
The influence of multidimensional structures

on the interpretation of LOTEM data

with one-dimensional models

and the application to data from Israel

I n a u g u r a l - D i s s e r t a t i o n
zur

Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultät

der Universität zu Köln
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Abstract

The influence of multidimensional resistivity structures on inversion results of
Transient ElectroMagnetic (TEM) data using one-dimensional (1-D) models is ex-
amined. The investigation is focused on the Long-Offset TEM (LOTEM) method.
Synthetic data for the electric and magnetic field components typically measured at
LOTEM receiver sites are calculated for a wide variety of models. These transients
are inverted with a 1-D smooth model inversion algorithm. The inversions results
do not exactly reproduce the original model.

An attempt to reduce the model distortions caused by the multidimensional
structures with different regularisation schemes fails. Statistically, the new regular-
isation schemes reduce the roughness of the models slightly, which will suppress
artificial structures. In general, however, the geological interpretation will not be
changed.

The inversion of synthetic data sets shows that the different LOTEM-components
provide different information with respect to the multidimensional structure. The
1-D models resulting from automated inversions thus may be inconsistent for the
different components. In most cases meaningful information about the underlying
model can be derived from the pseudo-sections of composed 1-D models. How-
ever, the inversion results do not only reflect the subsurface close to the receiver
(Rx) but also the subsurface close to the transmitter (Tx) and between Rx and Tx.
In the best cases, the inversion results thus reflect the gross resistivity structure of
the subsurface. Comparing the TEM results to the selective information from a
borehole therefore might show some discrepancies.

The LOTEM results will also be different to results for the SHort-Offset TEM
(SHOTEM) modification, as the volume of the subsurface contributing to the in-
duction process differs significantly from the one for the LOTEM setup.

The inconsistencies of the models for the different components causes a problem.
The various models derived from different TEM-components at one single position
have to be merged into one consistent geophysical model. A common approach
would be to invert all data sets jointly in one inversion. However, this approach
turned out to be dangerous as the so-called joint-inversions of different LOTEM-
components tends to produce artifacts instead of suppressing them.
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A new joint-inversion approach is presented. Here, variations between the mod-
els for the different data sets are allowed to account for inconsistencies in the tran-
sients. The regularisation of the inversion favours results, where the variations
between the models for the different data sets are small. The resulting pseudo-
sections in general show far less spurious structures than for the pseudo-sections
derived from the standard joint-inversions. In addition, the different models allow
to analyse the inconsistencies and to estimate the reliability of a certain feature.

Further it is shown that the data distortion by certain inhomogeneities close to the
Tx can be accounted for by introducing additional parameters to the inversion pro-
cess. This way pseudo-sections can be derived from the data sets which reproduce
the gross resistivity structure very well for almost all data sets.

The new regularisation scheme, the new joint-inversion algorithm and the addi-
tional distortion parameters are used to interpret data sets from a field campaign
in northern Israel. The objective of the project is to derive the distribution of saline
water in the subsurface. This knowledge would help to determine the source of
saline water currently flowing into the Sea of Galilee and degrading its water qual-
ity.

The new interpretation scheme proves to be very helpful to derive meaningful
resistivity models from the measured data sets. The analyses of the data shows
that some stations have to be excluded from the interpretation. Nevertheless, a
cross-section between the Mediterranean and the Sea of Galilee is derived from the
TEM data sets. It supports the hypothesis that saltwater from the Mediterranean
plays an active role in the salination of the Sea of Galilee.



Zusammenfassung

In dieser Arbeit werden die Auswirkungen einer mehrdimensionalen
Leitfähigkeitsverteilung auf die Inversion von Transient ElektroMagnetischen
(TEM) Daten mittels eindimensionaler (1-D) Modelle untersucht. Die Studie
konzentriert sich hauptsächlich auf Datensätze der Long-Offset-TEM-Methode
(LOTEM). Dazu werden Datensätze der elektrischen und magnetischen Feld-
komponenten, die üblicherweise an LOTEM-Empfängern aufgezeichnet werden,
für eine große Anzahl synthetischer Modell generiert. Anschließend werden die
Datensätze mit einem 1-D Inversionsalgorithmus invertiert. Der Inversionsal-
gorithmus versucht dabei, über eine zusätzliche Regularisierung ein möglichst
glattes Modell zu finden, das die Daten erklärt. Die Modelle, die man aus diesem
Inversionsansatz erhält, geben erwartungsgemäß das synthetische Modell nicht
exakt wieder.

Der Versuch, die Modellverzerrungen durch eine geeignete Regulari-
sierungsstrategie zu reduzieren, scheitert. Zwar reduzieren einige der neuen
Strategien die Rauigkeit der Modelle leicht, wirklich unterdrückt werden die
Verzerrungen aber nicht. Die Unterschiede zwischen den Ergebnissen ver-
schiedener Regularisierungsstrategien sind sehr klein. Die Gefahr geologischer
Missinterpretation der Ergebnisse wäre identisch.

Die Inversionen der einzelnen LOTEM-Komponenten zeigen, dass diese unter-
schiedlich von verschiedenen mehrdimensionalen Strukturen beeinflußt werden.
Die erhaltenen Modelle weisen unterschiedliche Verzerrungen auf und sind damit
inkonsistent. Die Verzerrungen sind allerdings in den meisten Fällen nicht sehr
stark. Die Pseudosektionen aus aneinandergefügten 1-D Modellen repräsentieren
das wahre Modell meist so gut, dass sinnvolle Informationen über den Untergrund
aus ihnen abgeleitet werden können. Die Inversionsergebnisse zeigen, dass die
Modelle nicht nur den Untergrund unter dem Empfänger (Rx), sondern auch den
unter dem Sender (Tx) und den dazwischen repräsentieren. In den besten Fällen
geben die erhaltenen Modelle ein gemitteltes Bild des Untergrunds wieder. Wenn
diese Modelle mit den punktuellen Informationen aus einem Bohrloch verglichen
werden, sind gewisse Diskrepanzen zu erwarten.

Bei der SHort-Offset-TEM-Methode (SHOTEM) kommen deutlich kleinere Off-
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sets als bei LOTEM zum Einsatz. Der Bereich des Untergrunds, der Einfluss auf
die Messdaten hat, ist kleiner. Der Einfluss derselben mehrdimensionalen Struktur
auf das Inversionsergebnis für einen SHOTEM Datensatz unterscheidet sich daher
deutlich von dem auf den an gleicher Stelle aufgezeichneten LOTEM Datensatz.

Die inkonsistenten Modelle für die verschiedenen, am gleichen Ort gemessenen
Komponenten stellen ein Problem dar. Für die endgültige Interpretation muss ein
einheitliches Leitfähigkeitsmodell aus den unterschiedlichen Modellen erstellt wer-
den. Eine gängige Methode, um ein gemeinsames Modell zu erstellen, wäre eine
so genannte ,,Joint-Inversion”. Hier werden die Datensätze gemeinsam in einer In-
version verwendet, um ein einheitliches Modell zu finden, welches alle Datensätze
gleichermaßen erklärt. Bei den Modellrechnungen in dieser Arbeit zeigt sich je-
doch, dass dieser Ansatz nicht sinnvoll ist, wenn die Daten durch mehrdimension-
ale Strukturen verzerrt sind. Die Ergebnisse derartiger Joint-Inversionen weisen
oft starke Artefakte auf.

Daher wird ein neuer Ansatz zur Joint-Inversion entwickelt. Hierbei wird
jeder Datensatz einem eigenen Modell zugeordnet. Über eine geeignete Regular-
isierungsbedingung wird erreicht, dass sich die Modelle nur unterscheiden soweit
dies erforderlich ist. Die daraus abgeleiteten Pseudosektionen weisen weitaus
weniger Artefakte auf als für die bisher übliche Joint-Inversion. Zusätzlich kann
man über die Betrachtung der Einzelergebnisse die Störungen der Datensätze
analysieren und die Verlässlichkeit einzelner Modellmerkmale abschätzen.

Weiterhin wird gezeigt, dass man die Datenverzerrungen, die durch sendernahe
Störkörper hervorgerufen werden, durch zwei zusätzliche Modellparameter in der
Inversion berücksichtigen kann. Aus den meisten der unter Umständen stark verz-
errten Datensätzen kann so die grundsätzliche Leitfähigkeitsverteilung im Unter-
grund abgeleitet werden.

Die neue Regularisierungsstrategie, die neu entwickelte Joint-Inversion und die
Verzerrungsparameter werden verwendet, um die Datensätze einer Messkam-
pagne in Nord-Israel zu interpretieren. Das Ziel des Projekts ist, die Verteilung
salinen Wassers im Untergrund festzustellen. Damit mc̈hte man die Frage nach der
Quelle des salinen Wassers klären, das sich in den See Genezareth ergießt und die
Wasserqualität des Sees deutlich herabsetzt.

Das neue Interpretationsschema stellt sich bei der Bearbeitung der Datensätze als
sehr hilfreich heraus. Die Analyse der Datensätze zeigt, dass die Daten einiger Sta-
tionen als zu gestört verworfen werden müssen. Dennoch kann ein Leitfähigkeits-
Schnittbild vom Mittelmeer zum See Genezareth aus den TEM-Daten abgeleitet
werden. Diese unterstützt die Hypothese, dass das Salzwasser aus dem Mittelmeer
eine aktive Rolle bei der Versalzung des See Genezareth spielt.



CHAPTER 1

Introduction

ElectroMagnetic (EM) methods in applied geophysics are used to determine the
distribution of parameters in the subsurface, which influence the behaviour of elec-
tromagnetic fields in the earth. Some of these are especially sensitive to parameters
like the relative permittivity ǫ (e.g. Ground Penetrating Radar, GPR, Knödel et al.
[1997]) or polarisation effects (e.g. Induced Polarisation, IP, Pelton et al. [1978]).
Most methods, however, aim at deriving the distribution of the electrical resistivity
ρ(x, y, z) or the magnetic permeability µ(x, y, z), although changes in the latter are
only considered in special cases [Thomas, 1977; Yadav and Lal, 1989; Kriegshäuser,
1991]. In principle, EM methods can be used whenever the target differs from its
surrounding in any of these parameters. In this work, mainly changes in the resis-
tivity or its inverse, the conductivity are considered.

EM methods measure the response of the earth to an electromagnetic excitation.
Often EM methods are divided into Frequency Domain (FD) and Time Domain
methods. FD methods consider earth responses to an electromagnetic signal at
discrete frequencies. The sources of the signals can be either natural phenom-
ena (e.g. MagnetoTellurics, MT, Cagniard [1953]) or artifical transmitters (e.g. Con-
trolled Source AudioMagnetoTellurics, CSAMT, Goldstein and Strangway [1975]).
TD methods depend on an artifical source. Here, the decaying earth response after
shutting off an electromagnetic field produced by a transmitter is measured. There-
fore, Time-Domain ElectroMagnetic (TDEM) methods are also called Transient
ElectroMagnetic (TEM) methods. With respect to the offset of the transmitter (Tx)
to the receiver (Rx), two modifications are in use: SHort-Offset TEM (SHOTEM, sec.
2.1) and Long-Offset TEM (LOTEM, sec. 2.2). The latter has been continously devel-
oped at the Institute of Geophysics and Meteorology of the University of Cologne
(IGM). In the LOTEM case, the Rx comprises sensors for the electric and magnetic
fields (or their time derivatives) in up to three dimensions.

The standard automated interpretation for TEM methods is still based on the in-
version of simple earth models. In most cases, one-dimensional (1-D), layered half-
spaces are considered in the inversion [Petry, 1987], where the resistivity ρ changes
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only with depth. More complex settings are usually tackled by manual modelling
(recent examples are Hördt et al. [2000]; Schaumann [2001]; Kalscheuer [2004]). Al-
though TEM inversion programs for more complex earth structures are beginning
to emerge [Mitsuhata et al., 2002; Scholl et al., 2003; Commer, 2003; Newman and
Commer, 2005]. At present, however, the multidimensional inversion algorithms
are rare and still under development. In addition, they require a vast amount of
computer resources. Even more important, a dense grid of TEM-Tx and -Rx is
needed to resolve a three-dimensional resistivity structure [Commer, 2003]. How-
ever, such a setup will be very expensive unless the area is under investigation is
very small. For this reason, 1-D inversion algorithms will still be used in the future.

In the last four years, the IGM participated in a project in Israel (chapter 6). In
order to address the (hydro-)geological question of the project, the resistivity struc-
ture in the subsurface of a large area in northern Israel had to be investigated. As
no rapid lateral variations of the target were expected, it was decided to deploy
the TEM equipment pointwise. This means that the distance between different Tx-
Rx-setups is significantly larger than the exploration depth. Each station thus has
to be considered independent. Still, at each site several data sets for different field
components were recorded. It was planned to interpret the data sets by means of
1-D inversions.

The problem with any 1-D interpretation is that even in the best case the subsur-
face is only “approximately one-dimensional”. Any deviation from this assumed
one-dimensionality might change or distort the data sets in a way that an inter-
pretation of these data will lead to a wrong, “distorted” geophysical model. The
question which arises is how to detect and maybe reduce the distortion of the re-
sulting model to avoid geological misinterpretations.

This work addresses the problem of how to derive reasonable 1-D resistivity dis-
tributions from measured data when only a sparse data set is available, and how to
estimate the reliability of the resulting model. The derived interpretation scheme
will be applied to the data sets recorded during the Israel campaign.

In chapter 2 the basics of TEM-methods and the equipment used in the field are
introduced. Chapter 3 explains the theoretical background of inversions. In chap-
ter 4, the previous studies are reviewed which examine the effects of a parameter
distribution more complex than a 1-D resistivity model.

The main parts of the work are presented in the next two chapters. Chapter 5 ad-
dresses the question if and how it is possible to derive a meaningful 1-D model from
a data set which is measured over a non-1-D subsurface. To answer this question a
large number of synthetic data sets for different field components were calculated
for several multidimensional resistivity models. The inversion of these data sets
give an insight in how the interpretation of different TEM data sets is influenced by
multidimensional structures.

Mainly three different approaches are used to derive reasonable 1-D models from
these data sets. The first approach is to suppress model-distortions caused by the
effect of multidimensional structures by means of a proper regularisation of the
inversion. Second, the information from all measured field components are com-
bined in one interpretation scheme. Finally, a certain type of distortions will be
parameterised as additional model parameter.
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All three approaches are combined for the inversions of the field data sets from
Israel (chapter 6). In chapter 7 the results of this work are discussed.

Preliminary notes

This thesis is available in two PDF-versions, a short and a long. The appendices B,
C and parts of D are only included in the long version.

For brevity, the term “multidimensional transient” will be used for data sets
which are influenced by multidimensional structures. Further, when inversions
are referred to as done “with/without (Tx-)distortion” this means that the Tx-
distortion parameters (see sec. 5.6) are in- or excluded in the inversion process.

Throughout this thesis, vectors and matrices are represented by bold characters.
Lower case characters represent vectors, whereas upper case characters represent
matrices.





CHAPTER 2

Basics of TEM

Commonly two types of transmitters are used for Transient ElectroMagnetic (TEM)
measurements: either a loop source, forming a vertical magnetic dipole, or a
grounded wire, forming a horizontal electric dipole. In the first case the coupling
to ground is solely inductive, in the latter it is both inductive and galvanic. In real
applications, these dipoles are of finite length (“bipoles”) or area, respectively.

At a certain time, the state of the transmitter current is changed, e.g. the cur-
rent is switched off or the polarity of current is reversed. The fields caused by this
change propagate through the air with an EM-wave almost with the speed of light.
However, the propagation through the conducting subsurface is much slower. Ac-
cording to Lenz’ law, currents are induced to counteract the change of the primary
magnetic field. The first part of the earth to “notice” the change is the part right
below the surface. Here, the induced currents reproduce almost the currents origi-
nally flowing through the transmitter cables, thus shielding the deeper parts of the
earth from the change of the primary field. Depending on the conductivity of the
soil the induced currents decay, exposing the subjacent parts to the change, which
then start reproducing the original magnetic field. This way the information about
the change in the primary field propagates away from the transmitter.

However, this shielding is never perfect. Also, the collapse of the induced current
in a certain volume is not abrupt. Even at early stages of the process currents are
induced in remote parts of the earth. Though, the maximum of the induced cur-
rents propagate diffusively down- and outwards from the transmitter. The speed of
the propagation depends on the conductivity. The induction currents decay faster
in resistive environments. Thus, the propagation of the induced current system is
faster there [Spies, 1989].

For a loop source, Nabighian [1979] described the induced current system in a
homogenous half-space as resembling a “smoke ring” blown by the transmitter,
moving downwards with increasing radius and diminishing amplitude. Hoversten
and Morrison [1982] and Reid and Macnae [1998] extended the examples for the
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Figure 2.1: Schematical sketch of the field set-up of the SHOTEM modification. Here, a central-loop

array is shown. A small receiver loop (Rx) sensing the Ḣz-component is placed in the middle of a
large transmitter loop (Tx).

current system in a layered half-space. Wang [2002] presented the current system
for anisotropic models. Comparable images for a line source over homogenous
medium can be found in Oristaglio [1982]. Gunderson et al. [1986] showed the
current system for a bipole source even in inhomogeneous media.

These induced currents also produce EM-fields, which can be recorded with sen-
sors for electric or magnetic fields (or their time derivatives). Unlike, for instance,
the DC-geoelectric method the transmitter-receiver-offset does not define the depth
of investigation. The induced current system diffuses through the whole subsur-
face and can be detected and recorded virtually anywhere. The depth from where
the signals are originated only depends on the measuring time after the current
change in the transmitter.

However, the transmitter type and the offset control whether a signal from the
induced currents is still detectable at a certain time t. As the maximum of the in-
duced currents move outwards from the transmitter in time, the signals from these
currents at later times are stronger at remote receivers [Petry, 1987]. Depending on
the depth to the target, there are two principal modifications of the TEM method.
The first is called SHort-Offset TEM (SHOTEM), whereas the second is called Long-
Offset TEM (LOTEM).

2.1 The SHOTEM modification

The SHOTEM modification uses transmitter (Tx) - receiver (Rx) separations that
could be significantly less than the depth to the target. The Tx consists of a
conductor-loop. The so-called primary field produced by this loop is compara-
ble to that of a vertical magnetic dipole. Typically, the Tx cable is a square with
side length between 5 and a few hundred meters. The most common array in the
SHOTEM modification is the Central Loop (CL) array shown in Figure 2.1. Here,
the Rx is set up in the centre of the Tx loop and also consists of a wire loop. There-
fore, the voltage induced by the change of the secondary vertical magnetic field
Ḣz(t) or short Ḣz is measured. The exploration depth is approximately two to three
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Figure 2.2: Schematical sketch of the field set-up of the LOTEM modification. On the left hand side
the grounded dipole is shown (Tx). On the right two receiver stations (Rx) with various sensors are
displayed.

times the Tx size and thus bigger than the offset between Tx cable and Rx location
[Petry, 1987; Spies, 1989].

Within this project, all SHOTEM measurements were carried out by the Geophys-
ical Institute of Israel (GII), under the supervision of Dr. Mark Goldman. Two dif-
ferent systems where used, the Geonics EM-67 (typical time range between 0.1 ms
and 50 ms) and the Russian Cycle-5M (0.1-500 ms).

2.2 The LOTEM modification

The most popular Tx configuration for the LOTEM modification is a grounded
dipole [Strack, 1992]. A motor generator produces a current of 5 to 100 Amperes,
which is rectified in a so-called switch-box and injected into the ground via a cable
of a few kilometres in length. A synchronisation unit (“clock”) toggles the polar-
ity at defined times (e.g. every 2 seconds). The transmitted signal therefore has a
rectangular shape.

The Tx-Rx-offset is chosen equal to or bigger than the exploration depth (“Long
Offset”). Figure 2.2 shows a schematical field set-up.

Receiver stations (Rx) comprise of sensors for both the electric and magnetic
fields. The electric field is sensed with cables grounded with unpolarisable Cu-
CuSO4-electrodes. In our case, coils are used as magnetic field sensors. Therefore,
actually the derivatives of the magnetic field are recorded. The electric field com-
ponents are designated Ex and Ey and the derivatives of the magnetic fields are
designated Ḣx, Ḣy and Ḣz. Here, the direction parallel and perpendicular to the
Tx are designated x and y respectively. In logistically demanding or topographical
complex areas sometimes the sensor cannot be orientated according to the direc-
tion of the Tx [Müller, 2000]. These components are designated Exy and Ḣn, respec-
tively [Müller, 2000; Scholl, 2001]. Which components are recorded depends upon
the target of the survey and the geometry of the array. For brevity, I will use the
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terms “magnetic components” or “magnetic transients” to refer to all Ḣx, Ḣy, Ḣz

and Ḣn data sets.

The voltages detected by the sensors are measured and digitised by multi-channel
receiver units, either TEAMEX (Transient Electromagnetic Apparatus for Mineral
Exploration, Rüter and Strack [1991]) or the newer SUMMIT-TEM. The digital data
is send to a field PC via cable telemetry and saved to a hard disk. The receiver
spread often consists of several different Rx, which are spaced by approximately
200 m.

Depending on the strength of the signal and the electromagnetic noise some hun-
dred to thousand switch-over signals are recorded at each Rx to suppress uncorre-
lated noise (see section 2.2.2).

Results of the measurement after processing the data are voltage curves d(t) of
the single components, depending on the time after the switch-over. These curves
are called transients. Often the behaviour for t → 0 s and t → ∞ is considered.
These parts of the transients are called early and late time part respectively (an
exact definition is given in Petry [1987]). For early times the Ḣz- and the electric
field transients approach a certain asymptote. The horizontal magnetic compo-
nents show a linear behaviour in log-log diagrams for t → 0. For late times the Ex,y

transients approach the DC-value, whereas the Ḣx,y,z transients approach zero (see
fig. 2.3).

The shape and amplitude of the transients depend greatly on the angle Φ between
the Tx-direction and the line between mid-point of the Tx and the Rx-position
(lower right panel of fig. 2.3). For simple layered earth cases Ḣx and Ey are ≡ 0
for Φ = 0◦ and Φ = 90◦ for all times1. For the same cases, Ḣz is ≡ 0 for all times for
Φ = 0◦. The shape of the Ḣz-transient does not depend on Φ, only the amplitude
does. Ḣy and Ex do not vanish completely for any Φ [Petry, 1987]. For the geometry
used in fig. 2.3 both transients exhibit a sign reversal. For the Ex-component this
occurs only for certain geometries.

A comprehensive description of the LOTEM method is given by Strack [1992].

2.2.1 The system response

The sensors and measurement units used at the receiver sites are not “ideal” record-
ing systems. This means an impulse would not be recorded as an impulse. In the
best case, an impulse would be reproduced broadened as a “smoothed triangle” of
a few ms length. Moreover, the Tx is not capable of transmitting an exactly rectan-
gular signal. Especially shortly after the polarity change the signal often exhibits
some wiggles which decay exponentially.

Because of this, the recorded transients are not the earth’s response to a step-like
signal. Let R(t) be the step response of the earth, SRx(t) the impulse response of the
receiver system and STx(t) the derivative of the real transmitting function. Then,
the recorded transient d(t) is:

1This also holds true, if the resistivity distribution is symmetrical to a line perpendicular to the
Tx-direction at the Tx mid-point, i.e. to the y-axis in the lower left panel of fig. 2.3.
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Figure 2.3: Examples of LOTEM-transients for a homogenous half-space of 100 Ωm. Displayed is
the electric field (for the Ex- and Ey-component) or the induced voltage (for the magnetic compo-
nents) for a switch-on signal. Negative values are plotted with a gray line, positive with a black
line. The Ex- and Ḣy-transients show a sign reversal. The data was calculated for a Tx dipole of 1
m length and 1 A transmitting current. The position of the Rx station (gray circle) is x = 3 km
and y = 4 km, the Tx is located in the origin. The panels show one LOTEM-component each and a
schematical sketch of the setup (lower right).

d(t) = R(t) ∗ SRx ∗ STx = R(t) ∗ (SRx ∗ STx) (2.1)

The symbol ∗ denotes a convolution. The term SRx(t) ∗ STx(t) describes the influ-
ence from the measurement system. It therefore is referred to as “system response”
(see sec. 6.2.1 for examples). It causes distortions in the early time of the tran-
sients. To interpret the data the system response is measured in the field [Strack,
1992; Scholl, 2001]. To do this a measurement is carried out in the vicinity of the
transmitting dipole. In this case R(t) is approximately an impulse [Duncan, 1978].
The measured system responses are accounted for in the interpretation step [Hördt,
1989] according to eqn. 2.1.
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2.2.2 Data processing

Because most of the time the electromagnetic noise is much bigger than the signals,
the recorded time series have to be processed before interpretation. This processing
includes certain steps:

1. First, the data has to be converted to the binary SEG-Y format. The result is a
file which contains all recorded time series of one component at one Rx.

2. Each time series is filtered separately to eliminate periodic noise, mostly from
the power grid [Hanstein, 1996; Scholl, 2001].

3. All time series are brought to the same DC-value (“levelling”, Scholl [2001]).

4. To reduce aperiodic noise, all time series are selectively stacked [Hanstein et
al., 1986; Scholl, 2001].

5. The resulting data is smoothed with a time variable Hanning-window.

6. Again, the time series is levelled.

Depending on the structure of the noise, additional measures have to be taken. A
comprehensive description of all processing steps can be found in Scholl [2001].

2.2.3 Estimation of the measurement errors

The error estimates for the transients are calculated in the stacking step of the data
processing (cp. 2.2.2). If the mean value di (the i denotes one discrete time point)
of M time series would be calculated from the single measurements dij , j ∈ [1;M ]
after

d̄i =
1

M

M
∑

j=1

dij , (2.2)

a reasonable estimate of the data error is the standard deviation, calculated ac-
cording to

si =

√

√

√

√

M
∑

j=1

(

d̄i − dij

)2

(n − 1)
. (2.3)

However, this is only a reasonable error estimate, if all dij are normally dis-
tributed around d̄i. Tests with real field data showed that most of the time this
is not the case [Helwig, 2000; Scholl, 2001]. Hence, it is more reasonable to calcu-
late a selective stack [Hanstein et al., 1986]. First, for each i all dij are sorted. The
biggest and smallest x percent are discarded2, the values in between are averaged.
This way much better results are achieved in most cases than using eqn. 2.2. In

2Depending on the ambient noise, x is chosen between 5 and 30. In the marginal case of x = 50
this would give back the median.
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this case an error estimation after eqn. 2.3 is not reasonable. Instead, the errors are
estimated according to

s̃i =
q3i − q1i

1.35
. (2.4)

Here, q3i is the value which is bigger or equal to ≈ 75% of all dij for a fixed i and
q1i the one which is smaller or equal to ≈ 25% of all dij . The 1.35 in the denominator
makes s̃i ≈ si if the dij are normally distributed.

Unfortunately we found that even calculating the mean with the selective stack-
ing method and an error estimation according to eqn. 2.4 may be flawed [Helwig,
2000; Scholl, 2001]. The reasons for this may be:

• Systematic errors and dependencies between different dij caused by the
recording units or some processing steps, especially when applying the digi-
tal filters [Thern et al., 1996; Sylvester, 1997];

• Low frequent noise [Helwig, 2000; Scholl, 2001];

• Systematic errors occurring while generating the system responses;

Up to now, this problem was not yet addressed. We still lack a well-founded,
objective procedure for error estimation. A rough appraisal so far is done after
following subjective criteria:

• For the derivatives of the magnetic fields limt→∞ Ḣx,y,z(t) = 0 V/m2 is true.
Therefore, 0 V/m2 should be in the confidence intervals of the data for suffi-
ciently late times. “Sufficiently late” of course is somewhat subjective.

• It should be possible to fit a “smooth” curve through the confidence intervals
of “most” data points. If this is not possible, the intervals are to small. Other-
wise, if it is not necessary to use the full size of the intervals they might be to
big.

Lacking a better solution, the LOTEM field data in this work are stacked as fol-
lows:

• Before stacking the periodic noise is removed. Then, a Cp value is calculated
[Scholl, 2001], which describes the variation in different signal periods in a
single time series.

• For each individual data set a certain threshold value is determined. Every
time series with a higher Cp is discarded. By this step, outlying transients
with low frequent noise are removed.

• After this, the data sets are stacked selectively, the error estimates are calcu-
lated according to eqn. 2.4.

• For all further processing steps it is assumed that the noise is normally dis-
tributed and that the calculated s̃i approximate the standard deviation si.
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Through all post-stack processing steps the error estimates are treated using nor-
mal error propagation – except for the smoothing with the time-variable Hanning-
window. Here, data points are averaged over an interval of a length increasing
with time, weighted by a Hanning-window. Before smoothing, the absolute error
estimates normally are more or less constant. As the window is broader for the late
times then shortly after the switching signal, the absolute error estimates become
smaller according to error propagation. However, experience showed that this re-
sults in error estimates which are far too small judged by the criteria describes
above. Therefore, the s̃i are not recalculated during the smoothing step. The ab-
solute error estimates remain constant which seems more realistic, because of the
erratic behaviour of the magnetic components at late times (see appendix C).

This subsection hopefully clarifies that the error estimates calculated in the
LOTEM data processing are only a rough estimation of the real deviations. This
has an impact on the data inversion and interpretation, as shown in chapter 3.



CHAPTER 3

Inversion of geophysical data

The process of “geophysical interpretation” is the search for an earth model which
explains the measured data and also fits a priori knowledge. This procedure is
called “inversion” in contrast to “forward modelling” where a model is assumed
and the data one would measure in presence of this model are calculated.

In inversions typically the simplest model is wanted, which means models which
can be described by a few parameters such as resistivities and layer thicknesses.
The next simple models after the homogenous half-space are layered half-spaces,
so-called one-dimensional (1-D) models. “One-dimensional” in this case means
that e.g. the resistivity ρ only varies in one-dimension (normally with the depth z).
If it is not possible to fit the data satisfactorily the complexity of the model has to be
increased, either by introduction of new parameters (e.g. anisotropies, see section
4.1) or by multidimensional structures (see chapter 5).

3.1 Inversion theory

As already mentioned, the intention of the inversion is to find an model which
explains the measured data. Let the N observations for a data set be represented
by the vector

d = (d1, . . . , dN )T

Next, an appropriate parameterisation of the earth is needed, represented by a
model parameter vector m. Assuming an one-dimensional model, the subsurface
is normally divided in horizontal layers. Within these layers all electric parameters
remain constant. If the variable parameters of the model of K layers are the K − 1
layer thicknesses hk and K layer resistivities ρk, those parameters are represented
in a model parameter vector

m = (h1, . . . , hK−1, ρ1, . . . , ρK)T
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which, in this case, has M = 2K − 1 entries. Another model parameter often used
in LOTEM data inversion is the so-called “calibration factor” (CF). I will come back
to this parameter in section 4.2.3. The next thing one needs for an inversion, is a so-
called forward-code, which is capable of computing the data one would observe,
if the assumed model parameterisation describes the real subsurface. In the ideal
case, the forward calculation using the model vector m

f(m) = (f1(m), . . . , fN (m))T

equals the measured data d. However, no model will reproduce real measured,
noisy data exactly. Therefore, one has to define a measure for the misfit. In case
of uncorrelated, normally distributed noise this leads to a least-squares approach.
Here, a model is sought which minimises

q = (d− f(m))T (d− f(m)) . (3.1)

For physical reasons, normally the relative difference between d and f(m) are
considered instead of the absolute difference [Jupp and Vozoff, 1975]. This may be
achieved by weighing observed and calculated data with a weighting matrix

W = diag (1/d1, . . . , 1/dN ) (3.2)

and thus eqn. 3.1 becomes

q = (Wd− Wf(m))T (Wd− Wf(m)) = (d− f(m))T
W2 (d− f(m)) (3.3)

In this case the “root-mean-square” or RMS, defined by

RMS =
√

q/N (3.4)

is an often used measure of the misfit. If error estimates are available the data are
often weighted according to these errors. If one assumes uncorrelated errors for
each data point equal to the standard deviation

s = (s1, . . . , sN )T

the matrix W has a diagonal form:

W = diag (1/s1, . . . , 1/sN ) (3.5)

The result is a different measure of misfit, according to eqn. 3.4 defined as

χ =
√

q/N (3.6)

[Commer et al., 2005]. If the difference between the measured and the calculated
data equals the error estimates, χ equals one. Hence, a fit with χ = 1.0 is considered
ideal1. In this work, I will use χ as measure of misfit unless otherwise stated and
thus will use both as synonyms.

1Most authors define a χ2 = q (based on terms commonly used in statistics) and thus consider a
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3.2 Different strategies of inversion

The problem of minimising eqn. 3.1 with respect to m is an optimisation problem.
Actually, there are three common strategies to invert geophysical data: A manual
trial-and-error procedure, automatic inversion by linearising f [Meju, 1994] and
automatic inversion using a statistical approach [Mosegaard and Sambridge, 2002].

3.2.1 Trial-and-error

In this simple form of inversion the interpreter constructs an earth model m and
compares the resulting data f(m) with the forward data. If not satisfied the model
is changed and the new f(m) is again compared to the measured data. Obviously,
there are several drawbacks of this method:

• The interpreter needs to be very experienced. He should know more or less
in what way f changes, if m changes.

• It is very time consuming as it requires a lot of interaction between interpreter
and forward code.

• The interpreter needs to have an idea of the subsurface. The solution tends to
be biased towards this expectation.

However, there are also some advantages:

• An experienced interpreter will restrict the possible model parameters to rea-
sonable values.

• It is very easy to incorporate additional information from geological or other
geophysical methods.

• Although the interpreter may calculate the misfit between observed and cal-
culated data after eqns. 3.6 or 3.4 he is not restricted to judge the fit only by
this means. This may seem quite subjective but the least-squares approach ac-
tually is only correct, if the distortions of the data are Gaussian, which often
is not the case. Therefore, an experienced interpreter may be better in judging
the differences between calculated and observed data.

Anyhow, normally the drawbacks outweigh the advantages. However, as auto-
matic inversion algorithms for TEM data and multidimensional model discretisa-
tions are just beginning to emerge [Mitsuhata et al., 2002; Scholl et al., 2003; Com-
mer, 2003; Newman and Commer, 2005], this method is still common practice for
more complex problems. Recent examples can be found in Hördt et al. [2000],
Schaumann [2001] and Kalscheuer [2004].

value of N as ideal. To judge the misfit is only possible knowing N , which I think is intricate. To get
a simple measure, I normalised the misfit to N and extracted the square root. The χ defined in eqn.
3.6 might be labelled “weighted RMS” by other authors.
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3.2.2 Inversion through linearisation

The classical mathematical approach to an optimisation problem would be to find
extremal values of q(m) by searching for vectors m where

∂q(m)

∂m
= 0. (3.7)

This requires the computation of the derivative of f(m) with respect to m. More-
over, it has to be possible to solve the resulting equation system analytically. In the
TEM case this is not possible.

A common approach to non-linear inversion problems is to start with a so-called
initial guess m0. Then, a model update m̂ = m1 − m0 is sought, which minimises
q:

∂q(m0 + m̂)

∂m̂
= 0 =

∂

∂m̂
(Wd− Wf(m0 + m̂))T (Wd− Wf(m0 + m̂)) (3.8)

Next, f is approximised by a first order Taylor-expansion. For small model per-
turbations m̂, f(m) = f(m0 + m̂) can be expressed as

f(m)|
m=m0

= f(m0) + J|
m=m0

m̂ (3.9)

where J is the Jacobian or sensitivity matrix of partial derivatives

Jij = ∂fi(m)
∂mj

∣

∣

∣

m=m0

for i = 1, . . . ,N and j = 1, . . . ,M (3.10)

It describes, how changes in the model parameter mj affect fi(m). With this
approximation eqn. 3.8 yields

0 =
∂

∂m̂
(Wd− W (f(m0) + Jm̂))T (Wd− W (f(m0) + Jm̂)) (3.11)

Substituting d̂ = d− f(m0) and using W = WT gives

0 =
∂

∂m̂

(

Wd̂ − WJm̂
)T (

Wd̂ − WJm̂
)

=
∂

∂m̂

(

m̂T JTWWJm̂− d̂TWWJm̂ − m̂TJTWWd̂ + d̂TWWd̂
)

= 2JTW2d̂− 2JT W2Jm̂

⇔ JTW2Jm̂ = JTW2d̂ (3.12)

The last equation is called the “normal-equation” whose solution for the model
update vector m̂ is

m̂ =
(

JTW2J
)−1

JTW2d̂ (3.13)
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which is known as the Gauss-Newton or unconstrained least-squares solution.
However, as f was linearised using the Taylor-expansion dropping higher order
terms, so q(m0+m̂) normally will not reach the minimum. Therefore, m1 = m0+m̂

will be used as initial guess for the next iteration step and a new model update is
calculated. The model update for the nth iteration step will be calculated according
to

m̂n =
(

JT
n−1W

2Jn−1

)−1
JT

n−1W
2d̂n−1 (3.14)

where Jn−1 = J|
m=mn−1

and d̂n−1 = d− f(mn−1). This process is repeated until
q(mn) is sufficiently small or any other stopping criteria are met.

To keep all model parameters positive, the model vector often is transformed
logarithmically, e.g. m = (ρ1, ρ2, h) → m̌ = (ln ρ1, ln ρ2, ln h). Then, all inversion
steps are done using the m̌ [Jupp and Vozoff, 1975]2.

The unconstrained solution may have some undesirable properties. An obvious
difficulty occurs when the inverse of JTW2J does not exist, that is, when JTW2J

is singular. But even if (JTW2J)−1 exists, problems arise when JTW2J is nearly
singular, especially if noise is present, m̂ may have huge entries. This leads to
solutions which are far away from the initial guess where the Taylor-expansion is
no longer valid and thus we may be faced with a diverging solution. To circumvent
this, constrains are imposed on on the normal-equation.

Marquardt inversion

Levenberg [1944] introduced a possibility to prevent divergence of the solution of
the normal-equation. He modified eqn. 3.14 to

m̂n =
(

JT
n−1W

2Jn−1 + βI
)−1

JT
n−1W

2d̂n−1 (3.15)

where I is the identity matrix. The additional term restricts the length of the
model update vector to a certain length depending on the choice of the so-called
damping factor β. The solution is constructed using mainly eigenvectors of JTW2J

with high eigenvalues. For these eigenvectors it is more likely that the Taylor-
expansion is valid [Jupp and Vozoff, 1975].

This inversion scheme became very popular after a publication of Marquardt
[1963]. It is widely used for inversion problems with only a few model parame-
ters (e.g. 1d-models). For inverting a geophysical data set normally the subsurface
is divided into a few layers. Then, the thicknesses of these layers are also subject to
the inversion [Jupp and Vozoff, 1975; Lines and Treitel, 1984].

An advantage of this scheme is that it can not diverge. If the algorithm fails to
find a better fitting model, one can increase the value of β. With this, the “step-
size” (the length of m̂) decreases and finally an update can be found, where the
linearisation describes the problem sufficiently. However, the improvement from

2This is also reasonable from a physical point of view. A change of e.g. the resistivity of the first
layer ρ1 from 1 Ωm to 2 Ωm changes f(m) comparable to a change from 10 to 20 Ωm, not like from
10 to 11 Ωm, which is reflected better by logarithmically transformed parameters.
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one iteration to the next may be so small that it seems not worthwhile doing further
iterations.

A drawback is the strong dependency of the inversion result on the initial model
[Petry, 1987]. For arbitrarily chosen initial models, the inversion algorithm most
likely will only find a local extremum of q. Therefore, a good initial guess is re-
quired (which also includes the incorporation of the “true” numbers of layers).

Occam’s inversion

Another widespread inversion algorithm was introduced by Constable et al. [1987].
The idea is, to find a model which shows just as many features as needed to ex-
plain the data. The so-called “Occam’s” or “smooth model” inversion imposes a
smoothness constraint on the model. Constable et al. [1987] proposed two different
smoothness criteria. The first one defines “roughness” as the summed up differ-
ences between adjacent layers of a K-layer case,

R1 =

K
∑

k=2

(ρk − ρk−1)
2 (3.16)

and the second,

R2 =

K−1
∑

k=2

(ρk+1 − 2ρk + ρk−1)
2 (3.17)

as the total change in differences with depth. With the K × K matrix R given by

R =















0
−1 1 0

−1 1
. . .

0 −1 1















(3.18)

and all K resistivities of the model given by m∗ = (ρ1, . . . , ρK)T this could also
be expressed as

R1 = m∗T
RTRm∗ (3.19)

and

R2 = m∗T (R2)TR2m∗ (3.20)

respectively. Typically, the subsurface is divided into a great number of layers
(20-100), whose thicknesses are kept fix. Therefore, the model vector to invert is
only m∗. The minimising problem is formulated as finding the m∗ for which both
the misfit and the roughness are small. Eqn. 3.3 in this case changes to
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q∗ = (d− f (m∗))T (d− f (m∗)) + λm∗T
PT Pm∗ (3.21)

where P = R or P = R2 respectively. After substituting m∗ = m∗

n−1 + m̂∗

n and
some transformation similar to those shown in section 3.2.2, the equation

m̂∗

n =
(

JT
n−1W

2Jn−1 + λPT P
)−1

(

JT
n−1W

2d̂n−1 − λPTPm∗

n−1

)

(3.22)

yields the model update (cp. eqn. 3.14). Normally, a homogenous half-space is
chosen as initial model. In this case the inversion algorithm may introduce resistiv-
ity changes only if this is necessary to explain the measured data. Ideally, the result
is the “smoothest” model, which explains the data.

The variable λ quantifies the trade-off between roughness and data misfit. With
decreasing λ the roughness will increase, whereas the misfit will decrease. If λ is
big enough, the λPT P term makes sure that JTW2J + λPTP is not singular3.

Typically, the inversion algorithm starts with a large λ, which decreases with each
iteration step. However, finding an appropriate strategy to choose values for λ is
not trivial. Schemes for choosing λ are presented in sec. 5.2).

Compared to the Marquardt inversion, Occam’s inversion is computationally
much more expensive for three reasons:

1. A much bigger amount of layers are used in Occam’s inversion. The compu-
tation time for one calculation of f(m) increases significantly with the num-
bers of layers (e.g. the calculation for a 25 layer earth model roughly takes six
times longer than for a 4 layer case).

2. Normally the number of free parameters is higher. Therefore, the computa-
tion of J needs more calculations of f .

3. Most strategies to find an appropriate value for λ require many additional cal-
culations of f (see section 5.2), whereas a suitable value for β is found quickly.

Also, Occam’s inversion approach only is reasonable, if no sharp resistivity con-
trasts are expected geologically (although EM-methods only resolve subsurface
structures somewhat blurred for physical reasons). Thin layers tend to be sup-
pressed. And it is not clear, how to choose λ (which effects the results significantly),
whereas the choice of β only influences the convergence.

Another drawback is that the inversion algorithm tends to cease converging at
late iteration steps. The reason for this is – roughly speaking – that the algorithm
has to construct its search direction as a linear combination of two possibilities.
For λ → 0 no constraint will be imposed, the solution therefore most likely will
diverge and thus the misfit will not be improved. For λ → ∞ the solution will be a
half-space, which also will degrade the fit.

To be able to achieve at least the misfit of the previous model, Constable et al.
[1987] suggest to reduce the step-length successively when a model update fails.

3It says, if you can not derive information about one layer from the Jacobian, give it the resistivity
from the adjacent layers.
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This can be done by using m̃
′

= m̂∗/a as model update, where a is an arbitrary
number. The step-size is reduced further, unless a model update yields a suffi-
ciently low misfit. For a → ∞ the model update vector has a zero length. The
“new” model therefore will be the old model, which of course will achieve the
same misfit.

The big advantage of the Occam’s inversion is that the interpreter does not have
to worry about an initial model. As mentioned earlier, homogenous half-spaces
are used as m0

4. The number of layers does not effect the result much, as long as
“enough” layers have been chosen5. Also the resistivity of the half-space does not
change the result (see also appendix A).

Therefore, often both inversion strategies are combined. First, Occam’s inversion
is done. This inversion result yields an initial guess about the main subsurface
features as number of relevant layers and a (qualitative) resistivity sequence, which
is used in a Marquardt inversion.

