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Abstract

The Roter Kamm impact crater, estimated to be between 4 and 5 million years of age,
is located within a national park in the southern Namib Desert. This location has been
restricted from public access for over a century, significantly limiting research activities.
This thesis determines the multi-dimensional shape of the sediment cover of the impact
structure by applying 1D and 3D inversion schemes to loop-source transient electromag-
netic (TEM) data, while simultaneously comparing the single-loop and multi-component
fixed-loop set-ups in terms of model resolution.

The Roter Kamm impact crater, which belongs to one of multiple survey areas in the
Namib and Atacama Deserts of the Collaborative Research Center CRC 1211 "Earth
Evolution at the Dry Limit", is of particular interest in this study. The CRC 1211 inves-
tigates the evolution of the areas in hyper-arid deserts by applying various methods from
disciplines such as geosciences, physics and biology. Several geophysical methods, such
as TEM, Audiomagnetotellurics, Magnetics and Seismics, were carried out in the Namib
Desert to analyse two suitable drilling locations for palaeoclimatological research. In the
framework of this thesis the fixed- and single-loop TEM set-ups were employed at the
Roter Kamm impact crater. The two methods can be used complementary to achieve a
maximum resolution in shallow and large depths depending on their transmitter size. The
single-loop configuration, which uses one loop as both a transmitter and receiver, employs
loop sizes smaller than those used for the fixed-loop configuration. The fixed-loop con-
figuration uses one stationary large transmitter and several multi-component receivers at
various locations, both inside and outside the transmitter. This configuration, especially
the horizontal components, is sensitive to lateral conductivity boundaries.

A variety of synthetic 3D TEM studies present the effects of a multi-dimensional sub-
surface and topography on transient data, and additionally highlight the superior perfor-
mance of fixed-loop data-sets in multi-dimensional inversion schemes. The 1D inversion
paints an highly distorted image of the resistivity distribution inside the Roter Kamm
impact crater. However, the comprehensive 3D inversion results, corroborated by a 2D
AMT resistivity model, reveal a large, lens-shaped conductor inside the impact structure.
This conductor likely represents water-saturated sediments overlying brecciated bedrock.
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This work marks the first independent geophysical model of the Roter Kamm impact
crater.
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CHAPTER 1

Introduction

The focus of this thesis is the exploration of the Roter Kamm impact crater using the
transient electromagnetic (TEM) method. A three-dimensional (3D) inversion of multi-
component fixed-loop and single-loop TEM data was performed. Not only the vertical
but also the horizontal components of the induced voltages were used.

The TEM survey was carried out as part of the Collaborative Research Centre CRC 1211
"Earth Evolution at the Dry Limit". CRC 1211 is an interdisciplinary project dedicated
to palaeoclimatology (Dunai et al., 2020). Sedimentary basins play an important role
in understanding past climate. The CRC 1211 studies sedimentary basins to determine
the role of water in their formation. Deep climate archives are obtained by studying the
stratigraphy of these basins through the study of drill cores (Cohen, 2012). A typical
way to determine the location of the deepest and oldest sediments is to use geophysical
methods. The most commonly used is the seismic method (e.g. Diederich et al., 2020;
Melles et al., 2011). However, electromagnetic (EM) methods have also been successfully
used for exploration (e.g., Blanco-Arrué et al., 2022; Yogeshwar, 2014). The CRC 1211
focuses on the evolution of the hyper-arid Atacama Desert in Chile and the Namib Desert
in Namibia to study surface processes and biological activity in the near absence of wa-
ter. Here, two potential targets for scientific drilling in the southern Namib Desert were
investigated using seismic and EM methods. The results from the Aurus clay pan have
already been published in Nienhaus et al. (2023c) and are only presented here to give an
overview of the tasks involved in this work. However, the focus of this thesis is solely on
the field survey carried out at the Roter Kamm impact crater.

The Roter Kamm impact crater is located in a remote area of the southern Namib Desert.
Its location in a former diamond mining area has provided the unique conditions of an
undisturbed natural habitat for flora and fauna over the past century. Although the
impact crater has been studied in the past, very few geophysical surveys have been con-
ducted (e.g., Brandt et al., 1998; Fudali, 1973; Grant et al., 1997; Reimold et al., 1992).
However, only forward modelling studies of magnetic and gravity data have been carried
out, based on diameter to depth ratios found at similar impact structures and assumptions
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of material properties (Brandt et al., 1998; Fudali, 1973). To my knowledge, no inversion
of field data has ever been published. Therefore, the EM data presented in this thesis
can provide valuable information, not only for palaeoclimatological research, but also for
a better understanding of impact craters. The Roter Kamm impact crater is only one of
the few impact craters that is well enough preserved to allow further in-depth studies of
the morphology of simple impact structures (Grieve, 1993).

During the field survey at the Roter Kamm impact crater, TEM and Audiomagnetotelluric
(AMT) soundings were carried out along two profiles. The profiles have lengths of 3,800 m
and 2,400 m and cross each other perpendicularly in the centre of the impact structure.
Both methods chosen for the investigation are electromagnetic (EM) methods. These
methods use either natural or artificial sources to induce EM fields into the subsurface
and measure the response of the Earth. The TEM method is often used for sedimen-
tary basins or valleys (e.g., Blanco-Arrué et al., 2022; Danielsen et al., 2003; Jørgensen
et al., 2003; Yogeshwar, 2014) but is equally successful in investigating groundwater (e.g.,
Fitterman, 2014; Goldman et al., 1991). In the most common TEM setup, a receiver
in the form of a vertical induction coil or horizontal loop is placed at the centre of a
loop-source transmitter (central-loop). During the field survey at the impact crater, the
transmitter loop was also the receiver loop. Such a setup is called single-loop. However,
more advanced source-receiver configurations can also be used. For this thesis, the fixed-
loop configuration with large transmitter loops was used to obtain a deep image of the
Roter Kamm impact crater. General descriptions of the TEM method can be found in
various textbooks, such as Spies and Frischknecht (1988), Nabighian and Macnae (1988)
and Christiansen et al. (2006). The AMT soundings complement the TEM measurements
in terms of depth resolution and ensure that the vertical dimensions of any large scale
conductive structure are well resolved. However, the focus of this thesis is on the TEM
method.

The thickness of the sedimentary cover is expected to be at least 300 m (Fudali, 1973).
Typical central-loop surveys using small-source transmitters cannot reach such depths,
especially in conductive areas (e.g., Blanco-Arrué, 2024; Yogeshwar, 2014). Therefore, a
fixed-loop TEM survey was carried out using larger transmitters. Typically, TEM sur-
veys only measure the vertical field component (e.g., Auken et al., 2019; Maurya et al.,
2022; Xiao et al., 2023). However, several authors have noted the importance of the
horizontal components in identifying the lateral boundaries of conductive bodies (Chris-
tensen, 2014; Newman et al., 1987; SanFilipo et al., 1985). They are routinely measured
in airborne time domain electromagnetic methods (Kirkegaard et al., 2012; Smith and
Keating, 1996), but still not in ground-based TEM. A major reason for this may be that
the one-dimensional inversion of horizontal components can be challenging and is only
possible under near 1D conditions (Ley-Cooper et al., 2010). In addition, many studies
have demonstrated that one-dimensional inversion of transient electromagnetic data is
generally insufficient to explain complex subsurface structures (e.g., Hördt et al., 1992;
Newman et al., 1987; Xiao et al., 2023; Yogeshwar and Tezkan, 2017). This is particularly
true for the fixed-loop TEM configuration, where one or more receivers can be placed
inside and outside the transmitter loop (Rochlitz et al., 2019; Zhang et al., 2021). In the
past 3D time-domain inversions have been considered time-consuming and impractical for
large TEM datasets (Vignoli et al., 2015). However, 1D approaches are only applicable
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in cases where resistivity contrasts are moderate or lateral transitions are smooth, and
spatially and laterally constrained inversions lead to reasonable two-dimensional sections
(e.g. Auken et al., 2008; Vignoli et al., 2015).

A 2D AMT inversion revealed a large conductive anomaly inside the crater rims, which
shows a strong conductivity contrast to its surroundings, indicating that the conditions
for a 1D TEM inversion are unlikely to be met. Nevertheless, 1D TEM inversions were
performed using only the vertical components of the TEM data. Several observations
were made. Firstly, the treatment of single-loop data as central-loop data leads to an
underestimation of the induced voltages in early times, and it is strongly recommended
to use extended receivers for modelling. Secondly, the single-loop dataset lacks depth
resolution in the central part of the Roter Kamm impact crater and fails to resolve the
lower boundary of the large conductive anomaly. As expected, the fixed-loop data provide
better depth resolution, which is also deep enough to resolve the lower boundary. Thirdly,
the multi-dimensional effects appear to be too strong for a 1D inversion to give reasonable
results in both single and fixed-loop data.
To motivate 3D TEM inversion, the 3D CSEM modelling python toolbox custEM (Rochlitz
et al., 2023, 2021, 2019) was used to investigate multi-dimensional and topographic effects
using realistic subsurface and topographic models. The effects on the horizontal and ver-
tical components of fixed-loop TEM data and the vertical component of central-loop data
are investigated. Central and fixed-loop setups show strong multi-dimensional effects, but
only the fixed-loop setup experiences strong topographic effects due to the offset between
transmitter and receiver (cf. Goldman et al., 1994). Nevertheless, topographic effects are
found in the inversion results of both TEM setups. Since the first 3D TEM inversion
algorithms in the early 2000s (e.g., Commer and Newman, 2004; Haber et al., 2007), the
development has accelerated in recent years (e.g., Heagy et al., 2017; Liu et al., 2024;
Oldenburg et al., 2013; Xiao et al., 2022).This opens up new possibilities for the applica-
tion of the transient electromagnetic method. Setups such as the fixed-loop configuration,
which are more influenced by multi-dimensional effects, can now be explored and addi-
tional components can be measured and interpreted. TEM3Dinv (Liu et al., 2024) was
used to perform the 3D inversion of synthetic and field data to fully exploit both TEM
data sets and obtain a single comprehensive model describing the interior of the Roter
Kamm impact crater.

1.1. Structure of this Thesis

Chapters 2 and 3 present the theoretical background of the transient electromagnetic
method and geophysical inversion techniques. The following chapter gives a brief intro-
duction to the CRC 1211 with a focus on its geophysical work and explains in more detail
the current knowledge about meteoritic impact craters and the Roter Kamm in partic-
ular. The chapter concludes with a description of the field survey and the equipment
used in the Namib Desert at both survey sites. It includes a detailed description of the
survey setups and the motivations for their design. Chapter 5 is entirely devoted to the
AMT survey. It not only presents the data and the 2D inversion results, performed using
MARE2DEM (Key, 2016), but also provides a brief introduction to the method and data
processing. Chapter 6, introduces the TEM data processing and discusses systematic
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errors caused by the system response and the incorrect approximation of an extended re-
ceiver loop by a point receiver. Based on these evaluations and the measured noise level,
error models have been proposed for the 1D inversion of the single-loop and fixed-loop
data. Chapter 7 describes the 1D inversions using EMUPLUS (e.g., Scholl, 2005) and
first observations are made that a 1D inversion is not feasible for the TEM data sets of
the Roter Kamm impact crater. Furthermore, the resolution of the lower boundary of a
large conductive anomaly is compared for each EM method applied. Chapter 8 presents
extensive synthetic 3D modelling and inversion studies. The studies discuss and compare
the effects of topography and multi-dimensionality on central and fixed-loop TEM data.
The feasibility of 3D inversion using only profile data is evaluated, the optimal parame-
ters for reasonable inversion results are determined, and areas that may be distorted by
topographic effects are identified. The specific advantages of central and fixed-loop TEM
setups are compared, as well as their multi-component inversion. The thesis concludes
with the 3D TEM inversions of the field data and a final evaluation of the quality of each
inversion model. A final comparison of the TEM and AMT inversion models is made
and the conductivity structures are fully described. Finally, the geophysical models are
placed in the geological context of an impact crater and compared with studies of the
Roter Kamm impact crater. The final chapter summarises the main findings of this thesis
and presents perspectives for future work.



CHAPTER 2

The Transient Electromagnetic Method

Geology is the study of the solid Earth. Its aim is to understand the structure of the
Earth’s crust and surface. But it needs tools to map everything below the surface. Geo-
physical methods can be used to obtain information about this internal structure of the
Earth by studying the physical parameters of rocks. The main focus of this work is the
transient electromagnetic method. TEM is sensitive to conductive zones in the subsurface,
which may be caused by metal ores or water. Therefore, it is often used in connection
with groundwater studies, such as the detection of water-bearing aquifers and salt-water
intrusions in coastal areas (e.g., Danielsen et al., 2003; Fitterman, 2014; Goldman et al.,
1991; Ruiz-Aguilar et al., 2018) or mineral exploration (e.g., Cox et al., 2012; Lu et al.,
2021; Yang et al., 2019; Zeng et al., 2019). However, it can also be used to map the sur-
face of the solid rock beneath a sedimentary overburden (e.g., Blanco-Arrué et al., 2022;
Jørgensen et al., 2003; Yogeshwar, 2014).

This chapter introduces the basics of electromagnetism and the TEM method. Detailed
descriptions can be found in Ward and Hohmann (1988), Nabighian and Macnae (1988)
and Spies and Frischknecht (1988). In addition, the audiomagnetotelluric method has
been used to obtain complementary data. Both methods have the same physical back-
ground, and additional information about the AMT method can be found in Vozoff (1988)
and Simpson and Bahr (2005). Table 2.1 lists the physical quantities and their units used
in this thesis.
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Table 2.1.: Physical variables and their symbols and units. Underlined characters represent vectors.

Variable Symbol Unit

Magnetic Field Intensity H A/m
Magnetic Flux Density B T = Vs/m2

Electric Field Intensity E V/m
Electric Displacement Field D As/m2

Electrical Charge Density q As/m3

Electric Current Density j A/m2

Electric Current I A
Voltage U V
Electrical Conductivity σ S/m
Electrical Resistivity ρ = 1

σ
Ωm

Magnetic Permeability µ = µ0µr Vs/(Am)
Vacuum Permeability µ0 Vs/(Am)
Relative Magnetic Permeability µr dimensionless
Electrical Permittivity ϵ = ϵ0ϵr As/(Vm)
Vacuum Permittivity ϵ0 As/(Vm)
Relative Electrical Permittivity ϵr dimensionless
Frequency f Hz
Angular Frequency ω 1/s
Wave Number k 1/m
Time t s
Noise Level ην V/m2

2.1. Electrical Conduction

EM methods are sensitive to electrical conductivity, the inverse of electrical resistivity.
Conductivity is a measure of how well a material conducts electrical currents, so it is
important to understand the conduction mechanisms within the Earth. Currents can
be transported by three different conduction mechanisms; electronic, dielectric and elec-
trolytic conduction (Telford et al., 1990).

Electronic conduction is characterised by the free movement of electrons within a material,
such as a metal, generating a current. However, typical rock-forming materials do not
have enough free charges and this mechanism is negligible in most cases (Knödel et al.,
2005). Dielectric conduction can also be neglected in the case of TEM and MT as it only
occurs in very resistive or insulating materials in the presence of an external electric field
(Telford et al., 1990).
The dominant conduction mechanism in EM methods is electrolytic conduction in semi-
conductors. Here, the charge is transported by ions in the pore fluid within the rock
matrix. The pore fluid consists of water with dissolved salts. The conductivity of the
pore fluid dominates the conductivity of porous rocks and sediments (e.g., Dentith and
Mudge, 2014; Knödel et al., 2005). Even small amounts of water, e.g. thin layers of



2.1. ELECTRICAL CONDUCTION 7
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.
Figure 2.1.: Resistivity ranges of typical rocks in the southern Namib desert. Values taken form Ward
(1997) and Knödel et al. (2005)

moisture around the rock matrix, can increase the conductivity by 4-5 decades (Knödel
et al., 2005). Electrolytic conductivity is influenced by several factors such as porosity,
degree of saturation and tortuosity. This is described for clay-free porous rocks by Archie
(1942):

ρe = aϕ−mS−nρW (2.1)

The empirical law defines the resistivity of a saturated rock (ρe) as a function of the
resistivity of the pore fluid (ρW ), the effective porosity (ϕ), the degree of saturation (S),
the saturation and cementation exponents (n ≈ 2 and 1.3 ≤ m ≤ 2.4) and a constant
factor (0.5 ≤ a ≤ 1). In the presence of clay, the bulk resistivity decreases significantly
and Archie’s law no longer applies. Because clay has a high ion exchange rate, a bilayer
is formed, resulting in an increased density of charge carriers near the surface of the clay
minerals (Ward, 1997).

This paragraph shows that the conductivity of rock is highly dependent on its composition,
pore space and water content. Therefore, only ranges of conductivity can be estimated
for materials, not definitive values. As these ranges overlap, it is impossible to identify
materials by their conductivity alone. A selection of conductivities of materials found in
the Tsau //Khaeb (Sperrgebiet) National Park is shown in Figure 2.1.
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2.2. The Maxwell Equations
The Maxwell equations are a set of uncoupled differential equations that describe electro-
magnetic fields. Their differential formulations are the following:

∇ ·D = q (2.2)

∇ ·B = 0 (2.3)

∇×H = j +
∂D

∂t
(2.4)

∇× E = −∂B

∂t
(2.5)

Gauss’s law (Equation 2.2) states that the electric displacement field D has sources and
sinks in the form of the electric charge density q, while the magnetic flux density B is
source free (Equation 2.3). Ampere’s and Faraday’s laws (Equations 2.4 and 2.5) link the
properties of magnetic and electric fields. Ampère’s law describes how electric currents
j and time-varying displacement currents induce a perpendicular magnetic field H, and
Faraday’s law describes how a time-varying magnetic flux induces a perpendicular electric
field E. Maxwell’s equation are coupled by the following three relations:

j = σE (2.6)

D = ϵE (2.7)

B = µH (2.8)

The first one is a formulation of Ohm’s law (Equation 2.6), that expresses that the electric
field intensity is linearly linked to the electric current density via the electric conductivity
σ. The material equations (Equation 2.7 and 2.8) relate the electric and magnetic field in-
tensities to the electrical displacement field and the magnetic flux densities by the electric
permittivity ϵ = ϵrϵ0 and magnetic permeability µ = µrµ0, respectively. In geophysical
applications we assume linear, isotropic and homogeneous media and thus σ, ϵ and µ
are independent of time, temperature and pressure. Furthermore, the relative magnetic
permeability µr is assumed to be close to 1 and µ equals the magnetic permeability of
free space µ0. Additionally, no free charges exist in homogeneous media and Equations
2.2 and 2.6 yield to:

∇ · j = 0 (2.9)

Stating that the subsurface is source free.

2.2.1. Telegrapher’s and Helmholtz Equations

Assuming H and E are piecewise continuous, a few transformations can yield to two
differential equations, one for the magnetic and one for the electric field. Following steps
are necessary:

• taking the curl of Equations 2.4 and 2.5
• substituting the mentioned conditions for µ, ϵ and σ valid for electromagnetic meth-

ods
• utilizing the vector identity ∇ × ∇ × f = ∇∇ · f − ∇2f together with Equations

2.3 and 2.9
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The two gained equations are called the Telegrapher’s equations:

∇2H(t) = µσ
∂

∂t
H(t) + µϵ

∂2

∂t2
H(t) (2.10)

∇2E(t) = µσ
∂

∂t
E(t) + µϵ

∂2

∂t2
E(t) (2.11)

Both equations have the same structure and henceforth F is used to denote either the
electric or magnetic field intensity; E or H. The Telegrapher’s equations are stated in
time domain and their Fourier transforms with respect to time are called the Helmholtz
equations:

∇2F (ω) = (ıµσω − µϵω2)︸ ︷︷ ︸
κ2

F (ω) (2.12)

using ∂F (t)/∂t = ıωF (ω) for the time derivative with ω as the angular frequency. κ2, the
squared wave number, is consisting of two part; one is representing the conduction currents
(ıµσω) and one the displacement currents (µϵω2). Considering the typical frequency range
of EM methods (f < 105 Hz) and conductivities common in the Earth, the displacement
currents are much smaller than the conduction currents:

ϵω << σ (2.13)

Therefore, the displacement currents can be neglected and Equations 2.10, 2.11 and 2.12
simplify to:

∇2F (t) = µσ
∂

∂t
F (t) (2.14)

∇2F (ω) = ıµσωF (ω) (2.15)

This approximation is called the quasi-static or MT-approximation. The simplified Equa-
tion 2.14 and 2.15 are diffusion equations.

2.2.2. 1D Solutions for a Uniform Conductor

As mentioned earlier, EM methods are distinguished in frequency and time domain meth-
ods. Solutions to 2.14 and 2.15 are presented here for a 1D subsurface. One solution is for
a harmonic time dependency exp(ıωt) and for the impulsive electric and magnetic field
at z = 0.

Plane Wave Solution

The harmonic Ansatz to solve a diffusion equation for a wave propagating in positive
z-direction is (Ward and Hohmann, 1988):

F (t) = F 0 exp [ı (ωt− kz)] (2.16)

F 0 is the amplitude and k is the wave number:

k = α− ıβ =
√
−ıωµσ (2.17)

and

α = β =

√
ωµσ

2
(2.18)
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Inserting Equation 2.17 into 2.16 the solution can be written in the following form:

F (t) = F 0 exp [ı (ωt− αz)] exp (−βz) (2.19)

The term including β represents the attenuation of the EM fields. The depth at which
the EM wave is attenuated by a factor of 1/e is called skin depth. The skin depth is
described by:

δFD =

√
2

ωµσ
(2.20)

The skin depth increases for lower conductivities and frequencies.

Step-Excitation Solution

To describe a sudden change in the electromagnetic fields, a Fourier transform to Equation
2.16 (Ward and Hohmann, 1988) can be calculated:

F (t) = F 0

(µω)1/2z

2π1/1t3/2
exp

(
−µσz2

4t

)
(2.21)

The maximum amplitude of the field occurs at a depth of:

δTD =

√
2t

µσ
(2.22)

This depth is called the diffusion depth. Note that the diffusion depth decreases with
increasing conductivity and earlier times. The form of the diffusion depth is very similar
to the skin depth (Eq. 2.20), only the dependencies on frequency and time are different.
The velocity of the maximum is given by the time derivative of the diffusion depth:

v =

√
1

2µσt
(2.23)

The velocity also shows that the EM fields travel slower in conductive media.

2.3. Transient Electromagnetics (TEM)
Step excitation of EM fields is the integral characteristic of time domain methods. The
pulse generated by an abrupt switch-off or switch-on of an electric current in the transmit-
ter causes the primary magnetic field to collapse, inducing eddy currents in a conductor
according to Faraday’s law (Equation 2.5). The orientation of these eddy currents de-
pends on the shape of the conductor. In a sheet-like conductor, eddy currents can only
flow in the plane of the sheet, whereas in a spherical conductor the direction of the pri-
mary field is decisive. The temporal behaviour of the eddy currents is identical for all
conductor shapes (Figure 2.2). Initially, eddy currents are induced only at the surface,
producing a magnetic field identical to the primary field (early time). However, ohmic
losses (e.g. heat) cause a decrease in current strength and hence a change in the secondary
magnetic field. This change in time leads to an inward diffusion of eddy currents (inter-
mediate time). Eventually, an almost stable current distribution is reached (late stage)
and only the amplitude of the magnetic field decreases. This diffusion process depends
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Figure 2.2: Eddy current distribution with time
in a spherical conductor. Taken from (Dentith
and Mudge, 2014).

on the conductivity of the conductor. A high resistivity leads to a fast diffusion process
due to high ohmic losses, whereas a low resistivity leads to a slow decay of the secondary
magnetic field. Therefore, observing the magnetic field can provide information about the
conductivity distribution in the subsurface.

Time domain methods differ in their transmitter-receiver geometry. Systems where the
receiver is inside or close to the transmitter are called short-offset TEM (SHOTEM). If
the transmitter-receiver offset is greater than the diffusion depth (Eq. 2.22), the method
is called long-offset TEM (LOTEM). In this thesis, TEM refers only to the short-offset
variant of transient electromagnetic methods.

2.3.1. Diffusion of Electromagnetic Fields

Typically, TEM uses a horizontal loop as a transmitter. A current is injected into the
transmitter and abruptly switched off, triggering an induction process in the subsur-
face. The resulting diffusion of EM fields is well described by the smoke ring concept of
Nabighian (1979) in homogeneous half-spaces.

(a) Tx

z

Tx

t1

t2

(b)

z

Tx

B1t1

B2t2

Figure 2.3.: Diffusion of the electric and magnetic field into the earth for a circular loop transmitter
Tx. t1 and t2 (t1 < t2) indicate different diffusion times after the transmitter is switched off. B1 and
B2 are the corresponding magnetic fields. (a) Smoke ring concept describing the current sheets moving
downwards with time. Modified from Nabighian (1979). (b) Equivalent current sheets at two different
diffusion times and the resulting magnetic fields. Modified from Nabighian and Macnae (1988).

The concept describes that at t = 0, when the transmitter current is switched off, eddy
currents are induced in the surface of the homogeneous Earth in the exact shape of the
transmitter loop (Nabighian and Macnae, 1988). Due to the high resistivity contrast
between air and the Earth’s materials, these eddy currents must be horizontal (Ward and
Hohmann, 1988; Weidelt, 1986). The eddy currents move outwards and downwards at a
30◦ angle with time (Figure 2.3a). To describe the time derivative of the magnetic field,
which is often measured in field surveys, all induced eddy currents can be approximated
by an equivalent current filament that moves outward and downward like the smoke rings,
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(a)

(b)
Figure 2.4: (a) Time-
dependent transmitted
current signal and
(b) induced voltage
behaviour measured at
the receiver. Modified
from Christiansen et al.
(2006).

but at a 47 ◦ angle (Figure 2.3b). The velocity and depth of the downward motion are
given by the equations 2.23 and 2.22. At all times, these eddy currents generate secondary
magnetic fields that can be measured at the surface (Figure 2.3b).

2.3.2. TEM Surveys

In the field TEM measurements are often realised using a square loop as a transmitter and
conductor loops or induction coils as receiver. These receiver types measure the induced
voltage. The induced voltage Uind is connected to the time derivative of the magnetic
field ∂B

∂t
in the following way for a coil:

Uind = − ∂

∂t

∫
A

NBdA (2.24)

A voltage is only induced, if the magnetic flux (Φ = BA) passing through the area of the
coil A with turns N is changing with time, by either a time varying magnetic field or coil
area. In case of TEM, the magnetic field is decaying with time and the induced voltage
can be measured after the collapse of the primary magnetic field (Figure 2.4).
This process is repeated multiple time by using a transmitter current with a rectangular

wave form. A common rectangular wave form is a 50 % duty cycle, where the current is
switched on and off with a selected base frequency and alternating polarity (Figure 2.4a).
Exemplary, a 50 %-duty-cycle using a base frequency of 0.5 Hz and alternating polarity
is shown in Figure 2.5.

Source-Receiver-Geometries and Survey Modes

Different transmitter-receiver geometries can be realised; single-loop, coincident-loop,
central-loop and separate-loop (Figure 2.6a to d).
The simplest geometry is the single-loop configuration, where a single loop of wire is used
as both transmitter and receiver. Coincident loops differ in that there are two cables,
one for the transmitter and one for the receiver. The central-loop setup is similar to
these setups, but the receiver is much smaller in size and can also be an induction coil,
placed in the centre of the transmitter loop. A receiver unit can also be placed anywhere
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Figure 2.5: 50 %-duty-cycle using a base frequency
of 0.5 Hz and a transmitted current strength of 1 A.

(a) Single-Loop (b) Coincident-Loop (c) Central-Loop (d) Separate-Loop

...

(e) Moving-Loop (f) Fixed-Loop

Figure 2.6.: TEM configurations (a) to (d) and measuring modes (e) and (f).

inside or outside the transmitter loop. This geometry is called separate-loop. The data
from this setup is not as easy to interpret as the single, coincident or central-loop data.
While the vertical component of those always has one polarity for a 1D subsurface, the
vertical components of separate-loop data with receivers outside the transmitter loop
have a change in polarity. This can be explained by the figure 2.3b. As the equivalent
current filaments move outwards and downwards, they pass below the receiver location
at a point in time. Therefore the sign of the magnetic field and its derivative change at
this time point. Figure 2.7 shows the induced voltage Uind decay with time t at different
transmitter-receiver offsets. The time of sign reversal becomes later as the offset increases
because the locus of the electric field has to travel farther. In addition, the magnetic field
has horizontal components outside the loop (see Figure 2.3b) which are not present in the
centre of the loop.
Depending on the chosen transmitter-receiver geometry, TEM data of a whole area can
be collected in two modes: the moving loop mode and the fixed-loop mode. The former
is used for single, coincident and central-loop measurements, the latter for separate-loop
measurements with multiple receiver locations and offsets, but one stationary transmitter.
Both modes have advantages and disadvantages (Dentith and Mudge, 2014): The moving
loop layout has good vertical resolution, but a fixed-loop survey can better resolve the
shapes of the conductors due to multiple strong magnetic field components. Fixed-loop
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Figure 2.7: Induced voltage at differ-
ent transmitter-receiver offsets for a
100 Ωm homogeneous halfspace for a
transmitter loop size of 200 m x 200 m
and its center located at x = 0 m.

VMDs

HEDs

Figure 2.8: Square loop source
transmitter as a superposition
of VMDs and HEDs. The cur-
rent direction is indicated by
the arrow heads. The different
colors only aim to distinguish
between neighbouring dipoles.

surveys are better for areas with a known strike direction, and moving-loop surveys are
good for any area with unknown geometry.

2.3.3. Solving One-Dimensional Problems in TEM

The source geometry is a crucial factor for the shape of the EM fields. In TEM the
transmitter is an inductively coupled loop transmitter. The EM fields of a loop transmitter
can be calculated by superposing elementary dipoles, either vertical magnetic dipoles
(VMD) or horizontal electric dipoles (HED) (e.g., Kaufman and Keller, 1983; Ward and
Hohmann, 1988; Weidelt, 1986).

Figure 2.8 presents the superposition of elementary coils or dipoles to adapt a loop. The
VMDs are integrated over the whole loop area with the internal currents cancelling each
other, so that only a current along the edge of the loop remains (Weidelt, 1986). The
VMDs are arranged along the edge directly. Both ways lead to the same result, as the
solution for the vertical magnetic field at the broadside of a HED has the same form as for
the VMD, as the galvanic terms become irrelevant (Ward and Hohmann, 1988). However,
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solutions cannot be calculated analytically, but only approximated numerically for a one-
or multi-dimensional case.

Homogeneous Halfspace

Nevertheless, the uniform conducting halfspace solution for a circular loop can be found
analytically. It is a good approximation for a square loop with an identical area coverage,
if the receiver is placed in the center or in a large enough distance from the transmitter
cable (Ward and Hohmann, 1988). An analytical solution only exists in the center of
the said loop. The vertical magnetic field component can be described by the following
equation (Spies and Eggers, 1986; Spies and Frischknecht, 1988):

Hz =
I

a3σµ0

[
6√
π
Θa exp(−Θ2a2) +

(
2Θ2a2 − 3

)
erf(Θa)

]
(2.25)

a is the radius of the loop and
Θa =

a√
2δTD

(2.26)

the induction number. erf(Θa) denotes the gaussian error function

erf(Θa) =
2√
π

∫ Θa

0

e−xdx (2.27)

To use this solution for a square loop transmitter the radius can be replaced by the radius
a square loop would have, if it would be a circular loop with the identical size A. The
voltage response can be found in Spies and Eggers (1986):

Uz = −NARxI

σa3

[
3erf(Θa)− 2√

π
Θa(3 + 2Θ2a2) exp(−Θ2a2)

]
(2.28)

N is the number of turns of the receiver coil and ARx its area. This solution can be
approximated (Spies and Eggers, 1986) for early (t → 0 and Θa ≫ 1)

U e
z = −3INARx

σa3
(2.29)

and late times (t → ∞ and Θa ≪ 1):

U l
z = −Iσ3/2µ

5/2
0 a2NARx

20π1/2t5/2
(2.30)

The early-time approximation is directly linear to the inverse of the electrical conductivity,
the resistivity. The late-time approximation, however, is proportional to σ3/2 and t−5/2.
From these equations the solutions for the early and late-time apparent resistivities can
be obtained by rearranging them:

ρea = − a3

3INARx

U e
z (2.31)

ρla = − I2/3µ
5/3
0 a4/3

202/3π1/3t5/3

(
U l
z

NARx

)−2/3

(2.32)
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The apparent resistivities represent a mean resistivity value at each time step. This mean
value represents the resistivity that a homogeneous halfspace would have at that time
and induced voltage amplitude. It is equal to the true resistivity of the subsurface if
the subsurface is homogeneous. This transformation reduces the dynamic range of the
data and normalises it in a way that makes it comparable to measurements made with
other loop or receiver sizes (Spies and Frischknecht, 1988). However, although it can
be useful for a first impression of the subsurface, it must be used with care to avoid
misinterpretation.

