drillings from the area, the resistivity of the different shale units could be 

determined, making it possible to classify the units present based on resistivity.  The alum shale showed 

Figure 4.5: Maps showing the location of the study area from the Jevnaker project. Black lines are flight lines, 

orange stippled line is the planned road corridor, red dotted line is the main flight line used in this project following 

the planned road closely, pink lines are the ERT lines (located at Kleggerud and Opperud), red lines are powerlines 

and yellow squares are core drillings. Maps from Norgeskart (Kartverket, 2017) and the Workbench software. 
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resistivity values in the range 0.025-0.13 Ωm, which is extremely low. The other shale units were 

characterized by varying resistivity values, but were all significantly more resistive than the alum shale. 

The sediments overlying the shale units consisted of highly resistive materials, giving a high resistivity 

contrast between the sediments and bedrock (NGI, 2014d). Based on resistivity values, it should be 

possible to estimate the thickness of the overburden and map the extent of shale, as well as identify areas 

where alum shale could be present in the ground. 

The extent of shale along the planned road corridor was mapped in order to give an estimate of the alum 

shale volume expected to be removed, connected to roadcut excavations. Four excavations were planned 

along the road in the areas Aslaksrud, Kleggerud, Hesjebråtalia and Opperud (Figure 4.7). An estimate 

of the volume of alum shale that needed to be excavated was necessary for several reasons. Alum shale 

is a type of black shale, which consists of sulfide minerals (pyrite) and is also often rich in heavy metals. 

By weathering of alum shale, a chemical reaction (oxidation) between the sulfide, oxygen and water 

gives sulfuric acid. Sulfuric acid affect materials like iron and concrete which can be a major challenge 

concerning construction work. Iron will corrode, while a reaction between the sulfuric acid and concrete 

might start a swelling process. Another issue related to alum shale is the uranium content. During the 

decay of uranium, radon gas is produced, which can be a health issue (Nakrem & Worsley, 2007). Due 

to these challenges, excavated masses have to be handled and stored in a proper way, not posing a threat 

to the environment. With rapid changes in the thickness of the top layer, only small adjustments in the 

positioning of the road could possibly reduce the amount of excavated masses containing alum shale. In 

order to give as correct estimates as possible, it is important to know the depth to the conductive masses 

quite accurately. 

AEM measurements were carried out along, and in areas around, the planned road project. One flight 

line, following the planned road corridor closely, is mainly used in the following investigations (Figure 

4.5). 

 

 

 

HM data 

LM data 

LM data – 

early gates 

Figure 4.6: The raw data after automatic processing from the flight line along the planned road. LM data in 

the upper part and HM data in the lower part. The LM data were very noisy in large parts of the survey area, 

while the HM data were of better quality, yet still affected by some noise. 
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The AEM data were very noisy in the area of interest (Figure 4.6). Two major power lines as well as 

minor roads cross the area (Figure 4.5) and contribute to some of the noise observed. However the data 

were also noisy in areas where no evident structures that could affect the data were present. Especially 

the LM data were affected and not usable in large parts along the flight line. The HM data were of better 

quality, not affected as strongly as the LM data, but was on the verge of being acceptable in some areas. 

A profile showing the interpreted depth to bedrock was available as well and can be seen super imposed 

along the planned road on the map in Figure 4.7, and is also to be found in enlarged version in Appendix 

5. The profile is created based on a number of total sounding measurements conducted along the planned 

road (NGI, 2014d). The profile follows the planned road, covering the area where conductive masses 

are present. The thickness of the resistive top layer is estimated to be in the range from 0 to 15 meters 

along the planned road.  

 

Figure 4.7: The orange line shows the planned road corridor and the profiles shows the topography, depth to 

bedrock based on geotechnical borehole measurements (stippled black line), planned road (blue line) and the 

depth to the conductive masses derived from the AEM model created at NGI in 2014 (red line), along the planned 

road. The approximate location of the ERT-lines at Kleggerud and Opperud are marked in the figure. Maps from 

Norgeskart (Kartverket, 2017) and profiles from NGI report (NGI, 2014d). 

N 
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When NGI worked with the data, they had difficulties getting AEM models which detected top layer 

thicknesses corresponding to those found from borehole data (Figure 4.7), as well as to get as low 

resistive values as the ERT and the lab tests for the alum shale. AEM is known as a method that is good 

at mapping the depth to, and extent off, good conductors (Auken, et al., 2006). One may not be able to 

resolve the resistivity value of the top layer perfectly, but the distance to a very conductive layer, as in 

this case, should be detected quite accurately. For this reason, it came as a surprise that the AEM models 

did not give a better result. In the profile showing depth to bedrock based on boreholes, the depth derived 

from the AEM models is shown as well (red line). It is evident that the final AEM models from the 

project in 2014 (Figure 4.8) overestimate the depth to the conductive masses. It should be specified that 

there are uncertainties in the depth estimations based on borehole data as well, but the deviations 

between the two estimates are quite large in several areas, especially between Kleggerud and 

Hesjebråtalia, and could not be justified by uncertainties in the data. 

 

4.2.1 ERT data 

In addition to the helicopter based AEM investigations and geotechnical methods, data from the ground-

based geophysical method ERT is used in this project as well. ERT measurements were performed at 

Kleggerud (profile F1/F2 and F4) and at Opperud (profile O1). At Kleggerud the ERT lines cover an 

area which was not possible to cover with AEM data, while at Opperud the ERT line coincides pretty 

well with the main flight line (Figure 4.5). 

The instrument ABEM Terrameter LS was used to do the acquisition and the software Res2DInv was 

used to process the data and to run the 2D-inversions. The ERT-profiles show a clear distinction between 

two zones, one with middle to high resistivity and the other with high conductivity. 

Profile F1/F2 (Figure 4.9) located at Opperud consists of data from two overlapping profiles, F1 at 80 

meters with 1 meter electrode spacing, providing high resolution, and F2 at 240 meters with an electrode 

spacing of 3 meters, providing sufficient penetration depth. The profile shows a resistive top layer (~400-

500 Ωm) with a thickness of about 20-30 meters in the southwest, thinning towards the northeast. Below, 

very conductive masses (<1 Ωm) are present. Profile F4, which is parallel to profile F1/F2 and shifted 

20-30 meters to southeast, is 120 meter long with an electrode spacing of 1.5 meters.  A resistive top 

layer is present in the southeast, while a thicker resistive layer appears in the northeast, not present in 

F1/F2 (NGI, 2014b). This indicate very quick changes in the thickness of the top layer. 

 

 

Figure 4.8: Final AEM model along the planned road from the inversion performed at NGI in 2014 (NGI, 

2014d). 
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Profile O1 located at Opperud (Figure 4.10) is 160 meter long with an electrode spacing set to 2 meters. 

To the northeast a conductive zone (~10 Ωm) is present below resistive top layer of about 2 meters. 

High resistivity (>100 Ωm) dominate in the southwestern part of the profile (NGI, 2014d). 

 

  

 

Figure 4.9: ERT-profile F1/F2 (bottom) and F4 (top) from Kleggerud, with orientation from southwest to 

northeast. The two profiles are parallel with a spacing of about 20 meters. The scale is the same for the two 

profiles and the relative position of the profiles is as shown in the figure (NGI, 2014d). 

 

Figure 4.10: ERT-profile O1 from Opperud, with orientation from southwest to northeast. Note that the colour 

scale is different from Figure 4.9 (NGI, 2014d). 
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5 Implementation 

Both real data and modelling are used in this thesis. Real data were processed and then inverted, with 

different approaches for the two datasets presented in the previous chapter. Synthetic modelling was 

conducted in order to explain or validate results seen in the real data. In order to use SR, proper STD 

values have to be determined and manually set on the earlier gates. This is a field of ongoing research 

and little experience is gained so far. The following sections explain how the real data processing and 

inversion was performed (section 5.1), how the influence of different STD values was investigated 

(section 5.2) and the implementation of the synthetic modelling (section 5.3).  

5.1 Processing and inversion of real data 

The original datasets studied in this thesis covered quite large areas, but only selected parts were 

considered. To avoid having to deal with large data quantities in the inversion process, only the data 

covering the areas of interest were selected and imported. The two datasets then had to be reprocessed 

before inversion. Reprocessing was also conducted to ensure that data that could possibly be a source 

of erroneous results were culled, at the same time that as much data as possible were kept. 

The processing was conducted as described in section 3.4, with slightly different approaches for the two 

projects. The automatic processing settings used for the two datasets can be found in Appendix 1. The 

final profiles shown in this project are based on laterally constrained inversions. 

5.1.1 Tønsberg dataset 

For the Tønsberg dataset, the approach of calculating the STD based on the transient stack (section 

3.4.2), without any averaging of the raw data, was used. This was done as the data quality was fairly 

good and to avoid smearing out vertical boundaries, as the geology in the area was characterised by 

rapid changes, from outcropping of resistive bedrock to thick conductive clays. Calculating the STD 

based on the transient stack was also considered beneficial when it comes to assigning STD values for 

the earlier gates. Large signal variations may occur for some of the earlier gates, and the STD from the 

transient stack would reflect the variation in the data itself. This would most likely be a better 

representation of the real uncertainty of the data and a good starting point for the manual STD 

corrections, compared to the approach of assigning 3% uncertainty and use a trapezoidal-shaped filter 

with a narrow width for the early gates. 

Only small corrections were made in the altitude processing and the voltage data were processed until 

the majority of the models obtained a residual below 2. A smooth LCI was run with default settings 

based on the recommendations given in Guideline and standards for SkyTEM measurements, processing 

and inversion (HGG, 2011b). A 20 layer model was used with the first layer boundary set to 1 meter 

and the last to 200 meters, with logarithmically increasing thicknesses. Only LM data were used in the 

inversion, as the purpose of these investigations was to look at changes in the near-surface resolution 

only. Altitude was included as an inversion parameter and only small changes were observed between 

processed and inverted altitude. The option to auto scale the resistivities was used and seemed to be the 

best approach as there were large variations in the resistivity in the survey area. The inversion settings 

used for this dataset can be found in Appendix 2. 
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5.1.2 Jevnaker dataset 

The Jevnaker dataset turned out to be a very challenging dataset to work with of several reasons. First 

of all the voltage data were very noisy. The data had to be carefully processed which is a time consuming 

process. The tilt of the frame was quite large which has to be taken into account when editing the 

automatic processed altitude. Several areas with forest were present in the area as well, making the 

evaluation of the manual altitude processing difficult when also having to take the large tilt into account. 

The very resistive top layer, together with the large resistivity contrast between the layers, also seemed 

to cause challenges in the inversion. 

As previously stated, the reflections registered by the altimeter are not corrected for the tilt, while for 

the processed altimeter data the tilt is taken into account. When having a large tilt this has to be taken 

into consideration when doing manual altitude corrections. For a large tilt, the altitude line should not 

coincide with the upper part of the altitude points as for a tilt close to zero, but be a bit lower. For the 

Jevnaker dataset, the tilt varied from just above zero to as much as 15 degrees. Christiansen et al. (2011) 

addresses the importance and consequence of errors in the altitude. It is shown that only small errors in 

the altitude can make a boundary move up/down several meters. At a flight height of 30 meters and a 

tilt of 15 degrees, a laser at about 10 meters from the centre of the frame will give a 1 meter error in 

height if assuming a horizontal frame. Looking into the altitude processing done in the NGI project it 

was found that the tilt was not taken into account. The altitude line was set to the upper altitude points 

regardless of the tilt (Figure 5.1, top). In this project the tilted frame is taken into account and as a result 

the altitude line lies below the upper altitude points in areas with larger tilt (Figure 5.1, bottom). Very 

few al altitude corrections were made.   

Figure 5.1:  Altitude points (red and green) and the processed altitude line (brown) is in the upper part of the 

pictures while the tilt can be seen in the lower part. Top: Altitude processing conducted in the NGI project from 

2014. Altitude line is set to the upper altitude points regardless of the tilt. Bottom: Altitude processing conducted 

in this master project. The tilt is taken into account and the altitude line lies below the upper altitude points for 

larger tilts.   
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The data quality was not very good, especially for the LM data, which were very noisy in the area of 

interest. Two major powerlines and roads in the area affected the data and couplings related to these 

structures were culled. Even in areas without any objects or obvious visible causes affecting the data, 

the data quality was not satisfactory. Most of the LM data were not usable and only in the area around 

Opperud and a small area at Aslaksrud and between Kleggerud and Hesjebråtalia were of fairly good 

quality and kept (Figure 5.2). The HM data were of better quality, but still close to not being acceptable 

in some areas. It was edited carefully to keep as much data as possible to avoid areas without any data 

present. Normally, in a dataset of good quality, data like those present in some areas here would have 

been discarded, but if done here one would be left with almost nothing. Using data of less good quality 

will of course affect the resulting models and one cannot have expectations of getting models fitting the 

reality perfectly. 

Because of the noisy data, the raw data were assigned a 3% STD before averaged by applying a 

trapezoid-shaped filter (section 3.4.2), in order to keep as many data points as possible. A smaller 

sounding distance was chosen for this project compared to the processing done by NGI, giving a 

sounding spacing at approximately 30 meters. Gate 6 which, was included in the inversion performed at 

NGI, was omitted in this project as it was considered too noisy and more of the data was discarded in 

this project. A noisy dataset like this is challenging and time consuming to process. Only small changes 

in which data points were keep and not, gave rise to differences in the inverted models. 

 

One of the original ideas was to apply and test SR on this dataset as well look into the inversion 

parameters, to see if this could help to improve the resolution of the resistive layer. SR is applied in the 

inversion of LM data and with as little LM data present as here and the reduced data quality, it was not 

considered appropriate to test the method on this dataset. 

HM data 

LM data 

LM data – 

early gates 

Opperud Aslaksrud Hesjebråtalia Kleggerud 

Figure 5.2: Final manually processed average data used in the inversion, along the main flight-line. LM data in 

the upper part and HM data in the lower part. The LM data were very noisy in large parts of the survey area and 

only small parts could be kept. The HM data was of better quality and covers more or less the entire area of 

interest. 
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 In the inversion process different start resistivities, number and thickness of layers, vertical and 

horizontal constraints on resistivity and settings for altitude inversion, were tested to investigate if a 

better result could be obtained. Several inversions were run for different settings to see the impact the 

different parameters had on the result. The ones that seemed to give a better representation of what was 

assumed to reflect the real world, based on the prior knowledge, were used. The option of using auto 

scale resistivity was tested against assigning the same start resistivity for all models. As large deviations 

between the processed and inverted altitude was observed in some parts, both inverting for altitude and 

tightly constrain the parameters, were tested. From prior information it was known that the resistivity 

contrast was quite large and that quick changes in the thickness of the top layer occurred, so both less 

vertical and horizontal constraints were tested as well. Both smooth and layered inversions were 

conducted. For the smooth inversion, 20 layers were used and the first layer boundary was set to 1 meter, 

as the thickness of the resistive top layer seemed to be very thin certain places based on borehole data. 

In the layered inversion 5 layers were used. The findings done and the final inversion results are present 

in section 6.3.1.  
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5.2 STD on earlier gates 

The current in the transmitter coil is turned off within a few microseconds and the generated secondary 

magnetic field is measured in time gates as described in section 2.1.3. The plot in Figure 5.3 shows the 

position of the 10 first gates for the Tønsberg dataset, relative to the ramp-down in time. The gate times 

given in the geometry file are in the plot corrected for the time shift present. This is done as there is a 

delay in the system due to the time difference between the generation of the turn-off pulse and the actual 

turn-off (Nicklas Nyboe, SkyTEM, pers. comm., 13.02.17). From the plot it is evident that the first gate 

actually is before the ramp-down starts and it should not be used as it does not contain any response 

from the secondary field, which it is not yet generated. Without the use of SR, the first gate used is 

usually gate 6 or 7, which for the data used here has a start-time at 7,73 μs or 9,73 μs respectively. With 

the SR method the earliest gates (2 to 5/6) can be used, even those in the ramp-down. 