3.2.3 Monte-Carlo inversion

From a statistical point of view, minimising the misfit between d and f can be seen
as finding the most probable model giving the measured data. The probability
might be modified by a priori information. The statistical analogon to the confi-
dence intervals of the resulting model is to know the complete probability distri-
bution, or the likelihood of all models mn in the parameter space. This works even
for multi-modal distributions.

A so-called “global algorithm” tries to find the global minimum of the misfit or
even sample the complete probability distribution (the latter includes the former).
The simplest approach would be to test all possible models. This can be approx-
imised by choosing an appropriate model discretisation m and calculate f(m) for,
say, 20 different discrete values for each parameter. Although possible, this ap-
proach becomes unruly if the amount of parameters increases. For 10 parameters
and 20 values per parameter this would require 2010 ≈ 1013 forward calculations6.

To overcome this, random elements are introduced to the search. Methods in-
corporating random elements are called Monte Carlo methods [Mosegaard and
Sambridge, 2002]. Testing random models approximates the probability distribu-
tion faster than the “systematic” search described above [Mosegaard and Tarantola,
1995; Mosegaard and Sambridge, 2002]. However, simply testing a number of ran-
dom models will be computationally to expensive. Huge parts of the model space
are seized by models with a very poor fit and thus an extremely low probability. To
speed up the search, different techniques have been introduced to narrow the ran-
dom search to subspaces, where the probability is not that small. A recent overview
of the global search algorithms used in geophysical data interpretation is given by
Mosegaard and Sambridge [2002].

4Meju [1994] shows the effect of choosing m0 other than a half-space.
5In the LOTEM case 20 to 40 will do, if the depth range is chosen according to the time range of

the transient.
6Which - in the LOTEM case - would take roughly 35, 000 years on an “Athlon-XP-1800” PC. Also,

a sampling of the parameter space with only 20 possible values is quite coarse.
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• Metropolis algorithms and simulated annealing algorithms sample the prob-
ability distribution by a random walk [Sen and Stoffa, 1991; Mosegaard and
Tarantola, 1995; Grandis and M. Menvielle, 1999]. In this cases the probabil-
ity distribution can be derived from the ensemble of accepted model. The
acceptance criterion differs, depending on the implementation.

• The neighbourhood algorithm [Sambridge, 1999] searches the parameter
space by continously densifying the sampling around points, which showed
higher probabilities in previous stages.

• Genetic algorithms [Goldberg, 1989; Stoffa and Sen, 1991] apply biologic re-
production and selection rules to the optimisation problem. A “population”
of earth models runs through several evolutionary generations, subject to the
“survival of the fittest” principle. The “fitness” of an individual model in this
case is the reciprocal misfit.

Although there are several example of successful applications of Monte Carlo
methods to geophysical inverse problems, I did not yet succeed in applying those
to the inversion of TEM data. Mainly there seem to be two main disadvantages of
the TEM method which hamper the usefulness of those algorithms:

• Monte Carlo algorithms require a huge amount (some millions) of evalua-
tions of the misfit and thus of f(m). Compared to other methods, computing
f(m) even for a simple 1D-case is tedious. Using models with a small number
of layers and variable layer thicknesses, decreases the amount of evaluation
time. On the other hand, this will increases the number of local minima. Al-
though the above mentioned algorithms are referred to as “global” search
procedures, they tend to get stuck in local minima just like the Marquardt in-
version if the number of evaluations chosen is small. Increasing this number
also is not advisable due to the enormous computational effort.

• Shallow layers influence the trend of the complete TEM-transient. Therefore,
an earth model, where every parameter has the “true” value except the resis-
tivity of the first layer, will have a poor fit and thus most likely will be rejected
by the algorithm. This degrades the convergence performance of all Monte
Carlo methods greatly. This might be avoided by using the apparent resistiv-
ity formulation for SHOTEM [Petry, 1987] and a kind of “all time apparent
resistivity” [Karlik, 1994] for LOTEM, which again would have some other
disadvantages.

The problems get bigger, when the calibration factor (see sec. 4.2.3) is a free pa-
rameter. Although the utilisation of pure Monte Carlo algorithms may work in
future, there is no solution to these problems yet.

3.2.4 Hybrid Marquardt Monte-Carlo inversion

One approach to combine the good convergence properties of linearised inversions
with a global search, is to combine both methods in one algorithm. The easiest way
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to do this, is choosing random initial models for a standard linearised inversion
[Koch, 2003; Lange, 2003].

At this moment, there are some drawbacks of this method:

• The algorithm is still not very efficient. Most randomly chosen models are
bad initial models. Even a Marquardt inversion will fail in say, 90 % of cases
to find a sufficiently good model but will spend several tens of forward cal-
culations per trial.

• The algorithm at present needs around a dozen parameters. Extensive tests
still have to be carried out in order to find reasonable and effective settings.

• It also is still not well understood, how many of these inversions have to be
carried out to keep the result “global”.

The results of Koch [2003] and Lange [2003] thus still are considered to be pre-
liminary. The algorithm is not used for this study because it is computationally
expensive and of unestablished relevance.

3.3 Joint-inversion

“Joint-inversion” is a term used for inverting two or more different data sets using
the same model [Vozoff and Jupp, 1975]. Basically, the inversion works the same
way as described in this chapter. The additional data sets are simply appended to
the data vector d which thus becomes longer. Often the evaluation of the longer
f(m) takes several separate forward modelling runs.

Strictly, all multidimensional inversion algorithms are joint-inversion algorithms.
For 1-D inversions often data sets of different geophysical methods are used jointly
to combine their resolving capabilities [Jupp and Vozoff, 1977; Hördt, 1989; Com-
mer, 1999].

3.4 EMUPLUS

The 1-D program EMUPLUS allows - besides forward calculations for model stud-
ies - the inversion of data sets from different electric and electromagnetic methods.
Both Marquardt and Occam’s Inversion is implemented. It is possible to calculate
and invert SHOTEM data [Lange, 2003] as well as LOTEM-Ex, -Ey, -Ḣx, -Ḣy and
-Ḣz and even the rotated -Exyand -Ḣn.

Additionally, it is possible to invert the frequency domain MT and CSAMT data
sets. Further it is possible to do joint-inversions [Vozoff and Jupp, 1975] with up to
30 different data sets [Hördt, 1989; Commer, 1999; Supriadi et al., 2000].

For this work many changes and new features were implemented in the program.
See app. F for a description.
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3.5 Appraisal of resulting models

After deriving a model which explains the measured data sufficiently well, it is also
very important to estimate confidence intervals for each parameter. This is related
to the “likelihood” of the model [Mosegaard and Sambridge, 2002]. Statistically,
if the model is found which produces the lowest misfit, it is the most likely in the
light of the data (and error estimates) measured. However, it doesn’t mean that all
other models are completely unlikely. In general, many other models can be found,
which produce only slightly higher misfits and are thus only slightly less likely. In
the best case, all of these models would result in the same geological interpretation.

Depending on the inversion method an appraisal of the final model can be done
in different ways. It is hardest, if the inversion is done by trial-and-error. In this
case the interpreter has no additional information, besides the model and the misfit.
However, since finding this model involved several tries with different models, he
can try to judge which feature of the model was important and which was not well
resolved.

Often global search algorithms are used to sample the probability distribution for
all models. If this is done, all needed information is available.

In this study only linearised inversions are used. Here, several approaches have
been suggested. For smooth model type inversions like Occam’s inversion, dif-
ferent runs with different smoothness constraints can be carried out. Where these
models differ, the solution is governed by the smoothness constraint and not by
the data. See Oldenburg and Li [1999] for an example in 2D. Although this is a use-
ful tool for estimating the depth of investigation, no real confidence intervals for
resolved parameters can be derived with this method. Also, the class of possible
solutions is restricted to smooth models. Additionally, the models compared may
also differ due to different resulting trade-off parameters λ. Only models produc-
ing similar misfits should be compared.

Other approaches use the information contained in the Jacobian. Most authors
implement the Marquardt-inversion using a singular value decomposition of J.
The three resulting matrices allow a detailed analysis of the linearised solution. It
is possible to derive resolution matrices [Menke, 1984] or parameter error bounds
[Jupp and Vozoff, 1975] and to analyse parameter dependencies in the so-called V-
matrix [Hördt et al., 1992]. Also very popular is the use of parameter “importances”
[Hördt et al., 1992; Lange, 2003]. These approaches have an significant drawback:
They rely solely on the linearised and thus localised Jacobian J|

m=mfinal
and its

relation to the final damping parameter β. That this may be misleading is shown
in Koch [2003].

To circumvent these drawbacks, I choose another approach for model appraisal:
The model in question is varied, parameter by parameter, in eight steps from mj · 5
to mj/5 and the number of layers is changed by splitting one layer or combining
two layers. Additionally all other parameters are randomly changed within a few
percent. With this new initial model a Marquardt-inversion is done. If the inver-
sion reaches a misfit which is only slightly7 higher than of the original model, the

7As the data errors are known not to be true standard deviations but estimates, “slightly” becomes
subjective. For this work I choose 10 %.
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new model is saved. After this, the inversion will be finished. If the final model
achieves a lower misfit than the original one, the latter is replaced and the process
is restarted. The result is an ensemble of models which represents equivalent mod-
els. Plotting all models in one figure depict the confidence range for the resistivity
at the different depths. Note that these models are still biased towards the original
model. This is no global search procedure.



CHAPTER 4

Effects of complex geoelectric settings on TEM-data

As mentioned previously, the interpretation of TEM data sets today is based mainly
on 1-D inversions. The assumption of a 1-D distribution of any physical parameter,
however, is never fulfilled in nature. A layer uniformly interpreted as e.g. “sand”
shows big vertical and lateral changes within a few micrometers when viewed on
grain size.

Even if we were able to invert 3-D resistivity distributions on small scales we
might end up with unexplainable transients, as TEM fields are also influenced by
the magnetic permeability and the dielectric permittivity1 [Lee, 1981]. Again, also
3-D formulations for resistivity, permeability and permittivity are only approxi-
mations: All three may be non-scalar and time/frequency dependent. In the near
future models of this complexity will remain untractable.

Nevertheless, simplified models were used successfully in the past to interpret
measured TEM data. This means that the assumptions made approximised suffi-
ciently reality meaning that the influence of structures not represented in the simple
model were negligible.

In the next section I will briefly review the effects that may appear, when the
subsurface cannot be described with a constant scalar resistivity alone.

4.1 Effects of different material parameters

The most often used model in TEM inversions assumes a scalar 1-D resistivity dis-
tribution ρ(z) and vacuum permeability µ = µ0. In the recent decades many studies
were made concerning the effect of more complex settings.

1The latter actually influences the the wave propagation of the EM field. TEM processes com-
monly are modelled in the diffusive regime (at “relative” late times) and thus are not affected by the
permittivity. However, it influences whether the diffusive approximation is valid or not.
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4.1.1 Non-scalar resistivity

A scalar resistivity means that the resistivity is isotropic, i.e. it is uniform in all di-
rections for a certain volume. In general this is not the case. Instead, it can have
full matrix form. Anisotropy is a scale issue [Wannamaker, 2004]. Non-scalar re-
sistivity can be simulated by structures with scalar resistivities on a smaller scale.
Examples of equivalent scalar models to anisotropic resistivities can be found in
Schönfelder [1995]. Anisotropy also exists on the crystal scale, where minerals may
have different resistivities along different axes (e.g. [Constable et al., 1992]).

In sedimentary basins the subsurface may consist of finely stratified layers [Chris-
tensen, 2000]. If the resistivity of these layers differ, the resistivity parallel and
perpendicular the stratification will be different, comparable to a series or parallel
connection of varying resistors [Jupp and Vozoff, 1977]. In this case, the medium
can be described with an anisotropic bulk resistivity. For a horizontal stratification
the layer exhibits a vertical and a horizontal resistivity ρv and ρh. Jupp and Vozoff
[1977] define an anisotropy coefficient as:

γ =
√

ρv/ρh (4.1)

Jupp and Vozoff [1977] use the MT and DC methods to discriminate between
the two different resistivities. MT is influenced only by ρh, whereas ρDC =√

ρvρh. Thus, using both methods in a joint-inversion allows one to determine the
anisotropy coefficient. A similar approach, using SHOTEM and DC, is presented
by Eckard [1993] and Christensen [2000]. The SHOTEM-component here is only
sensitive to ρh. Hördt [1992] combines electric and magnetic LOTEM-components
in an inversion. Here, the electric components are influenced by both ρv and ρh,
whereas all magnetic TEM-components are only affected by ρh.

The effect of this type of anisotropy would be that inversions of electric LOTEM-
and magnetic TEM-components would give different resistivities at a given depth.
The resistivity derived by inverting the electric components roughly would be
higher compared to the one derived from the magnetic components. However,
inverting single data sets, the inversion algorithm should find a model which ex-
plains the measured data well. Thus an interpretation of the single inversion results
will still fit the geological facts fairly in most cases.

Different bulk resistivities in x- and y-direction are far more complex for TEM,
due to complicated geometry of the source. Schönfelder [1995] made some cal-
culations for LOTEM on an arbitrarily anisotropic half-space. He found that the
effect of anisotropy can be as complex as 3-D structures, which is not surprising,
as anisotropy can be simulated by small scale 3-D structures. He was able to re-
produce sign reversals in Ḣz, which are commonly interpreted as effects of multi-
dimensionality. The same can be expected for the SHOTEM method.

Inversions of models with arbitrary anisotropy or even forward calculations for
a complex anisotropic layering have not yet been done for TEM. For the MT-case,
where the source is a plane wave, this has been considered for 2-D cases [Pek, 1994;
Schmucker, 1994; Li, 2000].
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4.1.2 Magnetic permeability unequal to vacuum permeability

The magnetic permeability is the product of the vacuum permeability µ0 = 1.257×
10−6 Vs/Am and the relative permeability µr. For most rocks, the relative perme-
ability is around 1.0 [Telford et al., 1990]. Sediments may show values of 1.001,
whereas igneous rocks like basalts may have up to µr ≈ 1.2.

Considering models with µr 6= 1.0 in MT increases the number of equivalent
models significantly, because data produced over a earth with µr 6= 1.0 can be
explained by a model with µr = 1.0 everywhere but different resistivities [Yadav
and Lal, 1989]. This is not the case for LOTEM [Hanstein, 2001], where a non-
unity relative permeability also distorts the layer thicknesses [Kriegshäuser, 1991].
Hanstein [2001] stated that models with µr > 4.0 will produce transients, which can
not be explained by a pure 1-D resistivity distribution. However, in real geology µr

is near unity. Thus, the distortions normally produced are not severe.

4.1.3 Time depending material parameters

The bulk resistivity ρ and magnetic permeability µ of any volume may be frequency
dependent (ρ(ω) and µ(ω)). Of course, these parameters may be transformed to
time domain, leading to ρ(t) and µ(t) respectively, where t is the time after shut-off
of the primary field [Hönig, 2002].

Frequency dependent resistivity is measured with the so-called Induced Polar-
isation (IP) method [Pelton et al., 1978]. The change of magnetisation with time
is referred to as magnetic viscosity. For material showing magnetic viscosity on a
short time scale (order of milliseconds, comparable to typical TEM time scales) the
term super-paramagnetism is used [Buselli, 1982]. Both effects are resulting from
structures on grain- and mineral scale.

For TEM both effects normally are not considered. Any such effect could lead to
distorted transients and thus may cause misinterpretations. Weidelt [1982] argued
that the frequency dependence of resistivity and permeability may cause noticeable
distortions of TEM data.

Induced Polarisation

If a part of the subsurface consists of polarisable material, the primary field stores
energy in polarisation, mostly in chemical form. This can be a result of variations
in the mobility of ions in fluids throughout the rock structure. The other cause can
be variations between ionic and electronic conductivity where metallic minerals
are present [Telford et al., 1990]. The first, known as membrane effect is most pro-
nounced in the presence of clay minerals. The second, known as electrode polarisa-
tion effect is strongest in rocks containing disseminated minerals that are electronic
conductors like sulfides, some oxides and graphite. This energy build-up and re-
lease is very slow and will look similar to a transient response, but normally is
considered to be far weaker than the actual transient.

Although IP is an useful method for exploring minerals responsible for the elec-
trode polarisation effect or ground-water studies, the IP-effect is normally ne-
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glected for TEM measurements.

Smith and West tried to explain sign reversals in coincident-loop TEM measure-
ments [Smith and West, 1988; 1989] with polarisable bodies. Similar calculations
are presented by Flis et al. [1989] (see also Flis and Newman [1989]). They point
out that the effect can be observed mainly after the normal induced current sys-
tem had decayed away. The effect thus not big, if the subsurface is conductive.
The response of a polarisable 3-D body increases with decreasing distance from the
setup.

The results can be applied to SHOTEM as well, although in this configuration
sign reversals can be produced also by small-scale inhomogeneities close to the Rx
Hohmann and Newman [1990].

Schaumann [2001] explained late time sign reversals in SHOTEM data with po-
larisable 1D-models. The transients were recored above a waste known to exhibit
polarisable zones. She did not succeed to explain these sign reversals by a multidi-
mensional resistivity structure. 1-D-models with polarisable layers reproduced the
measured features well.

Hoheisel [2000] investigated the influence of IP-effects on the LOTEM method.
He found that the effect of a polarisable subsurface is quite complex. It greatly
depends on the Tx-Rx-geometry and the position of the polarisable volume. The
measured voltages may be in- or decreased. Even sign reversals can be produced.
However, for reasonable polarisabilities the effect can only be seen if the induced
fields decayed away.

The results of these studies can be summarised with the following points:

• The strength of the polarisation effect depends on the strength of the primary
field. Thus, the effect is strongest near the transmitter. Therefore, a big im-
pact of a near surface polarisable layer can be expected when measuring the
system response.

• The resistivity distribution in the subsurface affects the IP-effect in two ways:
First, it influences the strength of the primary field in the subsurface. Second,
it controls the diffusion process of the transient field. If the induced field
decays faster than the IP-effect, the latter prevails at late times.

• The effect obviously is stronger, if the polarisability of the body is bigger.
Moderate polarisabilities need certain Tx-Rx-body geometries to have an ef-
fect [Smith and West, 1988; 1989].

• The IP-effect influences electric fields stronger than the magnetic field deriva-
tives [Hoheisel, 2000].

Super-paramagnetic effect

Material may show a magnetic viscous behaviour, if it contains magnetisable ma-
terial of different grain sizes. The smaller the grains, the smaller the affected time
scale. The effect is strongly temperature dependent [Buselli, 1982]. The effect of
super-paramagnetic soil was first considered for coincident loop measurements.
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Buselli [1982] explained anomalies in field data recorded on lateritic soil in Aus-
tralia with the super-paramagnetic effects.

If a strong super-paramagnetic effect is visible, at late times the measured Ḣz-

transients decay ∼ t−1 instead of ∼ t−
5
2 like undistorted curves [Lee, 1984]. If one

tries to interpret these distorted transients this would lead to models, where the
resistivity decreases with depth [Lee, 1984].

Lee [1984] showed that the strength of the effect decreases when the Tx-Rx-offset
increases. In fact, the strength of the distortion depends on the mutual inductance
of Tx and Rx, which decreases with increasing offset [Hanstein et al., 2005; Neu-
mann, 2005 in preparation]. Thus, the influence of super-paramagnetic material on
SHOTEM or especially on LOTEM measurements should be small. Nevertheless,
Gaidetzka [2002] found indications for a super-paramagnetic effect in central-loop
measurements above a waste site.

4.2 Effects of multidimensional resistivity structures

In nature one will not find a real “layered earth” case. Sedimentary basins may
be close, but the general geology consists of faults, graben and horst structures,
isolated bodies and so on. Often, the aim of a geophysical survey is to find and
describe any distortion in the otherwise more or less 1-D earth, like ore bodies or
oil traps.

This work deals mainly with multidimensional effects on TEM data. Therefore, I
would like to describe the background of multidimensional modelling in this sec-
tion in more detail. However, for a comprehensive description - particularly of
multidimensional EM forward calculations - please consult the given references. I
also restricted the references to work related to at least active methods. For a more
general review of 3-D EM modelling, refer to Avdeev [2004].

4.2.1 Forward modelling

For any study of multidimensional effects, of course, an appropriate forward-code
for modelling is needed. For EM-methods the code should solve the Maxwell’s
equations in their quasi-static approximation

∇× e = −ḃ (4.2)

∇× b = µ(σe + je) (4.3)

or after elimination of b

∇×∇× e + µσė = −µj̇e (4.4)

e and b are the vectors of the electric and magnetic field, je is the source current
density, µ the magnetic permeability and σ the electric conductivity.
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TEM methods use an artificial source, which excitates EM fields at a certain time
t = 0 s. A common modelling approach is to calculate the static fields e and b for
t < 0 s and then to obtain solutions for later times. This way the external source
current density je equals zero for t > 0 s. The electric and magnetic fields then are
sampled on a Yee-cell [Yee, 1966] applying a Finite Difference Method (FDM). Al-
ternatively, using a Finite Element Method (FEM) a variational formulation of the
problem is needed, which is sampled using some basic (edge or nodal) functions
[Goldman et al., 1986; Unsworth et al., 1993; Mitsuhata, 2000]. The FDM approach
is widely used in EM methods due to the apparent simplicity of its numerical im-
plementation. The main attraction of the FEM approach is that it is believed to be
better able to accurately account for subsurface geometry.

The continuation of the initial field in both formulations can be done either ex-
plicit by a time stepping scheme [Goldman and Stoyer, 1983; Goldman et al., 1986;
Wang and Hohmann, 1993; Commer and Newman, 2004] or implicit by solving a
linear equation for all desired t > 0 s [Haber et al., 2004]. A different approach is
proposed by Druskin and Knizhnerman [1988]. They developed an implicit FDM
scheme based on a spectral Lanczos decomposition (SLDM). Here, the initial val-
ues are approximated by a system of orthogonal decay modes. The solution then
is constructed from a subspace of the original system matrix formed by these de-
cay modes. The key of this method is the subspace approximation by the Lanc-
zos method [Druskin and Knizhnerman, 1994; Arnason, 1999; Druskin et al., 1999;
Davydycheva et al., 2003].

Instead of a FDM or a FEM formulation, the Integral Equation (IE) approach uses
a integral formulation for Maxwell’s equations, e.g.

e(r) = e0(r) +

∫

V

G0(r, r
′)(σ − σ0)e(r′)dr′ (4.5)

with respect to the electric field [Weidelt, 1975; Hohmann, 1975; SanFilipo and
Hohmann, 1985]. Here, e0 is the known background field, G0 is the Green’s func-
tion of the 1-D reference medium and V is the volume where σ differs from the
background σ0. The integral equation is discretised on V , provided that σ and e

is constant within each cell. The IE approach is often used, when only few multi-
dimensional bodies are introduced in an otherwise layered subsurface [Hohmann,
1975; Vasseur and Weidelt, 1977; Newman et al., 1986; Gunderson et al., 1986; Xiong
et al., 1986]. Although very feasible when only a small part of the earth is heteroge-
nous, accurate computation using the IE approach becomes very tedious for com-
plex problems. Therefore, nowadays most EM software developers refrain from
implementation of the IE scheme [Avdeev, 2004].

In the 80s it was still computationally too expensive to simulate general cases.
Early model studies thus were made using codes which could deal with restricted
model or source geometries only, e.g.:

• Codes calculating the response of perfectly conducting but infinitesimal thin
plate, embedded in a layered half-space with an IE approach [Vasseur and
Weidelt, 1977].

• Goldman and Stoyer [1983] propose an explicit FDM code to calculate the
transient fields of an axially symmetric earth below a loop source. In Gold-
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man et al. [1994b] a similar approach for a grounded dipole source was pre-
sented.

• With the time stepping FEM code by Goldman et al. [1986] it is possible to
calculate EM-fields for an arbitrary 2-D resistivity distribution. However, also
the grounded dipole source has to be 2-D, which means it is of infinite length.

• Newman et al. [1986] developed an IE code, which could compute TEM re-
sponses of arbitrarily shaped 3-D bodies within a layered earth.

Often, a frequency domain formulation of the Maxwell’s equations are used for
modelling codes. To obtain the time domain responses, tedious forward modelling
has to be done for several frequencies over many decades. The results then are
transformed to time domain (e.g. Newman et al. [1986] and Gunderson et al. [1986]
for an IE example, Rätz [1999; 2000]; Mitsuhata [2000] for a FEM solution).

Weidelt [2000] compared three different modelling approaches for time domain
data. First, he ruled out the frequency domain approach followed by a transfor-
mation to time domain, due to its ineffectiveness. Instead, he favoured either the
explicit time-stepping scheme (presented by Wang and Hohmann [1993] for a loop
source or Commer and Newman [2004] for a grounded dipole transmitter) or the
SLDM approach by Druskin and Knizhnerman [1988]. Weidelt found that both
approaches are acceptable, whereas the latter is more efficient for modelling trans-
ient fields. Other comparisons of different TEM modelling programs can be found
in Hördt et al. [1992], Hördt [1992], Helwig [1994], Mitsuhata [2000] and Commer
[2003].

Although the focus of the reviewed modelling codes is to calculate the responses
of a multidimensional resistivity distribution, some of those codes can even model
multidimensional distributions of other material parameters. The codes of Druskin
and Knizhnerman [1994] and Commer and Newman [2004] can also deal with arbi-
trary magnetic permeability distributions. Wang and Fang [2001], Weiss and New-
man [2002] and Davydycheva et al. [2003] presented FD algorithms which can han-
dle 3-D anisotropic earth models for logging applications.

All 3-D modelling for this work was done using the SLDM code by Druskin and
Knizhnerman [1988], which is called SLDMEM3T.

4.2.2 Review of previous studies

The effects of multidimensional subsurface structures on TEM data have been sub-
ject of many studies. Most of the studies address only the Ḣz-component, as it is
the classical receiver component used in TEM surveys.

Most of the studies work with an anomalous region embedded in an otherwise
homogenous or layered earth. Obviously, the strength of the effect is bigger if the
anomalous volume is larger and if the conductivity deviates more from the back-
ground conductivity [Kriegshäuser, 1991]. The volume of the anomaly has to be
viewed relative to the total induction space.

TEM data is affected mainly by the subsurface below and between the Tx and the
Rx [Hördt, 1998; Martin and Hördt, 2001; Martin, 2003]. At early times transients
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are affected mainly by shallow structures in the vicinity of transmitter or receiver.

Since the induced current system maximum starts close to the transmitter (chap-
ter 2), the latter may seem counter-intuitive. Thus, the induced currents close to the
Rx at early times are very small. However, the receiver is more sensitive to current
filaments in its vicinity. Therefore, the small currents induced below the Rx have
about the same effect as the large but remote currents below the Tx. In fact, if e.g.
an electric dipole Tx and an electric dipole Rx are used, reciprocity says that the
sensitivities below Tx and Rx in a layered earth are identical [Hördt, 1998].

At later times, when the induced currents propagated downwards and outwards,
the transient shape is affected by the parameters of a larger volume of the subsur-
face. Although the maximum of the induced currents now is in deeper parts of the
subsurface, the actual current system still depends on the current system at earlier
stages of the diffusion process. This way, the absolute values of the transients at late
stages may still depend on the shallow resistivity distribution [Hördt, 1998; Martin
and Hördt, 2001; Martin, 2003].

The lateral extension of a LOTEM field setup is - by definition - larger than of
a SHOTEM setup. This means that the induction space is bigger in the LOTEM
case. Small inhomogeneities may distort SHOTEM data more, for the anomalous
volume is bigger compared to the induction space [Goldman et al., 1994b]. On the
one hand, for LOTEM a bigger part of the subsurface has to be approximately 1-D,
if a 1-D interpretation should be applied.

Inhomogeneities may be seen as 1-D structures in SHOTEM, but as distortions in
LOTEM, if their size is much bigger than the SHOTEM Tx-loop-size but smaller
than the LOTEM offset. Further, if lateral changes along a LOTEM profile are
present, one encounters the problem of where to assign the resulting 1-D models.

Previous studies on multidimensional effects on TEM data followed different ap-
proaches:

• Newman et al. [1986] modelled the central-loop response of conductive horst-
and graben structures in depth. They found that the distortion is time limited
in the transients. This means that only intermediate times of the transients
are distorted, whereas early and late times remain undistorted. They also
succeeded in inverting the data using 1-D models. However, the inversions
gave kind of a blurred image of the real subsurface underestimating the ver-
tical extension of the anomaly.

• Gunderson et al. [1986] used a similar approach to model data for a LOTEM
field setup using Ḣz-receivers. They show transients for a buried conductive
prism and a conductive horst structure. The grounded bipole transmitter is
located 1.4 and 2.2 km respectively away from the middle of the structure.
Interestingly, in both cases the Ḣz-transients closest to the Tx (and thus away
from the anomalies) showed the biggest distortions, exhibiting sign reversals.
The least distortions are displayed with the Ḣz simulated atop the prisms.
Stations directly in front of and behind the structures are moderate distorted.
They did not try any inversion but assumed that the resulting model will
have fictitious features. They concluded also that the distortions for the horst
model are band limited. 1-D inversions thus would yield the correct upper-
layer and basement resistivity but the depths would be misleading.
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Figure 4.1: Rx-Tx-setup and earth model used by Newman [1989] for the transients displayed in
fig. 4.2 [Newman, 1989];

• Sternberg et al. [1988] found that central-loop TEM measurements were not
effected at late times by a surface inhomogeneity. The authors claim that this
behaviour could be expected, since the central-loop TEM method uses mag-
netic fields as Tx and Rx and is not effected by the buildup of charge at the
inhomogeneities surface.

• Newman [1989] presented the influence of near surface conductors on the
LOTEM-Ḣz-component. He presented two cases: One, where the conductive
patch is at least partly below the Tx and one where it is located within a
broadside receiver spread.

Body below Tx: If the conductive body is below the grounded dipole Tx,
the Ḣz-transients are distorted at early times and shifted at late times.
Newman compared this effect to static shifts in MT [Jones, 1988], where
the whole apparent resistivity curve is shifted. Newman found shifts up
to one order of magnitude in- or decreasing the 1-D response.

Body within Rx-spread: Newman considered a broadside LOTEM spread
with a Rx-station spacing of 1 km starting with an offset of 4 km (fig.
4.1). The conductor is placed at a distance of 7 km below the fourth Rx-
station. Fig. 4.2 shows the Ḣz-transients calculated at the Rx-positions.
The response of the body is not observed at Rx-stations 1 and 2. It in-
creased the voltage at early times measured at station 3 and decreased
the voltage at early times for all later stations, producing a sign rever-
sal at station 5 beyond the patch. In any case the response of the near-
surface 3-D conductor is not observed after early times (≈ 10−2 s).

He concluded that as shape of the transients is changed only at early times, it
may be interpreted with 1-D models if the early time data points are removed
prior to inversion. If a conductor is present near to the Tx, the curves are
shifted at late times. He proposed to include a “calibration factor” in the in-
version process to account for these shifts (see sec. 4.2.3). With this technique



34 Effects of complex geoelectric settings on TEM-data

Figure 4.2: Ḣz-transients calculated for the model shown in fig. 4.1 [Newman, 1989]; the points de-
note the transients for the 3-D model, the solid lines the transients for the model without conductive
patch.

he succeeded inverting distorted transients. Deeper parts of the original lay-
ered model where reproduced, although fictitious shallow layers showed up
(he did not delete early time data points).

• In the thesis of Kriegshäuser [1991] 1-D inversions of synthetic data simu-
lated for 3-D models can be found. The data were calculated for the LOTEM-
component Ḣz. For some models also Ex-data were calculated, although the
shown Ex-transients seem to be shut-off responses.

Resistive dike: Here a spread of Ex- and Ḣz-receivers is placed atop and
around a resistive dike structure running N-S. The inversion showed
that the effects of the dike are not very large on the Ḣz-component. In-
versions of the east-west profile transients reproduced the regional 1-D
model. Biggest effects on the magnetic component were found for sta-
tions where the dam was between Rx and Tx. Kriegshäuser states that
the effects on the Ex-component are much bigger and biggest atop of the
dam. Joint-inversions of Ex and Ḣz again suppressed the structure. Un-
fortunately, results of the inversions using also the Ex-components are
not shown.

Thin conductive sheet: A thin shallow conductive sheet is embedded in
three layer model. Only Ḣz-transients are simulated. The geometry is
similar to the one used by Newman [1989], as are the transients. The data
simulated for stations close to the sheet show distortions. The biggest
distortions up to sign reversals are found, if the sheet is between Rx and
Tx. As one would expect, the effects increase with the conductance of
the sheet. Kriegshäuser [1991] inverted the transients with an Occam’s
inversion after deleting the sign reversals. For lower conductances, the
earth model below the Rx-stations are reproduced well. For higher con-
ductances especially the results for stations behind the sheet are severely
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distorted in the upper part. Similar results were found for a shallow con-
ductor with a vertical extension of 250 m. Kriegshäuser concluded that
even in presence of a 3-D inhomogeneity qualitative information of the
subsurface can be derived from the data using 1-D inversions.

Buried conductive body: In this case, a conductive body with an extension of
1200×1200×500 m was embedded in a homogenous half-space of 30 Ωm.
The depth of the top of the body was 500 m, its resistivity was 1 Ωm. The
effect on the simulated Ḣz-transients is similar to the one for a surficial
body. Again the transients show a voltage increase for stations close to
the Tx and a depression for stations behind the body. The difference to
a shallow patch is that the effects show up at intermediate times and are
less pronounced. The 1-D Occam’s inversions show a distorted picture
of the subsurface, especially for stations behind the inhomogeneity. A
similar result was achieved for a conductive horst structure.

Conductive patch close to Tx: The results here are similar to the ones
of Newman [1989]. Additionally, Kriegshäuser simulated the Ex-
component. He also succeeded inverting the 3-D transients with a 1-D
model introducing a “calibration factor” to the inversion process. The
resulting models reproduced the layering fairly, although the shallow
parts were slightly distorted.

• A large number of case and feasibility studies for LOTEM is shown in Strack
[1992]. For spreads where the changes in the Ḣz-transients due to geologic
variations are not strong, Strack simply generates 1-D pseudo-sections by dis-
playing the 1-D inversion results below the Rx position, which is a common
strategy for TEM data (e.g. Müller [2000]). He also promotes profile inver-
sions, where either the results of the first station are used as a starting model
for the next station or the inversion is forced to keep the result close to a back-
ground model. If the resulting model for one station of the profile looks much
different from the two neighbouring models, the transient was removed from
the data set.

More severe Ḣz-transient distortions are classified, with a special focus on
sign reversals produced by conductive anomalies. He also shows examples
for 3-D modelling of distorted measured data sets.

In the feasibility study section inversions of synthetic data sets from 2-D
models are shown. Here, Ḣz- and Ex-transients are used in single and joint-
inversions. The models are layered cases, where in one certain layer the re-
sistivity increases gradually along the profile. This should simulate a porous
medium, which is filled with either water (conductive) or oil (resistive). The
1-D Marquardt inversion show that the Ex- and the Ḣz-component provide
complementary information. Strack states that the resulting models are still
too distorted. The use of a priori knowledge about the structures (simulating
additional information from e.g. seismics) enhances the results. This addi-
tional information is included in the inversion process by keeping the layer
thicknesses fixed and inverting only the resistivities. The resulting models
reproduce the original model well.

• Goldman et al. [1994b] modelled and 1-D-inverted transients for both central-
loop and LOTEM measurements over multidimensional bodies. In both cases
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Ḣz-receivers where used. The models are basically two-layered models with
circular horst or graben structures with both conductive and resistive base-
ments. The SHOTEM data was modelled in CL-configuration for a profile
across the structure. In the LOTEM case, the Rx-spread is running across the
structure with a Tx at some offset from the profile line. The inversions were
done with a 1-D Marquardt-type inversion algorithm (see section 3.2.2). The
number of layers was selected as a minimum number for which a reasonable
fit was achieved.

Central-Loop, resistive graben in conductive basement: The transients are
not severely distorted. Near the vertical boundaries an additional layer
with a resistivity far less than the resistivity of the upper layer appears.
The authors suggest to combine both layers into a single layer. Doing
this, the depression can be retrieved, although the depth of the graben is
underestimated.

Central-Loop, conductive graben in resistive basement: Here, the late time
branches of the transients are distorted for stations over the structure.
Although the graben structure is reproduced, a fictitious, highly conduc-
tive basement is introduced below the depression. As the resistivity of
this half-space usually is much lower than the resistivity of any known
lithology, excluding the layer from the interpretation is easy.

Central-Loop, horst structures: In the cases shown by the authors, the data
was best fit using four layer models close to the structures. The thickness
and resistivity of the overburden and the resistivity of the basement was
reproduced fairly well. However, fictitious layers of medium resistivi-
ties showed up in intermediate depths. The authors suggest taking the
results along a profile into account: A sharp increase in layers needed to
explain the data, may indicate a vertical boundary.

LOTEM: For the LOTEM setup the transients are nearly undistorted by the
structures, for the bodies are small compared to the whole induction
space. The biggest effects are found at stations behind the structure.
Here, the structures can be recovered, although their vertical extension
is greatly underestimated.

• A first study about the resolution capabilities of the horizontal magnetic field
components Ḣx and Ḣy for LOTEM was done by Donat [1996]. In particular,
he presented synthetic data examples for two 2-D cases. The regional 1-D
model is in both cases the same, a six layer case. The author is mainly inter-
ested in a 1 Ωm layer at a depth of 915 m with a thickness of 55 m, which
should simulate a water-filled reservoir rock. In this layer a small inhomo-
geneity consisting of three blocks of 10, 3 and 2 Ωm representing hydrocar-
bons is embedded. He found that the biggest deviation from the 1-D tran-
sients for Ḣx and Ḣz is found around the borders of the anomaly, whereas the
distortion in the Ḣy is biggest for stations above the anomaly.

He also did 1-D Marquardt inversions with the 2-D data. In any case the
distortions due to the 2-D model where small enough to fit the data sets with
1-D models. As expected, the earth model was changed most at Rx-stations,
where significant distortions in the transients occurred. The resulting models
for the Ḣy component thus differed most from the starting model for stations
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atop the anomaly, whereas the other two components varied their models at
the borders of the anomalous region.

Donat [1996] also simulated data, where an additional surficial conductor
representing a metal pipeline is included in the 2-D model. The result was
that all components were heavily distorted. However, Ḣy was distorted dif-
ferently to the other two components. Here again, the biggest effects were
found above the pipe, whereas Ḣz and Ḣx were distorted mostly around the
pipe. Also the distortion itself was different. The Ḣy-transient seemed to
be shifted over the whole time range, whereas the distortions in Ḣz and Ḣx

changed sign in the observed time range. Donat [1996] did not invert this
data set.

• Caldwell and Bibby [1998] presented a scheme to visualise distortions in the
electric components of LOTEM. They needed two perpendicular transmitters
and both Ex- and Ey-component to construct time dependent apparent resis-
tivity tensors which allow the location of subsurface inhomogeneities. Ap-
plications of this technique can be found in Blaschek and Hördt [2001] and
Blaschek [2002].

• Hördt and Müller [2000] modelled the effects of mountains on LOTEM-Ḣz-
components. They found that a mountain in general acts as near surface con-
ductor. The transients were distorted as expected from a near surface con-
ductive patch, mostly in the early part. This results in a depression or even
sign reversal for a Rx-station behind the mountain and an increased voltage
for transients in front of the mountain. However, the late times were also
distorted slightly, which gave slightly distorted 1-D inversion results. Least
distorted were the data on top of the mountain. These results fit those of Gun-
derson et al. [1986], although Hördt and Müller [2000] did not conclude that
the distortion vanishes completely at late times.

• Toft [2001] shows Occam’s inversion results of multidimensional models
for different SHOTEM configurations. The investigated structures are com-
prised of sloping models and representations of shallow resistivity variations:
A small resistive/conductive block and a random distribution of surficial
blocks. He found that the central-loop configuration in general is only slightly
distorted. Distortions are stronger, when the out-loop setup is used, where
the Rx-loop is set up outside the Tx-loop.

Regarding the sloping models, the author found that slopes of up to 11.25
degrees could be considered in 1-D, if the basement is conductive. The dis-
tortions increase with steeper slopes or if the basement is resistive. The dis-
tortions result in fictitious layers on both sides of the slopes. The depth to
these artifacts increases outwards.

• Several studies were made to explain a specific data set. Often they fo-
cus on explaining sign reversals in the LOTEM-Ḣz-component, which can-
not be explained using 1-D models (see also section 4.1). Examples can be
found in Hördt [1992], Hördt et al. [2000], Müller [2000], Klitzsch [2000] and
Kalscheuer [2004]. However, only few can be derived from these studies in
terms of a more general insight. The main result is that single or double sign
reversals in the LOTEM-Ḣz-component can be produced by relative small
shallow conductors [Hördt, 1992; Hördt et al., 2000; Müller, 2000]. Helwig



38 Effects of complex geoelectric settings on TEM-data

[1994] could explain steep SHOTEM-transients by horst, graben and fault
structures. Schaumann [2001] modelled SHOTEM-transient to explain data
sets measured above two waste sites. The modelling done by Hördt et al.
[2000] and Klitzsch [2000] includes also LOTEM-Ex-components.

• The first work to describe multidimensional distortions on LOTEM data with
a theoretical approach was presented by Hördt and Scholl [2004]. They calcu-
lated the response of LOTEM-components in presence of a small conductive
body close to the Tx- or Rx-position similar to an approach for FD by Qian
and Pedersen [1992]. Their solution is valid for sufficiently late times, af-
ter the inductive currents in the body decayed away. They found that the
resulting transients are mainly linear combinations of the fields that would
be measured in absence of the body. They call these field “primary fields”.
Unfortunately, they can be confused with the source field of the Tx, which
in general are also referred to as “primary fields”. In the following, I instead
will call the fields which would be measured in absence of the inhomogeneity
“undisturbed fields”.

Body in vicinity of Tx: In this case, the resulting transients for any receiver
component V (t) are linear combinations of the undisturbed fields pro-
duced by the actual Tx Vpx(t) and a perpendicular Tx Vpy(t):

V (t) = TxVpx(t) + TyVpy(t) (4.6)

Thus, the distortion is static if Vpy(t) ≡ 0 (e.g. for the Ex- or Ḣy-
component in exact in-line or broadside setups in 1-D or special 2-D
cases) or if the shape of the transient does not depend on the angle be-
tween the Tx-direction and the Rx-position. The latter is only the case for
the Ḣz-component. In any other case the distortion is time dependent,
unless Ty ≡ 0.

Body in vicinity of electric Rx: In this case, the resulting electric fields mea-
sured are linear combinations of the undisturbed fields for the actual
component and the one perpendicular to it:

Ex(t) = DE
xxEpx(t) + DE

xyEpy(t) (4.7)

Ey(t) = DE
yxEpx(t) + DE

yyEpy(t) (4.8)

Here, the distortion can only be static in the Ex-component. namely for
in-line and broadside configurations in 1-D and special 2-D cases, when
Epy(t) ≡ 0.

Body in vicinity of magnetic Rx: This is the most complicated case. Here the
calculations yield

Ḣx(t) = Ḣpx + DH
xxĖpx(t) + DH

xyĖpy(t) (4.9)

Ḣy(t) = Ḣpy + DH
yxĖpx(t) + DH

yyĖpy(t) (4.10)

Ḣz(t) = Ḣpz + DH
zxĖpx(t) + DH

zyĖpy(t). (4.11)

As Ėpx(t) never is ≡ 0 the distortion in the magnetic field components is
limited to early times and does not become static in general cases.
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With this study Hördt and Scholl [2004] for the first time could explain the
findings of Newman [1989] theoretically. They agree with Newman’s calcu-
lations, who found a static shift in the Ḣz-component for conductive patches
below the Tx. They also showed that even for shallow conductive patches be-
low the Tx the distortion is not static for all geometries. Also, the eqns. 4.9 to
4.11 show, that the distortions in the magnetic components are not static and
may not be neglected at late time. However, model calculations and a study
by Qian [1994] suggest that the distortions for these components are not that
big, which would mean that DH is small.

Hördt and Scholl [2004] found also examples of these distortions in field data.
Further, they showed that it is possible to invert distorted electric field com-
ponents by also including the distortion factors as unknowns in the inversion
process (see also section 5.6).