Layered Conducting Halfspace

Unlike the uniformly conducting halfspace, there is no analytical solution for the layered
conducting halfspace and it cannot be approximated by a simpler source geometry. How-
ever, various approaches can be used to find numerical solutions to this problem. In the
following section I will concentrate on the approach based on the HED solutions (Wei-
delt, 1986). It is used in the one-dimensional forward and inversion algorithm EMUPLUS
developed at the University of Cologne, which is used in this thesis.
To find solutions for the EM field of a HED, Weidelt (1986) uses Debye potentials. De-
bye potentials describe divergence-free vector fields by scalar potentials corresponding to
their toroidal and poloidal parts. It is possible to determine Debye potentials that obey
Maxwell’s equations (Equations 2.2 - 2.5) and can be used to derive the magnetic and
electric fields. Each Debye potential is related to either the tangential electric (TE) or
tangential magnetic (TM) polarisation in a horizontally layered halfspace. In the TE
mode of EM fields there is no vertical electric field component and in the TM mode there
is no vertical magnetic field component. Only the TE mode is required to calculate the
fields of the TEM loop source transmitter as it is derived from the poloidal Debye potential.

The solution of the vertical magnetic field for a point HED looks the following at the
surface (z = 0) in frequency domain (Weidelt, 1986):

Hz(r, t) =
D0

4π

[
1

r2
−
∫ ∞

0

BE(k)− k

BE(k) + k
kJ1(kr)dk

]
sin(ϕ) (2.33)

r is the distance between transmitter and receiver, D0 the dipole moment, BE the admit-
tance, J1 a Bessel function of first order and ϕ the angle between the dipole axis and r.
By applying the inverse fourier transform and using Eq. 2.8 and 2.24 a time domain
solution for the induced voltage can be found (Petry, 1987):

Uz(r, t) = − 1

2π

∫ ∞

−∞
µ0ARxe

iωtD0 sin(ϕ)

4π

∫ ∞

0

BE(k)− k

BE(k) + k
kJ1(kr)dkdω (2.34)

A square or rectangular loop source transmitter can be constructed using either VMDs
or HEDs. If the horizontal electric dipole is used, the magnetic field components can be
calculated by integrating HEDs along the path of the transmitter edge (Figure 2.8). In
the case of a one-dimensional subsurface, the calculation of one HED is sufficient, the
remaining HEDs can be calculated by coordinate transformations (Rätz, 2000).
The integral over the Besselfunction cannot be solved analytically, but can be solved
numerically using a fast Hankel transform. Details can be found in Weidelt (1986).
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2.3.4. Depth of Investigation

A crucial point in interpretation is the estimation of the maximum reliable depth that
contains usable information, called the depth of investigation (DOI). Estimates based on
diffusion depth can be made (Meju, 1994), but these neglect aspects such as noise level
and transmitter power. (Spies, 1989) defines the DOI as the depth at which the measured
signal decays into the noise level:

ddoi = 0.55 ·
(
IA

σ̄ην

)1/5

(2.35)

with:

σ̄ =
1

ddoi

∫ ddoi

0

σ(z)dz (2.36)

The DOI is a function of the transmitter area A, the transmitted current I, the noise level
ην and the average electrical conductivity σ̄. Two of these parameters can be selected
depending on the target depth. For a deep investigation a large loop with a high current
is needed, but for a shallow investigation a small loop is likely to be sufficient and more
practical. These aspects should be considered when planning a field survey and can
influence not only the size of the transmitter but also the chosen transmitter-receiver
geometry and survey mode.
To avoid overestimation, Yogeshwar (2014) suggested that the true survey depth may be
only 70 % of this value. For this thesis an even lower value of only 50 % of the definition
of Spies (1989) is used, as otherwise the DOI would be clearly overestimated.

2.3.5. Multidimensional Problems for TEM

Multidimensional problems cannot be solved analytically and require numerical meth-
ods. However, these require significant time and computational resources. Therefore, it
is important to assess the dimensionality of the data set in the early stages of data inter-
pretation and evaluation.
An easy way to do this for magnetotelluric datasets is to use the knowledge of field dis-
tributions in a homogeneous or layered conductive subsurface. In MT it is assumed that
only horizontal magnetic field components exist in such a case, so a vertical magnetic field
would be a direct indicator of a lateral conductivity variation in the Earth. A vertical
magnetic field occurs only in the vicinity of a lateral conductivity contrast, is strongest
immediately adjacent to the contrast. It changes polarity depending on whether it is in
the more or less resistive medium. The Tipper, also known as the magnetic field transfer
function, describes the relationship between the vertical and the two horizontal magnetic
field components (Simpson and Bahr, 2005). It can be plotted as induction arrows on
a 2D map to locate zones of higher conductivity. Two conventions are used for such
representation; the Wiese convention, where the induction arrows point away from good
conductors, and the Parkinson convention, which points towards good conductors.

This concept can also be applied to central-loop TEM measurements. In the case of
TEM, the magnetic field at the centre of the transmitter loop is purely vertical over a
one-dimensional subsurface. Horizontal components occur only in the presence of lateral
conductivity changes. MT and central-loop TEM are similar in this respect, although the
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field components are different. In the case of TEM, the Tipper defines the relationship
between the horizontal and vertical field components and is defined as follows for magnetic
fields (Spies and Frischknecht, 1988):

TH(t) =
Hr(t)

Hz(t)
(2.37)

and induced voltages (Spies and Frischknecht, 1988):

TU(t) =
Ur(t)

Uz(t)
(2.38)

Spies and Frischknecht (1988) suggest a value of 0.1 as the limit to distinguish between a
one and a multidimensional subsurface; higher values indicate a multi- and lower value a
one-dimensional subsurface.

Any lateral conductivity variation causes a distortion of the horizontally induced current
systems, therefore it is easy to observe 2D/3D effects in a fixed-loop TEM setup as an
asymmetry of transient responses can be observed at a fixed distance on each side of the
transmitter loop.



CHAPTER 3

Inversion Theory

Geophysical methods aim to map the physical parameters of the subsurface in order to
better understand the structure and evolution of the Earth. Therefore, it is necessary to
find models of the subsurface based on measured geophysical data. Section 2.3.3 briefly
described how to calculate electromagnetic fields or induced voltages from a given one-
dimensional model for the desired transmitter. The prediction of data is called forward
calculation, while the calculation of a model from given data is called inversion. Inver-
sions are much more time-consuming than solving the forward problem, because inversions
consist of a large number of forward calculations. The geophysical inverse problem is non-
linear and a solution can only be approximated by numerical iteration schemes.

This chapter introduces the inverse problem and several methods used in this thesis, such
as Gauss-Newton based algorithms. For this thesis, 1D Marquardt-Levenberg and Occam
inversions were performed using the EMUPLUS inversion algorithm (e.g., Scholl, 2005).
The 3D inversions were performed with the regularised Gauss-Newton based TEM3DInv
(Liu et al., 2024).

3.1. The Inverse Problem
The prediction of data of a given model is expressed in the following way:

d = g(m) (3.1)

d is a vector including all N data points:

d = (d1, d2, ..., dN) (3.2)

and m contains all M model parameter such as resistivities or layer thicknesses:

m = (m1,m2, ...,mM) (3.3)

g are the forward functions, also called forward operators. Solving this problem for m
is not trivial as it is often not well-posed and the solution is non-unique. The inverse

19
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problem can be overdetermined (N > M) and one set of model parameters leads to mul-
tiple data predictions, or underdetermined (M > N) and multiple models can represent
a single data prediction. However, most geophysical problems are mixed-determined, so
that some model parameters are overdetermined and others underdetermined. This group
of problems is called ill-posed because unique and stable solutions cannot be found (Zh-
danov, 2002).

3.2. The Weighted Least-Square Method
One way to find a suitable model describing the measured data, is by minimizing the
predicted data error e (Menke, 2018):

e = dobs − dpred (3.4)

Here dpred is the predicted data and dobs the observed data in the field. The best fit-
ting model can be found by minimizing the length of the predicted error. Commonly
used measures are the L-norms, which are characterised by different exponents n of the
individual elements during the summation (Menke, 2018):

||f ||Ln =

(
N∑
i=1

|e|n
)(1/n)

(3.5)

The results of the L-norms are affected differently by outliers. The higher the exponent n
of the L-norm, the greater the influence of each individual outlier on the result. The L1-
norm is considered the most robust, as outliers have the same weight as any other observed
data point. Typically, the L2-norm is chosen because it is assumed that the data points
are normally distributed and the L2-norm follows the Gaussian statistic (Menke, 2018).
This method is then called the least-squares method.
Further, it is useful to consider the error in the minimizing problem in form of weights. In
this thesis, the data fit is evaluated by using the error-weighted root-mean-square (wRMS)
or χ-value (e.g., Chave and Jones, 2012; Constable et al., 1987):

χ =

√√√√√ 1

N

N∑
i=1

(
dpredi − dobsi

)2
δd2i

(3.6)

A predicted model is well-fitted once the χ-value reaches a value of 1, indicating that the
difference between the predicted and the observed data, dpred and dobs, has the same size
as the observed data error δd.
The problem that has to be minimized is called the cost-function (Meju, 1994):

Φd = (dobs − g(m))T W 2

d
(dobs − g(m)) (3.7)

The weighting of the cost-function is realized by a matrix W
d

containing the inverses of
the data errors:

Wd,ii =
1

δdi
; i = 1, 2, .., N (3.8)

The values along the main diagonal of the weighting matrix are the inverse of the observed
data errors δd. In general the geophysical inverse problems are not linear and solving the
minimization problem is not straight forward.
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3.3. Non-Linear Inversion Approaches
This section describes two different approaches to overcome the non-linearity of the for-
ward operator g. Both methods are iterative and require several iteration steps to approx-
imate a well-fitted solution. The steepest decent method uses knowledge of the gradient,
while the Gauss-Newton method approximates the forward operator to minimise the cost
function.

3.3.1. The Gauss-Newton Method

Linearisation of the cost function can be achieved using either Newton’s method (Menke,
2018; Zhdanov, 2002) or the Gauss-Newton method (Chave and Jones, 2012; Meju, 1994).
Both use the Taylor theorem, which states that a function can be approximated by its
derivatives around a trial solution. In the case of the Newton method the Taylor theorem
is applied to the cost function up to the third derivative, in the case of the Gauss-Newton
method it is applied directly to the non-linear forward operator g.
The forward operator is approximated by the first order Taylor series expansion:

g(m) ≈ g(m0) +
∂g
∂m

∣∣∣∣
m=m0

(m−m0)︸ ︷︷ ︸
∆m

+... (3.9)

This approximation includes only the first Fréchet derivative of g:

[J ](m0)ij =
∂gi(m)

∂mj

∣∣∣∣
m=m0

(3.10)

This (N × M) matrix J is called Jacobi-Matrix and contains the derivatives of g with
respect to each model parameter. It is also called the sensitivity matrix in geophysics, as it
its value are a measure how sensitive the forward operator is against small perturbations
of the model parameter. For well resolved parameters the values are high, for poorly
resolved values small.
The linearised cost-function (Equation 3.7) has following shape:

Φd(m) ≈
(
dobs − g(m0)− J∆m

)T
W 2

d

(
dobs − g(m0)− J∆m

)
(3.11)

=
(
e− J∆m

)T
W 2

d

(
e− J∆m

)
(3.12)

This approximation is parabolic, hence, a unique minimum exists. However, it is necessary
to repeatedly apply this approximation to get a model satisfying the termination criterion
(Figure 3.1a). The minimum of this function can be calculated by finding ∂Φd

∂∆m

!
= 0:

∂Φd

∂∆m
= −2JTW 2

d
e+ 2JTW 2

d
J∆m = 0 (3.13)

Each time a model update is calculated:

∆mk = mk+1 −mk =
[
JTW 2

d
J
]−1

JTW 2

d
(d− g(mk)) (3.14)

However, choosing an appropriate starting model is crucial to avoid getting trapped in a
local instead of the global minimum. Figure 3.1a illustrates the Gauss-Newton method
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(a) (b)

Figure 3.1.: Iterative search for the best-fit model at the global minimum of the cost function Φ(m). This
shows an unfortunate choice of initial model, as the closest minimum in the right direction of the cost
function is a local one. Both sketches are 2D projections of 3D space. (a) The Gauss-Newton method
approximates the cost function at each position with a parabolic function and determines the model at
the minimum. This model is the location of the next parabolic approximation. (b) The steepest decent
method searches for the minimum of the cost function in the direction of the gradient until it finds a
minimum. Taken from Mörbe (2020)

and how parabolic approximations at each iteration yield to a new approximation closer
to the minimum than the previous one. However, it also shows how it can easily get
trapped in a local instead of the global minima by the unlucky choice of starting model.

The Gauss-Newton method cannot be solved when the inverse of the matrix product
JTW 2

d
J is ill-conditioned or singular. Regularisation is a way to condition the cost-

function in a way to ensure that a model can be found, that solves the inverse problem
(Tikhonov and Arsenin, 1977). In the sections 3.4 and 3.5 two different approaches based
on the Gauss-Newton method are describe: the Marquardt-Levenberg and the Occam
inversions.

3.3.2. The Steepest Decent Method

The method of the steepest decent is another iterative method that searches for the
optimal model by moving in the direction of the strongest decrease of the cost function,
the gradient. The gradient of the cost-function is (Sen and Stoffa, 2013):

rk =
∂Φd

∂mk

= −2JTW 2

d
(d− g(mk)) (3.15)

Therefore, the predicted model after each step is defined as (e. g., Sen and Stoffa, 2013;
Zhdanov, 2002):

mk+1 = mk + αkrk (3.16)

with αk being the step size. Therefore, the model update is:

∆mk = −2αkJ
TW 2

d
(d− g(mk)) (3.17)

The step size is crucial for convergence. A large step size results in fast convergence, but
may miss the minimum. A small step size, on the other hand, has a very slow convergence
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rate. So it is optimal to start with a large step size, which decreases as the number of
iterations increases. A step size can be determined by a line search. At each iteration
step, the updated cost functions can be minimised with respect to the step size (Sen and
Stoffa, 2013):

δΦd

δαk

=
δΦd

δmk

T ∂

∂αk

mk = rTk rk−1
!
= 0 (3.18)

This shows that each new step is perpendicular to the previous one. Figure 3.1b shows
how the steepest decent method approaches the minimum by following the direction of
the gradient to the next better solution depending on the step length. It is obvious how
a smaller step size contributes to a more accurate solution. However, the steepest decent
still has a low convergence rate for higher iterations. To overcome this weakness, the
Conjugate Gradient (CG) method can be used (Rodi and Mackie, 2001).

3.4. Marquardt-Levenberg Inversion
The Marquardt-Levenberg method is a modification of the Gauss-Newton method (Section
3.3.1). As only the first two terms of the Taylor series are considered, the approximated
cost function has the shape of a parabola. However, that is not true for Φd of non-
linear problems, especially when not in the vicinity of the minimum (Marquardt, 1963).
Levenberg (1944) proposed a damping factor to minimize the effect of the inaccurate
approximation of the cost function by the Taylor series. Marquardt (1963) formulated an
algorithm based on this suggestion. The modified cost function has the following form
(Meju, 1994):

Φ = Φd + λ2Φm =
(
e− J∆m

)T
W 2

d

(
e− J∆m

)
+ λ2mTm (3.19)

and the new model update is:

∆m =
(
JTW 2

d
J + λ2I

)−1

JTW T

d
W

d
e (3.20)

For optimal damping, the Lagrangian multiplier λ must be small when the Taylor series is
a suitable approximation, especially when close to the real minimum (Marquardt, 1963).
However, large λ can be used for fast convergence in early iterations. This behaviour
is close to that of the steepest decent method (Marquardt, 1963). Thus, the Maquardt-
Levenberg method combines the advantages of the steepest decent gradient method and
the Gauss-Newton method.
Typically only a limited number of layers are used for this inversion scheme, as both layer
thickness and resistivity are included in the model parameters. It is crucial to use an ap-
propriate initial model as it will strongly influence the result. Therefore, prior knowledge
of the subsurface, e.g. from other geophysical surveys or other inversion methods such as
the Occam inversion (Section 3.5), is advantageous.

3.4.1. Singular Value Decomposition

To calculate the inverse of matrices the sigular value decomposition (SVD) can be used.
Any (N ×M) matrix, such as J

W
= W

d
J , can be written as a product of three matrices

(Sen and Stoffa, 2013):
J
W

= UΛV T (3.21)
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The matrices have following characteristics:

• U and V are orthogonal matrices (U−1 = UT and V −1 = V T ) that span the data
and model space, respectively.

• UTU = I
N×N

and V TV = I
M×M

• U contains the eigenvectors of JT

W
J
W

and V of J
W
JT

W

• Λ is a matrix with the size (N×M) and contains the non-zero eigenvalues of JT

W
J
W

and J
W
JT

W
, which are the square-roots of the eigenvalues λ1, λ1, ..., λmin(N,M) of J

W
,

on its main diagonal in decreasing order.

The inverse of J
W

can be calculated using the described factorization:

J−1

W
= V Λ−1UT (3.22)

The transformed model update is achieved, when the factorization of the weighted Jaco-
bian is inserted in Equation 3.20 (Jupp and Vozoff, 1975):

∆m = V
(
Λ2 + βI

)
V TV ΛTUT e (3.23)

and inserting the identity matrix I = ΛΛ−1:

∆m = V
(
Λ2 + βI

)
ΛTΛ︸ ︷︷ ︸

T

Λ−1UT e (3.24)

leads to the model update in a form similar to Equation 3.22, when a new matrix T ,
the damping matrix, is introduced. It contains non-zero entries along the main diagonal
(Jupp and Vozoff, 1975):

Tii =

(
λ2
i

λ2
i + β2

)
(3.25)

The damping factor β prevents the instability of the method, by avoiding divisions by
very small values (Petry, 1987). For large eigenvalues (λi >> β) the damping becomes
irrelevant, and, therefore, only affects smaller eigenvalues. For β = λi the damping is
Tii = 0.5. Typically the values of λ and β of the matrix are normed by the maximum
singular value λ1 (λ̂ = λ/λ1 and β̂ = β/λ1)

Tii =
λ̂2
i

λ̂2
i + β̂2

(3.26)

Jupp and Vozoff (1975) suggested to use a higher order of exponents for the parameters
in the damping matrix:

Tii =
λ̂2C
i

λ̂2C
i + β̂2C

(3.27)

with β̂ being the damping value threshold. The exponent C can be chosen by the user,
and equals 2 for the TEM method. In EMUPLUS a default threshold of 10% is applied.
Only parameters with values higher than the threshold are changed during the inversion
process, others remain untouched.



3.5. OCCAM INVERSION 25

3.4.2. Equivalent Models

Geophysical problems are ill-posed and there is no unique solution to the inverse problem.
All models that predict the data within the data error bounds are called equivalent models
because they describe the subsurface equally well. A mixed Marquardt-Levenberg Monte-
Carlo approach is used to compute equivalent models by systematically perturbing each
model parameter by a predefined percentage (Scholl, 2005). Large scatter within a model
parameter indicates the inability of the inversion to resolve the parameter. On the other
hand, if the deviation of the model parameters is minimal for all equivalent models, the
model parameter is well recovered by the data.

3.5. Occam Inversion
Another popular approach to regularize the solution of the inverse problem is the Occam
method (Constable et al., 1987). The Occam method tries to find the smoothest model
fitting the data, by not allowing a high contrast between adjacent layers. The cost-function
has a similar shape as the one used in the Marquardt-Levenberg method (Equation 3.19):

Φ(m) =
(
e− J∆m

)T
W 2

d

(
e− J∆m

)
+ µmTRTRm (3.28)

µ is the regularization parameter and R the roughness. That is defined by the discreet
first or second derivatives of the resistivity with respect to the depth z (Constable et al.,
1987):

R
1
=

N∑
i=2

(ρi − ρi−1)
2 and R

2
=

N∑
i=2

(ρi+1 − 2ρi + ρi−1)
2 (3.29)

The roughnesses can be written as a matrix vector product Rm, with the model vector
only including the electrical resistivities. The roughness matrices then have a very simple
shape:

R
1
=


0 0 . . . 0 0
−1 1 0 . . . 0

0 −1 1 0
...

... . . . . . . . . . ...
0 . . . 0 −1 1

 and R
2
= RT

1
R

1
(3.30)

The first derivative represents the differences of the resistivity and enforces smooth mod-
els with minimal gradients. The second order derivative is the curvature of the resistivity
with depth and it penalizes the gradient. This forces the gradient to change smoothly
with depth.

The model update of the Occam inversion is defined as

∆m =
(
JTW 2

d
J − µRT

1,2
R

1,2

)−1

(JTW 2

d
e− µRT

1,2
R

1,2
m)

= −H−1g
(3.31)

with H being the Hesse matrix and g being the gradient of the cost-function (Equation
3.28). The Hesse matrix is the second Fréchet derivative of the cost-function.
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The Occam inversion algorithm is usually combined with initial models with a high num-
ber of layers (≥ 30) to explain the subsurface reasonably well, and a homogeneous resistiv-
ity distribution. The algorithm allows the resistivity to be updated only when necessary
to explain the measured data, but suppresses complex structures (Constable et al., 1987).
The predicted model of the Occam-R1 algorithm does not experience updates to layers
with no data coverage or influence of regularisation. The second derivative roughness
forces the underdetermined layers to a constant resistivity gradient. Therefore, the depth
of divergence of the models of each roughness is an additional indication of the DOI
(Yogeshwar, 2014).

3.5.1. Regularization Parameter

The principle of Occam’s inversion is to find the simplest model possible that describes
the measured data by suppressing complexity. The regularisation parameter µ marks the
trade-off between the focus on the data and the regularisation term. A large µ puts the
emphasis on the regularisation term, leading to smooth models. For µ = 0 the algorithm
switches to the Gauss-Newton algorithm without constraints. The goal of the algorithm
is to introduce only necessary structure into the model, so it is convenient to start with
a high value of µ that decreases as the data misfit increases. Various ways of finding an
optimal µ have been proposed, e.g. a line search (Constable et al., 1987) or the L-curve
criteria (Hansen and O’Leary, 1993), where an optimal trade-off between data fit and
model smoothness is sought.

3.5.2. Pre-Conditioned Conjugate Gradient

The computation of the Jacobi matrix is very expensive. It is possible to avoid its explicit
calculation by using the Pre-conditioned Conjugate Gradient (PCG) method to compute
the model update (e.g., Chave and Jones, 2012). Therefore, the PCG approach is imple-
mented in the multi-dimensional inversion algorithm TEM3Dinv (Liu et al., 2024). The
PCG method is used to calculate the model update (Equation 3.31), which is a linear
system and can be solved for each iteration of the Gauss-Newton system.
For simplicity the indices for the Gauss-Newton inversion iteration are not included and
only a new index l for the PCG iteration number is introduced. At each Gauss-Newton
iteration a new string of L models is generated with m1 = mk and mL = mk+1. The PCG
model update can be calculated using

ml+1 = ml + αlpl (3.32)

with αl being the step size and p
l
being the search direction. It is similar to the steepest

decent method (Section 3.3.2), however not only the step size is adapted, but also the
search direction is modified. The step size is determined in the same way as for the steepest
decent method by minimizing the cost function at ml+1 with respect to α, yielding to:

αl = −
g(ml)

Tp
l

pT
l
Hkpl

(3.33)

In the next step the new search direction is determined. In the pre-conditioned conjugate
gradient method a matrix C, a so called pre-conditioner, is used in this process. The
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initial search direction is p
0
= Cg

l
. The update in the search direction is defined as

p
l+1

= −Cgl + βlpl; l = 1, 2, ..., L− 2 (3.34)

Here g
l

denotes the gradient or steepest decent direction at mk,l. β can be calculated
from the gradients of the cost-functions:

βk =
gT
l+1

Cg
l+1

gT
l
Cg

l

(3.35)

The search direction is always perpendicular to the previous gradient ĝ
l
.

3.6. Summary
There are several different inversion approaches. In this chapter only those used in this
thesis are presented. All are based on the least-squares approach to formulate the cost
function and assume that geophysical data are always Gaussian distributed. The cost
function considered is non-linear and two ways of dealing with the non-linearity are pre-
sented. Both are iterative methods. The first is to approximate the forward operator
using the Gauss-Newton method, the second is to use a gradient based method and more
specifically the steepest descent. This method searches for the minimum by following the
gradient to the next minimum. Modifications of these methods lead to better conver-
gence behaviour, such as the conjugate gradient method, which also optimises the search
direction in each iteration. The introduction of regularisation terms in the Gauss-Newton
method also avoids singularity problems of the Jacobian.
The Marquardt-Levenberg and Occam inversion algorithms are both regularised Gauss-
Newton methods and are used in the 1D inversion algorithm EMUPLUS. The Marquardt-
Levenberg method introduces damping into the cost function to avoid unstable solutions.
Alternatively, the Occam inversion searches for the smoothest models in terms of resis-
tivity depth gradient or curvature. The 3D TEM algorithm TEM3Dinv is also based on
a regularised Gauss-Newton approach, which uses a roughness constraint similar to the
Occam method. To avoid high memory requirements, model updates are estimated using
the pre-conditioned conjugate gradient method instead of explicitly computing the Jacobi
matrix.





CHAPTER 4

Roter Kamm and Field Survey

In the context of this thesis, a field survey was carried out in the southern part of the
Namib Desert, the Tsau //Khaeb (Sperrgebiet) National Park. It was motivated by
similar field campaigns in the Atacama Desert in recent years as part of CRC 1211, in
particular those presented by Blanco-Arrué et al. (2022). Here, the authors also used
the TEM method. These studies were carried out on clay pans with depths < 200 m.
This time the focus is on a meteoritic impact crater. The formation of meteoritic impact
craters is independent of local geology such as tectonic fault systems, which is in stark
contrast to the evolution of clay pans. Information on the geology of the impact crater
and its sedimentary cover is sparse, and only a minimum thickness of 300 m is estimated
for the sedimentary cover. Investigating such depths with the TEM method is challeng-
ing and requires a large transmitter size. The single-loop or central-loop TEM setup is
inconvenient for surveys with large transmitter sizes and high lateral density. Therefore,
fixed-loop TEM measurements were also carried out. To ensure adequate depth resolution
for the Roter Kamm impact crater, AMT data were collected sparsely along a transect.
All these methods and setups required a large number of different receiver units. Depend-
ing on the type of data output, the data must then be processed before it can be further
evaluated.

This chapter introduces the geological background of the Roter Kamm impact crater and
the motivation for its investigation, and gives an overview of the field campaign in the
Namib Desert. It also includes a brief description of the geophysical equipment used for
each applied method and setup.

4.1. CRC 1211

The research for this thesis is part of the Collaborative Research Centre CRC 1211 "Earth
- Evolution at the dry limit". The project aims to characterise Earth surface processes,
biological activity and their interactions in water-limited environments (Dunai et al.,
2020). The areas of interest are the Atacama and Namib Deserts in Chile and Namibia

29
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Figure 4.1.: The location of the study area on the African continent and Namibia is shown on the right.
On the left are the Aurus Clay Pan and the Roter Kamm impact crater and their surroundings. Map
data for the satellite image: ESRI (2022) and African continent: QGIS Development Team (2022).

respectively. While the primary focus of the research is on the evolution of the Atacama
Desert, there has been a shift in interest towards the Namib Desert as a comparative
study area during the course of the project.
Traces of wetter climates can be found buried in the sediments in places where sediments
could have accumulated over periods of thousands or millions of years. Drill cores in
these sedimentary basins can serve as long-term climate records (e.g., Diederich et al.,
2020; Melles et al., 2011; Ritter et al., 2019; Wennrich et al., 2024). However, drilling
is invasive and expensive. Therefore, it is necessary to study promising sedimentary
basins in advance and determine the location with the thickest sediment cover. Within
CRC 1211, geophysical methods have been successfully applied by Diederich et al. (2020)
and Ritter et al. (2019), but most notably by Blanco-Arrué et al. (2022). With the growing
interest in the Namib Desert, plans were made to recover climate records, and the Aurus
clay pan and the Roter Kamm impact crater were selected as potential targets (Figure
4.1). Therefore, the motivation for the geophysical field survey in the Namib Desert in
the context of CRC 1211 was to determine the thickness and internal structure of the
sedimentary cover in both basins. This thesis focuses only on the Roter Kamm impact
crater as the geophysical field survey and methods were more sophisticated. In addition,
the results of the geophysical and geological field survey of the Aurus clay pan have been
published in Nienhaus et al. (2023c).

4.2. Roter Kamm Impact Crater

The Roter Kamm crater (diameter 2.5 km) is located in southern Namibia in the Namib
Desert (Figure 4.1). It was formed by a meteoritic impact 4-5 million years ago (Hecht
et al., 2008). Its rim is 40 to 90 m elevated above the surface, however its surface inside
is around 50 m lower than the surrounding plain.
There are currently 190 confirmed impact structures on Earth (Earth Impact Database,

2011). The morphological form of impact structures can either be simple or complex.
While a simple crater is bowl-shaped with an elevated, fractured rim, a complex crater
has a smaller depth to diameter ratio and is more altered (Pilkington and Grieve, 1992).
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Figure 4.2.: Roter Kamm impact crater. (a) Geological map of the Roter Kamm showing materials at
the surface of the Roter Kamm impact crater, such as sand and active sand dunes, and the crystalline
basement at the crater rim. Samples of melt rock and suevite are also shown. Taken from Hecht
et al. (2008). (b) Schematic representation of a cross section through the present crater. The maximum
thickness of the sediments (300 m) and the brecciated bedrock including impact melts (400 m) is indicated.
Modified from Reimold and Miller (1989). (c) Photo taken during the field survey from the top of the
rim of the Roter Kamm impact crater in a south-easterly direction (Photo by H. Nienhaus).

Simple craters typically have a diameter smaller than 4 km or 2 km in crystalline or
sedimentary target rock, respectively (Dence, 1972). According to this size range, around
30 % of the confirmed impact structures are simple craters, with the Roter Kamm im-
pact crater being among the largest (Earth Impact Database, 2011). The Roter Kamm
impact crater has been described as one of only a few simple craters that are sufficiently
well preserved for morphometric studies about the structure of simple craters (Grieve,
1993). Nevertheless, the Roter Kamm impact crater shows signs of degradation in form
of incisions in to the crater rim and a low wall slope (Grant, 1999). Furthermore, it is
extensively covered by post impact sediments and only the rim remains exposed (cf. Fig-
ure 4.2c, Dietz, 1965; Fudali, 1973; Reimold and Miller, 1989). This circumstance makes
a surface study difficult (Koeberl, 1994)

Geophysical studies can provide information on the sedimentary cover and structure of
impact craters. Only a limited number of geophysical studies have been carried out at
the Roter Kamm impact crater (e.g., Brandt et al., 1998; Fudali, 1973; Grant et al., 1997;
Reimold et al., 1992). Modelling studies based on gravimetric data suggest a sediment
thickness of about 300 m in the centre of the Roter Kamm crater (Brandt et al., 1998;
Fudali, 1973). In addition, the best fit model to the magnetic data places a magnetic
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anomaly at a depth of 700 - 800 m (Brandt et al., 1998), which is consistent with the
assumptions made by Fudali (1973) regarding the lower boundary of the brecciated zone
above the basement. Grant et al. (1997) concludes that alluvial activity was dominant
in the 1.0 - 2.7 million years after the formation of the Roter Kamm during a wetter
climate, but since the Late Pleistocene and Holocene aeolian processes have modified
the landscape and accumulated the extensive sand cover. However, Miller (2010) con-
tradicts this hypothesis of fluvial transport, as the typical rainfall in the area has been
rather low over the last 15 ma. Although, there is evidence for periods of higher rainfall
during the Pleistocene (Miller, 2010). Furthermore, transport distances are too short
to justify abrasion by fluvial transport. In their opinion, aeolian transport and abrasion
by strong winds were the driving forces in the modification of surface sediments and rocks.