A proper noise model for the earliest gates, occurring before 10 µs, is not yet developed. As stated in 

the section about system response (2.4), the STDs on the SR-gates are not large enough and STD values 

have to be determined and set manually for these gates. Andersen et al. (2016) propose a noise model 

for the earlier gates, given by formula (2.46) in section 2.4. For the gate-times given for the dataset used 

to test SR, the suggested noise model approximately corresponds to the relative uncertainties (STDs) 

given in Table 2. 

 

 

 

 

 

 

 

 

 

… 

Figure 5.3: An illustration of the position in time of the first 10 gates (red) relative to the LM ramp-

down (blue). The width of the first gates is equal before it increases logarithmically with time. Without 

SR the first 5-6 gates are omitted, but when applying SR these first gates can be included in the inversion. 

The plot is made with gate values and time-shift factor given in the geometry file for the survey done in 

the Tønsberg area, used in this thesis. The gate times are shifted with a factor of -1.7 µs. 

 

Additional usable gates 

when applying SR 
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Table 2: STD value estimates for the first gates in the Tønsberg dataset, based on suggested noise model given by 

Andersen et al. (2016). 

Gate number Gate centre time (s) Relative uncertainty/STD  
2 2.215e-6 1.13  

3 4.215e-6 1.07  

4 6.215e-6 1.05  

5 8.215e-6 1.04  

6 1.022e-5 1.03  

 

STD values based on this suggested noise model were applied to the early gates before inversion. These 

STD values were also used as basis to conduct some experimentation with different STD values, to study 

their influence on the results. This was done in order to investigate if the suggested noise model was 

sufficient or if a better suited noise model could possibly be obtained, optimizing the resolving power 

of the method. The effect different STD values set had on real data models and residuals were 

investigated by comparing the results to the results obtained by using the suggested noise model and 

results obtained without using SR. 

Assigning different STD values on data in Workbench is 

carried out by defining the gate, the minimum signal for the 

user defined STD and the corresponding user defined STD, and 

apply the changes to the data. A gate can be assigned a signal 

dependent STD by defining different minimum signals for 

different STD values (Figure 5.4). Different data points for the 

same gate but different soundings may vary a lot in signal for 

some of the first gates. Assigning the same STD for all data 

points might give an unnecessary high uncertainty for some of 

the data points, while others are given a too low uncertainty, 

affecting the result negatively. By giving a too high STD, 

valuable information could be lost, while a too low STD could 

cause erroneous results by giving a bad data point a too high 

weight in the inversion. 

The sign change of the signal occurring during the first gates, explained in section 2.1.3, poses a 

challenge when it comes to assigning proper STD values. At the sign change, the measured signal is 

zero and the measurements done in the time interval close to the sign change are very low in signal. A 

very low data value should be given a higher STD than a larger value, to allow the value to vary the 

same amount, as the STDs are relative to the value itself. Also small errors in the instrument timing will 

have a large impact on the modelling of the data close to the sign change, being a source of error (Nikolaj 

Foged, pers comm., February 2017). The location in time of the sign change is very sensitive to the near-

surface resistivities. Both which gate and the data value of the gate closest to the sign change vary with 

ground resistivity. In an area with changing geology, which gate is closest to the sign change and the 

value of this gate will therefor vary a lot from sounding to sounding, and a proper noise estimate will 

vary accordingly. This makes it hard to find a single proper STD value suited. Having the possibility to 

assign different STD values for different signal value ranges could make it possible to give more correct 

uncertainty estimates, improving the result. For the data used in this study, the sign change occurred at 

gate 4 or 5, depending on if the ground resistivity was high or low respectively (Figure 5.5). 

 

Figure 5.4: Example of how a signal 

dependent STD is set for a gate in 

Workbench.  
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As a first step, all data were processed following the procedure explained in section 3.4 and inverted 

with an LCI omitting the early gates (1-6). Then the early gates were included, without doing any STD 

corrections, and a new LCI was run. The STD values for each data point in all the gates, also the early 

SR-gates, were calculated based on the transient stack. The noise model suggested by Andersen et al. 

(2016) was then applied to the first gates, by defining each gate and the corresponding user defined STD 

given in Table 2, and a new LCI was run. When conducting the experimentation, the STDs given by the 

suggested noise model were used as a starting point. The three different inversion results were compared 

to see how adding the earlier gates and the suggested noise model affected the residuals and curve fits. 

For models where a high residual was present the data point or points that seemed to be the cause was 

assigned a higher STD and a new LCI was run. The inversion result was compared to the other model 

responses again to see the effect of the change done. By doing small STD changes and run a new 

inversions for each change and compare the responses after each inversion, it was possible to identify 

which gates and for which signal values a larger STD needed to be assigned to improve the fit and get 

lower residuals. It was also investigated if any gates were given a higher STD than necessary by 

checking if a lower STD value could be set without getting a less good fit and higher residuals. It should 

be specified that fitting a data point does not necessarily mean that the data point is fine, but this was 

the best approach considered. Different STD values for the different gates and different signal ranges 

were tested until models with residuals comparable with residuals for the models inverted without SR 

were obtained. The findings from the experimentation are presented in section 6.1.1 and the final real 

data models for the different inversions are presented and compared in section 6.1.2.  

 

  

 

Figure 5.5: Sign change shifting between gate 4 and 5. Left: Data and model curve from an area with less 

resistive masses. Sign change occur closest to gate five. Right: Data and model curve from an area with masses 

of higher resistivity. Sign change occur closest to gate four. The values are plotted logarithmically and the data 

before the sign change are negative, while the data after the sign change are positive. The data are given as 

error bars where the size of the bar reflects the STD value of the data point.  
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5.3 1D synthetic modelling 

The synthetic modelling was conducted using the stand alone inversion program AarhusInv, which is 

the same inversion program implemented in Aarhus Workbench, described in section 3.2. 

Four types of input files are needed to conduct modelling with SR. The different files needed were made 

based on files created during the regular inversions of real data in Workbench, the information given in 

the geometry file and by using the Manual for the inversion program AarhusInv (HGG, 2015). 

AarhusInv uses a model file (.mod) and a configuration file (.con) to set up and run the inversions. All 

necessary data are given in a data file (.tem) and if modelling with SR, the system response information 

is supplied in an SR-file with the same name as the mod-file, but with the extension .ssr. The mod-file 

contains the names of the data files, model parameters (resistivity, thickness and depth) for the starting 

model, or the synthetic model when generating the synthetic data, prior STD values on model parameters 

and vertical and horizontal parameter constraints if used. The con-file is used to set up various 

parameters controlling the inversion, as what kind of and how the output information should be written 

and the range of model parameters etc. The geometry of the transmitter, waveform information, the 

measuring times (gate-information) and the data values (dB/dt [V/m2]) are found in the tem-file. The 

content in the tem-file differs slightly depending on if the inversion is run with or without SR. If using 

SR, the waveform and filters are not specified in the file, as this information is included in the applied 

SR-file. The SR-file contains time values and corresponding SR values for use in the convolution 

performed during the forward modelling. Examples of the files created and used to perform the 

modelling can be found in Appendix 4. 

When synthetic data are generated, based on a specific synthetic model specified in a mod-file, the 

inversion is set to generate a forward response (number of iterations set to -1), which is written to an 

fwr-file (.fwr). This forward data is then used as voltage data in the tem-file for use in a regular inversion. 

A new mod-file is written specifying the start model for the inversion. The model is set up to be either 

smooth or layered. After running the inversion, AarhusInv writes the results to an output file (emo-file), 

with the same name as the mod-file, but with the extension .emo. The emo-file contains model 

parameters, data residuals, forward responses, model parameter analysis, inversion settings etc. A more 

detailed description of all the various parameters in the input and output files are presented in "Manual 

for the inversion program, AarhusInv" (HGG, 2015). AarhusInv is called through a command window 

and the output file is automatically written to the working directory when the inversion is done. 

When applying SR, more information about the shallower layers from the early time data is available in 

the inversion. With more data entering the inversion, it is reasonable to expect that the models will 

change. The question is if the possible changes observed reflects the true subsurface and gives more 

details in the upper layers, or if the changes do not reflect real subsurface structures, as the earlier gate-

data are not handled correctly in the forward modelling. Synthetic modelling was initiated to get an idea 

of what to expect from the method and to compare the theoretical response of SR with responses seen 

in real data. General 1D synthetic modelling based on a two-layer model with increasing thickness of 

the top layer was conducted, together with modelling based on real resistivity data from RCPT. If an 

increase in the near-surface resolution could be observed in the synthetic inversion results and similar 

results should be observed in the real AEM models, this would validate the capability of the method to 

improve near-surface resolution and strengthen the reliability of the final models results. 
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Synthetic models, based on ERT measurements and geotechnical data, were made as well. These were 

inverted with different inversion settings to see the influence the parameters set had on the resulting 

models. The results were compared to real AEM model results, inverted with the same settings, to see 

if similar observations could be done. 

In the modelling conducted, gate 1-6 were excluded when performing modelling without SR, while all 

gates except the first were included when modelling with SR, as for the real data inversions. The STDs 

based on the noise model suggested by Andersen et al. (2016) were applied in the modelling.  

5.3.1 General synthetic modelling 

A cooperation with CSIRO in Perth in Australia was initiated to perform some general modelling with 

SR. A simple two-layer model was considered, where the thickness of the top layer varied and different 

resistivity contrasts were used. The synthetic data were set up by using 20 successive 1D models, where 

the thickness of the top layer increased from 0.2 meter in the first model to 10 meters in the last model 

(Figure 5.6). Synthetic responses were generated both for a resistive layer over a conductive and vice 

versa for different resistivity contrasts. No lateral constraints were set between the models, making it 20 

individual 1D models, forming one model section. This was done to investigate at what thickness the 

top layer was resolved. The synthetic data from the synthetic models were inverted with and without 

SR, to investigate if there were any difference in how well the thickness of the top layer was resolved 

for the two approaches used. 

MATLAB scripts were provided by CSIRO for generating the synthetic models and the forward 

synthetic responses, which were then used as data input in a regular inversion to generate inverted 

models. The inverted models were compared to the synthetic models. The first script generated all the 

model-files with the specified synthetic models and created a batch-file, running the inversions to 

generate the synthetic forward responses. The model-files for use in the regular inversion were then 

generated and a new batch-file created the tem-files from the forward data and ran the regular inversions, 

generating the output files. The next script used two pre-written scripts to read the output files from the 

inversion and stored the model parameters, necessary for plotting the models, in a new MATLAB-file. 

The last script loaded the model parameters from the generated MATLAB-file and plotted the data as 

1D models in a model section. The inversions were run with and without SR and the results were 

compared. The results were plotted as three subplots, where the first showed the synthetic models, the 

second the inversion result with SR and the third the inversion result without SR (Figure 5.7). Small 

modifications were done in the scripts to better suit this project, as creating a colour scale comparable 

to the colour scale used for the real data. 

 

 

 

 

 

 

 

 

𝜌1 

𝜌2 

Figure 5.6: Model section showing the 20 1D synthetic models with increasing 

thickness of top layer from 0.2 to 10 meters over a half space, which is here plotted 

as 10 meter thick models but in reality extends to infinity. Varying resistivity contrast 

of top layer (𝜌1) and half space (𝜌2) were used in the synthetic modelling.   
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The scripts were written to create a two-layer 

synthetic model for generation of synthetic data, 

used to run a layered inversion with two layers. 

This is the simplest case possible, run to see how 

well a two-layer model, inverted with and without 

SR, is capable of representing the true synthetic 

two-layer model. The real world is always more 

complex than a two-layer problem, but this 

modelling could indicate if inversion with SR is 

capable of resolving thinner layers than inversion 

without SR.  

This is a strong simplification of real data 

inversion where constraints also affect the result 

and several layers are used in in the model. The 

scripts were modified to also perform a smooth 

inversion of the synthetic data from the two-

layered model, to see if any differences in 

resolution could be observed between a layered and a smooth inversion. Different approaches were 

tested to create the smooth model. To make it as close to how a smooth inversion of real data is done, 

but at the same time check the ability to resolve thin layers, the first layer boundary was set to 0.5 meters. 

This implies that the two first models will not be resolved perfectly, as these layers are thinner than 0.5 

meters. The smooth inversion where conducted with 12 layers, setting the last layer boundary at about 

20 meters, as only the upper meters are of interest. The vertical STD on resistivity was set to 2, as in the 

real data inversions. 

A challenge related to the synthetic modelling was to set proper start values, especially a start resistivity, 

suitable for all the 1D models. In the model files generated for the regular inversions, the start model 

was defined with a uniform start resistivity and start thickness for all the 20 1D models. Setting a start 

resistivity was especially challenging for the models with a very large resistivity contrast, and mainly in 

the case of a conductive layer over a resistive half space. For these cases, it was difficult to pick a start 

resistivity resulting in models where the inversion ended up in a global minimum both for thin and 

thicker top layers. The start resistivity set was too high/low either for the first models or for the last 

models to converge towards the true model (Figure 5.8). In the case of smaller contrasts, it was possible 

to find a proper start resistivity making all models converge, but the results depended largely on the 

value set. Different start resistivities had to be tested to find one that was reasonable and best suited. 

This was done by running several inversions for the same model setup, varying the start resistivity to 

see the response of the models (Figure 5.9). A resistivity in the mid-range between the two resistivities 

used was assumed most reasonable and generally a resistivity closer to the resistivity of the more 

conductive layer, rather than the more resistive one, seemed to be the best suited. The resulting models 

that seemed most reasonable were used as the final result. In Figure 5.9 the influence of the start 

resistivity can be seen for one of the model setups, where data from the same synthetic model is inverted 

for with different start resistvities. The higher the resistivity set the more models are give a thinner and 

more resistive top layer compared to the true model.  

 

Figure 5.7: The resulting plot from the synthetic 

modelling. Top: The true synthetic models. Mid: The 

layered inversion result with SR. Bottom: The layered 

inversion result without SR.  
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Figure 5.8: Left: Start resistivity is too low for the inversion to enter a global minimum, resulting in the first four 

models not converging to the true model. Right: Start resistivity is too high for the inversion to enter a global 

minimum, resulting in the last models not converging to the true model. No resistivity could be found resulting in 

convergence for all models. The black circled models are models not converging in between models converging 

perfectly to the true model. For slight changes in the start parameters the models could suddenly converge to the 

true model. This feature was not assumed to have anything to do with SR.   

Figure 5.9: The same synthetic model consisting of a top layer of 70 Ωm over a half space of 20 Ωm, inverted for 

different start resistivities. Top left: Start resistivity of 30 Ωm. Top right: Start resistivity of 40 Ωm. Bottom left: 

Start resistivity of 50 Ωm. Bottom right: Start resistivity of 70 Ωm. The inverted model result depend on the start 

resistivity set. 
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In addition to the challenge of selecting a proper start resistivity, the start parameters set also seemed to 

sometimes not be appropriate for a certain model among all the rest. This resulted in model sections 

where all models converged fine, but suddenly one model showed another behaviour than the rest (black 

circled models in Figure 5.8). These outliers appeared both in the models inverted with and without SR. 

By doing small changes in the start parameters, the outlier converged fine as the rest of the models, but 

the problem could also appear in one of the other models in the model section instead. It was also 

observed that when inverting the model again with the exact same start parameters, these outliers 

sometimes disappeared and sometimes not. These outliers were assumed to be related to the stability of 

the inversion algorithm and not to the SR method. 

Some steps were initiated to try to overcome the 

stability problems, but it was not considered vital 

for the results and the scope of this master project.  

Yet another issue was revealed for the model 

section inverted with SR. Several models were 

not able to reflect the real models, even if models 

with a thinner top layer were resolved perfectly, 

while all the models for the inversion without SR 

reflected the true model perfectly (Figure 5.10). It 

seemed to be an issue related to applying SR and 

this was investigated further to try to encounter 

the reason for this behaviour. The results of the 

general synthetic modelling are presented in 

section 6.1.3. 