Summary of the review

• Typically, the results of 1-D inversions for different Rx-stations are plotted in
a pseudo-section below the station’s position [Strack, 1992; Müller, 2000]. Of
course this is reasonable as changes in the structure of the transients along
a profile have to be related to sub-surficial changes in the vicinity of the Rx.
However, in a multidimensional case it is not clear in what way the subsur-
face below the Tx contributes to the transients. This practice is also problem-
atic if different Tx are used. E.g. Klitzsch [2000] relates her results simply to
an arbitrary Tx number and references the models not geographically.

• The different LOTEM-components provide different information [Strack,
1992; Donat, 1996; Commer, 1999]. However, it is not clear in what way they
vary with respect to multidimensional structures.

• If the signal for one component is small in a certain Tx-Rx-geometry, the com-
ponent is easily dominated by distortions due to inhomogeneities [Hördt and
Scholl, 2004]. In the typical in-line or broadside configurations this is the case
for the Ey- and Ḣx-transients.

• Small inhomogeneities can produce shifts in the data at late times in certain
geometries [Newman, 1989; Hördt and Scholl, 2004]. Early times are distorted
unpredictably due to induction in the body.

• Inhomogeneities produce distortions only after certain times related to their
depth. Deeper inhomogeneities distort the transients after later times [Gun-
derson et al., 1986; Goldman and Neubauer, 1994; Kriegshäuser, 1991; Donat,
1996]. From this time point on, the transients have to be considered as dis-
torted. However, it is questionable whether or not the distortions at very late
times are negligible [Gunderson et al., 1986; Sternberg et al., 1988; Newman,
1989; Hördt and Scholl, 2004].

• The distortions on the Ḣz-component is biggest, if the Ḣz-sensor is placed
on the lateral borders of the inhomogeneity [Newman, 1989; Goldman et al.,
1994b; Donat, 1996].
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• All authors think that it is possible to derive information about the subsur-
face from the distorted data, at least in some cases. However, they sug-
gest different procedures to do so: inverting additional calibration or distor-
tion factors [Newman, 1989; Hördt and Scholl, 2004], deleting distorted data
points [Kriegshäuser, 1991; Müller, 2000], editing the resulting earth model
[Goldman and Neubauer, 1994] or constructing certain tensors [Caldwell and
Bibby, 1998];

4.2.3 The calibration factor

The “calibration factor” or “scaling factor” is an arbitrary factor applied to the
synthetic forward curve to fit the measured transients. Originally the factor was
introduced to correct errors due to incorrect transmitting current or receiver area
estimations.

However, since Newman [1989] published his results the calibration factor (CF)
has been commonly used (see previous section). It should account for the so-called
“transmitter overprint” [Strack, 1992], the shift introduced at intermediate to late
times to the Ḣz-component in presence of a surficial conductor below the Tx. The
shift Newman [1989] found in his calculations were up to one order of magnitude.

Since then it has been also used for the other TEM-components, although the re-
sults of Hördt and Scholl [2004] makes its use questionable, as distortions in general
are only static in special cases.

Inversion of the calibration factor

The CF is introduced to the inversion as additional model parameter. This allows
one to fit shifted transients. The starting value for the CF is 1.0, which means the
data is not shifted. If wanted by the user, the CF can be changed during the inver-
sion process.

It is desirable that the CF stays close to 1.0. As the model parameters are trans-
formed logarithmically for the inversion (see section 3.2.2), the desired valued is
0.0 as ln 1.0 = 0.0. Setting the starting ln CF as 0.0 biases the Marquardt inversion
implemented in EMUPLUS to this value. Nevertheless, the final values are not
restricted in any form.

For Occam’s inversion biasing the resulting CF towards 1.0 is achieved using
the smoothness constraint [Commer, 1999; Hördt and Scholl, 2004]. The entries in
the smoothness matrix R corresponding to the CFs consist of ones on the main
diagonal2. Thus, an ideally smooth model has to have a ln mCF = 0.0 [Commer,
1999; Hördt and Scholl, 2004] and the regularisation forces the CF to be close to 1.0.

In the 1-D case, the area below the magnetic transients,
∫

∞

0 Ḣ(t)dt does not de-
pend on the resistivity distribution [Hördt, 1989; Donat, 1996]. The shift of the
curve is unambiguous and can be calculated by comparing the measured transients

2The value for the entries on the main diagonal is arbitrary. Any other value might be as reason-
able. It controls the ratio between the smoothness of the rest of the model and the CF’s deviation from
1.0. Other entries thus will produce varying results. However, lacking a possibility to determine an
“ideal” value, ones where chosen for the sake of simplicity.
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to synthetic curves. In sec. 5.7 this is used to convert the transients to reasonable
apparent resistivity curves. As real transients only are measured in a limited time
band, the (hopefully small) parts of the area at very early and very late times are
unknown and little ambiguity is introduced by allowing the CF to vary.

As
∫

∞

0 E(t)dt depends on the earth model this is not the case for the components
of the electric fields. Keeping the CF as a free parameter in inversion greatly in-
creases ambiguity for those components (see sec. 5.3.3).





CHAPTER 5

1-D inversion of multidimensional TEM-data

This chapter provides an insight into what happens if TEM (mainly LOTEM) data
sets measured over a multidimensional resistivity distribution are inverted with a
1-D code. In the best case, the obtained 1-D model should reflect the gross resis-
tivity structure in the subsurface. Deviations from the model below the position
of the Rx are defined as model distortions. However, even distorted models can
be used to derive meaningful geological information when the distortions are not
big and still resemble the true resistivity structure. Any feature which can not be
correlated to the true resistivity structure and thus will lead to misinterpretations
is an artifact.

Small subsurfical features may be interesting for certain surveys. In these cases,
methods which are most sensitive to small features will be most pertinent. In a 1-D
survey one is more interested in the gross structure, as the result will be extrapo-
lated over a larger area. Therefore, I will consider any structure with a scale length
significantly smaller than the Tx-Rx-offset as not pertinent. These features do not
have to be resolved by the 1-D inversion.

Often, 1-D pseudo-sections are plotted where the individual 1-D models are dis-
played below the Rx-site. This is a simplification, as the whole subsurface between
and around Tx and Rx will influence the electromagnetic fields. It is not clear, how
well these pseudo-sections represent the subsurface, i.e. how structures with a scale
length comparable to the Tx-Rx-setup will be reflected in the 1-D pseudo-sections.

The aim of this chapter is to understand how certain multidimensional structures
are reflected in the inversion results. This is done by 1-D-inversions of synthetic
data sets calculated for various models. Sec. 5.1 describes how the synthetic data
sets are produced. At best, artificial features are suppressed completely. If this
is not possible it is necessary to recognise the artificial structures. This means to
estimate the reliability of certain features of the inversion result.

Different approaches are tested with respect to the question if they help to sup-
press or detect artifacts in the 1-D models.
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The first attempt is to suppress artificial structures by a proper regularisation
scheme (sec. 5.2). This includes the presentation of several regularisation schemes.
A first test with a 1-D model is done to see whether all schemes are capable of find-
ing models with a sufficiently low misfit in an easy case. Thereafter some results
for multidimensional models are presented.

In the recent LOTEM surveys, generally more than one field component is
recorded at each Rx-site. In the second part (sec. 5.3) I will present the results
of the inversions of the multidimensional transients for the different LOTEM-
components.

In general, different measured data sets will yield different models after 1-D in-
versions. For the interpretation this is impracticable as only a single, consistent geo-
physical model can be used for the geological interpretation. Up to now, varying
inversion results of individual LOTEM-components have been explained mostly by
their different resolving capabilities, which may be combined in a joint-inversion.
Only a few authors addressed the question if the model differences are generated
by multidimensional structures (see sec. 4.2.2). Probably, joint-inversions can be
used to suppress artificial structures. This is tested in sec. 5.4.

Sec. 5.5 will present the results for inversions of simulated SHOTEM data sets.
In this section the joint-interpretation of SHOTEM and LOTEM data sets will be
discussed. In sec. 5.6 a different approach is tested. The section will describe how
it is possible to parameterise the data distortions produced by certain small inho-
mogeneities. Sec. 5.7 examines the possibilities opened by the use of data sets from
two adjacent stations.

The results of this chapter will be combined to one interpretation scheme in sec.
5.8. This scheme will be used to interpret the field data sets in chap. 6. Therefore,
the derivation of an interpretation strategy for the field data sets from Israel takes
into account that generally only two Rx-sites are deployed on each side of the Tx
with an offset of ≈ 3 km. Approaches involving correlations of data sets of more
than two adjacent stations are thus not studied. For the final discussion of the
techniques presented in this chapter see chap. 7.

5.1 Producing the synthetic data sets

The models used for the simulations exhibit only moderate resistivity contrasts.
The results shown here can thus be considered as a lower limit for effects which
can be expected when measuring in real field cases. The simulated spreads are
motivated by the field measurements made in Israel (chap. 6), so the broadside
configuration is modelled.

The Tx-Rx-geometry used (unless otherwise stated) is displayed in fig. 5.1. At
each receiver point transients for the Ex-, Ḣy- and Ḣz-components are calculated in
a time range from 1 to 750 ms. For the chosen model- and Tx-Rx-geometry, Ey and
Ḣx are ≡ 0.

The synthetic transients were calculated using SLDMEM3T. The grids were
evaluated by comparing SLDMEM3T (sec. 4.2.1) results for 1-D models with
EMUPLUS-transients (sec. 3.4). Although some transients – especially Ḣzs– show
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Figure 5.1: Tx-Rx-setup used for the 2-D calculations; the triangles mark the positions of the Rx-

stations. At every station Ex-, Ḣy- and Ḣz-transients are calculated. All Rx and the midpoint of the
Tx is at x = 0 m. The length of the transmitter dipole is ≈ 73 m.

an inevitable shift at early times, the overall agreement is good. The average devi-
ations are within 3 % of each datum.

The effect of the modelling errors on the inversions can be checked with the re-
sults for the 1-D models in sec. 5.2.3. The final models from inverting the transients
produced with SLDMEM3T with EMUPLUS are close to the original 1-D model
(see figs. 5.8-5.10).

Figs. 5.2 to 5.4 show all multidimensional models used. The resistivity structure
in these cases is 2-D (all blocks are of infinite length in x-direction), except for the
models G1 to J2. These models contain a small inhomogeneity with the dimensions
600 × 600 × 300 m3. The x-coordinate of the midpoint is at x = 0 m. Examples
where the inhomogeneity is not located on the y-axis are shown in sec. 5.6.

5.1.1 Adding artifical noise

Prior to the inversion, artifical noise was added to the data sets. The noise consists
of Gaussian random numbers. As the noise has to be added to a large number of
data sets, an automatic procedure had to be found to determine reasonable values
for the standard deviation si for each datum di. The typical choice would be to
assume a standard deviation of some percent of each datum. However, this would
lead to an unrealistic noise pattern, as real field data sets show larger relative stan-
dard deviations for data points with small voltages.

The problem is the dynamic range of the data sets. The electric fields vary roughly
over two orders of magnitude. The magnetic field on the other hand show large
variations around six orders of magnitude for small offsets and around three orders
for large offsets. The absolute values for the first data points decrease significantly
with the offset.

Simply assuming a fixed noise floor for all data sets thus provides either almost
undistorted transients at small offsets and unusable noisy transients at large offsets.
The inversion results thus would mainly show the loss of resolution with offset,
which is of no interest for this study. Instead, all transients should be only slightly
distorted, resembling a transient with fair data quality.

First tests were made with an individual noise floor proportional to

exp 1
5

∑N
j=N−4 ln |dj | if N is the number of data points for each single transient.

This accounts for the decreasing signal strength with offset. However, it still pro-
vided unrealistic noise patterns, because of the different dynamic ranges for the
magnetic fields. Magnetic transients at small offsets showed distorted late times
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Figure 5.2: List of models used for the synthetic data sets (I); the titles denote the names which will
be used in the text to refer to a model. More details are given in the text.

but very small error estimates for intermediate to early times. On the other hand,
magnetic fields at large offset and electric fields showed medium sized error esti-
mates throughout the whole time range.

This is considered not optimal. More desirable would be to construct data sets
with similar error estimates at intermediate times. This way, the early times are less
and the late times are more distorted for a magnetic field close to the Tx, compared
to one calculated at large offsets. Using directly the data points at intermediate
times does not provide satisfying results, as most of the Ḣy-transients exhibit a
sign reversal there. Thus, in some cases several data points with extremely small
voltages would be included in the calculation, which would lead to erratic noise
floors. Instead an additional factor, based on the dynamic of the signal is included
in the formula. Instead of the smallest absolute value of the transients, which again
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Figure 5.3: List of models used to calculate the synthetic data sets (II); the titles denote the names
which will be used in the text to refer to a model. More details are given in the text.

might be one around a sign reversal, the absolute value of the last datum |dN | is
used for the estimation of the signal dynamic. If dMAX is the maximum absolute
value, |dMAX|/|dN | is multiplied to the sum given above.

Finally, the standard deviation should not drop below 1 % of each datum, as this
would be not realistic because of the data processing steps (sec. 2.2.2) prior to in-
version. Including an empirical factor of 1/100 exp(4), the final standard deviation
of each datum di is set to

si = max



0.01|di|,
1

100 exp(4)

|dMAX|
|dN | exp

1

5

N
∑

j=N−4

ln |dj |



 . (5.1)
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Figure 5.4: List of models used to calculate the synthetic data sets (III); the titles denote the names
which will be used in the text to refer to a model. More details are given in the text.

In few cases the last data point of a Ḣy-transient is the one around the sign rever-
sal. In this case the transient will be very noisy. This occurred only a few times.
Therefore, no additional measures were taken.

In several cases, the models obtained at positions close to the Tx showed distor-
tions at depth. Possibly, this is a result of modelling errors due to the large dynamic
range at small offsets. For the offsets +/- 1.0, 1.5 and 2.0 km, 9, 6 and 3 data points
were removed from the end of each transient, respectively. In general, all CFs are
treated as free model parameters in the inversions.

5.2 Determination of a proper regularisation parameter

In section 3.2.2 model update formulas for two different inversion schemes based
on a linearisation were derived. For a Marquardt inversion the resulting model
update m̂ is obtained by

m̂n =
(

JT
n−1W

2Jn−1 + βI
)−1

JT
n−1W

2d̂n−1 (5.2)

The associated equation for an Occam’s inversion model update m̂∗ at iteration
n is

m̂∗

n =
(

JT
n−1W

2Jn−1 + λPTP
)−1

(

JT
n−1W

2d̂n−1 − λPTPm∗

n−1

)

(5.3)
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The choice of the two damping or regularisation parameters β and λ is crucial for
the convergence of the inversion algorithms. However, in the Marquardt case the
choice of β is not critical as it will not affect the inversion result greatly. At each
iteration step simply the β is chosen, which minimises the misfit. The model itself
is not constrained by β.

In an Occam’s inversion the function of λ is two-fold. First, it should keep the
model as smooth as possible. Second, it should damp the solution in order to
achieve a better misfit. The value of λ in the Occam’s inversion thus will affect
the resulting earth model as it controls how much roughness may be introduced in
the model.

The Occam’s inversion algorithm starts with an arbitrary high value for λ. At
every iteration the inversion routine searches for a value for λ which minimises
the misfit [Constable et al., 1987]. At an early stage of inversion – when the misfit
is still large – a large damping is required. At later iterations the linearisation of
f(m) becomes more accurate and less damping and thus less smoothing is needed
[Jupp and Vozoff, 1975; Constable et al., 1987]. Typically, the value of λ decreases
throughout the inversion. This correlates to an increasing roughness of the model,
although this correlation is not mandatory. In this way, the choice of a value for
λ and the amount of roughness are related to when the inversion process stops.
Stopping early will result in a smooth model with a poor misfit.

Criteria to stop the inversion may be:

1. The misfit is lower than a certain threshold, i.e.

χn ≤ τ1. (5.4)

This means a target misfit should be achieved [Constable et al., 1987]. In the
case of well-selected error estimates χ = 1.0 should be achieved. If a χ < 1.0
is found, the regularisation should be increased to find a smoother model
with χ = 1.0. This allows the removal of unnecessary structure, which was
introduced at early iteration stages.

In most field cases the error estimates are made under the assumption of un-
correlated, normally distributed noise of known deviation, which unfortu-
nately is not realistic (see sec. 2.2.3). Thus, for real applications a target misfit
only can be guessed. The choice of the target misfit has a great impact on the
smoothness. All in all, this method is not suitable for field data. Many reg-
ularisation schemes rely on the estimation of a target misfit [Constable et al.,
1987; Farquharson and Oldenburg, 1993]. These schemes are therefore also
not applicable.

2. The model update is small [Gill et al., 1981], i.e.

‖m̂∗

n‖ < τ2‖m∗

n‖. (5.5)

If the norm of the model update vector is very small compared to the model
vector the inversion has converged. In our case, the model vector is com-
prised of the logarithms of the resistivities. Thus, m̂∗

n already describes the
relative changes, which leads to:

‖m̂∗

n‖ < τ2 (5.6)
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3. The relative misfit decrease is small [Constable et al., 1987], e.g.

χn−1 − χn < τ3χn. (5.7)

This again is a necessary criterion for convergence. However, even if the rela-
tive misfit decrease is small at iteration n, it does not have to be small at step
n + 1. Instead of the χ the RMS could be used in eqn. 5.7.

4. Similar to the previous criterion, the relative decrease of the cost function q∗

(see eqn. 3.21) could be regarded [Gill et al., 1981]. The cost function is not
directly comparable to the one from the previous iteration if the value for λ
was changed. Instead, q∗n−1(λn) is calculated. This yields

q∗n−1(λn) − q∗n(λn) < τ3q
∗

n(λn). (5.8)

5. A maximum number of iterations is reached. This is the least problem ori-
ented criterion. However, as most geophysical inversions are tedious, it
might be useful on occasion to make sure the inversion process ends some-
time to avoid further waste of computation time [Gill et al., 1981]. Results
obtained by ending the inversion process this way should be inspected care-
fully. The maximum number of iteration steps should be high enough that
inversions are not ended regularly by this criterion.

Criteria 3 and 4 concern the acceptability of an update. If criterion 3 is used,
the model update is only accepted if it provides at least the same misfit as the
previous one. If criterion 4 is used, the model update is accepted if a decrease in
the cost function according to eqn. 5.8 is reached. This means the misfit is allowed
to increase a few percent if the model gets smoother.

Up to now, EMUPLUS used the criteria 1, 3 and 5. If any of these criteria was
met, the inversion stopped. However, for reasons given above, criterion 1 is not
reasonable for field data and criterion 5 is not desirable. I implemented criterion 2
and changed the code in such a way that both criterion 2 and 3 have to be met to
stop the inversion. This would mean that the process converged [Gill et al., 1981].
It is unlikely that the next iteration will provide a lower misfit, if both the relative
decrease in misfit and the change of the model for the actual iteration is low. To
keep the number of parameters set by the user low, Gill et al. [1981] proposed to
use τ2 =

√
τ3. Tests showed that a τ3 = 0.01 works well.

To allow the algorithm to reduce the roughness at later stages if the misfit is in-
creased moderately, I implemented also criterion 4. A comparison of using criterion
2 and 3 or 2 and 4 is shown in the next section.

5.2.1 Choosing a value for λ

Farquharson and Oldenburg [2004] proposed to suppress multidimensional distor-
tions in EM data by choosing an appropriate value for λ. They tested their algo-
rithms with airborne FD-EM data for the horizontal coplanar Tx-Rx combination.
Their idea is that distorted data sets should produce rough models (for TEM e.g.
to fit over-steep transients [Goldman and Neubauer, 1994]). Restricting the rough-
ness to a “reasonable” value should thus suppress mainly structures introduced by
distortions of the data sets.
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They tested three approaches:

• The “discrepancy principle” proposed by Constable et al. [1987], which
means simply to choose the value of λ which minimises the misfit. An uni-
variate search algorithm is used to find the minimum of χ(λ), starting at the
value of λ of the previous iteration. Constable et al. [1987] promote the use of
the golden section search [Gill et al., 1981].

• The L-curve criterion; if for several values of λ the misfit norm
√

q(λ) =
χ(λ)

√
N (eqn. 3.6) is plotted versus the model roughness norm ||Pm∗(λ)|| us-

ing log-log axes, the graph tends to have a characteristic “L” shape [Hansen,
1997]. The branch for values of λ smaller than the corner of the L-curve repre-
sents the part where the roughness has to be increased greatly to get a better
misfit. On the other branch small decreases in roughness will degrade the
misfit seriously. Thus, the value of λ at the corner of the L-curve is the most
reasonable choice. The corner commonly is found by searching for the point
of maximum curvature [Hansen, 1997].

• The “Generalised Cross-Validation” (GCV) criterion uses a cross-validation
function to determine an optimal value for λ. As Farquharson and Oldenburg
[2004] found that this approach gave about the same results as the L-curve
criterion, I did not consider it further. For additional information please refer
to Farquharson and Oldenburg [2004].

For all criteria many additional evaluations of f(m∗) are needed to calculate χ(λ),
especially for the latter two. As these evaluations in general are computation-
ally expensive, often the linearised approximation is used (e.g. Smith and Booker
[1988]):

q(λ) = (d− f (m∗(λ)))T W2 (d− f (m∗(λ))) (5.9)

≈
(

d− f
(

m∗

n−1

)

− Jn−1m̂
∗

n(λ)
)T

W2
(

d− f
(

m∗

n−1

)

−Jn−1m̂
∗

n(λ)) (5.10)

Similar to Mitsuhata et al. [2002] I found that for TEM the linearisation errors
are too big. As an example, fig. 5.5 shows L-curves for both approaches for an
Occam’s inversion of a synthetic Ḣz-transient at the first (left panel) and fifth (right
panel) iteration step. In the linear case the value of λ decreases with increasing
roughness. The curves for the linearised solution and exact solution for q(λ) show
huge differences. Only the curves for the linearised solution show the distinct L-
shape (left panel, for 20 <

√

q(λ) < 50).

The graphs for the exact evaluation show a minimum of
√

q(λ) (gray circle in
the left panel of fig. 5.5). If the value of λ is further decreased, both q(λ) and the
roughness increase. This means that the matrix inversion in eqn. 5.3 is damped too
little and the m̂∗(λ) departs from the interval where the linearisation of f(m) yields
a reasonable approximation. If the “optimal” value for λ would be determined
from the linearised curve,

√

q(λ) in fact would be close to the maximal value.

After some iterations the situation is even worse (fig. 5.5, right). The minimum
for
√

q(λ) in the exact solution (gray circle) is very narrow. The point of maximum
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Figure 5.5: L-curves for a the inversion of a LOTEM-Ḣz-transient; in both plots the L-curves for
using the linearised solution for q(λ) after eqn. 5.10 and an exact q(λ) by evaluating f(m) is shown.
The points of maximum curvature are marked with an open circle (linearised q) and a gray circle
(exact q), respectively. Left: L-curves for the first iteration. Right: L-curves for the fifth iteration.
The point of maximum curvature for the linearised solution is not within the used λ-range.

curvature in the linearised case is not within the range of values of λ used to pro-
duce the plot. The narrow minimum of

√

q(λ) also prohibits the use of a fixed value
for λ throughout the inversion process.

The use of the linearised L-curve thus is prohibitive. This is in agreement to the
results of Mitsuhata et al. [2002]. Nevertheless, the L-curve criterion in principle
could also be applied using the exact solution. However, the points of maximum
curvature are located at the minimum of q(λ) (fig. 5.5). Applying the L-curve crite-
rion, one thus obtains the same results as using the discrepancy principle.

5.2.2 Restricting the decrease in the value of λ

Occam’s inversion tends to introduce additional structure to models like e.g. over-
shoots at resistivity changes [Farquharson and Oldenburg, 1993; Hördt and Scholl,
2004; Farquharson and Oldenburg, 2004]. This happens mainly at early iteration
steps. At later inversion stages the inversion should reduce this unnecessary struc-
ture. In any case it is better prevent the build up of structure at early stages.

Similar to an idea in Farquharson and Oldenburg [1993], where the misfit de-
crease from one iteration to the next is limited, Farquharson and Oldenburg [2004]
propose to limit the decrease in the value of λ. They chose

λn = max(cλn−1, λ
∗) (5.11)

where 0.01 ≤ c ≤ 0.5 and λ∗ is the regularisation parameter which minimises χ(λ).
This restriction rule was implemented to EMUPLUS. First test, however, showed
that the algorithm in some cases failed to converge at low misfit levels. Most likely,
this is caused by the narrow minima of q(λ) (see sec. 5.2.1). To prevent the inversion
from converging too early, the strategy was changed slightly. If λn was set to cλn−1

and the resulting model would meet the chosen convergence criteria, c is divided
by two for this iteration. The full scheme for the inversion algorithm is displayed
in fig. 5.6.

Unfortunately, restricting the decrease in the value of λ makes the inversion result
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Figure 5.6: Flow chart for the Occam’s inversion implemented in EMUPLUS, if convergence cri-
teria after eqns. 5.6 and 5.7 are used. Additionally, a maximum number of iteration nMAX is set.
If the convergence should be based on the cost-function instead of the misfit (eqn. 5.8), the condi-
tion in the gray rhombus changes to “Is (||m̂∗

n
|| >

√
τ3 or q∗

n−1(λn) − q∗
n
(λn) < τ3q

∗

n
(λn)) and

q∗
n
(λn) < q∗

n−1(λn)?”. f is the inverse step-size. r logs, if the value of λ was set to cλn−1. All
other variable meanings are identical to the ones found in the text and section 3.2.2.

depending on the initial value of λ (:= λ0). For all inversions shown in this work,
λ0 is set to 10, 000.
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Figure 5.7: Model used for the model-calculations in this section; in the text this model is referred
to as “model A”.

5.2.3 Testing the regularisation schemes with synthetic data

In this section I will test if different regularisation schemes are suited to suppress
artifacts which are produced by multidimensional structures. This is done by using
four different regularisation schemes in the inversion of several synthetic data sets.

The inversions are stopped after 50 iteration steps, or if convergence is reached
either in χn or q∗n with τ3 = 1.0 % (see fig. 5.6). Further, the allowed decrease of λn

– c – was set to 0.0 (infinite decrease allowed) or 0.5 (λn ≥ λn−1/2). Table 5.1 shows
the designations of all parameter combinations used in this section.

Designation C1 C2 C3 C4

Convergence controlled by χn q∗n χn q∗n
Maximum decrease factor c 0.0 0.0 0.5 0.5

Table 5.1: Designations and parameters for the four regularisation schemes tested in this section;

The initial model for the inversion is discretised in 25 layers. The thicknesses of
layers are increased logarithmically starting with a thickness of 30 m up to a depth
of 2000 m. The initial resistivity is optimised by the algorithm prior to inversion to
achieve a low starting misfit (see app. A).

For a first test, a synthetic data set calculated for a 1-D model is used (model A,
fig. 5.7). The model is not intended to have any geological meaning. As it was
also used for the grid test (cp. sec. 5.1) it simply should comprise of layers with the
typical resistivities used in the other synthetic models of this chapter.

The test with a 1-D model allows to compare the final misfit with the expected
misfit of χ = 1.0. Regularisation schemes which produced a significant lower misfit
thus tend to fit the noise by introducing artifical structure in the model. There is no
target roughness, i.e. no expected value for the roughness. It simply should be as
small as possible. The calibration factors should be close to 1.0 and the number of
iterations should be small. Ideally, all inversion results should not change strongly
from one station to the next, although different noise realisations are imposed1.

From theory I expected that the strategies using q∗n (C2 and C4) produce smoother
models, because here models are also accepted which degrade the misfit slightly if
the roughness is reduced. Farquharson and Oldenburg [2004] further claim that

1For all transients eqn. 5.1 was used. However, the pseudo random number sequence calculated
by the computer are different for each station.
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Str. Comp. χ Roughn. # of It. CF

C1 Ex 0.81 ± 0.19 5.92 ± 1.56 15.5 ± 4.2 0.92 ± 0.21

C1 Ḣy 0.87 ± 0.21 5.90 ± 1.67 13.5 ± 3.9 1.02 ± 0.23

C1 Ḣz 0.88 ± 0.21 6.30 ± 1.64 11.7 ± 3.3 1.01 ± 0.23

Avg. C1: 0.85 ± 0.20 6.04 ± 1.62 13.6 ± 3.8 0.98 ± 0.22

C2 Ex 0.81 ± 0.19 5.39 ± 1.38 14.8 ± 4.0 0.92 ± 0.22

C2 Ḣy 0.87 ± 0.21 5.83 ± 1.62 16.8 ± 4.7 1.02 ± 0.24

C2 Ḣz 0.88 ± 0.21 6.40 ± 1.67 15.1 ± 4.2 1.01 ± 0.23

Avg. C2: 0.85 ± 0.20 5.87 ± 1.56 15.6 ± 4.3 0.98 ± 0.23

C3 Ex 0.81 ± 0.19 5.89 ± 1.55 23.2 ± 5.8 0.92 ± 0.21

C3 Ḣy 0.87 ± 0.21 5.97 ± 1.72 24.0 ± 6.3 1.02 ± 0.23

C3 Ḣz 0.88 ± 0.21 6.66 ± 1.84 21.6 ± 5.6 1.01 ± 0.23

Avg. C3: 0.85 ± 0.20 6.17 ± 1.70 22.9 ± 5.9 0.98 ± 0.22

C4 Ex 0.80 ± 0.19 5.55 ± 1.51 24.2 ± 6.1 0.87 ± 0.21

C4 Ḣy 0.86 ± 0.21 5.04 ± 1.31 23.1 ± 6.1 1.03 ± 0.24

C4 Ḣz 0.88 ± 0.21 6.18 ± 1.63 23.1 ± 6.2 1.01 ± 0.23

Avg. C4: 0.85 ± 0.20 5.59 ± 1.48 23.5 ± 6.1 0.97 ± 0.23

Table 5.2: Mean values and standard deviations for misfit χ, roughness (“Roughn.”), the number of

iterations and the calibration factors CF for all single component 1-D inversion of synthetic data sets
with the four regularisation schemes (“Str.”) C1 to C4; the column “Comp.” defines the component
used. For more information see the text.

limiting the decrease in the value of λ would reduce the roughness (C3 and C4).
I could observe this for extreme cases, when the initial misfit was very high and
dominated by a few data points. In these cases eventually the algorithm finds a
minimal misfit for a very low value of λ introducing significant structure to the
models. If these low values are accepted, the algorithm fails to converge at low
misfit levels at later inversion steps. An example is shown in appendix A. How-
ever, as this occurred only rarely and the problem could be circumvented by finding
individual initial half-spaces, the question remains if limiting the decrease helps to
find smoother models in ordinary cases.

The tabs. 5.2 and 5.3 show the results for the inversions of single and joint-
inversions, respectively. Listed are the values for misfit, roughness, the number
of iterations and the calibration factors averaged over all 20 Rx-sites along the pro-
file. Standard deviations are given to show the variance of the inversions2. The
individual values and resulting pseudo-sections can be found in app. B.

The differences between the strategies are small. The misfit and the calibration
factors are similar. The models are slightly rougher for C1 and C3. Minimising q∗n
instead of χ (C3 and C4) only seems to increase the number of iterations needed. No
significant difference in roughness could be observed there. Examining individual
cases, one can find data sets where even C1 gave the smoothest results (app. B).

The resulting roughnesses and misfits for C4 and C2 are almost similar, although
the average results in the joint-inversions for C4 are slightly better (misfit closer to

2Calculating the standard deviation for these values is inaccurate in a strict sense, as none of these
quantities is normally distributed. It would be more accurate to consider their logarithms. As this
would be less intuitive, I will ignore this for the sake of simplicity.
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Str. Comp. χ Roughn. # of It. CF

C1 Ex, Ḣy & Ḣz 0.95 ± 0.22 11.86 ± 2.93 18.9 ± 5.0 1.00 ± 0.13

C1 Ex & Ḣy 0.91 ± 0.21 8.07 ± 2.26 16.1 ± 4.3 1.00 ± 0.16

C1 Ex & Ḣz 0.91 ± 0.21 11.06 ± 2.73 16.1 ± 4.3 1.00 ± 0.16

C1 Ḣy & Ḣz 0.95 ± 0.22 6.81 ± 1.79 12.8 ± 3.6 1.00 ± 0.16

Avg. C1: 0.93 ± 0.22 9.45 ± 2.43 16.0 ± 4.3 1.00 ± 0.15

C2 Ex, Ḣy & Ḣz 0.95 ± 0.22 11.26 ± 2.82 17.1 ± 4.4 1.00 ± 0.13

C2 Ex & Ḣy 0.90 ± 0.21 9.18 ± 2.47 15.3 ± 4.0 0.99 ± 0.16

C2 Ex & Ḣz 0.91 ± 0.21 10.44 ± 2.69 16.3 ± 4.3 1.00 ± 0.16

C2 Ḣy & Ḣz 0.82 ± 0.19 6.22 ± 1.75 11.8 ± 3.1 1.01 ± 0.16

Avg. C2: 0.90 ± 0.21 9.28 ± 2.43 15.1 ± 4.0 1.00 ± 0.15

C3 Ex, Ḣy & Ḣz 0.95 ± 0.22 11.96 ± 2.96 24.4 ± 6.0 1.00 ± 0.13

C3 Ex & Ḣy 0.90 ± 0.21 10.23 ± 2.66 24.2 ± 5.8 0.99 ± 0.16

C3 Ex & Ḣz 0.91 ± 0.21 10.42 ± 2.73 23.4 ± 5.8 1.00 ± 0.16

C3 Ḣy & Ḣz 0.96 ± 0.22 6.01 ± 1.50 19.3 ± 4.6 1.01 ± 0.16

Avg. C3: 0.93 ± 0.22 9.66 ± 2.46 22.8 ± 5.6 1.00 ± 0.15

C4 Ex, Ḣy & Ḣz 0.95 ± 0.22 11.22 ± 2.90 24.9 ± 6.2 1.00 ± 0.13

C4 Ex & Ḣy 0.91 ± 0.21 7.38 ± 2.12 21.1 ± 5.2 1.00 ± 0.16

C4 Ex & Ḣz 0.90 ± 0.21 10.71 ± 2.66 24.0 ± 5.8 1.00 ± 0.16

C4 Ḣy & Ḣz 0.96 ± 0.23 5.55 ± 1.41 17.6 ± 4.2 1.00 ± 0.16

Avg. C4: 0.93 ± 0.22 8.72 ± 2.27 21.9 ± 5.4 1.00 ± 0.15

Table 5.3: Mean values and standard deviations for misfit χ, roughness (“Roughn.”), the number

of iterations and the calibration factors CF for all 1-D joint-inversion of synthetic data sets with the
four regularisation schemes (“Str.”) C1 to C4; the column “Comp.” defines the component used.
For more information see the text.

1.0, roughness smaller, see tab. 5.3). Also the resulting roughnesses and misfits for
C3 and C1 are similar. Therefore, I will use only C4 and C1 later in this study.

Figs. 5.8 and 5.9 show the results for the inversions of all three components
for both schemes. The results of the inversions of the different components are
displayed as section, plotting the resulting 1-D models below the respective Rx-
position. These sections of composed 1-D models are called “pseudo-sections”
throughout this study. In the pseudo-sections, the model for each station is placed
below the Rx-site. The sites are marked with gray triangles. The Tx is located at
y = 0 km and pointing in x-direction. The model boundaries are marked with black
lines in the pseudo-section. Below the Tx the original model is plotted. Lines in the
sections mark the layer boundaries. The gray-scale which is coding the resistivities
is displayed at least once in each figure. Values exceeding the scale slightly are ei-
ther displayed as white (too small) or black (too big). Areas where very unrealistic
values are obtained (< 0.2 Ωmor > 20 kΩm, only found in few pseudo-sections) are
marked with diagonal lines. Above every pseudo-section, the misfit (χ), the model
roughness and the CF for each inversion result are displayed3.

3In every pseudo-section-plot the displayed range of values for these parameters is limited to
[0.1 : 50]. If one of the symbols does not show up, it should by obvious if the parameter has a higher
(> 50) or lower (< 0.1) value. If the model is very smooth, the roughness can be < 0.1, whereas the
χ might be > 50. If the model shows significant structure, the roughness may exceed 50.0. If this
happens along large parts of the profile, often the roughness/10 is displayed instead.
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Figure 5.8: The single component inversion results for strategy C1; from top to bottom: Results

for the component Ex, Ḣy and Ḣz. Above every pseudo-section the final misfit, roughness and
calibration factor is plotted. Further explanations are given in the text.
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Figure 5.9: The single component inversion results for strategy C4; from top to bottom: Results

for the component Ex, Ḣy and Ḣz. Above every pseudo-section the final misfit, roughness and
calibration factor is plotted. Further explanations are given in the text.
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Figure 5.10: Pseudo-sections for joint-inversions; from top to bottom: Joint-inversions of the two
magnetic components with regularisation scheme C1, joint-inversions of all three components with
regularisation scheme C1, joint-inversions of all three components with regularisation scheme C4.
Further explanations are given in the text.
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Figure 5.11: 1-D pseudo-section for the inversions of the Ḣz-transients calculated for model M;
the upper panels show the results for regularisation scheme C1, the lower panels the results for
regularisation scheme C4.

Fig. 5.10 shows the pseudo-sections for three different sets of joint-inversions.
For the uppermost section only the magnetic field transients Ḣy and Ḣz are used.
The other two panels show the results of joint-inversions of all three components
for the two different regularisation schemes C1 and C4. In plots showing joint-
inversion results, the CFs of the different components in the upper parts are coded
by different symbols.

In general, the main features of the model are found in all inversions. Comparing
the pseudo-section for the regularisation scheme C1 (fig. 5.8) and C4 (fig. 5.9) no sig-
nificant differences are found. This is also observed comparing the joint-inversion
results in the lower panels of fig. 5.10. This fits the statistics in tabs. 5.2 and 5.3 as
they show only minor differences.
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There are some features in these pseudo-sections which show up systematically
also in pseudo-sections shown later in this chapter:

• In general, small scale fluctuations in models of adjacent stations can be ob-
served. That (and the average χ of 0.85 for model A) indicates that the algo-
rithm for both regularisation schemes fits some of the noise. This effect is sig-
nificantly reduced in the joint-inversions, as their pseudo-sections are later-
ally smoother. Unlike the single inversions, the final χ for the joint-inversions
is close to 1.0 for model A (0.92 on average). This is an expression of the fact
that the noise in the three data sets is not correlated.

• The models for the Ḣy-transients are slightly rougher and show more lateral
fluctuations, especially compared to the Ḣz-results. This is caused by the fact
that often the overall SNR is slightly higher for the Ḣy-transients compared
to the other components due to the sign reversal in the Ḣys.

• Including the CF in the inversion process introduces ambiguities in the in-
terpretation, especially for the Ex-transients. Often, the single inversions
of the electric fields fit the original model only qualitatively, although joint-
inversion with other components reveal consistent pseudo-sections.

• The results for the stations with an offset of 1 and 1.5 km differ from the other
results. As this is often observed, this might be caused by inaccuracies in the
model calculations for these transients, which exhibit a high dynamic range.

• In the pseudo-section for the Ex-transients the resistors seem to be better re-
solved. Especially the resistivity of the second resistive layer is closer to the
true resistivity for large parts of the profile (figs. 5.8 and 5.9). This is obvi-
ous, comparing the uppermost panel from fig. 5.10 (joint-inversion excluding
the electric field data sets) to the lower two panels of the same figure, where
all components are used in a joint-inversion. The conductive features in the
single inversion pseudo-sections, however, looks less erratic for the magnetic
components, especially for the Ḣz-transients.

• In some cases the single inversion the model for a certain station is different to
those of the adjacent two. In most cases, the structure of the model is similar,
but is more pronounced at this certain station, i.e. the model is rougher. In
other cases, the calibration factor at this certain station is different. This effect
is produced by the different noise realisations and their unforeseeable effects
during the inversion. Like the other lateral fluctuations caused by the added
noise, this effect is significantly reduced in joint-inversions.

Using multidimensional synthetic models, the inversion results for the regular-
isation schemes are still very similar. In fig. 5.11 the results for the Ḣz-transients
calculated for model M are shown. Here, the models at sites with y < 0 km are sig-
nificantly smoother using C4 instead of C1. Nevertheless, the structures are similar
in both cases.

Fig. 5.12 shows a more typical example for the few pseudo-sections where the C4
scheme produces a smoother picture of the subsurface. Again, the biggest differ-
ences can be observed for y < 0 km. The main structures are similar in both results.
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Figure 5.12: 1-D pseudo-section for the joint-inversions of the Ex- and Ḣy-transients calculated
for model E2; the upper panels show the results for regularisation scheme C1, the lower panels the
results for regularisation scheme C4.

The Artifacts produced by the multidimensional model are not significantly sup-
pressed.

In most cases no difference can be observed in the results for the two strategies.
Fig. 5.13 shows a typical example derived from the Ex-transients calculated for
model K3. Hence, the choice between the four regularisation schemes seems to
have only a minor effect on the inversion results. In the best cases, the models are
slightly smoother. Artifacts are not suppressed effectively. In the following thus
only results for regularisation scheme C4 are presented.
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Figure 5.13: 1-D pseudo-section for the inversions of the Ex-transients calculated for model K3;
the upper panels show the results for regularisation scheme C1, the lower panels the results for
regularisation scheme C4.

5.3 Influence of multidimensional structures on the single

1-D inversion of LOTEM-transients

In this section the behaviour of the three LOTEM-components Ex, Ḣy and Ḣz in
presence of multidimensional structures is examined. It would be most desirable
if the pseudo-section reconstructs the original synthetic model perfectly. However,
this is not expected to happen often.

The pseudo-section is considered to be usable, when the danger of misinterpreta-
tion is small, i.e. when

• the pseudo-section resembles the gross resistivity structure, i.e. only small
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Figure 5.14: Pseudo-sections of single 1-D inversions, model B, regularisation scheme C4; displayed

are the results for the Ḣy- (top) and the Ḣz-transients (bottom).

inhomogeneities might be suppressed.

• the pseudo-section shows artifacts only for unresolved, i.e. very shallow or
very deep parts, respectively. For the time range and offsets used here, the
part between ≈ 200 and 1500 m depth should not exhibit spurious features.

• the artifacts are not correlated for two adjacent stations. In this case a mis-
interpretation is unlikely, as features which change or disappear from one
station to the next should be rejected as unreliable.

• distortions are so big that unreasonable values (striped areas) show up. In
this case again the model should be rejected. However, if lower resistivity
contrasts are chosen in the synthetic model, the distortions may be smaller
and the models thus might not be considered as “unreasonable”.
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Pseudo-sections showing strong artifacts which are consistent along parts of the
spread are most dangerous, as they might lead to a wrong geophysical and thus
geological interpretations.

The complete results of all inversions can be found in app. B.

5.3.1 Dipping layers (models B and C)

The models B and C are five layer cases, were the depth to the boundary between
the second and the third layer increases with y. The dipping angle is ≈ 3.66◦.
Similar to the 1-D model the electric field pseudo-section is more noisy due to the
ambiguity introduced with the CF.

In general, model B is well reproduced (fig. 5.14). The dip, however, is underes-
timated. The best results are achieved using the Ḣz-transients. Here the obtained
thicknesses of the layers at each station are closer to the actual thicknesses at the
Rx-site. For the Ḣy-transients the thickness of the upper layers is similar for all
sites with y < 0 km. In the Ḣz-section the resistivity of the fourth layer seems to
compensate for the over- or underestimated thickness of the conductive third layer.
For y = −5.5 km, where the third layer is too thin, the resistivity of the underlying
fourth is decreased, compared to the true resistivity. At y = 5.5 km, where the con-
ductive layer is too thick, the resistivity of the fourth is increased. The result for the
Ex-transient is similar, but too noisy for closer analyses.

The pseudo-sections for model C show artificial structure below the second, con-
ductive layer (fig. 5.15). The increase in resistivity below the conductor is found,
but the resistivity of the underlying layer is not well constrained. The fourth layer
is almost never resolved, although the pseudo-section for the Ex-component show
a conductive feature at depth.