4.3. Survey Design

The survey included various geophysical techniques (TEM, AMT, magnetics and active
seismics). An international team of geophysicists and geologists from Namibia (Geological
Survey of Namibia and University of Namibia) and Germany (TU Bergakademie Freiberg
and University of Cologne) participated in the field work. A team led by the Technical
University Bergakademie Freiberg focused its efforts on the Aurus Clay Pan, carrying out
extensive seismic measurements along two profiles (Figure 4.3), complemented by TEM
measurements and geological surface sampling, and a 4 m hand-drilled sediment core.
Although the survey plan of the Aurus Clay Pan is shown here (Figure 4.3), it is beyond
the scope of this thesis to present the results of this survey. Therefore I refer to Appendix
C and Nienhaus et al. (2023c) for detailed information.

The focus of this thesis is solely on the EM measurements at the Roter Kamm impact
crater. During the fieldwork, the research permit restricted the use of cars in the National
Park to limit human impact on the flora and fauna. Therefore, it was not possible to use
them extensively and only one route was allowed to approach the rim. This limited the
field survey to two perpendicular profiles at the Roter Kamm impact crater and a regional
profile from the crater to the Aurus Mountains (Figure 4.4). The direction of faulting
in the Aurus Mountains generally follows a northwest to southeast trend (Thomas et al.,
2016). Therefore, the direction of Profile 1 was roughly oriented at a 90◦ degree angle to
this ridge. The regional profile follows the path designated by the National Park officials.
Profile 1 crosses the crater from south-west to north-east and extends into the plain sur-
rounding the crater (length: 3,800m), while Profile 2 extends only from the south-eastern
part of the rim to the north-west (2,400m, Figure 4.4 a and b). A regional profile ex-
tends from the plain surrounding the Roter Kamm impact crater to the Aurus Mountains
(length: 8,000 km). Along the regional profile only single-loop TEM (transmitter size:
50×50 m2) and AMT soundings were carried out. The spacing between the TEM sound-
ings is 500 m in the southwest and 1,000 m in the northeast, while the spacing between
the AMT stations is 2,000 m in the southwest and 1,000 m in the northeast.
Along Profile 1, single loop and fixed-loop TEM were used in a moving mode, comple-
mented by sparse AMT soundings. Along Profile 2 only single-loop measurements were
carried out. The TEM transmitter size varied between 50 × 50 m2 and 100 × 100 m2.
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Figure 4.3: ESRI Satellite Image with
the transects P1 and P2 of the TEM
(blue and red squares) and seismic
(light blue and light red lines) measure-
ments and location of sediment core
AP2 (large white circle) and surface
samples AP3 to AP6 (small white cir-
cles). Fluvial transport directions are
indicated by dark blue-green arrows la-
belled "inflow" and "outflow", topo-
graphic elevations "hills" are outlined
by gray dashed lines. In the western
part of the image active sand dunes
are visible. Taken from Nienhaus et al.
(2023c).
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Figure 4.4.: Satellite Images of the Roter Kamm impact crater and its environment including the the
two local profiles Profile 1 (blue) and Profile 2 (red) and the regional Profile (gray). (a) Overview of all
three profile locations. The individual TEM (dark gray squares) and AMT stations (yellow stars) are
marked along the regional profile. The TEM transmitter all have a size of 50× 50 m2. (b) Magnification
of the area highlighted in (a). All locations of TEM transmitters are indicated by blue and red squares.
The TEM transmitter loop sizes are either 50 × 50 m2 or 100 × 100 m2. Additionally, AMT sounding
locations along Profile 1 are marked by yellow stars. (c) Fixed-loop TEM survey location with dimensions
as presented in (b). The green lines follow the tracks of the transmitter loops (200 × 200 m2) and the
green circles indicate the receiver locations. The three receiver locations in the middle between two
transmitters were covered with measurements related to both of the nearest transmitters. Map Data for
satellite image: ESRI (2022)
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The spacing between locations is consistently 100 m, with one exception on Profile 1 near
the northeast rim, where the spacing is 200 m. The larger TEM loops are located every
400 m in the crater up to the north-eastern and south-eastern parts of the crater rim.
Both transmitter sizes were used along this section of Profile 1. At all other locations one
transmitter size was preferred. Outside the crater, only one TEM measurement was made
with the larger loop size, halfway between the north-eastern end of Profile 1 and the crater
rim. The AMT soundings are mainly located inside the Roter Kamm impact crater. The
station spacing is 400m in the south-west section of Profile 1 and 200m in the north-east.
Outside the crater, the spacing is greater and is at the same locations as Transmitters C
and D of the fixed-loop transect. The fixed-loop transect follows the course of Profile 1.
The middle point is at the top of the crater rim. The transmitters (size: 200 × 200 m2)
are placed symmetrically around the crater rim. The distance between them is 800 m. At
each transmitter location, the receiver arrays are spread 400 m in each direction of Profile
1 and also perpendicular to it, forming a cross at each transmitter. At transmitter A, the
off-profile array coincides with Profile 2. The receivers are located at distances of 0 m,
50 m, 150 m, 200 m, 300 m and 400 m from the centre of the transmitter loop (Figure
4.4c).
The parameter of each profile and the corresponding method can be found in Table 4.1.

Table 4.1.: Acquisition parameters of the TEM and AMT surveys at the Roter Kamm impact crater for
the local profiles 1 and 2 and the regional profile. The TEM station at the crossing point of Profiles 1
and 2 is counted as a position of a receiver at both profiles. The table shows the TEM transmitter size,
the number of TEM receivers and AMT sounding location, the coordinates of the starting and ending
points of the profile corresponding to each method applied, the distance between receiver stations and
the length of the profile covered with each method. The total length of each profile corresponds with the
single-loop TEM profile lengths.

Profile 1

Tx Rx Start End Rx Spacing
in m

Length
in m

single-
loop TEM

50× 50 m2

100× 100 m2
35
6

-27.7723 N
16.2816 E

-27.7473 N
16.3081 E 100 3,800

fixed-loop
TEM 200× 200 m2 84 (44

Rx/Tx)
-27.7683 N
16.2856 E

-27.7473 N
16.3083 E 50/100 3,200

AMT x 11 -27.7709 N
16.2830 E

-27.7500 N
16.3053 E 200/400/800 3,200

Profile 2
Tx Rx Start End Rx Spacing

single-
loop TEM

50× 50 m2

100× 100 m2
20
6

-27.7607 N
16.2974 E

-27.7583 S
16.2798 E 100 2,400

Regional Profile
Tx Rx Start End Rx Spacing

single-
loop TEM 50× 50 m2 12 -27.7376 N

16.2997 E
-27.6735 N
16.3397 E 500/1000 8,000

AMT x 6 -27.7376 N
16.2997 E

-27.6745 N
16.3408 E 1,000/2,000 8,000

The equipment, settings and processing routines for both, TEM and AMT, method are
explained in the next section.
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Figure 4.5.: (a) Recording of the transmitted current with a current strength of 7 A at fixed-loop
transmitter 3. A 50 %-duty-cycle was used with a base frequency of 2.5 Hz. (b) Magnification of the
turn-off flank. The approximated length of the ramp is 320 µs.

4.4. Equipment and Settings

The survey with two different TEM setups and additional AMT soundings requires a
range of different transmitter (only TEM) and receiver units. For the single-loop TEM
measurements the TEM-FAST 48 (AEMR, 2007) was selected. A device including a
transmitter and receiver unit in one single case. It is especially user-friendly in harsh
terrain, such the Namib Desert due to its compact built and light weight. However, its
transmitter unit is not designed to transmit high electric currents (> 4 A) and therefore
not strong enough for the fixed-loop measurement. For those a dedicated transmitter,
Zonge ZT-30 ZeroTEM (Zonge, 2000), was used in combination with two different receiver
units. Along the main profile the SMARTem24 (EMIT, 2018) and along the perpendicular
transects the KMS-820 (KMS Technologies, 2019). The AMT soundings were carried out
with the S.P.A.M Mk IV system (Klose et al., 2011).

4.4.1. Fixed-Loop TEM

The fixed-loop survey was designed to reach large penetration depths, therefore devices
and sensors designed for this purpose were chosen. The Zonge ZT-30 ZeroTEM transmit-
ter (Zonge, 2000) was powered by two 12 V car batteries and transmitted an electrical
current with around 7 A current strength (6.7 A - 7.2 A). The transmitter was operated
in a 50 %-duty-cycle and base frequencies of 0.5 Hz and 2.5 Hz (Figure 4.5a) and syn-
chronised using a GPS-clock. The turn-off process of the current took around 320 µs and
showed an almost linear behaviour (Figure 4.5b).

Two different types of receivers were used with each connected to a different sensor.
Along Profile 1, we used the EMIT SMARTem24 (EMIT, 2018) with the 3D-3LF in-
duction coil triple of Geonics Limited (Geonics, 02.11.2024). Along the perpendicular
segments, the KMS-820 Data Acquisition Unit of KMS Technologies (KMS Technologies,
2019) in combination with two Zonge TEM/3 induction coils (Zonge, 2013).
Both receiver units are suitable for a variety of different methods (SMARTem24: TEM, In-
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duced Polarisation, Controlled-Source AMT and MT; KMS-820: MT and microseismics).
The KMS-820 has also been used for time domain methods such as LOTEM (Haroon
et al., 2015; Mörbe, 2020). Both are GPS synchronised and use a 24-bit analogue-to-
digital converter (ADC). However, the SMARTem24 has a slightly higher sampling rate
of 120 kHz, while the KMS-820 has a maximum sampling frequency of 80 kHz. They
have comparable minimum voltage inputs of 10 V (SMARTem24) and 9 V (KMS-820).
Both devices also offer different gain settings. The SMARTem24 offers three different gain
settings (1, 10, 100), which can be selected manually or automatically in different modes
(auto and auto noisy), successfully avoiding saturation in the early time gates. While
automatic gain selection was not available on the KMS-820, it does offer a wider range of
gain factors from 1 to 2560 in twelve steps. During the survey, the SMARTem24 typically
used the highest gain setting of 100, and only in windy conditions at Transmitter D did it
use a lower gain setting of 10. The KMS-820 recorded with a more variable gain between 1
and 152. One noise recording was even made with a gain factor of 2432. With the selected
parameter it is possible to estimate the lowest voltage value that can be recorded.:

Vres = Vmin/fGain/2
ADC−1 (4.1)

with Vmin being the minimum voltage input, fGain the gain factor and ADC the resolution
of the analogue-to-digital converter. This yields to a lowest measurable voltage of 1.2 ×
10−8 V for a gain of 100 for the SMARTem24 and 7.1 × 10−9 V with a gain of 152 for
the KMS-820. Therefore, the resolution limit of the KMS-820 was at times lower than
that of the SMARTem24. However, as the gain setting was variable, this is not true for
all recordings.
Not only two different receiver units were used, but also different sensors. In case of the
SMARTem24 along Profile 1, the Geonics 3D-3FL coil triple was used. These coils had
the advantage of being perfectly positioned to each other to measure all three components
of the induced voltage in a solid box. They have an effective area of 200 m2. The Zonge
TEM/3 coils come separately and must be arranged in a 90◦ angle by the user. The
effective area is 40,000 m2. In this survey only the vertical and the strong horizontal
component were measured along the perpendicular transect of the fixed-loop profile.

4.4.2. Single-Loop TEM

Single-loop data was collected with the TEM-FAST 48 (AEMR, AEMR, 2007). It com-
bines a transmitter and receiver unit in one small, lightweight device. In contrast to the
ZT-30 ZeroTEM transmitter, it only transmits a uni-polar rectangular pulse and the on
and off times of the transmitter are not equally long. Two current settings are available
(1 A and 4 A) and only the high current setting was used during this field survey due to
the expected high target depth. The turn-off current behaviour was distinctly non-linear,
however rather short in length (< 4 µs for a 50 × 50 m2 transmitter loop, Figure 4.6a).
The TEM-FAST 48 is very user-friendly and easy to use. Apart from the current strength,
the transient length and the amount of stacks can be selected. We opted to set both to a
maximum after testing in the crater center. So the transient length was 1.6384 × 10−2 s
consisting of 48 time gates. The data is automatically processed by the TEM-FAST 48
inside the Data Acquisition System (DAS, Figure 4.7).
The DAS is a multi-channel system with 48 channels and each time gate is assigned to
one channel. Within each channel, the incoming signal is integrated in the assigned time
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(a) (b)

Figure 4.6.: (a) Ramp of the TEM-FAST 48 for a single-loop with dimensions 50×50 m2. (b) Transient
in the centre of the Roter Kamm impact crater from a single-loop measurement with a loop size of
50 × 50 m2. For the early times the voltage protection is active as this time period overlaps with the
transmitter ramp. The TEM-FAST 48 displays the dynamic range of the instrument normalised to the
current measurement settings. In this example, the last 11 time gates record data below the resolution
limit and are therefore not trustworthy.
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Figure 4.7.: Multi-Channel system of the TEM-FAST 48. Sketch of integration and holding patterns of
data in each channel, here only the first four channels are presented (Ch 1, Ch 2, Ch 3 and Ch 4). Each
channel is used for one time gate (t1, t2, t3 and t4). The integration inside each time gate is repeated
for the maximum time period reserved for analogue stacking.
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interval ("strobe"). Outside the integration time interval, the channel is put on hold until
the same time interval is repeated in the next transmitter cycle. This process is repeated
in the pre-set constant time period. Therefore, the number of analogue stacks is reduced
for longer transients. As the highest time setting was chosen, only four integration cycles
could be completed. A multiplexer then passes the integrated data to the ADC, which
has a resolution of 16 bits and a minimum unit of 1 µV. The total dynamic range extends
from this unit to 10 V. For error estimation the TEM-FAST 48 allows to set a number of
digital stacks N , which is a multiple of 13 with a maximum of 260. The error is estimated
by the standard error of the mean (SEM):

µ =
1

N

N∑
i=1

di; SEM =

√√√√ 1

(N − 1)N

N∑
i=1

(di − µ)2 (4.2)

N is the number of data points and di are the data points.
The TEM-FAST 48 presents the user with processed ready-to-go transients (Figure 4.6b)
and displays the resolution limits for the current survey settings. For further settings and
details I refer to the manual of the TEM-FAST 48 (AEMR, 2007).

4.4.3. AMT

For the AMT measurements we used the S.P.A.M. Mk IV system of the Geophysical
Instrument Pool Potsdam (GIPP, grant no: 202127, Klose et al., 2011), which was powered
by a 12 V car battery during recording. The system is capable of a maximum sampling
frequency of 25 kHz. Therefore, it allows measurements of up to 10 kHz. The sensors
used were the Metronix MFS07 induction coil magnetometer for the magnetic field and
60 m long grounded dipoles for the electric field measurements. The two horizontal field
components of the electric and magnetic field were measured. As the non-polarizable
Ag/AgCl electrodes had high contact resistances, soundings 0001 to 0003 and 0010 to
0016 were carried using copper tubes as electrodes (Figure 4.8). This lowered the contact
resistance significantly. The tubes were approximately 70 cm long and had a diameter of
2 cm.
The data was recorded using two sampling frequencies; 500 Hz and 25,000 Hz. During

the 500 Hz measurements, a low pass filter at 200 Hz was used, as this sampling frequency
is unsuitable for any higher frequency signals. The typical recording time was 20 minutes
for a sampling frequency of 500 Hz otherwise it was 10 minutes (Figure 5.3a). There were
a few exception of this recording time, namely sounding 0009, where a longer sounding
was conducted. At this location time series with a length of 180 min and 170 min were
recorded for sampling frequencies of 500 Hz and 25,000 Hz, respectively. Soundings 0008,
0014 and 0016 have a bit shorter recording time which ranges between 5 and 8 min for
the higher sampling frequency and sounding 0001 has a longer recording time of 30 min
for the lower one.
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Figure 4.8: Installed copper pipe electrode used
for the grounded dipoles for the AMT soundings.
The electrodes were approximately 70 cm long
and had a diameter of 2 cm. The walls of the
pipe were 2 - 3 mm thick.

4.5. Summary
The Roter Kamm impact crater in the southern Namib Desert was investigated in the
framework of the CRC1211. It has a simple crater structure and is well preserved for
geological investigations, however extensively covered by post-impact sediments. Sev-
eral objectives for investigating the Roter Kamm using geophysics, and more specifically
electromagnetic methods, arise. For palaeoclimate research the sediment cover plays an
important role, as it was accumulated in a time period of up to 4-5 ma. The important
parameter to determine are

(a) the thickness and

(b) the internal structure

of the sediment cover inside the impact crater. However, also the impact structure itself
can be investigated. Additional motivations for a geophysical survey are the determination
of

(c) the surface of the brecciated bedrock and

(d) the true impact crater, which is marked by the surface of the undisturbed bedrock

However, the last motivation might not be possible to achieve with the data collected,
as the transition is expected in a large depth (≥ 700 m) and both applied methods are
sensitive to conductors rather then resistors.
Different methods and setups were applied during the field survey, namely TEM and
AMT. The AMT soundings were carried out to validate the TEM data in larger target
depths. Furthermore, the survey was used as a chance to apply two different TEM setups
in the field, the fixed- and the single-loop setups. Which are comparable in terms of
depth scales. The different data-sets require specified equipment. The TEM-FAST48
provides processed transient data for each sounding. However, the other receiver units
only record time series. Therefore, an additional data processing is necessary to interpret
the fixed-loop TEM and AMT data.





CHAPTER 5

Complementary Audiomagnetotelluric Study

The Audiomagnetotelluric method is a passive, frequency domain method. It uses a
frequency range from 1 Hz to 10 kHz. The natural source fields are generated in the
atmosphere during lightning storms. It is sensitive to conductive bodies at depths of up
to several kilometres. Therefore, it has a higher depth of penetration than the TEM
method. The sedimentary cover is expected to have at least a thickness of 300 m inside
the Roter Kamm impact crater (Fudali, 1973). Thus, the comparative AMT data-set is
concentrated inside the crater, with only sporadic soundings outside. In total 16 AMT
soundings were carried out on Profile 1 and the regional profile and the horizontal magnetic
and electrical fields were measured.
For the processing the EMERALD processing tool (Ritter et al., 1998) was used. A
commonly used transfer function is the impedance tensor, that connects the horizontal
magnetic field with the horizontal electric field. The impedance tensor can indicate the
dimensionality of the subsurface. However, in a two dimensional region it is important to
align the coordinate system of measurement with the regional strike direction. To confirm
the dimensionality and a possible geological strike direction the impedance tensor can be
analysed and rotated if a strike is found. In the case of the Roter Kamm impact crater, a
strike direction was found to be consistent with the confirmed fault direction in the Aurus
Mountains (Thomas et al., 2016). Thus, the data was inverted using the 2D algorithm
MARE2DEM (Key, 2016). For the sounding in the center of the Roter Kamm impact
crater, a 1D inversion using EMUPLUS is executed to determine the vertical resistivity
structure.
All coordinates and data fits of the 2D inversion can be found in the Appendix A.3.

5.1. The Impedance Tensor

The impedance tensor is a transfer function between the horizontal electric and magnetic
fields: [

Ex

Ey

]
=

[
Zxx Zxy

Zyx Zyy

] [
Hx

Hy

]
(5.1)
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Depending on the dimensionality of the subsurface, the impedance tensor follows differ-
ent patterns. For one- and two-dimensional resistivity distributions the main diagonal
elements equal Zero (Zxx = Zyy = 0). Additionally, in a 1D case the off-diagonal elements
have the same absolute value but opposing signs (Zxy = −Zyx). In three-dimensional
cases all elements can be non-zero.
From the Impedance tensor apparent resistivity (ρa) and phase (ϕ) can be calculated for
i = {x, y} and j = {x, y}:

ρa,ij =
1

ωµ0

|Zij|2 (5.2)

Φij = tan−1

(
Im(Zij)

Re(Zij)

)
(5.3)

These two quantities allow first conclusions about the resistivity structure in the subsur-
face, similar to the late-time apparent resistivity transform for TEM data. The apparent
resistivity is directly indicating the resistivity structure of the subsurface. The phase has
a constant value of 45◦ in a homogeneous halfspace. The phase angle increases (> 45◦),
when the underlying layer is less resistive and decreases (< 45◦), when the resistivity
increases. Therefore, both, apparent resistivity and phase, give a first impression of the
subsurface.

5.2. 2D Earth and the E- and B-Polarisation

In a simple two-dimensional Earth, the electrical and magnetic field components can
be measured parallel or perpendicular to a lateral discontinuity (Figure 5.1). Let the
direction of the lateral discontinuity, the strike direction, be parallel to the x-axis of the
coordinate system, then the y-axis is perpendicular to the discontinuity. The electric
current density (jy) must be conserved at the vertical boundary. Therefore, the electrical
field is discontinuous:

jy = σ1E
1
y = σ2E

2
y (5.4)

σ1 and σ2 are the conductivities of the two zones on either side of the discontinuity. In
this case Ampère’s and Faraday’s laws (Equation 2.4 and 2.5) can be decoupled into two
modes, referred to as the B- and E-polarizations.
The B-polarisation consists of Bx, Ey and Ez and the E-polarisation of Ex, By and Bz.
They are named after the field component parallel to the strike direction (x-direction).
The B-polarisation is also referred to as the transverse magnetic (TM) mode and the
E-polarisation as the transverse electric (TE) mode.

5.2.1. Static Shift

In case a lateral conductivity discontinuity is only present in depths lower than the dif-
fusion depth of the EM-fields, the apparent resistivity curve shifts towards a higher or
lower magnitude (Simpson and Bahr, 2005). This behaviour is called static shift and does
not occur for the phases, as the effect is time-independent. The static shift is a result
of the conservation of currents across the lateral boundary. Along the boundary electric
charges build up and cause the shift in apparent resistivity. In a 2D case with the lateral
conductivity parallel to the x-axis, this only affects the B-polarisation, which contains Ey
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Figure 5.1.: Two-dimensional Earth and E- and B-polarisations. In case of a lateral discontinuity, the
Maxwell Equations can be decoupled into the E- and B-polarisations, when electrical and magnetic fields
are measured in the same coordinate system as the regional strike direction. The Ey components is not
continuous at the vertical contact of two conductivities (σ1 and σ2), due to the conservation of currents
across the boundary. Taken from Simpson and Bahr (2005)

x’

y’

x

yα

σ1 σ2

Figure 5.2: Regional strike direction and rotation
of the coordinate system. The boundary between
two conductive media (σ1 and σ2) is parallel to
the x’-direction (black) and defines the regional
strike direction. The data was measured in a dif-
ferent coordinate system (red). The data can be
rotated around angle α to align both coordinate
systems.

(Figure 5.1).
The static shift can be corrected by comparing the apparent resistivities with the late-time
apparent resistivities of TEM soundings (e. g., Meju, 1994; Sternberg et al., 1988). For
that the AMT frequencies must be connected to the transient times. This is achieved by
setting the skin depth (Equation 2.20) and diffusion depth (Equation 2.22) equal (Stern-
berg et al., 1988):

t =
194

f
(5.5)

The AMT apparent resistivity curves can multiplied by a factor to be on the same mag-
nitude level as the TEM late-time apparent resistivity transforms.

5.2.2. Strike Angle Analysis

Data measured in a two-dimensional area can appear 3D, i.e. the main diagonals of the
impedance tensor differ from 0, when the coordinate system of the measurement setup is
not correctly aligned with the regional strike direction (Figure 5.2, red coordinate system).
The coordinate system can be rotated in such a way that it coincides with a coordinate
system where one axis is parallel to the regional strike and one perpendicular (Figure 5.2,
black coordinates system).
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Neither dimensionality of the subsurface nor the regional strike direction were known
during this survey and the AMT field setup was oriented into North (x), East (y) and
downwards (z). To analyse the dimensionality, different skews can be calculates, e.g. by
Swift (1967) and Bahr (1988). However, the Swift model does not yield to satisfactory
results if small scale 3D heterogeneities are presents. Therefore, the phase-sensitive skew
proposed by Bahr (1988) is used here:

η =
(|[D1, S2]− [S1, D2]|)1/2

|D2|
. (5.6)

The following definitions are used:

S1 = Zxx + Zyy S2 = Zxy + Zyx

D1 = Zxx − Zyy D2 = Zxy − Zyx

(5.7)

[A,B] is the commutator and defined as:

[A,B] = Im(A ·B∗) = Re(A)Im(B)− Re(B)Im(A) (5.8)

When the skew η is below 0.1, Bahr (1991) suggests the so-called phase-sensitive model
to calculate the regional strike direction (Bahr, 1988):

tan(α) = ±

√
B + C

B − C
+

(
A

B − C

)2

− A

B − C
(5.9)

with following definitions:
A = [S1, D1] + [S2, D2]

B = [S1, S2] + [D1, D2]

C = [D1, S2] + [S1, D2]

(5.10)

The impedance tensor can be rotated into the coordinate system of the geological strike
by applying the rotation matrix R

α
to the electrical and magnetic field components:

E ′ = R
α
E

H ′ = R
α
H

}
Z ′ = R

α
ZRT

α
(5.11)

After this rotation the impedance tensor shows the typical characteristics of a two-
dimensional subsurface conductivity distribution.

5.3. Data
At the Roter Kamm impact crater 16 AMT soundings were carried out, being in a North-
East-Down coordinate system. All data was measured as a time-series. As an example the
time series of the station in the center of the Roter Kamm impact crater is shown in Figure
5.3a. It shows the recording time of 20 min and both electric field components show a shift
in the voltage level after 10 min. However, any long period contamination does not affect
the transfer function due to the band pass filtering applied in the processing stage. The
power density spectra of the magnetic field components appears to be uncontaminated
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(a) (b)

Figure 5.3.: Time series displayed in measured voltages (a) and power spectra (b) of the AMT sounding
0003 with a sampling frequency of 500 Hz in the center of the Roter Kamm impact Crater. In (a) and
(b) the components are shown in the following way from top to bottom: the magnetic field components
Bx and By and the electric field components Ex and Ey.

by noise, except for a peak at 50 Hz related to the power grid in Namibia. It is only
visible in the Bx component as well as the Ey component. In the electric fields signals
with frequencies around 2 Hz and their harmonics are visible, which cannot be correlated
to the natural EM spectra (e.g., Constable and Constable, 2023)
The time-series were processed using the EMERALD processing tool (Ritter et al., 1998).
The first step is to calculate the Fourier transforms and calibrate the magnetic fields with
the sensor calibration functions for each used induction coil. Measured electric field time-
series are normalized to the receiver length. Now linear systems in the form of

Z = aX + bY + δZ, Z = {Ex, Ey}, X = Bx, Y = By (5.12)

must be solved. It is assumed that only the electrical field has an error δZ. Using the
Least-Squares approach to minimize δZ, the impedance tensor elements (a = {Zxx, Zxy},
b = {Zyx, Zyy}) can be calculated using the auto- and cross-spectra of the magnetic and
electrical field components (Ritter et al., 1998):

a =
⟨ZX∗⟩⟨Y Y ∗⟩ − ⟨ZY ∗⟩⟨ZX∗⟩
⟨XX∗⟩⟨Y Y ∗⟩ − ⟨XY ∗⟩⟨Y X∗⟩

b =
⟨ZY ∗⟩⟨XX∗⟩ − ⟨ZX∗⟩⟨ZY ∗⟩
⟨XX∗⟩⟨Y Y ∗⟩ − ⟨XY ∗⟩⟨Y X∗⟩

(5.13)

The auto- and cross spectra are calculated and stacked from several time segments and
afterwards averaged over a certain frequency band (Ritter et al., 1998). Particularly noisy
frequencies can be rejected by applying a coherency threshold. The coherency Ψ is a level
of random noise and can be calculated as a ratio between cross- and auto-spectra between
the electric and magnetic fields (Simpson and Bahr, 2005):

Ψ =
⟨E∗

i Bj⟩
⟨⟨E∗

i Ei⟩⟨B∗
JBi⟩⟩1/2

(5.14)
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(a) (b)

(c) (d)

Figure 5.4.: Dimensionality analysis. (a) and (b) Phase-sensitive skew of the AMT transfer functions.
The dimensionality threshold are indicated in a black dashed line. Below this value the data is assumed
to be two-dimensional. The data is presented in a gradient from dark blue to yellow. (a) Soundings 01 to
11 along Profile 1. (b) Soundings 12 to 16 along the regional profile. (c) and (d) Rose diagrams of the
strike angles. (c) Soundings 01 to 11 along Profile 1. (d) Soundings 12 to 16 along the regional profile.

The coherency level can have values between 0 and 1, with 1 being fully coherent signals
containing less random noise. Different coherency levels were tested to find the one
which leads to the smoothest transfer function, but includes a reasonable number of data
points. This process was also an indicator of the data quality. The frequency range covers
frequencies from 0.3536 to 8192 Hz. However, not all transfer functions contain data
within the entire range, as the data quality varies throughout the survey.

Dimensionality and Strike Angle Analysis

As no strike angle was known prior to the survey, the coordinate system of the data
is unlikely to coincide with any strike direction if even present. Therefore, the skew
(Equation 5.6) was calculated for all transfer functions (Figure 5.4). η is exceeding the
proposed threshold value of 0.1 for many periods and soundings at Profile 1 and the
regional profile (Figure 5.4). However, it stays below a value of 0.3 for periods shorter
than 3×10−3 s. According to Bahr (1991), the model can still be used, when strike angles
can be calculated. As both models lead to the same result in this case, the strike angles
were calculated using the phase-sensitive model.
For the strike angle analysis periods shorter than T = 3× 10−3 s were generally excluded,
as the shallow subsurface seems to include small local anomalies (Figure 5.4a and b).
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Figure 5.5.: Dimensionality analysis and transfer functions of selected soundings. The upper two panels
show apparent resistivity and phase for the original coordinate system (crosses) and the one rotated
onto the regional strike direction (circles). The xy-polarisation or TE-mode is indicated in red, the yx-
polarisation or TM-mode in blue. The lower shows the phase-sensitive show (η). Rose diagrams for each
sounding are shown in the upper right corner of each skew plot. (a) and (d) MT-03 in the center of the
Roter Kamm impact crater. (b) and (e) MT-07 on the inside slope of the crater. (c) and (f) MT-09 on
top of the crater rim.