5.3.2 Synthetic modelling based on real data 

Synthetic models were created based on resistivity measurements from RCPT and ERT data and by 

interpretation of depth to bedrock from geotechnical borehole data.  

5.3.2.1 RCPT 

The idea was to construct a layered model as similar as possible to the RCPT measurements and generate 

synthetic data to be inverted with and without SR. Then the inversion result from the modelling could 

be compared to the RCPT and the inversion results from the real data, at the location of the RCPT. This 

comparison would give an idea of how well SR theoretically could represent the true world as well as if 

these observations were valid in real data too. 

A layered model was constructed for each of the three RCPT's that were suited for analysis (Figure 

5.11). Where it was possible, depth to bedrock based on total soundings were included in the model. 

The transition from conductive clay to resistive bedrock was observed to be abrupt in the total soundings. 

The resistivity was then set to a large increase at the interpreted bedrock depth in order to make the 

models even close to the truth. In the depth interval between where the RCPT measurement ended and 

the interpreted bedrock surface, the resistivity was set to the value of the last layer in the model. The 

different files needed to conduct the forward modelling and inversion were prepared. The resistivity 

values and thicknesses from the created model were written to the model file, used to create a forward 

response in AarhusInv. The forward data were used as the input data in a regular smooth inversion, 

performed with and without SR. The same constraints and model parameters used in the real data 

inversion were used for the synthetic modelling. Vertical constraints on resistivity were set to 2 and the 

 

Figure 5.10: Several of the models from the inversion 

with SR (mid plot) do not reflect the real model, while 

all the models from the inversion without SR reflects 

the true model perfectly.   



  5. Implementation 

 

67 

 

thickness of the first layer was set to 1 meter with a logarithmically increase to the last layer boundary 

at 40 meters, with 13 layers. This was done as the RCPT measurements ended at a depth of about 30 

meters. 13 layers with the last layer boundary at 40 meters would equal the layer thicknesses obtained 

in real data with 20 layers and the last layer boundary at 200 meters. As for the general 1D synthetic 

modelling, different start resistivities were tested to find the best suited one. The approach used was to 

run a one layer inversion with the synthetic data, giving approximately the apparent resistivity of the 

synthetic model. An inversion with this value, and values close to this, as start resistivity were used. 

Similar inversion results were obtained and it seemed to be a reasonable approach to find a proper start 

resistivity. A MATLAB script was written to plot the RCPT measurements, the synthetic model and the 

inversion result. The resulting models were compared to the RCPT and 1D models from the real data, 

in the area closest to the RCPT. The results are presented in section 6.1.4.  

 

5.3.2.2 ERT and depth to bedrock 

The available interpreted depth to bedrock from geotechnical borings, together with the ERT profiles 

present in the area were used. The geology in the survey area was dominated by a resistive top layer 

over conductive bedrock (shale). In the simplest way, this could be seen as a two layer problem, with a 

high resistive top layer over a conductive half space. Different two layer models were made based on 

the resistivity values from the ERT profiles and the thicknesses from the borehole data. From the ERT 

lines in the southwest, the resistive top layer seemed to have a resistivity of about 500 Ωm overlying the 

conductive bedrock with resistivity of 0.1-1 Ωm. In the northeastern part, the ERT line showed a more 

resistive top layer of about 1000-3000 Ωm and a conductive bedrock of about 1-10 Ωm. Inversions were 

run to see how well the boundary between and the resistivity of the two layers theoretically could be 

resolved for different thicknesses and resistivity contrasts. Different inversion settings were tested as for 

the real data, to see the impact on the models. Inversions were run with both HM and LM data and just 

HM data to get an idea about how much LM data matters for the result. The modelling results were 

compared to the real AEM models to see if any similarities could be seen and if any conclusions could 

be drawn about the causes for the deviation between the preliminary AEM models and the prior 

knowledge. The results are presented in section 6.3.2. 

Figure 5.11: Example of how an RCPT measurement (red) was approximated with a model (blue). The 

resistivity, thickness and depth values from the model were written to a model file, used in an inversion to 

generate a forward response.  
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6 Real AEM data inversions and 1D synthetic modelling 

The results obtained from STD value experimentations, real data inversions of the Tønsberg dataset and 

synthetic modelling, with the use of SR, are presented in the first section (6.1). The different results and 

findings are then compared and discussed in section 6.2. In section 6.3 the inversion results obtained by 

experimenting with different inversion settings for 

the Jevnaker dataset are presented, together with 

synthetic modelling result. The results and finding 

are discussed in section 6.4. For all real AEM data 

inversions presented in this chapter, the same 

colour scale is used, shown in Figure 6.1. 

6.1 Results obtained by applying system response (SR) 

First the findings by experimenting with different STD values for the early gates are given and the effect 

of including SR on real data is presented next. Results from the general 1D synthetic modelling with SR 

are then presented, before giving the results from the synthetic modelling based on real data. 

6.1.1 STD on earlier gates 

Different STD values for different gates and different signal 

ranges were tested and the inversion results were investigated 

and compared to each other, until satisfactory results were 

obtained. The final STD values found by the experimentation are 

given in Figure 6.2. In the following, examples of observations 

are presented using model curves, showing the response from 

the inverted model together with the data, and line models, 

giving the resistivity profile obtained by inversion (e.g. Figure 

6.3). Model curves and line models for different 1D models are 

shown for the case of inversion without SR and inversion with 

SR in the case of no STD change, STDs from suggested noise 

model (Figure 6.2, top) and final STDs from experimentation 

(Figure 6.2, bottom). 

In Figure 6.3 a good fit and low residual are obtained for the 

inversion result without SR. When the earlier gates are included 

and no STD changes are applied, the residual increases and a less 

good fit for gate 5, closest to the sign change, and gate 2 are 

observed. By adding STDs from the suggested noise model, the 

STD values on all the earlier gates are increased, giving a lower 

residual, but still a bit too high. When applying the final STDs 

from the experimentation, a higher STD is assigned to the gate 

closest to sign change as well and the residual drops to an even 

lower value than for the resulting model inverted without SR, 

indicating an even better fit when using the earlier gates and a 

proper noise estimate. This may indicate an even better 

representation of the true subsurface. 

 

 

   STDs from suggested noise model: 

 

   STDs from experimenting: 

Figure 6.1: Colour scale used for all the inversion 

results obtained from real AEM data. 

Figure 6.2: STD values used for 

inversion. Top: STD values from 

suggested noise model. Bottom: final 

STD values for different ranges found 

by experimenting.  
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The line models (Figure 6.3) from the inversion show a quite large change between the model where 

STDs from the suggested noise model were applied, to the model where the STDs form experimenting 

were applied. The only change between the two inversions was an increased STD on the sign change 

gate. Applying the suggested STDs give a 5 meter thick top layer of close to uniform resistivity. By 

increasing the STD on the gate closest to the sign change, a layer of higher resistivity at the surface, 

decreasing downwards, is present in the model.  This shows that the STD value set for this gate has a 

large impact on the final model in the upper meters. The line model for the inversion without SR, 

compared to the line model where the final STD values from the experimentation were used, show 

similar trends. The model from the inversion without SR shows a slightly less resistive top layer 

compared to the model inverted with STDs from experimentation.  These observations were done for 

several of the models.  

 

Qd=1.6 Qd=2.6 

Qd=2 Qd=1.2 

Inverted without SR Inverted with SR: No STD change 

Inverted with SR: STD from experimentation Inverted with SR: STD based on suggested noise 

model 

Figure 6.3: Model curves and line models. Top left: Inverted without SR, residual=1.6. Top right: Inverted 

with SR and no STD change, residual=2.6. Mid left: Inverted with SR and STD values based on suggested 

noise model, residual=2. Mid right: Inverted with SR and STD values from experimentation, residual=1.2. 

Bottom: Line models for the different model curve responses. The two first belong to the upper model curves, 

while the two last belong to the lower model curves.   
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For the data shown in Figure 6.4, several of the later gates have a high STD, giving a high uncertainty 

for the data points. The resulting model inverted without SR has a very low residual and is over fitted. 

Adding the earlier gates changes the resulting model considerably in the upper 10 meters, from a 

conductive top layer to a top layer of higher resistivity. Again, inversion with no STD change gives an 

increase in the residual. Applying STDs from the suggested noise model increase the STD on the first 

gates, decreasing the residual. Adding the final STDs from the experimentation mainly increase the STD 

on the gate closest to the sign change, decreasing the residual to 1. Adding the earlier time data provide 

additional information, resulting in a large change in the model in the upper meters. There is no 

information available to validate if the observed change reflects real structures, but the residual is low 

and the resulting model fits the data well. 

 

Qd=1 

Qd=0.4 Qd=2.5 

Qd=1.9 

Figure 6.4: Model curves and line models. Top left: Inverted without SR, residual=0.4. Top right: Inverted with 

SR and no STD change, residual=2.5. Mid left: Inverted with SR and STD values based on suggested noise 

model, residual=1.9. Mid right: Inverted with SR and STD values from experimentation, residual=1. Bottom: 

Line models for the different model curve responses. The two first belong to the upper model curves, while the 

two last belong to the lower model curves.   

Inverted without SR Inverted with SR: No STD change 

Inverted with SR: STD from experimentation Inverted with SR: STD based on suggested noise 

model 
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For the data given in Figure 6.5, higher voltage values are measured compared to the three above 

mentioned cases. A pronounced difference is seen between the model inverted without SR and those 

where the earlier gates are included, for the upper 5-10 meters. For the models inverted with SR a slightly 

less resistive top layer appears. Even the model where no STD changes were made seems to fit pretty 

well and has a lower residual than the model inverted without SR. Adding STDs from the suggested 

noise model gives a slightly lower residual, but a less pronounced change in the model. By setting the 

STD values found by experimentation the STD on the first two gates are decreased a bit, giving an 

equally good residual, but a slightly more pronounced resistive layer embedded in a more conductive 

material. 

 

Figure 6.5: Model curves and line models. Top left: Inverted without SR, residual=1.9. Top right: Inverted with 

SR and no STD change, residual=1.7. Mid left: Inverted with SR and STD values based on suggested noise model, 

residual=1.5. Mid right: Inverted with SR and STD values from experimentation, residual=1.5. Bottom: Line 

models for the different model curve responses. The two first belong to the upper model curves, while the two 

last belong to the lower model curves.   

Inverted without SR Inverted with SR: No STD change 

Inverted with SR: STD from experimentation Inverted with SR:  STD based on suggested noise 

model 

Qd=1.9 

Qd=1.5 

Qd=1.7 

Qd=1.5 
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The models presented in Figure 6.6 show a very prominent effect of the SR method. The inversion 

results with and without SR shows a clear difference in the models for the upper 10 meters. Inversion 

with the earlier gates gives a more resistive layer with a thin less resistive top layer over a conductive 

zone, whereas inversion without SR gives low resistivities and little variation. There are small 

differences between the STD values set for the models inverted with SR and only a slight difference in 

the resistivity in the upper meter are seen for the models.   

 

 

 

 

Figure 6.6: Model curves and line models. Top left: Inverted without SR, residual=0.7. Top right: Inverted 

with SR and no STD change, residual=1.6. Mid left: Inverted with SR and STD values based on suggested 

noise model, residual=1.1. Mid right: Inverted with SR and STD values from experimentation, residual=1.1. 

Bottom: Line models for the different model curve responses. The two first belong to the upper model curves, 

while the two last belong to the lower model curves.   

 

Qd=0.7 

Qd=1.1 Qd=1.1 

Qd=1.6 

Inverted without SR Inverted with SR: No STD change 

Inverted with SR: STD from experimentation Inverted with SR: STD based on suggested noise 

model 
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In general, inverting the data with SR without doing any STD changes, results in an increase in residual 

for most of the models. This indicates that the STD value needs to be increased for these gates to obtain 

reliable results, as expected. Inverting with the STD values based on the suggested noise model, given 

by Andersen et al. (2016), reduces the residual for most of the models, but it is still too high for some 

models. The gate closest to the sign change and gate 2 in general have a less good fit when high residuals 

are observed. A less good fit is mainly observed when the data points are low in signal value. Assigning 

a higher STD for these values reduces the residual and improves the model fit. However, for some 

models, the fit is already good and the residuals already low without doing any STD changes.  Increasing 

the STD values does not give much change in the residual and curve fit, but slight changes can be seen 

in the models (e.g. Figure 6.5). This is observed for data with high signal levels. This indicates that for 

high signal levels, lower STD values than suggested in the noise model can be set, possibly providing 

information giving more pronounced differences in the near-surface. The SR method presents a strong 

potential, but its implementation requires caution and takes time.  
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6.1.2 Improvement of AEM data by using system response 

Some of the areas where a change is observed in the upper meters between the different AEM data 

inversion results, are presented in this section.  For each area, the resulting model section (profile) is 

shown for inversion without SR and for the case where SR is applied both without any STD changes, 

with STD values from the suggested noise model and STD values set from experimentation. The 

complete resulting model sections along all the flight lines from the Tønsberg dataset, can be found in 

Appendix 6. 

For the model sections in Figure 6.7 and Figure 6.8, the resistivity value of a resistive top layer over less 

resistive masses change with the different inversion results. The inversion without SR gives a less 

resistive top layer. When inverting with SR an increase in the resistivity is observed in the upper meters. 

A large increase is observed for the inversion with no STD change, but also higher residuals are present. 

For the inversion with STD values from the suggested noise model and experimentation, the resistivity 

is lower but still higher than the result inverted without SR and the residuals are comparable to the 

residuals for the inversion without SR. For these two cases, the SR method seems to better resolve what 

could possibly be a dry crust layer at the surface. 

 

        Inverted without SR: 

 
       Inverted with SR: 

       No STD change 

 
 

       Inverted with SR: 

       STD based on suggested noise model 

 

 

       Inverted with SR: 

       STD from experimentation  

 

Figure 6.7: Model sections and line models. Top left: Inverted without SR, residual=0.9. Top right: Inverted 

with SR and no STD change, residual=1.7. Mid left: Inverted with SR and STD values based on suggested noise 

model, residual =1.1. Mid right: Inverted with SR and STD values from experimentation, residual=1.1. Red 

arrow marks line model position. Red dots gives the residual for each 1D model and the red stippled line marks 

a residual=1. 

 

Qd=0.9 

 

Qd=1.7 

 

Qd=1.1 

 

Qd=1.1 
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The model section in Figure 6.9 shows a slightly more resistive layer over a more conductive, for the 

inversion result without SR. When inverting with SR a 2-3 meter thick and slightly more resistive layer 

appear, embedded in a more conductive layer. The layer is most prominent in the case where no STD 

change was applied, and the residuals are fairly low and comparable to the residuals for the inversion 

without SR. For the inversion with STDs based on the suggested noise model, the layer becomes less 

pronounced, while for the inversion with STD values from experimentation the layer becomes slightly 

more prominent again and very little change is observed for the residuals. 

For the model sections in Figure 6.10 and Figure 6.11, a conductive layer is present in the upper meters 

in large parts of the sections, for the inverted models without SR. When the earlier gates are included in 

the inversion, a top layer of higher resistivity appears. Small changes can be seen in the resistivity values 

for the different models, but they all show the same structure. For the inversion without SR, the residuals 

are mostly below 1, while when inverting with SR the residuals increase a bit, but are still very close to 

1 for most of the models. Given the resistivity values, the change seen could correspond to detection of 

a layer of possible quick clay over normal marine clay, not resolved in the case inverted without SR.   

 

      Inverted without SR: 

 

 

 

     Inverted with SR: 

     No STD change 

 

 

     Inverted with SR: 

     STD based on suggested noise model 

 

     Inverted with SR: 

     STD from experimentation 

 

 

Figure 6.8: Model sections and line models. Top left: Inverted without SR, residual=1.4. Top right: Inverted 

with SR and no STD change, residual=2.1. Mid left: Inverted with SR and STD values based on suggested 

noise model, residual=1.5. Mid right: Inverted with SR and STD values from experimentation, residual=1.4. 