5.3.2 Vanishing layer (models D1 to E3)

In these models a layer is embedded in an otherwise homogenous half-space with
50 Ωm. The layer is either conductive (10 Ωm) or resistive (200 Ωm) compared to
the half-space and ends at y = −2, y = 0 or y = 2 km.

In all cases, the results are best for the electric field component. The pseudo-
sections are resembling the original synthetic models, although the lateral changes
are suppressed. For models where the layer ends at y = −2 km (D1 and E1), the
layer fades out slowly (upper panel of fig. 5.16). When the layer starts at y = 2
km (models D3 and E3) it is almost completely suppressed, probably up to large
offsets. For the other two models D2 and E2, where the layer starts below the Tx,
the pseudo-sections reveal the original model (middle panel of fig. 5.16). However,
the pseudo-sections show slightly more artifacts, when the layer is resistive.

The situation is more complicated for the magnetic components. They show
stronger artifacts for models including the conductive layer. Still, the distortions
of the models are moderate. For model D1, the conductive layer ending at y = −2
km seems to dip instead of end in the pseudo-section (lower panel of fig. 5.16).
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Figure 5.15: Pseudo-sections of single 1-D inversions for model C, regularisation scheme C4; from

top to bottom: Results for the Ex-, Ḣy- and Ḣz-transients;
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Figure 5.16: Pseudo-sections of single 1-D inversions, regularisation scheme C4; top: Results for
the Ex-transients, model D1; middle: Results for the Ex-transients, model D2; bottom: Results for
the Ḣz-transients, model D1;
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Figure 5.17: Pseudo-sections of single 1-D inversions for model D2, regularisation scheme C4; top:

Results for the Ḣy-transients; bottom: Results for the Ḣz-transients;

In general, the models for the Ḣz-transients are most distorted at sites close to the
lateral change, i.e. the start of the layer. Here, the models are least undistorted up
to the depth of the layer. With increasing distance from the end of the layer, the
distortions are found to be deeper (fig. 5.17, bottom). In the pseudo-section for the
Ḣy-transients, distortions can be found in greater distance from the end of the layer.
The inversion tends to introduce shallow resistive artifacts (fig. 5.17, top). This is
also found for other synthetic models.

The results for the resistive layer are slightly different (see fig. 5.18). Here, the
Ḣz-transient reconstructs the model even better than the electric field component.
The pseudo-section for the Ḣys proposes an extension of the layer for y < −2 km.
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Figure 5.18: Pseudo-sections of single 1-D inversions for model E1, regularisation scheme C4; from

top to bottom: Results for the Ex-, Ḣy- and Ḣz-transients;
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Figure 5.19: Pseudo-sections of single 1-D inversions, model I1, regularisation scheme C4; from top

to bottom Ex-, Ḣy- and Ḣz-component;
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5.3.3 Small inhomogeneities (models G1 to J2)

Data sets for four different models with small scale 3-D bodies are simulated. The
blocks have a size of 600 × 600 × 300 m3. Their midpoint is located on the y-axis at
either y = 0 km y = 2.5 km. The underlying model is a two layer case with a 10 Ωm
half-space below a 800 m thick 50 Ωm layer. The blocks have a resistivity of either
10 or 200 Ωm. The top of the block is at the surface in the models I1, I2, J1 and J2,
whereas in the other four models the midpoint is at z = 550 m.

Some of the pseudo-sections for the Ḣy-components show distorted models for
y = ±5 km. These distortions are not produced by the inhomogeneities, but by
the noise added. The underlying 1-D model produces Ḣy-responses where the last
data point is at the sign reversal at these offsets. In this case the noise algorithm
after eqn. 5.1 produces very noisy data.

In general, the distortions produced by the resistive block are smaller than the
ones produced by the conductive block. In no case the block itself is resolved. At
best it is simply suppressed and produces no artificial structures. If distortions
show up they have only a poor lateral correlation. Therefore, they will not be mis-
taken as geological features.

Shallow block (models I1 to J2)

If the block is placed below the Tx, the effect on the data is a shift in the transients,
which can be counteracted by the CF. The CFs are ≈ 1.3 for the resistive body and
≈ 0.5 for the conductive body. This agrees well with the results of Newman [1989].

Fig. 5.19 shows the pseudo-sections for model I1 with regularisation scheme C4 as
an example. Only the transients from stations very close to the Tx produce distorted
models. For the conductive block, the inversions of the Ex-transients converged at
an equivalent model with a CF of around 0.85 and a more conductive basement.

If the block is located within the spread at y = 2.5 km, only minor distortions are
found. The Ex-component is least distorted followed by the Ḣy-transients, where
distortions are found at the sites at y = 2.5 and y = 3.0 km. The Ḣzs are distorted
most. Here, the models for all three stations close to the body show distortions.

The introduction of the CF to the inversion process increases the ambiguity, es-
pecially for the electric components. Fig. 5.20 (top) shows the results for the Ḣy-
components without inverting the CF. The models show very large distortions
along the whole profile. Thus, inverting the CF is necessary to derive only slightly
distorted models from the transients. Strack [1992] states that this effect is fre-
quently observed in field situations. Therefore, including the CF to the inversion of
field data sets is almost inevitable, although the CF seems to introduce undesirable
ambiguity to the interpretation4.

4Sec. 5.7 shows a possibility to remove the shift prior to the inversion. However, the method
shown there is only an approximation.
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Figure 5.20: Pseudo-section of single 1-D inversions, regularisation scheme C4; top: Ḣy-

component, model I1; in the inversions the CF was fixed. bottom: Ḣz-component, model G2;

Block at intermediate depth (models G1 to H2)

The influence of the deeper block is much smaller than that of the shallow block. If
the block is placed beneath the Tx, only the models at y = ±1.0 km show stronger
distortions. If the body is situated within the spread at y = 2.5 km, no distortions
are visible in the Ex- and Ḣy-pseudo-sections. The Ḣz-transients are only slightly
distorted and produce weak artifacts at y = 2.5 and y = 3.0 km (fig. 5.20, bottom).
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Figure 5.21: Pseudo-sections of single 1-D inversion for the Ex-component, regularisation scheme
C4, model F1 (top), F2 (middle) and F3 (bottom);
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5.3.4 Faults (models F1 to F3 and K1 to L3)

Two different types of fault models are investigated. The first type is comprised of
two quarter-spaces (models F1 to F3). This type thus displays a worst case. The
models K1 to L3 are constructed out of two two-layer cases with a displacement of
600 (models K1 to K3, conductive basement) or 400 m (models L1 to L3, resistive
basement), respectively. For both types, models with different offsets between the
fault line and Tx are simulated.

Two quarter-spaces (model F1 to F3)

The models F1 to F3 are comprised of two quarter-spaces with 50 and 10 Ωm, re-
spectively. The fault line dividing both is at y = −2, y = 0 or y = 2 km. In general,
the pseudo-sections for the Ex-component showed the best agreement to the syn-
thetic models. If the Tx is positioned on the conductive quarter-space (model F1),
the resistivity of the other quarter-space is underestimated. However, the transition
from lower to higher resistivities for y < −1.5 km is visible (fig. 5.21, top). If the
Tx is located on the resistive quarter-space (model F3), the pseudo-section for the
Ex-component resembles the original model very well. Only the station atop the
fault line shows artifacts (fig. 5.21, bottom). If the fault line is below the Tx (model
F2), the results for the Ex-component are more complicated. The conductive part
of the model is reconstructed well, but in the resistive part the models indicate a
spurious conductive basement, which gets deeper with increasing offsets (fig. 5.21,
middle).

The pseudo-sections for the Ḣy-transients show a complex behaviour. If the Tx
is located on the conductive quarter-space, the models show no obvious transition
to higher resistivities across the fault. Instead, both quarter-spaces show a com-
plex pattern of diagonal stripes (fig. 5.22, top). Even the conductive quarter-space
is reconstructed only for big offsets (y ≥ 5 km). A similar pattern is found in the
pseudo-section in the conductive part of model F2. In the resistive part, the in-
versions introduce a shallow resistive artifact, which thickness increases with the
offset. However, at depth the resistivity is well resolved at site with y ≤ −3.5 km
(fig. 5.22, middle). A similar behaviour is found for model F3. Here, the pseudo-
section shows a shallow resistive artifact at site close the fault line at y = 2 km. All
models at stations with −3.5 ≤ y ≤ 4.5 km show artificial structures at depth (fig.
5.22, bottom).

The distortions found in the pseudo-sections for the Ḣz-transients are easier to
describe. For all three synthetic models, the model obtained at the position of the
fault line is most distorted. Here, the transients exhibit sign reversals, which can
not be fitted by any 1-D model. The corresponding misfit thus is very high. With
increasing distance from the fault line, the artifacts are weaker and appear at greater
depths. Fig. 5.23 shows two examples.
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Figure 5.22: Pseudo-sections of single 1-D inversion for the Ḣy-component, regularisation scheme
C4, model F1 (top), F2 (middle) and F3 (bottom);
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Figure 5.23: Pseudo-sections of single 1-D inversion for the Ḣz-component, regularisation scheme
C4, model F1 (top) and model F2 (bottom);

Displacement (models K1 to L3)

The fault line in the models K1 to L3 are at y = −2.5, y = 0 and y = 2.5 km. In
general, the pseudo-sections for these models show only slight distortions. In any
case the fault line is smoothed out, i.e. the model below the Tx is extended over the
fault line. For the larger offsets the 1-D models resemble the situation behind the
fault line (as seen from the Tx). The pseudo-sections for the Ḣz-transients reproduce
the synthetic model best, followed by the Ex, although the differences are not big
(fig. 5.24).

The results are better for the conductive basement (models K1 to K3). In the
pseudo-sections for the resistive basement, the resistivity of the second layer is not
well resolved, especially in the magnetic field inversions. Even spurious layers are
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Figure 5.24: Pseudo-sections of single 1-D inversion, model K1, regularisation scheme C4; Upper

panels: Ex-component; lower panels: Ḣz-component; the missing conductive basement for some of
the sites close to the Tx can be explained by the low depth resolution at these offsets.

introduced here. However, as the joint-inversions in sec. 5.4 will show, these layers
are not necessary to explain the data.

If the fault line is below the Tx, the pseudo-sections reproduce the synthetic mod-
els very well (except for one case, see below). Deviations are only observed for the
smallest offsets.

However, the Ḣy-pseudo-sections for the resistive basement models show se-
vere artifacts. First, a shallow resistor is introduced throughout large parts of the
pseudo-section. If the fault is at y = −2.0 km, an additional resistive zone is intro-
duced for stations behind the fault (fig. 5.25).

The pseudo-section for the Ḣz-transient and model L3 also shows artifacts at
depth for stations around the fault line.
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Figure 5.25: Pseudo-section for the Ḣy-component, model L1, regularisation scheme C4;

5.3.5 Moderate lateral changes (model M)

This model represents a more realistic model of the subsurface. It consists mainly of
a resistive layer between more conductive media. The thicknesses and resistivities
of the layers, however, change slightly throughout the profile. Between y = −4 km
and y = −2 km an additional very conductive layer is overlying the basement.

At first, the pseudo-sections for this model look very chaotic (fig. 5.26). The right
part of the model is fairly reconstructed by the Ex- and Ḣy-pseudo-sections. How-
ever, the information that the resistive layer is thinner for y > 2.7 km is suppressed.
The shallow part of the model for y < 0 km is fairly resolved for the Ex-component.

The left part of the Ḣy-pseudo-section as well as the complete Ḣz-pseudo-section
shows artificial diagonal structures, which can not be correlated to any feature of
the synthetic model. The conductive feature at −4 ≤ y ≤ −2 km is only weakly
indicated in the pseudo-sections of the magnetic components.

All in all, the results for this model – especially the part left of the Tx – are dis-
couraging, even though the resistivity contrasts are not very high. In particular the
conductive, diagonal artifact found in the left part of the pseudo-sections derived
from the magnetic components is problematic. It seems to be caused by displace-
ment of the bottom of the first, conductive layer at y = −2 km.

5.3.6 Summary of the results in this section

In all cases differences between the pseudo-sections for the individual LOTEM-
components are observed. Nevertheless, for several models the distortions are not
severe. A geological interpretation would lead to the same result, regardless of
which component is chosen. At locations where the results for all three models
agree well, the model resembles the situation in subsurface fairly.
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Figure 5.26: Pseudo-sections of single 1-D inversion, model M, regularisation scheme C4; from top

to bottom Ex-, Ḣy- and Ḣz-component;
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However, even in the best cases one can not expect that the TEM result at a certain
Rx-site will match the information from a borehole drilled at the same location. The
resistivity structure below the Tx influences the resulting models up to large offsets.
Lateral changes thus are suppressed. As expected, the distortions in most cases are
strongest at stations close to the lateral change. Interestingly, when a lateral change
happens below the Tx, it is possible to derive undistorted models already at short
offsets. In some cases distortions are found even when no lateral changes occur
between Tx and Rx but on the other side the Tx.

The strength of the distortions in the pseudo-sections depends not only on the
model geometry, but also on the resistivity sequence. The pseudo-sections seem
to be more distorted, when the top of a resistive unit in the synthetic model is not
horizontal (models C, L1 to L3 and M). This is good agreement to the results of Toft
[2001] for the SHOTEM modification. The reason for this might be that the induc-
tion currents in the resistor are far smaller. The induced current system diffusing
downward is first distorted by the non-1-D structure of the bottom of the upper
conductive layer. It penetrates the resistive layer, but the induced currents here
are small compared to the decaying distorted fields from the conductive layer. The
resulting models are thus more influenced by the distorted remnants of the con-
ductor than by the resistor (at a certain depth range). This hypothesis is supported
by the fact that for these models the Ex-pseudo-sections are less distorted, as the
influence of resistive structures is stronger on Ex-transients.

No component was found to be the least distorted in all cases. The Ex-transients
often showed fewer artifacts, but also the largest ambiguity problem. Additionally,
it is less trivial to measure electric components in the field (see sec. 6.2.1). The Ḣz-
transient seems to be most distorted by near surface inhomogeneities at their lateral
boundaries. This is agreement to the results of Donat [1996].

The influence on the Ḣy-transients is not easy to describe. In some cases the Ḣy-
pseudo-sections seem to ignore any lateral changes and reproduce the resistivity
structure below the Tx even in a considerable distance across the multidimensional
structure. In other cases slight artifacts – mostly shallow resistors – are found in
Ḣy-pseudo-sections even at sites far away from the lateral boundary.

5.4 The influence of multidimensional structures on joint-

inversions

Joint-inversions often are proposed to combine resolving capabilities of different
geophysical methods, e.g. DC-geoelectric and MT [Vozoff and Jupp, 1975] or elec-
tric and magnetic LOTEM-components [Hördt, 1992; Commer, 1999]. This works
well in a true 1-D surrounding as demonstrated in fig. 5.10. Another important
task for a joint-inversion is to provide one model for the geological interpretation
which is consistent with most of the geophysical data sets. Otherwise the inter-
preter would have to choose between several single inversion results.

The model calculations in the previous sections showed that the different TEM-
components are affected differently by several subsurface structures, i.e. the mul-
tidimensional distortions of the transients produce different artifical structures in
the pseudo-sections. In a joint-inversion process this might not be the case, as one
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single model has to explain all data sets. Contrary artifical structures might be
cancelled out, revealing a better picture of the subsurface.

Goldman et al. [1993] encountered problems while joint-inverting simulated TEM
and AMT data over a graben structure. The single inversions for both data sets gave
slightly distorted models, which still can be geologically interpreted after obvious
model distortions are removed [Goldman et al., 1993]. In joint-inversions however,
the algorithm fails to find a model, which describes both data sets well. This results
in a misfit which is significantly higher than for the single inversions. Due to this
high misfit, the authors rejected the corresponding models.

If it would be clear that the joint-inversions reveal a better picture of the subsur-
face, i.e. if they might produce less artifacts compared with the single inversions, it
might be reasonable to accept the models despite of the higher misfits.

To test the effects of multidimensional resistivity distributions, joint-inversions
for the models shown in figs. 5.2 to 5.4 were carried out. All four possible com-
binations of components are used (Ex-Ḣy, Ex-Ḣz, Ḣy-Ḣz, Ex-Ḣy-Ḣz). The complete
results of the inversions are found in app. B. The pseudo-sections are judged with
respect to the likeliness of a misinterpretation (see sec. 5.3).

In general, the pseudo-sections of joint-inversion results show less lateral fluctu-
ations as observed comparing figs. 5.9 and 5.10. The Gaussian noise added to the
data sets is effectively suppressed.

In a few cases, the pseudo-section derived from joint-inversions show better re-
sults than the single inversion pseudo-sections. As an example, the upper panels
of fig. 5.27 show the results for three component joint-inversions for model L1. As
expected from the single inversion results, the displacement is suppressed. The
pseudo-section shows only slight artifacts and resembles the synthetic model bet-
ter than the single inversion results (cp. fig. 5.25).

The lower panels of fig. 5.27 show the results of joint-inversions of the compo-
nents Ex and Ḣz. The pseudo-section almost perfectly reconstructs the synthetic
model. The results are worse when the Ḣy-transients are included in the inver-
sions.

Joint-inversions in some case are useful to determine, whether the transients for
one component are distorted or the single inversions only found equivalent mod-
els. E.g. inverting the data from model I1 (conductive patch below the Tx), the Ex-
pseudo-section shows a basement with lower resistivities than the original model
(fig. 5.19). Joint-inversions of all three components demonstrate that this is case of
equivalence, as models are found which are not distorted for offsets larger than 2.5
km and exhibit low misfit and the right conductivity (fig. 5.28, top). Nevertheless,
even at short offsets where the models show huge artifacts, the misfits low.

However, in most cases the joint-inversion approach introduces additional arti-
facts to the pseudo-section. What is even worse is that these spurious features are
consistent over a larger part of the profile and thus are likely to be falsely inter-
preted as geological features. Fig. 5.28 (bottom) shows an example for model F1
consisting of two quarter-spaces. On both sides of the fault line appear ficticious
resistive layers, even for stations which are 6 km away from the resistive half-space.
The resulting pseudo-section differs completely from the synthetic model.
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Figure 5.27: Pseudo-section of 1-D joint-inversions; upper panel: All three components are used in

the inversion. Model L1, regularisation scheme C4; lower panel: The Ex- and Ḣz-component are
used in the inversions. Model E1, regularisation scheme C4;

Considering the misfit is also not very helpful in this case. The inversions for
the stations on the resistive quarter-space yield high misfits, but the inversions for
y > 0 km, which show the artificial resistive layer result in a χ around 1.0.

High misfits do not mean necessarily that the models are distorted. Fig. 5.29 (top)
shows the joint-inversion results of the Ḣy- and Ḣz-transients calculated for model
B. Although the pseudo-section reconstructs the original model well, the misfits are
significantly higher than 1.0 for the sites at y < −4 km.

Other frequently observed features are models with shallow resistive artifacts,
which fit the synthetic model reasonable at depth. As an example, fig. 5.29 (bottom)
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Figure 5.28: Top: Pseudo-section of 1-D joint-inversions of all three components, model I1, reg-

ularisation scheme C4; bottom: Pseudo-section of 1-D joint-inversion results of the Ex- and Ḣz-
components, model F1, regularisation scheme C4; including the Ḣy-component results in even
stronger artifacts.

shows the pseudo-section of the joint-inversion results for all three components
calculated for model K3. Deeper, conductive artifacts can be observed for the sites
1 ≤ y ≤ 2.5 km. For bigger offsets, however, the models are acceptable, besides
that the displacement of the basement is suppressed. The shallow region of these
models show a consistent resistive layer.

The results for the synthetic data sets show that the joint-inversion in general is
no tool suited to reduce multidimensional distortions. In most cases the opposite is
true. In presence of multidimensional structures joint-inversions tend to create ar-
tificial structures. Most of the pseudo-sections are more misleading than the single
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Figure 5.29: Top: Pseudo-section of 1-D joint-inversion results of the Ḣy- and Ḣz-components,
model B, regularisation scheme C4; bottom: Pseudo-section of 1-D joint-inversion results of all
three components, model K3, regularisation scheme C4;

inversion results. This is in agreement to the results of Goldman et al. [1993] for the
joint-inversion of SHOTEM and AMT data sets. Features which are only resolved
in joint-inversions therefore should be excluded from the interpretation.

5.4.1 Soft Joint-Inversion

As shown in the previous section, the joint-inversion of different LOTEM-transients
does not help to suppress or avoid distorted models. In most cases, the joint-
inversions even produced artifacts, which are not observed in the single inver-
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Figure 5.30: This figure il-
lustrates the two constraints
used in the SJI approach.
The example shows the case
of a SJI using three differ-
ent components. The upper
three layers of the models for
data set 1, 2 and 3 are dis-
played. The thicknesses of
the layers are the same for
all models and will not be
changed by the inversion al-
gorithm. The upper panel
illustrates the constraint de-
fined by the matrix PD (eqn.
5.13). This constraint pe-
nalises differences in the resis-
tivities of the three models for
each layer. The lower panel il-
lustrates the smoothness ma-
trix P as defined in eqn. 3.18.
Both constraints are used si-
multaneously.

sions. On the other hand, when inverting the transients with single inversions,
the improved resolving capabilities of joint-inverted data sets are lost. Especially
the Ex-component seems to be more ambiguous, when inverted using the CF as
free parameter. Additionally, the interpreter has the undesirable choice between
several models for one location.

Auken et al. [2001] proposed to invert an DC-geoelectric and central-loop data
set with distinct models. An additional constraint keeps both models closely re-
lated. This Mutually Constrained Inversion (MCI) method allows one to combine
the different resolving capabilities. They showed, that even if the geoelectric data
set is shifted, the data could be fitted with two models which differ slightly. The
only difference is that the resistivity of a shallow conductive layer is a few percent
higher for the model corresponding to the geoelectric data set. The geological in-
terpretation for both models would be the same. Both models are far closer to the
original, synthetic model as the resulting model from a standard joint-inversion.

Unlike Auken et al. [2001], I will introduce the additional constraint to the Oc-
cam’s inversion. Each data set in the joint-inversion will be connected to an indi-
vidual resistivity model. In this case the number of entries in the data vector m∗

is increased. The regularisation should keep the differences between the resistivi-
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ties of the separate models smallest possible (fig. 5.30). The trade-off between the
model regularisation and the misfit will be controlled by the same regularisation
parameter λ. This means that the algorithm can reduce the model regularisation,
if this is necessary to achieve an appropriate misfit. From here on, this type of
joint-inversion will be called Soft Joint-Inversion (SJI). The standard type of joint-
inversion, where the same model is used for all components, will be called Fixed
Joint-Inversion or FJI.

If X data sets (each with a CF) are inverted allowing Y different models with Z
layers, m∗ has W = X + Y · Z entries. Extending eqn. 3.21 we obtain

q∗ = (d− f(m∗))T (d − f(m∗)) + λ
(

m∗T
PT Pm∗ + νm∗T

PT
DPDm∗

)

. (5.12)

The matrix PD penalises differences between the separate models. It is a W × W
matrix with

PD =























(Y − 1)I −I . . . . . . −I 0̃Z,X

−I (Y − 1)I −I . . . −I
...

... −I
. . .

. . .
...

...
...

...
. . . (Y − 1)I −I

...
−I −I . . . −I (Y − 1)I 0̃Z,X

0̃X,Z . . . . . . . . . 0̃X,Z 0̃X,X























, (5.13)

where I is a Z ×Z identity matrix and 0̃x,z is a x× z matrix of zeros. The scalar ν
controls the relation between smoothing and reducing the differences between the
models. After some steps similar to the ones shown in section 3.2.2, this approach
yields the model update formula

m̂∗

n =
(

JT
n−1W

2Jn−1 + λ
(

PT P + νPT
DPD

))−1

(

JT
n−1W

2d̂n−1 + λ(PT P + νPT
DPD)m∗

n−1

)

. (5.14)

SJIs were carried out for the four possible combinations of data sets for the models
shown in figs. 5.2 to 5.4. The results for all models can be found in app. B. In all of
this inversion the scalar ν was set to unity. This is as justified as all other possible
values for ν. As it seemed to work well, no other settings were tested.

The top panel of fig. 5.31 shows the results of the SJIs using all three components
for model A. The model section displays the averages of the three models. The
average was calculated according to

ρAVG = exp

(

1

3

3
∑

i=1

ln ρi

)

. (5.15)
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Figure 5.31: Pseudo-sections of 1-D inversions using all three components with regularisation
scheme C4, model A (displayed below Tx); Top panels: Average inversion results using the soft
joint-inversion approach and relative differences of the models; bottom: Average inversion results
using the single 1-D inversions and relative differences of the models (see text);
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Figure 5.32: Pseudo-section of SJI-results of the Ex- and Ḣz-components, model F1, regularisation
scheme C4;

Below the model section, a section of the relative differences between the three
models is displayed. Black boxes indicate that the 1-D models at this place on aver-
age differ at least 50 % from ρAVG. The roughness plotted in the section atop of the
model section includes also the variations between the three models. For compar-
ison, the lower panels show the results if the components are inverted separately
and averaged afterwards using eqn. 5.15. The overall results are similar, but in de-
tail the SJI shows an improved resolution, as can be observed at the deeper resistive
layer. Also, the differences between the individual models are significantly smaller
using the SJI approach.

To understand where differences in the models will occur, it is important to keep
in mind that eqn. 5.14 includes a similarity and a smoothness constraint. This means
that features, which are only resolved by data set A will not be similar in the model
for data set B. Instead, the second model will show a smoothed representation of
the feature. Differences in the models thus do not necessarily mean that the used
transients are inconsistent. This is only the case for equally rough but different
features, e.g. a resistive zone starting at a different depth or models showing an
opposite behaviour at a certain depth range.

Comparing the pseudo-section with the single inversion (fig. 5.9) or FJI results
(fig. 5.9) shows that the SJI-results are in between. The layers are better constrained
than using only the single inversions. Also, the lateral fluctuations are suppressed.
The resolution and suppression of the added noise is better in the pseudo-section
derived from the FJIs. However, in almost all cases the artifacts are significantly
reduced in the SJI pseudo-sections.
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Figure 5.33: Pseudo-section of SJI-results for all three components, model K3, scheme C4;

Fig. 5.32 shows the SJI-results for the Ex- and Ḣz-transients calculated for model
F1. The corresponding pseudo-section for the FJIs of these components showed
strong artifacts, which are consistent along large parts of the profile (cp. fig. 5.28,
bottom). As can be seen, the SJIs produce far less artifacts. Strong distortions are
only visible around the fault line. As these distortions are not consistent for both
components and the two adjacent stations, it is not likely that the artifacts are inter-
preted geologically.

Fig. 5.33 shows the results for the SJIs of all three components calculated for
model K3. The pseudo-section shows almost no artifical structures, besides a
smeared out transition across the displacement. The results of the FJIs are dis-
played in fig. 5.29 (bottom).

Fig. 5.34 shows the results for model M using all three components. Here, the
results for both strategies, C1 and C4, are displayed, as this is one of the rare cases,
where inversion with strategy C4 gave noticeably smoother results. Nevertheless,
the models for sites with −4.5 ≤ y ≤ −3 km still show a spurious diagonal feature
within the second, resistive layer. Additionally, the basement shows some artifical
structures in most parts of the profile. I will come back to point in sec. 5.7. Still, the
SJI results are far less distorted by multidimensional structures then the FJI results.

In very few case the SJIs produced pseudo-sections which are more distorted than
the FJI results. This happens, when the FJI results are better than the single inver-
sion results. The best example is model L1 (fig. 5.35, the FJI results is shown in fig.
5.27, top). Here a spurious conductive layer appears at depth for y < 0 km which
is consistent over the whole spread. This feature is produced by the Ḣz-transients,
as it does not show up in any inversion without this component.



90 1-D inversion of multidimensional TEM-data

0.1

1

10

 
Misfit: Triangles, Roughness/10: Circles, CF1: Crosses, CF2: Stars, CF3: Diamonds

0.0

0.5

1.0

1.5

2.0

D
ep

th
 / 

km

-5 -4 -3 -2 -1 0 1 2 3 4 5
y / km

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

lo
g 

of
 ρ

/Ω
m

0.0

0.5

1.0

1.5

2.0

D
ep

th
 / 

km

-5 -4 -3 -2 -1 0 1 2 3 4 5
y / km

0

10

20

30

40

50

D
if

fe
re

nc
e 

in
 %

0.1

1

10

 
Misfit: Triangles, Roughness/10: Circles, CF1: Crosses, CF2: Stars, CF3: Diamonds

0.0

0.5

1.0

1.5

2.0

D
ep

th
 / 

km

-5 -4 -3 -2 -1 0 1 2 3 4 5
y / km

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

lo
g 

of
 ρ

/Ω
m

0.0

0.5

1.0

1.5

2.0

D
ep

th
 / 

km

-5 -4 -3 -2 -1 0 1 2 3 4 5
y / km

0

10

20

30

40

50

D
if

fe
re

nc
e 

in
 %

Figure 5.34: Pseudo-sections of 1-D soft joint-inversions using all three components, model M;
Top panels: Average inversion results and relative differences (regularisation scheme C1); bottom:
Average inversion results and relative differences (regularisation scheme C4);
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Figure 5.35: Pseudo-section of SJI-results of all three components, model L1, regularisation scheme
C4;

5.5 Joint-interpretation of LOTEM and SHOTEM data sets

In this section I want to examine if and how the results for SHOTEM- and LOTEM-
transients can be interpretations jointly.

The ambiguity of TEM data can be reduced by increasing the length of the tran-
sients. Goldman et al. [1994a] found that extending the transients to early times can
even reduce the ambiguity for deeper structures. Lange [2003] demonstrated with
synthetic data sets calculated for layered models that joint-inversions of LOTEM
and SHOTEM data sets can greatly improve the resolution in all depth intervals.

For the field campaign in Israel it thus was planned to carry out SHOTEM mea-
surements on the positions of LOTEM-Rx-sites. Both data sets should be inter-
preted jointly.

Although SHOTEM is “only” another modification of the TEM method, the tran-
sients provide different information to typical LOTEM data sets. First, the tran-
sients are measured earlier times than typical LOTEM-transients. More impor-
tant, the offset between Tx and Rx is much smaller. Both TEM-transients are in-
fluenced at least by the subsurface around and between Tx and Rx. However, in
the SHOTEM case the offset between Tx and Rx is very small, compared to the
LOTEM setup.

In a 1-D environment the difference is not important. This changes if multidi-
mensional structures are present. In this case, the SHOTEM-transient will reflect
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only the subsurface close to the LOTEM-Rx, whereas the LOTEM-transient might
be influenced by structures which are located some kilometres away, closer to the
Tx. This will lead to inconsistencies in the interpretation.

In sec. 5.3 the difference between multidimensional structure and a small inho-
mogeneity was defined by a comparison between the feature’s scale length and the
offset. The smaller bodies (models G1 to J2) were not resolved in the LOTEM sec-
tions. At best, they did not influence the transients significantly. However, these
bodies are bigger than a typical SHOTEM offset. For SHOTEM, they are thus to be
considered as a structure which should be resolved.

The same effect was observed by Goldman et al. [1994b], who simulated
SHOTEM and LOTEM data over a layered model including a horst or graben struc-
ture. For both setups the size of the structure was the same. However, the effect on
the SHOTEM-transients was far stronger than for the LOTEM setup, where almost
no distortion was observed.

5.5.1 Inversions of synthetic SHOTEM-transients

Similar to the LOTEM data sets, the SHOTEM-transients were calculated with SLD-
MEM3T. The designation of the synthetic models is the same as in figs. 5.2 to 5.4.
SHOTEM-transients were calculated for all LOTEM-Rx-positions. The time range
of the transients is 0.1 to 40 ms. The Tx consists of a 260 × 260 m2 square loop.

A different noise strategy was used for the SHOTEM-transients. Here, 1 % Gaus-
sian noise was added to the data points. This was done, because the SHOTEM-
transients from the field campaign in Israel were not provided with error estimates
(sec. 6.3). This means that all data points have to have equal weights in the inver-
sion. This is done by assuming a fix relative noise level.

In general, the pseudo-sections derived from the simulated SHOTEM-transients
reproduce the original models very well. However, all models show artificial os-
cillations in the upper 200 m (e.g. fig. 5.37). They are produced by inaccuracies in
the forward modelling for the first data points. However, the deeper parts of the
pseudo-sections seem to be unaffected. These oscillations are stable and consis-
tent for all models. I will treat them like true model features. This way I can use
them in the next sections to see whether the SHOTEM-transients contribute to the
resolution of the shallow parts of the models.

Often the deep structure of the models is not resolved due to the short transients.
In some of these cases, the inversions introduce spurious structures at depth. This
happens in particular, when the shallow part of the model exhibits low resistivities,
which decreases the maximum depth of resolution [Spies, 1989].

Fig. 5.36 shows the pseudo-section for model M. Both effects can be observed
very well. The shallow oscillations in the resistivity are very strong for the stations
at −4 ≤ y ≤ −2.5. Unfortunately, it is not clear whether the strong artifacts here
are produced by the multidimensional structures or simply by the modelling. The
latter is more likely, as the subsurface exhibits no lateral changes for −4 ≤ y ≤ −2
km.

The synthetic model is very well reproduced. Unlike the LOTEM pseudo-
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Figure 5.36: Pseudo-sections of 1-D inversions of SHOTEM-transients simulated for model M;
top: Original model; bottom: Results using regularisation scheme C4; note the different depth scale
compared to the LOTEM pseudo-sections.

sections, even the conductive feature at −4 ≤ y ≤ −2 is resolved. The conductivity
of the basement, however, varies strongly due to the short transients. In some cases
even spurious structure is included.

Fig. 5.37 shows the results for model K1. For y > −2 km, the basement is not
resolved. In the critical region around y = −2.5 km, the models are not strongly
distorted. The misfit for the transient calculated directly over the displacement is
slightly higher. In the corresponding model, only a slight decrease of the resistivity
is observed. In the model at y = −2 km next to the displacement, the transition
to the conductive basement is observed too shallow. However, as the subsurface is
1-D in the vicinity of most stations, the synthetic model is better resolved than in
the LOTEM sections.

The 3-D prisms at intermediate depths are not resolved (models G2 and H2).
Especially for the case of a resistive block no obvious influence is observed. This
is different for the shallow prisms. As an example, fig. 5.38 shows the results for
model I2. At the station above the prism, the misfit is very high. The model shows
a conductive zone which can be correlated to the block. Below the block however,
the resistivities are too large. In addition, the thickness of the block is significantly
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Figure 5.37: Pseudo-sections of 1-D inversions of SHOTEM-transients simulated for model K1;
top: Original model; bottom: Results using regularisation scheme C4; note the different depth scale
compared to the LOTEM pseudo-sections.

underestimated. Right above the basement an artificial conductor is introduced.

Artificial structures can be observed even at stations close to the block, although
neither the Tx-loop nor the Rx is located on the block. The artifacts are conductive
zones located at the depth of the base of the block. The pseudo-section for model
J2 (resistive block) shows no obvious distortions at depth. The shallow artifacts at
the stations next to the block are similar, but resistive.

This behaviour can easily be understood, recalling the smoke ring analogy. At
very early times, the current systems are confined to the subsurface close to the
Tx, which is 1-D in this case. With increasing time, the current system diffuses not
only down- but also outwards. At stations close to a lateral change, the induced
current start to diffuse into the block. The models resulting from inversions of such
transients thus also reflect the nearby structure at certain times.

The inversions of the synthetic SHOTEM-transients showed that the SHOTEM
modification reproduces far less artifacts than the LOTEM setup. The main reason
is the small Rx-Tx-offset. In addition, the structures under investigation have scales
comparable to the LOTEM setup. Artifacts show up when the induced current sys-



5.5 Joint-interpretation of LOTEM and SHOTEM data sets 95

0.0

0.5

1.0

1.5

D
ep

th
 / 

km

-5 -4 -3 -2 -1 0 1 2 3 4 5
y / km

10 Ωm

50 Ωm

10 Ωm

0.1

1

10

 
Misfit: Triangles, Roughness: Circles, CF: Crosses

0.0

0.5

1.0

1.5

D
ep

th
 / 

km

-5 -4 -3 -2 -1 0 1 2 3 4 5
y / km

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
log of ρ/Ωm

Figure 5.38: Pseudo-sections of 1-D inversions of SHOTEM-transients simulated for model I2;
top: Original model; bottom: Results using regularisation scheme C4; note the different depth scale
compared to the LOTEM pseudo-sections.

tem crosses lateral borders, which is the case only for a few stations. For large parts
of the profiles, the relevant subsurface is 1-D. Stronger distortions can be expected
when the size of the inhomogeneities is reduced [Toft, 2001].

5.5.2 Joint-inversions of synthetic LOTEM- and SHOTEM- transients

As shown in the previous sections, the synthetic models are resolved in a differ-
ent way using the SHOTEM- instead of the LOTEM-transient. Unless the models
are completely distorted, the bigger offsets of the LOTEM modification result in
models which represent larger parts of the subsurface. For a joint-inversion this
means that in a non 1-D environment SHOTEM and LOTEM data sets might pro-
vide inconsistent information. The results of joint-inversions thus might be inferior
to single inversion results.
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Figure 5.39: Pseudo-sections for model J2, regularisation scheme C4; from top to bottom: SJIs of the
three LOTEM-components only, SJIs of the SHOTEM- and all three LOTEM-components, FJIs of
the SHOTEM- and all three LOTEM-components.
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Figure 5.40: Pseudo-sections of joint-inversion for the SHOTEM-transients and all three LOTEM
data sets for regularisation scheme C4 and model K1; top panel: Results for the FJIs; bottom panels:
Results for the SJIs;

No problems occur when both methods do not resolve a certain structure (models
with prisms at intermediate depths G1-H2). For the shallow block model I2 and J2,
the results are similar to the LOTEM results. The SHOTEM-transients mainly intro-
duce the shallow oscillations in resistivity observed also in the SHOTEM pseudo-
section (sec. 5.5.1). These oscillations occur due to modelling inaccuracies. Never-
theless, they show that the SHOTEM-transients provide additional “information”
about the shallow structure.

Around the prisms the structure of the artifacts is very similar to the artifacts
found in the LOTEM pseudo-sections. The blocks are not well resolved. Fig. 5.39
shows a comparison of pseudo-sections for the SJIs using the LOTEM-transient
only (top) or – in addition – the SHOTEM-transient (middle). The inversions have
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been carried out with data simulated for model J2. The resistive patch is almost
perfectly suppressed using the LOTEM-transients only. Using also the SHOTEM-
transients, the resistive body is indicated by a shallow structure. These are similar
to those found in the pseudo-sections for the SHOTEM-transients.

In the fig. 5.39 (bottom) a pseudo-section of FJI-results is displayed. The body
itself is resolved better, but at intermediate depths and for bigger offsets the models
show spurious resistive features. The misfit at these stations is high.

The models including a displacement again give results similar to the results
for the LOTEM-components only. For model K1, the LOTEM data sets help to
constrain the resistivity of the basement (fig. 5.40) which was not resolved by the
SHOTEM-transients (fig. 5.37). The SHOTEM-transient on the other hand improves
the resolution in the shallow parts (thin, shallow artifacts). Also, the transition
to the shallower basement is better resolved when the SHOTEM-transient is in-
cluded. The FJI result is inferior. Here, the shallow “structure” is not resolved for
−5 ≤ y ≤ −2 km. Probably the FJIs converged to early because of inconsistent data
sets at a model with high misfits and low roughnesses.

Like the LOTEM-only case, the FJIs produce better results when the basement is
resistive. Here, an artifical conductive layer is introduced at depth. Similar results
are obtained for model F3.

The results for model M are more interesting. Fig. 5.41 shows a comparison of
the results without (top) and with SHOTEM data sets (bottom). The models for
y > 0 km match the synthetic model slightly better, when the SHOTEM-transient is
included. However, the uppermost layer shows the oscillations introduced by the
SHOTEM data set.

For y < 0 km, the averaged models are similar to the SJIs of the LOTEM-transients
only. Again, an artificial diagonal conductive layer is embedded in the second,
resistive layer. Unlike the results for the LOTEM-components, this layer is not a
feature consistent with all data sets. The panels showing the relative differences,
indicate inconsistencies at the depths of the artificial structures.

To examine this closer, fig. 5.42 (left) shows the resulting models for all compo-
nents at the position y = −3.5 km. All LOTEM-components show a similar be-
haviour. The shallow oscillations are mainly observed in the model corresponding
to the SHOTEM-transient. The top of the resistor is obtained at about 200 m which
is about 100 m too shallow. At the depth of the spurious conductor, the models
differ significantly. This is an indication that this feature is artificial. The deep con-
ductive feature is comparatively well resolved. The information about the resistive
basement is provided by the LOTEM-transients, as the single SHOTEM inversions
do not resolve the bottom of the deep conductor (fig. 5.42, right).

The model derived by the FJI does not resolve the model that well. The upper part
is similar to the SJI results. However, the resistivity of the resistor is overestimated.
At 500 m the model shows an artificial drop in resistivity. At greater depths, the
model shows only slight variations. The conductive feature is not well resolved,
although indications for a conductor can be found.
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Figure 5.41: Pseudo-sections of SJIs for regularisation scheme C4 and model M; top panel: Results
for the LOTEM-components only; bottom panels: Results using all LOTEM-transients and the
SHOTEM data set;
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scheme C4; plotted are the models obtained at y = −3.5 km. The synthetic model at this position
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inversion;

5.5.3 Implications for the joint-interpretation of SHOTEM and LOTEM
data sets

SHOTEM and LOTEM data sets contain complementary information. The influ-
ence of a multidimensional structure on SHOTEM data sets is restricted to the
vicinity of this structure. On the other hand the LOTEM data sets are reflecting
a much larger part of the subsurface. At best, multidimensional structures appear
smoothed in the pseudo-sections.

When the subsurface is approximately 1-D, the resolving capabilities of both
modifications can be combined (see the y > 0 km part of the pseudo-sections in
fig. 5.40). In reality however, this will not be the case very often. Even in presence
of slight inconsistencies (see the y < 0 km part of the pseudo-sections in fig. 5.40)
the FJI tends to introduce artificial structures. In the shown examples this is con-
nected to high misfits. This problem was also observed by Lange [2003] who found
that FJIs of LOTEM and SHOTEM field data sets failed in almost all cases.

The SJI approach again showed better results than the FJIs. Adding the SHOTEM-
transient e.g. sharpens the transition in model K1 instead of introducing new arti-
facts. In the results for model M, the SHOTEM data set in the SJI indicates that the
diagonal feature found in the pseudo-section for y < −2 km is spurious. Also, the
conductive feature at depth was slightly better resolved than using the FJIs.
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At sites where an inconsistent artificial structure was found, it would be better to
construct a combined model instead of using a joint-inversion result. This means
to combine the shallow part of a SHOTEM model and the deep part of the LOTEM
model. The problem for real data sets would be to derive a proper transition depth.
An adequate choice would be a deep, consistent feature. In the example shown in
fig. 5.42 this would be the deep conductive feature.

However, this approach includes the assumption that the SHOTEM result is
undistorted. With measured data sets this is not easy. For instance, Goldman et
al. [1994b] uses the appearance of layers with unreasonable low resistivities as in-
dicator for distortions. The model calculation in sec. 5.5.1 showed that at least the
inversions of transients simulated atop of inhomogeneities resulted in high misfits.
In this case the models should be rejected. However, both criteria are not sufficient.
The SHOTEM pseudo-sections for model I2 showed artificial structures at stations
close to the inhomogeneity, although neither the resulting resistivities nor the misfit
indicate any distortions.

Inconsistencies can also be interpreted as lateral changes due to the different lat-
eral resolutions. For instance, the smoothed displacement in fig. 5.40 and the result-
ing inconsistencies for the SJI models at −5 ≤ y ≤ −2 can be resolved by assigning
the SHOTEM result to the Rx-position and the LOTEM result half-way between
the Rx- and the Tx-position. This makes it as reasonable to joint-interpret a single
LOTEM data set with a SHOTEM-transient recorded at the Tx-position.

However, if LOTEM-transients are recorded along a profile, one would be inter-
ested in lateral changes. Relating all LOTEM-inversions to the SHOTEM measure-
ment at the Tx-position therefore seems not expedient. Unfortunately, I did not test
this approach with synthetic data sets. The statement therefore is only an educated
guess.