The Rose diagrams show a local strike. However, due to the ambiguities knowledge of
the region is necessary to determine the appropriate options. Profile 1 has a 43◦ heading
and is perpendicular to the rim of the Roter Kamm impact crater and the faulting in
the Aurus Mountains. Therefore, a regional strike direction of 46◦ for Profile 1 and 54◦

for the regional profile seem the most likely. However, not all transfer functions indicate
a two-dimensional subsurface. In fact, all three dimensions can be found in the survey
area. For illustration Figure 5.5 presents three soundings along Profile 1. In the center
of the Roter Kamm impact crater (MT-03) the phase-sensitive skew is very low and the
strike angle seems to be 0◦, 90◦ or their ambiguities. Nevertheless, both polarisations
show the same magnitude indicating a one-dimensional subsurface. Closer to the rim
(MT-07) the situation is different and the skew is higher and the strike angle matches the
determined. The rotated transfer functions show a typical behaviour of a 2D subsurface
structure. Here, both polarisations show the same apparent resistivity for small periods,
but for longer periods the curves diverge, although they were similar before rotation. The
last example is on top of the rim (MT-09). The transfer function is clearly not 1D or 2D
(Figure 5.5f), even though the strike angle analysis shows the determined strike angle of
46◦. The apparent resistivity and phase of the unrotated impedance tensors are smooth.
However, the expected 180◦ between both polarisations is not present like in the transfer
functions of the other two soundings. The apparent resistivities of the rotated tensor are
significantly smaller and the phases show high gradients and discontinuities. Therefore, I
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conclude that a 3D resistivity structure is present at the rim.
Furthermore, it can be seen that the presence of one or more outliers in the impedance
tensor at a frequency can lead the rotated transfer function to appear noisier than the
original data.

5.4. 2D Inversion

The AMT data was inverted with the freely available, 2D inversion algorithm MARE2DEM,
suitable for MT, Controlled-Source and surface-borehole EM data both on- and offshore
(Key, 2016). MARE2DEM uses unstructured grids with arbitrarily shaped polygons, such
as triangles or quads. This provides a high flexibility to image different shapes of bodies.
Furthermore, it possible to incorporate topography by aligning the electric fields with the
topography at the measurement location. MARE2DEM uses a dual-grid approach, where
the grid for the forward calculation is automatically refined if necessary and not identical
with the inversion grid. This is very efficient as the fine grid for the forward calcula-
tion does not effect the memory requirements. For the inversion MARE2DEM is using
a fast parallel implementation of the Occam inversion method. MARE2DEM contains a
large number of MATLAB interface tools to design meshes, create input files and plot
models and data. MARE2DEM is very well documented and has an extensive manual
with description of all necessary files and parameters al well as about the functions of the
algorithm1.

In MAR2DEM the forward response can be rotated to the survey coordinate system.
Therefore it was not necessary to rotate the data. Rotating the data would result in
loss of data due to noisy impedance tensor elements. In addition, the static shift correc-
tion factors derived from the rotated data proved inadequate for MT-02. Therefore, the
process was repeated using the original apparent resistivities. This procedure was more
successful as the curves were less noisy and the visible shift between MT-02 and the other
curves could be eliminated.

5.4.1. Inversion Results

A 2D inversion was performed on Profile 1 and the regional profile. Figure 5.6 shows the
data fit of three soundings. The data shows a high noise content. Hence, a relatively high
error of 15 % on apparent resistivity and a constant 6.5◦ error on phase was assumed. A
possible cause for the high noise content are the high electrode contact resistance dur-
ing the field survey and the short recording time. A high electrode contact resistance
affects the comparably high frequencies used in AMT more than methods such as MT,
where lower frequencies are measured (Zonge and Hughes, 1985). According to tests,
the electric fields measured for ungrounded electrodes appear to be shifted to a lower
magnitude compared to perfectly grounded electrodes. For decreasing electrode contact
resistances, the shift to a lower magnitude happens at increasing frequencies (Zonge and
Hughes, 1985). This effect could let the shallow subsurface appear less resistive than it

1https://mare2dem.bitbucket.io/master/index.html

https://mare2dem.bitbucket.io/master/index.html
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Figure 5.6.: Data fit of apparent resistivity and phase curves of three AMT soundings. The xy-mode is
indicated in red, the yx-mode in blue. Measured data is shown circles with errorbars and the modelled
response with the solid lines. The sounding locations were in the center of the Roter Kamm impact crater
(MT-03), on the inner North-Eastern slope of the crater (MT-06) and on the plain outside of the crater
(MT-12).

is in reality. Therefore, the TEM measurements are more reliable for the shallow subsur-
face, as they are inductively coupled and measure only the magnetic field. In particular,
the phases show erratic behaviour. The yx-mode of MT-12 shows high noise content.
Here, the yx-mode does not equal the TM-mode, as the data coordinates are not in the
geological strike coordinate system. Overall the apparent resistivities could be fitted well.
However, there are exceptions, such as MT-06, where at long periods the calculated and
measured apparent resistivities diverge.
The inversion models of Profile 1 and the regional profile show very simple models (Figure
5.7. The data fits are shown in the Appendix (Figures A.13 and A.14). The inversion
was performed with roughnesses of θx = 30 (default) and θz = 0.1, which is smaller than
the default to allow for higher contrasts. A triangular mesh was chosen for the inversion,
as the curved boundaries were expected within the Roter Kamm impact crater. Along
Profile 1 the most dominant feature is a large conductive anomaly (ρ < 30 Ωm) within
the Roter Kamm impact crater. It is about 1300 m to 1400 m wide and has a maximum
thickness of 200 m. Otherwise, there is only one notable conductive anomaly along the
surface outside the crater with slightly lower conductivities than inside the crater. It is
less than 50m thick and appears to start somewhere between MT-09 and MT-10 and ex-
tends to the north-east end of the profile. The surrounding material appears to be highly
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Figure 5.7.: 2D inversion models of the AMT data. The upper panels show the models with the sounding
location along the surface. The lower panels show the data misfit χ of each sounding. (a) Inversion model
of Profile 1 with a χ-value of 1.30. The data misfit is highest on the inner North-Eastern slope of the Roter
Kamm impact crater. (b) Inversion model of the regional profile with a χ-value of 0.94. Topography
data: NASA JPL (2022).

resistive with resistivities greater than 500 Ωm.
The data misfit is highest for stations on the inner, North-Eastern slope. This coin-
cides with the data measured with the non-polarizable electrodes (MT-04 to MT-09).
The modelled phases do not agree well with the measured data, the apparent resistivities
show deviations for long periods for MT-06, MT-07 and MT-08, especially in the xy-mode.

The regional profile contains only five soundings with quite large distances in between
(∆x = 2000 m). Due to the sparseness of the data, the model roughness is a factor of 10
higher (θx = 300 and θz = 1) than for the other model. Furthermore, a quadrilateral grid
was used, as the conductive structure extents along the whole profile. Quads are more
efficient, as they can be elongated in one direction (x), where no high spatial resolution
is existing and thin where the data provides higher vertical resolution. The conductive
anomaly along this profile appears to have high conductivities in the South-west, which
coincides with the lowest topographic elevation of the profile. Conductivities decrease
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(a) (b)

(c)

Figure 5.8: 1D Inver-
sion Models of the AMT
sounding in the center
of the Roter Kamm
impact crater. (a) The
Marquardt-Levenberg
model (red) and its
equivalents (light red),
and the Occam R1
(Blue) and R2 (green)
inversion models are
presented. The χ-values
are shown in the legend.
The DOI is deeper than
the provided depth
range. (b) and (c)
Measured apparent
resistivity and phase
data is indicated in
black, the modelled
curves are indicated
in red (Marquardt-
Levenberg), blue
(Occam R1) and green
(Occam R2).

towards the Aurus mountains, which seem to consist of resistive material (MT-16). The
data-fit is good along the entire profile.

5.4.2. Thickness of Conductive Anomaly

To achieve a better estimate for the vertical layering, a 1D inversion using EMUPLUS
is performed. The sounding in the center of the Roter Kamm impact crater shows 1D
characteristics and is located on top of the thickest part of the conductive anomaly. An
error of 5 % on the impedance tensor elements is chosen, as the apparent resistivities and
phase curves are smooth. A homogeneous starting model with a resistivity of 100 Ωm was
chosen for the Occam inversions, while the starting model for the Marquardt-Levenberg
inversion was based on the Occam R1 inversion model. The 1D inversion of the xy-
polarization shows a four layered subsurface in the presented depth section (Figure 5.8).
The upper boundary of the conductive anomaly is in a depth of approximately 85 m and
is covered by a resistive layer (ρ = 1000 Ωm) with a thin more conductive surface layer.
The resistivity of the layer is not well resolved, which is expected for the AMT method.
The conductive layer has a thickness of 195 m and a conductivity of 8 Ωm. While the
upper boundary is well resolved, the lower boundary has a lower resolution. A study of
the resolution is presented in Section 7.3.

5.5. Summary

The AMT method is a passive, frequency domain method and is well suited to detect-
ing conductive bodies at depths of up to several kilometres. During the measurement,
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the electrode contact resistance proved to be a challenge and reduced the data quality.
Strike angle analysis showed that the electrical conductivity in the subsurface has a two-
dimensional structure, except at the crater rim. A strike angle of 46◦ was determined for
Profile 1 and 54◦ for the regional profile, consistent with the direction of the crater rim
and the direction of faulting in the Aurus Mountains. Due to the high noise in the data,
a high data error was assumed for the 2D inversions with MARE2DEM (Key, 2016). The
2D models show consistent simple structures consisting of a large conductive anomaly
inside the Roter Kamm impact crater and a layered subsurface outside the crater. The
anomaly inside the crater extends horizontally for 1300 m to 1400 m and vertically to
195 m with the upper limit at a depth of about 85 m to 100 m. The data mismatch is
greatest in the area where the non-polarisable electrodes were used and increased surface
conductivities are visible. A thick conductive layer is visible at the surface outside the
crater. The layer along the regional profile appears to be thicker than immediately outside
the crater and appears to become thinner towards the Aurus Mountains.



CHAPTER 6

TEM Data Processing and Data Overview

The TEM survey was conducted using the single-loop and the fixed-loop setups. There-
fore, different receiver units were necessary. The TEM-FAST 48 provides the user with
processed data including error estimates. However, it is necessary to prepare the measured
time series data of the fixed-loop TEM survey for the interpretation and inversion stage.
The induced voltage time series must be transformed into a single induced voltage decay
curve for each sounding and component. During the field survey at the Roter Kamm
impact crater, 216 transients were recorded with the fixed-loop TEM setup and 79 with
the single-loop setup. The data require a thorough investigation of the data quality, con-
sistency and comparability of each data set. Appropriate post-processing is also required
as factors such as the shape and length of the ramp are taken into account by the TEM
inversion. A further test must be carried out to check the difference in response between
the point and an extended receiver.
All data not shown in this Chapter can be found in the Appendix A. All processed TEM
data is archived in the CRC 1211 Database:

• Aurus clay pan: Nienhaus et al. (2023a)

• Roter Kamm impact crater: Nienhaus et al. (2023b)

6.1. The Single-Loop Data-Set
A dense single-loop data set was acquired along three profiles at the Roter Kamm impact
crater. The data is very consistent and shows smooth transitions along the profiles.
However, there are several factors affecting the data that need to be discussed prior to
inversion. One of these effects is the influence of the non-linear ramp. Another is the
different response of a point receiver and an extended receiver. This effect is particularly
interesting as only point receivers are implemented in the inversion algorithms used. It
is important to understand these effects and try to quantify systematic problems that
cannot otherwise be considered. In addition, two different loop sizes were used to achieve
high spatial density with small loops and greater penetration depth with larger loops. It
is necessary to compare the data carefully and investigate the differences.
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Figure 6.1: Comparison of the two different loop
sizes at the centre of the Roter Kamm impact crater.
Data from the large single loop (100 × 100 m2) are
shown in orange and the small (50× 50 m2) in blue.
t = 0 s is defined at the start of the ramp. The
top panel shows the induced voltages normalised to
a transmitter loop area of 100×100 m2 and the bot-
tom panel shows the late time apparent resistivity
transformations.

in
d

Figure 6.2: Comparison of synthetic data of two
different loop sizes with a model similar to the
one found in the centre of the Roter Kamm im-
pact crater. Data from the large single-loop
(100 × 100 m2) are shown in orange and the
small (50 × 50 m2) in blue. t = 0 s is defined
at the start of the ramp. The top panel shows
the induced voltages normalised to a transmitter
loop area of 100× 100 m2 with a magnified sec-
tion of the transients and the bottom panel the
relative difference between the two transients.

6.1.1. The Different Loop Sizes

Two different loop sizes were used during the field survey at the Roter Kamm impact
crater. The larger one had the size of 100× 100 m2 and the smaller of 50× 50 m2.

Figure 6.1 illustrates the induced voltage decays measured during both soundings. A
divergence between the transients is very prominent in the times between 5× 10−5 s and
the last time point of the smaller loop. This expresses itself in a shift of the late-time
apparent resistivities towards larger depths and higher resistivities for the transient of
the larger loop. In general, this can partly be explained by the different loop sizes, as
seen in Figure 6.2. Synthetic data was modelled for different loop sizes based on the 1D
model at the center of the Roter Kamm impact crater. However, the simulated difference
is much smaller (< 10 %) and cannot explain the gap on its own and it is possible multi-
dimensional effects are present.
Another important observation is that the larger loop produced a longer transient (Figure
6.1), which results in a higher penetration depth. This can also be seen in the late-time
apparent resistivities. The late-time apparent resistivties show a possible four-layered
subsurface. The most prominent features are a resistive and conductive layer as second
and third layer. However, it seems that a low resistive layer can only barely be detected
underneath the conductor, even for the larger loop. Therefore, it is unlikely to resolve the
boundary to the lower resistor well.
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Figure 6.3: Synthetic data of a homogeneous
halfspace of 100 Ωm with different ramps.
The real ramp (4 µs, black) and two linear
ramps with lengths of 4 µs (blue) and 2.5 µs
(orange). The upper panel shows the syn-
thetic transients and the lower the relative
different of the transients including the real
ramp and each linear ramp.

6.1.2. The Non-Linear Ramp

During the field survey the transmitted current signal was observed and one ramp recorded
with an oscilloscope (Figure 4.6a). The ramp appears to be approximately 4 µs long, but
continuous to fluctuate for at least 5 µs longer. Figure 6.3 shows the comparison of the
real ramp (first 4 µs) and linear ramps with two the lengths 4 µs and 2.5 µs. At late times
a deviation of 3 % is visible. Using the linear ramp of 2.5 µs, this deviation increases
slightly at early times to a maximum of 4.75 % at 2× 10−5 s . However, using the linear
ramp of 4 µs, a strong relative difference is visible in the early times.
Different lengths for the real ramp were tested up the maximum recorded length of 10 µs.
However, the stable deviation of the linear ramps at late times is highly dependent on
the exact position were the ramp is cut due to the small scale fluctuations at late times
(3 % to 7 %). While the ramp of the Zonge ZT-30 zeroTEM transmitter, used for fixed
loop measurements, has been recorded for a longer period of time, this current signal has
not. All approximations are based on two recordings. Therefore, the usage of the real
ramp is considered unreliable due to low data quality and short recording time. Hence,
the 2.5 µs linear ramp is used in all subsequent inversions. A minimum error of 3 % must
be considered for the data during inversion.

Unfortunately, no transmitter current recording was performed during a measurement
with the large 100 × 100 m2 loops. However, at five locations measurements with both
transmitters were conducted. A series of Occam R1 inversions were run using different
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(a) (b)

Figure 6.4.: Inversions of the single-loop data using different ramps at the location in the center of the
crater (P1-11). (a) Comparison of the real ramp (RR), a linear ramp with the length of 4 µs (LR4) and
a linear ramp of 2.5 µs (LR2). The loop size is 50 × 50 m2. (b) Comparison of the inversion models of
the small loop (Tx = 50 m) and the larger 100× 100 m2. A linear ramp of 4 µs (LR4) is used.

linear ramps. The Occam R1 model of the small loop was used as a reference model
to determine an approximate ramp length. Figure 6.4a shows the inversion models of
the small loop with the real ramp and linear ramps of 4 µs and 2.5 µs. Figure 6.4b
compares the inversion model including the real ramp with the inversion model of the
large transmitter loop with the linear ramp that matches the early times best. However,
the transition to lower resistivities happens at later times. This discrepancy is visible in
the field data. This test shows, that the gap cannot be totally explained by the different
loop sizes. Therefore, another factor affects the data.

6.1.3. Comparison of Synthetic Single- and Central-Loop Data

The 1D inversion algorithm EMUPLUS has only point receivers implemented. Therefore,
it is necessary to quantify differences between a single- and a central-loop sounding. To
achieve this a large number of forward calculations were performed inside a transmitter
loop. The minimum distance to the transmitter is 0.5 m, as no solution can be calculated
on the transmitter location. Only solutions in one quadrant of the transmitter are needed
due to the symmetry of the magnetic field. Transients were calculated on a 41 × 41
regular grid. All transients are then discreetly integrated over the loop quadrant and
multiplied by four and normalized to the integration area. Figure 6.5 shows a compari-
son of synthetic single- and central-loop data and the single-loop inversion results for a
100 Ωm homogeneous halfspace. For both loop sizes strong deviations between the single-
and central loop transients are visible in the first time decade. The larger loop is more
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(a) (b)

Figure 6.5.: Comparison of single- and central-loop data of a homogeneous halfspace of 100 Ωm using two
different transmitter sizes. Data of the large loop (100× 100 m2) is presented in reds, data of the small
loop (50 × 50 m2) in blues. (a) Occam R1 inversion models of the single-loop transients. The 100 Ωm
are marked with a light gray line. The data fit is presented in the legend. (b) Synthetic transients of
two transmitter loop sizes of both central- and single-loop setup. The lower panel shows the relative
differences between the central- and single-loop transient for each loop size.

affected by the different receiver areas than the smaller loop. This can be explained by
the downward and outward movement of the equivalent current filaments (Figure 2.3a).
For early times the flux density of the secondary magnetic field is maximal in the center
of the loop, but lower closer to the transmitter. For later time stages the current filaments
increase in size and the flux density becomes homogeneous inside the larger single-loop
receiver area. Therefore, no deviation is visible for the later times of the transient. For
a large loop the magnetic field is more inhomogeneous inside the single-loop area, and
thus, more distinct than for smaller transmitters. The deviation between the central-
and single-loop transient also influences the inversion results for shallow depths (Figure
6.5a). For depths larger 80 m the differences seem negligible, but for smaller depth both
inversion models show deviations. However, the differences of the inversion model of the
smaller transmitter loop are quite small and have a maximum at the most shallow depth
of 20 % on a linear scale. On a logarithmic scale the deviation is barely 4 %. However, the
deviation of the inversion model of the large transmitter is quite significant on both scales,
on a linear scale almost 100 % and on a logarithmic one still 15 %. The effect increases
for increasing conductivities as well. Therefore, this difference between a single-loop and
central-loop receiver area must be considered, if the area cannot be accustomed for during
the inversion process.
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Figure 6.6.: Comparison of synthetic induced voltages of single- and central-loop TEM setups for different
realistic layered cases. The blue colours indicate transmitter loops with an area of 50 × 50 m2 and the
red of 100 × 100 m2. The lighter colors are indicative of the single- and the darker of the central-loops.
The lower panels show the relative difference in percent between the single- and central-loop transients.
(a), (b) and (c) show synthetic data of models "A", "B" and "C". (d) Models "A", "B" and "C" as
columns.

For a realistic assessment of the deviations on the field data, transients for three models
based on three different locations were calculated for both loop sizes and setups. The
locations chosen were in the center of the Roter Kamm impact crater (Model A), on
the plain next to the crater (Model B) and one location explanatory for the regional
profile (Model C). Inside the crater the central- and single-loop setups of the small loop
(50×50 m2) only have small deviation of maximal 3.5 % and only the first few time points
deviate more strongly. The other two models show a much stronger difference between
the two setups at early times up to 35 % to 40 %. Both of them are more conductive in
shallower depths then Model A, with Model C being the most conductive. The behaviour
of both curves is slightly different, as Model C causes a more linear course of the relative
difference than Model B. The large loops show a similar trend as the small loops, but
are more affected. The first decade shows deviations up to 40 % percent. This shows
that all data is affected, especially those measured outside the crater due to the high
conductivities in shallow depths. As the conductive layer inside the crater is buried, the
effects are minimal. Nevertheless, it is necessary to account for the deviations of the
single-loop data compared to the central-loop data as EMUPLUS only has a solution
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Figure 6.7.: Comparison of transients at different locations along Profile 1 measured with the loop area
of 100× 100 m2. The locations are in the center of the Roter Kamm impact crater (P1-11, blue), on top
of the crater rim (P1-23, orange) and on the plain next to the crater (P1-30, yellow).

for a point receiver implemented. Therefore, a minimum error level of 3.5 % is set for
all 1D inversions. Additionally, the first decade of the transients is down-weighted for
the small loops outside the crater with a linear increase to an error level of 10 % at
the first time gate on a logarithmic time axis. The large loops are much more severely
affected and the first two decades are down-weighted. It seems reasonable to remove the
first decade of data due to the high deviations and the unknown ramp. At the locations
of half of the measurements, soundings with a small loop were carried out as well. At
those locations a combined inversion of both transients without the first decade of data
of the large transmitter is the best option to get the most trustworthy model. Under
the assumption that the layering in shallow depths is constant, it would be possible to
combine the informations of neighbouring stations with each other to achieve a model
that also has resolution in the shallow depths.

6.1.4. Overview of Data-Set

The data-set at the Roter Kamm impact crater consists of 79 single-loop transients mea-
sured with two different loop sizes. Exemplary, transients of three locations are presented
in Figure 6.7, measured with the large single-loop. P1-11 is in the center of the crater, P1-
23 on top of the crater rim and P1-30 on the plain next to the crater. The data from the
crater center has a totally different behaviour than the other two transients. It indicates
a much more resistive shallow subsurface due to its steep voltage decay. At the other two
locations the data has a slower decay at early times and a faster at intermediate and late
times. Comparing the two transients on top of the rim and on the plain, it becomes clear
that the subsurface differs significantly in and outside of the Roter Kamm impact crater.
To get an overview of all data and their gradual behaviour along the profiles sections

along those are presented in Figure 6.8. Overall, the induced voltages are very consistent
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Figure 6.8.: Single-loop TEM data along Profile 1. All data is normalized to a transmitter area of
100 × 100 m2 for comparison. The x-axis denotes the position along Profile 1 with the center of the
crater being the reference (x = 0 m). The y-axis indicates the time after initiating the current turn-off.
(a) Induced voltage, (b) late-time apparent resistivity and (c) relative error of the induced voltage. As
the late-time apparent resistivity is a transformation of the data, it only differs from the induced voltage
error by a factor of 2/3. The location of the large loops are indicated by the downward pointing arrows
at the top.

along the whole Profile 1, as well as the other profiles (Figure A.4). The large loops
are easily identifiable by the longer transient length at the marked locations. The slight
difference between the neighbouring transients is also visible in this presentation. The
transient are shortest south-east of the crater rim and longest inside the crater. Fur-
thermore, the voltage amplitude is higher outside of the crater. The late-time apparent
resistivity transforms reveal a resistive shallow subsurface inside the crater with a conduc-
tive layer underneath. On the outside the subsurface seems to be less resistive in shallow
depths. The small single-loop TEM data shows higher data errors inside the crater, with
especially high errors at location P1-09 of Profile 1 (Figure 6.8). Data of the larger single-
loop TEM (locations marked by arrows) and data outside of the crater exhibit generally
smaller errors.
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Figure 6.9.: (a) Filtered time series of the central-loop sounding at fixed-loop transmitter A with a
transmitted base frequency of 0.5 Hz. (b) Magnification of transient behaviour of the induced voltage.
It is visible that the input voltage of the SMARTem24 receiver unit was exceeded during turn-off of the
current signal (time period ∆tramp).

6.2. The Fixed-Loop Data-Set

A fixed-loop data-set was collected along Profile 1 at the Roter Kamm impact crater.
In total four transmitter loops with a loop area of 200 × 200 m2 were used. At each
transmitter 21 soundings were made with a maximum offset of 400 m at each side of the
transmitter loop. The distance between the receiver position was 50 m to 100 m. The
ramp effecting the data has a length of 320 µs and is approximately linear. It must be
considered due to its sheer length alone. However, the data must be transformed from the
raw time-series to a transient with error estimates by applying a log-gating and selective
gate-stacking algorithm. In the following the vertical component is denoted with "z", the
excited horizontal component along the Profile 1 with "x" and "y" along the perpendicular
transects, the weak component at the Profile 1 is denoted with "y".

6.2.1. TEM Data Processing

Both the SMARTem24 and KMS-820 recorders measure continuous time series. There-
fore, the processing of their data is identical. In this thesis, I apply a log-gating approach
based on Munkholm and Auken (1996) and Larsen et al. (2021) and a selective gate-
stacking (Hanstein et al., 1986).
The first step is to apply digital filtering to the time series. Here a three-point filter is
used, which is described in Mörbe (2020). It averages each point with the time points half
a period earlier and then later (forward and backward movement). This filter removes
correlated noise, e.g. by power lines (f = 50 Hz in Namibia). It removes the DC level
by averaging two different polarities and linear drift. After filtering, the time series is
cut into individual sections with a length of half a period starting at the time points of
the transmitter turn-off. Only those time periods are kept, during which the transmitter
was switched off. Due to the alternating polarity of the transmitter current, every second
segment is multiplied by a factor of −1 (Figure 6.9). The ramp of the transmitter is
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Figure 6.10.: TEM data processing steps at the example of the central-loop sounding of fixed-loop
transmitter A. (1) All data points with the reference time point t0 = ∆tramp. The data point with no
physical meaning (below the resolution threshold of the receiver device) are removed. Here the resolution
limit is 4.9×10−9 V, which is lower than the theoretical value estimated. (2) Log-Gating of the transients
with 10 time gates per decade with overlapping windows (50 %). The used semi-tapered window function
is show in the bottom left corner (Taken from Larsen et al., 2021). All measured transients are presented.
(3) Gaussian statistics at the time gate of 1 × 10−3 s. Symmetric rejection of data points (5 %). (4)
Final transient after selective stacking and normalisation to receiver area and transmitter current. The
transient shows a behaviour indicating that the voltage is below the resolution limit at late times. This
part is therefore manually cut off. The noise level is shown in grey.

considered and the earliest time recording for each transient is set to be at the end of the
ramp. At this point, N single transients are prepared for the log-gating and gate-stacking
procedure and N is the total number of stacks recorded. The steps of the TEM data
processing, which are illustrated by an example in Figure 6.10, are:

1 Removal of all data points below the resolution threshold. The origin of those points
is unclear, but they occur in all time series. The resolution limit of the device is
clearly visible by the smooth lower limit of the data points (Figure 6.10). It is
slightly lower than the estimated limit of 1.2 × 10−8 V with 4.9 × 10−9 V. This
observation could be made for many soundings, but was especially prominent for
the z-components inside and close to the transmitter.
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2 Log-gating of each time gate. For TEM data Munkholm and Auken (1996) proposed
to use a log-gating approach to reduce the influence of noise, especially at later
times. I chose ten logarithmic equidistant time gates per decade. The time gates
contain an increasing number of sample point with increasing time. In this thesis
an overlapping semi-tapered window function proposed by Larsen et al. (2021) is
used for weighting of the data point at each center time point. This can suppress
noise in the later time gates more strongly than a box car window (Larsen et al.,
2021). The increasingly large scattering of data points at late times (> 1 × 10−2)
indicates the decreasing resolution, rather than the local noise (Figure 6.10).

3 Evaluating the statistics in each time gate. The stacking algorithm is assuming
a Gaussian distribution of the population. However, while most of the time gates
exhibit a normal distribution, the early time gates deviate from any Gaussian distri-
bution. It is likely that this behaviour is caused by the long ramp of the transmitter
device. Therefore, the early time gates are strongly affected by the turn-off cur-
rent behaviour of the transmitter. Here a symmetric, selective stacking is applied
(Hanstein et al., 1986). Which cuts the same percentage of the smallest and largest
data off. For this thesis 95 % of the data points are kept. After that the mean µ
and the standard error of the mean SEM are calculated (Equation 4.2).

4 Stacked transient. At each time gate the mean is used as the estimation of the true
data point and the error is estimated by the 99 % confidence interval of the SEM
to prevent underestimation of the data error. The transient was further normalized
to the current strength and the effective receiver area.

Two different behaviours of transients reaching the noise level can be observed. A levelling
of the transient for later times and a sign reversal at late times followed by a almost
constant induced voltage level (Yogeshwar, 2014). Therefore, I manually discarded the
late times when the described patterns were recognizable.

6.2.2. Overview of Data-Set

The fixed-loop data was recorded with different receiver units along two transects. How-
ever, a comparison shows an identical behaviour at each comparative measurement (Fig-
ure 6.11a). The data recorded with the KMS-820 has signs of saturation at early times,
therefore, spans less time periods at several locations. The data exhibits the expected
changes in polarity of the vertical (z) component at increasingly later times outside of the
transmitter (Figure 6.11c and e) and also has sign reversals in the horizontal components
(Figure 6.11f).
Figure 6.11 shows the behaviour of the transients with increasing offset between receiver
and transmitter of Transmitter C. Transmitter C is located at the outside flank of the
Roter Kamm impact crater. Sector "a" starts on top of the crater rim and the distance is
maximal at the end of sector "c". Sectors "b" and "d" cover the segments parallel to the
rim direction 400 m down the flank. It illustrates the progression in each direction of the
transmitter loop (sectors "a", "b", "c" and "d"). Additionally, it presents the noise level
in each plot. It is visible that with increasing distance from the transmitter the transients
in each sector deviate more. Especially, sector "a" exhibits a different behaviour than the
other three directions (Figure 6.11e), the later sign reversal indicates a more conductive
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Figure 6.11.: z- and x-components of the induced voltage decays at fixed-loop transmitter C at different
offsets dx from the center of the transmitter loop. Each color represents one direction of the offset of the
transmitter. The sectors of each direction are indicated in (b). Each sub-figure includes the noise level
(gray).

subsurface in that direction than in the others.
Figure 6.12 shows all recorded induced voltage decays along Profile 1, as a section plot as

well as the relative data error in percentage. The z-component is the strongest measured
component with a maximum underneath the center of the transmitter. The x-component
is weaker and shows maxima underneath the transmitter cables. A different geometry of
the induced voltage distribution can be observed at the transmitter locations indicating
different subsurface structures. If Transmitter A acts as a reference, then the z-component
of the induced voltages appear weaker and decays faster at Transmitter B. The induced
voltages are decaying slower at early and intermediate times at Transmitters C and D.
At all transmitters the sign reversals are visible as locations with lower amplitude left
and right of the transmitter. The temporal and spatial distribution of the x-component
also changes at each transmitter. The distribution patterns seem to mirror the ones
of the z-component. The existence of the y-component is depending on the subsurface
dimensionality. The variations at each transmitter indicate a multidimensional subsurface
structure. Especially, Transmitter B and C exhibit visible asymmetries along Profile 1.
Transmitters A shows the lowest y-components.
The relative data errors show low errors for the strong z-component with higher errors
at the location of the sign-reversals and increasingly higher errors outside of the Roter
Kamm impact crater. Inside the crater, the transient length often was depending on the
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Figure 6.12.: Fixed-loop TEM data along Profile 1. The center of the crater acts as a reference on the
x-axis (x = 0 m). The y-axis is the time after the end of the transmitter turn-off process. (a), (b) and (c)
absolute induced voltages and (d), (e) and (f) relative induced voltage error. The receiver are grouped
in red and the transmitters are indicated by green lines in panel (a).
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resolution threshold, while outside the noise level seemed to be the limiting factor. The x-
and y- component are lower than the z-component, and are stronger influenced by noise.
Especially the weak y-component shows large errors at late times and around the crater
rim (x = 1200 m).