Red arrow marks line model position. Red dots gives the residual for each 1D model and the red stippled line 

marks a residual=1. 

 

Qd=1.4 

 

Qd=2.1 

 

Qd=1.5 

 

Qd=1.4 
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           Inverted without SR: 

 

 

 

 

 

 

 

 

 

 

 
          Inverted with SR: 

          No STD change 

 

 

 

 

 

 

 

 

 

 

 
          STD based on suggested 

          noise model 

 

 

 

 

 

 

 

 

 

 

 
          STD from experimentation 

 

 

 

 

 

Figure 6.9: Model sections and line models. Top left: Inverted without SR, residual=1. Top 

right: Inverted with SR and no STD change, residual=1.3. Mid left: Inverted with SR and STD 

values based on suggested noise model, residual=0.9. Mid right: Inverted with SR and STD 

values from experimentation, residual=0.9. Red arrow marks line model position. Red dots 

gives the residual for each 1D model and the red stippled line marks a residual=1. 

 

Qd=1 

 

 

 

Qd=0.9 

Qd=0.9 

Qd=1.3 
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         Inverted without SR: 

 

 

 

 

 

 

 

 

 

 
        Inverted with SR: 

        No STD change 

 

 

 

 

 

 

 

 

 
 

       STD based on suggested noise model 

 

 

 

 

 

 

 

 

 

 
       STD from experimentation 

 

  

Figure 6.10: Model sections and line models. Top left: Inverted without SR, residual=0.4. 

Top right: Inverted with SR and no STD change, residual=2.5. Mid left: Inverted with SR 

and STD values based on suggested noise model, residual=1.9. Mid right: Inverted with 

SR and STD values from experimentation, residual=0.8. Red arrow marks line model 

position. Red dots gives the residual for each 1D model and the red stippled line marks a 

residual=1. 

 

 

 

 

Qd= 0.8 

Qd= 0.4 

Qd= 2.5 

Qd= 1.9 
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        Inverted without SR: 
 

 

 

 

 

 

 

 

 

 

 
      Inverted with SR: 

      No STD change 

 

 

 

 

 

 

 

 

 

 

 
       STD based on suggested noise model 

 

 

 

 

 

 

 

 

 

 

 
       STD from experimentation 

 

 

 

 

Figure 6.11: Model sections and line models. Top left: Inverted without SR, residual=0.7. Top 

right: Inverted with SR and no STD change, residual=1.6. Mid left: Inverted with SR and STD 

values based on suggested noise model, residual=1.1. Mid right: Inverted with SR and STD values 

from experimentation, residual=1.1. Red arrow marks line model position. Red dots gives the 

residual for each 1D model and the red stippled line marks a residual=1. 

 

 

Qd=0.7 

 

 

 

Qd=1.1 

Qd=1.6 
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In some areas, little change is observed between the models inverted with and without SR. This might 

be because little variations are present in the upper layers and adding the earlier gates do not contribute 

with additional information, as there is nothing to be resolved. In some cases, as the one shown in Figure 

6.12, a prominent difference is seen in the upper meters between the models inverted with SR. In this 

case, the inversion result with STDs from experimentation shows similarities with the inversion result 

without SR, while the difference is quite large when comparing it to the result inverted with STDs from 

suggested noise model. All models have acceptable residual values and without additional information 

as borehole data, it is not possible to determine which represents the true world best. 

         Inverted without SR: 
 

 

 

 

 

 

 

 

 
       Inverted with SR: 

       No STD change 

 

 

 

 

 

 

 

 

 
       STD based on suggested noise model 

 

 

 

 

 

 

 

 

 
       STD from experimentation 

 

 

 

 

 

Figure 6.12: Model sections and line models. Top left: Inverted without SR, residual=0.7. 

Top right: Inverted with SR and no STD change, residual=1.6. Mid left: Inverted with SR 

and STD values based on suggested noise model, residual=1.1. Mid right: Inverted with SR 

and STD values from experimentation, residual=1.1. Red arrow marks line model position. 

Red dots gives the residual for each 1D model and the red stippled line marks a residual=1. 
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6.1.3 Layered and smooth synthetic modelling 

For the two-layered synthetic model sections, consisting of 20 1D models with varying top layer 

thickness, the forward data were inverted with and without SR. The inversions were run with a two-

layer layered inversion and with a 12 layered smooth inversion. 

Close to 40 synthetic model sections with different resistivity contrast were inverted and inspected. The 

inversions were run for a more resistive top layer over a less resistive half space and for the flipped 

resistivity contrast. Each inversion was run with different start resistivities to find the best suited one. A 

selection of some of the different synthetic models with corresponding inversion results are presented 

in this section, to highlight key findings. But first the outcome of the investigations of the issue with 

non-converging models in the case of inversion with SR will be addressed. 

For several of the synthetic inversions conducted with SR, it was observed that a number of the resulting 

1D models far from represented the true models, while the rest very well represented the true models. 

Two examples are shown in the upper part in Figure 6.13. This seemed to be caused by the earlier gates 

added, as this phenomenon was not present in the models inverted without SR. Looking into the emo-

files for each of the resulting 1D models, revealed that for the models representing the true model well, 

several iterations were run with a convergence towards the true models. The residuals for the final 

models were low. For the 1D models not representing the true model, only a few iterations were run 

before the inversion stopped without converging toward the true model, giving a model with a high 

residual. 

After some investigations, analysis and testing the reason for the non-converging models in the case of 

inversion with SR was found. By looking into the forward responses for the synthetic 1D models, it was 

revealed that the voltage response for the gate closest to the sign change was very low in signal for the 

models not converging. For the synthetic modelling conducted, the noise model suggested by Andersen 

et al., (2016) was used for the early gates. Each gate was then assigned one single STD value. As 

explained in section 5.2 and seen in the real data inversions, especially the gate close to the sign change 

affects the resulting models negatively if not given a proper STD value. As this gate can have large 

variations in signal level and very low signal values, it oppose a challenge when it comes to assigning a 

proper STD value. For the real data inversions, this problem was overcome by assigning different STDs 

for different signal values. Assigning different STD values to one gate is not possible when performing 

synthetic modelling as done here. By assigning the particular gate closest to the sign change a higher 

STD and run the inversion again, the non-converging models converged and represented the true model 

section perfectly (Figure 6.13, bottom). This shows that the STD set based on the suggested noise model 

was too low for the gate closest to the sign change, and the data point was weighted too high in the 

inversion, resulting in an erroneous result. This result again shows the importance of having a proper 

noise model to obtain reliable results and that the gate closest to the sign change has a large impact on 

the resulting models. 
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The layered inversion results will be presented next for some selected resistivity contrasts. The results 

for a more resistive layer over a less resistive half space and vice versa are shown. In the following the 

results are divided based on the resistivity values and the contrast, where following relations are used:  

Very resistive > 100 Ωm, resistive =10-100 Ωm, conductive = 10-5 Ωm, very conductive < 5 Ωm.  

 

 

 

Figure 6.13: Top left: Several of the models with the thickest top layer inverted with SR (mid plot) do 

not  reflect the true model, while the models from the inversion without SR (bottom plot) reflect the true 

model perfectly. Top right: Six of the models with a thicker top layer inverted with SR (mid plot) do not  

reflect the true model, while the models from the inversion without SR (bottom plot) reflect the true 

model perfectly. Bottom:  Inversion run with a larger STD on the gate closest to the sign change, posing 

a very low signal, resulted in convergence for all models and the true models are represented close to 

perfectly.   

Inversion result with STD from suggested noise model:  

Inversion result with a higher STD on the gate closest to the sign change:  
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The inversion of synthetic data from a very resistive layer over a resistive half space and vice versa, 

with a large resistivity contrast (Figure 6.14), gives similar results for the inversion with and without 

SR. Both the thickness of the top layer and the resistivity values are resolved almost perfectly for all 

models and the inverted model section represents the true model section very well.  

 

 

 

           ρstart= 300 Ωm                                                                     ρstart= 100 Ωm 

 

 

 

 

 
 

 

 

           ρstart= 500 Ωm                                                                        ρstart= 200 Ωm 

 

 

 

The inversion of synthetic data from a very resistive layer over a very resistive/resistive half space 

(Figure 6.15, top) and vice versa (Figure 6.15, bottom), with a smaller resistivity contrast, show 

differences between the models inverted with and without SR for the same start parameters. For the 

models inverted without SR, none of the model sections are resolved perfectly. In general, the inverted 

models not representing the true models show a too thin top layer with a too high/low resistivity. The 

models inverted with SR reflect the true models very well for most contrasts (right in Figure 6.15), 

Figure 6.14: Inversion results for a very resistive layer over a resistive half space and vice versa, with a large 

resistivity contrast. Top left: 1000 Ωm over 100 Ωm with start resistivity 300 Ωm. Top right: 500 Ωm over 50 

Ωm with start resistivity 100 Ωm. Bottom left: 100 Ωm over 1000 Ωm with start resistivity 500 Ωm. Bottom 

right: 50 Ωm over 500 Ωm with start resistivity 200 Ωm. The inverted models reflects the true models close to 

perfectly both for inversion with and without SR.   

 

Very resistive layer over a resistive half space, large contrast:  

Resistive layer over a very resistive half space, large contrast:  
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except when there is a contrast with very high resistivities (left in Figure 6.15). For these cases, the 

models with the thinnest top layers are not perfectly resolved, giving a smaller thickness of top layer 

and higher resistivity in most cases, as for the inversion without SR. But the inversion result with SR 

are still able to represent the true model better for smaller thicknesses than inversion without SR. In 

general it was observed that the higher the resistivities and smaller the contrast, the thicker the top layer 

has to be to be resolved, and the minimum resolvable thickness is thicker for an inversion without SR 

than with SR.    

 

 

 

 

 

           ρstart= 500 Ωm                                                                        ρstart= 130 Ωm 

 

 

 

 
          

      

 

           ρstart= 500 Ωm                                                                        ρstart= 130 Ωm 

 

Figure 6.15: Inversion results for a very resistive top layer over a resistive/very resistive half space and vice 

versa, with a smaller resistivity contrast. Top left: 700 Ωm over 400 Ωm with start resistivity 500 Ωm. Top right: 

200 Ωm over 90 Ωm with start resistivity 130 Ωm. Bottom left: 400 Ωm over 700 Ωm with start resistivity 500 

Ωm. Bottom right: 90 Ωm over 200 Ωm with start resistivity 130 Ωm. 

  

 

Very resistive layer over a resistive/very resistive half space, smaller contrast:  

Resistive/very resistive layer over a very resistive half space, small contrast:  
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In the inversion of synthetic data from a very resistive/resistive layer over a very conductive half space 

(Figure 6.16, top), giving a very large contrast, the same result are observed for the inversion with and 

without SR. The thickness is pretty well resolved, but the resistivity of the top layer shows lower 

resistivity values than the true model for the models with a thinner top layer. In the inversion of synthetic 

data from a very conductive layer over a very resistive/resistive half space (Figure 6.16, bottom), the 

model section is not well resolved for any of the inversion results. The issue here was to find a proper 

start resistivity suited for all models. It seems like for the thicker conductive top layer, the conductivity 

is too high to reach a deep enough depth penetration and the methods only sees the conductive layer.  In 

this particular case it is not possible to determine any difference in resolution between the inversion 

result with and without SR. 

 

 

 

           ρstart= 10 Ωm                                                                          ρstart= 5 Ωm 

 

 

 

 
 

             ρstart= 10 Ωm                                                                        ρstart= 1 Ωm  

Figure 6.16: Inversion results for a very resistive/resistive layer over a very conductive half space and vice 

versa. Top left: 500 Ωm over 1 Ωm with start resistivity 10 Ωm. Top right: 50 Ωm over 0.1 Ωm with start 

resistivity 5 Ωm. In the inverted models, the thickness is pretty well resolved, but the resistivity of the top layer 

is a bit low for the models with a thinner top layer. Bottom left: 1 Ωm over 500 Ωm with start resistivity 10 Ωm. 

Bottom right: 0.1 Ωm over 50 Ωm with start resistivity 1 Ωm. The large contrast and very conductive top layer 

makes it hard to find appropriate start resistivity and get sufficient depth penetration. 

Very resistive/resistive layer over a very conductive half space, very large contrast:  

Very conductive layer over a very resistive/resistive half space, very large contrast:  
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The inversion of synthetic data from a resistive layer over a less resistive half space (range of 10-100 

Ωm) (top four in Figure 6.17) and vice versa (bottom four in Figure 6.17) show larger variations in the 

resulting models obtained with and without inversion with SR. The models inverted with SR reflect the 

true models well, except for very thin top layers (about 0-1 meter). For the models inverted without SR, 

the thinner top layers are in most of the cases not well resolved. Only when the contrast are fairly large 

in  the models are close to perfectly representing the true model. As for the case of high resistivities and 

lower contrast, the inverted models not representing the true models show a too thin top layer with a too 

high/low resistivity and the higher the resistivities and smaller the contrast, the thicker the top layer has 

to be to be resolved. 

 

 
           ρstart= 60 Ωm                                                                          ρstart= 80 Ωm 

 

 

 
 

           ρstart= 40 Ωm                                                                      ρstart= 30 Ωm 

 

 

 

 

 

 

 

 

Resistive layer over a less resistive half space:  
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           ρstart= 60 Ωm                                                                          ρstart= 80 Ωm 

 

 

 

 

 

 

 
            ρstart= 40 Ωm                                                                       ρstart= 30 Ωm 

Less resistive layer over a resistive half space:  

Figure 6.17: Inversion results for a resistive layer over a less resistive half space: Top left: 100 Ωm over 50 Ωm 

with start resistivity 60 Ωm. Top right: 100 Ωm over 70 Ωm with start resistivity 80 Ωm. Upper mid left: 70 

Ωm over 20 Ωm with start resistivity 40 Ωm. Upper mid right: 40 Ωm over 20 Ωm with start resistivity 30 Ωm. 

Inversion results for a less resistive layer over a resistive half space: Lower mid left: 50 Ωm over 100 Ωm with 

start resistivity 60 Ωm. Lower mid right: 70 Ωm over 100 Ωm with start resistivity 80 Ωm. Bottom left: 20 Ωm 

over 2 70 Ωm with start resistivity 40 Ωm. Bottom right: 20 Ωm over 40 Ωm with start resistivity 30 Ωm. The 

models inverted with SR reflect the true models well. For the models inverted without SR, the thinner top layers 

are in most cases not resolved perfectly. 
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The inversion of synthetic data from a conductive layer over a more conductive/very conductive half 

space (range 1-10 Ωm) (Figure 6.18, top) and vice versa (Figure 6.18, bottom), mostly show the same 

result when inverting with and without SR, except for very small contrasts (left in Figure 6.18). The 

inverted models with higher contrasts reflect the true models close to perfectly both for inversion with 

and without SR. Both the thickness and resistivities are well resolved. For very small contrasts, only the 

inversion with SR reflects the real models well, while the inversion without SR does not resolve the 

thinnest layers perfectly, giving a very thin top later with too high/low resistivities. The lower the 

resistivities the smaller the contrast had to be to see a difference between inversion with and without 

SR.  

 

 

 

 

           ρstart= 9.5 Ωm                                                                        ρstart= 5 Ωm 

 

 

 

 

 
           ρstart= 9.5 Ωm                                                                          ρstart= 5 Ωm 

 

Figure 6.18: Inversion results for a conductive layer over a more conductive half space, and vice versa. Top left: 

10 Ωm over 9 Ωm with start resistivity 9.5 Ωm. Top right: 8 Ωm over 3 Ωm with start resistivity 5 Ωm. Bottom 

left: 9 Ωm over 10 Ωm with start resistivity 9.5 Ωm. Bottom right: 3 Ωm over 8 Ωm with start resistivity 5 Ωm. 