5.6 Inversion of Tx-distortion parameters

In this section I will test if a certain type of multidimensional structures can be
accounted for by two scalar parameters which are added to the inversion procedure
as additional model parameters.

As described in sec. 4.2.2, Hördt and Scholl [2004] were able to quantify the dis-
tortions of LOTEM-transients for inhomogeneities close to the Tx or the Rx. For
distorting bodies close the Rx, the distortion of the electric field components can be
described by

Ex(t) = DE
xxEpx(t) + DE

xyEpy(t) (5.16)

Ey(t) = DE
yxEpx(t) + DE

yyEpy(t), (5.17)

where the Ds denote arbitrary distortion parameters and Epx(t) and Epy(t) are
the undistorted electric fields, which would be measured in absence of this body in
the x and y directions, respectively. No assumptions are made whatsoever regard-
ing the origin of the undistorted fields. The undistorted fields are skewed by the
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body. In their paper they also showed that it is possible to include the distortion
parameters in the inversion algorithm for electric fields.

With respect to the magnetic components, the equations are a little more compli-
cated. In this case the derivatives of the electric fields are multiplied by distortion
parameters and added to the magnetic components (cp. eqns. 4.9 to 4.11).

The value of the distortion parameters depends on the geometry between distort-
ing body and Rx-site. They will be the same when two different Tx are used, but
different varying Rx locations. To reduce the ambiguity which will be increased by
introducing the distortion parameters to the inversion process, Hördt and Scholl
[2004] thus propose to use data sets for two different Tx-sites and one Rx-location.

In the field campaign in Israel, each Rx-site was used with only one Tx-position
(see sec. 6.2), but in most cases at least two Rx-sites were used. With this setup
inhomogeneities close to the Rx-site are not well constrained. One would end up
with several different parameters for the individual components measured at the
two stations.

For a data set like this it is more convenient consider inhomogeneities close to
the Tx. According to Hördt and Scholl [2004], the resulting transient V (t) for each
component can be calculated as

V (t) = TxVpx(t) + TyVpy(t) (5.18)

for sufficiently late times. Here, Tx and Ty are arbitrary distortion parameters,
Vpx(t) the transient which would be measured in absence of the inhomogeneity
and Vpy(t) the transient measured by the same sensor but with a perpendicular Tx.
Similar to eqn. 5.16, the electric field produced by the electric dipole is skewed.

Although eqn. 5.18 is the same for all components, the distortion parameters Tx

and Ty do not have to be the same for the individual transients at first. However,
no assumptions are made in eqn. 5.16 (inhomogeneity close to Ex-sensor) regard-
ing the nature of the undistorted fields. The distortion parameters still will be the
same, regardless what resistivity structure or Tx produced the undistorted fields .
Using the reciprocity theorem, which states that Rx and Tx are interchangeable, this
means that the distortion parameters are also the same, when one electric dipole Tx
close to a distorting body is used with different Rx-sensors. This fits both the ob-
servations made by Kriegshäuser [1991] and the results of the inversions of the
synthetic data sets for the models L1, L2, M1 and M2 in the previous sections.

I included the Tx-distortion parameters in the 1-D inversion algorithm similar
to the approach by Hördt and Scholl [2004] for the Rx-distortion parameters. The
two distortion parameters Tx and Ty are appended to the model vector m. The
forward calculation is modified to compute the superposition of two perpendicular
transmitters with respect to the two distortion parameters (eqn. 5.18).

In the undistorted case Tx equals 1.0 and Ty equals 0.0. If distortions are present
Ty can be negative. For the inversion, Tx is transformed logarithmically similar to
the other entries of m (especially the CF, see sec. 4.2.3). Ty is not transformed. In
the undistorted case, the value for the entries in m related to the two parameters
thus is 0.0.
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A common approach would be to prefer undistorted models. For the Occam’s
inversion this is achieved by putting ones in the corresponding entries of the main
diagonal of the smoothing matrix5. If e.g. the R1 roughness is chosen, and two data
sets including two calibration factors and the distortion parameters are inverted in
a FJI, the regularisation matrix is

P =

































0 0 . . . 0
−1 1 0

0 −1 1 0
. . .

. . .
. . .

. . .
... 0 −1 1 0

...
0 0 1 0

0 0 1 0
0 0 1 0

0 . . . 0 0 1






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























. (5.19)

Initially, the calibration factors should account for the phenomenon now de-
scribed with the distortion parameters (cp. the inversion results for the models
L1, L2, M1 and M2). They thus might be considered obsolete. Strictly speaking,
only two of the three parameters Tx, CF1 and CF2 assumed in the above example
are linearly independent. However, they still might account for several other ef-
fects related to one specific data set (e.g. inaccurate dipole lengths). Inverting the
field data sets (chap. 6) using the CFs proved to be convenient. Another possibility
would be to fix Tx if the CFs from all data sets used in the inversion are allowed to
be free parameters. For the sake of simplicity I rejected this approach, although it
is worthwhile to keep this in mind as an option for further studies.

To test the inversion including the Tx-distortion, new synthetic data sets were
calculated. Similar to the models I1, I2, J1 and J2 shown in the previous sections,
a conductive or resistive patch are included in an otherwise layered model. To
produce a non-static distortion, TyVpy(t) has to be 6= 0.0. In order to get a nonzero
Ty, the midpoint of the distorting patch is moved away from the x = 0 km line. For
broadside- and in-line-configuration Vpy(t) will be ≡ 0.0 for any layered half-space.
Thus, the whole Rx-spread is moved to x = 2 km. The horizontal configuration is
shown in fig. 5.43.

The synthetic data were calculated for two models, one with a conductive, the
other with a resistive patch with ρA = 10 and ρA = 400 Ωm, respectively. The
general model is a three layer case with a resistive layer in otherwise conductive
material (fig. 5.44). The patches have a size of 500 × 500 × 200 m3.

Again, ten Rx-sites on both sides of the Tx are simulated, each consisting of one
Ex-, Ḣy- and Ḣz-sensor. The complete set of single inversions, FJIs and SJIs are
carried out with these transients.

5I included the distortion parameter also in the Marquardt inversions algorithm of EMUPLUS.
Here, the distortion parameters are not regularised. Nevertheless, as the inversion commonly begins
with the undistorted case, the results will be biased towards undistorted models. Examples can be
found in chap. 6 and app. D.
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Figure 5.43: Tx-Rx-geometry
used in the model studies with
inhomogeneities close to the
Tx; the white squares denote
the position of the Rx-sites.
The midpoint of the Tx is at
x = 0 km, y = 0 km (ar-
row). In this scale, Tx appears
as a dipole. It is pointing in
x-direction with a length of
≈ 72 m. The dark gray square
displays the position of the
resistive or conductive patch.
Its size is 500×500×200 m3.
The dots denote the inner part
of the grid used for the cal-
culation of the Ex-transients.
At each Rx-site each one Ex-,
Ḣy- and Ḣz-transient is mod-
elled.
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Figure 5.44: Sections of the two models used for the simulation of a sub-surficial distortion close to
the Tx; the horizontal geometry is displayed in fig. 5.43.

5.6.1 Sign of the transients

The first problem which is encountered inverting these data sets is to determine the
signs of the transients. The polarity of the transient is a question of definition. It is
set by defining the direction of a positive current flow6. In field measurements also
the polarity of the sensors is not clear and may change from one point to the next
unless strict conventions are used with respect to setting up the Rx-sites.

In 1-D environments this is not critical, as the polarity of the measured transient
can be compared to a synthetic one. In presence of multidimensional structures
which can introduce or delay sign reversals this is not trivial. The interpreter has
to decide whether the sign at late times or the early times has to fit the one from the
1-D curve.

6E.g. these definitions are different for EMUPLUS and SLDMEM3T. In EMUPLUS any spread is
rotated such that the Tx points eastward. “Positive currents” are currents flowing east- or north-
ward. In SLDMEM3T the definition is fixed to the calculating grid, i.e. a positive current is flowing
in positive x- and y-directions, regardless of the orientation of the Tx.
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Figure 5.45: From left to right: Transients for model N1, y < 0 km, transients for model N1 y > 0
km, transients for the 1-D model (without the patch, the transients for y < 0 and y > 0 km do not
differ here); the upper row shows the Ex-, the lower the Ḣy-transients. The transients are scaled for
clearness. In each row the transients are scaled with the same factors. The lowermost curves are
the ones for the Rx-sites with the largest offsets. The transients at y = ±1,±2,±3,±4,±5 km are
displayed with dashed and the others with solid lines. Gray lines denote negative and black lines
positive values.
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Figure 5.46: From left to right: Transients for model N2, y < 0 km, transients for model N2 y > 0
km, transients for the 1-D model (without the patch, the transients for y < 0 and y > 0 km do not
differ here); the upper row shows the Ex-, the lower the Ḣy-transients. The transients are scaled for
clearness. In each row the transients are scaled with the same factors. The lowermost curves are
the ones for the Rx-sites with the largest offsets. The transients at y = ±1,±2,±3,±4,±5 km are
displayed with dashed and the others with solid lines. Gray lines denote negative and black lines
positive values.
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Figs. 5.45 and 5.46 show a comparison of the distorted transients for the horizon-
tal components with the undistorted ones for the underlying 1-D model. The 1-D
responses are displayed in the left panels. The other two panels show the distorted
transients for y < 0 km (left) and y > 0 km (right). The upper panels show all
Ex-transients, the lower all Ḣy-transients. The voltages are scaled for clarity. The
smallest voltages correspond to the outermost Rx-sites at y = −5.5 and y = 5.5
km. In addition, the transients for y = ±1,±2,±3,±4,±5 km are displayed with
dashed lines.

The figs. show that the distortions for the stations with large offsets (the lower
curves in each plot) are less severe then for the others. They exhibit only a static
shift. This is reasonable, as at this sites the signals from the virtual perpendicular
Tx are much smaller than the ones from the (undistorted) Tx. Still, the outermost
Ex-transients on one side of the Tx exhibit a sign reversal, which is not observed in
the 1-D data (upper middle panel in fig. 5.45, upper left panel in fig. 5.46).

The biggest problems determining the “true” sign will be encountered for the
stations closer to the Tx. For instance, for both models the Ex-transients of the third
Rx-site have a polarity different to the one with the same offset on the other side
of the Tx, whereas the undistorted transients show a sign reversal. If no other data
sets along a profile are available, it will be not possible to derive the right sign from
this single curve.

Nevertheless, this is only a minor problem if the geometry of the Tx is close to a
in-line- or broadside-setup, as in these cases again Vpy(t) will be small compared to
Vpx(t) for Ex and Ḣy.

Comparing the transients for the models N1 (fig. 5.45) and N2 (fig. 5.46), the
curves for stations of the opposite side are quite similar. This means, that a con-
ductive patch on one side of the Tx has an effect similar to a resistive patch on the
other side. In general, the transients on the more “conductive side” (y < 0 km
for N1, y > 0 km for N2) seem to be less distorted. This is also observed for the
Ḣz-transients. Fig. 5.47 shows the Ḣz-curves for N1. A plot for N2 will look sim-
ilar, except the left and middle panel have to be interchanged, together with their
polarity.

The electric fields are most distorted, as many of the distorted transients show
sign reversals whereas the corresponding undistorted ones do not and vice versa.
The Ḣz-transients on the other hand seem to be the least distorted. Only the two
curves simulated at y = 1 and y = 1.5 km show a significant distortion. This could
be expected, as the shapes of Vpx(t) and Vpy(t) are similar.

5.6.2 Model N1: Conductive patch

In general, inverting the data sets with the procedure used in the previous sections
produces extremely distorted models for the two horizontal components (fig. 5.48).
The results are in accordance with what could be expected from the discussion of
the shape of the transient in the previous section.

The electric fields yield acceptable models only for y ≤ −4.5 (fig. 5.48, top). The
inversion algorithm converges also at low misfit levels at sites with smaller offsets,
although these models are very distorted and show unreasonable resistivities.
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Figure 5.47: From left to right: Ḣz-transients for model N1, y < 0 km; Ḣz-transients for model N1,

y > 0 km; Ḣz-transients for the 1-D model, y < 0 km (the transients for y > 0 km have identical
shapes but a different sign); the curves are scaled for clearness. In each plot the transients are scaled
with the same factors. The lowermost curves are the ones for the Rx-sites with the largest offsets.
The transients at y = ±1,±2,±3,±4,±5 km are displayed with dashed and the others with solid
lines. Gray lines denote negative and black lines positive values.

The inversion results for the Ḣy-component (fig. 5.48, middle) show only mod-
erate distortions for y ≤ −3 km, although severe distortions show up at depth.
For y > 0 km the inversions succeed in finding models with acceptable misfits,
although the models show no similarity to the original 1-D model.

As expected, inversions for the Ḣz-transients fail only at site with y = 1 and
y = 1.5 km (fig. 5.48, bottom). In the other cases, the distortion can be compensated
by the CF. Interestingly, the CFs are smaller than 1.0 for y < 0 km and bigger than
1.0 for the other stations.

The joint-inversions of two or three components give similar results. As at least
one of the two horizontal components is included, their pseudo-sections are similar
to the two upper panels of fig. 5.48. Fig. 5.49 shows a comparison of the FJIs and
SJIs of all three components. Similar to the findings of sec. 5.4, the results of the SJIs
is slightly better than those of the FJIs. In the FJIs’ results distinct artifacts are found
below the second layer even for sites with y ≤ −4.5 km, although the misfit is in
an acceptable range. Compared to the single inversion results from fig. 5.48, the FJI
at least shows the advantage that the completely distorted models for y > −4.5 km
produce unreasonable misfits. The SJIs produce reasonable models for sites with
y ≤ −3.5 km.
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Figure 5.48: The single component inversion results for model N1, regularisation scheme C4; the
inversions are done excluding the Tx-distortion parameters. From top to bottom: Results for the
component Ex, Ḣy and Ḣz;
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Figure 5.49: Results of the joint-inversions for all three components for model N1, regularisation
scheme C4; the inversions are done excluding the Tx-distortion parameters. Top: FJIs; bottom:
Averaged models from the SJIs;

At first, the results for inversions including the distortion parameters are disap-
pointing. The pseudo-section for the Ḣz-transients is similar to the one shown in fig.
5.48. Fig. 5.50 shows the results for the two horizontal components. Very smooth
models yielding high misfits are obtained for Ex and Ḣy, since the inversion process
broke down after a few iterations. At least the Ḣy-results for sites with y ≤ 2.0 km
show a blurred picture of the true model. The bad convergence properties are most
likely caused by the linear dependency of Tx, Ty and the CF. It seems that the damp-
ing of the matrix inversion in eqn. 5.3 is more complicated. The inversion fails to
find an appropriate model update.

If two or more data sets are used in joint-inversions, the results are much better.
The best results are obtained using only the magnetic components. Fig. 5.51 shows
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Figure 5.50: The single component inversion results for model N1, regularisation scheme C4; the
inversions are done including the Tx-distortion parameters, which are displayed in the uppermost
subpanels. Top: Results for the component Ex; bottom: Results for the component Ḣy;

a comparison of the results for FJIs and SJIs. Results for the SJIs are slightly better,
since the 1-D model is reconstructed for all but the sites with −1.0 ≤ y ≤ 2.5 km.
The FJIs introduce a minor shallow, resistive artifact, but still resolve the 1-D struc-
ture well for all but the stations at 1.0 ≤ y ≤ 3.5.

If the Ex-transients are included the results are not that good, but still better than
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Figure 5.51: Results of the joint-inversions for the Ḣy- and Ḣz-components for model N1, regu-
larisation scheme C4; the inversions are done including the Tx-distortion parameters, which are
displayed in the uppermost subpanels. Top: FJIs; bottom: Averaged models from the SJIs;

for the standard inversions from figs. 5.48 and 5.49. Fig. 5.52 shows the results
for the FJIs (upper panel) and the SJIs (lower panel) of all three components. The
pseudo-sections are similar to the ones from fig. 5.51. The results for the FJIs in this
case are slightly better, as the 1-D model is recovered at more stations, although
again an artifical shallow resistor is introduced. The additional information from
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Figure 5.52: Results of the joint-inversions for all three components for model N1, regularisation
scheme C4; the inversions are done including the Tx-distortion parameters, which are displayed in
the uppermost subpanels. Top: FJIs; bottom: Averaged models from the SJIs;

the electric fields helps slightly to constrain the resistivity of the second layer. All
models yielding a sufficiently low misfit had Tx ≈ 0.99 and Ty ≈ 0.73, respectively.
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Figure 5.53: Results of the joint-inversions for all three components for model N2, regularisation
scheme C4; top: FJIs, bottom: Averaged models from the SJIs; the inversions are done excluding the
Tx-distortion parameters.

5.6.3 Model N2: Resistive patch

The transients for model N2 show a similar shape as the transients for model N1,
simulated at the Rx-location with the same offset but on the other side of the Tx
(cp. figs. 5.45 and 5.46). The results of the inversions are also similar.

Again, the standard inversions excluding the distortion parameters fail for the
horizontal components. The results for the joint-inversions (fig. 5.53) are very sim-
ilar to the ones for model N1 (cp. fig. 5.49).

The results can be improved by including the Tx-distortion parameters (fig. 5.54).
The pseudo-sections are slightly less distorted than the ones in fig. 5.52, although
the relative difference between ρ1 and the resistivity of the patch ρA is higher. The
results of the FJIs are slightly better than for the SJIs, as the resistive layer is better
resolved. At y = −3.5 km the SJI failed to find a reasonable model. Different to
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Figure 5.54: Results of the joint-inversions for all three components for model N2, regularisation
scheme C4; top: FJIs, bottom: Averaged models from the SJIs; the inversions are done excluding the
Tx-distortion parameters.

the FJIs for model N1, no artifical resistor is introduced to the pseudo-section. All
models yielding a sufficiently low misfit had Tx ≈ 1.07 and Ty ≈ −0.74.
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5.6.4 Results for model N1 and N2

The distortions produced by the blocks near the Tx are strong. Except for sites
at small offsets they are described well with the equations derived by Hördt and
Scholl [2004]. The conductive patch on one side of the Tx has a similar effect on
the data sets than a resistive patch on the other side. As already mentioned, the
transients on the more “conductive side” (y < 0 km for N1, y > 0 km for N2) are
less distorted.

If the Tx-distortion parameters are not included in the inversion, the resulting
pseudo-sections for the horizontal components shows huge artifacts. These arti-
facts are stronger for the Ex-component than for the Ḣy-component. The pseudo-
sections for the Ḣz-component are only slightly distorted, because the Ḣz-transients
are mainly shifted [Newman, 1989]. Thus, the CF is sufficient to describe the dis-
tortion in the data sets.

For the horizontal components, the Tx-distortion parameter has to be included
in the inversions. The resulting pseudo-sections are only distorted at few stations.
However, in several cases the algorithm failed to converge at low misfit levels. The
results are far better when more than one component is used in a joint-inversion.

5.7 Removing distortions

Until now, the complete transients calculated for the synthetic models were used in
the inversions. Some of the transients, however, can not be explained by any 1-D
model. For a true 1-D model, the Ḣz-transient never exhibits sign reversals. Other
transients show over-steep parts which can not be fitted.

If these transients are used for inversion, they result often in models showing
unreasonable high or low resistivities and high misfits. It seems logical to remove
clearly distorted parts of the transients prior to inversion. As Newman [1989] sug-
gests, the rest of the transients might be shifted but otherwise undistorted in some
cases. Inverting the remaining data points can still reveal useful information about
the subsurface.

The problem is to the detect distorted parts of a transient. A distortion which
shows up as sign reversal in a Ḣz data set at one position might just appear as a
depression or even an increase in the induced voltage at another Rx-site [Strack,
1992]. In the last two cases, the data distortion might not be noticeable. But even
when a distinct sign reversal is observed, it is still questionable how many data
points have to be removed.

Fortunately, the previous studies as well as the results from sec. 5.3 show that the
distortion of the transients depends on the distance from the distorting structure.
Thus, it is reasonable to compare the transients for adjacent stations, as they might
be at different offsets from the distorting structure. However, the different offset
from the Tx will change the shape and the amplitude of the transients. To reduce
the geometric effect, all magnetic transients are converted in apparent resistivity
curves. Before doing this, shifts in the transients are removed. This is possible, be-
cause for a 1-D subsurface the integral

∫

∞

t=0 V (t) does not depend on the parameters
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of the layered model for any magnetic component.

Donat [1996] derived equations for the correction factors for all three magnetic
components. For Ḣy and Ḣz the correction factors cy and cz are

cy = − µ0AD0

4πR2
∫

∞

0 Vy(t)dt

(

1 − 2 sin2 Φ
)

(5.20)

and

cz =
µ0AD0

4πR2
∫

∞

0 Vz(t)dt
sin Φ, (5.21)

where t is the time after e.g. a polarity change at the Tx, Φ is the angle between the
Tx-direction and the line between mid-point of the Tx and the Rx-position (fig. 2.3),
R is the distance of the Rx-site to the mid-point of the Tx, D0 is the dipole moment
of the Tx, A the effective area of the Rx-coil and V (t) the measured induced voltage
in y- and z-direction. For real data sets this is only an approximation, as the induced
voltage is neither measured for t → 0 s nor for t → 0 s. Nevertheless, for comparing
the data sets this approximation is sufficient.

The early time (“et”) and late time (“lt”) apparent resistivities for both compo-
nents can be calculated according to

ρet
y =

R6π3 (cyVy(t))
2

(1 − 1.5 cos2 Φ)2 A2D2
0µ0

t, (5.22)

ρlt
y = − AD0µ

2

64πcyVy(t)t2
, (5.23)

ρet
z = −2πR4cyVy(t)

3AD0 sin Φ
(5.24)

and

ρlt
z = −

(

AD0R sin Φ

40π
√

πcyVy(t)

)
2
3 (µ0

t

) 5
3

(5.25)

[Petry, 1987; Donat, 1996].

The apparent resistivity curves for the magnetic fields of two adjacent stations are
compared. The data points are determined, for which the early and late time curves
for the two transients differ. These are removed prior to inversion. As neither
the early time nor the late time approximation is valid at intermediate times, the
transients can not be compared here. The problem is imminent for the stations at
y = ±1 km, as the early time approximation is never valid. If distortions are found
over the complete early and late time range, one should consider to reject both
transients.

An all-time apparent resistivity definition would be helpful. Although some au-
thors addressed this subject, no practical and stable solution was found for LOTEM.
For the electric fields, apparent resistivity conversion is not feasible. Both issues are
discussed by Karlik [1994]. Instead of comparing the Ex-transients of adjacent sta-
tions, the first 4 data points are removed from all electric field data sets. The reason
for this is that field data sets of these components are often found to be distorted at
early times for technical reasons (see secs. 6.2.1 and 6.3).
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Figure 5.55: Comparison of the apparent resistivity curves for the magnetic transients calculated

for two adjacent stations for model F1; for Ḣy the apparent resistivity curves (solid lines) exhibit
sign reversals. Left: Comparison of the magnetic components for the stations at y = −3 km and
y = −2.5 km; right: Comparison of the magnetic components for the stations at y = 2 km and
y = 2.5 km;

Fig. 5.55 shows an example for the model F1. Here, the apparent resistivities for
the magnetic components of two adjacent stations are compared. The left panel
shows a comparison for the stations at y = −3 km and y = −2.5 km. The first 10
data points were removed from the Ḣy-transients. The mutual deviations in the Ḣzs
are visible even at later times. The first 18 data points were removed here. The right
panel of fig. 5.55 shows a comparison for the stations at y = 2 km and y = 2.5 km.
Here, no significant deviations are observed in the Ḣz-transients. No data points
were removed. 11 data points were removed from the Ḣy-transients, although the
differences here are not big.

A comparison for all stations and the three models used (F1, K3 and M) can be
found in app. B. There are also the numbers of data points listed which are removed
for each pair of Rx-stations. Data points from the end of the transient had never to
be removed. No obvious differences in the apparent resistivity curves are found
for model K3. Here, unedited transients were used in the inversions.

The models F1 and M were chosen because of the significant distortions found in
their pseudo-sections in the previous sections. K3 is an example of a well-resolved
model. The shortened transients of both stations are used in FJIs and SJIs. In the
pseudo-sections, the results for the data sets of two stations are displayed between
the Rx-sites. The complete set of pseudo-sections can be found in app. B.

5.7.1 Results of the inversions

The results for the joint-inversions of transients calculated at adjacent stations do
not differ much from the results presented in the other sections of this chapter. One
difference is that it is possible to check the consistency within one component by
inverting e.g. two Ex-transients simulated at adjacent positions.
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Figure 5.56: Pseudo-sections for the Ḣy-component, regularisation scheme C4, model F1; top: Re-

sults of single inversions; bottom: Results of the SJIs of the shortened Ḣy-transients of two adjacent
stations; note that the roughness is divided by ten in the panel for the SJIs.

Fig. 5.56 shows a comparison of the single inversion results of the Ḣy-transients
(top) and the SJI results of the shortened Ḣy-transients of two adjacent stations.



120 1-D inversion of multidimensional TEM-data

0.1

1

10

 
Misfit: Triangles, Roughness: Circles, CF1: Crosses, CF2: Stars, CF3: Diamonds

0.0

0.5

1.0

1.5

2.0

D
ep

th
 / 

km

-5 -4 -3 -2 -1 0 1 2 3 4 5
y / km

0.1

1

10

 
Misfit: Triangles, Roughness/10: Circles, Avg. CF: Crosses

0.0

0.5

1.0

1.5

2.0

D
ep

th
 / 

km

−5 −4 −3 −2 −1 0 1 2 3 4 5
y / km

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
log of ρ/Ωm

Figure 5.57: Pseudo-sections for the all three LOTEM components, regularisation scheme C4, model
F1; top: Results of FJIs of data sets of one station each; bottom: Results of the FJIs of the shortened
transients of two adjacent stations; note that the roughness is divided by ten in the panel for the
SJIs.

The pseudo-section for the SJIs exhibits far less lateral fluctuations. The laterally
correlated artificial structures are suppressed only slightly. Both effects were ex-
pected. After removing inconsistent data points, only correlated structures remain
in the transients. This means that correlated artifacts in the models are persistent,
whereas uncorrelated features are suppressed.

Like in the previous sections, the pseudo-sections of FJI results exhibit more arti-
ficial structures than their SJI counterparts. In fact, the FJI results are quite similar
to the FJI results using data sets from only one station.
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Figure 5.58: Pseudo-sections for all three LOTEM components, regularisation scheme C4, model
F1; top: Results of SJIs of data sets of one station each; bottom: Results of the SJIs of the shortened
transients of two adjacent stations;
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Fig. 5.57 shows a comparison between pseudo-section derived from FJIs using all
three components. The upper panel shows the result using only the data sets from
one station. The lower panel shows the results using the shortened transient from
two adjacent stations. The pattern of the artifacts is similar. The main difference
is that the FJIs of the original transients fail to converge at a low misfit level for all
stations at y ≤ 2 km.

Unfortunately, the SJIs using more than two data sets of adjacent stations also
introduce more correlated artifacts to the pseudo-sections than the SJIs of single
stations. Fig. 5.58 shows a comparison between the SJIs of all three components.
The upper panels show the results using the data sets from only one station. The
lower panels present the results using the six shortened data sets from two adjacent
stations. The pseudo-section here exhibit far more spurious structures. These are
not reflected in the panels showing the differences. However, the results are still
better than for the FJIs (fig. 5.58). The removal of distorted data points from the
magnetic transients reduces also the artifacts close to the fault line.

The results for model K3 are similar. Again, lateral fluctuations are suppressed
but laterally correlated artifacts are more obvious. Fig. 5.59 shows a comparison
between the pseudo-sections derived from all three components for the two ap-
proaches. The shallow resistive artifact is slightly more pronounced in the lower
pseudo-section presenting the results for the SJIs using the transient from adja-
cent stations. Nevertheless, the pseudo-section is laterally smoother than the one
derived using only the data sets from one station (upper panel, fig. 5.59). The sta-
bilising effect can also be observed in the panels showing the relative differences
between the three or six models, respectively. For the six components case the rel-
ative differences are less erratic distributed than for the three components case.

The pseudo-sections for model M show similar results. The biggest difference to
the results from the previous sections can be found in the joint-inversion results
for one individual component simulated for adjacent stations. Fig. 5.60 shows a
comparison for the Ex-components. The single inversion pseudo-section (upper
panel) shows an erratic behaviour, in particular for y < 0 km. The FJIs for two Ex-
transients of adjacent stations (middle panel) result in a far more consistent pseudo-
section. Shallow resistive artifacts are found in the models at −4 < y < 2 km.
The deep confined conductor is better resolved than in most other pseudo-sections.
Similar results are obtained using the SJI approach (lower panel of fig. 5.60). The
pseudo-section shows some spurious structures for model at −2 < y < −1 km.
Also, the deep conductive features show slightly higher resistivities. The shallow
artifacts are suppressed. The confined conductor at depth (−4 ≤ y ≤ −2 km) is
slightly better resolved. For both – FJIs and SJIs – this conductor is still visible for
sites with y < −4 km.
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Figure 5.59: Pseudo-sections for all three LOTEM components, regularisation scheme C4, model
K3; top: Results of SJIs using data sets of one station each; bottom: Results of the SJIs using the
transients of two adjacent stations;
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Figure 5.60: Pseudo-sections for the Ex-components, regularisation scheme C4, model M; from top
to bottom: Results of the single inversions, results of the FJIs using the transients of two adjacent
stations, results of the SJIs using the transients of two adjacent stations;
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5.8 An interpretation scheme for the field data sets

The simulations in this chapter showed that in many cases it is possible to derive
useful models from 1-D inversions inn presence of multidimensional structures.
Of course one can not expect that the 1-D pseudo-sections reproduce the multidi-
mensional resistivity distribution perfectly. Nevertheless, the final models often
resemble the gross resistivity structure in the area.

In general, the single inversions of the measured data sets will result in different
models. In some cases the differences are not significant and will lead to similar
geological interpretations, i.e. a certain feature appears at slightly different depths
or with slightly varying resistivities. In other cases the models will exhibit com-
pletely different features. These differences can be caused by different resolving
capabilities, noise levels or distortions of the transients. The question is which fea-
ture represents the geology and which is artifical.

None of the three components examined in this work is less distorted than the
others in all cases. Unless the distorting structure is known, it will not be possi-
ble to decide which model resembles the true situation best. This means that no
component can be excluded from the start.

Unfortunately, the FJI approach is not suitable, as it tends to introduce artificial
structures in models. Artificial structures are significantly reduced using SJIs in-
stead. Still, in some cases artificial structures are observed. The artifical structures
seem to change for inversions of different components or subsets of components.
Therefore, the best way is to carry out SJIs of different sets of components and to
interpret only features which are stable in a variety of inversions. Structures which
are only found using joint-inversions should be considered unreliable.

The model calculations showed that models can be distorted in shallow parts and
still reconstruct deeper structures well. This means that even if a shallow feature is
considered spurious, deeper structures can accepted.

The misfit is no help in judging the reliability of the final models. In some cases
even distorted models produce low misfits. In other cases the misfit was higher,
but the synthetic model was reasonably reconstructed. Joint-inversion results will
produce higher misfits even if the underlying model is 1-D simply because of vary-
ing noise on the different data sets (see examples for model A in sec. 5.2.3). For real
data sets the inherent inconsistencies will be higher because of slight inaccuracies
with respect to the system response or the measurement geometry. This means that
joint-inversion results have to be accepted although their misfit is higher than for
the single inversion results. The question would be how much higher the misfit
may be before rejecting the model. SJIs in general showed far smaller misfits, as
individual features of the data set can be accounted for in the models.

For the interpretation of the field data set, I will mainly judge the similarity to
other inversion results, unless the misfit of one model is much higher (say a few
hundred percent). Nevertheless, I will consider models with lower misfits more
reliable.

In most cases, the joint-inversions with the SHOTEM-transients resulted in a bet-
ter model resolution. However, the SHOTEM-transient will resolve a different part
of the subsurface. Thus, inconsistencies between SHOTEM and LOTEM data sets
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thus can be expected and joint-inversion might fail. As the model calculations
showed, this does not necessarily mean that the deeper part of the earth model
which is resolved by the LOTEM transients is completely distorted.

The removal of distorted data points by comparing the transients from adjacent
stations and jointly inverting these data sets mainly reduced lateral fluctuations in
the models. Although this is useful, bigger artifacts are not reduced much. Still,
this step will be useful to check the consistency within one component (e.g. if the
sensors worked well).

The different regularisation schemes had no obvious effect. The resulting pseudo-
sections are similar. The models derived by strategy C4 resulted in slightly
smoother models. No artifact was significantly suppressed. I will choose this reg-
ularisation scheme for the field data sets because of the smoother results.

The introduction of the Tx-distortion parameters can help to derive consistent
results, at least when inhomogeneities are expected close to the Tx. According to
Strack [1992] this is frequently the case in field situations. However, these param-
eters will introduce additional ambiguity in the inversion process. The use of the
distortion parameters will only effect inversions including horizontal field compo-
nents. In the best case it will be possible to find more consistent models in joint-
inversions between Ḣz data sets and horizontal field components.

In the field measurements presented in the next chapter, the Tx-Rx-geometry is
chosen close to a broadside configuration. This means that the undistorted fields in
a 1-D case produced by the virtual perpendicular Tx are close to zero. The influence
of the Tx-distortion parameters is thus not expected to be very big for Ḣy and Ex.
The undistorted fields produced by the actual Tx for Ḣx and Ey, however, will also
be close to zero. Therefore, transients will likely be dominated by distortions and
consequently are excluded from the interpretation.

This leads to the following interpretation scheme:

1. Ḣx- and Ey-transients are discarded. Data set from the other components are
edited in order to remove inconsistent features within one component.

2. SJIs using different data sets at one site (which in most cases will consist of
two stations) are carried out. The SHOTEM-transients will be included if
available. The SJIs are made in- and excluding the Tx-distortion parameters.

3. The models are compared. The reliability of the features are judged based on

(a) how consistent they are in each SJI.

(b) how consistent they appear in the different SJIs.

(c) the number of components resolving the feature consistently.

(d) the misfits of the resulting models.

(e) the value of the calibration factors and the Tx-distortion parameters.
They should not be too extreme, i.e. between 0.1 and 10, although Ty

can also be negative.

If no consistent features are found, the site is discarded.
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Unfortunately, the model appraisal scheme described in sec. 3.5 which will be
used to check for equivalent models works with a standard Marquardt inversion.
This means that a set of components has to be derived, which produces the same
features considered reliable in a FJI. This set of transients (if one can be found) will
then be used for the final equivalence check.





CHAPTER 6

The TEM-measurements in Israel

Two of the main water resources of Israel, namely the Sea of Galilee (also known
as Lake Kinneret or Lake Tiberias) and the Yarkon-Taninim Cretaceous aquifer are
threatened by salinisation. However, the sources and mechanism of salination are
still subject to on-going scientific debates. Regarding the saline sources, which con-
stitute the saline end members, these are attributed either to dissolution of salt
deposits, trapped brines or seawater or to current intrusion of seawater. Regarding
the driving mechanism it is debatable whether the saline end member has its own
pressure or is being driven by the head of the fresh groundwater system. These
conditions dictate different water resource utilisation policies for sustainable water
management.

The debate has arisen mainly due to the absence or scarcity of borehole data.
Aquifers filled with saline water should exhibit noticeably lower resistivities then
aquifers filled with fresh water. Within this project we therefore applied TEM tech-
niques to determine the existence and distribution of deep seated saline sources in
the northern coastal plain and along a traverse across northern Israel between the
Mediterranean and the Jordan Rift valley.

6.1 Geological Background

A NNE-SSW-trending mountain backbone of Israel forms a divide between the
Mediterranean Sea in the West and the Dead Sea Rift Valley (fig. 6.1). The valley
is the deepest terrestrial location on earth. The saline Dead Sea is located in the
deepest part with a surface water elevation of about -400 m B.S.L. [Gvirtzman et
al., 1997]. The Sea of Galilee is situated some 100 km north of the Dead Sea along
the Rift Valley. It is the lowest fresh water lake on Earth, with an average water
level of about 210 m B.S.L. [Simon and Mero, 1992].

The mountain range, namely the Judea, Samaria and Galilee mountains, consist
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Figure 6.1: Map showing
the Dead Sea Rift Valley; The
rectangular in a is enlarged
in b, and that in b is en-
larged in c. The black area
in b is the region below sea
level. In c the locations of
some on-shore saline springs
are shown (after Gvirtzman
et al. [1997]).

mainly of Cretaceous carbonate formations exposing the upper part of the Judea
Group of late Albian–Turonian age. Westward, beneath the coastal plain, it is over-
lain by Senonian chalks of the Mt. Scopus Group, impervious clays of the Neogene
Saqiye Group and Quarternary formations (fig. 6.2, Weinberger et al. [1994]).

The Galilee Mountains and the Samaria Mountains are separated by the NW-
SE trending Yizre’el, Harod and Bet Shean morpho-tectonic internal valleys, which
branch out of the Rift Valley (fig. 6.3). The young Tivon High and the Mount Carmel
tilted block separate these valleys from the Zevulun and the Coastal Plains. The
subsurface of the valleys consists of Neogene to Quarternary graben fill, composed
of clastic, lagoonal and volcanic formations which unconformably overlie the Judea
Group or younger formations (Kafri and Arad [1979], see also fig. 6.8 in the next
section).

6.1.1 Hydrogeological background

The Sea of Galilee provides about 25% of the water consumed annually in Israel.
Although the main water source of the lake, the Jordan River, has a low salinity
(≈ 20 mg/l Cl−), the lake’s water salinity is higher by one order magnitude (≈ 215–
230 mg/l Cl−). This is due to sometimes thermal, saline springs and seepages that
discharge into the lake (fig. 6.1) with salinities up to, but never exceeding that of
Mediterranean seawater (≈ 22, 000 mg/l Cl−) [Kafri and Arad, 1979; Simon and
Mero, 1992; Bergelson et al., 1999]. As these saline sources deteriorate the lake’s
water quality significantly, it is most desirable to keep the salt output as low as
possible by an appropriate water management. To do this, it is necessary to un-
derstand the salinisation mechanism, namely the driving force of the saline end
member from the deep aquifers to the surface [Mazor and Mero, 1969; Simon and
Mero, 1992; Gvirtzman et al., 1997].
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Figure 6.2: Stratigraphic column of the coastal plain after Weinberger et al. [1994]; For the internal
valleys (fig. 6.3) the Neogene and Quarternary part differs.

In principle, most researchers agree that the water from the saline springs is a
mixture of hot brines and fresh meteoric water derived from different aquifers.
However, there is disagreement about the origin of the saline end member, the
mixing mechanism and the driving force [Mazor and Mero, 1969; Simon and Mero,
1992; Gvirtzman et al., 1997].

During the Pliocene, the old “Mediterranean” invaded the Rift Valley through
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Figure 6.3: Generalised geological and location map of the study area (from Kafri and Arad [1979]);

the Yizre’el, Harod and Bet Shean valleys. These waters became trapped after the
disconnection of the ocean from the Rift Valley [Mazor and Mero, 1969; Kafri and
Arad, 1979]. Following Goldshmidt et al. [1967] this trapped water changed from
seawater to highly concentrated brine by evaporation and penetrated deep geo-
logic formations. According to their model, the upward movement of these brines
is governed by meteoric water, recharged in the eastern Galilee. The hydraulic head
of the shallower fresh water aquifers drives the brines from deeper horizons (fig.
6.4a). According to Mazor and Mero [1969], the trapped water was only slightly
evaporated, before entering the aquifers. It is presently squeezed out by tectonic
pressure (fig. 6.4b) and mixes with meteoric fresh water. Kafri and Arad [1979]
proposed as an additional saline source the recent intrusion of Mediterranean sea-
water. The topographical difference of 210 m between the Mediterranean and the
Sea of Galilee base levels drives the water towards the Rift Valley (fig. 6.4c). Flexer
et al. [2000] on the other hand suggested a halite dissolution mechanism. The hy-
pothesises are reviewed e.g. by Mazor and Mero [1969], Simon and Mero [1992]
and Bergelson et al. [1999].

The other important source of fresh groundwater is the Yarkon–Taninim aquifer,
which is formed by the western part of the Judea Group aquifer (formations 3-5
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a: Model by Goldshmidt et al. [1967]

b: Model by Mazor and Mero [1969]

c: Model by Kafri and Arad [1979]

Figure 6.4: Schematic E–W cross sections illustrating the models suggested for the emergence of
the saline water through springs at the Sea of Galilee (Lake Kinneret): Panel a shows the model
by Goldshmidt et al. [1967], where deep seated brines are pushed by meteoric groundwater (from
Gvirtzman et al. [1997]). Panel b sketches the model by Mazor and Mero [1969], according to
which the brines are overpressured due to tectonic movements (from Gvirtzman et al. [1997]). Panel
c shows the “seawater intrusion” model, where water from the Mediterranean is driven gravitational
to the Rift Valley (from Kafri and Arad [1979]).
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Figure 6.5: The hydrological setting of the Yarkon–Taninim aquifer (after Weinberger et al. [1994]);
rainfall replenishes the aquifer in the catchment area.

in fig. 6.5). It is exposed along the Judea, Samaria and Carmel mountain backbone
and extends westward in the subsurface of the foothills and the coastal plain [Wein-
berger et al., 1994]. It is naturally replenished by rainfall in the mountains (fig. 6.5).
The western boundary of the aquifer is presumably a facies change to the marly
Talme Yaffe aquiclude (formations 8-9 in fig. 6.5). Therefore, a direct connection
between the aquifer and the Sea was previously rejected.

The, possibly ongoing, salinisation process of this aquifer was also in discussion.
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The saline sources were interpreted as (among other theories) current seawater
intrusion into the northern and, possibly, southern border [Kafri, 1967; Kafri and
Arad, 1979] or deep seated brines in the underlying Lower Cretaceous formations
diffusing upwards (see fig. 6.5 and Weinberger et al. [1994]). For an explicit discus-
sion see Weinberger et al. [1994].

Since 2002, several deep monitoring wells were drilled in the coastal plain (see
fig. 6.7). As seawater was found in all of these wells at depths around 1 km, the
seawater intrusion model is now widely accepted for this aquifer [U. Kafri, pers.
comm.].

6.1.2 Geophysical task

Knowing the distribution of saline water in the subsurface of the area would greatly
improve the understanding of sources and mechanisms of the salinisation. Saline
water can be distinguished from fresh water mainly by the electric resistivity which
decreases with salinity. EM-Methods thus are suited to map the interface between
fresh and saline water [Fitterman and Stewart, 1986; Goldman et al., 1991].

Because most rocks are poor conductors, their resistivity – if porous – is governed
by their pore fluid. According to Archie’s empirical formula (e.g. Telford et al.
[1990])1, the resistivity can be described as

ρ = aΦ−mS−n
W ρW, (6.1)

where Φ is the porosity, SW is the fraction of pores containing water, ρW is the
resistivity of the water, n ≈ 2 and a and m are constants with 0.5 ≤ a ≤ 2.5 and
1.3 ≤ m ≤ 2.5 depending on the formation. With seawater (ρW ≈ 0.2) the effective
resistivity ρ could easily be lower than most other lithologies (depending on the
porosity).

Goldman et al. [1991] mapped the seawater intrusion in the shallow coastal
aquifer of Israel with a TEM system. He concluded:

• Geoelectric and lithological boundaries do not coincide necessarily. The main
factor affecting resistivity is the groundwater salinity.

• The resistivity of a seawater bearing clastic aquifer is below 2.9 Ωm.

Highly evaporated brines as those suggested by Goldshmidt et al. [1967] should
produce even lower resistivities, whereas brackish waters account for higher val-
ues. However, the latter may produce resistivities which can be explained by other
lithological units. The geological interpretation thus might be non-unique. Still,
the possible lithologies in the area has to be known. Clay layers like the above
mentioned Neogene Saqiye Group, exhibit similar resistivity values to the seawa-
ter filled aquifers. Additionally, if the porosity of the host rocks is significantly
lower, the resistivities of the seawater filled aquifer will be higher.