6.3. Error Estimates for the TEM Data
The distribution of the measured induced voltages and their absolute stacking error is not
normal, neither for the fixed loop nor for the single-loop TEM data (Figure 6.13). In both
cases the maximum of the stacking error is smaller than that of the induced voltages.
However, the distributions overlap. The distributions of the fixed-loop and single-loop
data have different shapes. The fixed-loop data is asymmetrically distributed with the
maximum shifted towards higher voltages. The maximum of the single-loop data is shifted
towards lower voltages. The stacking error underestimates the true data error, because
errors not explained by statistical processes can affect the data, such as errors caused by
instrumentation, geometry, geology and electromagnetic noise (Spies and Frischknecht,
1988). The underestimation of data errors can lead to a biased interpretation of the
inversion model. Modelling errors have already been discussed in section 6.1.3, other
errors are not considered here. The data error can be divided into two parts: a relative
δU and an absolute error η:

∆Uind = δU · Uind + η (6.1)

They can be determined by studying the relationship between the measured induced
voltage and its absolute error (Figure 6.13). It is decided that a relative error of 3 %
is sufficient to explain all the data, except the y-component of the fixed-loop data set,
which is better described by a relative error of 5 %. To determine the absolute error of
the fixed-loop data, an average noise level of 1.7×10−11 V/(Am2) was calculated from the
measured noise (Figure 6.11). As no noise was measured for the single-loop setup, this
value is scaled to the transmitter sizes used.
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Figure 6.13.: Distribution of processed TEM data (absolute values) and stacking errors (upper panel)
and stacking error for each induced voltage (lower panel). (a) Fixed-loop data and (b) single-loop data.
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6.4. Summary
The single-loop data are very consistent for each loop size. However, the comparison of dif-
ferent loop sizes shows systematic inconsistencies that vary with the subsurface structure.
While some of the differences between the transients can be explained by the different
transmitter areas, others could not be explained. The influence of the TEM setup on the
transient behaviour was observed. It was shown that for the conductivities present in the
study area, differences of up to 40 % can be expected between the single and central-loop
setups. The modelled single-loop response is smaller than the central-loop response due
to the weaker magnetic flux density closer to the transmitter cable compared to the trans-
mitter centre. This deviation has to be taken into account in the error estimation when
inverting the data in the expectation of a central-loop setup by adjusting the error levels
and data weighting. Furthermore, the turn-off current behaviour of the TEM-FAST 48
is non-linear and fluctuates over a long period of time. Due to the lack of a sufficiently
long current recording, a linear approximation was made with minimal deviation from the
real ramp. For the large loop, no recording was available and an estimate was made by
comparing the inversion results between the two loop sizes. As the early times of the large
loops were already down-weighted by the TEM setup, no further action was taken. For
future surveys with the TEM-FAST 48 it may be useful to systematically test different
loop sizes on a known multi-dimensional test site to study the transient behaviour. It is
recommended that the transmitted current signal be recorded for longer periods of time.
An additional TEM dataset was collected using the fixed-loop setup with a larger trans-
mitter size (200 × 200 m2) with small coil receivers to overcome potential resolution
problems at greater depths while still maintaining high horizontal resolution. Data pro-
cessing revealed minor resolution problems with the SMARTem24 and Geonics LF coil
combination, and induction coils with larger effective areas may have been a better choice
for this measurement. In addition, the use of a dual mode consisting of a low and high
current mode to avoid saturation of the early time gates would have improved the resolu-
tion at shallower depths, particularly along the KMS-820 transect. Overall, the fixed-loop
data show a consistent behaviour along the profile. However, it shows signs of a multi-
dimensional subsurface in all components, as the induced voltages are not symmetrically
distributed in both profile directions. This may prove difficult to invert using a 1D algo-
rithm and already indicates that at least a 2D inversion is required to adequately interpret
the data.



CHAPTER 7

Conventional 1D TEM Inversion

It is still common to invert the vertical components of the induced voltages of the TEM
method using 1D inversion schemes, as especially small central-loop measurements have
a small footprint and a good vertical resolution. However, the vertical magnetic fields
of central-loop soundings are less sensitive to multi-dimensional conductivity structures
than single- and fixed-loop setups (Ward and Hohmann, 1988). Since the vertical field
component is less affected by the multi-dimensionality in the center of the transmitter
loop. However, the data can still be inverted assuming a one-dimensional surface if the
structures are large and contrasts low. This chapter presents the 1D inversion results of the
single-loop data and some fixed-loop data using the EMUPLUS algorithm, developed at
the University of Cologne (e.g., Scholl, 2005; Yogeshwar, 2014). Two inversion algorithms
were applied to the data, the Occam and Marquardt-Levenberg methods. The Occam
inversion determines a smooth model, that only introduces variations in resistivity if the
data requires it. Two roughnesses are used for the regularization, the first one demands a
smooth resistivity gradient and the second a smooth resistivity curvature. It only changes
resistivities of the starting model, which had 30 logarithmically spaced layers with a
resistivity of 100 Ωm. On the other hand, the Marquardt-Levenberg inversion changes
the thickness and resistivity of each layer. However, the model is heavily depending on the
starting model. Therefore, the starting model is based on the Occam model. Furthermore,
this dependency was used to enforce a consistent appearance of the 1D inversion models
along the profile.
All 1D inversion not shown in this Chapter, can be found in Appendix B.

7.1. Inversion of the Single-Loop Data

At all locations 1D inversions using the Marquardt-Levenberg and Occam R1 and R2
inversion methods were performed for each loop size. The Occam R1 and R2 inversions
were conducted using a homogeneous halfspace of 100 Ωm is as a starting model. The
starting model consists of 30 logarithmically spaced layers up to a depth of 1000 m. The
first and thinnest layer has a thickness of 3 m. The starting models of the Marquardt-
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Levenberg inversion are derived from the final Occam R1 inversion models. As a first
approximation a starting model with a predefined amount of layers is calculated with
layer boundaries at the depths with the strongest resistivity gradients. However, the
large loops resolve a resistive bottom layers inside the Roter Kamm impact crater and
the small loops do not. Therefore, for the locations inside the crater, where data of
both loop sizes was available, the identical starting model was chosen for the Marquardt-
Levenberg inversion. For all stations in between those reference points the thickness of the
conductive layer was adjusted to achieve a smooth transition in between. Furthermore, as
the resistivity of the lowest layer cannot be resolved by the TEM method, the last layer
was set to 1000 Ωm to match the resistive subsurface outside the crater on Profile 1 and
2.
The error threshold of all inversions was set to 3.5 %. Early times were downweighted for
the large loop size and all transients outside of the crater in accordance to the deviation
between single- and central-loops and the difficulties with the ramp recording.

7.1.1. Inversion of Different Loop Sizes

At five locations along Profile 1 measurements with both loop sizes were carried out, with
separate inversions of both transients and additional combined inversions. Exemplary,
two locations are shown in Figure 7.1. The Figure shows the Marquardt-Levenberg, its
equivalents and the Occam R1 inversion models of each single and the combined inversion.
On the right hand side, the data fit of the Marquardt-Levenberg inversion is presented
for each loop size. The weighted RMS is presented in the legends. Figure 7.1a presents
the data from the center of the Roter Kamm impact crater, which is representative of
profile numbers P1-03 and P1-07. The first decade of data of the large loop were removed
and the second decade were down-weighted with 5 %. Furthermore, the calibration factor
was not fixed for the large loop’s data, as it appeared to be stronger affected by external
factors such as the setup. All Marquardt-Levenberg inversion were performed using the
same starting model. A significant shift in induced voltages in the intermediate times
was visible (Figure 6.1). This shift can be observed in the inversion models, while the
overall structure is similar and all weighted RMSs show optimal data fitting. The overall
structure seems to be a 70-m-thick resistive layer (ρ = 310 Ωm) covered by a thin less
resistive surface layer. Underneath an almost 200-m-thick conductive layer can be found
(ρ = 2 Ωm - 20 Ωm), subdivided into two sections. Underneath a resistive layer is indi-
cated. The model of the large loop’s data has the layer boundaries in a larger depth and
the conductive layer appears to be more resistive. The DOI indicates that the model of
the small loop’s data does not resolve the lower boundary of the conductor. However, the
larger loop appears to have resolution of the lower boundary according to the DOI, but
the Occam R1 does not indicate any high resistivity contrast. Therefore, the resolution
of the boundary needs to be investigated further. The combined inversion shows a model
similar to the inversion result of the small loop, which is a result of the free calibration
factor of the large loop’s transient (CF = 0.4856). However, otherwise a higher uncer-
tainty to the upper layer boundaries would have been introduced and up until now there is
no indication for strong systematic errors to this data. The depth resolution is improved
compared to the models of the small loop and the DOI is comparable to the the DOI of
the models belonging to the large loop.
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(a)

(b)

P1-11

P1-23

Figure 7.1.: 1D Marquardt-Levenberg and Occam R1 inversion models of different loop sizes at two
locations. The left models are models resulting from the small transmitter, the middle from the large
and the right from a joint inversion of both loop sizes. The DOI is indicated as a black dashed line. The
right columns shows the data fits of the Marquardt-Levenberg inversion. (a) Inversion models of data in
the center of the Roter Kamm impact crater. The calibration factor of the joint inversion for the data of
the large loop is 0.4856. (b) Inversion models of data ontop of the crater rim. The calibration factor of
the joint inversion for the data of the large loop is 0.8464.
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The second example shows an ideal case, where no significant shift between both tran-
sients occurs (Figure 7.1b). This happened at locations P1-15 and P1-23. P1-23 is chosen
to illustrate a vastly different subsurface than presented before. This time the data mea-
sured with the large loop was not down weighted and only the processing errors were
included. The models of the small and large loops are an excellent example of the differ-
ent depth resolution capabilities of both loops sizes. Both models agree well in shallow
depths (< 120 m) and the small loop’s data exhibits a better resolution for the layer
boundaries. It shows a conductive layer with a resistivity of 10 Ωm in a depth of approx-
imately 30 m and a thickness of 20 m. In a depth of 135 m another, thicker conductive
layer (ρ = 40 Ωm) can be found. However, the lower boundary of the conductive struc-
ture can only be resolved by the larger loop (≈ 250 m), albeit with high equivalence. No
significant shift occurs between both models and the calibration factor of the transient
belonging to the large loop is 0.8464 and therefore by a factor of 1.7 larger than for the
other example.

Both examples show, that combined inversions need to be handled with care and strongly
depend on the inversion parameters and the data weighting. Therefore, it is still question-
able which inversion leads to the optimal results as the true subsurface is unknown. For
further interpretations no combined inversion models are presented, as it is still unclear
what is causing the shift in the transients between data of the two loop sizes.

7.1.2. Quasi-2D Section of 1D Models

A quasi-2D section of all 1D models along each profile can be helpful for getting an
overview of the subsurface structures. For this presentation all 1D models are presented
next to each other at the position of the profile meter. The reference point (x = y = 0 m)
for all following quasi-2D sections is the center of the crater, which is also the crossing
point of Profiles 1 and 2. The models itself are presented color coded and the true elevation
above mean sea level is used to represent the topography. The direction of the profiles is
given in the top right corner above the section. The DOI is indicated by a dashed black
line at locations of large loops and at both ends of the profile regardless of its size. For
the Occam inversions the models are shaded below the DOI at each locations. For the
DOI a 50 % estimation of Spies’ DOI definition (Equation 2.35) is applied. The lowest
panel presents the weighted RMS at each location of the section for all three inversion
models.
Figure 7.2 presents all three inversion models at each presented location. The inversion

models of the large loops were favoured above the smaller ones at locations were data
of both loops was available. Those locations are marked by a pink square at the profile
number. The north-eastern part of the profile (1800 m < x < 2800 m), which is located
outside of the Roter Kamm impact crater, shows a very consistent conductive layer of
approximately 20 Ωm with a thickness of 40 m to 60 m in a depth of 50 m to 60 m. The
layer or layers above have a higher resistivity of up to 100 Ωm. At most locations both
Occam inversion models reveal a very resistive lower layer. Along the outside slope of the
crater (1300 m < x < 1700 m) the conductive layer seems to have a higher conductivity,
and the layer is not as consistent any more. Furthermore, the surface layer has a higher
conductivity. On top of the crater rim (x = 1200 m), a thin, shallow conductive layer is
still visible, but another conductive layer appears (cf. Figure 7.1b). This conductive layer
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Figure 7.2.: 1D Maquardt-Levenberg and Occam inversion models along Profile 1. All 1D models are
presented with color coded resistivities. The DOI is 50 % of Spiess’ definition and only indicated for large
loops (locations indicated in pink) and the start and end of the profile in black. The Occam models are
shaded white below each models DOI. (a) Marquardt-Levenberg models, (b) Occam R1 models and (c)
Occam R2 models. (d) Weighted RMS χ along the profile. The optimal value of 1 is indicated in gray.
Topography data: NASA JPL (2022).

continues into the Roter Kamm impact crater, however, the lower boundary cannot be
resolved with the data measured with the small loops. While the shallow conductor seems
to disappear, the strength of the deeper conductor increases based on the models derived
from the data of the large loop. The upper boundary, however, seems stable (cf. Figure
7.1a). No smooth transition of the lower boundary of the conductor could be achieve by
using adapted starting models. The conductivity of the conductor ranges from 3 Ωm to
20 Ωm. Often times only a two layered conductor lead to a good data fit.
Figure 7.3a present the quasi-2D section along Profile 2 and indicates very similar overall
shape compared to Profile 1. Although, no large loop was used in the north-west of Profile
2, the lower boundary of the conductive layer is detected. Otherwise, the behaviour of
the 1D models along the section is very consistent and seems similar to Profile 1 in
dimensions and depth. Figure 7.3c and d shows the 1D Marquardt-Levenberg along
the regional profile shows an overall very conductive subsurface, especially in the south-
west. Two conductive layers are visible in the shallow subsurface (< 100 m depth).
One conductive layer in a depth of 30 m in the south-west and 100 m in the north-
east with increasing thickness. The conductivity of the layer seems to be highest in the
south-west (< 5 Ωm) and lowest in the north-east (40 Ωm). Both trends coincide with
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Figure 7.3.: 1D Maquardt-Levenberg and Occam inversion models along Profile 2 and the regional profile.
All 1D models are presented with color coded resistivities. The DOI is 50 % of Spiess’ definition and only
indicated for large loops (locations indicated in pink) and the start and end of the profile in black. The
Occam models are shaded white below each models DOI. (a) Marquardt-Levenberg models along Profile
2. (b) Weighted RMS χ along Profile 2. The optimal value of 1 is indicated in gray. (c) Marquardt-
Levenberg models along the regional profile. (d) Weighted RMS χ along the regional profile. The optimal
value of 1 is indicated in gray. Topography data: NASA JPL (2022).

the topographic elevation, which is lowest in the south-west. Along the majority of the
profile a thin shallow conductor is visible with a similar resistivity as the deep. The lowest
layer seems to be more resistive, but the resistivity is not resolved. The north-western
station exhibits a different subsurface behaviour, as it is located directly on solid rock of
the Aurus Mountains.

7.2. Fixed-Loop Data

A fixed-loop data-set was collected along Profile 1 at the Roter Kamm impact crater. At
each of the four transmitters 21 soundings were made with a maximum offset of 400 m.
The distance between the receiver position was 50 m to 100 m. The ramp effecting the data
has a length of 320 µs and is approximately linear. 1D inversions using EMUPLUS were
attempted for all vertical components along Profile 1 using a similar approach as with the
single-loop data. The same starting model as described before was used for the Occam R1
and R2 inversions. For the Marquardt-Levenberg inversion one starting model was used,
that was based on the Occam R1 inversion model in the center of the transmitter loop.
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(a) (b) (c) (d)

Figure 7.4.: (a), (b) and (c) Marquardt-Levenberg and Occam R1 inversion models of fixed-loop data
along Profile 1 (A06, B11 and D01). (a) Central-loop position of Transmitter A in the center of the
Roter Kamm impact crater (A06), (b) on top of the crater rim (B11, 400 m offset to Transmitter B) and
(c) data from the plain outside the crater (D01, 400 m offset to Transmitter D). The DOI is indicated
as a black dashed line. (d) Data fit of the Marquardt-Levenberg and Occam R1 inversion models. The
measured data is indicated in black, the calculated in colors.

Furthermore, instead of a logarithmic transformation of the data during the inversion,
an asinh-transformation was applied as it is suitable for data with sign reversal. This
transformation is necessary to accommodate for the logarithmic behaviour of the data.

7.2.1. 1D Inversion

1D Marquardt-Levenberg and Occam R1 and R2 inversions of the z-components were
conducted for a part of the fixed-loop data-set. Only the transients along Profile 1 were
used for this process. The same starting model for the Occam R1 and R2 inversion was
used, namely a homogeneous halfspace with a resistivity of 100 Ωm with 30 logarithmically
spaced layer boundaries. The thinnest layer has a thickness of 3 m, the maximum depth of
the layers in 1000 m. For the central-loop position the starting model for the Marquardt-
Levenberg inversion was derived from the final Occam R1 inversion model. For all offsets
this starting model was used.
Figure 7.4 presents 1D inversion models from the fixed-loop measurement. The inversions

of the z-components of Transmitter A and D were successful. Exemplary, the central-loop
sounding and a sounding of Transmitter D with the maximal offset of 400 m are presented
(Figure 7.4a and c). Both show a good agreement in both inversion. Both models are
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very similar to all models of their corresponding transmitter. Only a minimal difference
between the models is visible. However, the data of Transmitters B and C could not been
inverted successfully. Only a few inversions converged. Figure 7.4b shows that the Occam
R1 inversion did not converge and remained close to the starting model of 100 Ωm. The 1D
inversions of the single-loop data (Figure 7.2) showed the biggest variations. Therefore,
it can be assumed that the multi-dimensionality of the subsurface distorts the data at
fixed-loop B and C. Fixed-loop data is more sensitive to the subsurface geometry than
single-loop data due to the source-receiver offset. If the subsurface is close to a one-
dimensional conductivity distribution, a 1D inversion is possible.

7.3. Comparison of Depth Resolution
The collected data-sets have different depth resolution capabilities. Therefore, a 1D resolu-
tion study was carried out to proof that the expectations were met. Marquardt-Levenberg
models of each data-set (single- and fixed-loop TEM and AMT) were used to perform a
series of forward calculations in which only the thickness of the conductor and the resistiv-
ity of the halfspace below were varied systematically. As not all 1D Marquardt-Levenberg
inversion converged to an ideal data fit of χ = 1. All models were considered equiva-
lent that had a data fit below 150 % of the original data fit. The results are presented
as equivalent models to the original Marquardt-Levenberg models in different shades of
gray, with darker colors denoting χ-values closer to the original data fit (Figure 7.5a-c).
Additionally, they are displayed in heatmaps (Figure 7.5d). Those heatmaps show the
results as clusters of resistivity-depth combinations. This presentation helps evaluating
the distribution pattern and range of the resolution study.
As expected does the single-loop TEM data (large transmitter) show the lowest resolution
of the lower boundary of the conductive anomaly (Figure 7.5a and d). While the depth
resolution of the large fixed-loop transmitter is better, both cannot resolve the resistivity
of the resistive halfspace. However, the TEM method is not sensitive to resistors an this
behaviour was expected as well. The heatmap of the AMT sounding has a notably differ-
ent shape than the ones of the TEM measurements. While its depth resolution is not as
good as the one of the fixed-loop TEM data, it seems that the AMT method is capable
to determine the resistivity of the lower layer.
Considering the systematic problems with the single-loop data related with the used 1D
inversion algorithm and the ramp, the fixed-loop TEM and AMT data are considered
the more reliable data-sets. Therefore, a combined 1D inversion of the fixed-loop TEM
transient and the AMT transfer functions in the center of the Roter Kamm impact crater
is performed to combine the unique resolution capabilities in a all depth scales. The
Marquardt-Levenberg inversion of both the fixed-loop TEM and the AMT data has a
quite high χ-value of 2.77. Especially, in the short periods the data fit is low. However,
the data fit for periods between 10−2 s and 10−1 s have a better data fit and the resistivity
of the conductor is better fitted. The TEM data is fitted with a similar datafit as in an
individual inversion. The upper and lower boundaries are well resolved, while the shallow
part down to 100 m depth is not (Figure 7.6). The upper and lower boundaries, however,
are. The thickness of the conductor is 213 m, and therefore a bit thicker than estimated
otherwise. The conductivity is similar, as well as the depth of the conductor in about
110 m, which is closer to the estimations of the TEM inversions.
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Figure 7.5.: 1D resolution studies of the TEM and AMT data in the center or the Roter Kamm impact
crater. (a), (b) and (c) Marquardt-Levenberg models in red and the equivalent models in gray, (d)
heatmaps for each method. The y-axis denotes the resistivity of the resistive halfspace and the x-axis the
lower boundary of the conductor.

(a) (b)
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Figure 7.6: 1D combined inversion
of fixed-loop TEM and AMT data
in the center of the Roter Kamm
impact crater. (a) Marquardt-
Levenberg model with a χ-value of
2.77 in black and the equivalent
models in gray. (b) Data-fit of the
TEM data. The data is indicated
in black, the modelled response in
red. (c) Data-fit of the AMT data.
The data is indicated in black, the
modelled response in red.
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7.4. Summary
The 1D inversion models along the three profiles at the Roter Kamm impact crater and
its vicinity are very consistent except the inconsistency between the loop sizes. Along
Profile 1 and 2, a conductor can be seen inside the crater that has its maximum in the
center (200 m) and is thinning towards the rims. The upper boundary seems to be levelled
in a depth of 80 m to 100 m relative to the elevation in the center, and only its lower
boundary is changing. At the rim the conductor appears to have a lower conductivity,
but higher thickness. The small transmitter loops cannot resolve the lower boundaries of
the conductor, therefore it can only be estimated by the large loops. Outside of the crater
a thin conductive layer with an approximate thickness of 50 m is present in a depth of
40 m to 60 m. This is not consistent with the models along the regional profile, which
also shows thin conductive layers, but with higher resistivity and an additional layer in
shallower depths. A deep resistive layer seems to be present in the whole area.
For a better resolution of the subsurface structures a larger loop size is necessary a dif-
ferent TEM setup is necessary, which is compatible with available inversion algorithms.
An lateral constraint 1D inversion might lead to an improved overall impression of the
models, however, the horizontal and vertical resolution will still be lacking. Therefore, an
additional TEM data-set was collected using the fixed-loop setup with larger transmitter
size (200 × 200 m2) with small coil receivers. This should allow for a better depth res-
olution due to the loop size and a higher horizontal resolution due to the lateral offsets
between receiver and transmitter.

The fixed-loop data exhibits a consistent behaviour along the profile. However, its in-
duced voltages are not identical at a constant offset. This indicates, that the subsurface
is not one-dimensional. The 1D inversion confirms this, as only the z-components of the
induced voltages of Transmitters A and D can be inverted. Arrays of those transmitters
are located in areas where the single-loop data suggests only small variations in the sub-
surface. The other two transmitters, which are located on the slopes on either side of
the crater rim, could not be inverted successfully and the models either did not converge
to a low data misfit or the inversion was aborted after a few iterations. Therefore, it is
determined that a multi-dimensional inversion is necessary.

Furthermore, the depth resolution of single-loop and fixed-loop TEM and AMT has been
investigated. Fortunately, the fixed-loop TEM setup proved capable of resolving the lower
boundary of the prominent conductive anomaly inside the crater. The single-loop data
could not do so. The AMT can provide a better estimation of the resistivity distribution
underneath the conductive anomaly. Overall, does the TEM data agree with the AMT
results. However, to really understand the structure of the Roter Kamm impact crater, a
multi-dimensional inversion of the horizontally dense TEM data-set is required.



CHAPTER 8

3D Synthetic Forward and Inverse Modelling Studies

The previous chapter showed difficulties inverting the fixed-loop data using a 1D algo-
rithm. Zhang et al. (2021) observed that in the presence of a 3D conductivity structure
the distortion of the electric field is too strong to use a 1D approximation on the receiver
data outside of the transmitter loop. Furthermore, the comparison of the 1D single-loop
TEM inversion models and the 2D AMT inversion model shows significant differences in
the area around the rim of the Roter Kamm impact crater. To achieve a conclusive TEM
model, it is necessary to invert both TEM data-sets using a 3D algorithm. However, it
needs to be kept in mind, that the single-loop data lacks depth resolution and cannot
describe the Roter Kamm impact crater on its own.

To confirm the multi-dimensionality of the study area and its strong effects on the TEM
data synthetic studies were carried out. All forward modelling studies were calculated us-
ing the python toolbox custEM (Rochlitz et al., 2023, 2021, 2019). This is a 3D forward
and inversion algorithm for passive and active EM methods. custEM is a finite element
algorithm using a tetrahedral mesh. This provides ideal conditions for modelling a circular
impact crater, as it is capable of modelling arbitrarily shaped bodies. Furthermore, the
topography can be incorporated, which influences TEM data, especially at the elevated
crater rims. Even though forward modelling is possible, no inversion for time-domain data
is provided at the time of this thesis. Therefore, TEM3Dinv (Liu et al., 2024) was chosen,
which has been extensively tested and validated for central-loop data by Blanco-Arrué
(2024). Therefore, the main focus of this chapter is the fixed-loop TEM data. TEM3Dinv
is a 3D TEM inversion algorithm using the finite volume method and a quadrilateral Yee-
staggered grid (Yee, 1966). As no topography is included within TEM3DInv, the influence
of topography must be investigated to identify areas of distortion in the inversion model.

The TEM data of both setups was mainly located along two transects, although, the
inversion algorithm models in three spatial dimensions. Therefore, the studies focus on
the best way to invert the 2D profile data using a 3D algorithm. Fixed-loop TEM data
proved to be more sensitive to multi-dimensional conductivity distributions and topogra-
phy, especially for the transient data outside the transmitter loops making it even more
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important to pay special attention to this data-set.
To estimate the DOI of the 3D models, a cumulative sensitivity approach is used (Chris-
tiansen and Auken, 2012). This approach can give a better estimate than the previously
introduced method of Spies (1989), which does not take into account the transmitter-
receiver geometry.

8.1. 3D Time-Domain Forward and Inversion
Algorithms

Two TEM modelling algorithms were used in the framework of this thesis, custEM and
TEM3Dinv. Both have unique advantages and disadvantages based on their implementa-
tion. The most significant difference is their use of different spatial discretization methods.
Three prominent methods are used for the spatial discretization of the Maxwell equations:
the finite difference, finite volume and finite element methods. The finite difference is the
simplest of those three methods as it is relatively easy to implement, and, thus, has been
used extensively (e. g., Avdeev, 2005; Börner, 2010). The most commonly used grid is the
staggered grid introduced by Yee (1966). It is implemented in many frequency and time
domain approaches for the finite difference method (e. g., Commer and Newman, 2004;
Druskin and Knizhnerman, 1988). The finite volume and element methods are superior
in the representation of arbitrarily shaped bodies, as they can use an unstructured grid
(Börner, 2010; Jahandari et al., 2017). However, both methods have different advantages.
The finite volume method is physically more meaningful, as it preserves the divergence
free magnetic field and Gauss’ law (e. g., Hermeline et al., 2008). The finite element
method, on the other hand, is more accurate and convenient to implement for unstruc-
tured meshes, but also slightly more expensive to solve (Jahandari et al., 2017).
For time domain methods additional measures must be taken to also integrate the time.
One of three approaches can be used: Explicit and Implicit Time-Stepping (e. g., Com-
mer and Newman, 2004; Heagy et al., 2017; Liu et al., 2024; Lu and Farquharson, 2020),
Fourier transform based (e. g., Mulder et al., 2008) or Krylov subspace schemes (e. g.,
Börner et al., 2015; Druskin and Knizhnerman, 1988). A comparison between those ap-
proaches can be found in Rochlitz et al. (2021). In this thesis only implementations with
an explicit time stepping are used, even though custEM provides solutions of all three
approaches.

8.1.1. TEM3Dinv

TEM3Dinv is a 3D time-domain inversion algorithm developed by Liu et al. (2024). It uses
a finite volume discretisation with a Yee staggered-grid (Yee, 1966) and an implicit Time
Stepping approach to discretize time. To solve the inverse problem a regularized Gauss-
Newton approach is implemented (Section 3.3.1), which uses the direct solver MUMPS
(Amestoy et al., 2001) and a pre-conditioned conjugate gradient to calculate the model
updates in order to increase performance and efficiency (Section 3.5.2). The methodology
is described in detail in Liu et al. (2020) and Haber et al. (2007).
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Figure 8.1: Yee grid cell with electric fields averaged
onto the edges and magnetic fields onto the faces of
the cell. Taken from Han et al. (2018).

3D TEM Forward Modelling

The forward solution is based on the time-dependent Maxwell Equations including the
source current density Sr:

∇× E = −∂B

∂t
(8.1)

∇× µ−1B = σE + ϵ
∂E

∂t
+ Sr (8.2)

These equations are discretized in time using the backward Euler method, as it is stable
regardless of the step size (e. g., Haber et al., 2007; Um et al., 2010). The semi-discretized
equations are:

∇× Ei+1 = −Bi+1 −Bi

δt
(8.3)

∇× µ−1Bi+1 = σEi+1 + ϵ
Ei+1 + Ei

δt
+ Si+1

r (8.4)

Ei and Bi denote the electric and magnetic fields at each time step i. In order to discretize
the Maxwell equations in space, the finite volume method is applied using a Yee staggered
grid (Yee, 1966). The electric fields are placed on the edges of the grid cells and the
magnetic fields on the faces of each cuboidal grid cell (Figure 8.1). This yields to the fully
discretized formulations (Han et al., 2018):

CurlEi+1 = −α
(
Bi+1 −Bi

)
(8.5)

CurlTM
fµ
Bi+1 = M

eσ
Ei+1 + αM

eϵ

(
Ei+1 + Ei

)
+ Si+1

r (8.6)

Here Curl is the discreet curl operator and α = 1/δt defines the time step. Bi and Ei

are the magnetic and electric fields on the faces and edges of the grid cells. The matrices
M

fµ
, M

eϵ
and M

eσ
map the magnetic permeability, electric permittivity and conductivity

by averaging neighbouring cells. If Bi+1 is eliminated in Equations 8.5 and 8.6, Ei+1 can
be calculated by:(

CurlTM
fµ
Curl + αi+1M eσ

+ α2
i+1M eϵ

)
Ei+1 − α2

i+1M eϵ
Ei

= αi+1CurlTM
fµ
Bi − αi+1S

i+1
r

(8.7)

To solve this equation, the initial conditions must be understood. For the transient
electromagnetic method two different kind of signals can be used, the step-on and the
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step-off signal. If the initial fields are Zero and a transmitter is turned on to generate an
impulse, the signal is called step-on. If the initial field is a constant magnetic field, which
decays to Zero within a certain time span, the signal is called step-off. In this thesis, only
the step-off signal is used.
The initial field can be found by eliminating Ei+1 from Equations 8.5 and 8.6 and the step
length α is set to Zero. Furthermore, the magnetic field is divergence free (Oldenburg
et al., 2013). This yields to the initial field condition:

CurlM−1

eσ
CurlTM

µf
B0 +GradM

eσ
GradTB0 = CurlM

eσ
Sr (8.8)

The discreet source current density Sr describes the transmitter, which must be placed
along the edges of the grid cells.

The final system that needs can be expressed by following linear partial differential equa-
tion system:

A1(α1) ... 0
P 2(α2) A2(α2) ...

... ...

0 P n(αn) An(αn)



E1

E2

...

En

 =


C1(α1)B0 − α1S

1
r

C2(α2)B1 − α2S
2
r

...