The inverted models with the highest contrast reflects the true models close to perfectly. For a small contrast 

with the lowest conductivities, inversion with SR reflects the real model well, while the inversion without SR do 

not resolve the thinnest layers perfectly.  

Conductive layer over a more conductive half space:  

More conductive layer over a conductive half space:  
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The inversion result when inverting synthetic data in the case of a resistive top layer over a less resistive 

half space show the same trends as the case of a less resistive layer over a more resistive half space. 

Only small differences are observed for when the thickness of the top layer is resolved. 

An attempt to run some smooth models were performed as well. Smooth inversions were run for some 

of the configurations showing an improvement when inverting with SR compared to without. Results 

for two of the configurations are presented here, both for a more resistive layer over a less resistive 

(Figure 6.19) and for a less resistive over a more resistive (Figure 6.20). The differences are not as clear 

as for the two-layered inversions. Still a difference can be seen in the resolution of the thinnest layers, 

where the inversion result with SR does it slightly better than without. One of the weaknesses with this 

smooth modelling is that the colour scale is not fine enough to illustrate the smaller resistivity variations. 

One colour represents a large resistivity range, and thus represent very different values. It is therefore 

difficult to illustrate the slight improvement due to applying SR. Applying a finer colour scale would 

have improved the visual impression. 

 

 

Figure 6.19: Inversion results for a more resistive layer over a less resistive, showing the 2 layer synthetic 

model (top plot) and smooth inversion results with (mid plot) and without (bottom plot) the use of SR.  

Left: 400 Ωm over 200 Ωm with start resistivity 300 Ωm. Right: 40 Ωm over 20 Ωm with start resistivity 

30 Ωm. Black dotted line shows the real model boundary for comparison.  
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In the layered inversion results, where the thinner layers were not perfectly resolved, a very thin more 

resistive or more conductive layer appeared over a half space of approximately the same resistivity as 

the half space in the synthetic model. When a smooth inversion is run for the same model, this thin 

resistive/conductive layer is not present and the whole model has approximately the same resistivity as 

the half space in the synthetic model.   

Figure 6.20: Inversion results for a less resistive layer over a more resistive layer, showing the 2 layer 

synthetic model (top plot) and smooth inversion results with (mid plot) and without (bottom plot) the use 

of SR.  Left: 400 Ωm over 200 Ωm with start resistivity 300 Ωm. Right: 40 Ωm over 20 Ωm with start 

resistivity 30 Ωm. Black dotted line shows the real model boundary for comparison. 
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6.1.4 Synthetic modelling based on real data (RCPT) 

The forward data from the synthetic models made, fitting the RCPT measurements, were used to run an 

inversion with and without SR to see how well the different inversion results represented the true model 

and real RCPT measurements. The results from the three chosen RCPTs are presented next. 

For the model based on the resistivity measurements from borehole VSS11002 (left in Figure 6.21), the 

inversion results for the upper 5-10 meters differ for the models inverted with and without SR (right in 

Figure 6.21). The model inverted with SR shows a slightly more resistive layer over conductive masses, 

with a more conductive top layer with a thickness of 1-2 meters. For the inversion without SR, the model 

is showing higher resistivities towards the surface and decreasing resistivity with depth. The real RCPT 

measurements and the synthetic model show a more resistive layer at the depth of about 1-4 meters, 

embedded in slightly more conductive masses. The observations in the model inverted with SR shows 

the same trend as observed in the real data, while the inversion without SR is not able to detect the 

succession of a thin conductive top layer over a  slightly more resistive layer. 

 

 

 

For the model based on the resistivity measurements from borehole VSS13016 (left in Figure 6.22), the 

inversion results differ slightly in the upper 5 meters for the models inverted with and without SR (right 

in Figure 6.22). The model inverted with SR shows a more resistive top layer than the model inverted 

without SR. In the real RCPT measurements and synthetic model, a 2 meter thick resistive layer is 

present over more conductive masses. The model inverted with SR is able to detect this top layer better 

than the inversion without SR, but it still shows a lower resistivity than the real measurements. 

 

 

Figure 6.21: Modelling and inversion results for RCPT VSS11002. Left: The RCPT measurements (red) 

and its synthetic layered model (blue). Right: The inversion results with (red) and without (green) applying 

SR, where synthetic data from the created model were used, together with the synthetic model based on 

the RCPT measurement (grey).     
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For the model based on the resistivity measurements from borehole VSS11006 (left in Figure 6.23), the 

only notable difference between the two inversion results is a higher resistivity in the upper meter for 

the model inverted with SR (right in Figure 6.23). This reflects the true data, where a 1,5 meter thick 

top layer of high resistivity is present. 

 

 

 

 

 

Figure 6.23: Modelling and inversion results for RCPT VSS11006. Left: The RCPT measurements (red) 

and its synthetic layered model (blue). Right: The inversion results with (red) and without (green) 

applying SR, where synthetic data from the created model were used, together with the synthetic model 

based on the RCPT measurement (grey).     

Figure 6.22: Modelling and inversion results for RCPT VSS13016. Left: The RCPT measurements (red) 

and the its synthetic layered model (blue). Right: The inversion results with (red) and without (green) 

applying SR, where synthetic data from the created model were used, together with the synthetic model 

based on the RCPT measurement (grey).   
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6.2 Discussion 

The most important findings from the real data inversions and synthetic modelling with SR will be 

discussed in this section. 

Assigning higher STD values on the earlier gates was necessary in most cases, in order to obtain a good 

model fit and low residuals. Especially the gate closest to the sign change and gate 2 for low signal 

values seem to have a large effect on the data, giving a higher residual, indicating a less good fit. 

Increasing the STD value on these two gates lowered the residual and improved the fit. The general 1D 

synthetic modelling confirmed the importance of assigning a proper STD value on the gate close to the 

sign change. For very low signals values at the sign change gate, the models were not able to converge 

toward the true model, and high residuals were observed. When the gate was assigned a higher STD 

value, the models converged to the true model. When the signal value was high for all gates in the real 

AEM data, the residual was low for some models even when no STD changes were applied. This indicate 

that the STD values most likely do not need to be as high as suggested by the noise model, in case of 

high signal levels. If the uncertainty is very low for a data point, information can be lost if assigning a 

higher STD than necessary. In several of the real data models, small STD changes resulted in quite 

pronounced differences in the models, showing the large influence the STD values set have on the result. 

The investigations show that there is a need for improvement of the suggested noise model in order to 

obtain reliable results and to get the most out of the method. A signal dependent STD seems to be the 

best approach, if possible to implement automatically in Workbench. Which signal ranges to set and 

which STD is optimal for the different signal ranges still needs to be investigated in more detail, in order 

to find the best suited noise model. The noise model presented here seems to work better than the 

suggested one in most cases, but it is still room for improvement. The gate closest to the sign change 

seems to be the most critical to treat properly and an insufficient STD on this gate has a large impact on 

the resulting models.  

One option might be to make an algorithm that removes the data closest to the sign change, by omitting 

the gate with the lowest signal value, ensuring that this gate does not influence the result negatively. 

This will result in some information being lost when the gate has a high signal value, but it might be 

better to lose some information than getting erroneous results when low values are present. 

The general synthetic modelling shows that for a two-layer model inverted with a two-layer inversion, 

the inversion with SR can provide better resolution in the upper 5-10 meters, depending on the 

resistivities and their contrast. A general observation was that for very large contrasts, or for very low 

resistivities and smaller contrasts, both inversion with and without SR resolved the true model close to 

perfectly. For smaller resistivity contrasts, it was observed that the higher the resistivities and the smaller 

the contrast, the thicker the top layer had to be in order to be resolved. For most resistivity values and 

contrasts, the inversion with SR seems to give models reflecting the true model pretty well. The only 

exception was for high resistivities and/or very low contrasts. In these cases, applying SR did not resolve 

the thinner top layers perfectly, but provided better resolution compared to inversion without SR, where 

the thickness had to be even larger to be resolved. From the result seen in the general modelling one 

would expect the most prominent differences in real data to be visible for resistivities in the range from 

about 10 Ωm to 100s of Ωm. The difference would be more prominent for smaller contrasts, and an 

increase the resolution could be expected in the upper 5-10 meters when applying SR. The best 

improvements of the resulting models are therefore expected in clay settings.  
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Another observation done in the synthetic modelling was that when SR was applied in the inversion, 

different start resistivities gave very similar results, while for inversion without SR, larger changes were 

observed in the models for different start resistivities. This may indicate that the inversion with SR is 

less sensitive to the start resistivity. 

In the real data, a clear difference could be observed in the upper meters between the different inversion 

results in several areas. More pronounced structures were evident when applying SR, but the different 

inversion results depended on the STD values set for the different gates and signal values. By carefully 

setting STD values on the earlier gates for different signal values, a model section with comparable 

residuals to the model section inverted without SR was obtained. In most of the areas where a difference 

could be seen, no other geophysical or geological information was available for comparison, and it was 

not possible to validate if the changes seen reflected true subsurface structures. However, the three 

RCPT measurements available close to the AEM measurements and the synthetic modelling based on 

these, could be compared to the real data observations. The general synthetic modelling result could also 

be compared to real data observations. Next, the real data results, observations done in the general 

synthetic modelling and RCPT measurements and modelling based on these will be compared to 

highlight any similarities that could be observed. 

If assuming a less resistive layer overlaying a slightly more resistive, the two-layer modelling showed 

that with SR the less resistive layer should be resolved for all thicknesses (bottom left in Figure 6.24). 

Inverting without SR, the thickness of the upper layer would be underestimated for thicknesses less than 

approximately 5 meters. The resulting models would thus be closer to reflecting the half space and only 

a very thin less resistive layer would be present. The RCPT measurement from borehole VSS11002 

showed a scenario similar to this, with a less resistive thin top layer over a slightly more resistive zone 

if considering the upper 5 meters (bottom right in Figure 6.24). For the real data in vicinity of the RCPT, 

a higher resistivity was observed at the surface, with a slight decrease with depth in the models inverted 

without SR (Figure 6.24, top). For the model inverted with SR (Figure 6.24, middle), a slight decrease 

in resistivity was observed in the upper couple of meters. The modelling based on the RCPT 

measurement (bottom right in Figure 6.24) showed striking similarities with the resistivity structures 

seen in the real data. The synthetic data inverted without SR resulted in a model where the thin less 

resistive layer was not resolved, while inversion with SR gave a slight decrease in resistivity in the upper 

meters. 
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By extracting the resistivity values and depths from the real data model closest to the RCPT 

measurement from borehole VSS11002 and plot them together with the synthetic data from the RCPT, 

the similarities between the real data and modelling result become even more evident (Figure 6.25). For 

the inversion without SR (left in Figure 6.25), the two line models show a close to perfect match in the 

upper 10 meters. The line models inverted with SR (right in Figure 6.25) also show very good agreement. 

The real data inversion shows a higher resistivity below 15 meters. This could be an influence of a very 

resistive bedrock.  

Figure 6.24: Comparison of real AEM data, RCPT measurements, synthetic modelling based on RCPT 

measurements and a general 2 layer model. The model sections show the inversion result without (top) and with 

(bottom) SR. The red arrows mark the position of the line models closest to the RCPT measurements. The RCPT 

measurements together with the inversion results with and without SR for the synthetic data (bottom right) 

shows similar trends as the real data models. Comparing this to the 2 layer synthetic model with a less resistive 

layer over a slightly more resistive layer, inversion without SR would not resolve the thinnest top layers giving 

a model is close to the more resistive half space.  

 

 

VSS11002 

Inverted without SR 

Inverted with SR 

VSS11002 



6. Real AEM data inversions and 1D synthetic modelling 

 

96 

 

 

 

 

The real data models closest to borehole VSS13016 also showed similarities with observations done in 

the modelling based on the RCPT measurements at the location (Figure 6.26).  For the inversion without 

SR (left in Figure 6.26), the two line models show a close to perfect match in the upper 10 meters. For 

inversion with SR (right in Figure 6.26), the line models show similarities as well, but the real data 

 

Figure 6.25: RCPT data (VSS11002), synthetic data and real data inversion results. Left: Results 

from inversion of real data (blue) and synthetic data based on RCPT measurements (green) without 

SR, plotted together with RCPT (grey). Right: Results from inversion of real data (blue) and 

synthetic data based on RCPT measurements (red) with SR, plotted together with RCPT (grey). 

Figure 6.26: RCPT data (VSS13016), synthetic data and real data inversion results. Left: Results 

from inversion of real data (blue) and synthetic data based on RCPT measurements (green) without 

SR, plotted together with RCPT (grey). Right: Results from inversion of real data (blue) and 

synthetic data based on RCPT measurements (red) with SR, plotted together with RCPT (grey). 
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model gives a bit lower resistivities in the upper layer compared to the modelling based on the RCPT. 

This could have natural causes as that the RCPT measurements may not be representative for the larger 

area affecting the AEM data and that the overall resistivity is a bit lower in the area. 

Similarities were also observed between the general synthetic modelling and real data. In areas where 

no other geological information could confirm that changes seen reflected real structures, the modelling 

could help support the results. Left in Figure 6.27  the real data model inverted without SR shows a less 

resistive top layer compared to inversion with SR. If assuming that the top layer actually is more resistive 

than the inversion without SR predicts, synthetic modelling should show a similar behaviour. A smooth 

inversion result based on a synthetic model with a more resistive top layer (right Figure 6.27), shows 

that the model inverted without SR gives a lower resistivity for the top layer for small thicknesses. For 

an inversion with SR, a slightly higher resistivity is observed in the upper meters for the same 

thicknesses. These observations are similar as in the real AEM data models. 

To the left in Figure 6.28, the real AEM data inverted without SR gives a model with a more conductive 

top layer compared to an inversion with SR. Assuming that the inversion result with SR reflect the true 

subsurface and conduct synthetic modelling with similar resistivity values, a layered inversion without 

SR gives an underestimated to almost absent top layer for thicknesses less than approximately 5 meters 

(right in Figure 6.28). The model appears close to a homogeneous half space with resistivity equal to 

the less resistive half space.  Inversion with SR resolves the layer perfectly, giving a more resistive top 

layer, similar to observations in the real AEM data. 

 

 

 

 

Inverted without SR 

Inverted with SR 

Figure 6.27: Left: Real data models inverted without SR (top) and with SR (bottom). Red arrow marks 

the position of the line model to the right. Right: Model section with 1D synthetic models (top) with a 

top layer of higher resistivity over a less resistive half space, and smooth inversion results without SR 

(mid) and with SR (bottom). Similarities between the real and synthetic data can be seen for the line 

model and the synthetic model marked with a red square.   
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The observations done and the similarities between real data and synthetic modelling show that applying 

SR in the inversion of AEM data can provide additional information, increasing the resolution of the 

resistivity models in the near-surface. Especially for lower contrast, an improvement in the models could 

be observed. Applying SR in the inversion of AEM data could contribute with additional information 

making it possible to distinguish units of small resistivity contrasts, as for Norwegian geology could be 

normal marine clay from quick clay. It would be very valuable to be able to identify possible quick clay 

in the upper meters when it comes to investigations and challenges connected to construction work. 

However, to get reliable results it is crucial to have a proper noise model.  

 

  

Figure 6.28: Left: Real data models inverted without SR (top) and with SR (bottom). Red arrow marks 

the position of the line model to the right. Right: Model section with 1D synthetic models (top) with a top 

layer of slightly higher resistivity than half space, and a 2 layer inversion results without SR (mid) and 

with SR (bottom). Similarities between the real and synthetic data can be seen.  

Inverted without SR 

Inverted with SR 
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6.3 Results obtained by optimizing inversion settings 

In this section, inversion results for different inversion settings, together with the final model sections 

for the Jevnaker dataset are presented. Some results from 1D synthetic modelling, based on thicknesses 

from borehole data and resistivity values from ERT measurements, are also shown. 