1Archie’s formula can not be applied to carbonatic formations like the Judea Group aquifer. Nev-
ertheless, eqn. 6.1 should give an impression what influences the bulk resistivity of an aquiferous
formation.
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Figure 6.6: LOTEM-calculations for the expected earth model; the target is the fourth layer of the

model displayed in the left panel. The right panel shows the induced voltages in a Ḣz-sensor with an
area of 1 m2 and an offset of 3 km from a dipole Tx with a dipole-moment of 10, 000 Am (broadside
configuration) for four different resistivity for the fourth layer (1, 5, 20 and 100 Ωm).

The aim of the project is to determine the depth of a fresh to saline water interface
in the Judea Group aquifer. This means to derive the resistivity at a depth of ap-
proximately 800–1200 m, which is deeper than the expected exploration depth for
the Geonics SHOTEM equipment used by our Israeli partners but a proper target
for a LOTEM survey. SHOTEM data can be used to constrain the shallow part of
the subsurface.

Model calculations carried out previous to the campaign based on the expected
parameters provided by our Israeli partners suggested an Tx-Rx-offset of about 3
km would be optimal. With this setup, the target should be visible in the transient
after ≈ 50 ms (fig. 6.6).

6.2 The field campaign

The LOTEM measurements were carried out in two stages. The first stations were
recorded in spring of 2002 and all others in December of 2003. The SHOTEM mea-
surement where made between summer 2001 and spring 2005 (except for the sta-
tions BSH7, BSH19, BSH20 and BSH21 in the SE, where the transients from a dif-
ferent campaign were used).

To cover an area this large, we chose to set up selected Tx-Rx-spreads consisting
of one Tx and two Rx-sites in broadside configuration on either side of the trans-
mitting dipole. The data would be interpreted geophysically using 1-D inversions.
In most cases a switching time of 1 s was used [Scholl, 2001]. The transmitters are
designated by two characters.

To analyse distortions, it was planned that each Rx-site consisted of at least two
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Rx-stations which are spaced around 200 m from each other. In total 21 LOTEM-Tx
were set up, recording multicomponent data sets for 74 Rx-stations. The different
LOTEM-Rx-sites are designated by an additional character. The stations of one site
are enumerated. Thus, “GBA1” is the first station of the A site used with the Tx GB.
The Rx-site names are shown in the upper panel of fig. 6.7. The Tx-designations can
be found in fig. 6.8. In most cases it is not necessary to discriminate the different
stations of one site, as all transients recorded at one site are interpreted jointly. Their
coordinates can be found in app. C, together with all other information regarding
the field setup.

As the target is conductive, mainly magnetic sensors were deployed. For broad-
side configurations and a 1-D layered earth, Ḣx- and Ey-component should be iden-
tically zero. Therefore only a few Ḣx- and Ey-transients were recorded within this
campaign.

The upper panel of fig. 6.7 shows the locations of all sites in the northern area.
An additional Tx was set up close to the coast ≈ 30 km south of the map, close
to Ra’annana (Tx-designation RA). The sites can be divided into two groups: The
coastal sites (GA, GB, EN, PH, RA, TA) close to recent boreholes and the traverse
(all other stations) covering the area between the Mediterranean and the Rift val-
ley. As the boreholes drilled close to the coastal stations provided useful litholog-
ical and salinity information, these sites are used for calibration. The resistivities
derived from the geophysical interpretation were compared with the borehole in-
formation. Also, the geophysical interpretation strategy developed in chapter 5
should be tested.

The SHOTEM data set consists of 43 transients recorded close to the LOTEM-Rx-
and -Tx-positions (see lower panel of fig. 6.7). For logistical reasons at most places
only data could be recorded using the Geonics Protem equipment. These almost
never reached the target and could only provide additional information about the
shallow parts of the subsurface. At twelve places additional SHOTEM-transients
were recorded using the bigger and more powerful Cycle-5M equipment. These
data sets provide roughly the same exploration depth as the LOTEM data. If Cycle-
5M data was available at a certain site, it was preferred for the combined interpre-
tation.

Along the traverse some stations were also placed near boreholes. Originally,
they were planned as calibration sites because the coastal wells didn’t exist when
the project commenced. Later it turned out that there is little usable information
from these boreholes. Moreover, as they are mainly oil exploration wells, they are
made in tectonical structures which could serve as oil traps. The assumption of
one-dimensionality thus is not fulfilled and the data in most cases turned out to be
distorted.

For several reasons, the surveyed area is very challenging for geophysical and
especially EM-methods. The area is intensively used for agricultural and indus-
trial purposes. This limits the possible measurement sites. Often fields used for a
SHOTEM measurement could not be used for a LOTEM-Rx some months later be-
cause of crops growing there. Most acres are irrigated and a dense network of water
pipelines is found almost anywhere. Those metal pipelines may act as near sur-
face conductors and can distort any measurements of EM-fields. Also widespread
power-lines produce high EM noise levels. This justifies the use of an active EM-
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Figure 6.7: Maps of the northern Rx-stations; There is an additional LOTEM-Tx ≈ 30 km south
of the map in the coastal area with the two stations RAA and RAB in addition to a SHOTEM site
(NRU5). See also the left panel of fig. 6.21. Top: Designations for all LOTEM Rx-sites. The first two
letters of the Rx-site’s name denotes the name of the Tx with which the Rx was used (see fig. 6.8).
The different Rx-positions within one Tx-site are not labelled here, as they are not discriminated
in the inversions. See app. C for the exact coordinates. Bottom: Designations for the SHOTEM
stations. At all SHOTEM sites data sets were recorded with the Geonics equipment. Additionally,
at N1-N4 and all NRU sites the Cycle-5M system was used.



6.2 The field campaign 139

-2.0 -1.5 -1.0 -0.5 0.0 0.5

Depth / km

N

Nazareth

Haifa
TiberiasAF

BE

DV

GA

KE
SA

TA

YA

YO

BS

TK

EN

GB

PH

EM

CA

AU RZ

HA

KK

KN

3590

3600

3610

3620

3630
U

T
M

 N
 / 

km

680 690 700 710 720 730 740

UTM E / km

Figure 6.8: This map shows the elevation of the top of the Judea Group and the designations of the
LOTEM-Rx. The elevation information was provided by the GII.

method.

The area still is tectonically very active with a lot of faults cutting through the en-
tire region. Fig. 6.8 shows the topography of the Judea Group as compiled from
seismic measurements by the GII (e.g. Rotstein et al.). It is clear that the 1-D-
assumption is valid only for small parts of the area. Unfortunately, this information
was not available in the planning phase of the first LOTEM measurement in 2001.
For the second measurement the LOTEM sites were planned according to this map
to at least minimise the multidimensional effects. However, this was not possi-
ble in all cases because some positions where fixed to borehole locations or simply
restricted by logistical issues.

6.2.1 LOTEM system response

Unlike any other campaign, each day a new Tx was set up and used. Fortunately,
in most cases the top soil consisted of a clayey material. It was possible to get
low contact resistivities with little effort, resulting in relatively high transmitting
currents. These provided a reasonable SNR in most places, although the EM-noise
was high. The shallow part of the subsurface was not considered to be interesting
for the LOTEM part, as the SHOTEM transients should provide information about
these upper layers. Low sampling rates were therefore selected.

The system response was only measured twice. In 2002 a Tx close to the SA-Tx
was set up especially for this purpose. In 2003 the Tx at Ramat-Zevi (RZ) was used.
Individual transmitting current functions could thus not be considered. In 2003 the
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Figure 6.9: Processed system responses from the field campaign for the TEAMEX units with a 100
Hz high cut filter; left: Early time part of the system responses for four different magnetic sensors
(explained in the text); right: Full system response for the (K)-coil; the black line shows the original
system responses exhibiting strong oscillations. The gray line shows the same system response after
removal of the oscillations.

current function was measured by an experimental device. Unfortunately, those
data were not usable due to technical problems.

In total, five different magnetic sensors were used (for the system responses see
the left panel of fig. 6.9):

• The standard Cologne LOTEM air coil, custom built out of a seismic cable
with 108 leads; here, 54 leads are connected to form the coil and 54 are by-
passed. Laid down a square of 40 × 40 m2 this results in an effective area of
86, 400 m2 (designation “(N)” in tables).

• A TEM-3 induction coil, manufactured by Zonge Engineering; this coil was
mainly used for the horizontal magnetic fields. Including an amplifier, the
coil has an effective area of 10, 000 m2 with a shorter system response than
the air coil [Donat, 1996; Stahl, 1999] (designation “(K)”).

• The coil from the Cycle-5M SHOTEM system; this small coil (only 4 × 4 m2

also comes with an amplifier, resulting in an effective area of 250, 000 m2. The
system response is comparable to the one of the Longe TEM-3 coils (designa-
tion “(R)”).

• A standard Cologne air coil, but with all 108 leads connected to form a coil
with an effective area of 172, 800 m2; the system response is comparatively
long (designation “(B)”).

• An old version of the standard cologne air coil; this coil was shipped as
backup coil. It was used only on the last day of the 2003 measurements. No
special system response was recorded in Israel, thus a (N) system response
was used (designation “(O)”).

Like in previous field campaigns, measuring a system response for the electric
components failed for as yet unknown reasons. As Müller [2000] suggests, I chose
to use a Ḣz-(N)-system response for the electric fields instead. During a LOTEM
field campaign in Jordan in 2002 [Koch et al., 2004] we found that the system
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response for the electric fields depends on the contact resistivity of the receiver
dipole. If the contact resistivity is higher than a few kΩ, the system response gets
considerably longer. This effect is more pronounced for the SUMMIT-TEM system
but also visible on the TEAMEX units. During the 2003 measurements the contact
resistivity of all electric fields was logged. Still, the early times of the electric fields
– especially for the 2002 data – are not considered to be very reliable.

From both system response measurements a set of system responses for the dif-
ferent sensor/recording units is produced. The system response recorded showed
strong oscillations (black line in the right panel of fig. 6.9). This was also observed
in the field by the Tx-operator using an oscilloscope.

The oscillations can be described well with exp(At)(B sin Dt + C cos Dt). To get
an oscillation-free system response, this function is fitted to the part of the system
response, where the influence of the receiver unit and sensor is negligible (say, t >
15 ms). The parameters A to D are adjusted with a Marquardt inversion. Then, the
function is subtracted from the system response. The gray line in the right panel of
fig. 6.9 show the same system response with the oscillations removed.

Some of the measured transients show these oscillations and some do not (cp.
app. C). The strength of those oscillations seem to depend on the Tx used. Some
earth responses also can reduce the oscillations. If the early time part of the earth
response is an asymptote of the length of one period of the oscillation, the latter
will be suppressed. For the interpretation, an inversion with the oscillating re-
sponses was first made. If the forward curve of the resulting model showed more
oscillations than the measured transient, the inversion was repeated with the non-
oscillating system response.

6.2.2 Special problems

The Tx position was fixed on the morning of each day of measurement. The ori-
entation of the x-direction – needed to set up the horizontal electric and magnetic
sensors – was calculated in the field from standard GPS measurements. The mea-
surement of the Tx-electrodes’ positions were repeated later with differential GPS
measurements, which are more accurate. The orientation derived from the differ-
ential GPS measurements in general differed by a few degrees from the previously
measured orientation, which was used to set up the Rx-sites. Most horizontal com-
ponents thus are actually not measured exactly in the x- and y-direction, respec-
tively. Therefore, the horizontal components were interpreted as rotated fields Exy

and Ḣn [Müller, 2000]. On two days the Tx-orientation was miscalculated in the
field (Tx SA and GA). Here, the deviation is significantly higher.

Another problem occurred regarding the (R) and (B) magnetic field sensors. As
mentioned, the (R)-coil uses an active amplifier to increase its effective area. This
amplifier is powered by a pack of chargeable batteries. Instead of a display showing
the charge of the batteries, there is only a flashing LED. Unfortunately, even with
nearly empty batteries, the LED flashes for a few minutes. On the last days of the
second measurements, they were mistaken for fully charged batteries. Thus, the
amplifier did not work on the last days of the second measurement. Fortunately,
the transients still are usable, although their amplitude does not fit the effective
area of the (R)-sensor. The calibration factors used here to interpret the transients
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thus are very small.

The (B)-sensor uses a multi-pin jack to connect all leads to one multi-turn coil.
When dismantling the ENA-Rx-site, two pins were found bent. The transient
showed clear distortions in the late times. These were also found in the data sets
recorded with this sensor on the previous two days (BSA and HAB). These tran-
sients were not used for interpretation.

6.3 Inversions of the field data sets

In this section I will present the geophysical interpretation step for the measured
data sets. The final results for the relevant sites along the traverse are presented and
discussed in sec. 6.4. The strategy for the interpretation follows the one developed
in the previous chapter (sec. 5.8):

1. Removal of time points at early and late times, for which the apparent resis-
tivities of two adjacent stations differ; Ey- and Ḣx-transients in general are
discarded as they are most affected by distortions.

2. Because of the problems with the system response, the error estimates for
early time points of the LOTEM transients are artificially increased. This way
they have less influence on the inversion process. Early times of the electric
field transients (especially from the 2002 measurement) are removed if a late
polarity change indicates a high contact resistivity.

3. The different TEM data sets are joint-inverted with SJIs with fixed and freed
Tx-distortion parameters.

4. Common, stable features are sought in the inversion results. This is the most
important step of the interpretation as it includes the estimation of the re-
liability of certain model features. In general, a feature is considered more
reliable, when it is supported by a bigger number of components. There-
fore, the biggest number of components is sought, which still gives consistent
models. Every component, which has to be excluded is considered distorted.
This does not decrease the reliability of this site’s results significantly, when
this distortion can be explained by e.g. problems during the measurement
or the distorting geological structure is known. In the latter, only the com-
ponents are used which are known to be least affected by the structure (sec.
5.3). Electric field transients are considered less reliable by default (sec. 6.2.1).
In addition, inconsistent SHOTEM-transients reduce the reliability not much
(sec. 5.5.3). If no consistent, stable features are found, the site is not further
used in the interpretation.

5. A combination of components is derived, which reproduces the features
found in the previous step in a FJI. The combination involving the most TEM
data sets is preferred, as long as it reproduces the desired structures. Again
the site no further interpretation steps are done, if no such combination is
found.

6. The components identified in the previous step are used for Marquardt joint-
inversions. The starting model is derived from the smooth model inversions.
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Equivalences are checked using the approach described in sec. 3.5. The equiv-
alence analyses are done with fix and free Tx-distortion parameters. The re-
sults of both analysis-runs are combined into one data set.

As the measured transients are earth responses convolved with the system re-
sponse, the illustrated apparent resistivities are in fact “resistivity transforms”
[Strack, 1992]. Sign reversals found in the LOTEM-Ḣys or distorted Ḣz-transients
are not marked. However, they should be obvious by their notch shape in the
curves. Sign reversals in the Ḣzs are indicated in the text.

The comparison of the resistivity transforms for the measured transients is less
straight forward as in sec. 5.7. First, the early times might differ because of different
system responses. Additionally, only one Ḣz or Ḣy might be available. In these
cases, the single resistivity transform has to be compared to the ones from the other
component.

Fig. 6.8 is used to check for geological features which may distort the transients.
As pipes etc. can be found almost everywhere in the area, the assumption of the
presence of near-surface distortions is prudent in general.

In all inversions, the single data points are weighted according to their error es-
timate. The minimal assumed error is 1 % of the data value. For the SHOTEM-
measurements no error estimates exist. They are assumed to be undistorted by
noise. Noisy data points, especially at the late stage, were removed prior to inver-
sion [M. Goldman, pers. comm.]. However, for joint-inversions it is important to
assume a noise level relative to the LOTEM-transients. Lange [2003] advocates a
normalised weighting scheme, were every data set is as important as all others. In
this study, many – mostly LOTEM data sets – were inverted jointly. Normalising all
weights as proposed by [Lange, 2003] would mean to ignore different SNR of the
transients. As I want to preserve the relation between the SNR of the different data
sets and components, I prefer to keep the weights without normalisation. Instead,
I assume an error of 1 % for the SHOTEM data sets.

This might lead to models dominated by the SHOTEM-transients. To prevent
misinterpretation due to faulty SHOTEM data, the same inversions are done with-
out the SHOTEM data set. The joint-inversion result with the SHOTEM data will
only be accepted, if the model does not change significantly at depth, which should
not be resolved by the short Geonics-transients.

At the SHOTEM-NRU-sites on the coastal plain, the GII provided unedited Cycle-
5M data sets [M. Goldman, pers. comm.]. These may include distorted data points
in the late stage, which are not obvious as no error estimates are provided (see also
Lange [2003]). Inverting these sets with a fixed error estimate of 1 % would lead to
results where the deeper parts are governed by inaccurate data. Of course, edited
data sets would be available, but these points are used mainly for calibration and
almost no Cycle-5M data sets were available along the traverse. Therefore, I chose
to use these questionable data sets to see, how the outlined inversion scheme works
in the case of possibly distorted SHOTEM-transients. This is discussed in sec. 6.3.1
for site ENB.

In most plots showing comparisons of different SJIs, only one resulting model
is displayed. This model is considered to be representative for this SJI. The other
component’s models will show a similar behaviour. The complete statistics of all
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single- and joint-inversions can be found in appendix C. In all figures showing the
final result including the equivalent models, the best model is plotted with a solid
black line, the Occam’s inversion result for the same components with a dashed
black line and all models found with a misfit ≤ 110% of the best fitting model in
solid gray lines. In general, the equivalence analyses were done both with and
without free Tx-distortion. The results are combined in one picture. However, if
Tx-distortion plays an important role for fitting the data sets, it is likely that none
of the models without Tx-distortion is within the 110% of the best model.

6.3.1 Calibration sites

All calibration sites are located in the coastal plain SW of the Yizre’el valley. Un-
fortunately, the Judea Group is overlain by a thick Saqiye Group clay layer at sites
ENB, GBA, PHB and RAB. These clays exhibit very low resistivities of a few Ωm,
shielding the deeper Judea Group.

Site ENB

There are no obvious geological distortions visible in fig. 6.8. However, the surface
of the Judea Group is more shallow below the Tx than below the Rx. Fig. 6.10 shows
the resistivity transform curves for the magnetic fields recorded at site ENB close
to the borehole Beit-Eliezer. Additionally, one Ex-component was recorded. The
SHOTEM data set NRU2 was recorded at the Rx-site, using the Cycle-5M equip-
ment. It provides a transient with a length of 400 ms.
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Figure 6.10: Resistivity transform curves for the
Rx-site ENB;

Both Ḣz-transients differ up to 20 ms.
Therefore, the first 9 data points were
removed prior to inversion. The SJIs of
the magnetic components found simi-
lar models, all showing a distinct con-
ductor in a depth of around 1000 m (fig.
6.11a). Below, all models show an in-
crease in resistivity, which is unrealisti-
cally high for the Ḣy-components if no
Tx-distortion is allowed (dashed line).
The SHOTEM-transient shows more
structure in the upper part. More inter-
estingly, the conductor in the SHOTEM

model appears at depths greater than 1500 m.

Adding the electric field data, the resistivity of the resistor above 1000 m depth in-
creases (fig. 6.11b). Additionally, a shallow conductive feature is introduced, which
is also visible – although it appears thicker – in the SHOTEM inversion result.

If the SHOTEM-transient is inverted jointly with the LOTEM data sets, the fit is
degraded. The long Cycle-5M transient dominates the inversion results. All SJI-
results incorporating the SHOTEM data set are similar to its single inversion result.
As an example, fig. 6.11c shows the models resulting from a SJI of all six TEM-
components. Again, the conductive feature is much deeper than suggested by the
LOTEM inversions (fig. 6.11d).
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Figure 6.11: Soft-Joint-Inversion results for the transients recorded at ENB; a: Comparison be-

tween typical models from the SJI of LOTEM-Ḣz and -Ḣy without Tx-distortion, solid black lines),

LOTEM-Ḣy with Tx-distortion (dashed black line) and the SHOTEM-transient NRU2; b: Result-
ing models for the SJI of all LOTEM-components with free Tx-distortion; c: Resulting models for
the SJI of all TEM-components with free Tx-distortion; d: Comparison of the model for the ENB1-
Ḣy-transient after the SJIs with LOTEM-components only and, additionally, with the SHOTEM-
transient.



146 The TEM-measurements in Israel

 1
0

 1
00

 1
00

0

 1  10  100  1000

D
ep

th
 / 

m

Resistivity / Ωm

no dist
dist

a.

 1
0

 1
00

 1
00

0

 1  10  100  1000

D
ep

th
 / 

m

Resistivity / Ωm

SJI/5c
FJI/4c
FJI/5c

b.

 1
0

 1
00

 1
00

0

 1  10  100  1000

D
ep

th
 / 

m

Resistivity / Ωm
c.

 1
0

 1
00

 1
00

0

 1  10  100  1000

D
ep

th
 / 

m

Resistivity / Ωm
d.

Figure 6.12: Joint-Inversion results for site ENB; a: Comparison of SJIs with and without fixed Tx-
distortion; b: Comparison of on SJI and two fixed joint-inversions; all inversion are made with free
Tx-distortion. For the “5c” inversion all LOTEM-components, whereas in for the “4c”-inversion
only Ḣz/Ḣy were used. c: FJI-results for four magnetic components; d: FJI-results for all LOTEM-
components;
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In this case, all LOTEM-components are mutually consistent. The models de-
rived using the SHOTEM-transients, however, are different. The SHOTEM data
are inconsistent with the LOTEM data. If the deep SHOTEM-transient would have
reliable late times, the derived model would reflect the earth below the Rx-site (sec.
5.5). The LOTEM model instead reflects also the subsurface between Tx and Rx
(chapter 5). Here, the deviation is most likely caused by noise on the late times of
the transient, as the unedited transient was used.

Fig. 6.12a shows models for the Ḣy-component of ENB1 resulting from SJIs
with and without free Tx-distortion parameters (both with and without the Ex-
transient). In all cases the conductive feature is located in similar depths. The
biggest differences are found at depth. However, the resistivity range is more rea-
sonable and the misfit is smaller with freed distortion parameters.

Fig. 6.12b shows a comparison of FJIs, with and without the Ex-transient, with
one model from the five component SJI (all with freed Tx-distortion). The models
look similar. However, the conductive feature seem to start a little bit deeper than
in the SJIs.

Marquardt inversions are done for all LOTEM-Ḣs and all LOTEM-components
including the Ex (fig. 6.12c and d). Although the Occam’s-inversion results for
these two combinations differed regarding the depth of the deeper conductor, the
results show that in both cases the transition from the resistive to the conductive
layer is in the same depth range. However, if the Ex-transient is included, the result
is far better constrained. Therefore, this model was used for the final interpretation.

Fig. 6.13 compares the TEM-results to the information from the nearby borehole
Beit-Eliezer. The conductive Saqiye Group up to a depth of 351 clearly shows up in
the TEM models. All models show a drop in resistivity between ≈ 800 and ≈ 1400
m, which corresponds with the appearance of very saline water at 1180 m. The
resolution of the position of the saline water table and the resistivity of the aquifer
filled with saline water is poor. All models within the equivalence range, however,
show a conductive zone at least between 1000 and 1350 m depth with a resistivity
< 11.5 Ωm. The depth of the interface seems to increase with the conductivity of
the aquifer. This behaviour is found at nearly all sites.

The models derived including the unedited SHOTEM-transient contradict the
information from the borehole. The inversion made by the GII with the edited
transient do not show any features below the increase in resistivity around 450 m
[M. Goldman, pers. comm.]. However, the test showed that if changes at depth
occur when a SHOTEM data set is included, these transients should be rejected
for the interpretation of deeper structures. Still, a combined interpretation taking
shallow features from the SHOTEM models and deeper structures from LOTEM-
components is reasonable (sec. 5.5).
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Figure 6.13: Information from the borehole “Beit-Eliezer” and results from the nearby Rx-site ENB;
The TEM results were derived using all LOTEM-components. The black lines shows the best model
(χ = 1.55), the dashed line the Occam’s-inversion result (χ = 1.45) and the gray lines models with
χ < 1.70.
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Figure 6.14: Resistivity transform curves for the Rx-sites GAA (left) and GBA (right), both located
close to the same borehole;

Site GBA and GAA

The noise in this area is very high: A power plant is located in the coastal area
near Rx-site GBB. Several high-voltage power lines are found in the vicinity of the
borehole. It was thus decided that a short signal period should be used to be able
to record and stack many transients. However, the first attempt in 2002 failed. The
data is still too noisy (fig. 6.14 left) due to a comparably low transmitting current.
Finally, in 2003 a new Tx-position allowed far higher currents. Additionally, the
analog 50 Hz notch filter on the TEAMEX units where used. This way, short but
usable transients were recorded (fig. 6.14 right). The notch filter produces very long
system responses, which is clearly visible in the right panel of 6.14. The Ḣzs differ
until very late times. Thus, the first eleven data points of these transients were
removed prior to interpretation.

The SJIs of single components of both stations show medium consistent models.
Fig. 6.15a shows a comparison of the SJIs for the individual components and the
inversion result from the SHOTEM data set. The main features are a drop in resis-
tivity at around 100 m depth and a resistivity increase at a depth of ≈ 650 m. The
results from the Ḣy-inversions show an additional feature, a moderately resistive
zone between 250-500 m. Tx-distortion is not important at this site.

The SJIs of different components are moderately successful. In general, the inver-
sions reached a low misfit. The main features of the resulting models are similar,
but depths and resistivities sometimes deviate from one component to the other.
Fig. 6.15 shows examples for the SJIs of the LOTEM-Ḣy- and -Ḣz-transients (fig.
6.15b) and of all seven TEM-components (fig. 6.15c). In inversions without the
electric fields an additional conductive feature shows up at around 1000 m depth
(fig. 6.15b). This feature is not visible when the Ex-components are used (fig. 6.15c).

FJI of the different components again are moderately consistent. They show the
same structure in the upper 1000 m, but differ for greater depths. The conductive
feature found in the SJI of the magnetic components only, could not be reproduced
in the fixed joint-inversions. Fig 6.15d shows the results of the equivalence anal-
ysis for all four LOTEM-Ḣ-components. Again the deep conductive feature is not
found. Also, the resistivities of the resistive feature in medium depths and the
basement are not well defined. The very conductive material at 100-800 depth in
combination with the comparably short transients reduce the resolution at depth.
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Figure 6.15: Joint-inversion results for the transients recorded at GBA; all SJI inversions shown
here are done without Tx-distortion. a: Comparison of the individual SJI results for the different
components and the single inversion of the SHOTEM-transient; b: SJI results for the LOTEM-Ḣy-

and -Ḣz-component; note the conductive feature at around 1000 m depth. c: SJI results for all TEM-
components. d: Equivalence analysis for the four LOTEM-Ḣ-components; The black lines shows the
best model (χ = 1.08), the dashed line the Occam’s-inversion result (χ = 1.06) and the gray lines
models with χ < 1.18.
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Figure 6.16: Borehole information and TEM results for site GBA; the measurement of the water
conductivity in the borehole were done at the 21.03.2002 (gray) and the 28.05.2002 (black). At 920
m depth a water salinity of 584 mg Cl−/l was found which changes to 15, 800 mg Cl−/l in 980 m.
The TEM measurements were done on the 17th of December 2003. The TEM results were derived
using all magnetic LOTEM-components (fig. 6.15).

Fig. 6.16 shows the information from the borehole in comparison to the TEM re-
sults. The upper conductive feature is likely to be related to the not well resolved
Saqiye Group, although its depth differs. However, the same structure including
the underlying resistor and the very conductive feature within the Heshefela Group
is also found at PHB, even in the SHOTEM results. Therefore, it is likely caused by
the lithology. The reasons for these high conductivities is unknown. Possibly, the
Palaeogene-Senonian formations retain very saline formation water [U. Kafri, pers.
comm.].
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The main target, the saline water interface at a depth of around 960 m can not be
resolved by the transients due to several problems. First, the data quality is only
mediocre since the transient are short. Second, the overlying formations are very
conductive. This does mean that, on the one hand, the underlying structures are
masked, while on the other hand, the contrast with the target is very small.

The SJIs of some components showed indications for a conductive feature which
could be related to the target. This effect that the SJIs seem to have a higher resolu-
tion compared to the FJIs is not observed in the model calculations. This might be
an interesting subject for future research.

Site PHB

At PHB five LOTEM-components were recorded: two Ḣzs, two Ḣys and one Ex. For
logistical reasons the SHOTEM measurement site NRU4 is located some hundred
meters closer to the LOTEM-Tx. The SHOTEM-transient was recorded with the
Cycle-5M equipment. There are no obvious geological distortions in the area. How-
ever, similar to the nearby GA and GB sites, several power-lines cross the spread.
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Figure 6.17: Resistivity transform curves for the
Rx-site PHB;

This results in rather noisy late times
(fig. 6.17). The resistivity transform
curves for all magnetic field compo-
nents deviate in the early times from
one station to the other. Especially
both Ḣys seem to differ slightly over
the whole time range. SJIs of either Ḣy-
or Ḣz-transients show slightly different
models for both stations . Fig. 6.18 (left)
shows an example for the SJI of both
Ḣy-components without Tx-distortion.

The separate SJI-results for the mag-
netic field components are inconsistent,

also compared to the SHOTEM result (fig. 6.18, right). The models from SJIs of all
LOTEM-Ḣ-components differ significantly in the upper part. Similar is the con-
ductive feature in a depth of around 700 m (fig. 6.19 a)). Including the Ex, the
conductive feature is shifted to ≈ 400 m (fig. 6.19 b)). If Tx-distortion is introduced
to the inversion, the SJI of all five LOTEM-components reaches a slightly better
misfit (χ = 0.54 instead of χ = 0.61). The conductor is shifted back to its depth of
around 700 m (fig. 6.19c)). This model agrees grossly with the model found using
also the SHOTEM-transient.

If further the SHOTEM-transient is included in the inversion, the long Cycle-5M
transient dominates the inversion. The LOTEM data constrain the model mainly
at depth. Additionally, the resistive feature in 300 − 550 m becomes even more
resistive due to the additional information from the LOTEM-Ex. The models for
the LOTEM-components differ mainly in the shallow conductive part (100-300 m
depth, fig. 6.19d).

Unfortunately, the fixed joint-inversions fail. Their misfit is three times higher
than the corresponding SJIs and the models for different data set combinations
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Figure 6.18: Inversion results for the transients recorded at PHB; left: SJI-result for the Ḣy-

transients; right: Comparison of the SJI-results for Ḣz and Ḣy and the single inversion of the
SHOTEM-transient NRU4;

show an erratic behaviour at depth. Thus, Marquardt joint-inversions could not
be made.

Fig. 6.20 shows the information from the nearby borehole in comparison with
the results of the six-component SJI including distortion parameters. The shallow
conductor, which is mainly constrained by the SHOTEM-transient, correlates with
the clays of the Saqiye Group. The target in this case is the rise in conductivity
of the well’s water in a depth of ≈ 930 m. This coincides with the slight drop in
resistivity in the Occam’s inversion result (see also lower right panel of fig. 6.19).
However, the ambiguous results in the previous inversions in this depth show that
the TEM results are not reliable below ≈ 800 m depth. Without a priori knowledge,
this feature would be discarded for the geological interpretation.

Due to the length of the Cycle-5M transient (631 ms), the LOTEM-transients
which are of similar length could not provide additional information, except for
the resistivity of the zone between 400 and 550 m depth. Anyway, using all four
magnetic components or better yet, all LOTEM-components, the SJIs would yield a
realistic picture of the deeper part of the subsurface (300 to 800 m depth).

The results here are very similar to the ones at GBA. Again, the SJIs showed a
better picture of the subsurface than the FJIs which in this case failed completely.
Also, the model is very similar, showing a conductive upper part which correlates
to the Saqiye Group, followed by a resistor in intermediate depths and a conductive
feature already above the saline water interface.
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Figure 6.19: Soft-Joint-Inversion results for the LOTEM-transients recorded at PHB; a: SJI of
all magnetic LOTEM-components without Tx-distortion; b: SJI of all five LOTEM-components
without Tx-distortion; c: SJI of all magnetic LOTEM-components with Tx-distortion; d: SJI of all
six TEM-components with Tx-distortion;



6.3 Inversions of the field data sets 155

Figure 6.20: Borehole information from the borehole “Pardes Hanna” and TEM results for site PHB;
In 918 m depth a water salinity of 2, 260 mg Cl−/l was found which changes to 17, 576 mg Cl−/l in
960 m. The TEM results are the different smooth models from a SJI of all six TEM-components. The
black line denotes the model corresponding to the SHOTEM-transient. The models for the LOTEM-
components are drawn with gray lines. These are the same results as shown in the lower right panel
of 6.19. The arrow point towards the drop in resistivity, which corresponds with the increasing
conductivity in the well’s water.
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Figure 6.21: Left: Map for the RA-spread; the spread is located ≈ 10 km north of Tel-Aviv; right:
Resistivity transform curves for the Rx-site RAB;

Site RAB

The Tx RA is located in the coastal plain approximately 30 km south of the area
shown in fig. 6.7 (fig. 6.21, left). All data sets recorded with this Tx show strong os-
cillations (figs. 6.21 and D.37, right). These are fitted very well at the RAA stations
using the oscillating system responses. At the RAB stations, an additional delay can
be found. The transients seem to start a few milliseconds later than t = 0 s logged
by the SUMMIT-TEM units. This is a unique feature, which could be explained
by synchronisation problems. For inversion, the transients were shifted back 3 ms.
After this procedure, the oscillations of the system response are in phase with the
ones from the recorded transients. Additionally, the error estimates for the early
time data points are increased more. Close to the site the SHOTEM data set NRU5
was recorded using the Cycle-5M equipment.

The differences between the transients of the adjacent stations are small. SJIs for
the three components showed a good agreement between the models for the two
stations’ data sets. Qualitatively, all models are similar, including the one for the
SHOTEM-transient. They show a conductive zone (< 10 Ωm) at depths between
100 and 600 m. The Exs and Ḣys show an additional conductive feature around 1000
m (fig. 6.22a). Even with the inclusion of Tx-distortion the misfit stays virtually the
same. The models change mainly at depth. With the distortion, the geologically
unrealistic high resistivities at depths greater than 2000 are reduced (fig. 6.22b).

SJIs of different components show the same structures down to a depth of
≈ 1100 m. Below, the models differ. The same resistivity structure can be obtained
by FJIs. Fig. 6.22c shows a comparison of three different joint-inversion results. The
final equivalence analysis was done using all six LOTEM-components (fig. 6.22d).
The most prominent feature is the thick conductive layer with ≈ 2 Ωm. Compar-
ing the results to the nearby borehole (fig. 6.23) shows that this conductor correlates
well with the Saqiye Group shales. However, the interface of the saline water could
not be detected due to the high conductance of the upper layers.

The conductive zones at depths of around 1 km, found in the Ex- and Ḣy-SJIs
seem to represent the deep aquifer with saline water. This layer is also found with
SJIs of Exs and Ḣys combined (fig. 6.24, left). Like at GBA and PHB, it vanishes
when these components are used in a FJI (fig. 6.24, right).
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Figure 6.22: Inversion results for the transients recorded at RAB; a: Comparison of the SJI-results

for Exs, Ḣys and Ḣzs and the single inversion of the SHOTEM-transient NRU5; b: Comparison of

the results of SJIs of the horizontal LOTEM-components Exand Ḣywith and without Tx-distortion;

c: FJIs of different components using only the LOTEM-Ḣs (“4c”), the same also with Tx-distortion
and the SHOTEM-transient (“5cd”) and of all TEM-components with free distortion (“7cd”); d:
Equivalence analysis using all LOTEM-components; the black lines shows the best model (χ =
1.54), the dashed line the Occam’s-inversion result (χ = 1.56) and the gray lines models with
χ < 1.70.
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Figure 6.23: Borehole information from the borehole “Ra’annana” and TEM results for site RAB;
The TEM result were derived using all LOTEM-components.
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Figure 6.24: Joint-inversion results for the Ex- and Ḣy-transients recorded at RAB; left: Resulting
models for the SJI with free Tx-distortion; right: Comparison between one representative model from
the SJI and the FJI with and without Tx-distortion.

Site TAB

TAB is located north of the previous four sites, close to the borehole “Taninim
Deep”. Unlike to the other boreholes no Saqiye Group is expected here. A fault
is running E-W south of the Rx-site (fig. 6.8). Two stations with in total two Ḣz-,
two Ḣy- and one Ex-sensors were set up here. Additional information is provided
by the Cycle-5M data set N1.
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Figure 6.25: Resistivity transform curves for the
Rx-site TAB;

The resistivity transform curves for
the Ḣz-components show signs of early
time distortions. The Ḣz-transient of
TAB1 exhibits a sign reversal between
2 and 3 ms. The Ex-transient shows a
slow increase at early times. The data
set was recorded during the first survey
in 2002 with the SUMMIT-TEM system.
The top-soil was relatively sandy in the
area. Most likely the slow increase for
the electric field transient is caused by
a long system response produced by a
high contact resistivity. The first 10 data
points thus were removed from the Ex

and Ḣz data sets prior to inversion.
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Figure 6.26: Inversion results for the transients recorded at TAB; all inversions involving horizontal

components were done including the Tx-distortions. a: Comparison of the SJI-results for Ḣzs and
Ḣys and the single inversion of the SHOTEM-transient N1; b: SJI and FJI results for all five
LOTEM-components; c: SJI results for all TEM-components; d: Results of the equivalence analysis
using all five LOTEM-components;
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Individual SJIs for both magnetic LOTEM-components result in very similar
models for both stations. Also, the difference between the different components
is small (fig. 6.26a). All inversions produced a conductive feature at 600-1000 m
depth.

The result for the SHOTEM data set shows increases and decreases of the resis-
tivity in similar depths, but the resistivities in general are smaller in intermediate
depths. Also, an additional conductive feature around 200 m appears.

SJI using different subsets of the LOTEM data show very stable results (fig. 6.26b).
The models exhibit the afore-mentioned conductor at intermediate depths and a
deep conductive feature around 2000 m. The results do not change with or with-
out the addition of Tx-distortion. The fit, however, is far better if inversion of the
distortion parameters is enabled (e.g. χ = 1.00 with distortion to χ = 1.60 without
distortion for the inversion of all five components).

Inversions including the SHOTEM data degrades the misfit of the LOTEM data
sets by ≈ 20%. The model changes mainly in the upper part, which is only con-
strained by the SHOTEM-transient (fig. 6.26c). Also, the intermediate conductor
reaches greater depths.

FJIs of different components give virtually the same models as the SJIs. Here,
including Tx-distortion parameters improves the misfit even more. It has approx-
imately only half of the misfit for models without free distortion parameters, de-
pending on the components used. However, even without free distortion, the main
features of the model remain. Fig. 6.26d shows the equivalence analysis using the
five LOTEM-components. The results looks very similar, if the SHOTEM data set
is also used. The main differences appear in the shallow part, which then shows
more structure.

Fig. 6.27 shows a comparison of the borehole information with the TEM results.
Two salinity measurements were made. In shallow depths (200 m) brackish water
with a salinity of 1, 475 mg Cl−/l was found, whereas the second sample at 600 m
showed a salinity close to that of seawater (17, 000 mg Cl−/l). The conductive zone
thus can be interpreted as aquifer filled with seawater. The depth of the fresh to
saline interface from the LOTEM data fits this information, although the interface
is not well restrained. Also, the resistivity is not well constrained. All models have
a zone with resistivities < 14.1 Ωm, at least in the depth range between 550 and 720
m depth.

Using the SHOTEM transient (which is edited in this case) in a single inversion,
the saline water interface is found at ≈ 600 m depth (cp. fig. 6.26a). The aquifer then
has a resistivity of around 6.0 Ωm [Goldman and Kafri, 2002]. It is very interesting,
that similar results could be obtained by both methods, although joint-inversions
failed. This is in accordance to the results from sec. 5.5.

The increase in resistivity at depths greater than 1 km is visible in many of the
inversions, although the equivalence analysis shows that it is not well resolved.
This phenomenon, however, occurs at several other sites along the traverse. From
a hydrogeological point, this increase at first seems to be unreasonable, as the water
salinity is not supposed to decrease with depth. However, at site AFA (sec. D.1.1)
strong evidence is found that this feature is no geophysical artifact but caused by
the geology.
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Figure 6.27: Information from the borehole “Taninim-Deep” and TEM results for site TAB; Salinity
is given in mg Cl−/l. The TEM result were derived using all LOTEM-components. The black lines
shows the best model (χ = 1.28), the dashed line the Occam’s-inversion result (χ = 1.24) and the
gray lines models with χ < 1.41.

6.3.2 Summary of the results for the calibration sites

In general, the results from the calibration sites show a good agreement to the bore-
hole information. Unfortunately, the very conductive Saqiye Group inhibits the
resolution of the deeper target at many stations.

At ENB and RAB the agreement to the lithological borehole information is strik-
ing. A confined conductor is found at depths of the Saqiye Group clays. At TAB
the correlation to the borehole information is good, although the resistivity model
is only moderately constrained. At PHB the correlation between a very conductive
layer to the Saqiye Group is very good. At greater depths the resistivity models
show a second highly conductive structure within the Heshefela Group formations.
The existence of this low resistivity seems to be certain, as it was found by LOTEM
and by SHOTEM as well as at site GBA which is close to PHB. The origin of the low
resistivity, however, is not clear. They might be related to saline formation water
[U. Kafri, pers. comm.].

At PHB and RAB the SJIs also show indications for a conductive feature at depth,
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which most likely is produced by an aquifer bearing saline water. However, the
feature is not very stable and vanishes in FJIs. A comparable effect was found in
the model calculation for model M in sec. 5.5.2. The resolution of the conductor
is not very good. Without any additional information (on the traverse) I would
consider this feature very unreliable.

The target is resolved at ENB and TAB. In both cases the depth to the target is only
resolved within an accuracy of 10 %. The resistivity of the targets as determined
from the LOTEM measurements is between 3 and 15 Ωm. Using the TAB SHOTEM
data set only, Goldman and Kafri [2002] derived a resistivity of around 6 Ωm. This
means that the resistivity of a carbonatic aquifer bearing saline water is higher than
for clastic aquifers, where Goldman et al. [1991] found values < 2.9 Ωm. The higher
values will introduce some ambiguity in the geological interpretation.

At GBA the quality of the data sets and the low resistivities of the shallow forma-
tions makes it impossible to resolve the target.

At ENB an TAB it was possible to use all five LOTEM components for the final
interpretation. The ambiguity in particular could be reduced by including the Ex-
transient. At PHB, all FJIs failed, although the SJIs gave reasonable results, which
also fitted the SHOTEM inversion result.

FJIs including the SHOTEM data sets failed, although in some cases SJIs worked.
At all stations the long Cycle-5M data sets were available. This means that the
overlap between the SHOTEM- and LOTEM-transients is large. For a FJI the data
sets have to be very consistent over almost the whole time range. This can not be
expected (sec. 5.5).

At ENB the unedited SHOTEM transient hampered any joint-inversion approach.
The model for the edited data set fits the LOTEM data (and thus the borehole in-
formation) very well although the deep conductor is not resolved [M. Goldman,
pers. comm.]. If a SHOTEM data sets changes the resulting model at depth, it thus
should be ignored for the interpretation of deeper structures.

6.3.3 Sites along the traverse: An example (Sites BSA and BSB)

In this section I will present the results for the sites BSA (inconsistent data) and BSB
(consistent data) as an example. In sec. 6.4 the final results for the other sites along
the traverse are listed in tabular form. Sec. D.1 discusses the results for each site
measured during the campaign (also for the sites on the coastal plain).

The spread BS was placed in the Beit-Shean Valley, near the Rift Valley. Unfor-
tunately, there are faults below the Tx position (see fig. 6.8). Because of the dense
infrastructure (the city of Beit-Shean is located north of the spread) it was not pos-
sible to choose a different location.

Previous to the LOTEM measurement, the two SHOTEM-transients were
recorded at the sites N24 (N of BSA) and N23 (SE of BSB). The interpretation of
N24 showed that the transient is distorted by an unknown multidimensional struc-
ture [M. Goldman, pers. comm.]. The GII recorded SHOTEM-transients previously
in this area. The data set BSH7, recorded a few kilometres south of N24 showed
no signs of distortion. It was thus decided to move the site BSA to this location.
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Figure 6.28: Resistivity transform curves for the Rx-sites BSA (left) and BSB (right);

From the same campaign data sets also existed close to the Rx-site BSB (BSH19 and
BSH20). These were also included in the inversion.