Cn(αn)Bn−1 − αnS
n
r

 (8.9)

Following simplifications are used:

Ai(αi) = CurlTM
fµ
Curl + αiM eσ

+ α2
iM eϵ

P i(αi) = −α2
iM eϵ

Ci(αi) = αiCurlTM
fµ

(8.10)

At each time step a linear equation system must be solved:

Ai(αi)E
i+1 + P iEi = Ci(αi)B

i−1 − αiS
i
r (8.11)

For any given model grid and parameter the matrix Ai only depends on the time step
length αi. For accuracy and efficiency a time stepping method with increasing step lengths
is chosen. For early times, small time steps are necessary to resolve the broad frequency
spectrum of the TEM source field. However, the late times do not contain high frequencies
and small time steps are not required (Um et al., 2010). Therefore, the step length is
multiplied by a factor F after Nstep steps. A small factor is useful for resistive models,
while larger factors are acceptable for conductive models (Um et al., 2010). The right-
hand-side of the system contains the source terms (Equation 8.11), which include the
information about the ramp. Currently only a linear ramp is implemented.
The equation system is solved recursively using the direct solver MUMPS. The typical
quantity measured in TEM is the induced voltage or time derivative of the magnetic field,
which can be calculated using Equation 8.5:

Bi+1 = Bi − 1

αi

CurlEi+1 (8.12)
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3D Time-Domain Inversion

A regularized Gauss-Newton approach is used for the inversion (Section 3.3.1). The cost
function is defined as:

ϕ(m) = ϕd(m) + βϕm(m) (8.13)

β is the global regularization parameter. A starting value of β is reduced by a user
defined factor in each iteration (Liu et al., 2024). The model parameter is consisting of
the conductivities. Those are transformed into a logarithmic space (m = ln(σ)) to avoid
negative values.
The data functional ϕd(m) is defined as:

ϕd(m) =
1

2

[
F (m)− dobs

]T
C−1

d

[
F (m)− dobs

]
(8.14)

F (m) is the forward response, dobs the observed data and C−1

d
is a weighting matrix which

contains the observed data error:

C−1

d
= Diag

(
1

δ|dobs|+ η

)
(8.15)

The observed data error can be described by a relative error δ and an absolute error η.
The model functional ϕm(m), which is the Tikhonov regularization, is defined as:

ϕm(m) =
1

2

[
m−mref

]T
C−1

m

[
m−mref

]
C−1

m
= γxD

T

x
D

x
+ γyD

T

y
D

y
+ γzD

T

z
D

z

(8.16)

C−1

m
is the modelling covariance matrix, which consists of scaled first order differences in

all three modelling directions (D
x
, D

y
and D

z
) and the smoothness weighting parameter

(γx, γy and γz). The smoothness weighting parameter can be used to enforce smoothness
in either of the three modelling direction.
To calculate the model update, the Jacobian matrix is necessary. However, it is more
efficient to only implicitly calculate the Jacobian. To achieve this the PCG method is
used (Section 3.5.2). The following linear system has to be solved in each Gauss-Newton
iteration k:

H
k
δmk = −g

k
(8.17)

H is the Hesse matrix, δm the model update and g the gradient of the cost function
(Equation 8.13). The Hesse matrix can be approximated by:

H
k
= JT

k
C−1

d
J
k
+ βC−1

m
(8.18)

To determine the step length for the PCG method, the Armijo line search method, also
called weak Wolfe condiction, is used (Nocedal and Wright, 1999). The Armijo line
search method states that during each iteration the objective function must be sufficiently
decreased. The used inequality to measure a sufficient decrease is defined as:

ϕ(m+ αδmk) ≤ ϕ(mk) + cα∇g(mk)
T δmk (8.19)

c is a constant and must be between 0 and 1.
Matrix-vector multiplications of the Jacobi matrix can be calculated and used to itera-
tively find a model update. For more details of this procedure please read the Appendix
of Liu et al. (2024).
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Framework of 3D TEM Inversion Algorithm

Equation 8.8

Figure 8.2.: Flowchart of the 3D TEM inversion algorithm. Taken from Liu et al. (2024).

The 3D TEM inversion algorithm is implemented in the Julia programming language. Ju-
lia is a high-level programming language with a focus on high performance, which is easy
to read, maintain and extend (Peng et al., 2021). The user has to commit the data and
starting model to the algorithm and set multiple parameter, such as smoothness weight,
global regularization and time stepping parameter. The algorithm starts by calculating
the initial field conditions for each transmitter in serial. Only after this step the algo-
rithm is parallelised and calculates the forward responses of the model using MUMPS for
each transmitter group. The transmitter groups can contain one or multiple transmitters,
whose responses are calculated in serial. The system matrix Ai(αi) only needs to calcu-
lated once per transmitter group. From each forward response the model update can be
found by the PCG. These steps are repeated until the targeted χ value is met and the
final inversion model is determined. The 3D TEM algorithm is summarized in Figure 8.2.
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(a) (b)

Figure 8.3: First (a) and second (b) order
edge-based Nédéléc elements. The electric
fields are discretized on the diamond symbols
along the edges. Taken from (Seidel, 2019).

Coverage

A measure of resolution of a inversion model is the sensitivity, also called coverage, which
is defined as (Martin, 2009)

Cj =
1

Cmax

N∑
i=1

|W
d,ii

J
ij
| (8.20)

W
d,ii

= C−1

d,ii
is the error weighting matrix. The coverage can be calculated by summing

up each column of the Jacobian matrix and apply a weighting depending on the observed
data error. The resulting matrix is subsequently normalized by the cell volume and the
maximum sensitivity value Cmax. Large values indicate a well resolved model parameter,
while low values indicate not well resolved conductivities. No well defined threshold exists,
however other authors found that 10−2 is suitable for central-loop setups (Martin, 2009).
Smaller coverages might be more suitable for a fixed-loop setup (Liu et al., 2024; Martin,
2009).

8.1.2. custEM

The python toolbox custEM is a 3D forward and inversion algorithm of controlled source,
transient and natural source electromagnetic data (Rochlitz et al., 2023, 2021, 2019). It
is based on the finite element library FEniCS (Logg et al., 2012) and uses TetGen (Si,
2015) and pyGIMLI (Rücker et al., 2017) for the generation of tetrahedral meshes. The
inversion is only implemented for frequency domain methods. Here, I only briefly de-
scribe the implicit Euler approach for the calculation of the time domain EM forward
response, although also the Fourier based and Rational Arnoldi approaches are imple-
mented (Rochlitz et al., 2021).
Such as TEM3Dinv, custEM uses an electric field approach for solving the Maxwell equa-
tions and is neglecting the displacement currents. The electric field in the modelling
domain Ω is defined as (Rochlitz et al., 2019):

∇× µ−1∇× E + σ
∂E

∂t
= −

∂jt
e

∂t
r ∈ Ω, t ∈ [t0, tend] (8.21)

Here jt
e
= q(r)s(t) is the source current density function and can be split into the spatial

distribution pattern q(r) and a temporal wave form s(t).
The custEM toolbox uses the finite element discretization using first and second order
Nédéléc elements (Nedelec, 1980) on an unstructured tetrahedral mesh. The electric field
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are discretized onto the edges of each tetrahedron (Figure 8.3). Using the variational for-
mulation of the Maxwell equations and solving them with the Galerkin method, following
ordinary partial differential equation must be solved:

Cu+M
∂u

∂t
= 0 (8.22)

with the initial condition (t = 0):
Mu = s (8.23)

C is the discreet curl-curl matrix, M is the mass matrix of the conductivity, s(t) is the
source term vector and u is the discretized electric field vector. This ODE describes each
of the N cells in the Nédéléc basis.

This ODE can be fully discretized using the implicit Euler method (e. g., Um et al.,
2010). The second order implicit Euler scheme yields to a fully discretized electric field
(Rochlitz et al., 2021):

(3C + 2∆tM)ui+2 = 4Cui+1 − Cui − 2∆tsi+2 (8.24)

ui is the fully discretized electric field and ∆t is the time step. A second order implicit
Euler scheme can yield to improved results for non-linear source currents compared to a
first order one (Um et al., 2010). A different method for the time step length is applied
in custEM than in TEM3Dinv. In custEM the whole time vector is divided into nlog

logarithmic time segments, which are subdivided into nlin time steps. Therefore, only nlog

matrix factorizations have to be calculated and nlog · nlin solutions with the direct solver
MUMPS (Rochlitz et al., 2021).

8.2. Validation of 3D Time-Domain Forward
Algorithms

In this thesis two 3D time-domain algorithms are used to achieve optimal modelling re-
sults to study different effects on the data. custEM is significantly more suitable to model
realistic crater-like models as it can incorporate topography and the tetrahedral mesh
allows an accurate representation of round shapes. However, no inversion has been im-
plemented yet and TEM3Dinv is used to invert the data. To validate that the algorithms
responses are comparable, a homogeneous and a layered halfspace are used to compare
the modelled transient data of both algorithms to the 1D algorithms EMUPLUS. In a
next step a simple 3D model is used where a conductive block is embedded into a resis-
tive background. The block has similar dimensions than the Roter Kamm impact crater.
All resistivities are based on the observations from the 1D TEM and 2D AMT inversion
models.
Both, custEM and TEM3Dinv, have been successfully validate using EMUPLUS and
SLDMem3t (Druskin and Knizhnerman, 1988, 1994) in the past (Blanco-Arrué, 2024;
Seidel, 2019). Therefore, the focus of this validation study is on the fixed-loop setup with
the large transmitters.
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8.2.1. One-Dimensional Halfspaces

The focus of the geophysical study at the Roter Kamm impact crater is in the inside
of the crater. Therefore, the models chosen are representative of this area in terms of
resistivities and layering. For the modelling with custEM the automatic mesh generation
was used and standard values were taken, as finer grids did not improve the modelled
data. The same observation was made with the time stepping parameter. For TEM3Dinv
more tests were made using different grid and time stepping parameters. In this section
only the final results are presented. The proper grid design and the optimal choice of time
stepping parameter is essential for the performance of forward and more so inverse cal-
culations. However, due to the small modelling domain and reduced transmitter number
it is sufficient the choose parameters above the necessary thresholds. Furthermore, the
aims of the validation study are different to those of inversions and finer grid and time
stepping can increase the accuracy and better comparability.
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Figure 8.4.: One-dimensional validation models with the model meshes. The transmitter is indicated by
the red line on the surface and the receiver by the red triangles. (a) Grid used for the 1D validations.
The grid has been used for both the layered and the homogeneous models. The grid lines in the upper
50 m have a distance of 3 m, below that depth the distance increases with a factor of 1.2 until 400 m.
(b) and (c) Automatically generated grids of custEM for both 1D validation models.

The 1D models presented here are a 500 Ωm homogeneous halfspace and a layered model
which includes a conductive layer with a resistivity of 10 Ωm and a thickness of 200 m in
a depth of 90 m. Figure 8.4 presents the used models and model meshes. The grid used
for TEM3Dinv was identical for both models. It consists of grid lines with a 3 m spacing
in the upper 50 m. Between 50 m and 400 m the grid line distance increases with a factor
of 1.2. Below that depth 10 grid lines with an logarithmic distance are included up to the
maximum diffusion depth in a 500 Ωm homogeneous halfspace. The horizontal grid lines
have a distance of 50 m in x and y-direction in the immediate vicinity of the receiver and
transmitter locations. The same logarithmic approach like for the vertical direction was
used for the outer grid lines. Grid lines at the exact layer boundaries were inserted as a
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(a) (b)

(c) (d)

Figure 8.5.: Comparison of the modelled transients for EMUPLUS, TEM3Dinv and custEM for the 1D
validation models. The 1D responses calculated by EMUPLUS are indicated as a black line, the responses
of TEM3Dinv and custEM are indicated by orange and blue dots, respectively. The upper panels show
the transient responses and the lower the relative differences between EMUPLUS and either of the 3D
algorithms. (a) and (c) responses of the 500 Ωm homogeneous halfspace model for offsets of 0 m and
400 m. (b) and (d) responses of the layered halfspace model (500 Ωm, 90 m; 10 Ωm, 200 m and 500 Ωm
halfspace) for offsets of 0 m and 400 m.

last step. The custEM grids generated by TetGen show smaller cells around the trans-
mitter and receiver locations. The transmitter was separated into 300 segments at each
edge and each receiver was at the corner of 10 tetrahedra. The tetrahedra size increases
with distance from the surface and the survey setup (Figure 8.4b). Due to the included
layer the cell size is smaller in the layered model mesh (Figure 8.4c). For simulations with
custEM the second order Nédéléc elements were used.

In Figure 8.5 the transient responses of both 3D forward algorithms are compared to the
1D EMUPLUS. The agreement is measured using the relative difference in percentage.
Due to the symmetry of the problem, it is unnecessary to study data on both sides of
the transmitter. The modelled transient of TEM3Dinv show a good agreement with the
1D solution of EMUPLUS for both selected offsets (dx = 0 m and dx =400 m, Figure
8.5). The only significant deviations can be observed around the sign reversals and in
the location of the upper boundary of the conductive layer. This deviation from the 1D
response of EMUPLUS is even stronger for the transients modelled with custEM and
could not be minimized with a finer discretization of the conductive layer (Figure 8.5b
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Figure 8.6: Three-
dimensional validation
models and survey
setup. The transmitter
is indicated by the red
line or square and the
receiver by the red
triangles or circles. (a)
xz-slice of the model
(y = 0 m). (b) xy-slice
at 100 m depth.

and d). Additionally, the late-time solutions show higher differences. However, this seems
acceptable, with regards to the typically higher error for late-time data.

8.2.2. Simple Three-Dimensional Model

The 3D model consists of conductive block (ρ = 10 Ωm) embedded into a 500 Ωm back-
ground (Figure 8.6). The dimensions of the block are roughly based on the dimensions
of the Roter Kamm impact crater. The horizontal dimensions are 1200 × 1200 m2, the
thickness and depth are identical to the conductive layer discussed in the last section.
The modelled survey setup is identical with the field setup (Figure 8.6). The modelled
data of Transmitter A and D shows an almost 1D dimensional behaviour, therefore, it
is not presented here. However, this observation matches the conclusions drawn from
the 1D inversions of the single- and fixed-loops previously. The modelled data of both
Transmitter B and C, show multi-dimensional effects. In this study the transients mod-
elled using custEM and TEM3Dinv are compared directly (Figure 8.7). Nevertheless, the
1D response of EMUPLUS is shown for the model directly underneath the receiver to
observe the dimensionality. Overall, the 3D TEM algorithms show are good agreement
for both the excited horizontal and vertical components. Larger deviations occur at the
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(a) (b) (c) (d)

Figure 8.7.: Comparison of the modelled transients for EMUPLUS, TEM3Dinv and custEM for the
3D validation model. The 1D responses calculated by EMUPLUS are indicated as a gray line in the
background as a comparison only, the responses of TEM3Dinv and custEM are indicated by orange and
blue dots, respectively. The darker shades indicate the x-component and the lighter the z-component.
The upper panels show the transient responses of both components and the lower the relative differences
between the 3D algorithms. (a) Transient of the receiver in the centre of Transmitter B. (b) Transient of
the receiver with an offset of 400 m in y-direction to Transmitter B. (c) Transient of the receiver with an
offset of -300 m in x-direction to Transmitter C. (d) Transient of the receiver in the centre of Transmitter
C.

layer boundary and in the late-times, but all are reasonably small. For Transmitter B the
early times of the horizontal induced voltage component show large deviations, probably
due to the coarse grid.

This study proved that both 3D algorithms yield to comparable modelled data. However,
it also highlighted the importance of the model mesh. While TEM3Dinv showed superior
results in the validation of the 1D models, it was very time consuming to design a suitable
grid. The presented grid (Figure 8.4a) is very fine in shallow depths and includes a large
number of grid cells. This is not desirable for inversion studies. Therefore, an optimized
grid has to be found to perform efficient inversions in the field data.

8.3. Topographic Effects

The Roter Kamm impact crater has an elevated rim compared to the surface level in and
outside of the crater. It is not possible to incorporate topography into the inversion using
TEM3Dinv. However, custEM is capable to do so and is better suited to model round
shapes. Therefore, I investigated possible topographic effects using custEM by modelling a
homogeneous halfspace with different topographies and compare it to a flat surface model.
To understand the influences of resistivity and slope angles, a synthetic topography was
performed first. For this study a simplified rim-like topography was chosen, consisting of
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Figure 8.8.: Symmetric isosceles triangle rim-like topography model. The transmitter is indicated as
a red line and some exemplary receivers as downward pointing triangles along the upward slope of the
rim-like topography. The maximum receiver offset is 400 m to either side in x-direction. The slope angle
α was changed during the study (3◦, 7◦, 11◦, and 15◦) as well as the resistivity ρ (10 Ωm, 100 Ωm and
1000 Ωm). The slope has a fixed length of 1000 m.

an isosceles triangle. This study yields to a valuable understanding of the real topography
and its possible effects on the field data.

8.3.1. A Symmetric Triangular Rim Model

For this study the crater rim is simulated using an isosceles triangle with a leg length of
1000 m, to represent the real slope length of the rim of the Roter Kamm impact crater.
Therefore, the height is depending on the chosen slope angle (Figure 8.8). A fixed-loop
setup resembling the field setup is used and its dimensions are indicated in Figure 8.8.
Three different resistivities (10 Ωm, 100 Ωm, 1000 Ωm) and four different slope angles
(3◦, 7◦, 11◦, 15◦) were modelled. Figure 8.9a shows the influence of the resistivity on the
modelled data and the relative difference to a flat surface for a fixed-slope angle of 11◦.
The vertical component of the central-loop receiver seems to be totally unaffected of the
topography and shows only minimal deviations. The effect seems to be stronger on the
receivers having an offset. While the geometry is not symmetric in this case, only an offset
of 400 m is shown here, as the differences were minimal and do not change the conclu-
sions. The deviations between a flat and elevated surface seem to be confined to the early
times. All three transients show a slight upward trend for the early times, which does not
correspond to a homogeneous halfspace. The relative differences show, that this effect
is the strongest for conductive halfspaces rather than resistive ones. This is the exact
opposite observation than the one that can be made for the horizontal component with
increasing off-sets (Figure 8.9a). Here, the largest deviation can be seen at the late-time
stages for the most resistive model. Furthermore, a notable difference in the geometry
of the induced voltage distribution occurs inside the transmitter loop for the horizontal
component. In 1D no horizontal component exists for the TEM method. However, if
the measurement is carried out on a tilted surface a horizontal component occurs. No
relative difference is shown for this case, as it is significantly larger than any other relative
difference observed.

The slope angle study shows the expected results. The deviations are larger with in-
creasing slope angle. All results are shown for a 100 Ωm homogeneous halfspace. The
observations are similar as for the resistivity. The topography does not seem to affect the
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Figure 8.9.: Topographic effect of a isosceles triangular rim-like structure. Comparison of the model
responses including topography with responses of a flat model. The large panels show the modelled
transients, the smaller the relative differences to the flat model. The upper two panels show the vertical
and the lower the horizontal component in x-direction in both subfigures. (a) Effects on responses on
different resistivities of the homogeneous halfspace (10 Ωm, 100 Ωm, 1000 Ωm). (b) Effects on responses
of different slope angles (3◦, 7◦, 11◦, 15◦).
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vertical component of the induced voltage in the centre of the transmitter loop, but only
at an location with an offset. However, also outside are the effects below 40 % for the
vertical component. The most notable deviations occur at sign reversals and early and
late times, which seem to increase with the slope angle. The horizontal component is most
affected at late times and the observed effect is stronger than for the vertical component.
In the centre of the transmitter loop horizontal components appear and increase with the
slope angle.

This section shows, that the topography can play a significant role for the inversion on
a homogeneous halfspace. The same observation has been made by Börner et al. (2015)
and Hördt and Müller (2000). The effect is stronger on the horizontal component of the
induced voltage than the vertical component. Especially, inside the transmitter loop, the
vertical component does not show any significant distortion caused by the topography. It
can be observed that the resistivity causes opposing effects on the vertical and horizon-
tal component of the induced voltages. Lower resistivities affect the z-component more
strongly than higher. However, high resistivities yield to stronger topographic effects in
the horizontal component.
The topographic effects can be explained by the tilted source field. The transmitter fol-
lows the slope of topography, while the receiver are always levelled. Hördt and Müller
(2000) identified the same effect for a horizontal transmitter and tilted receiver. There-
fore, is the coordinate system of primary field rotated compared to the orientation of the
receivers. If the whole survey setup is located along a slope, a simple rotation of the field
data could minimize the topographic effects. However, the topography of the rim consists
of two finite slopes, which are barely longer than each transmitter-receiver array.

8.3.2. Modelling the Real Topography

The real rim structure is not symmetric and does not have a linear slope. Therefore, it is
important to investigate the effects of the real topography on the data. The resistivity of
the subsurface is set to 500 Ωm for this modelling study. The full TEM fixed-loop setup
was modelled. However, only the data along Profile 1 is discussed here, as the effects
on the perpendicular sections are of similar strength or smaller. Here, only the relative
differences between the model including topography and with a flat surface in percentage
are presented to achieve a spacial overview to locate areas with possible strong topographic
effects (Figure 8.10). Relative differences higher than 10 % are masked in black to easily
identify zones with strong distortions. Transmitters A and D and the corresponding
receivers are on almost plane ground (Figure 8.10a). However, the vertical induced voltage
component inside the Roter Kamm impact crater is more strongly influenced than the data
outside and similar distorted than below the crater rim at later times. Overall, the vertical
components are most strongly affected at early times for receiver data outside of the
transmitter loop at elevated locations. The horizontal induced voltage component shows
significantly stronger topographic effects than the vertical component (Figure 8.10). The
x-component shows, that topographic effects are indeed strongest on the rim. Generally,
it can be said, that the topography influences the horizontal magnetic fields most notable
inside and close to the transmitter and less further away, as the horizontal components
inside the transmitter are small. Furthermore, the late times of the data are more affected
than the early times.
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Figure 8.10.: Topographic effect of the real topography modelled using a 500 Ωm homogeneous halfspace.
(a) The real topography of along Profile 1. The transmitters are indicated in thick lines and the receivers
as downward pointing triangles. (b) Relative differences between the modelled response with and without
topography of the vertical component. (c) Relative differences between the modelled response with and
without topography of the horizontal component in x-direction. All relative differences larger equal 10 %
are masked in black. Topography data: NASA JPL (2022).

I conclude, that the topography could be relevant for inversions including the horizontal
component, but less for the vertical components alone. Central-loop data appears to
be fairly unaffected by topography. This study did not include the additional effects of
conductive bodies in the subsurface, but merely the topography on its own. To get a even
more realistic impression more studies are necessary to truly understand the complexity
of all effects.

8.4. Realistic Impact Crater Model
After understanding the general impacts of topography on central- and fixed-loop TEM
data, several aspects regarding inverting profile data using a 3D inversion algorithm must
be studied. Furthermore, must be understood in what way the data is affected by multi-
dimensional effects. A balanced approach must be chosen to find an appropriate way
to invert the measured data-set. Inversion studies were conducted using synthetic data
modelled using custEM. To study the general procedure to invert profile data on a 3D
subsurface model, the topography is excluded. The model contains of two conductive
anomalies (ρ = 10 Ωm) in a 500 Ωm background (Figure 8.11). The anomaly representing
the conductive body inside the Roter Kamm impact crater is a tapered cylinder with a
maximum diameter of 2,400 m and a minimum diameter of 400 m. It has a thickness of
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Figure 8.11.: 3D model of a simple impact crater with a flat surface. The background has a resistivity
of 500 Ωm and the anomalies 10 Ωm. (a) xz-slice of the model (y = 0 m). The fixed-loop survey
setup is shown at the surface. The thick lines indicate the transmitters, the downward pointing triangles
the receivers. (b) Top view of the dimensions of the anomalies. The circular anomaly represents the
crater interior. The conductive layer outside is represented as a plate to minimize calculation effort. The
transmitters are indicated by squares and the receivers by small circles.

200 m. The anomaly is located 90 m below the surface. The second anomaly is a 50-m-
thick sheet-like body. It is 2000 m wide in y-direction and 2,950 m in x-direction. The
anomaly represents the observed layer in the 1D TEM inversion models and is located in
a depth of 50 m. The transmitter-receiver setup is identical with the one used during the
field survey.
This model is used to select the optimal grid, time stepping and inversion parameters for
the field data. Additionally, it will give a first impression on the strength of the multi-
dimensionality of the survey area and how this can affect the inversion of a 2D profile of
a 3D model.

8.4.1. Multi-Dimensional Effects on Central- and Fixed-Loop
Data

A multi-dimensional inversion is only necessary if the conductivity structure in the sub-
surface changes significantly along the profile or close vicinity. A comparison between the
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Figure 8.12.: Multi-dimensional effects on the TEM data. Relative differences in percentage between the
z- and x-component of the induced voltages of the 3D crater model and the 1D responses of the models
directly underneath each receiver location. Relative differences in the TEM data of (a) and (b) vertical
and horizontal component using the fixed-loop setup (c) the vertical component of using the central-loop
setup.

modelled responses of the simple crater model in Figure 8.11 and 1D responses modelled
with EMUPLUS using the model directly underneath the receiver location was made. If
the differences are small, a one-dimensional inversion can be suitable. However, in the
case presented here, large relative differences can be observed (Figure 8.12). The relative
differences of both setups show similar large scale patterns. Significant multi-dimensional
effects can be observed around the edges of the anomalies (500 m ≤ x ≤ 2000 m). The
fixed-loop TEM data-set clearly shows the shape of the anomalous body, the central-loop
deviations transition more smoothly. For the fixed-loop setup Transmitter B and C are
strongly affected by multi-dimensionality, as the conductivity structure changes drasti-
cally beneath the receiver arrays (Figure 8.12a). In the centre of the Roter Kamm impact
crater (-400 m ≤ x ≤ 400 m) the subsurface is almost one-dimensional as is the subsurface
on the plain (x > 2000 m). In general, the vertical induced voltages are weaker in the 3D
model at late times than for a true 1D subsurface with the identical vertical resistivity
distribution. The responses are stronger inside the anomalous body and in the area of
the rim for the horizontal component (Figure 8.12).
Another indicator for multi-dimensionality is the TEM-Tipper (Figure 8.13). An abso-
lute Tipper value larger than 0.1 indicates multi-dimensionality and can be observed for
Transmitters B and C at late times. The vectors point in opposite directions and indi-
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Figure 8.13: TEM-Tipper in x-direction at the lo-
cations of the fixed-loop transmitters in the Wiese
convention.

cate different conductors, as they point towards each other. Therefore, they both detect
the anomaly closets to them, so the sounding at Transmitter B is sensitive to the large
anomaly within the Roter Kamm impact crater and the sounding at Transmitter C to the
conductive layer outside of the impact crater. The data of Transmitters A and D appears
to be 1D.
The observations from this study confirms the assumptions made in Section 3.6, that the
data on the rim and nearby is affected by multi-dimensional effects. This proves that a
multi-dimensional inversion of this data is essential.

8.4.2. Error Model for Synthetic Inversion Studies

For an inversion study a realistic error model has to be chosen. Auken et al. (2008)
presented an error model for sedimentary basins based on the standard deviation of the
data and the noise level for log-gated transient data (Munkholm and Auken, 1996). The
noisy data and the noise level are defined as:

Vresp = V +G(0, 1) ·
[
STD +

Vnoise

V

]1/2
· V

Vnoise = b ·
(

t

tref

)1/2
(8.25)

V is the simulated induced voltage, Vresp the noisy simulated induced voltage, Vnoise the
noise level, G(0, 1) are Gaussian distributed values between 0 and 1, STD is the standard
deviation of induced voltage and b is the noise at reference time tref . Auken et al. (2008)
suggested a value of 2 % for the standard deviation, however, I chose a higher value of
3 % to better accommodate modelling errors. The reference time and noise level was
chosen based on the measured noise in the fixed-loop field data; tref = 1.6 × 10−2 s and
b = 1.7× 10−11 V/(Am2), which is based on the field data (Section 6.3)

The sign reversals in the fixed-loop data are down-weighted by an error model presented
by Seidel and Tezkan (2017). The authors suggested to put high relative errors at the
data points closest to the sign reversal and to reduce this relative error by half at each
data point next to it and continue with this procedure until the relative error is zero.

eSR =
1

2j−1
× STD (8.26)
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Figure 8.14.: Comparison of different Time Stepping parameter: First time point t0, minimal time
increment ∆t, number of linear steps N and enlargement factor F. (a) Variation of t0 = ∆t (N = 50, F
= 2). (b) Variation of N (t0 = ∆t = 10−6 s, F = 2). (c) Variation of F (t0 = ∆t = 10−6 s, N = 30).

eSR is the error model with the reference point at the sign reversal (j = 0). The sign
reversals in this work originate from transmitter receiver geometry and not from Induced
Polarization. Hence, the sign reversal can be modelled quite well. I chose a relatively
low value of 50 %. An increase of the relative error floor around the sign reversal is still
necessary due to influences from the grid accuracy and topography.

8.4.3. Grid Design and Time Stepping

The final inversion grid needs to have the minimum amount of grid cells necessary to
ensure numerical efficiency. A large number of grids have been tested. A grid can be
regarded as most suitable if the trade-off between calculation resources and modelling
accuracy is adequate. Close to receivers and transmitter the horizontal grid lines were
50 m apart in both horizontal directions. In the end a grid with minimum grid line
distance of 5 m in z-direction for the upper 50 m was chosen. To be able to model a
reasonable depth of structures the boundary between linear and logarithmic increasing of
grid line distance, was set to 600 m. The number of grid lines in z direction is 37, in y-
direction 25 and in x-direction 103. The chosen grid is suitable for the central-/single- and
fixed-loop setup. For the inversion of the full fixed-loop setup including the perpendicular
transects, it can be extended to 39 grid lines in y direction.
The upper layer boundary cannot be modelled well with a coarser grid (Figure 8.14).
However, the number of grid line influences the calculation time and needed memory the
most. Therefore, this compromise was made to ensure a fast and cheap computation of
inversions.
Modelling studies with different Time Stepping parameter are able to support the choice
of parameters. Various combinations of the Time Stepping parameters have been tested
(Figure 8.14). For early times, the starting time point t0 and the starting time increment
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Figure 8.15: Transients modelled using EMU-
PLUS and TEM3Dinv using the final inversion
grid and time stepping parameter. The upper
panel shows the modelled transients for three
different loop sizes (yellow: 200 × 200 m2, or-
ange: 100 × 100 m2, blue: 50 × 50 m2). The
lower relative difference in percentage is dis-
played in the lower panel.

∆t can lead to significant differences. The earliest time gate of the field data, that was
measured with a reference time at the beginning of the ramp, is 3.2 × 10−4. However,
for this study earlier times were include as well, as they are present in the single-loop
data. An adequate choice seems to be to select them a decade smaller than the first
measured time point (e.g., Blanco-Arrué, 2024; Liu et al., 2024). For the number of
linear steps 30 steps seem to be sufficient, while the factor should be chosen quite small
(F = 2). The grid and Time Stepping parameters have been tested for both single-loop
transmitter inversion and single grid inversion of both TEM data-sets together. The rel-
ative difference between the 1D and 3D modelled transients for different time stepping
parameters is comparable to the ones for the large fixed-loop transmitter (Figure 8.15).
The fit is even better for the smaller transmitter at earlier times. The early time still show
a relative difference of 10 % at the approximate time of the uppermost layer boundary.
However, the single-loop data has high modelling errors from inaccuracies resulting from
the neglected extended transmitter size in this time range and are down-weighted any way.

8.4.4. Smoothing Parameters

During the field survey, it was only possible to measure TEM central-loop and fixed-loop
data along two profiles. Therefore, smoothness weighting parameters must be chosen in
a way to represent only a 2D section of the Roter Kamm impact crater. This can be best
controlled by the smoothness parameters. In previous studies it has been found that this
can be achieved by a high smoothness weighting parameter in the off-profile direction,
to constrain the underdetermined 3D problem (Blanco-Arrué, 2024; Liu et al., 2024).
Both of this studies used models that have a perpendicular conductivity boundary at the
location of the profile. However, an impact crater is circular and the anomalies detected
have a curvature, which might influence the inversion. The intention is to invert the whole
fixed-loop data set. Hence, the smoothness weighting shall be the same in both horizontal
directions. For this study, the forward simulated data of the model presented in Figure
8.11 were taken and the error model described in Section 8.4.2 was used. Subsequently,
inversions with different smoothness weighting parameters were carried out.
The regularization strongly influences the inversion result. For a smoothing that is lower

than what is appropriate for the chosen setup and grid (γxy = 1), each transmitter location
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Figure 8.16.: Comparison of different horizontal smoothing parameter for the 3D TEM inversion of the
simulated data for an impact crater. The data misfit is presented in the lower right corner of each model.
(a) Horizontal smoothness weighting parameter of 1. The inversion converged at iteration 11. (b)
Horizontal smoothness weighting parameter of 10. The inversion converged at iteration 9. (c) Horizontal
smoothness weighting parameter of 5. The inversion converged at iteration 9.

can be clearly identified by an indentation of the upper boundary of the conductive
anomaly (Figure 8.16a). Further, the anomaly appears to be thicker and the thin layer is
not represented with a constant thickness. Is the smoothing too high (γxy = 10), the lower
boundary of the cylindrical, tapered anomaly is underestimated. Otherwise the model is
greatly improved. Therefore, a trade-off is necessary, which represents the dimensions
of the anomalies in the modelled slice well and is suitable for grid and setup. The final
smoothness weighting is presented in Figure 8.16c (γxy = 5). This trade-off slightly shows
the distortions due to the setup, but represents the boundaries of the anomalies decently.
The smoothness parameterw are highly dependent on each cell dimensions. A smaller
cell requires a smaller smoothness weighting parameter, as the model covariance matrices
contains scaled differences. Therefore, it was necessary to use slightly different values for
the inversion grid inverting the full fixed-loop setup (γxy = 2.5).