6.3.1 Improvement of AEM data by optimizing inversion settings 

In the following, some of the inversion results for different inversion settings are presented, in order to 

illustrate how different parameters change the resulting AEM models and how the final inversion 

settings were achieved. The goal was to get more accurate models, showing depth to conductive masses 

and resistivity values similar to observations from borehole data and ERT measurements in the area. 

The inversion results for different inversion parameters are presented as smooth models. The final 

models are presented as smooth and layered inversions, both inverted with HM and LM data and just 

HM data, to illustrate the impact and importance of having LM data for the result. The model sections 

shown are based on laterally constrained inversion. 

Table 3 shows the default inversion settings in Workbench together with the inversion settings used for 

the final smooth and layered models. A large number of inversions were run, where different variations 

of the different settings were tested, until a satisfactory result was obtained. 

Table 3: The default settings and the final settings used in the inversion of the Jevnaker data, both for smooth and 

layered models. The final settings were more appropriate for the geological setting in the survey area. 

Inversion settings Jevnaker 

Inversion type Smooth (20 layers) Layered  (5 layers) 

Settings Default Final model Default Final model 
Start resistivity (Ωm) Auto scale 200 Ωm Auto scale 200 Ωm 

Vertical constraints on resistivity 

(STD) 

2 4 - - 

Horizontal/lateral constraints on 

resistivity (STD) 

1.3 1.6 1.3 1.6 

Flight altitude  A-priori STD (m) 3 0.1 3 0.1 

Number of iterations before 

inverting for altitude 

5 50 5 50 

For the model section where the default settings were used in the inversion, the most prominent 

observation is the large deviation between the inverted flight altitude and the processed altitude, several 

places along the flight line (top section in Figure 6.29). Especially in the area between Kleggerud and 

Hesjebråtalia the difference is large, with a deviation of as much as 20 meters. The large deviations 

cannot be explained by mistakes done in the altitude processing and no reasonable changes could be 

made that would make up for the differences observed. The resistive top layer is also thinner and of 

lower resistivity than what is expected based on borehole data and ERT measurements from the area. 

When tightly constraining the inverted altitude, not allowing it to deviate much from the processed one, 

the residuals increase in the area with the largest altitude deviations (2nd section in Figure 6.29). 

Constraining the altitude also give slightly higher resistivities and thicker layers, in larger agreement 

with observations from ERT and borehole data. As the presence of LM data was limited and of less 

good quality, an inversion with only HM data was run to see if the LM data caused the problems (3rd 

section in Figure 6.29). The inverted altitude is still overestimated and even lower resistivity values and 

a thinner top layer are present in the model section. Constraining the altitude gives higher residuals, a 

slightly thicker layer and slightly higher resistivities, as for the inversion with LM data (bottom section 

in Figure 6.29). 
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    Smooth inversion, default settings, HM and LM: 

 

   Smooth inversion, default settings, tightly constrained altitude, HM and LM: 

 

    Smooth inversion, default settings, HM: 

 

    Smooth inversion, default settings, tightly constrained altitude, HM and LM: 

 

 

 

 

 

 

SW 

Figure 6.29: From top: Smooth inversion with HM and LM data where the altitude was included as an 

inversion parameter, before tight constraints were set to prevent large changes from the processed altitude. 

Smooth inversion with HM data only, where the altitude was included as an inversion parameter, before tight 

constraints were set to prevent large changes from the processed altitude. Red dots give the residual for each 

1D model. Green and purple lines show processed and inverted altitude respectively.  
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The inverted altitude deviates in the areas where a resistive top layer is present in the borehole data, and 

the deviation is larger where a thicker layer is observed. When constraining the altitude, the resistivities 

increases a bit but is still too low compared to observations done in ERT measurements. Different start 

resistivities were tested to investigate how they affected the models and if a proper start resistivity could 

be found, giving models with similar information as the prior knowledge about the area. Instead of using 

the option auto scale resistivities, the start model was set to a homogeneous half space with a certain 

resistivity value. The start value has a large impact on the resulting models. For a high start resistivity, 

the inverted altitude is pushed down, with less deviation over the areas where LM data are present 

(Figure 6.30, top). The residual in the area with the thickest resistive layer drops, indicating that a higher 

start resistivity seems to be more appropriate in this area. For a very low start resistivity, the inverted 

altitude matches the processed altitude better (Figure 6.30, bottom). The only exception is in the area 

with the thickest resistive layer, where the altitude is pushed up compared to the measured one. A start 

resistivity giving coinciding altitudes, low residuals, a layer thickness comparable to observations done 

in the borehole data and resistivities similar to what was observed in ERT measurements, could not be 

found. 

 

 

      Smooth inversion, default settings, uniform start resistivity (200 Ωm), HM and LM: 

 

      Smooth inversion, default settings, uniform start resistivity (10 Ωm), HM and LM: 

 

 

 

 

SW NE 

Figure 6.30: Top: Smooth inversion with HM and LM data, where a uniform start resistivity of 200 Ωm 

was used. Bottom: Smooth inversion with HM and LM data, where a uniform start resistivity of 10 Ωm 

was used. Red dots give the residual for each 1D model. Green and purple lines show processed and 

inverted altitude respectively. 
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By both constraining the altitude and setting a specific start resistivity, more reliable results were 

obtained. The inversion result for a low start resistivity shows a thin top layer with a high resistivity 

comparable to what is observed in ERT measurements (Figure 6.31, top), but high residuals are still 

present in the area with the thickest top layer. The inversion result for a high start resistivity shows a 

thicker resistive layer (Figure 6.31, bottom), but it is too thick compared to observations done in 

borehole data. Setting the start resistivity in the range of 100-200 Ωm, a model section with low residuals 

and resistivities and thicknesses matching the prior knowledge is obtained (Figure 6.31, mid). 

 

 

 

      Smooth inversion, tightly constrained altitude, uniform start resistivity (10 Ωm), HM and LM: 

 

      Smooth inversion, tightly constrained altitude, uniform start resistivity (200 Ωm), HM and LM: 

 

      Smooth inversion, tightly constrained altitude, uniform start resistivity (500 Ωm), HM and LM: 

 
SW NE 

Figure 6.31: Top: Smooth inversion with HM and LM data, with tight constraints on altitude and a 

uniform start resistivity of 10 Ωm. Mid: Smooth inversion with HM and LM data, with tight constraints 

on altitude and a uniform start resistivity of 200 Ωm. Bottom: Smooth inversion with HM and LM data, 

with tight constraints on altitude and a uniform start resistivity of 500 Ωm. Red dots give the residual for 

each 1D model. Green and purple lines show processed and inverted altitude respectively. 
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The geological background knowledge about the area and data from borings and the ERT lines indicates 

a large and relatively sharp contrast in the resistivity between the top layer and bedrock. To allow for 

sharper contrasts in the models, looser vertical and horizontal constraints were set in the inversion as 

well, giving even better agreement with the prior knowledge. 

The final results are presented as smooth and layered model sections in Figure 6.32, inverted both with 

HM and LM data and just with HM data. In the final models, the altitude was tightly constrained and a 

start resistivity of 200 Ωm was used. Looser vertical and horizontal constraints were set on resistivity. 

 

 

 

 
    Smooth inversion, HM: 

 
 

 
    Smooth inversion, HM and LM: 

 
 

 

 

 

 

Aslaksrud Kleggerud Hesjebråtalia Opperud 
NE SW 

500m 

1
0

0
m

 
5

0
m

 

500m 

ERT 

ERT 



6. Real AEM data inversions and 1D synthetic modelling 

 

104 

 

    Layered inversion, HM: 

 
 

 
   Layered inversion, HM and LM: 

 
 

 

In Figure 6.32, the stippled and solid lines represent an upper and lower manually interpreted boundary 

between the resistive top layer and the conductive shale, for each of the model sections. The lines are 

based on a manually picked resistivity threshold values. Comparing the results inverted with HM and 

LM data to the inversion with only HM data, a considerable difference can be seen in the areas where 

LM data are present. Even if little LM data are present, the results improved and clearly give models 

closer to what is expected from the prior knowledge. The resistivities in the models with LM data is 

higher, corresponding to resistivity values observed in ERT profiles, and it is easier to detect a layer 

boundary due to a larger contrast. 

In the case where both HM and LM data were used in the inversion, the upper interpreted boundary 

corresponds well with interpreted depth to bedrock from borehole data. The very thin layer at Aslaksrud 

and Kleggerud is detected pretty well. The thickness of the resistive layer in the area between Kjeggerus 

and Hesjebråtalia is still larger than the 15 meters predicted by the borehole data. Both smooth and 

Figure 6.32: Comparison of interpreted depth to bedrock along the planned road and the final AEM resistivity 

models, from the flight line following the planned road closely. From the top: Profile along the planned road with 

planned road alignment (blue line) and depth to bedrock based on borehole data (black stippled line) and 

preliminary AEM models (red line). Smooth inversion results inverted with HM data (upper) and with HM and 

LM data (lower). Layered inversion results inverted with HM data (upper) and with HM and LM data (lower). 

Red dots give data residual for each 1D model, purple line shows flight altitude. Colour code below the profiles 

gives the presence of HM and LM data along the flight line; blue=HM, green=LM, orange=HM and LM. 

Manually, interpreted depth to conductive masses is drawn on the model sections. The solid line gives an 

interpreted lower boundary, while the stippled line gives an upper interpreted boundary. All profiles are oriented 

from southwest to northeast.  
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layered models show a thickness in the area at between 20-25 meters. It should be specified that there 

are uncertainties connected to the reliability of the interpreted depth to the shale from the boreholes and 

that the thickness in the profile not necessarily gives the exact true thickness in the area. In the 

northwestern and southeastern part, the main flight line coincides with the planned road, while in the 

area between Kleggerud and Hesjebråtalia, where the largest deviations are observed, the flight line and 

the planned road deviate by 50-100 meters (Figure 6.33, lower left). The shale layers are known to be 

dipping in the area and from ERT data and the AEM results, it is evident that the thickness of the top 

layer seems to vary quite quickly. Moving away from the planned road, the thickness might deviate from 

the interpreted depth to bedrock along the road. 

Figure 6.33 shows two model sections along flight lines crossing the main flight line and the planned 

road in the area between Kleggerud and Hesjebråtalia. In the model sections, named P2 and P3, it seems 

like the thickness of the resistive layer increases from the position of the planned road towards the 

northwest, where the main AEM-line is situated. This indicates that the thickness of the resistive layer 

in the models might be thicker than what is indicated from the borehole data, matching the final models 

presented here. 
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Figure 6.33: The main AEM profile along the road corridor (P1) and two crossing profiles (P2 and P3). The 

two crossing profiles show an increase in the thickness of the resistive layer from the position of the planned 

road toward the northwest, where the main AEM-line is located.  
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Another problem encountered at NGI was that the final AEM models were not capable of giving the 

very low resistivities present in the Kleggerud area. Lab tests showed resistivities as low as 0.025 Ωm 

and also ERT models gave very low values, close to the lab measurements. Resistivities with values as 

low as 0.1 Ωm are observed in the final AEM models, in the area between Kleggerud and Hesjebråtalia 

(left in Figure 6.34). It is not as low values as given the lab measurements and ERT models, but still 

very low. In the area at Opperud, the resistivity of the shale units show values from 1 Ωm and up, 

corresponding to observations done in the ERT models, where higher resistivities were present for the 

shales in the area (right in Figure 6.34). 
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Figure 6.34: Left: AEM resistivity model from the layered model in the area 

between Kleggerud and Hesjbråtalia, showing resistivities as low as 0.1 Ωm. 

Right: AEM resistivity model from the layered model in the area at Opperud, 

showing resistivities from 1 Ωm and up. From ERT and lab measurements very 

low resistivities were encountered for the alum shale in the Kleggerud area, while 

higher values represented the shales at Opperud.  
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6.3.2 Synthetic modelling using different inversion parameters 

The forward data from the synthetic models, based on ERT measurements and borehole data, were used 

to run inversions with different inversion parameters as in the real data inversions. This was done to see 

how the resulting model changed and how well the different inversion results represented the true model 

and compare it to real data observations. Inversions were run with both HM and LM data and just HM 

data to see how much impact the LM data had on the results. 

In Figure 6.35, smooth inversion results with synthetic data from a 15 meter thick resistive layer of 2000 

Ωm over a half space of 1 Ωm (blue line) are presented. The inversions were run with HM and LM data, 

for different start resistivities and with and without altitude as an inversion parameter. For the inversions 

with altitude as an inversion parameter, a low start resistivity gives a model showing of lower 

resistivities than the real model (red line). The altitude moved up 2 meters. For a medium start resistivity, 

the thickness of the layer appears thicker than the model, with higher resistivity values in the top layer 

(yellow line). The altitude moved down 14 meters. For an even higher start resistivity, the layer appears 

even thicker with a high resistivity and with a too high residual (orange line). The altitude moved down 

as much as 26 meters. For the inversions where the altitude was not included as an inversion parameter, 

different start resistivities do not give very large differences in the results (light green, green and purple 

lines). All the models represent the true model to an acceptable level, with slight differences in the 

interpreted thicknesses and a bit too high resistivities for the top layer. AEM is a method that does not 

distinguish very well high resistivities. The signal would not differ much for a 1000 Ωm and 5000 Ωm 

layer and this could explain the observed results. Inverting for altitude seems to affect the models quite 

a lot in this case, while constraining the altitude gives much more consistent results for different start 

resistivities. 

 

Figure 6.35: True synthetic model (blue) with a 15 meter thick very resistive layer (2000 

Ωm) over a conductive (1 Ωm) half space, compared to smooth inversion results where 

altitude is included as an inversion parameter (InvAlt) and not (No InvAlt) for low, medium 

and high start resistivities. For a low start resistivity at 10 Ωm (red), the altitude moved up 2 

meters. For a higher start resistivity at 200 Ωm (yellow), the altitude moved down 14 meters. 

For a very high start resistivity at 700 Ωm (orange), the altitude moved as much as 26 meters.  
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A general observation is that the lower the start resistivity of the model, the lower the resistivity of the 

top layer and the more the inverted altitude deviates from the processed one. For very low start values 

also the thickness of the top layer decreases. For a high start resistivity, the thickness and the resistivity 

of the layer increase together with a decrease in the inverted altitude. 

Figure 6.36 shows the models from a smooth inversion with an intermediate start resistivity (200 Ωm), 

where altitude is not included as an inversion parameter, comparing the result from an inversion run 

with HM and LM data (green line) and just HM data (orange line). Not having LM data really affects 

the resulting model by giving a layer with much lower resistivity than the true model (blue line) and 

where a clear boundary between the two units is harder to detect than for the model inverted with LM 

data. 

 

 

 

  

Figure 6.36: True synthetic model (blue) with a 15 meter thick very resistive layer 

(2000 Ωm) over a conductive (1 Ωm) half space, compared to smooth inversion results 

for inversion with HM and LM data (red) and just HM data (orange), the start 

resistivity was set to 200 Ωm. Altitude was not included as an inversion parameter.   
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6.4 Discussion 

The results from the experimentation with the inversion parameters show that the AEM inversion 

parameters selected influence the result a lot. In this case, the very resistive top layer, together with the 

large resistivity contrast between the layers and limited LM data coverage, seems to cause challenges in 

the inversion when using the default settings. 

Both in real data and in the synthetic modelling a high start resistivity gave an inverted altitude lower 

than the processed one, at the same time as a thicker and more resistive layer was present in the models. 

It seems like the altitude is pushed down in the inversion in order for the signal to correspond to a thicker 

resistive layer, which gives weaker signals than more conductive masses. For very low start resistivity 

the inverted altitude moves up, giving a less resistive layer in the models. The altitude seems to move 

up in order for the measured signal to correspond to a signal from a less resistive layer seen from a 

higher altitude, which has a stronger signal than more resistive masses. By tightly constraining the 

altitude in the real data and not include altitude as an inversion parameter in the modelling, more 

consistent results were obtained for different start resistivities. Only less pronounced differences in 

resistivity values and thickness were observed. Eventually, a start resistivity could be set in the real data 

and modelling giving a similar result as prior knowledge and the true model. 