That day the damaged (B)-coil was used at the western site BSA, which produced
distorted transients (sec. 6.2.2). This data set was discarded, thus only one Ḣz-
transient remained for inversion. The resistivity transform curves for site BSB show
a completely different behaviour than the ones for site BSA, indicating an extremely
conductive subsurface. The Ḣz-transients at BSB show inconsistencies up to 20 ms.
These data points were removed prior to the inversions. Only one Ex-transient was
recorded at this position.

The SJI worked well with Ḣywhich was the only component measured at two
positions. The main feature is a drop in resistivity to a minimum between a depth of
700 and 1000 m. The SHOTEM data set shows some conductive layers in the upper
part but can not resolve deeper structures (fig. 6.29a). SJIs with other components
give inconsistent models (fig. 6.29b). The main feature, the deep conductive zone,
is only qualitatively similar. FJIs of different components show an erratic behaviour
(fig. 6.29c), although again a conductive zone above 1000 depth is observed.

As no stable combination of components can be found, no additional steps were
taken at BSA. There are indications for a conductive zone < 10 Ωm between 700
and 1000 m, but the results are very unreliable.

At BSB, two Ex, Ḣy and Ḣz were recorded. Additionally, three SHOTEM data
sets were recorded in the vicinity, where BSH19 is closest to the receiver followed
by N23 and BSH20. The inversions of the SHOTEM-transients result in similar
models, all showing a conductive zone at ≈ 100-200 m depth. However, SJIs of all
SHOTEM-transients show slight differences regarding the exact depth extent of the
conductor (fig. 6.30a).

The LOTEM-components give consistent results in their SJIs. All SJIs for the two
transients of one field component produce essentially the same model (fig. 6.30b).
Including the Tx-distortion parameters does not change the inversion output sig-
nificantly. The same model is reproduced for various combinations of components,
even for FJIs. As BSH19 is closest to the Rx-site, this SHOTEM data set was chosen
for the joint-inversions with the LOTEM-transients. Fig. 6.30c shows the results for
a SJI of all six LOTEM-components and the BSH19-transient. The deeper structure,
especially the conductive zone around a depth of 400 m is resolved by the LOTEM
data sets, whereas the upper 200 m are constrained by the BSH19-transient.
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Figure 6.29: Inversion results for the
transients recorded at BSA; all inver-
sion are done with free Tx-distortion
parameters. a: Comparison of the
SJI-results for the Ḣys and the inver-
sion of the SHOTEM data set BSH7;
b: SJI result for the all LOTEM-
components; c: Comparison of the FJI
results for all LOTEM-Ḣs (“FJI/3c”),
all LOTEM-components (“FJI/4ce”),
all magnetic components (“FJI/4ch”)
and all TEM-components (“FJI/5c”);

The result of the equivalence analysis for these seven components shows that
the conductive feature is well resolved. Its resistivity is around 1 Ωm at a depth
of ≈ 300 to ≈ 700 m. From hydrogeology it is known that the graben fill, which
is underneath BSB is filled with various mixtures of brines and fresh water. The
extremely conductive subsurface obtained by the inversions thus is expected and
can be related to high salinity waters. The result at BSB differs from all other results.
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Figure 6.30: Inversion results for the transients recorded at BSB; all SJIs shown are done with-
out Tx-distortion. a: SJI results for the three SHOTEM-transients; b: Comparison of SJIs re-
sults for the individual LOTEM-components and the SHOTEM data set BSH19; c: SJI results for
seven TEM-components (“LOTEM+BSH19”); d: Equivalence analysis for seven TEM data sets
(“LOTEM+BSH19”); the black lines shows the best model (χ = 2.64), the dashed line the Occam’s-
inversion result (χ = 3.00) and the gray lines models with χ < 2.90.
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6.4 The results of the field campaign

Resistivity information can be derived at a considerable number of sites. In practice
the SJI approach proved to be very useful. It was very easy to find out which of the
components does not fit the informational content of the others by just checking
the resulting models. Using only the FJI approach, this could only be achieved by
comparing the separate misfits for the individual components in different FJI runs.
Using SJIs it was also possible to find some data sets, where the sensor were faulty
or wrongly deployed. These transients were excluded from the interpretation.

In several cases the electric fields can only be included to joint-inversions when
the Tx-distortion parameters are used (e.g. site TKA). At EMA, for instance, the Ḣy-
SJI results resemble the Ḣz-results only after introducing the additional parameters
to the inversion. In the most cases however, only the misfit decreases using the
distortion parameters but the resistivity structure does not change significantly.

Often the Occam’s inversions fail to converge at a low misfit level when the Tx-
distortion parameters are included. This fits the observations made in sec. 5.6. Nev-
ertheless, in some cases inversions failed to converge at lower misfit levels when
the parameters are not included. In most cases, the best models found in the equiv-
alence analyses were obtained by using the Tx-distortion parameters as free param-
eters.

The results from the electric fields often show ambiguous results if inverted on
their own. In cases where it is possible to invert them jointly with magnetic field
components, they significantly reduce the ambiguity. At KEB and TKA it was pos-
sible to resolve a thin resistor at depth using the Ex-transients. These resistors can
not be resolved using only the magnetic field components. Although these struc-
tures are not pertinent to the project, this shows the potential of combining several
field components in one interpretation.

Some of the stations had to be rejected because no stable, consistent or meaningful
model could be derived (AUA, AUB, BSA, EMA, KNA, KNB, SAA, TKB, YAA,
YAB). In all other cases a conductive feature was found at depth. Tab. 6.1 lists
the results for all stations along the traverse. As the LOTEM results reflects the
subsurface in the vicinity of the whole spread (and not only at the Rx-site) I will
assign the models to a point half-way between the Tx and the Rx. h in tab. 6.1
denotes roughly the elevation above sea level of this point. The next column “Rel.”,
gives a rating of the reliability of the results in five grades:

++: The data sets are very consistent. All SJIs and FJIs result in similar models.

+: The data sets are consistent. The resulting models show inconsistencies which
are not severe.

0: Some transients had to be discarded. However, the reason for the distortion is
known and the effect can be estimated. At some sites only few data sets are
available. These sites are also rated “0”.

-: Some models can be derived, but the results are inconsistent in the relevant
depth range.
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- -: Each inversion resulted in a different resistivity structure or the data sets are
too noisy.

The rating however, only refers to the reliability of the resolved features. It does
not describe how well the conductive feature is resolved. For this information
please refer to the row “Remarks” or the site’s description in sec. D.1.

The results for two sites are not easy to compare. The number and type of the
measured components as well as the SNR and the structure of the data sets differ
from one site to the next. Therefore I did not derive a quantity describing the re-
liability. This classification has to stay somewhat subjective. See sec. D.1 for more
details.

If a model was obtained, dC and ρC are the depth (below sea level) to the top of
the conductor and its resistivity, respectively. All analyses show one type of equiv-
alence. In general, the conductor may be deeper and thinner when the resistivity
is decreased at the same time. On the other hand, the top of the conductor can
be placed shallower, when the resistivity is increased. The values given in tab. 6.1
are medium values. As a rough estimate, the depth is fixed within ±100 m. The
resistivity in general ranges from 4 to 15 Ωm. For more individual estimates again
please refer to D.1.

The row “SHOTEM” denotes, whether a SHOTEM data set is used to derive the
final model (“+”) or not (“-”). If no SHOTEM data set is available, the row contains
a “N.A.”. In half of the cases the SHOTEM-transient is consistent to the LOTEM-
transients and could be used in a joint-inversion. At KEB the target is very shallow.
It is resolved mainly by the SHOTEM data set.

In some cases (e.g. DVA) the model was better constrained at depth when the
SHOTEM-transient was used in the joint-inversions. However, according to the
findings at ENB I considered changes at depth as not reliable when they are in-
troduced by a SHOTEM data set. To avoid misinterpretations, I accepted a lower
model resolution.

Fig. 6.31 displays the spatial distribution of the results in tab. 6.1 over the survey
area. The numbers denote the depth to the conductor. Only the results for stations
with at least a medium reliability are used (++, + or 0 in the Rel.-row). The num-
bers are displayed roughly at a position half-way between the Rx-sites and their
corresponding Tx. A general trend can be observed. The depth in general increases
from east to west along the paths from A or B to E or F.

The results are displayed in a cross-section along the line ACDF in fig. 6.32. The
positions of the sites in the vicinity of this line are projected perpendicular on the
line. For the sake of simplicity the lower boundary of the conductor which is re-
solved at several stations is not displayed. The east-west dip of the conductor is
obvious, with exception of the sites in the Carmel (CAA and CAB) and the Jordan
Rift Valley (BSB).

The most important question is, if the conductive feature represents saline water
or a certain lithological unit. This is not clear a priori, as the obtained resistivity
values can be explained also by other geological formations. The dashed line in fig.
6.32 marks roughly the top of the Judea Group. This formation is exposed at the
sites CAA, CAB, KEB and KEA. If the conductor would represent a lithological fea-
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Site h / m Rel. dC / m ρC / Ωm SHOTEM Remarks

AFA 20 0 580 10 + only one station
AUA 60 - 260 3 + see sec. D.1.2
AUB 60 - - - - - too noisy
BEA −80 0 1280 18 + see sec. D.1.3
BEB −90 0 1470 5 + see sec. D.1.3
BSA −110 - 810 < 10 - inconsistent, FJIs failed
BSB −170 ++ 470 < 1 + low ρ below ≈ 200 m

CAA 450 0 710 6 + only one station
CAB 350 0 710 4 N.A. only one transient
DVA 130 0 770 9 -
DVB 180 ++ 860 7 N.A.
EMA 260 - - - -
HAA −20 0 1300 10 - not well resolved
HAB −70 + 910 7 -
KEA 90 0 310 9 + not well resolved
KEB 50 0 180 6 + resolved by SHOTEM
KKA 190 ++ 880 6 +
KKB 220 + 860 13 +
KNA 220 - 640 2 +
KNB 190 - - - - N.A. too inconsistent
RZA 60 - 760 10 + not well resolved
RZB −10 + 1090 8 -
SAA 70 - - - - see sec. D.1.16
TKA 10 + 1000 4 + not well resolved
TKB −20 - - - - N.A. too inconsistent
YAA 10 - - - + FJIs fail
YAB 10 - - - N.A. too ambiguous
YOA 60 0 580 4 N.A. not well resolved
YOB 40 + 540 4 +

Table 6.1: Results for all LOTEM-sites along the traverse; for more details, refer to the text.

ture, one would expect a correlation to the Judea Group topography. This correla-
tion is not observed. At YOA and YOB, the conductor is found even shallower than
the Judea group. The feature thus seems to cross lithological boundaries, which in-
dicates that it represents saline water.

The top of the conductor at the sites CAA and CAB is deeper than at the sites
YOA and YOB. This corroborates the hypothesis that the top of the conductor re-
flects the fresh to saline water interface. The groundwater table in the Carmel is
elevated because of the topography [Kafri and Arad, 1979]. The higher column of
the fresh water increases the pressure on the saline water. The interface thus is ex-
pected a greater depths. As long as the groundwater table is higher than sea level,
this is described by the Ghyben-Herzberg formula [Kafri and Arad, 1979]. Further
eastward the groundwater table drops which results in a shallower fresh to saline
water interface.

At the easternmost station BSB, the conductor rises again. In addition, the result-
ing model exhibits extremely low resistivities ≤ 1 Ωm. This is also in accordance
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Figure 6.31: Results of all sites along the traverse, which are rated as medium reliable or better (at
least a “0” in tab. 6.1); the numbers indicate the depth to the conductor described in tab. 6.1. The
gray lines denote the flow path of sea-water from the Mediterranean as suggested by Kafri and Arad
[1979].

to the hydrogeological observations, as upwelling saline water and deeper seated
brines were found along the Rift Valley [U. Kafri, pers. comm.]. The transition
from the deep conductor at BEB and the shallower feature at BSB is not resolved.
Unfortunately, the data sets recorded at BSA (the site between BEB and BSB) is too
inconsistent. Probably, the inconsistency is caused by the strong lateral changes
which have to exist if the conductive zones at BEB and BSB are connected.

In the north it was not possible to set up a site in the Rift Valley, similar to BSB
in the south. The topography in this area is very steep and strong data distortions
were expected for sites close to the Sea of Galilee. A direct connection between the
deep conductor and the saline springs close to the shore of the lake could thus not
be detected.

With only 13 measurement sites for a traverse of almost 60 km length, the area
seems to be greatly undersampled. However, unlike borehole measurement the
models derived from the sites’ data sets represent a larger part of the subsurface.

Although the results are satisfying, some problems remain. As the measurements
at YAA and YAB failed, no real connection can be made between the Zevulun plain
(AFA) in the NW and the internal valleys. This is also a flow path for the water
from the Mediterranean suggested by Kafri and Arad [1979]. The sparse results
along BC can not clarify this question.

In the middle of the traverse – between the points C and D in fig. 6.31 – the geo-
physical interpretations of all three sites (SAA, AUA and AUB) fail, leaving a gap
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marks the top of the conductor found at each site. At several sites also the lower boundary of the
conductor is resolved which is not displayed here. Note that the sites DVA and DVB are located
several kilometres north of the line DF.

between the Carmel and the Rift Valley. Resistivity models for these points would
be very important. The conclusion that the conductor does not reflect any litholog-
ical formation is based mainly on the missing correlation between the Judea Group
topography and the top of the conductor. The lack of correlation is most evident
at YOA and YOB as these are the only places where the top of the conductor is
shallower than the top of the Judea Group. It would be very pertinent to trace the
conductor from the YOB site either to DVA or to TKA.

Nevertheless, the results so far indicate that saline water from Mediterranean
intrudes the internal valleys and flows to the Rift Valley. Here it will act as a source
of salinity.





CHAPTER 7

Discussion

The number of multidimensional models is infinite. Although the number of mod-
els used in chap. 5 is large, it is far from comprehensive. Generalising the obtained
results therefore is dangerous. The models used in this study exhibited only mod-
erate resistivity contrasts. The effects are expected to be far stronger when higher
contrasts are involved. In addition, the results are equivocal even for the limited
number of models examined. All conclusions trying to derive general statements
should be treated with care. Nevertheless, the model calculations provide valuable
precedences for several questions.

Most important, the single inversions in sec. 5.3 show that it is possible to de-
rive meaningful models from 1-D inversions even in presence of multidimensional
structures. If the Tx is placed on a lateral boundary it is possible to obtain the true
resistivity structure on both sides of the Tx, when the Rx-sites are setup at some
distance of the Tx. In some cases the true resistivity structure at greater depths can
be resolved, although the shallow part of the model shows distortions.

The pseudo-sections derived from the data sets in general gave a blurred picture
of the true model. In a way, the better inversion results represented a resistivity dis-
tribution averaged over the subsurface between the Rx and Tx. Small features are
suppressed. Lateral changes show up as slow transitions instead of abrupt changes.
In some cases however, the 1-D inversions resulted in models with strong artifacts
which will lead to wrong geological interpretations. The strength of the distortions
depends not only on the geometry (i.e. the position and shape of model bound-
aries), but also on the resistivity distribution. For instance, stronger distortions are
observed when the lower boundary of a conductor shows some structure. In the
models comprising of two quarter-spaces the distortions are stronger when the Tx
is placed on the more conductive part.

The distortion effect of the multidimensional structures is different for the three
components under investigation (see sec. 5.3.6). In several cases the electric fields
are least distorted. On the other hand, the electric fields were most problematic
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in the inversions of the field data sets. The reason for this might be fundamental
technical problems in measuring the electric fields [S. L. Helwig, pers. comm.]. In
addition, it can not be ruled out that some of the layers in the survey area show
anisotropic properties (sec. 4.1.1), which will cause inconsistencies between the
magnetic and the electric components.

One fundamental difference between the electric fields and the magnetic compo-
nents is that the latter measure the time derivative of the magnetic fields, whereas
the electric transients reflect the actual electric field. This difference is important for
an inversion. The DC-value reached by the electric field for t → ∞ will be changed
by any inhomogeneity in the subsurface. Depending on the length of the data set,
this structure manifests itself in several data points at the end of the transient. The
effect of off-spread structures on the DC-value and thus on the inversion result can
be large. This can be observed in the results for the models N1 and N2 in sec.
5.6, where the pseudo-sections derived without the Tx-distortion parameters show
stronger distortions for the Ex- than for the Ḣy-transients. Probably, the inversions
of the electric fields would be more stable, if the the time derivative of the electric
fields would be inverted.

The influence on the Ḣy-component is not easy to understand. In some cases
the pseudo-sections simply seem to ignore lateral changes. In other cases the final
models showed shallow artifacts at stations which are at some distance from the
distorting structure. However, the shape of the distortion differed depending on
the model. The Ḣz-transients seem to most distorted close to a lateral boundaries1.

The influence on the SHOTEM-modification is completely different, mainly be-
cause of the different offsets used. The interpretation of LOTEM and SHOTEM
data sets recorded at similar positions often will exhibit inconsistent structures, es-
pecially in the shallow part. This is caused by the fact that the LOTEM data sets also
reflect the subsurface below the Tx. Still, it was possible to include the measured
SHOTEM-transients in a joint-inversion scheme.

The main issue in this work is how to derive a model from the measured data
sets which can be used for the geological interpretation. Further it is important
to assess the reliability of the model. The main approach is based on the varying
influence of the multidimensional structures on the three LOTEM components. At
first, the various results obtained by the single inversions of the components cause
a problem as the geophysical interpretation has to yield one model. The common
approach to combine the informations of several data sets is the joint-inversion.

However, if distorted data sets are included in a standard joint-inversion (FJI),
the resulting models often exhibit distortions. In a real field situation this approach
thus is not suitable. Far better results are obtained by using the SJI approach (sec.
5.4.1). Inverting the field data sets, often the models obtained by one SJI showed
only slight inconsistencies in the shallow parts but are consistent in the deeper
regions. When the same data sets are used in a FJI, the slight inconsistencies prevent
the algorithm from converging on a low misfit level. Moreover, often the FJI results

1Discussing the effects on different components one should keep in mind that in real measured
data sets not all components will be available with similar SNRs. Their signal quality depends on
the underlying resistivity structure as well as on the noise situation in the area. For instance, at the
southern flank of Merapi volcano, Indonesia the Ḣy-transients were available with a higher quality
than the Ḣzs [Kalscheuer, 2004]. The quality of Ḣys measured in Jordan was significantly worse than
the one of the Ḣzs [Scholl et al., 2003].
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obtained by using different components of one site showed an erratic behaviour,
whereas the various SJIs gave consistent results. In fact, the SJI approach was very
helpful during the field data inversion stage. It was easy to find out which data
set was inconsistent to the other data sets. Both in the SJIs of the synthetic and the
field data sets indications were found that the SJIs provide even better resolution
capabilities than the FJIs at some sites.

It would have been very helpful to have a Marquardt joint-inversion algorithm at
hand, which allows slight differences in the models for the respective components.
This way, the FJIs could have been avoided completely. Although in most cases it
was possible to find a set of components which reproduced the SJI results in FJIs,
it is not clear what the subsequent equivalence analyses of these subsets actually
reflect. The (indicated) improved resolution capabilites of the SJIs remain unused.
A Marquardt approach is presented by Auken et al. [2001].

Assessing the reliability is not easy, because the choice of a reliability criteria is
subjective. The danger of misinterpretation can not be ruled out completely unless
all results are rejected. Increasing the number of accepted models will also increase
the number of misinterpretations [Beck-Bornholdt et al., 2001].

As discussed in sec. 5.8 the misfit is not very helpful. In some cases distorted
models are found which produced low misfits. In other cases the model was a
reasonable representation of the subsurface but the misfit was quite high.

If data sets are available along a profile, the chances of detecting artifacts are
much better. However, the pseudo-sections for the synthetic data sets showed se-
veral examples where laterally consistent artifacts appeared, in particular when
FJIs have been used. This means that even lateral consistency is no proof that a
certain feature is not artificial. The model calculations indicate that the use of a
second transmitter on the same profile might be helpful, as the spurious structures
depend on the position of the structure relative to the Tx-Rx-geometry.

I chose to judge the reliability according to the consistency of SJI results of differ-
ent sets of components as criterion. This means that a e.g. conductive feature in on
model has to appear at a similar depth in the other models. Inconsistencies of sin-
gle components are allowed, when the distortion of the data set can be explained
by additional informations about e.g. the subsurface. Reasons for the inconsistency
of the SHOTEM- or LOTEM-Ex-transients can be found easily as discussed above.

The regularisation scheme is still an open question. The results for the synthetic
data sets show that the tested regularisation schemes still tend to fit noise. The
differences between the four schemes are small. The main difference is that if the
minimisation of q∗n is controlled (C2 and C4) the inversion needs more iteration
steps. Limiting the decrease of λ (C3 and C4) leads to statistically slightly smoother
models. However, for individual cases the results for C1 or C2 can be smoother. In
some cases inversions using C2 and C4 failed to find a model producing low misfits
(see app. A). Probably, an upper limit for λ would help (e.g. λn ≤ λn−1). The best
choice of the regularisation schemes so far seems to be C3. None of the four tested
schemes prevented the build up of artificial structures.

Besides some convergence problems, the inversions including the Tx-distortion
parameters worked well. For the field data sets they helped to find consistent mod-
els at some sites (e.g. DVA, EMA, HAB). The Ex-transients seem to profit most from
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introducing the Tx-distortion parameters. However, in most cases only the misfit
was improved. This can be expected as the Tx-Rx-geometry was close to a broad-
side configuration. In this case, the CF should be sufficient to describe the “distor-
tions” produced by inhomogeneities close to the Tx.

Although the Tx-distortion parameters were derived by Hördt and Scholl [2004]
to describe features close to the Tx, it is very likely that during the inversion of
field data sets the additional parameters are used to fit distortions produced by
other structures2.

The interpretation scheme proved to be useful at the calibration sites. The correla-
tion between the resistivity models and the borehole information is stronger when
the data sets are mutually more consistent. In general, the results agree very well
with the borehole information. The derived resistivity model from the other sta-
tions can be explained well by one of the three proposed hydrogeological models.

2If data sets from more than one station are involved in the inversion, the structure is supposed
to be located in some distance from the Rx-sites as otherwise the necessary parameters should be
different for both stations.
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Knödel, K., Krummel, H., and Lange, G., 1997, Handbuch zur Erkundung des
Untergrundes von Deponien und Altlasten - Geophysik:, Vol 3 Springer-Verlag,
Berlin.

Koch, O., Scholl, C., Helwig, S. L., Martin, R., Meqbel, N., and the DESERT Group,
2004, LOTEM and SHOTEM measurements at the Dead-Sea-Transform within
the DESERT-project:, Eos Trans. AGU, Fall Meet. Suppl., San Francisco 2004, Ab-
stract, GP14AA–07.

Koch, O., 2003, Transient-elektromagnetische Messungen zur Erkundung einer
Leitfähigkeitsanomalie am Vulkan Merapi in Indonesien: Master’s thesis, Uni-
versity of Cologne, Institute for Geophysics and Meteorology.
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APPENDIX A

Implementation of the Occam’s inversion

This appendix should give more detailed information about the implementation of
the Occam’s inversion algorithm. It is an extension especially to chapter 5. Reading
chapter 5 will thus be necessary to understand this appendix.

The general work flow of the inversion algorithm is shown in the flow chart in
fig. 5.6. However, in some special cases the inversion will fail to find a minimum of
the misfit.

For this work, some 10, 000 inversions are made. Although it still remains neces-
sary to check the inversion results, it is desirable to make the inversion scheme as
stable as possible. This means that with a standard set of parameters, the inversion
should work in most cases (i.e. find a model with a reasonable misfit).

For the most of the problems addressed in this section I can not present a general
solution. Probably there is no such solution which works with every TEM data set.
The main objectives of this appendix is to describe, which measures I used for the
1-D inversions shown in this work and to alert the reader for these problems.

A.1 Transformation of the regularisation parameter λ

In all cases, after calculating the Jacobian, the algorithm searches for a value for λ
which minimises the misfit. As proposed by Constable et al. [1987], this is done
by a golden section search [Gill et al., 1981]. This is a two step process. First, the
algorithm tries to find an interval, which brackets the minimum. As a starting
interval for the iteration n + 1, [λn · 0.9, λn] is used. After bracketing the minimum,
the position of the actual minimum is determined.

For the stability of the matrix inversion involved in solving the normal equation
(e.g. eqn. 3.22) and of the model update, the ratio between the eigenvalues of J and
λPTP is important. This is controlled by choosing an appropriate value for λ. This
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Figure A.1: 1-D pseudo-section of the synthetic data produced for the five layer case displayed

below the Tx (at x = 0 m). In this case the Ḣy-transients were inverted, with parameter set C4. The
triangles mark the positions of the Rx-stations. The black lines mark the layer boundaries.

means, the difference between λ = 0.1 and λ = 1 should be as important as the
difference between e.g. λ = 100 and λ = 1000. This is accounted for by internally
transforming λ logarithmically. In fact, the golden section search tries to find a λ′

which minimises χ(exp(λ′)). By doing so, the the amount of forward calculations
needed to find an appropriate value for λ is reduced. Further, this prevents any
value for λ < 0 from being tested, which in most cases would make the matrix
inversion via Cholesky decomposition impossible.

A.2 High initial misfits

The pseudo-sections and the field data inversions shown in this work are results
of a long process. Fig. A.1 shows a first pseudo-section for single inversions of
Ḣy-transients using the parameter set C4 (see chapter 5)1. Here, a typical problem
shows up. Although most of the section is smooth and reproduces the model well,
the models at the Rx-positions with offsets ≤ 1.0 km look different. They more or
less are homogenous half-spaces, producing very high (χ > 50) misfits.

This is caused by the huge dynamic range of the Ḣy-transient at small offsets.
The left part of fig. A.2 shows the transient at x = −1.0 km and the forward curve
for the starting model. Especially shortly before the sign reversal the difference
between both transients is around one order of magnitude, although the error bars
are small. This results in a huge initial misfit of χ ≈ 190.

As can be seen in the right part of fig. A.2, χ(λ) shows a distinct maximum for
λ ≈ 5000, if f = 1.0. This is a result of the high misfit, because then the norm of
the model update vector is likely to be very high and the linearisation error large.
For λ ≫ 5000 the solution of the normal equation is damped enough to achieve a
better misfit. For λ ≪ 5000 the norm of the model update vector is large and the
behaviour of χ(λ) is erratic, showing two sharp minima and a sharp maximum.

The result of the one-dimensional search routine used to find a minimum of χ(λ)

1The discretisation of the initial homogenous half-space is chosen differently from the examples
in chapter 5. Here, the first layer has a thickness of 10 m, whereas the deepest starts at a depth of
2000 m. It is divided into 30 layers instead of the 25. The discretisation was changed later to speed
up the inversions.
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will depends strongly on the initial value of λ. For λ0 = 10, 000 the minimum in
the left branch is found and thus λ1 ≈ 4 · 1016 in this case.

This value of λ defines the initial interval for the search routine in the next itera-
tion. Although here χ(λ) has only one minimum, starting with huge values for λ
impedes the univariate search because numerical rounding errors mimic local min-
ima (fig. A.3). Thus, λ2 again is ≈ 2 · 1016. In the third iteration the algorithm is
not able to find any better model and stops with a bad misfit and an over-smooth
model, regardless of what regularisation scheme is used (C1-C4, see section 5.2.3).

Using a more global approach than the localised golden section search does
not solve the problem in all cases. fig. A.4 shows the inversion progress if prior
to the bracketing routine the minimum is approximised by scanning χ(λ) for
0.4 < λ < 1.2 · 109 with 8 nodes per decade. Here, the minima for small λs are
found (fig. A.2, left) and used for the first iteration, unless the decrease in the regu-
larisation is limited (C3 and C4, see tab. 5.1). The low regularisation combined with
the high starting misfit results in very rough models (A.4, right). This unnecessary
roughness introduced at early inversion stages obviously prevents the algorithm
from finally converging at low misfit levels. The inversions with a restricted reg-
ularisation decrease succeed, which shows the superiority of this strategy in these
cases.
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Another idea is to try to damp the increase in the values of λ. After the golden sec-
tion search, the algorithm checks, whether λn+1 > min(100λn, 109) and the inverse
step-length is f ≤ 16. If this is the case, f is doubled and the search is repeated
with a starting interval of [λn · 0.9/f, λn/f ]. fig. A.2, right suggests that increasing
f moves the minimum of χ(λ) to smaller regularisations. fig. A.5 shows the course
of inversion using the explained damping of the value of λ.

Although this strategy works in this case, it might fail in general. As can be seen
in the left part of fig. A.2, the initial value of λ greatly affects which minimum of
χ(λ) the golden section search will find. If 1, 000 instead of 10, 000 had been used,
the inversion progress would be the same as shown in fig. A.4. This supports the
use of high starting regularisations, which on the other hand hamper the inversions
with limited decreases in the value of λ.

Both the high regularisations used in the original inversion (fig. A.2) and the un-
necessary high roughnesses appearing in fig. A.4 are caused by the very high initial
misfit. The simplest and yet most effective countermeasure thus is reducing the
starting misfit. This can be done by finding a resistivity for the starting half-space
which minimises the misfit prior to inversion 2

2This contradicts the statement made in section 3.2.2 that the resistivity used for the initial ho-
mogenous half-space does not effect the result of the inversion. However, in most cases this is true.
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Starting with ρ = 30 Ωm, a golden section search is again applied. The resistivity
of the starting half-space is set to this optimal value, unless it is smaller than 1 Ωm
or higher than 10, 000 Ωm. In this case, the resistivity is set to 1 Ωm or 10, 000 Ωm,
respectively.

For this data set the starting resistivity of the half-space was changed from the
original 20 Ωm to ≈ 39 Ωm. With this model the initial misfit has decreased from
≈ 190 to ≈ 57. As can be seen in fig. A.6 this also leads to a stable inversion.

If all else fails, the last possibility to reduce the starting misfit is to remove the
data points producing with the biggest deviation.

A.2.1 Using the second derivative roughness definition R2

The problem with respect to high initial misfits is even more severe using the sec-
ond derivative roughness definition R2 from eqns. 3.17 and 3.20. Again, the inver-
sion might be tempted to use very high values for λ at early iteration steps. Using
R2 an additional problem might occur, because the matrix PT P itself is singular3.
At least ONE information has to be provided by the data, either which resistivity
(R1) or which resistivity gradient (R2) should be applied to all layers.

High values for λ thus lead to a model with a arbitrary but homogenous resistiv-
ity for the first derivate roughness definition. For R2, high values for λ may result in
models, where an initial resistivity gradient is extended to depth, producing layers
with unreasonable resistivities4. Inverting field data sets with the standard inver-
sion scheme from fig. 5.6, occasional models with resistivities lower than 10−40 or
higher than 1040 appeared. These extreme resistivity values make the evaluation of

Typically the algorithm changes more or less only the half-space resistivity in the first iteration /em
without choosing extreme values for λ. The problems seem to occur – as in this case – mainly, when
few data points dominate the misfit. Optimising the resistivity of the half-space has the same effect
as doing one iteration and resetting the regularisation parameter, but is computationally cheaper.

3“Smooth” models in a R1- or R2-sense are ambiguous. For R1, a model is smooth if all layers
have the same resistivity, regardless of which one. For R2, the change in resistivity between any
adjacent layers have to be the same, regardless of how big this change is.

4Unless plasma, ideal vacuum or supra-conducting material is concerned, the resistivity ranges
between 10−8 (metals) and 108 (air).
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f(m) unstable. Thus, the entries in the model vector used for the model response
calculation have to be limited to values between 10−10 and 1010.

The problem described in this section for a synthetic data set was also encoun-
tered several times inverting field data sets. As a result, for all inversion shown in
this work, the resistivity of the starting model was optimised prior to inversion as
described. As an additional fall-back, the regularisation was damped as in fig. A.5.

Inverting field data another problem showed up. Sometimes the inversion algo-
rithm decreased the misfit in early iterations but afterwards failed to decrease the
misfit further. Depending on the starting point for the search routine for λ the algo-
rithm again chose very high regularisations, degrading the misfit to its initial value.
This happens because for λ → ∞ the misfit is much smaller then λmT

nPTPmn. The
cost function thus is dominated by the roughness, and the algorithm will return to
the homogenous half-space. In the future it might be useful to restrict the λi to val-
ues ≤ λi−1. Probably, a search algorithm other than the golden section search can
solve this problem.

To circumvent these problems, I switched back to the standard discrepancy prin-
ciple in cases where the algorithm failed to converge at a reasonable level of misfit.



APPENDIX B

1-D pseudosections of synthetic 2-D models

This appendix shows the results of the inversions of all synthetic data sets calcu-
lated for chapter 5. The appendix is only contained in the long version of the thesis
also available as PDF.





APPENDIX C

The field data sets

This appendix lists the coordinates and the Tx- and Rx-parameter for the field cam-
paign in Israel (chapter 6). In addition, all LOTEM-transients measured during
the field-campaign are displayed, including single Occam’s inversion results. The
appendix is only contained in the long version of the thesis also available as PDF.





APPENDIX D

Geophysical interpretation for the non-calibration sites

This appendix discusses the results at all Rx-sites. In sec. D.1 the interpretations
for all sites measured during the campaign are presented, except for those which
are already shown in chapter 6. Sec. D.2 shows the statistics for all SJIs and FJIs
made for the interpretation. Tables in this section lists how many data point were
removed from each data set prior to inversion. The section is only included in the
CD-version.

D.1 Geophysical interpretation of the Rx-sites

In this section the geophysical interpretation for all sites are presented. Excluded
are the calibration sites (see sec. 6.3.1) and the sites BSA and BSB (see sec. 6.3.3).

D.1.1 Site AFA

The site AFA is located in the Zevulun plain, in the northern part of the area under
investigation. There is only one LOTEM-Rx-station close to a borehole “Afeq”. Two
SHOTEM measurements were done close to the spread: N3, a Cycle-5M data set
NW of the spread and N8, a Geonics data set closer to the Tx. The borehole and
the LOTEM-Rx are located on a dome structure (see fig. 6.8). Left panel of fig. D.1
shows a schematical plot.

From the synthetic data modelling (cp. sec. 5.3.3), it is expected that the resistive
dome structure will not resolved by the LOTEM data. The resulting model thus
should resemble the model below the Tx.

At AFA all five components were measured. Ey and Ḣx are far smaller than
their perpendicular counterparts, indicating that the (relevant) resistivity structure
is nearly symmetric to a line perpendicular to the Tx. The right panel of fig. D.1
shows the resistivity transforms for the two magnetic components Ḣy and Ḣz.
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Figure D.1: Left: Sketch of the dome structure at the AF-spread; the position of the LOTEM-Rx
coincides with the borehole location. The gray-scale indicate the resistivity structure from black
(resistive) to white (conductive). The light area above the dome structure displays an aquifer filled
with saline water. Right: Resistivity transform curves for the Rx-site AFA;

The SJI of the two SHOTEM data sets shows moderately consistent results (fig
D.2a), especially at depth. I decided to choose N8 for joint-inversions with the
LOTEM data set, as N3 is off the spread. N8 is thus supposed to reflect better
the situation at the LOTEM-spread. Fig. D.2b shows the result of a SJI without Tx-
distortion. Two conductors are found, one around 200 m depth, the other at around
800-1100 m depth. This fits the inversion results for N8. Similar results are found
for different combinations of components. However, the exact depth to the top of
deeper conductor changes. Often, the top is found shallower.

Fig. D.2c shows the results of FJIs of the three LOTEM-components with the N8
transient in comparison with one typical SJI-result of these components. They basi-
cally show the same behaviour, although the top of the conductor is slightly deeper
in the models derived by the FJIs. The final analysis (fig. D.2c was done using these
four components. The deep conductive feature is well resolved. However, com-
paring the result to the SJI-result shown in fig. D.2c and single inversion result for
the Cycle-5M data set N3, models with a shallower top of the conductor are more
likely. This conductor is interpreted as aquifer bearing saline water.

The result from the equivalence analysis (fig. D.2)d fits the SHOTEM result at N3
comparatively well (fig. D.2a). The lithological information from the borehole is
not useful for the interpretation as it shows mainly carbonatic formations, besides
a thin layer of volcanics between 2000 and 2070 m depth. A resistive feature is de-
tected below the supposed saline water interface. As pointed out in the discussion
of site TAB, at first this seemed unreasonable, as the salinity in general is expected
to increase with depth. In fact, water samples taken from the borehole at a depth
of around 2250 m exhibit high salinities (19, 000 mg Cl−/l). However, a resistivity
log, which is unfortunately not available, showed medium resistivities above 670 m
and below 900 m depth and a conductive zone in between [U. Kafri, pers. comm.].
This fits the TEM results very well. The increase in resistivity thus is caused by a
change of the physical parameters of the geological formations, perhaps a change
in porosities.
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Figure D.2: Inversion results for the transients recorded at AFA; a: Comparison of the SJI-results
for the SHOTEM data sets N8 and N3; b: SJI result for all LOTEM-components excluding Tx-
distortion; c: SJI and FJI results for the LOTEM-components and the SHOTEM-transient N8
with Tx-distortion (“FJI/d” and “SJI/d”) and without (“FJI”); d: Equivalence analysis using the
LOTEM-transients and the SHOTEM data set N8; the black lines shows the best model (χ = 3.83),
the dashed line the Occam’s-inversion result (χ = 3.89) and the gray lines models with χ < 4.21.
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D.1.2 Sites AUA and AUB

The three stations at AUA approach a SW-NE trending fault visible as a displace-
ment of ≈ 500 of the Judea Group in fig. 6.8. This fault intersects Tx and Rx-sites of
the SA setup. Because distortions are expected at SAA, the AUA-site was set up in
the second survey as a backup.

Unfortunately, the GPS-record for the ESE electrode of the Tx AU got lost. The
approximate length (≈ 1000 m) and direction is know from the field logs. To inter-
pret the transients, I calculated the calibration factors of the AUA-Ḣz-components
for different electrode positions (and thus different Rx-positions relative to the Tx).
They were closest to 1.0 for a dipole length of 940 m. The positions of the Rx-
components were chosen accordingly.
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Figure D.3: Resistivity transform curves for the
Rx-site AUA;

Only one Ḣy- and one Ex-sensor was
set up at AUA. The resistivity trans-
form curves for the Ḣz-components
show a similar behaviour until late
times (fig. D.3). There, all Ḣzs in gen-
eral show an increase in the resistivity
transform curves but the shape is dif-
ferent. This increase is produced by a
unusually fast decay at late times in the
transients. The Ḣz at the station AUA3
closest to the fault even exhibits a sign
reversal at late times. To counteract this
distortion, the last 12 data points were

removed from the transient. The SHOTEM site N22 is located close to the Rx-
stations.

SJIs of the Ḣz-transients resulted in quite similar models showing conductive fea-
tures at a depth of around 100 m and between 300-500 m. These conductors are
also resolved by the SHOTEM-transient (fig. D.4a). The models obtained by SJIs
of different components are similar with respect to these features (fig. D.4b). How-
ever, the thickness of the deeper conductor and anything below it is not stable. The
SJIs of all six TEM-components show a similar behaviour (fig. D.4c), as well as the
equivalence analysis (fig. D.4d).

The resolved features in the equivalence analysis are similar to the results of the
SJIs. The shallow conductor is not well resolved, nor is the top of the lower con-
ductor. The thickness of this lower conductor, as well as anything deeper are not
reliable obtained from SJIs. In this case, the LOTEM data set could not provide
additional information to the SHOTEM data set. The probably slightly distorted
LOTEM-transients however, fit the model of the SHOTEM data set, but they de-
grade the misfit. For a final interpretation, only the SHOTEM data set should be
used.

The second Rx-site AUB was set up SE of the Tx. SSW of the Rx-site AUB, the
SHOTEM-transient N21 was recorded. Unfortunately, all LOTEM-Ḣy and -Ḣz are
too distorted by ambient noise, leaving only two Ex- and the SHOTEM-transient
for the interpretation.
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Figure D.4: Inversion results for the transients recorded at AUA; all inversion shown involving hor-
izontal components are done with free Tx-distortion parameters. a: Comparison of the SJI-results for
the Ḣzs and the inversion of the SHOTEM data set N22; b: SJI result for all LOTEM-components;
c: SJI results for all TEM-components; d: Equivalence analysis using all six TEM-components; the
black lines shows the best model (χ = 2.30), the dashed line the Occam’s-inversion result (χ = 2.29)
and the gray lines models with χ < 2.52.
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Figure D.5: Resistivity transform curves for the Rx-sites BEA (left) and BEB (right);

Using free Tx-distortion parameters, the misfit is improved in the SJI of the two
Ex-transients. Both Exs see a conductive feature in intermediate depths. However,
the depth and resistivity for both transients is not consistent. Also, they are not
consistent to the SHOTEM-transient. Thus, no reliable resistivity models could be
expected from the LOTEM data sets. The site was discarded.

D.1.3 Sites BEA and BEB

The BE-spread is placed in the Harod Valley. A fault with a displacement of ≈ 1 km
runs parallel to the spread . Fig. D.5 shows the resistivity transform curves for the
two sites BEA and BEB. Although the Ḣy-components seem to be consistent along
the spread, the Ḣz-transients show a opposite behaviour. The rapid decay of the
Ḣz-transients at late times at Rx-site BEA suggest an extremely resistive basement.
At BEB, the slow decay in the late time part of the Ḣz-transients produces very low
late time apparent resistivities. The Ḣz-transients are also not very consistent in the
early time part.

The cause for the inconsistent behaviour of the Ḣz-transients at BEA and BEB is
unknown. The most prominent multidimensional feature, the fault parallel to the
spread, may effect the data. However, since the distance to the fault is similar at
both sites, it would be expected that the distortion would be the same at both sites
and not the opposite. It is more likely that the distortions are caused by lateral
changes along the directions of the spread.

The model calculations in sec. 5.3 show that if the Tx is placed on a model bound-
ary, sites on particular sides of the Tx will almost exclusively represent the subsur-
face between their location and the Tx-position. If different transients on both sides
of the Tx are measured, it thus is reasonable that they reflect the subsurface below
each Rx-site.

However, no indication for a geological boundary at the position of the Tx is
found at BE. The shape of the distorting structure remains unknown. Regardless of
what the analysis below will show, the results at these sites can not be considered
to be very reliable.
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Figure D.6: Inversion results for the transients recorded at BEB; a: SJI results for all LOTEM-
components including Tx-distortion inversion; b: SJI result for all seven TEM including Tx-
distortion; c: SJI results for all TEM-components, excluding the two LOTEM-Ḣzs with Tx-
distortion; d: Equivalence analysis for all transients, except for the LOTEM-Ḣzs; the black lines
shows the best model (χ = 2.64), the dashed line the Occam’s-inversion result (χ = 3.00) and the
gray lines models with χ < 2.90.
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Close to the Rx-stations the SHOTEM data sets N11 (BEA) and N12 (BEB) were
recorded. N11 and N12 are possibly distorted by multidimensional structures [M.
Goldman, pers. comm.]. However, inverting the data sets in an SJI, all models
show a similar behaviour. They exhibit a conductive feature between 100 and 200
m depth. This is also in accordance with the results for the nearby SHOTEM site
N25. The misfits, however, are not good, especially at N11.

The results for site BEB are comparatively stable. Including the Tx-distortion pa-
rameters in general did not change the resulting models much. However, in most
cases a lower misfit was achieved with Tx-distortion. Fig. D.6a shows the results of
a SJI using all LOTEM-components with Tx-distortion. The models are quite con-
sistent. Nevertheless, the models for the two Ḣz-transients differ slightly from the
ones for the other four data sets. Even a seven component joint-inversion is pos-
sible (fig. D.6b). The SHOTEM-transient introduces a shallow conductor between
100 and 200 m depth.

Comparison of the different inversion results showed that using the Ḣz-transients
causes the deep conductor to move downward. Its top is then around 2000 m deep,
compared with ≈ 1400 m required by the other components. Fig. D.6c) shows a SJI
of all TEM-components except the LOTEM-Ḣzs. The model is very similar to the
model from fig. D.6b, but the deep conductor has moved upwards.