8.4.5. Depth of Investigation

The cumulative sensitivities can be used as another measure of depth of investigation.
Christiansen and Auken (2012) proposed them as a global estimation for the depth of
investigation as they are considering the number of data points and their data error.
Furthermore, they are not based on the assumption of a homogeneous halfspace, such as
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Figure 8.17.: Cumulative sensitivity of a central-loop and a fixed-loop setup for a (a) and (b) 100 Ωm half-
space and (c) and (d) a layered halfspace as present in the centre of a large conductive anomaly. Note the
different axis ranges of the colour bars. The DOI estimates corresponding to 50 % of the DOI from Spies
(1989) for each transmitter size are indicated by the dashed horizontal cyan lines, while those from Chris-
tiansen and Auken (2012) are the solid lines. The transmitters are located at x = ±(0,100,200,300,400)
for the central-loop setup. The transmitter at x = 0 m has an edge length of 100 m, while the other 6
transmitters have an edge length of 50 m. The fixed-loop setup with a transmitter (200 × 200 m2) at
x = =0 m and receivers at x = ±(0,50,150,200,300,400).

the diffusion depth or the estimate suggested by Spies (1989). The estimation is based on
the Jacobian matrix of the model and can easily be derived from the coverage (Equation
8.20), by calculating the cumulative sums in each cell from the lowest cell to the surface.
A threshold is set, above which the model is trustworthy, which relies on the experience of
the user. Figure 8.17 shows the cumulative coverage S of the vertical components of the
induced voltages for a 100 Ωm homogeneous halfspace and the layered halfspace present
at x = 0 m of the realistic impact crater model (Figure 8.11). The DOI is estimated using
a 50 % of the definition given by Spies (1989). The two plots compare the segments of the
central-loop and fixed-loop setups. The central-loop setup has a 100×100 m2 transmitter
in the centre, flanked by three smaller 50 × 50 m2 transmitters at 100 m intervals on
either side. The fixed-loop setup consists of a 200× 200 m2 transmitter in the centre and
receivers with offsets between 50 m and 400 m. A threshold value of 1.5× 10−3 is chosen
for the field data. The columns of the model without surface receivers show a significantly
lower cumulative sensitivity. The same isoline is shown for the layered halfspace (Figure
8.17c and d). It can be seen that the TEM method is sensitive to conductive structures
but not to the underlying halfspace. The cumulative coverage of the fixed-loop TEM
setup is slightly higher below the conductor than that of the central-loop setup. However,
the sensitivity based DOI is exactly at the lower boundary of the conductor in both cases.
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8.4.6. Multi-Component Inversion

With all parameters and the grid determined, only a suitable starting model has to be
chosen. However, the choice depends on the user. The 1D Occam inversions resulted in
comparable models relatively independent of the starting model. However, the 3D inver-
sions showed very scattered results for homogeneous halfspaces of 10 Ωm and 500 Ωm,
which resemble the resistivities of the anomalies and the background. Therefore, an av-
erage of the late-time apparent resistivities for all central-loop transients was calculated.
This averages were 91 Ωm and 80 Ωm for the central-loop and 205 Ωm for the fixed-loop
simulations. All subsequent inversions use a homogeneous starting model with a resistiv-
ity of 91 Ωm, as it converged faster than a more resistive starting model.
Individual and joint inversion for all setups and components were performed using the
synthetic crater model depicted in Figure 8.11. For the inversion the error model pre-
sented in Section 8.4.2 was used. As shown in Section 8.3, horizontal components inside
the transmitter loop are very sensitive to the topography (cf. Figure 8.10), as well as
incorrect receiver placement (Seidel, 2019; Yogeshwar and Tezkan, 2017). Therefore, hor-
izontal components are only included outside each transmitter.

The inversion models of all setups and components yield to comparable results (Figure
8.18a). The conductive anomalies are clearly detected, however, the strengths and weak-
nesses of each setup are visible. The inversion model of the central-loop setup has the best
resolution for the upper boundaries of the conductive anomalies and the resistive material
above. Its weaknesses lay within the larger depths which are not well resolved and driven
by the regularization. The 1D DOI approximation also indicates that the lower boundary
is not resolved. The fixed-loop setup shows a better recovery for larger depths, even if
the DOI is exactly at the boundary of the conductive layer. Nevertheless, it has been
shown that this is an expected behaviour for the DOI underneath a thick conductor (Sec-
tion 8.4.5). The inversion using both strong horizontal and vertical component indicates
improved resolution compared to the inversion of just the vertical component. It shows
a more homogeneous top resistive layer, higher resolution in the depth, visible especially
below the thin resistive layer, and a slightly increased DOI. The data misfit of the central-
loop setup is relative constant along the profile (Figure 8.18a, lowest panel). However, the
data misfit of the fixed-loop setups shows an increased misfit in the centre of the profile.
This is the area where large multi-dimensional effects are expected (cf. Figure 8.12). The
fixed-loop setups is more sensitive to the multi-dimensionality due to the offset between
the transmitter and receiver and the larger transmitter size. Therefore, I contribute the
increased misfit to the off-profile changes in the conductivity distributions.
The normalized coverages are confirming the observations from studying the inversion
models (Figure 8.18b). Here, the coverage is normalized to the maximum value of all
coverage matrices. Again the pattern related to the receiver positions is visible. A nor-
malized sensitivity value of 10−4 seems to match the DOI estimation best. The coverage
of the central-loop setup shows the lowest values at the location of the large conductive
anomaly, where the pattern is also the most heterogeneous. The fixed-loop setups show
higher values in larger depths and indicate higher coverages for the anomaly representing
the interior of the impact crater.
In terms of computations resources, the fixed-loop TEM method is significantly more

efficient (Table 8.1). The inversion of two components is using a parallelised transmitter
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Figure 8.18.: 3D TEM inversion models and corresponding coverages for different TEM setups of a
synthetic impact crater model. Modelled conductive anomalies are outlined by a solid line. The upper
panel of (a) and (b) shows the results of the central-loop setup and the results of the Fixed-loop setup
are shown in the two panels blow. (a) show the resistivities with the 1D DOI estimation (Christensen,
2014) and the data fit. (b) Normalized Sensitivities (normed to the highest coverage value of all three
matrices) with contours representing the values 10−2, 10−3, 10−4 and 10−5.
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Table 8.1.: Computational Resources used for the 3D TEM inversion of central-loop and fixed-loop TEM
data, without down-weighting of early times for the central-loop data.

Central-Loop Fixed-Loop z Fixed-Loop x+z
Data Points 807 1056 2015
Processes 39 4 8

Cal. Time/h 25.75 6.75 12.15
Max. Memory/GB 878 125 250
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Figure 8.19.: xz-slice of a 3D model of a simple impact crater with with topography from the Roter
Kamm Impact Crater. The background has a resistivity of 500 Ωm and the anomalies 10 Ωm. The
fixed-loop survey setup is shown at the surface. The thick lines indicate the transmitters, the downward
pointing triangles the receivers. Topography data: NASA JPL (2022).

group for each transmitter and component. Thus, it needs twice the amount of processes,
which corresponds well with the amount of cores needed. The run time and the memory
was also almost twice of what an inversion of just the vertical component needed. If the
resources needed just to invert the vertical component is compared to the resources needed
to invert the central-loop data (no down-weighting of early times), it becomes clear how
much more efficient the fixed-loop setup is. The central-loop inversion needed almost 10
times the amount of cores, 3.8 times the calculation time and 7 time the memory, although
the amount of data points was 23.6 % less.
This study shows that smaller central-loop transmitters are better in resolving the shal-
low subsurface. However, a fixed-loop setup using a larger transmitter and at least one
additional horizontal component is almost equally good in shallow depths and resolves
deeper structures much better. The needed resources for a 3D TEM inversion, also favour
the use of a fixed-loop setup.

8.4.7. Topography

As a last test before inverting the TEM data, the influence of the topography on the
inversion result must be considered. Therefore, a model including the same anomalies as
before is used and the topography of the survey area is added (Figure 8.19). Only the
fixed-loop data is modelled including the topography, as it is more sensitive to topogra-
phy for the receivers with an offset to the transmitter position (Section 8.3). The setup is
the same as used in the field survey. The inversion presented used not only the induced
horizontal and vertical component, but also the full receiver arrays in both perpendicular
directions with a slightly lower smoothness weighting parameter. The inversion model
shows a good agreement with the synthetic model for the outer parts of the profile (Fig-
ure 8.20a). However, in the centre of the profile, where the crater rim is located, both
anomalies show a deviation from the initial model and appear to bend downwards. The
inversion also shows a higher data misfit in this area (Figure 8.20c), even higher than
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Figure 8.20.: 3D TEM inversion model of a synthetic fixed-loop TEM data of an impact crater model
with topography. Modelled conductive anomalies are outlined by a solid line. (a) 2D xz-slice of the
inversion model at iteration 13 (χ = 1.51). (b) The same 2D xz-slice of the inversion model plotted with
shifted grid cells in z-direction to simulate the topography. (c) Data misfit χ along the profile for both
x- and z-components. Topography data: NASA JPL (2022).

observed previously (cf. Figure 8.17a). This lead to the decision to allow a higher target
misfit of 1.5 for the field data, to accommodate for neglecting the topography.
The deviation of the anomalies seems to show an inverse behaviour to the topography.
In an attempt to improve the presentation of the inversion models and simplify the inter-
pretation the model was plotted shifting the vertical direction of the model grid onto the
elevation level used for the modelling (Figure 8.20b). This modified presentation of the
inversion model seems to represent the modelled anomalies more accurately. However,
this modified presentation has to be used cautiously to avoid wrong interpretation, as it
does not replace an inversion where the topography is incorporated.

8.5. Summary

Two three-dimensional TEM algorithms have been used in this thesis. The Python tool-
box custEM for its flexibility in modelling arbitrary shaped bodies and incorporating
topography. And the inversion algorithm TEM3Dinv, which has been successfully used
for the inversion of central-loop data by Blanco-Arrué (2024).
The TEM data from the Roter Kamm impact crater show clear signs of multi-dimensionality,
as demonstrated by synthetic studies of a realistic impact crater model using custEM.
This confirms the need for a multi-dimensional inversion. Based on the synthetic data
generated with custEM, extensive inversion studies were carried out to evaluate different
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inversion grids, time stepping parameters and smoothness weighting parameters to find
optimal settings for the inversion of profile data using a 3D inversion.
However, TEM3Dinv can not include topography. Therefore, studies with simple and real
topography were carried out. The comparison of transient data modelled with homoge-
neous halfspaces with and without topography showed that the horizontal component may
be more affected, while the vertical component seems to be more robust. The central-loop
data even appear to be unaffected by topography. The effects of topography are confined
to the exact area where the topography changes are observed. This could be observed by
inverting the data without topography. The model only showed deviations in the shapes
of the anomalies at the exact location of strong topographic changes. This can be very
helpful in interpreting the field data.



CHAPTER 9

3D TEM Inversion of Field Data and Geological Interpretation

This chapter presents the 3D inversion results of the measured TEM data of the Roter
Kamm impact crater. The same inversion grid, parameters and homogeneous initial
model are used as described in Chapter 8. Inversions of both fixed-loop and single-loop
TEM data-sets were performed to investigate the individual inversion behaviours. This
is important for a final inversion including all TEM data. The fixed-loop TEM data-set
inversions were inverted using a 3 % error floor. However, the single-loop data require a
more advanced error model as TEM3Dinv does not take into account the dimensions of
the receiver. The noise level is 1.7 × 10−11 V/Am2 for the large fixed loop transmitter
and 2.7× 10−10 V/Am2 for the small transmitter loop. Which scales with the size of the
transmitter loop.

All inversion models were compared to determine the different survey designs and setups.
The single loop inversion shows that a point receiver inversion is not a good approxi-
mation. Nevertheless, the models seem reasonable considering that the large conductive
anomalies are similar to the fixed-loop TEM inversion model. A final inversion of all TEM
data along both profiles should provide a comprehensive model of the interior of the Roter
Kamm impact crater. This model could combine the resolution characteristics of both
TME setups, the good shallow resolution of the single-loop data set and the better depth
resolution of the fixed-loop data set. The TEM inversion models along Profile 1 are then
compared with the 2D AMT inversion model, which is superior in depth resolution but
inferior in horizontal resolution due to the low sounding density.

Finally, the geophysical inversion models are discussed and validated using all available
information on the Roter Kamm impact crater and general knowledge of simple impact
craters.
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Figure 9.1: Comparison of the influence of a lin-
ear ramp with a length of 320 µs using EMUPLUS
(dashed lines) and TEM3Dinv (solid lines) with a
homogeneous halfspace of 1000 Ωm. The simulated
data of the central loop (∆x = 0 m) and an offset
receiver (∆x = −200 m) are shown.

9.1. Individual 3D Inversion of the TEM Field
Data-Sets

To investigate the behaviour of each individual TEM data-set during inversion, both data-
sets are first inverted individually using TEM3Dinv. The individual inversions help to
identify potential data inversion issues that need to be addressed before a joint inversion
of both data-sets can be performed, with particular attention paid to the strengths and
weaknesses of each data-set and the different components of the fixed-loop data-set in
order to determine an optimal survey setup for future TEM surveys. The aim of this
section is not to describe the resistivity distribution, but rather the practical aspects of
field data inversion.

9.1.1. 3D Inversion of the Fixed-Loop TEM Data

The inversion of the fixed-loop TEM data-set aims to provide a higher depth resolution
than the single-loop data-set. A disadvantage is the lower resolution at shallow depth due
to the low sampling rate of the receiver and the slow switching of the transmitter current.
In addition, the lateral dimensions of conductive anomalies are expected to be better esti-
mated by including a horizontal component in the TEM inversion. Two inversion models
are presented here, one using only profile data and neglecting the perpendicular transects,
and one using the full fixed-loop TEM arrays of each transmitter loop.
The influence of the transmitter ramp on the fixed-loop TEM data is shown to be sig-
nificant. Therefore, prior to any inversion, the accurate modelling of the transmitter
waveform must be validated for the chosen grid and inversion parameters.

Influence of the Ramp

The transmitter used for fixed-loop TEM measurements has a very slow, almost linear
current decay with a length of 320 µs (Section 4.4.1). EMUPLUS and TEM3Dinv use
different approaches to simulate the current waveform. EMUPLUS uses a convolution
between the time derivative of the waveform and the response of the model. TEM3Dinv
includes it in the source term during the time-stepping process. Both approaches are
described and compared by Gao et al. (2023). A comparison between the modelled tran-
sient using the same linear ramp and a 1000 Ωm halfspace shows a large discrepancy for
early times (Figure 9.1). To include the current ramp in the source term during time
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Figure 9.2.: 3D fixed-loop TEM inversion model using vertical and horizontal components along profile
1. The DOI is shown as a black dotted line and the sensitivities are shown in a dark blue-green colour.
(a) Inversion of the x and z components. (b) Inversion of the x and z components of the full data set.
(c) Data misfit χ value for all measured components.

stepping requires a very fine discretisation of time (Gao et al., 2023). Different starting
times and initial step lengths were tested, but only a small improvement was achieved.
The additional computational cost is immense, so all data points measured earlier than
t = 5 × 10−5 s were excluded from the inversion. Although this sounds like a signifi-
cant reduction in data, it only reduces the number of data points per transient by five.
The discrepancy between the modelled responses decreases with resistivity, but as high
resistivities are expected at shallow depths inside the impact crater, only a very resistive
halfspace compares best with the real field data.

Inversion Models

Several inversion runs were performed using the fixed-loop data-set. As shown in the
previous chapter, it is optimal to invert the vertical and horizontal components parallel
to the profile simultaneously to achieve the best resolution. Often data are sampled along
single profiles rather than on a 2D grid, similar to the situation presented in this thesis.
However, here four vertical transects were included in the survey. Their influence on the
inversion model can be seen (Figures 9.2a and b). The inversion model using the full
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Figure 9.3.: 3D fixed-loop TEM model of the perpendicular transects. The χ value of the modelled data
is 1.61. The DOI is shown as a dashed black line and the sensitivities are shown in a dark blue-green
colour. The lower panels show the data fit of each transient. (a) x = 0 m (b) x = 800 m (c) x = 1600 m
(d) x = 2400 m

layout appears smoother and less scattered in the north-eastern part of Profile 1 outside
the impact crater. In addition, a dip below Transmitter A is visible in the inversion model
using only the data along the profile. The additional data seems to increase the resolution
of the resistivity below the conductive layer outside the Roter Kamm impact crater.
The perpendicular transects of Transmitters C and D show no strong variations within
the 800 m profile length (Figure 9.3). However, the lack of resolution for receivers with
an offset greater than 200 m. This is a direct consequence of the survey setup. Along
the profile this effect can also be seen at both ends of the profile. It is less pronounced
there because the data quality is slightly better and there is more early time data, espe-
cially compared to the perpendicular transects for Transmitters C and D. The transect
for Transmitter B shows a weak conductive zone just in the centre, which appears almost
symmetrical. This transmitter is placed close to the edge of the large conductive anomaly.
Transmitter A is placed in the centre of the anomaly. This section shows that there may
be some asymmetry in the interior of the crater, but due to the lack of resolution in the
outer parts of the profile, only the single-loop data along Profile 2 can clearly show any
structures in this area. The DOI shows that the conductive anomalies are well resolved.
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(a) (b) (c)x = 0 m x = 1400 m x = 1400 m

Figure 9.4.: Measured and modelled data from the 3D TEM inversions of the fixed-loop data. The
upper panels show the data and the lower panels show the error-weighted residuals. The χ values of each
transient are shown in the legend. The inversion of only the data along the profile is shown in blue, the
inversion using the full layout is shown in orange. (a) Central-loop sounding in the centre of the Roter
Kamm impact crater (x = 0 m) (b) and (c) Vertical and horizontal transients from an offset receiver of
Transmitter C on the outer slope of the impact crater.

As discussed in the previous section, the DOI based on the cumulated sensitivities coin-
cides with the lower boundary of a thick conductive anomaly. The normalised coverages
with a value of 10−5 best match the DOI below the large conductive anomaly within the
Roter Kamm impact crater.

The measured data is fitted quite well and the χ value does not vary significantly along the
profile and transects (Figures 9.2c and 9.3). There are some slight increases in the centre
of each transmitter for the inversion of the full survey layout. Both inversion models
have a higher data misfit for Transmitter C. Synthetic studies showed that the strong
multi-dimensional and topographic effects are expected here (Section 8.3). As this is a
3D inversion, the topography is most likely the cause of this discrepancy. As an example,
the measured and modelled data are shown in figures 9.4b and c. The vertical data could
be better fitted than the horizontal data. In particular, the model including all data has
a large error-weighted residual at t ≈ 10−3s, but the residual is high for all times. Inside
the crater the data are well fitted (see Figure 6.12) with neither model being superior.

9.1.2. 3D Inversion of the Single-Loop TEM Data

The single-loop data-set is the only data-set sampled over the full length of both pro-
files. Therefore it contains information that cannot be obtained otherwise. However,
TEM3Dinv does not have a solution for the extended receiver loops implemented. 1D
studies have shown significant discrepancies for a point and extended receiver (Section
6.1.3). The discrepancy increases with the size of the receiver and the conductivity of
the subsurface. Therefore, the large single loops cannot be approximated with a point
receiver, especially outside the Roter Kamm impact crater. Initial inversions proved this
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Figure 9.5.: 3D single-loop TEM inversion models along Profiles 1 and 2. The DOI is shown as a dashed
black line and the normalised coverages are shown in a dark blue-green colour. The χ values are shown
in the lower panels. The large single loops correspond to the higher χ values. (a) Profile 1 (b) Profile 2.

and showed how badly the wrong receiver approximation affected the data. It was decided
to exclude all data for times smaller than t = 5 × 10−4 s from these transients, as only
the late time information is valuable for the inversion. Nevertheless, all data points for
times smaller than t = 1 × 10−3s were down-weighted by a logarithmically decreasing
error of 20 %. This is consistent with the observations made in Section 6.1.3. The smaller
single loops are less affected by this and therefore more reliable. The first decade of the
transients of the small single loops are down-weighted with a logarithmically decreasing
relative error of 10 %. A general error floor of 3.5 % was applied to the inversion.
The 3D inversions of both profiles, show a large conductor inside the Roter Kamm im-
pact crater (Figure 9.5). The lateral extent of this conductor is similar in both profile
directions. Both profiles show that the upper boundary of the conductor seemingly varies
along the profile and an internal structure can be identified inside the body. However,
I would like to point out the different loop sizes used in the same pattern along both
profiles, which seems to correlate with the variations. On the other hand, the data fits of
the transients measured with the large transmitter are significantly higher (Figure 9.6).
Thus, the model is less reliable at those locations. It cannot be determined whether these
structures are reliable or not. Profile 1 shows a conductive layer outside the Roter Kamm
impact crater. The resistivities in both profiles below the conductive bodies are rather
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(a) (b) (c)x = 1400 m x = 0 m y = 700 m

Figure 9.6.: Measured and modelled data from the 3D TEM inversions of the single-loop data. The
upper panels show the data and the lower panels show the error-weighted residuals. The χ values of each
transient are shown in the legend. The inversion of profile 1 is shown in blue, profile 2 in orange. (a)
Loop outside the Roter Kamm impact crater (x = 1400 m) (b) Loop in the centre of the impact crater
(x = 0 m) (c) Loop on the inner slope of the impact crater on Profile 2 (y = 700 m).

low and not well resolved. The large loops are only used for the depth information, as
their shallow information is very limited because no down-weighting could compensate
for the effect of the incorrect receiver size approximation. Therefore, an inversion using
the correct receiver size would significantly improve the quality of the model in all depth
ranges. The single-loop data alone cannot provide a conclusive interpretation of the Roter
Kamm impact crater. However, there is great potential for improvement using the real
receiver dimensions.

9.2. 3D Inversion of all TEM Data

Finally, a 3D inversion of all TEM data can be carried out. In theory, an inversion along
each profile using all available TEM data should lead to the best model by exploiting the
different resolutions of each data-set and component. However, this is questionable due to
the incorrect approximation of the receiver loop dimensions. Wherever possible, the large
single loops were excluded from the data-set . This was not possible in the south-western
segment of Profile 1 and everywhere except the central part of Profile 2. The same error
models as described above were used as the convergence rates of all inversions were sim-
ilar (Figure 9.7). The initial χ value of the single-loop data was lower due to the higher
relative errors for early times and the fewer total data points. Therefore, the number of
iterations was slightly lower. The data is not weighted in any way other than by the error
models, although the investigation shows that the fixed-loop data is more suitable for the
inversion algorithm.

Both models converged significantly slower than any of the models presented previously
(Figure 9.7). In particular, the inversion of profile 1, which contains the most data,
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Figure 9.7: Misfit development with each iteration
for all inversion models. They are labelled based on
their method and the components used: FL for fixed-
loop TEM and SL for single-loop TEM.

converged very slowly. Both models show the same general structure as the individual
inversions of single and fixed-loop data (Figure 9.8). The inversion of Profile 2 shows the
expected combination of shallow features from the single-loop data and the better depth
resolution of the fixed-loop data in the centre of the profile (Figure 9.8b). The data misfit
is highest in the centre of the profile, where the data density is highest. Nevertheless, this
model is an improvement over the single-loop inversion. As discussed, the single-loop data
are not modelled optimally by the 3D inversion algorithm, but the effects of receiver misfit
are less severe inside the impact crater than outside the impact structure. Therefore, this
model is reliable in terms of the general shape and dimensions of the anomaly.
The inversion of the TEM data along Profile 1 does not show as much of the positive
aspects of combining the two data sets (Figure 9.8a). The single loops are less well fitted
outside the impact crater due to lower resistivities at shallow depths. This is indicated by
the high data misfit in the north-eastern part of Profile 1. Furthermore, the data is not
well modelled in the area of the impact crater rim (500 m < x < 1300 m). While both
individual inversions show a continuous layer outside the impact crater, the structure
appears scattered in the combined inversion. The conductive anomaly within the Roter
Kamm impact crater shows less sharp transitions to the resistive material in which it is
embedded. In particular, the south-western part of the profile is not well defined, but
depth resolution also appears to be lacking. It should be noted that the inversion did not
converge to a low χ value.

To identify where the data are not well fitted by the inversion model along Profile 1, the
error-weighted residuals of all data points can be calculated and plotted along the profile
for both data sets and components (Figure 9.9). It can be seen that the fixed-loop data
are not fitted as well as the single-loop data. The strongest differences are observed at the
receiver arrays of Transmitter A and C in both induced voltage components (Figure 9.9b
and c). Interestingly, the overall χ values of the transients corresponding to Transmitter
A are low (Figure9.8a), but only the late time could be modelled well. All observations
indicate that the data are only well modelled where the data sets do not overlap in the
measured time ranges.
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Figure 9.8.: 3D TEM inversion models of all TEM data along Profiles 1 and 2. The χ values are shown
in the lower panels. The large single-loops coincide with the higher χ values. (a) Profile 1 (b) Profile 2.
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Figure 9.9.: Error weighted residuals of the 3D TEM inversion of single- and fixed-loop data. (a) Single-
loop data (b) Vertical component of the fixed-loop data (c) Horizontal component of the fixed-loop data.
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9.3. Integration of AMT and TEM Inversion Models
A comprehensive interpretation of the conductivity models requires an integration of all
methods applied to the Roter Kamm impact crater. Thus, all final inversion models of
TEM and AMT data-sets have to be compared (Figure 9.10). The vertical resistivity
profiles at the centre of the Roter Kamm impact crater (x = 0 m) extracted from the 2D
AMT and 3D fixed-loop TEM inversions are compared with the combined 1D inversion
of both data-sets (Figure 9.10a). The similarities are remarkable and confirm the results
of both methods. All three inversions show the same four layered subsurface in the upper
600 m. The surface layer has a resistivity of 80 Ωm and a thickness of 25 m, followed
by a 1000-Ωm-layer (thickness: 85 m), a 10-Ωm layer (thickness: 230 m) and a 1000-Ωm
halfspace below. The equivalent models show that the upper boundary and the resistivity
of the third conductive layer are well resolved, while the lower boundary can only be
resolved to an accuracy of ± 30 m. As the TEM and AMT methods are sensitive to
conductivity, the resolution of high resistivities is not accurate. The first layer cannot be
resolved well, simply because of instrumental limitations such as the sampling frequency
of the receiver units.

Both inversion models along Profile 1 show a conductive anomaly shaped like a convex
lens in a resistive surounding (Figure 9.10b). The contours shown are the 30 Ωm isolines
and correspond well to the layering in the 1D inversion model of the AMT and TEM data.
This lens is located centrally within the impact crater. Both methods show the north-
eastern lateral boundary of the conductive anomaly along Profile 1 in similar locations.
The small difference is probably due to the different horizontal density of the receiver
locations and different regularisations. The south-eastern boundary of the conductive
lens is not shown in the fixed-loop TEM model, but is shown in the single-loop inversion
model at a slightly more south-westerly location. The horizontal dimension of the lens
is about 1400 m to 1500 m. The shape of the anomaly is not perfectly symmetric, the
slope of the lower boundary is steeper in the south- and northwestern part of the Roter
Kamm impact crater (Figures 9.10b and 9.5b). However, while the TEM models resolve
the horizontal extent of the conductor better due to much higher data density, the AMT
method has a higher depth resolution and can therefore resolve the subsurface beneath the
conductive lens. The resistivity beneath the conductive lens appears to increase gradually
with depth, revealing resistivities higher than 1000 Ωm. Profile 2 shows a very similar
extension of the conductive lens in the vertical direction, but about 300 - 400 m wider.
Outside of the impact structure a conductive layer can be detected, extending from the
crater rim in north-eastern direction in a depth of around 50 m. This layer has a similar,
but slightly lower resistivity, than the conductive lens inside the crater rims. At the
rim location no conductive anomaly can be imaged and the models show just a resistive
subsurface.
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Figure 9.10.: Summary of TEM and AMT inversion results along Profile 1. (a) Combined 1D inversion
of the AMT and TEM soundings compared with the vertical resistivity profile of the 3D TEM inversion
model using the x- and z-components of the fixed-loop data and the 2D AMT inversion model in the
centre of the Roter Kamm impact crater. (b) The fixed-loop TEM inversion models plotted including
the true topography and AMT are shown on the right, with the horizontal dimensions of the anomaly
within the crater marked. Topography data: NASA JPL (2022).

9.4. Geological Interpretation

The conductivity models can be used to determine the geological structure of the Roter
Kamm impact crater. The thickness of the sedimentary cover can be determined and
locations suitable for scientific drilling can be identified by locating areas of maximum
sediment accumulation. Conductivity can also indicate water content. A low resistivity
can be caused by a water saturated, porous medium, while high resistivities can indicate
compact, solid rock. Furthermore, EM studies can be used to identify zones of higher
fracturing and it is possible to distinguish between brecciated material and the bedrock
(e.g., Pilkington and Grieve, 1992).

9.4.1. Sediment Cover

Four layers can be distinguished in the upper part of the Roter Kamm impact crater,
with the conductive anomaly being the most prominent feature. The lower boundary of
the conductor can be associated with the interface between the sedimentary cover and the
brecciated rock that covers the true surface of an impact structure (Fudali, 1973). The
sedimentary cover inside the crater structure is thus about (340 ± 30) m thick. This value
is in the same range as previous gravity studies (Brandt et al., 1998; Fudali, 1973). As
observed in the field and by previous scientists (e.g., Dietz, 1965; Fudali, 1973; Reimold
and Miller, 1989), the rim of the Roter Kamm impact crater is not covered by sediments,
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which explains the absence of any conductive anomaly at the crater rims. The resistivity
variations in the sediments can be attributed to different moisture contents; the higher the
conductivity, the higher the moisture content (Archie, 1942). The conductive lens marks
a zone of particularly high moisture content or water accumulation, while the upper two
layers are relatively dry. The uppermost layer is probably more conductive due to mois-
ture, originating from the nightly fog and occasional rain events observed during the field
survey. The similar resistivities of the conductive lens and the layer outside the crater
suggest that the material composition could be similar. Thus aeolian sediments seem
more likely and would be consistent with the assumptions of Miller (2010). The shape
of the surface of the brecciated zone is asymmetric. Studies show that impact structures
with an impact direction of 30◦ and greater have a circular horizontal shape, but may
have asymmetric cross sections that correlate with the impact direction (Elbeshausen and
Wünnemann, 2011), similar to what can be seen along Profile 2. Miller (2010) suggest
a northwesterly impact based on the breccia apron, the cataclasite veins found in the
rim and the different horizontal dimensions. The northwest-southeast diameter is ap-
proximately 200 m longer than the northeast-southwest diameter. The profiles presented
here have approximately the same orientations (Profile 1: Northeast-Southwest, Profile
2: Northwest-Southeast) and similar observations were made in the lateral extent of the
conductive body.

The sedimentary cover in the northeastern direction of the Roter Kamm impact crater
is approximately 100 m thick. It has a maximum resistivity at the lowest topographic
elevation, which can be attributed to a higher moisture and/or clay content. Several
smaller clay pans are located along a transect between this zone of the profile and the
Aurus clay pan (Figure 4.1). A single-loop TEM survey was carried out on one of these,
which revealed a sediment accumulation of (60 ±5) m, with low resistivities down to 5 Ωm
(Appendix B.3), similar to that found in the Aurus clay pan (Nienhaus et al., 2023c).