When inverted real data with the default settings, a very thin and less resistive top layer was present and 

an increase in the inverted altitude was observed over the areas where resistive masses were known to 

be present. Thicker masses seemed to give a higher altitude deviation. Air is very resistive and with a 

very resistive top layer, there is little contrast between the air and the ground. With a little contrast, the 

altitude is hard to resolve. It seems like the resistive top layer was moved into the air layer, giving an 

increase in the altitude and a thinner less resistive top layer. Even if the altitude was constrained, the 

models in the area showed too low resistivities and a too thin top layer. High residuals were also present 

in the area with the thickest resistive masses. By setting the start resistivity to about 100-200 Ωm 

improved the result, giving similar structures as expected from prior knowledge and low residuals. This 

indicates that using the default option of autoscaling the resistivities does not work very well in this 

case, setting a too low start resistivity. A reason for this might be that only HM data were present in 

large areas. From the modelling it was clear that only HM data would give a less resistive top layer than 

the real model. As only HM data were present in large areas, the start resistivity seemed to be calculated 

too low based on this data, affecting the models where both HM and LM data are present through 

horizontal constraints. From both modelling and real data inversions, the start resistivity set showed to 

have a large impact on the resulting models and it is therefore an important factor for getting a good 

result.  

By constraining the altitude, preventing the boundary between the resistive air and resistive top layer to 

move and set the start model to a homogeneous half space with a suitable start resistivity, the inversion 

result improved. It looks like the high resistivity of the top layer, in combination with limited availability 

of LM data, caused problems in the inversion when using the default settings. 

The reasons for the unsatisfactory result obtained earlier at NGI can most likely be explained by the fact 

that altitude was included as an inversion parameter together with a too high start resistivity, resulting 

in a too thick resistive top layer. In order to investigate if the processing differences (Figure 6.37) 

discussed in section 5.1.2 had any impact on the result as well, the dataset from NGI was inverted with 

the exact same inversion settings as used for the final models in this thesis. The results are compared in 

Figure 6.38.  
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The inversion results for both the smooth and layered inversions show differences for the two projects. 

These differences are only due to differences in the processing of the data, as the inversion parameters 

are the same. The clearest differences can be seen in the red circled areas. Comparing the inversion 

results, a less resistive layer is present in these areas for the results obtained from the NGI project. 

Looking into the tilt of the frame (Figure 6.37), this corresponds to the areas with the largest tilt. As the 

tilt was not considered in the manual altitude processing, the altitude in these areas were moved up (see 

section 5.1.2). An overestimated altitude will give a less resistive and/or thinner layer, as seen here. A 

difference is also seen in the area with the thickest resistive top layer, especially prominent in the layered 

results. This might be due to too much noise influenced data kept in this area. These results illustrate the 

importance of careful processing for a reliable result.  

 

NE SW 

Figure 6.37: Final processed data along main flight line from the NGI project (top) and this thesis 

(bottom). Red circles indicate areas with a large tilt of 10-15 degrees. 

Final data, NGI project: 

 

Final data, this thesis: 
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Smooth inversion, HM and LM, this thesis: 

 

Smooth inversion, HM and LM, NGI project: 

 

Layered inversion, HM and LM, NGI project: 

 

Layered inversion, HM and LM, this thesis: 

 

Figure 6.38: Comparison of smooth and layered inversion results from the NGI project and this 

master project, for the same inversion settings. Two upper figures: Smooth inversion result from 

NGI project (top) and smooth inversion result from this thesis (bottom). Two bottom figures: Layered 

inversion result from NGI project (top) and layered inversion result from this thesis (bottom). Red 

circles mark areas where pronounced differences are present. 
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Both observations in real data and in the synthetic modelling show that having LM data is important for 

the results. Due to the high moment used for the HM data, a longer turn-off time is needed and later time 

measurements are made, loosing information about the very shallow layers. For the presence of a thin 

resistive layer, not much information from this layer is present in the HM data and the data will match 

a less resistive layer. It is reasonable to assume that if LM data were present for the whole area the 

inversion result would be even better with less uncertainties, giving a better representation of the true 

subsurface structures. A higher resistivity for the top layer and a clearer boundary would most likely be 

resolved. 

As mentioned earlier, one of the ideas was to apply SR in the inversion in this dataset, to see if this could 

improve the result. Based on the results from the synthetic modelling with SR, inverting with SR would 

most likely not improve the results significantly. The modelling showed that for large resistivity 

contrasts, as present here, no difference was observed in the resolution of the models inverted with and 

without SR. 
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7 Conclusion and further work 

The main objective of this study was to improve the near-surface resolution of airborne time-domain 

data by applying system response (SR) in the inversion of the data, as well as test different inversion 

parameters to optimize the inversion settings. The results presented in Chapter 6 demonstrate that 

including earlier gates, with a sufficient noise model, will improve the resolution in the upper meters in 

the models and that selecting the inversion parameters carefully to suite the geological conditions present 

is crucial to obtain a reliable result. 

The results from the experimentation with different inversion parameters showed that the settings used 

matter a lot for the result. Using the suggested default settings may work well for general geological 

settings, but are not suited to use for all types of geological conditions and datasets. The results presented 

here demonstrate the importance of adjusting the settings to suite the particular dataset and geology 

present in the survey area. Especially for unusual geological conditions, extra caution needs to be taken. 

It might be challenging and time consuming to find the proper settings to use, as several inversion has 

to be run, but spending time on this is crucial to obtain as reasonable and reliable results as possible. In 

the case presented here, the very resistive top layer, together with limited LM data coverage seemed to 

cause challenges in the inversion when applying default settings.  

After testing many different inversion settings, final smooth and layered models were produced, giving 

a reasonable result in agreement with prior knowledge from the area. Even with limited LM data 

coverage and less good data quality a reasonable result was obtained. Constraining the altitude and 

setting a uniform start resistivity for all models, as well as setting less vertical and horizontal constraints 

on the resistivity, improved the models compared to models earlier inverted at NGI. In order to find the 

right settings some geological knowledge about the area, and good understanding about how the 

different parameters work and affect the data, are required. 

Together with the inversion settings, the processing of the data is important to get good results. The 

voltage data need to be processed carefully so no noisy or affected data enters the inversion and cause 

erroneous results. In addition, the altitude data have a great impact on the result if not processed 

correctly. Especially if a large tilt is present, caution should be taken when doing manual corrections. 

This was demonstrated when comparing the inversion results from the NGI project, where the tilt was 

not considered in the processing, and the results from this study.  

Both real AEM data inversions and synthetic modelling showed improvement in the near-surface 

resolution when applying SR. In the real data, slightly more pronounced structures in the upper 5-10 

meters could be observed, compared to inversion without the earlier gates. Changes seen in the real data 

corresponded to resistivity structures observed in borehole resistivity measurements (RCPTs) and 

modelling based on these, as well as matching observations done in general synthetic modelling.  

The investigations showed that improvement in the resolution obtained by applying SR can be expected 

to be more prominent for intermediate resistivities and smaller contrasts. The general synthetic 

modelling showed that the improvements seem to increase when the contrast between two layers 

decrease, and that the contrast has to be smaller for lower resistivities for a difference to be present. 

Synthetic data inverted with SR seemed to represent the true two-layer model well in most cases, except 

when very high resistivities were present and/or for very low contrasts. The improvements were mainly 

seen in the upper 5-10 meters. The information provided by applying SR may be crucial to be able to 

distinguish layers of small resistivity contrasts, such as normal marine clay from possible quick clay, 

and in general to give more correct and detailed models in the upper meters. The increased resolution 
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obtained can be of great value when planning ground investigations connected to large construction 

projects. 

Even if the SR method showed a general increase in the near-surface resolution, the method is not yet 

optimal to use, and could possibly give erroneous results in the models due to insufficient STD values 

for the early gates. Especially the gate closest to the sign change has to be handled properly and needs 

to be assigned a higher STD for low signal values. This was demonstrated both for real data and by 

synthetic modelling. For low signal values and a too low STD value, high residuals were observed in 

real data, and in the synthetic modelling the inverted models were not able to converge to the true model. 

Reliable results can not be obtained without manual adjustment of the STD values or before a proper 

noise model is found and applied. 

Suggestions for further investigations regarding SR could be to look more into details on the STD values 

for the first gates. Different STD values for different signal ranges should be tested for different datasets, 

to come up with a suited universal noise model. The noise model should be implemented into 

Workbench so the STD values are automatically set on the data points. More modelling could be 

conducted to get a better understanding of how much each of the earlier gates contribute to the results, 

to identify if any of the gates have a particularly great impact on the model obtained. This could be done 

by adding one extra gate for each synthetic inversion and see how the different results vary accordingly. 

This could also be done for real data. As a part of these investigations, it could also be tested how 

removing the gate closest to the sign change completely for all signal values, in all soundings, would 

affect the result.  

The MATLAB script used for the synthetic modelling could be modified to also create synthetic models 

with three or more layers. It should also be experimented more with smooth synthetic inversions, where 

a more optimal colour scale, close to the one used for real data, should be applied. This would give a 

more authentic picture of what theoretically could be resolved by applying SR. Instead of assigning a 

uniform start resistivity for all models, an algorithm that calculates the apparent resistivity for each 

response and use this as a start resistivity for each of the 1D models could be made. 

In this project, only a few flight lines were investigated and only laterally constrained inversions (LCI) 

were performed. SR should also be tested for a larger area, running spatially constrained inversions 

(SCI) to obtain the final models. 

It would be beneficial to do more testing with SR in an area where more prior knowledge is available in 

the form of resistivity data, such as RCTPs or ERT lines, or other geotechnical data. This would make 

it possible to validate, with higher certainty, if the resulting AEM models represents the true subsurface 

structures well.   
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Appendix 1: Voltage processing settings 

Jevnaker Voltage Data Processor Settings 
 Low Moment:                                                        High Moment: 
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Tønsberg Voltage Data Processor Settings 
Low Moment:                                                          High Moment: 
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Appendix 2: Inversion settings 

Tønsberg Inversion Settings: Smooth model 
 

Model parameters: 

 
 

Constraints: 
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Appendix 3: System response file (.sr2) 
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Appendix 4: Modelling files 

Example of the four files; con-, ssr-, tem- and mod-file, used in the modelling. See Manual for the 

inversion program (HGG, 2015) for explanation of the different parameters. 

Con-file: for inversion with system response 

 

 
 

ssr-file: row 4 and 5 contains the same numbers as the columns in the .sr2 file, only the first 

numbers are shown here 

 

 

 

… 
… 
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Tem-file: 
 

LM with system response: 

 

LM without system response: row 15 gives the waveform by defining the linear sub-waves, only the 

first three lines are shown here. 

 

 

 

 

 

 

 

 

 

… 



   

 

125 

 

Mod-file: 
 

FORWARD RESPONSE: 

9 layer model: 

 
 

two-layer model: 
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INVERSION: 

Smooth, 13 layer with SR: 

 
 

Layered, two-layer with SR: 
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Appendix 5: Profiles Jevnaker – Depth to bedrock 

 

Aslaksrud - Kleggerud 
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Kleggerud - Hesjebråtalia 
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Hesjebråtalia - Opperud 
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Appendix 6: Inversion results, no SR vs. SR 

 

Line 650101 

Inversion without SR: Gate 1-6 omitted 

 
Inversion with SR: Gate 2-6 included 

No STD change

 
STD values from suggested noise model 

 
STD values from experimentation 
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Line 650201 

Inversion without SR: Gate 1-6 omitted 

 
Inversion with SR: Gate 2-6 included 

No STD change 

 
STD values from suggested noise model 

 
STD values from experimentation 
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Line 650301 

Inversion without SR: Gate 1-6 omitted 

Inversion with SR: Gate 2-6 included 

No STD change 

 
STD values from suggested noise model 

 
 

STD values from experimentation 
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Line 650401 

Inversion without SR: Gate 1-6 omitted 

Inversion with SR: Gate 2-6 included 

No STD change 

 
STD values from suggested noise model 

 
 

STD values from experimentation 
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Line 603302 

Inversion without SR: Gate 1-6 omitted 

 
 

Inversion with SR: Gate 2-6 included 

No STD change 

 
STD values from suggested noise model 

 
STD values from experimentation 
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Line 603502 

Inversion without SR: Gate 1-6 omitted 

 
 

Inversion with SR: Gate 2-6 included 

No STD change 

 
STD values from suggested noise model 

 
STD values from experimentation 
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Line 603503 

Inversion without SR: Gate 1-6 omitted 

 
 

Inversion with SR: Gate 2-6 included 

No STD change 

 
STD values from suggested noise model 

 
 

STD values from experimentation 
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Line 603504 

Inversion without SR: Gate 1-6 omitted 

 
Inversion with SR: Gate 2-6 included 

No STD change 

 
STD values from suggested noise model  

 
STD values from experimentation 
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List of figures 

Figure 1.1: Electromagnetic induction is the basic principle behind the airborne helicopter TEM method. The 

large picture shows the system in the air and a schematic showing the electromagnetic fields generated. The 

small picture to the right shows a close up of the SkyTEM system, with the helicopter carrying the system as a 

sling load below. Modified from (NGI, 2017b). ..................................................................................................... 2 

Figure 2.1: Typical resistivity (top scale) and conductivity (bottom scale) range for different Earth materials. 

Note that different materials have overlapping ranges (after Palacky 1988). ......................................................... 7 

Figure 2.2: The basic principles of the AEM method is electromagnetic induction, used to calculate the 

resistivity in the subsurface. Electrical currents in the transmitter loop creates a primary magnetic field (green 

lines) which induces electrical eddy currents (red lines) in the subsurface, generating a secondary magnetic field 

(blue dashed lines) detected by the receiver coil (NGI, 2014a). ........................................................................... 11 

Figure 2.3: The two operational systems used when acquiring AEM data. Left: Fixed-wing system. Right: 

Helicopter system (NGI, 2014a). .......................................................................................................................... 12 

Figure 2.4: Principle of a TEM system. a)  The current in the transmitter as a function of time with a slow rise in 

current for the turn-on, followed by a steady current before a fast turn-off and off time. b) The induced 

electromotive force (emf) created when the current in the transmitter changes, inducing eddy currents in the 

ground. c) The decaying secondary magnetic field created due to the induced currents in the ground, measured in 

time windows (gates). (Sørensen, et al., 2006) ..................................................................................................... 13 

Figure 2.5: Left: Impulse response as a function of time for different Tx-Rx separations (L). Sign change occurs 

earlier for smaller Tx-Rx separations (Everett, 2013). Right: The impact on the measured impulse response due 

to a two meter thick top layer with varying resistivities (1, 4, 20, and 100 Ωm) over a 20 Ωm half-space. The 

sign change occurs earlier for a more resistive top layer (Andersen, et al., 2016b). Solid lines marks positive 

values and stippled lines negative values. The sign change occurs in the sharp cusps in the response curves ..... 15 

Figure 2.6: a) The SkyTEM system in operation. The carrier frame with the Tx loop and the different 

instrumentation mounted on is carried as a sling load underneath the helicopter (SkyTEM, 2017). b) Sketch 

showing the location of the instrumentation mounted on the rigid carrier frame (blue line); GPS, lasers, 

inclinometer (tiltmeter) and receiver coil (Rx) (SkyTEM-Surveys, 2015). .......................................................... 16 

Figure 2.7: Examples of the piece-wise linear normalized waveforms used when modelling SkyTEM-data (from 

the InterCity project, Tønsberg dataset). This is used as an approximation to the theoretical transmitted 

waveform. The top figures shows the waveform for the HM data, while the bottom one shows the waveform for 

the LM data. The figures to the right is a zoom in to the ramp-down of the waveforms, marked with a red box in 

the left figures. Note the different time scales. ...................................................................................................... 17 

Figure 2.8: Basic principle of electrical resistivity imaging. A direct current (I) is injected into the ground 

through electrodes (C1 and C2) and the resulting potentials (voltage) created in the Earth is measured (P1 and P2). 

From the voltage measurements it is possible to determine the resistivity distribution in the Earth (NGI, n.d.). . 19 

Figure 2.9: The equipment and setup of an ERT acquisition. The picture shows the ABEM Terrameter LS used 

to conduct ERT-measurements. In the background an electrode array can be seen which is connected to a battery, 

providing power to run the electrical current, through a cable connected to the electrodes (NGI, n.d.) ............... 19 

Figure 2.10: Curves showing the speed (left) and pushing force (right) measured during a total sounding. 

Hammering and flushing are marked by shaded fields, while crosses mark increased rotation. .......................... 20 

Figure 2.11: Left: Illustration of an RCPT measurement in the field where the probe is pressed down into the 

ground, while a current is injected through two electrodes and the potential difference is measured between the 

two other electrodes. Right: Picture of an RCPT probe, where the devise measuring the resistivity is mounted 

over the regular CPT probe, with four ring electrodes (Geotech, 2014). .............................................................. 20 

Figure 2.12: Data are collected during a geophysical AEM survey and inversion is applied in order to determine 

the distribution of the physical properties, in this case resistivity, which give rise to the observed data. A priori 

information and constraints can be included in the inversion in order to make a model that best represents the 

true subsurface structures. ..................................................................................................................................... 23 

Figure 2.13: a) The two low pass filters (solid and dotted lines) and the convolution of them (hsystem) shown as 

stippled line. b) The normalized 2nd time derivative of the waveform shown as a dashed-dot line. The calculated 

(solid line) and the measured (dashed) normalized* system response (𝑆′) based on the convolution of system 
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effects and high altitude measurements respectively, close to completely coincide (*normalized by peak current) 
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Figure 3.1: Steps needed to obtain final models from raw data acquired in the field. The data are collected by 

flying along planned survey lines (A). The response from the ground, displayed as decay curves (B) are 

processed and inverted to give the interval resistivity with depth in the ground (C). The inversion results can be 

displayed as profiles or as resistivity maps (D) which is used in the interpretation (NGI, 2014a). ...................... 31 

Figure 3.2: The SkyTEM system in operation. The helicopter is flying approximately 30 meters above the 

ground, whit the system carried as a sling load below and the acquisition has to be performed under good 
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Figure 3.3: Workspace in Workbench. Large picture shows the GIS interface with GIS themes the position of 

the flight lines. The processing interface is shown in the small picture, with the raw data (soundings) and device 
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Figure 3.4: Typical workflow in Aarhus Workbench, from data import through processing, inversion and quality 

check, to visualisation and interpretation of the final model results. .................................................................... 34 

Figure 3.5: Raw voltage data along a flight line where coupled data are culled and shown in grey. Good quality 

data appears as even and parallel gate lines, with no abrupt changes or crossing lines. Notice that the data at later 

times, going into the background noise, are not culled as this data are stacked out in the averaging of the raw 
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Figure 3.6: Left: A schematic showing an example of a source of a capacitive coupling. An LCR circuit 

generated by a underground cable and the resistive earth. A time varying primary magnetic field (BP(t)), 

generated by a changing current in the transmitter (ITx(t)), creates a current (Ic(t)) in the LCR circuit.  This 

current creates a secondary magnetic field (Bs(t)) and the response from the LCR circuit is measured by the 

receiver (IRx(t)) (Andersen, et al., 2016a). Right: Plot of an undisturbed sounding (black) and a capacitive 

coupled sounding (grey) which changes sign (Danielsen, et al., 2003). ............................................................... 36 

Figure 3.7: Left: A schematic showing an example of a source of a galvanic coupling, a LR circuit generated by 

a grounded overhead power line. A time varying primary magnetic field (BP(t)), generated by a changing current 

in the transmitter (ITx(t)), creates a current (Ic(t)) in the LR circuit. This current creates a secondary magnetic 

field (Bs(t)) and the response from the LR circuit is measured by the receiver (IRx(t)) (Andersen, et al., 2016a). 

Right: Plot of an undisturbed sounding (black) and a galvanic coupled sounding (grey) showing a rise in signal 
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Figure 3.8: The upper panel (a) shows the raw altitude data, which is reflections registered by the altimeter (red 

and green dots). Panel (b) shows the processed altitude line (black) together with the raw data after the first 
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Figure 3.9: Left: STD calculated from transient stack. No averaging, raw data (top) and average data (bottom) 

are the same. Right: 3% STD on all raw data (top). Data are averaged (bottom) using a trapezoidal-shaped filter, 
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with SR and no STD change, residual=2.5. Mid left: Inverted with SR and STD values based on suggested noise 

model, residual=1.9. Mid right: Inverted with SR and STD values from experimentation, residual=0.8. Red 

arrow marks line model position. Red dots gives the residual for each 1D model and the red stippled line marks a 
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Figure 6.11: Model sections and line models. Top left: Inverted without SR, residual=0.7. Top right: Inverted 

with SR and no STD change, residual=1.6. Mid left: Inverted with SR and STD values based on suggested noise 

model, residual=1.1. Mid right: Inverted with SR and STD values from experimentation, residual=1.1. Red 

arrow marks line model position. Red dots gives the residual for each 1D model and the red stippled line marks a 
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Figure 6.12: Model sections and line models. Top left: Inverted without SR, residual=0.7. Top right: Inverted 

with SR and no STD change, residual=1.6. Mid left: Inverted with SR and STD values based on suggested noise 

model, residual=1.1. Mid right: Inverted with SR and STD values from experimentation, residual=1.1. Red 

arrow marks line model position. Red dots gives the residual for each 1D model and the red stippled line marks a 
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Figure 6.13: Top left: Several of the models with the thickest top layer inverted with SR (mid plot) do not  

reflect the true model, while the models from the inversion without SR (bottom plot) reflect the true model 

perfectly. Top right: Six of the models with a thicker top layer inverted with SR (mid plot) do not  reflect the 

true model, while the models from the inversion without SR (bottom plot) reflect the true model perfectly. 

Bottom:  Inversion run with a larger STD on the gate closest to the sign change, posing a very low signal, 

resulted in convergence for all models and the true models are represented close to perfectly. ........................... 82 

Figure 6.14: Inversion results for a very resistive layer over a resistive half space and vice versa, with a large 

resistivity contrast. Top left: 1000 Ωm over 100 Ωm with start resistivity 300 Ωm. Top right: 500 Ωm over 50 

Ωm with start resistivity 100 Ωm. Bottom left: 100 Ωm over 1000 Ωm with start resistivity 500 Ωm. Bottom 

right: 50 Ωm over 500 Ωm with start resistivity 200 Ωm. The inverted models reflects the true models close to 

perfectly both for inversion with and without SR. ................................................................................................ 83 

Figure 6.15: Inversion results for a very resistive top layer over a resistive/very resistive half space and vice 

versa, with a smaller resistivity contrast. Top left: 700 Ωm over 400 Ωm with start resistivity 500 Ωm. Top right: 

200 Ωm over 90 Ωm with start resistivity 130 Ωm. Bottom left: 400 Ωm over 700 Ωm with start resistivity 500 

Ωm. Bottom right: 90 Ωm over 200 Ωm with start resistivity 130 Ωm. ............................................................... 84 

Figure 6.16: Inversion results for a very resistive/resistive layer over a very conductive half space and vice 

versa. Top left: 500 Ωm over 1 Ωm with start resistivity 10 Ωm. Top right: 50 Ωm over 0.1 Ωm with start 

resistivity 5 Ωm. In the inverted models, the thickness is pretty well resolved, but the resistivity of the top layer 

is a bit low for the models with a thinner top layer. Bottom left: 1 Ωm over 500 Ωm with start resistivity 10 Ωm. 

Bottom right: 0.1 Ωm over 50 Ωm with start resistivity 1 Ωm. The large contrast and very conductive top layer 
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Figure 6.17: Inversion results for a resistive layer over a less resistive half space: Top left: 100 Ωm over 50 Ωm 

with start resistivity 60 Ωm. Top right: 100 Ωm over 70 Ωm with start resistivity 80 Ωm. Upper mid left: 70 Ωm 

over 20 Ωm with start resistivity 40 Ωm. Upper mid right: 40 Ωm over 20 Ωm with start resistivity 30 Ωm. 

Inversion results for a less resistive layer over a resistive half space: Lower mid left: 50 Ωm over 100 Ωm with 

start resistivity 60 Ωm. Lower mid right: 70 Ωm over 100 Ωm with start resistivity 80 Ωm. Bottom left: 20 Ωm 

over 2 70 Ωm with start resistivity 40 Ωm. Bottom right: 20 Ωm over 40 Ωm with start resistivity 30 Ωm. The 

models inverted with SR reflect the true models well. For the models inverted without SR, the thinner top layers 

are in most cases not resolved perfectly. ............................................................................................................... 87 

Figure 6.18: Inversion results for a conductive layer over a more conductive half space, and vice versa. Top left: 

10 Ωm over 9 Ωm with start resistivity 9.5 Ωm. Top right: 8 Ωm over 3 Ωm with start resistivity 5 Ωm. Bottom 

left: 9 Ωm over 10 Ωm with start resistivity 9.5 Ωm. Bottom right: 3 Ωm over 8 Ωm with start resistivity 5 Ωm. 

The inverted models with the highest contrast reflects the true models close to perfectly. For a small contrast 

with the lowest conductivities, inversion with SR reflects the real model well, while the inversion without SR do 

not resolve the thinnest layers perfectly. ............................................................................................................... 88 

Figure 6.19: Inversion results for a more resistive layer over a less resistive, showing the 2 layer synthetic model 

(top plot) and smooth inversion results with (mid plot) and without (bottom plot) the use of SR.  Left: 400 Ωm 

over 200 Ωm with start resistivity 300 Ωm. Right: 40 Ωm over 20 Ωm with start resistivity 30 Ωm. Black dotted 

line shows the real model boundary for comparison. ............................................................................................ 89 

Figure 6.20: Inversion results for a less resistive layer over a more resistive layer, showing the 2 layer synthetic 

model (top plot) and smooth inversion results with (mid plot) and without (bottom plot) the use of SR.  Left: 400 

Ωm over 200 Ωm with start resistivity 300 Ωm. Right: 40 Ωm over 20 Ωm with start resistivity 30 Ωm. Black 

dotted line shows the real model boundary for comparison. ................................................................................. 90 

Figure 6.21: Modelling and inversion results for RCPT VSS11002. Left: The RCPT measurements (red) and its 

synthetic layered model (blue). Right: The inversion results with (red) and without (green) applying SR, where 

synthetic data from the created model were used, together with the synthetic model based on the RCPT 

measurement (grey)............................................................................................................................................... 91 

Figure 6.22: Modelling and inversion results for RCPT VSS13016. Left: The RCPT measurements (red) and the 

its synthetic layered model (blue). Right: The inversion results with (red) and without (green) applying SR, 

where synthetic data from the created model were used, together with the synthetic model based on the RCPT 

measurement (grey)............................................................................................................................................... 92 

Figure 6.23: Modelling and inversion results for RCPT VSS11006. Left: The RCPT measurements (red) and its 

synthetic layered model (blue). Right: The inversion results with (red) and without (green) applying SR, where 

synthetic data from the created model were used, together with the synthetic model based on the RCPT 

measurement (grey)............................................................................................................................................... 92 

Figure 6.24: Comparison of real AEM data, RCPT measurements, synthetic modelling based on RCPT 

measurements and a general 2 layer model. The model sections show the inversion result without (top) and with 

(bottom) SR. The red arrows mark the position of the line models closest to the RCPT measurements. The RCPT 

measurements together with the inversion results with and without SR for the synthetic data (bottom right) 

shows similar trends as the real data models. Comparing this to the 2 layer synthetic model with a less resistive 

layer over a slightly more resistive layer, inversion without SR would not resolve the thinnest top layers giving a 

model is close to the more resistive half space. .................................................................................................... 95 

Figure 6.25: RCPT data (VSS11002), synthetic data and real data inversion results. Left: Results from inversion 

of real data (blue) and synthetic data based on RCPT measurements (green) without SR, plotted together with 

RCPT (grey). Right: Results from inversion of real data (blue) and synthetic data based on RCPT measurements 

(red) with SR, plotted together with RCPT (grey). ............................................................................................... 96 

Figure 6.26: RCPT data (VSS13016), synthetic data and real data inversion results. Left: Results from inversion 

of real data (blue) and synthetic data based on RCPT measurements (green) without SR, plotted together with 

RCPT (grey). Right: Results from inversion of real data (blue) and synthetic data based on RCPT measurements 

(red) with SR, plotted together with RCPT (grey). ............................................................................................... 96 

Figure 6.27: Left: Real data models inverted without SR (top) and with SR (bottom). Red arrow marks the 

position of the line model to the right. Right: Model section with 1D synthetic models (top) with a top layer of 

higher resistivity over a less resistive half space, and smooth inversion results without SR (mid) and with SR 
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(bottom). Similarities between the real and synthetic data can be seen for the line model and the synthetic model 
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Figure 6.28: Left: Real data models inverted without SR (top) and with SR (bottom). Red arrow marks the 

position of the line model to the right. Right: Model section with 1D synthetic models (top) with a top layer of 

slightly higher resistivity than half space, and a 2 layer inversion results without SR (mid) and with SR (bottom). 

Similarities between the real and synthetic data can be seen. ............................................................................... 98 

Figure 6.29: From top: Smooth inversion with HM and LM data where the altitude was included as an inversion 

parameter, before tight constraints were set to prevent large changes from the processed altitude. Smooth 

inversion with HM data only, where the altitude was included as an inversion parameter, before tight constraints 

were set to prevent large changes from the processed altitude. Red dots give the residual for each 1D model. 

Green and purple lines show processed and inverted altitude respectively. ........................................................ 100 

Figure 6.30: Top: Smooth inversion with HM and LM data, where a uniform start resistivity of 200 Ωm was 

used. Bottom: Smooth inversion with HM and LM data, where a uniform start resistivity of 10 Ωm was used. 

Red dots give the residual for each 1D model. Green and purple lines show processed and inverted altitude 
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Figure 6.31: Top: Smooth inversion with HM and LM data, with tight constraints on altitude and a uniform start 

resistivity of 10 Ωm. Mid: Smooth inversion with HM and LM data, with tight constraints on altitude and a 

uniform start resistivity of 200 Ωm. Bottom: Smooth inversion with HM and LM data, with tight constraints on 

altitude and a uniform start resistivity of 500 Ωm. Red dots give the residual for each 1D model. Green and 

purple lines show processed and inverted altitude respectively. ......................................................................... 102 

Figure 6.32: Comparison of interpreted depth to bedrock along the planned road and the final AEM resistivity 

models, from the flight line following the planned road closely. From the top: Profile along the planned road 

with planned road alignment (blue line) and depth to bedrock based on borehole data (black stippled line) and 

preliminary AEM models (red line). Smooth inversion results inverted with HM data (upper) and with HM and 
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Red dots give data residual for each 1D model, purple line shows flight altitude. Colour code below the profiles 

gives the presence of HM and LM data along the flight line; blue=HM, green=LM, orange=HM and LM. 

Manually, interpreted depth to conductive masses is drawn on the model sections. The solid line gives an 

interpreted lower boundary, while the stippled line gives an upper interpreted boundary. All profiles are oriented 
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Figure 6.33: The main AEM profile along the road corridor (P1) and two crossing profiles (P2 and P3). The two 
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and layered inversion result from this thesis (bottom). Red circles mark areas where pronounced differences are 

present. ................................................................................................................................................................ 111 
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