9.4.2. True shape of the impact structure

The upper boundary of the brecciated zone inside the rims could be revealed by the TEM
and AMT measurements. However, only the AMT soundings provide a large enough
DOI to map the true shape of the impact structure. Previous resistivity models have
shown higher resistivities in brecciated and fractured rocks (Pilkington and Grieve, 1992).
Unfortunately, the AMT data presented in this thesis do not show a clear layering beneath
the large conductive anomaly within the Roter Kamm impact crater. There may be several
reasons for this. On the one hand, the data quality is compromised by the high electrode
contact resistance and the short time series inside the impact crater. On the other hand,
the resolution of resistive structures below a conductor is very low. It is also possible that
there is no large resistivity contrast between the brecciated zone and the fractured and
undisturbed bedrock.

9.5. Summary

All TEM data were successfully inverted using the 3D TEM inversion algorithm TEM3Dinv.
A 3D inversion using horizontal and vertical induced voltage components is presented,
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showing a low data misfit. The inversion of the fixed-loop data showed only minor differ-
ences between the inversion using only the fixed-loop data along Profile 1 and one using
the whole data set. They resolve the identified conductive anomalies well. Compared to
the single-loop inversion models, the fixed-loop inversion models have better depth pene-
tration and a smoother overall appearance. Unfortunately, the neglected extension of the
receiver is clearly visible due to the higher data misfit for large single loops. Althougn, a
significant time range of transients measured with the large loop was removed. The in-
versions along both profiles show a strong heterogeneity of the large conductive anomaly
within the Roter Kamm impact crater. Whether this is reasonable or not cannot be de-
termined. The inversions of both data-sets combined along Profiles 1 and 2 show that a
survey combining fixed and central or single loops can be beneficial to the results. The
inversion showed the potential of combining the resolution depth scales well. However,
the single-loop data sets require accurate modelling of the receiver.
All TEM inversion models agree with the location and size of the conductive anomalies
inside and outside the Roter Kamm impact crater. A comparison with the 2D AMT
model shows a striking similarity. Comparison of the vertical resistivity curves from a
combined 1D inversion of the AMT and fixed-loop TEM data in the centre of the im-
pact crater with those extracted from their multi-dimensional inversion showed impressive
agreement. Based on the thickness of the conductive layer determined in the 1D inversion,
contour lines were included in the multi-dimensional inversion of the AMT and fixed-loop
data sets. This showed that the cross-sections of the conductive anomaly also agree well
in size and depth. Minor differences can be attributed to data errors and different spatial
resolutions.
The conductive anomaly can be interpreted as an accumulation of water in porous ae-
olian sediments covered by dry sediments. The sediment cover reaches a thickness of
(340 ± 30) m within the Roter Kamm impact crater. There are no structures visible be-
neath the sediment cover. Outside the crater the sedimentary cover has a fairly constant
thickness of 100 m. The composition may be similar to that inside the crater. However,
higher clay contents are possible at the lowest elevation.



CHAPTER 10

Conclusion and Outlook

The Roter Kamm impact crater in southern Namibia was investigated using the TEM
and AMT methods, with a particular emphasis on a multi-component fixed-loop TEM
configuration. The geophysical information regarding the Roter Kamm impact crater is
limited, and to the best of my knowledge, no geophysical inversion model has been pro-
posed. The objective of this study is to determine the thickness of the sediments covering
the impact structure, and to evaluate the potential for obtaining a deep climate archive
at a later stage of the Collaborative Research Center CRC 1211. The climate archive
could be used to study the evolution of the Namib Desert in the near absence of water.
A comparison of the Namib Desert’s evolution with the findings from the hyper-arid At-
acama Desert in Chile, obtained through deep drilling, is a potential direction for future
research (Wennrich et al., 2024).

In early 2022, a fixed-loop and single-loop TEM survey was conducted in the southern
Namib Desert to study the Aurus clay pan and the Roter Kamm impact crater. The
survey at the impact crater was complemented by additional AMT soundings.The main
efforts were carried out along a transect crossing the entire impact structure and extending
into the surrounding plain.This profile was further extended a few single-loop soundings
along the trail between the Roter Kamm impact crater and the Aurus Mountains. The
fixed- and single-loop TEM, along with the AMT data, were sampled along this profile,
both inside and in close proximity to the impact crater. Additionally, data along a second
profile was collected, which is perpendicular to the focus profile and intersects with it in
the approximate center of the impact structure. This profile is exclusively located within
its boundaries.

The single-loop data and the vertical components of the fixed-loop data were inverted
using a 1D inversion algorithm. However, the algorithm can only model point receivers,
yet the extended size of the receivers significantly impacts the recorded induced voltages.
The discrepancy between point and extended receivers increases with loop size and con-
ductivity of the subsurface, resulting in an adapted error model for early times and a lower
resolution for shallow depths. To maximize the potential of the data, it is recommended
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that in future studies, that extended receivers be modelled. Furthermore, the utilization
of small loop sizes is inadequate in resolving the depth dimensions of the conductive layer.
This layer exhibits a substantial resistivity contrast compared to the surrounding media.
A 2D section of all 1D inversion models along each profile reveals inconsistencies in the
models in the areas of the crater rim, indicating the multi-dimensionality of the subsur-
face. The vertical components of the fixed-loop TEM data yield reasonable models for
the transmitters located in the center of the Roter Kamm impact crater and on the plain
outside. However, the data from transmitters located on the inside and outside slope of
the crater rim did not converge or show consistent results. The fixed-loop TEM setup
is more prone to distortion by multi-dimensionality due to the source-receiver distance.
Consequently, a multi-dimensional inversion is crucial to ensure the reliability of the re-
sults.

To address these challenges, a comprehensive study was conducted involving 3D forward
modelling and inversion studies. These studies aimed to understand the effects of topog-
raphy and multi-dimensionality on the results. Two 3D time-domain algorithms, custEM
for the forward and TEM3Dinv for the inverse modelling, were employed in the study.
The results of the tests indicate that both the horizontal and vertical components of the
offset data are influenced by topography and multi-dimensionality. The central-loop data
demonstrated minimal distortion from topography and exhibited reduced distortion from
multi-dimensionality when compared to the fixed-loop data. Utilizing a simplified model
of an impact crater, based on the two-dimensional AMT and one-dimensional TEM mod-
els, optimal inversion and time-stepping parameters were determined to obtain a reason-
able two-dimensional slice of the three-dimensional model. Subsequent resolution studies
demonstrated that incorporating an additional horizontal component, enhances the res-
olution of the model, validating the importance of including this additional component.
A comparison between the inversion and sensitivity models of the simulated central- and
fixed-loop data indicated that the central-loop data exhibited superior resolution of shal-
low and the fixed-loop data exhibited superior resolution of larger depths. This outcome is
attributed to the distinct time ranges measured by these setups and the used transmitter
size. The findings of this study imply that an optimal TEM survey setup should consist
of different transmitter sizes. The manual labour involved can be minimized by choosing
a fixed-loop TEM setup using large transmitters, which can be complemented by sparse
small central-loop soundings for better resolution in shallow depths. Another advantage
of this measurement configuration is a severe decrease in computational resources needed
for inversion due to the decreased transmitter number.

In the final chapter of this thesis, all gathered experience from the modelling and inverse
study were applied to invert all TEM field data. The fixed-loop data set, incorporating
all receiver arrays, was successfully inverted using both components excited by the loop-
source transmitter. This inversion exhibited a strong agreement with the inversion limited
to the data along the profile. The coverages demonstrated a satisfactory resolution for
both conductive anomalies revealed. In contrast, the inversion of the single-loop data
posed significant challenges due to the absence of consideration for receiver dimensions in
the 3D inversion algorithm. To address this challenge, an adapted error model was em-
ployed, drawing insights from the 1D modelling study presented in Chapter 6. However,
this approach comes with the drawback of reduced resolution in shallow depths, which
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limits the potential for enhancing shallow depth resolution through this configuration.
Despite these limitations, the models exhibit comparable fundamental characteristics to
those of the fixed-loop data inversion. The validity of the models, particularly the repre-
sentation of small-scale heterogeneities, remains questionable without accounting for the
influence of receiver dimensions. A final inversion of all data along both TEM profiles
demonstrates a definitive enhancement of the model for Profile 2. Profile 2 just contains
an overlap between both data sets in the central part of the impact structure, which is
considerably smaller than the data overlap along the main focus profile. The data misfit
of the inversion along this profile converged only slowly, and the modelled and measured
data shows significant discrepancies between in the time ranges of the data overlap. In
contrast, the time ranges that do not overlap exhibit minimal deviation. A comparison
of the fixed-loop TEM inversion model and the 3D AMT inversion model demonstrated
remarkable agreement. Overall, all three data sets of the Roter Kamm impact crater
exhibit significant similarities and are in agreement with respect to the dimensions of the
conductive anomalies detected.

Within the Roter Kamm crater, a substantial conductive body, interpreted as water-
saturated sediments, is present. This body exhibits a horizontal dimension ranging from
1400 to 1500 meters and a thickness of 220 meters. It features a flat, horizontal upper
boundary at a depth of 110 meters and a convex lower boundary, thereby exhibiting a
striking resemblance to the expected shape of an impact crater.

This thesis emphasizes the benefits of employing a survey design that integrates a multi-
component fixed-loop TEM setup, which ensures optimal depth and lateral resolution,
with a central-loop setup utilizing smaller transmitters. This combination enables the
acquisition of a substantial vertical resolution across various depth scales. Additionally,
this approach reduces the computational resources necessary for three-dimensional inver-
sions. This is essential for incorporating horizontal components, which exhibit heightened
sensitivity to lateral boundaries compared to vertical components. However, this thesis
stresses the significance of accurately modelling receiver dimensions, as substantial mod-
elling errors can compromise model quality by losing information. The TEM inversion
models were validated using an AMT data set, demonstrating the capabilities of the TEM
methods for larger target depths by using larger transmitter sizes. Additionally, this the-
sis presents the first comprehensive geophysical model of the sedimentary cover at the
Roter Kamm impact crater, which is not based on any a-priori information.
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APPENDIX A

Field Data from the Roter Kamm impact crater

Here, the additional figures and tables are presented, giving further information about
the field survey and the TEM and AMT data.

A.1. Single-Loop TEM Data

Table A.1.: Coordinates of single-loop sounding locations along Profile 1. Additionally, the corresponding
profile meter and the transmitter size are given.

Name Longitude Latitude x/m Tx/m
P1-01 16.281628 E -27.772267 N -1000 50
P1-02 16.282325 E -27.771611 N -900 50
P1-03 16.283023 E -27.770955 N -800 50 / 100
P1-04 16.283720 E -27.770300 N -700 50
P1-05 16.284417 E -27.769644 N -600 50
P1-06 16.285114 E -27.768988 N -500 50
P1-07 16.285811 E -27.768332 N -400 50 / 100
P1-08 16.286509 E -27.767676 N -300 50
P1-09 16.287206 E -27.767021 N -200 50
P1-10 16.287903 E -27.766365 N -100 50
P1-11 16.288600 E -27.765709 N 0 50 / 100
P1-12 16.289297 E -27.765053 N 100 50
P1-13 16.289994 E -27.764397 N 200 50
P1-14 16.290692 E -27.763742 N 300 50
P1-15 16.291389 E -27.763086 N 400 50 / 100
P1-16 16.292086 E -27.762430 N 500 50
P1-17 16.292783 E -27.761774 N 600 50
P1-18 16.293480 E -27.761118 N 700 50
P1-19 16.294177 E -27.760463 N 800 50
P1-20 16.295571 E -27.759151 N 1000 50
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Continuation of coordinates.
Name Longitude Latitude x/m Tx/m
P1-21 16.296268 E -27.758495 N 1100 50
P1-22 16.296965 E -27.757839 N 1200 50 / 100
P1-23 16.297663 E -27.757183 N 1300 50
P1-24 16.298360 E -27.756528 N 1400 50
P1-25 16.299057 E -27.755872 N 1500 50
P1-26 16.299754 E -27.755216 N 1600 50
P1-27 16.300451 E -27.754560 N 1700 50
P1-28 16.301148 E -27.753904 N 1800 50
P1-29 16.301845 E -27.753248 N 1900 50
P1-30 16.302542 E -27.752592 N 2000 100
P1-31 16.303239 E -27.751937 N 2100 50
P1-32 16.303936 E -27.751281 N 2200 50
P1-33 16.304633 E -27.750625 N 2300 50
P1-34 16.305330 E -27.749969 N 2400 50
P1-35 16.306027 E -27.749313 N 2500 50
P1-36 16.306724 E -27.748657 N 2600 50
P1-37 16.307420 E -27.748001 N 2700 50
P1-38 16.308117 E -27.747345 N 2800 50



A.1. SINGLE-LOOP TEM DATA

Table A.2.: Coordinates of single-loop sounding locations along Profile 2. Additionally, the corresponding
profile meter and the transmitter size are given.

Name Longitude Latitude y/m Tx /m
P2-01 16.297448 E -27.773150 N -1200 100
P2-02 16.296710 E -27.772530 N -1100 50
P2-03 16.296320 E -27.771644 N -1000 50
P2-04 16.295601 E -27.771000 N -900 50
P2-05 16.294498 E -27.770670 N -800 100
P2-06 16.293761 E -27.770050 N -700 50
P2-07 16.293024 E -27.769430 N -600 50
P2-08 16.292286 E -27.768810 N -500 50
P2-09 16.291549 E -27.768190 N -400 100
P2-10 16.290812 E -27.767569 N -300 50
P2-11 16.290075 E -27.766949 N -200 50
P2-12 16.289337 E -27.766329 N -100 50
P2-13 16.288600 E -27.765709 N 0 100
P2-14 16.287863 E -27.765089 N 100 50
P2-15 16.287126 E -27.764469 N 200 50
P2-16 16.286388 E -27.763849 N 300 50
P2-17 16.285651 E -27.763228 N 400 100
P2-18 16.284914 E -27.762608 N 500 50
P2-19 16.284177 E -27.761988 N 600 50
P2-20 16.283440 E -27.761368 N 700 50
P2-21 16.282702 E -27.760748 N 800 100
P2-22 16.281965 E -27.760128 N 900 50
P2-23 16.281228 E -27.759507 N 1000 50
P2-24 16.280491 E -27.758887 N 1100 50
P2-25 16.279754 E -27.758267 N 1200 50

Table A.3.: Coordinates of single-loop sounding locations along the regional profile. Additionally, the
corresponding profile meter and the transmitter size are given.

Name Longitude Latitude x/m Tx /m
Reg 01 16.2997123 E -27.7375603 N 3000 50
Reg 02 16.3021553 E -27.7337415 N 3500 50
Reg 03 16.3050629 E -27.7299587 N 4000 50
Reg 04 16.3073860 E -27.7261648 N 4500 50
Reg 05 16.3100044 E -27.7222708 N 5000 50
Reg 06 16.3128887 E -27.7185564 N 5500 50
Reg 07 16.3154053 E -27.7144401 N 6000 50
Reg 08 16.3199196 E -27.7061344 N 7000 50
Reg 09 16.3241102 E -27.6978561 N 8000 50
Reg 10 16.3290150 E -27.6900828 N 9000 50
Reg 11 16.3341557 E -27.6824244 N 10000 50
Reg 12 16.3397766 E -27.6734936 N 11000 50
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Figure A.1.: Single-loop data along Profile 1. The whole transient is indicated in light gray and the
transient inside the resolution boundaries of the TEM-FAST 48 in blue.



A.1. SINGLE-LOOP TEM DATA

Figure A.1.: Single-loop data along Profile 1. (cont.)
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Figure A.1.: Single-loop data along Profile 1. (cont.)



A.1. SINGLE-LOOP TEM DATA

Figure A.2.: Single-loop data along Profile 2. The whole transient is indicated in light gray and the
transient inside the resolution boundaries of the TEM-FAST 48 in blue.
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Figure A.2.: Single-loop data along Profile 2. (cont.)

Figure A.3.: Single-loop data along the regional profile. The whole transient is indicated in light gray
and the transient inside the resolution boundaries of the TEM-FAST 48 in blue.



A.1. SINGLE-LOOP TEM DATA

NENW
(a)

(b)

(c)

Profile 2 Reg. Profile

Figure A.4.: Single-loop TEM data along Profile 2 and the regional profile.. All data is normalized to a
transmitter area of 100× 100 m2 for comparison. The x-axis denotes the position along Profile 2 or the
regional Profile with the center of the crater being the reference (y = x = 0 m). The y-axis indicates
the time after initiating the current turn-off. (a) Induced voltage, (b) late-time apparent resistivity and
(c) relative error of the induced voltage. As the late-time apparent resistivity is a transformation of the
data, it only differs from the induced voltage error by a factor of 2/3. The location of the large loops are
indicated by the downward pointing arrows at the top.
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A.2. Fixed-Loop TEM Data

Table A.4.: Coordinates of the transmitter and receiver locations of fixed-loop A. Additionally, the profile
positions are presented.

Name Longitude Latitude x/m y/m
Transmitter A 16.288600 -27.765709 0 0

01 16.285811 E -27.768332 N -400 0
02 16.286509 E -27.767676 N -300 0
03 16.287206 E -27.767021 N -200 0
04 16.287554 E -27.766693 N -150 0
05 16.288252 E -27.766037 N -50 0
06 16.288600 E -27.765709 N 0 0
07 16.288949 E -27.765381 N 50 0
08 16.289646 E -27.764725 N 150 0
09 16.289994 E -27.764397 N 200 0
10 16.290692 E -27.763742 N 300 0
11 16.291389 E -27.763086 N 400 0
12 16.285651 E -27.763228 N 0 -400
13 16.286388 E -27.763849 N 0 -300
14 16.287126 E -27.764469 N 0 -200
15 16.287494 E -27.764779 N 0 -150
16 16.288231 E -27.765399 N 0 -50
17 16.288969 E -27.766019 N 0 50
18 16.289706 E -27.766639 N 0 150
19 16.290075 E -27.766949 N 0 200
20 16.290812 E -27.767569 N 0 300
21 16.291549 E -27.768190 N 0 400



A.2. FIXED-LOOP TEM DATA

Table A.5.: Coordinates of the transmitter and receiver locations of fixed-loop B. Additionally, the profile
positions are presented.

Name Longitude Latitude x/m y/m
Transmitter B 16.294177 -27.760463 800 0

1 16.291389 E -27.763086 N 400 0
2 16.292086 E -27.762430 N 500 0
3 16.292783 E -27.761774 N 600 0
4 16.293131 E -27.761446 N 650 0
5 16.293829 E -27.760790 N 750 0
6 16.294177 E -27.760463 N 800 0
7 16.294526 E -27.760135 N 850 0
8 16.295223 E -27.759479 N 950 0
9 16.295571 E -27.759151 N 1000 0
10 16.296268 E -27.758495 N 1100 0
11 16.296965 E -27.757839 N 1200 0
12 16.291228 E -27.757982 N 800 -400
13 16.291965 E -27.758602 N 800 -300
14 16.292703 E -27.759222 N 800 -200
15 16.293071 E -27.759532 N 800 -150
16 16.293809 E -27.760152 N 800 -50
17 16.294546 E -27.760773 N 800 50
18 16.295283 E -27.761393 N 800 150
19 16.295652 E -27.761703 N 800 200
20 16.296389 E -27.762323 N 800 300
21 16.297126 E -27.762943 N 800 400
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Table A.6.: Coordinates of the transmitter and receiver locations of fixed-loop C. Additionally, the profile
positions are presented.

Name Longitude Latitude x/m y/m
Transmitter C 16.299754 -27.755216 1600 0

1 16.296965 E -27.757839 N 1200 0
2 16.297663 E -27.757183 N 1300 0
3 16.298360 E -27.756528 N 1400 0
4 16.298708 E -27.756200 N 1450 0
5 16.299405 E -27.755544 N 1550 0
6 16.299754 E -27.755216 N 1600 0
7 16.300102 E -27.754888 N 1650 0
8 16.300799 E -27.754232 N 1750 0
9 16.301148 E -27.753904 N 1800 0
10 16.301845 E -27.753248 N 1900 0
11 16.302542 E -27.752592 N 2000 0
12 16.296805 E -27.752735 N 1600 -400
13 16.297542 E -27.753356 N 1600 -300
14 16.298279 E -27.753976 N 1600 -200
15 16.298648 E -27.754286 N 1600 -150
16 16.299385 E -27.754906 N 1600 -50
17 16.300122 E -27.755526 N 1600 50
18 16.300859 E -27.756146 N 1600 150
19 16.301228 E -27.756456 N 1600 200
20 16.301965 E -27.757076 N 1600 300
21 16.302703 E -27.757696 N 1600 400



A.2. FIXED-LOOP TEM DATA

Table A.7.: Coordinates of the transmitter and receiver locations of fixed-loop D. Additionally, the profile
positions are presented.

Name Longitude Latitude x/m y/m
Transmitter D 16.299754 -27.755216 2400 0

1 16.296965 E -27.757839 N 2000 0
2 16.297663 E -27.757183 N 2100 0
3 16.298360 E -27.756528 N 2200 0
4 16.298708 E -27.756200 N 2250 0
5 16.299405 E -27.755544 N 2350 0
6 16.299754 E -27.755216 N 2400 0
7 16.300102 E -27.754888 N 2450 0
8 16.300799 E -27.754232 N 2550 0
9 16.301148 E -27.753904 N 2600 0
10 16.301845 E -27.753248 N 2700 0
11 16.302542 E -27.752592 N 2800 0
12 16.296805 E -27.752735 N 2400 -400
13 16.297542 E -27.753356 N 2400 -300
14 16.298279 E -27.753976 N 2400 -200
15 16.298648 E -27.754286 N 2400 -150
16 16.299385 E -27.754906 N 2400 -50
17 16.300122 E -27.755526 N 2400 50
18 16.300859 E -27.756146 N 2400 150
19 16.301228 E -27.756456 N 2400 200
20 16.301965 E -27.757076 N 2400 300
21 16.302703 E -27.757696 N 2400 400
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Figure A.5.: Fixed-loop data of transmitter A along profile 1. Positive induced voltage values are indicated
in red and negative in blue. The measured noise level is shown in light gray. Each column represents one
component and each row the components at a certain offset.



A.2. FIXED-LOOP TEM DATA

Figure A.5.: Fixed-loop data of transmitter A along profile 1. (cont.)
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Figure A.6.: Fixed-loop data of transmitter A perpendicular to profile 1. Positive induced voltage values
are indicated in red and negative in blue. The measured noise level is shown in light gray. Each column
represents one component and each row the components at a certain offset.



A.2. FIXED-LOOP TEM DATA

Figure A.6.: Fixed-loop data of transmitter A perpendicular to profile 1. (cont.)
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Figure A.7.: Fixed-loop data of transmitter B along profile 1. Positive induced voltage values are indicated
in red and negative in blue. The measured noise level is shown in light gray. Each column represents one
component and each row the components at a certain offset.



A.2. FIXED-LOOP TEM DATA

Figure A.7.: Fixed-loop data of transmitter B along profile 1. (cont.)
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Figure A.8.: Fixed-loop data of transmitter B perpendicular to profile 1. Positive induced voltage values
are indicated in red and negative in blue. The measured noise level is shown in light gray. Each column
represents one component and each row the components at a certain offset.



A.2. FIXED-LOOP TEM DATA

Figure A.8.: Fixed-loop data of transmitter B perpendicular to profile 1. (cont.)
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Figure A.9.: Fixed-loop data of transmitter C along profile 1. Positive induced voltage values are indicated
in red and negative in blue. The measured noise level is shown in light gray. Each column represents one
component and each row the components at a certain offset.



A.2. FIXED-LOOP TEM DATA

Figure A.9.: Fixed-loop data of transmitter C along profile 1. (cont.)
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Figure A.10.: Fixed-loop data of transmitter C perpendicular to profile 1. Positive induced voltage values
are indicated in red and negative in blue. The measured noise level is shown in light gray. Each column
represents one component and each row the components at a certain offset.



A.2. FIXED-LOOP TEM DATA

Figure A.10.: Fixed-loop data of transmitter C perpendicular to profile 1. (cont.)
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Figure A.11.: Fixed-loop data of transmitter D along profile 1. Positive induced voltage values are
indicated in red and negative in blue. The measured noise level is shown in light gray. Each column
represents one component and each row the components at a certain offset.



A.2. FIXED-LOOP TEM DATA

Figure A.11.: Fixed-loop data of transmitter D along profile 1. (cont.)
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Figure A.12.: Fixed-loop data of transmitter D perpendicular to profile 1. Positive induced voltage values
are indicated in red and negative in blue. The measured noise level is shown in light gray. Each column
represents one component and each row the components at a certain offset.



A.2. FIXED-LOOP TEM DATA

Figure A.12.: Fixed-loop data of transmitter D perpendicular to profile 1. (cont.)



166

A.3. AMT Data
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A.3. AMT DATA

a,xy

a,xy

a,xy, calc

a,yx, calc

Figure A.13.: AMT transfer functions and modelled data by 2D inversion for Profile 1.
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a,xy

a,xy

a,xy, calc

a,yx, calc

Figure A.14.: AMT transfer functions and modelled data by 2D inversion for the regional profile.



APPENDIX B

1D TEM Inversion

Here, all 1D inversion models of the single-loop data of the Roter Kamm impact crater is
shown.

B.1. Profile 1
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Figure B.1.: 1D inversion models along profile 1. The Marquardt-Levenberg models are indicated in red,
the equivalent models in light red, the Occam R1 and R2 models in blue and green. The χ-values are
shown in the legend.



B.1. PROFILE 1

Figure B.1.: 1D inversion models along profile 1. (cont.)
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Figure B.1.: 1D inversion models along profile 1. (cont.)



B.1. PROFILE 1

Figure B.1.: 1D inversion models along profile 1. (cont.)
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Figure B.1.: 1D inversion models along profile 1. (cont.)



B.1. PROFILE 1

Figure B.1.: 1D inversion models along profile 1. (cont.)
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B.2. Profile 2

Figure B.2.: 1D inversion models along profile 2. The Marquardt-Levenberg models are indicated in red,
the equivalent models in light red, the Occam R1 and R2 models in blue and green. The χ-values are
shown in the legend.



B.2. PROFILE 2

Figure B.2.: 1D inversion models along profile 2. (cont.)



178

Figure B.2.: 1D inversion models along profile 2. (cont.)



B.2. PROFILE 2

Figure B.3.: 1D inversion models along the regional profile. The Marquardt-Levenberg models are
indicated in red, the equivalent models in light red, the Occam R1 and R2 models in blue and green. The
χ-values are shown in the legend.
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Figure B.3.: 1D inversion models along the regional profile. (cont.)



B.3. SINGLE-LOOP TEM SOUNDING OF CLAY PAN

B.3. Single-Loop TEM Sounding of Clay Pan

Figure B.4.: 1D inversion models and data fit for a small clay pan between the Aurus clay pan and the
Roter Kamm impact crater.





APPENDIX C

Aurus Clay Pan

This Appendix presents the single-loop soundings, their coordinates and 1D inversions of
the Aurus clay pan. All inversion were carried out using a 3 % relative error. A summary
of the results can be found in Nienhaus et al. (2023c).

Table C.1.: Coordinates of single-loop sounding locations at the Aurus clay pan along Profile 1. Addi-
tionally, the corresponding profile meter and the transmitter size are given.

Name Longitude Latitude x/m Tx/m
P1-01 16.213986 -27.667336 -1200 50
P1-02 16.213470 -27.666558 -1100 50
P1-03 16.212955 -27.665781 -1000 50
P1-04 16.212439 -27.665004 -900 50
P1-05 16.211924 -27.664227 -800 50
P1-06 16.211408 -27.663450 -700 50
P1-07 16.210893 -27.662672 -600 50
P1-08 16.210377 -27.661895 -500 50
P1-09 16.209862 -27.661118 -400 50
P1-10 16.209346 -27.660341 -300 50
P1-11 16.208831 -27.659563 -200 50
P1-12 16.208316 -27.658786 -100 50
P1-13 16.207800 -27.658009 0 50
P1-14 16.207285 -27.657232 100 50
P1-15 16.206769 -27.656455 200 50
P1-16 16.206254 -27.655677 300 50
P1-17 16.205738 -27.654900 400 50
P1-18 16.205223 -27.654123 500 50
P1-19 16.204708 -27.653346 600 50
P1-20 16.204192 -27.652568 700 50
P1-21 16.203677 -27.651791 800 50
P1-22 16.203162 -27.651014 900 50
P1-23 16.202646 -27.650237 1000 50
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Continuation of coordinates.
Name Longitude Latitude x/m Tx/m
P1-24 16.202131 -27.649459 1100 50
P1-25 16.201616 -27.648682 1200 50
P1-26 16.200585 -27.647128 1300 50
P1-27 16.199554 -27.645573 1400 50

Table C.2.: Coordinates of single-loop sounding locations at the Aurus clay pan along Profile 2. Addi-
tionally, the corresponding profile meter and the transmitter size are given.

Name Longitude Latitude y/m Tx/m
P2-01 16.200817 -27.661680 -800 50
P2-02 16.201690 -27.661221 -700 50
P2-03 16.202563 -27.660763 -600 50
P2-04 16.203436 -27.660304 -500 50
P2-05 16.204308 -27.659845 -400 50
P2-06 16.205181 -27.659386 -300 50
P2-07 16.206054 -27.658927 -200 50
P2-08 16.206927 -27.658468 -100 50
P2-09 16.207800 -27.658009 0 50
P2-10 16.208673 -27.657550 100 50
P2-11 16.209546 -27.657091 200 50
P2-12 16.210419 -27.656632 300 50
P2-13 16.211292 -27.656173 400 50
P2-14 16.212164 -27.655714 500 50
P2-15 16.213037 -27.655255 600 50
P2-16 16.213910 -27.654796 700 50
P2-17 16.214783 -27.654337 800 50
P2-18 16.215656 -27.653878 900 50
P2-19 16.216529 -27.653419 1000 50
P2-20 16.217401 -27.652960 1100 50
P2-21 16.218274 -27.652501 1200 50
P2-22 16.219147 -27.652042 1300 50



Figure C.1.: Single-loop data of the Aurus clay pan along Profile 1. The whole transient is indicated in
light gray and the transient inside the resolution boundaries of the TEM-FAST 48 in blue.
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Figure C.1.: Single-loop data of the Aurus clay pan along Profile 1. (cont.)



Figure C.2.: Single-loop data of the Aurus clay pan along Profile 2. The whole transient is indicated in
light gray and the transient inside the resolution boundaries of the TEM-FAST 48 in blue.
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Figure C.2.: Single-loop data of the Aurus clay pan along Profile 2. (cont.)



C.1. 1D INVERSION RESULTS

C.1. 1D Inversion Results

C.1.1. Profile 1

Figure C.3.: 1D inversion models of the Aurus clay pan along profile 1. The Marquardt-Levenberg models
are indicated in red, the equivalent models in light red, the Occam R1 and R2 models in blue and green.
The χ-values are shown in the legend.
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Figure C.3.: 1D inversion models of the Aurus clay pan along profile 1. (cont.)



C.1. 1D INVERSION RESULTS

Figure C.3.: 1D inversion models of the Aurus clay pan along profile 1. (cont.)
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Figure C.3.: 1D inversion models of the Aurus clay pan along profile 1. (cont.)



C.1. 1D INVERSION RESULTS

C.1.2. Profile 2

Figure C.4.: 1D inversion models of the Aurus clay pan along profile 2. The Marquardt-Levenberg models
are indicated in red, the equivalent models in light red, the Occam R1 and R2 models in blue and green.
The χ-values are shown in the legend.
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Figure C.4.: 1D inversion models of the Aurus clay pan along profile 2. (cont.)



C.1. 1D INVERSION RESULTS

Figure C.4.: 1D inversion models of the Aurus clay pan along profile 2. (cont.)
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