As mentioned above, the Ḣz-transients at the BE-sites are questionable, as they
differ from one site to the other over the whole time range. I thus decided to skip
the LOTEM-Ḣz-transients for the final inversion. The result of the final equiva-
lence analysis is shown in fig. D.6d. Here, the LOTEM-Ḣys and -Exs were used
in addition to the SHOTEM-transient. The FJI result displayed is the one without
Tx-distortion parameters, as the other FJI failed to converge on a low misfit level.
The resulting models are similar to the ones from the different SJIs. However, the
shape of the deep resistive feature changed, compared with the SJIs.

The inversion of the data from BEA is more problematic. All TEM-components
show a similar behaviour with an increased resistivity at depths > 200 m. How-
ever, the depth to this increase is very different. The Ḣz-components show a very
sharp conductive zone between 1000 and 2000 m depth (fig. D.7a). Depending on
the choice of components, mainly two different models can be obtained. If only
the horizontal components Ex and Ḣy are used, the model shown in fig. D.7b is ob-
tained, exhibiting conductive zones at 400-900 m and below 2000 m depth. If either
the SHOTEM data set or the LOTEM-Ḣzs are used, the model looks very different
(fig. D.7c), although the misfit of the horizontal components is only a little higher,
unless the SHOTEM-transient is included. The SHOTEM data set mainly intro-
duces the shallow conductor including the rapid increase in resistivity at a depth
of 200 m. The deeper part is not changed.

The models obtained using also the Ḣz-components are more consistent with the
ones obtained at BEB (and RZB, sec. D.1.15), but these data sets are supposed to be
distorted. From the data set, it can not be decided which model is more likely. For
the horizontal components, the FJI-inversions gave models, which are somewhere
in between the two choices. Thus, for the equivalence analysis all seven TEM-
components are used (fig. D.7d). The features are similar to the ones found in the
SJIs including the vertical magnetic field derivatives.
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Figure D.7: Inversion results for the transients recorded at BEA; All inversions shown includ-
ing horizontal components are done with Tx-distortion; a: SJI results for the individual LOTEM-
components and the single inversion result for N11; b: SJI result for the LOTEM-components Ex

and Ḣy; c: SJI results for all TEM-components; d: Equivalence analysis for all transients; the black
lines shows the best model (χ = 5.37), the dashed line the Occam’s-inversion result (χ = 5.37) and
the gray lines models with χ < 5.90.
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The deeper conductors found in the equivalence analyses at BEA and BEB are in-
terpreted as aquiferous formations bearing saline water. Neglecting the two equiv-
alent models found at BEA, these conductors in general are well resolved. Because
of unclear origin of the different late time behaviour of the transients at BEA and
BEB, the results are considered only medium reliable.

D.1.4 Sites CAA and CAB

The Tx CA is located in the Carmel mountains. The Rx-site CAA was placed on a
small anticline. Here, only one station could be set up. For the interpretation, the
Ex-, Ḣy- and Ḣz-transients are used. Nearby two SHOTEM data sets – N4 and N30
– were recorded. The latter is located exactly at the Rx-position. At N4 the Geonics
and Cycle-5M equipment was used. In this particular case, the Cycle-5M data is
worse than the Geonics data set. Thus, the latter was used for the inversions.
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Figure D.8: Resistivity transforms curves for site
CAA;

As fig. D.8 shows, the Ḣy decays to
noise level at very early times. Be-
sides the information that the shal-
low part of the earth is resistive, noth-
ing can be derived from this transient.
The SHOTEM data set N30 is skipped,
because it shows signs of multidi-
mensional distortions [M. Goldman,
pers. comm.]. The inversions shown
here were done using only N4 and
the LOTEM-Ex and -Ḣz. Using the
SHOTEM data set N30 gave qualita-
tively the same results as N4.

SJIs of the usable LOTEM-components results in much better misfits if Tx-
distortion is included in the inversion. However, the resulting models show the
opposite behaviour to the single inversion of N4 in the upper part (fig. D.9a). An
SJI of the three TEM-components worked well and gave roughly the same misfits
as inverting the N4 or the two LOTEM-components. As could be expected, the re-
sult is dominated by the N4-transient (fig. D.9b). The models show a conductive
feature between 100 and 200 m depth and a drop in resistivity at ≈ 550 m to values
of around 20 Ωm. Between 1000 and 2000 m depth indications for an additional
conductive feature are found. The same features are found using a FJI.

Fig. D.9c shows the equivalence analysis for the three TEM-components. The
models resemble the SJI-results. It is not clear from this plot, if there is a deep
conductive feature in every model. In fig. D.10 (left) the minimal resistivity of each
model shown in fig. D.9c in the depth range between 1000 and 1600 m is plotted
versus the model’s misfit relative to the best misfit. It shows that all models show
a conductive zone with less then 12 Ωm in this depth range.

In a nearby borehole, water with a salinity of only 262 mg Cl−/l is found at a
depth of 395 m. This rapidly increases to values of 5, 500 to 6, 100 below 510 m
depth. This correlates very well to the drop in resistivities found in fig. D.9c. The
deep conductive feature may reflect water of higher salinities.
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Figure D.9: Inversion results for
the transients recorded at CAA; all
inversion are done with free Tx-
distortion parameters. a: Comparison
of the SJI-results for the two LOTEM-
components Ḣz and Ex and the inver-
sion of the SHOTEM data set N4; b:
SJI results for the LOTEM data sets
and N4; c: Equivalence analysis for
the three TEM-components; the black
lines shows the best model (χ = 1.63),
the dashed line the Occam’s-inversion
result (χ = 1.88) and the gray lines
models with χ < 1.79.

At site CAB only one single Ḣz was recorded. There are no signs of distortion
(fig. D.10, right). Fig. D.11 shows the inversion results. In the depth range roughly
between 1000 and 1500 the models show an indication for a conductive layer with
ρ < 10 Ωm. Again, the smaller the resistivity the deeper and thinner the layer is.
Below, resistivity increases to values higher than 50 Ωm, to drop again to values



210 Geophysical interpretation for the non-calibration sites

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

 11

 12

 1  1.01  1.02  1.03  1.04  1.05  1.06  1.07  1.08  1.09  1.1

R
es

is
tiv

ity
 / 

Ω
m

Relative misfit

 0.1

 1

 10

 100

 1000

 0.001  0.01  0.1  1

R
es

is
iti

vi
ty

 tr
an

sf
or

m
 / 

Ω
m

Time / s

dHz1/dt

Figure D.10: Left: The minimal resistivities for every model from the equivalence analysis shown
in fig. D.9c in a depth range from 1000 and 1600 m (site CAA); the resistivity is plotted against
the misfit of the individual model relative to the misfit of the best model found. Right: Resistivity
transforms for the Ḣz-component recorded at CAB (right);
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Figure D.11: Equivalence analysis for Rx-site CAB for the depth range between 50 and 3000 m
(left) and 800 and 2800 m (right); the best model (black line) has a misfit of χ = 0.70, the average
misfit is 0.74. The plots show all models with χ ≤ 0.77 (light gray) and the Occam’s inversion
result (dark gray) with χ = 0.70.

around 10 Ωm at depths greater than 2 km.

The conductive feature between 1000 and 1500 m depth at CAB may reflect the
aquiferous formation which is the target of the survey. However, as the interpre-
tation at CAA and CAB is based on a few transients only, these results are only
semi-reliable.
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Figure D.12: Resistivity transform curves for the Rx-site DVA (left) and DVB (right);

D.1.5 Sites DVA and DVB

The Tx DV was placed in the valley branching off the Yizre’el Valley to the Sea of
Galilee. The site DVA is placed on the foot of a hill rising behind the stations. The
hill is divided from the valley by a fault line with a huge displacement of several
hundred meters. DVA was originally planned as calibration site, as a deep borehole
is drilled close to the fault structure. It was possible to place the Rx-sites a few
hundred meters away from the fault to avoid the expected distortions.

At one of the two Rx-stations at DVA the (R)-coil was set up in addition to a
(N)-coil to compare the signals from both coils. The transients look the same. For
interpretation only the data from the (R)-coil was used, because the SNR is slightly
better. The resistivity transform curves are shown in the left panel of fig. D.12. They
show no obvious signs of distortions.

DVB is located on a basaltic hillside south of the Tx DV. Two stations were set
up with two Ex-, Ḣy- and Ḣz-sensors each. As can be seen in the left panel of fig.
D.12, the Ḣz-components show strange depressions around 9 ms. Therefore, the
first 14 data points were removed from these transients. For logistical reasons, no
SHOTEM-transient could be recorded there. The data N7 was recorded at the Tx-
site. However, as the Rx-site is elevated a few hundred meters above the Tx, the
depths are not comparable. I regarded joint-inversions of SHOTEM and LOTEM
data sets therefore as unreasonable.

Two SHOTEM-measurements were made in the vicinity of DVA. The Cycle-5M
transient N2 was recorded at the Rx-site DVA and the Geonics data set N7 was
recorded at the position of the Tx. A SJI of these two transients result in quite
different models (fig. D.13a). This indicates lateral changes between the Tx- and
Rx-positions as would be expected because of the fault.

The hill behind the Rx-site acts as a shallow conductor behind the spread
[Hördt and Müller, 2000]. The model calculations in sec. 5.3 showed that the Ḣz-
component close a lateral boundary tend to introduce artifical structure. Skipping
the Ḣz-transients thus is reasonable. The fault, however, will be suppressed in the
inversions. The model will reflect mainly on the subsurface towards the Tx (see the
model calculations for the models K1 to L3 and the left part of model M in chapter
5).
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Figure D.13: Inversion results for the transients recorded at DVA; all inversions shown including
horizontal field components are done with Tx-distortion. a: Results for the SJI of the SHOTEM data
sets N2 and N7; b: Results for the SJI of the individual LOTEM-components; c: Results of the SJI
for the LOTEM-components Ex and Ḣy; d: Results of the SJI for the LOTEM-components Ex and

Ḣyand the SHOTEM data set N7;
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Figure D.14: Equivalence analyses for data sets recorded at DVA; left: Equivalence analysis for

the LOTEM-Exs and -Ḣys; the black lines shows the best model (χ = 1.55), the dashed line the
Occam’s-inversion result (χ = 1.55) and the gray lines models with χ < 1.71. Right: Equivalence
analysis for the LOTEM-Exs and -Ḣys and the SHOTEM data set N7; the black lines shows the
best model (χ = 2.61), the dashed line the Occam’s-inversion result (χ = 2.56) and the gray lines
models with χ < 2.87.

Inversions including the electric fields result in high misfits and inconsistent
models if no Tx-distortion is allowed. The horizontal components give similar re-
sults, whereas the LOTEM-Ḣzs suggest models which show a completely contrary
behaviour in deeper parts (fig. D.13b). Where Ex and Ḣy see a conductive zone
around 1000 m depth, the Ḣz indicates two distinct zones significantly above and
below this depth. The upper one is in accordance to the SHOTEM data set N2.
This inconsistency is not resolved by SJIs including the other components, unless
all LOTEM-components are used. Here, the information from the Ḣz-transients is
suppressed. The resulting models are similar to the results obtained by using Ḣy or
Ex only.

SJIs of the Ḣy- and Ex-transients give stable results, which are similar to the ones
obtained by inverting either the Exs or the Ḣys (fig. D.13c). Adding the SHOTEM-
transient N7 mainly changes the depth to the shallow conductor, but the depth to
the deep conductive feature also increases slightly (fig. D.13d). FJIs of the compo-
nents give roughly the same results, but the structures below the deep conductor
are not stable and thus considered unreliable.

Fig. D.14 shows the results of the equivalence analysis using the LOTEM-Ḣys
and -Exs (left) and the SHOTEM-transient N7 (right) in addition to the LOTEM-
transients. Both ensembles resemble their FJI results. The SHOTEM result is far
better constrained. However, the conductive feature still has to be deeper than
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without the SHOTEM data set. Although this might indicate a deeper top of the
conductor, this seems not very reliable.

At DVB including the Tx-distortion parameters in inversions results in far better
misfits. The SJIs of the individual components of both stations are quite consis-
tent for the Ḣys and Exs, showing two conductive features around 400 and 1100 m
depth, respectively. The Ḣzs show a different picture with only one deep conductor
at 1000 m (fig. D.15a). Due to the removal of the first time points shallow structures
can not be resolved with these transients.

The discrepancy between the Ḣz-transients’ results and the ones for the other
components are not severe. Even SJIs of all six LOTEM-components were success-
ful and give about the same model as the SJIs of the Ḣys and Exs, respectively (fig.
D.15b). FJIs including all LOTEM-components however, produced different mod-
els (fig. D.15c).

The situation here is similar to DVA and YAB, with respect to the Rx-position
relative to the Tx and the hill. Also, as the stations were set up on the slope of
the hill, the Ḣz-sensors could be tilted. This means, it is reasonable to discard the
Ḣz-transients from the inversions. FJI of the two Ḣy- and Ex-transients resulted
in models similar to the ones produced by the SJI of all components. Fig. D.15d
shows the result of the equivalence analysis using all but the Ḣz-transients. The
most prominent feature is a conductive zone ≤ 10 Ωm between 1 and 2 km depth.

Overall, I obtain slightly different models along the spread. At the Rx-site DVA,
inversions of the SHOTEM data set N2 found a conductive feature at depths of
around 600 m. This is in very good accordance to the results of the shallow bore-
hole “Devora-1”, to the north of this site, where salinities of 780 and 18, 000 mg
Cl−/l were found at depths of 317 and 645 m, respectively. The LOTEM-inversions
using the Ḣy- and Ex-transients at DVA found a different minimal depth of 800 m.
This result is supposed to reflect also the subsurface closer to the Tx. The depth in-
creases, if the SHOTEM-transient N7 located at the Tx is included in the inversion.
At DVB the top of the conductor is found at around 1000. As this site is elevated
≈ 120 m above the Tx, this depth have to be reduced by, say, 60 m, locating the
result roughly between Tx and Rx-site. In a shallow borehole in the vicinity of DVB
water with a salinity of ≈ 1, 000 mg Cl−/l at a depth of 360 m was found in pump-
ing tests. As a source of salinity a saline layer at a depth of 1000 m is likely [U.
Kafri, pers. comm.]. Overall, the DV-spread shows a consistent picture of a NW-SE
sloping saline water interface.
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Figure D.15: Inversion results for the transients recorded at DVB; unless otherwise stated, all
inversions shown are done with Tx-distortion. a: Comparison of the SJI results for the individual
LOTEM-components; b: Results for the SJI of all LOTEM-components; c: Results of the FJI of
all six LOTEM-components with (“FJI/6cd”) and without Tx-distortion (“FJI/6cd”) compared to
one SJI-result of these components (“SJI/6cd”); d: Equivalence analysis for the LOTEM-Exs and
-Ḣys; the black lines shows the best model (χ = 0.52), the dashed line the Occam’s-inversion result
(χ = 0.82) and the gray lines models with χ < 0.57.
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D.1.6 Site EMA
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Figure D.16: Resistivity transform curves for the
Rx-site EMA;

The EM spread is located in the Carmel
mountains, parallel to the CA spread.
Only one site is used with Tx EM, be-
cause there is a military base located
ESE of the Tx. EMA consists of two
stations on a anticline between two
hills. All five measurable components
were recorded, from which two Ex,
Ḣy and Ḣz will be used for 1-D inter-
pretation. Additionally, the SHOTEM
data set N29 was recorded here. The
resistivity transforms for the LOTEM-
components show only slight devia-
tions at the first view data points.

SJIs of the different components show a rather inconsistent picture. The mag-
netic components’ SJIs work well but the Ḣy-results look significantly different if
Tx-distortion is introduced. However, if this is done, the models are similar to the
Ḣz-SJI-results. Also, the misfit is lower. The Ex-SJI fails to converge on to low mis-
fit, when the Tx-distortion is included. Without distortion, the models for both
stations’ electric fields differ and contradict the results for the magnetic compo-
nents. Common to all models is the highly resistive upper part (possibly below a
thin conductive overburden) and a drop in conductivity in deeper parts. They dif-
fer, however, in the depth to this drop (≈ 600 m for the magnetic components, see
fig. D.17a).

SJI-results for all LOTEM-Ḣs show a similar behaviour, but there is an additional
conductive layer between 300 and 400 m depth. Similar models are found using
the Ex-transients as well. The resistive zone at 500 to 800 m depth becomes more
resistive. If the SHOTEM data set is included, the model changes slightly: The drop
in resistivity occurs at shallower depths and the underlying earth shows no obvious
features. It is more or less a homogenous half-space with ≈ 30 Ωm. However,
the misfit in this case is significantly worse than for SJIs without the SHOTEM-
transient.

FJIs of all TEM-components gave models roughly similar to the ones from the
SJIs. However, from the previous results showed that if the model changes at depth
when including SHOTEM data sets, the model is less reliable. Also, the misfit was
degraded, when including N29. FJIs of the LOTEM-components only resulted in
models different to the ones from the SJIs.

fig. D.17 shows also the outcome of the equivalence analysis for the six LOTEM-
(c) and the all TEM-components (d). Both are quite ambiguous. Well resolved is
only the existence of a drop in resistivity, but the depth to this decrease is question-
able. The existence of this increase, however, fits the results of CAA. The deeper
part is not resolved, as the different inversions showed no consistent features.
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Figure D.17: Inversion results for the transients recorded at EMA; unless otherwise stated, all in-
versions shown are done with Tx-distortion. a: Comparison of the SJI results for the individual
LOTEM-components; b: Comparison of the results of SJIs using different combinations of compo-
nents: With all LOTEM-Ḣs (“dH/dt”), with all LOTEM-components (“+Ex”) and with all TEM-
components (“+N29”); The displayed models are representative for all other models obtained by
these SJIs; c: Equivalence analysis for all LOTEM-components; d: Equivalence analysis for all
TEM-components; the black lines shows the best model (χ = 1.57), the dashed line the Occam’s-
inversion result (χ = 1.89) and the gray lines models with χ < 1.73.
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D.1.7 Site ENA
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Figure D.18: Resistivity transform curves for the
Rx-site ENA;

The site at ENA is located in the coastal
plain, 5 km east of the borehole “Beit-
Eliezer”. The Rx-site had to be set up
close to several power-lines. The ana-
log notch-filter at 50 Hz was used, to
suppress the noise. This results in long
system responses (fig. D.18).

On this day, the damaged (B)-sensor
was used at one station. The trans-
ient is not included in the interpreta-
tion, leaving two Exs and Ḣys and one
Ḣz. For logistical reasons, no SHOTEM
measurement was made at the exact

Rx-position. Instead, the data set NRU6 was recorded between Tx and Rx, using
the Cycle-5M equipment.

Most stable are the SJIs of both Ex-transients. Including Tx-distortion does not
change the resulting models. The models for the SJIs of the Ḣy-transients differ for
both stations, especially at depths > 1000 m. Although the misfit is similar when
Tx-distortion parameters are included in the inversion, the model changes. The Ex-
results also fit the SHOTEM results very well and are comparable to the SJI of the
Ḣys with Tx-distortion (fig. D.19a). All models show a shallow conductor around
200 m depth. Additionally, a deep conductive feature is found. The depth to this
second conductor differs however, depending on the component used.

SJIs of different TEM-components show different results. They can be divided
into two classes. The first one exhibits a resistive zone at depths of 600 to 1300
m (fig. D.19b). This class of models is mainly created from SJIs dominated by the
LOTEM-Ḣys. In the larger second class the resistive feature is shallower (between
300 and 900 m, see fig. D.19c). With the additional information from the bore-
hole at ENB, the second class seems more likely. Thus, the LOTEM-Ḣys seem to
be distorted. The equivalence analysis was made using all both LOTEM-Exs, the
LOTEM-Ḣz and the SHOTEM data set NRU6 (fig. D.19d).

The model here is similar to the result as ENB (sec. 6.3.1), especially with respect
to the deep conductive feature, which correlate well with the saline water interface.

D.1.8 Site GBB

GBB is the site east of the Tx GB. The resistivity transforms for the magnetic com-
ponents show a behaviour similar to the transients recorded at BSB indicating a
very conductive earth (fig. D.20). At intermediate times (6-60 ms) the Ḣz-transients
show some inconsistencies. If these data points are removed, too few time-points
remain for inversion. However, the discrepancies are not very big, thus only the
first five time points were cut off. The SJIs should show, whether the Ḣz-data sets
have to be discarded completely. In addition to the four LOTEM-Ḣ-components,
one Ex-transient and the SHOTEM data set N20 was recorded at this site.
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Figure D.19: Inversion results for the transients recorded at ENA; all inversions shown are done
with Tx-distortion. a: Comparison of the SJI results for the individual LOTEM-components and the
SHOTEM data set NRU6; b: Results for the SJI of all LOTEM-Ḣ-components; c: SJI-results for all
TEM-components; d: Equivalence analysis for all but the LOTEM-Ḣy-components; the black lines
shows the best model (χ = 3.73), the dashed line the Occam’s-inversion result (χ = 3.71) and the
gray lines models with χ < 4.10.
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Figure D.20: Resistivity transform curves for the
Rx-site GBB;

SJI of the single components show
similar features, namely a drop in re-
sistivities below 100 m depth followed
by a resistive zone in a depth range of
250 to 500 m. The next conductive zone
is located at depths between 600 and
900 m. In the upper part these models
are similar to the SHOTEM model (fig.
D.21a) and also to the result at GBA.
The model do not change significantly,
when Tx-distortion is included into the
inversion process.

SJIs of different LOTEM-components
also do not change the resulting models. In particular omitting the distorted Ḣz-
transients does not change the result. The biggest difference in the models are
found in the resistivity of the resistive feature and the base of the deep conducting
feature. All in all, using all five LOTEM-components seems reasonable (fig. D.21b).

Including the N20 data set, the shallow part of the model changes. Interestingly,
a thin layer with an extremely low resistivity < 1 Ωm is introduced by the LOTEM-
components. This layer did not even show up in the single SHOTEM inversion.
The conductive feature between 100 and 250 m depth moves downward. The
deeper part does not change (fig. D.21c).

FJIs of all LOTEM-components reproduced the models from the SJIs. FJIs in-
cluding the SHOTEM data set in general converged at high misfit levels. Also, the
models differed from the SJI with and without the N20 data set. For the equivalence
analysis (fig. D.21d) only the LOTEM-transients were used.

The model is very similar to the one found at GBA and PHB. The upper part is
less resistive, which might be related to the fact that this site is closer to the sea. As
discussed in the sections for GBA and PHB the conductive features are believed to
be caused by the geology, although how is unknown. As discussed for site GBA,
the saline water interface can not be detected here, due to the shorter transients and
the low resistivities of the overlying formations.

D.1.9 Sites HAA and HAB

These two sites are located in the NE of the survey-area, close to the Sea of Galilee.
Fig. D.22 shows the apparent resistivity curves for HAA (left) and HAB (right). At
HAA, the Ḣz-transients show only slight differences around 10 ms. All in all, the
agreement between the two Rx-stations’ data sets is good. Two of each Ex-, Ḣy- and
Ḣz-transients were used. At HAB, the faulty (B)-coil was used. The data recorded
with this sensor was not used for interpretation. The early times of all magnetic
components indicate that the subsurface exhibits a conductive upper part. How-
ever, both Ḣy-transients differ slightly at early times. Also, the early time depres-
sion in the Ḣz-component is suspicious. Additionally to the LOTEM data sets, the
SHOTEM data sets N27 (at HAA) and N31 (at HAB) are available.
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Figure D.21: Inversion results for the transients recorded at GBB; a: Comparison of the SJI results
for the individual LOTEM-components without Tx-distortion and the SHOTEM data set N20; b:
Results for the SJI of all LOTEM-components including Tx-distortion; c: SJI-results for the two
Ḣy-, the Ex- and the SHOTEM-transient including Tx-distortion; d: Equivalence analysis for all
LOTEM-components; the black lines shows the best model (χ = 2.56), the dashed line the Occam’s-
inversion result (χ = 2.45) and the gray lines models with χ < 2.82.
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Figure D.22: Resistivity transform curves for the Rx-sites HAA (left) and HAB (right);

At HAA, SJIs of the individual LOTEM-components worked well. For all com-
ponents similar models were obtained, showing conductive zones between 200 to
500 and 1000 to 2000 m depth. The depth to these features varies, depending on the
component. SJIs of the LOTEM-Ḣys result in models where the shallow conductor
is deeper, and the deeper is shallower than for the Ḣz-components (fig. D.23a). The
results of for the electric fields are in agreement with the Ḣzs for the shallow fea-
ture and with the Ḣys at depths greater then 1000 m. Inverting the Tx-distortion
parameter in general does not change the results. All SJIs including the LOTEM-
Exs fail to converge at lower misfits, thus showing very smooth models. SJIs with
the SHOTEM data set fail.

The slight discrepancy between the magnetic components remains even in SJIs
of all LOTEM-Ḣs (fig. D.23b). FJIs of either the magnetic transients only or all
LOTEM-components give similar results (fig. D.23c). The equivalence analysis was
done using all six LOTEM data sets (fig. D.23d). The lower part of the model is
well constrained. However, the exact depth to the deep conductive feature varies,
as well as the exact conductivity. The reason for this could be the slightly inconsis-
tent parameters for this feature found in the different components. Nevertheless,
the existence of this conductive feature is very likely as it was resolved by any in-
version which reached a sufficient misfit.

At HAB, the results are similar. The inversions including the electric fields only
converge at low misfit levels if Tx-distortions are included. SJIs of the differ-
ent components work well and give similar results. Fig. D.24a and fig. D.24b
show the results for SJIs of the three LOTEM-Ḣ-components and all five LOTEM-
components, respectively. They are similar, except for the resistive feature in 500-
950 m depth, which is more pronounced if the electric fields are included. Inver-
sions including the SHOTEM-transient do not reach a sufficiently low misfit and
their results differ significantly from the other inversions (fig. D.24c). For the equiv-
alence analysis, either the LOTEM-Ḣs or all LOTEM-components could be used.
FJIs using all five LOTEM data sets showed a different behaviour in the upper
part. For the equivalence analysis shown in fig. D.24d, only the magnetic LOTEM-
components were used. The deep conductive feature is considered reliable, as it
was found in any inversion excluding the SHOTEM data set, even when all five
LOTEM-components were used for the equivalence analysis.
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Figure D.23: Inversion results for the transients recorded at HAA; a: Comparison of the SJI results
for the individual LOTEM-components without Tx-distortion; b: Results for the SJI of the LOTEM-
Ḣ-components without Tx-distortion; c: Comparison between one representative SJI-result for the
SJI of all LOTEM-components without Tx-distortion (“SJI/6c”) and the FJIs with Tx-distortion ei-
ther for all LOTEM-Ḣs (“FJI/4cd”) or all LOTEM-components (“FJI/6cd”); d: Equivalence analysis
for all LOTEM-components; the black lines shows the best model (χ = 1.78), the dashed line the
Occam’s-inversion result (χ = 1.76) and the gray lines models with χ < 1.95.
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Figure D.24: Inversion results for the transients recorded at HAB; all results are obtained including

Tx-distortion. a: Results for the SJI of the LOTEM-Ḣ-components; b: Results for the SJI of all
LOTEM-components; c: Results for the SJI using all six TEM-components; d: Equivalence analysis
for all LOTEM-Ḣ-components; the black lines shows the best model (χ = 1.28), the dashed line the
Occam’s-inversion result (χ = 1.27) and the gray lines models with χ < 1.38.
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Figure D.25: Resistivity transform curves for the Rx-site KEA (left) and KEB (right);

D.1.10 Sites KEA and KEB

The Tx KE is located on a foothill of the Carmel. The Rx-site KEB is situated on the
coastal plain, whereas KEA is further eastward in Carmel. The data quality at both
sites is not very good.

At KEA, two stations were set up, each with an Ex-, Ḣy- and Ḣz-sensor. At the
same location the SHOTEM-transient N9 was recorded. One Ḣy-transient does
not contain any signal (fig. D.25, left). Possibly, the (K)-sensor was not switched
on. The log sheet also records that the protection cap was not removed from one
of the electrodes of the second Ex-sensor. The E-field sensor thus was coupled
half-capacitively to the ground which changes the system response significantly.
The transient therefore was not used for the inversion. The Ḣz-transients exhibit a
strange behaviour at early times. At KEA1 the Ḣz-curve even shows a sign reversal
within a few ms. For t > 10 ms both Ḣz-curves are similar. The cause for this strong
but rapid sign change is not clear.

At KEB two stations were set up with Ex-, Ey-, Ḣy- and Ḣz-sensors. The SHOTEM
data set N10 was also recorded there. The data sets here are even noisier than at
KEA, especially at late times. The Ḣz-transients differ at early times and are similar
only after 30 ms. All resistivity transform curves indicate a conductive basement
(fig. D.25, right).

The remaining Ḣy-transient at KEA does not fit the other four data sets. In SJIs
the associated models differ very much from the other components’ models. Fig.
D.26a shows an example for the SJI including Tx-distortion using all LOTEM-Ḣs.
The other components, two LOTEM-Ḣzs, one Ex and the SHOTEM data set fit well
(fig. D.26b). Tx-distortion changes neither the misfit nor the structure of the models.
Similar results are obtained by the FJIs.

In general, the models are resistive for depths up to 100 m and again exhibit a
resistive zone between 650 and 1000 m depth. Below the behaviour is erratic and
thus not reliable. As this position is quite close to the coast, the supposed seawater
intrusion should appear at shallow depths. The conductive feature at depths of
around 400-500 m is a likely candidate. It is not well resolved. Still, all models
within the equivalence range show resistivities < 14 Ωm in this depth range.
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Figure D.26: Inversion results for the transients recorded at KEA; a: Results for the SJI of the

LOTEM-Ḣ-components with Tx-distortion; b: Results for the SJI including Tx-distortion of all
TEM-components except the LOTEM-Ḣy; c: Comparison between one representative SJI-result
from panel b (“SJI/4cd”) and the FJIs for the same components without (“FJI/4c”) or with Tx-
distortion (“FJI/4cd”); d: Equivalence analysis for all but the LOTEM-Ḣydata set; the black lines
shows the best model (χ = 1.55), the dashed line the Occam’s-inversion result (χ = 1.59) and the
gray lines models with χ < 1.85.
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Figure D.27: Inversion results for the
transients recorded at KEB; a: Re-
sults for the SJI of the LOTEM-Ḣ-
components with Tx-distortion (for
the horizontal components); b: Re-
sults for the SJI of the LOTEM-Ḣ-
components without Tx-distortion; c:
SJI-results for all magnetic compo-
nents including Tx-distortion;

At KEB, the SJIs of the individual LOTEM-components show similar features, if
the Tx-distortion is included (fig. D.27a). Two conductive features are found at
depth, one around 300 m, the other below 1000 m. Especially the LOTEM-Ḣzs fit
the SHOTEM inversion results extraordinarily well. If no Tx-distortion is allowed,
the misfit of the horizontal components is increased by 50 %. The resulting models
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Figure D.28: Results of the equivalence analysis at KEB; left: Equivalence analysis for the five
magnetic components; the black lines shows the best model (χ = 1.37), the dashed line the Occam’s-
inversion result (χ = 1.37) and the gray lines models with χ < 1.50. Right: Equivalence analysis
for all TEM-components; the black lines shows the best model (χ = 1.79), the dashed line the
Occam’s-inversion result (χ = 2.59) and the gray lines models with χ < 1.96.

differ significantly from the ones for the other components (fig. D.27b).

Unless the two Exs are included, the models of the SJIs give a consistent pic-
ture. Fig. D.27c) shows the SJI results for all magnetic components including the
SHOTEM data set. The results resembles the SJI results for the individual TEM-
components.

The equivalence analysis for all magnetic components is shown in the left panel of
fig. D.28. The results are similar to the SJI results, showing two conductive features
– the first between 200 and 400 m depth and the second below 800-1000 m.

The inversions seem to be more complicated when the electric fields are included.
Although the main features are similar, some differences show up. The right panel
of fig. D.28 shows the equivalence analysis for the inversion of all seven TEM-
components. The dotted smooth model shows similar behaviour to the inversion
of the magnetic components only. The biggest difference is the very resistive layer
at a depth of around 1000 m. This layer, which shows up in every equivalence anal-
ysis including the electric fields, is most likely the reason for the bad performance
in the smooth model inversions of Ex-transients.

This Rx-site is even closer to the coast than KEA. The seawater interface thus is
supposed to be shallower. The conductive zone around 200 m depth is a likely
candidate. These shallow depths are only well resolved by the SHOTEM-transient,
the LOTEM-transients thus are not pertinent to the target of the survey.
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Figure D.29: Resistivity transform curves for the Rx-sites KKA (left) and KKB (right);

D.1.11 Sites KKA and KKB

The Tx KK is located in the north-eastern part of the area under investigation be-
tween the DV Tx and the HA-stations. Both sites provide two Ex-, Ḣy- and Ḣz-
transients apiece. Close to the Rx-sites the SHOTEM data sets N16 (KKA) and N15
(KKB) were recorded.

At KKA (fig. D.29, left), the resistivity transforms for the magnetic transients
show an early time depression even in the Ḣys. The Ḣz exhibit early and late time
sign reversals. The time range where both transients are parallel is small (≈ 20-150
ms), which makes them almost useless.

Fig. D.29 (right) shows the resistivity transform curves for KKB. The Ḣzs show
mid-size distortions at early times. The late times seem to be undistorted. Also, the
Ḣys show a normal behaviour at early times.

The SJIs of the different TEM-components from KKA – even the shortened Ḣz-
transients – give consistent models. The Exs alone resolve only a shallow conductor
around 200 m depth, which is in accordance to the SHOTEM results (fig. D.30a),
whereas the magnetic LOTEM-components resolve a deep conductive feature. The
results do not change if Tx-distortion is included, though the misfit is slightly better.

The same results can be obtained by different combinations of TEM-components.
Even SJIs with all seven components converge on a low misfit level, giving consis-
tent results (fig. D.30b). Thus, the equivalence analysis was made using all seven
TEM-transients (fig. D.30c). All in all, the model is well constrained showing a con-
ductive feature around 200 m and a second around 1000 m depth. From this plot it
is not clear whether all models show this conductive feature or not. In fig. D.31 the
minimal resistivity of each model shown in fig. D.30c in the depth range between
900 and 1200 m is plotted versus the model’s misfit relative to the best misfit. It
shows that all models exhibit a conductive zone with less then 15 Ωm in this depth
range.



230 Geophysical interpretation for the non-calibration sites

 1
0

 1
00

 1
00

0

 1  10  100  1000  10000

D
ep

th
 / 

m

Resistivity / Ωm

dHz/dt
dHy/dt

Ex
N16

a.

 1
0

 1
00

 1
00

0

 1  10  100  1000  10000

D
ep

th
 / 

m

Resistivity / Ωm

LOTEM
N16

b.

 1
0

 1
00

 1
00

0

 1  10  100  1000  10000

D
ep

th
 / 

m

Resistivity / Ωm
c.

Figure D.30: Inversion-results for
the transients recorded at KKA; a:
Results for the individual SJIs for
the LOTEM-transients (with Tx-
distortion in case of the horizontal
components); b: Results for the SJI of
all seven TEM-components without
Tx-distortion; c: Equivalence analy-
sis for all TEM-components; the black
lines shows the best model (χ = 2.62),
the dashed line the Occam’s-inversion
result (χ = 2.61) and the gray lines
models with χ < 2.88.
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Figure D.31: The minimal resistivities for every model from the equivalence analysis shown in fig.
D.30c in a depth range from 900 and 1200 m; the resistivity is plotted against the misfit of the
individual model relative to the misfit of the best model found.

At KKB, the results in general are also quite consistent. In all SJIs of the individual
LOTEM-components a conductive zone is found between 1000 and 2000 m depth.
The top of this zone varies depending the used component (fig. D.32a). It is deeper
(≈ 1500 m) for the LOTEM-Ḣzs and -Exs and around 1000 m for the Ḣys. This
discrepancy remains even when the Ḣzs and Ḣys are used in one SJI (fig. D.32b).
Testing inversions with different components, the general features of the model
are quite stable. The depth to the conductor changes slightly depending on the
choice of components. In the lower panels of fig. D.32 the equivalence analyses for
either all six LOTEM-components (panel c) or all seven TEM-components (panel
d) is shown. The upper part of the model of course is better constrained if the
SHOTEM-transient is included in the inversion. The lower part is similar in both
models but seems to be less crisp than in the LOTEM-only inversions. The misfit
for the FJIs including the SHOTEM-transient is much worser than either the SJIs of
all seven components or the FJIs of the LOTEM-components only. For interpreting
the deeper part of the model, the LOTEM-only analysis (fig. D.32c) is preferable.

From the inversion results it is clear that there is a conductor at depths greater
than 1000 m. Because of the discrepancies with respect to the top of the conductor,
this top is not well resolved. Both Ḣz and Ex data lead to a deeper upper bound
whereas Ḣys model calculations (5.3) suggest the conductive feature is deeper the
Rx than below the Tx.
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Figure D.32: Inversion results for the transients recorded at KKB; a: Comparison of the SJI results

for the individual LOTEM-components with Tx-distortion; b: Results for the SJI of the LOTEM-Ḣ-
components without Tx-distortion; c: Equivalence analysis for all LOTEM-components; the black
lines shows the best model (χ = 2.50), the dashed line the Occam’s-inversion result (χ = 2.51) and
the gray lines models with χ < 2.74. d: Equivalence analysis for all TEM-components; the black
lines shows the best model (χ = 4.37), the dashed line the Occam’s-inversion result (χ = 4.49) and
the gray lines models with χ < 4.80.
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Figure D.33: Resistivity transform curves for the Rx-sites KNA (left) and KNB (right);

D.1.12 Sites KNA and KNB

The spread KN is located north of the Yizre’el Valley in the Galilee mountains.
For the Ḣz-component of Rx-station KNA2 the (R)-coil was used. At this day the
problems regarding the battery pack occurred which are described in sec. 6.2.2.
Therefore, the second Ḣz-transient is not usable as can be seen in fig. D.33 (left).
The Ḣz-transient at station KNA1 shows a depression [Strack, 1992] in the time
range between 10 and 50 ms, which is unique within the data sets of this campaign.

Especially since we are lacking the second Ḣz, it is impossible to determine which
data points have to be removed. Regardless, it is most likely that only the last
few data points with huge error estimates would remain. For this reasons no Ḣz-
transient was used for interpretation.

At KNB, the Ḣzs exhibit sign reversals at late times. The last data points are thus
removed. These distortion are likely to be produced by the same structure, which
is observed in the Ḣz-transient at KNA. At early times, the data points are fairly
consistent, although the curves are quite steep.

SJIs of the Ex- and Ḣy-transients, respectively, show the consistency of the data
sets of both stations. The resulting models show quantitatively similar features, es-
pecially the pronounced conductor at depths of 900-1100 m. The upper part differs,
as it also does from the SHOTEM result (fig. D.34, left).

The inversions of the electric fields benefit greatly from the introduction of the
Tx-distortion parameters to the inversion. The data fit is clearly superior (without
distortion χ = 0.90, with distortion: χ = 0.53). However, the resistive feature at
medium depths disappears (fig. D.34, right).

SJIs of all LOTEM-components are inconsistent with respect to the depth of the
deep conductor (fig. D.35, upper left). This time, inversions including Tx-distortion
fail completely, i.e. the algorithm fails to find a model with an acceptable misfit.
If the SHOTEM-transient is also used for the inversion, the results are stabilised.
Including the Tx-distortion, the misfit is even slightly better than for the SJIs of
the single components. In this case the model is much rougher than without the
Tx-distortion. Still, the main features are the same as for inversions without Tx-
distortion (fig. D.35, upper right and lower left). The final result for the LOTEM-
components only or all TEM data sets are similar except for the shallow part (lower
right of fig. D.35). Pertinent to the hydrogeological question is the conductor be-
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Figure D.34: SJI-results for the transients recorded at KNA; left: Comparison of the SJI-results

for Ex and Ḣy and the single inversion of the SHOTEM-transient N33; left: SJI-results for the
Ex-transients with and without free Tx-distortion parameters.

tween ≈ 850 and 1000 m depth. However, the results are considered less reliable
because of the strong distortion in the Ḣz, due to an unknown structure.

At KNB, the SJIs of the Ex-transients fail to converge on a low misfit level. The
resulting models are unrealistic, showing resistivities higher than 10 kΩm through-
out the hole depth range. SJI results of for the magnetic components show a similar
behaviour with a resistive body in intermediate depths and a drop in resistivity
roughly below 500 m (fig. D.36a). Unfortunately, SJIs of different components do
not give a consistent picture. The figs. D.36b-d show the results of different inver-
sions. Although the qualitative structure (a very shallow conductor, followed by
a resistor below 100 m depth, followed by a conductor) is similar, the depths and
resistivities vary strongly.

If the electric fields are included in inversions with other components, in most
cases an acceptable misfit was reached. The algorithm achieves this by introducing
high calibration factors around 5.0 for both transients.

No further interpretation steps were taken, because of the inconsistent inversion
results and the unknown structure which causes the distortions. This site had to be
discarded.
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Figure D.35: Inversion-results for the transients recorded at KNA; a: Results for the SJI of all four
LOTEM-components without Tx-distortion; b: Results for the SJI of all five TEM data sets without
Tx-distortion; c: Results for the SJI of all five TEM data sets with Tx-distortion; d: Equivalence
analysis for all TEM-components; the black lines shows the best model (χ = 3.99), the dashed line
the Occam’s-inversion result (χ = 3.92) and the gray lines models with χ < 4.39.



236 Geophysical interpretation for the non-calibration sites

 1
0

 1
00

 1
00

0

 1  10  100  1000  10000

D
ep

th
 / 

m

Resistivity / Ωm

dHz1/dt
dHy1/dt

N32

a.

 1
0

 1
00

 1
00

0

 1  10  100  1000  10000

D
ep

th
 / 

m

Resistivity / Ωm

dHz/dt
dHy/dt

b.

 1
0

 1
00

 1
00

0

 1  10  100  1000  10000

D
ep

th
 / 

m

Resistivity / Ωm

dHy/dt
Ex

N32

c.

 1
0

 1
00

 1
00

0

 1  10  100  1000  10000

D
ep

th
 / 

m

Resistivity / Ωm

dHz/dt
dHy/dt

Ex

d.

Figure D.36: Inversion-results for the transients recorded at KNB; all inversions shown including
horizontal field components are done with free Tx-distortion parameters. a: Results for the SJIs
of the individual LOTEM-components; results for the Ex-transients show resistivities > 10 kΩm.
b: Results for the SJI of all LOTEM-Ḣs; c: Results for the SJI of the SHOTEM-transient and the
LOTEM-Ḣys and -Exs; d: Results for the SJI of all LOTEM-components;
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Figure D.37: Resistivity transform curves for the Rx-site PHA (left) and RAA (right);

D.1.13 Site PHA

The site PHA is located in the coastal area SE of the Carmel. After some minutes of
recording with one Rx-station, the equipment failed due to heavy rainfall. Only a
few stacks could be recorded. The SNR is very low (fig. D.37, left), leaving the Ex-
and Ḣy-transient as only usable components. Unfortunately, the models derived
for both components by SJIs show no consistent features. The data from this site is
thus discarded.

D.1.14 Site RAA

The Rx-site RAA is located in the coastal plain, ≈ 30 km south of the area shown
in fig. 6.7 (fig. 6.21, left). Two stations were build up. In total, one Ex- and two
Ḣy- and Ḣz-transients are recorded. Like the transients at RAB, the recorded data
sets show strong oscillations (fig. D.37, right). However, these are well fit using the
oscillating system-response. Similar to the transients at BSB and GBB, the magnetic
field derivatives decay very slowly at late times, indicating a highly conductive
subsurface. No SHOTEM data set was recorded here.

Inversions including the Tx-distortion parameters achieve about the same misfit
as inversion excluding these parameters. SJIs of the Ḣz- or Ḣy-components show
few differences (fig. D.38a). The main feature is a massive conductive zone between
200 and 800 m depth. The differences relate to the depth to the top of the conductor
and the part deeper than 900 m.

SJIs of the different LOTEM-components lead to similar results. Fig. D.38b shows
the results for the SJI of all five LOTEM-components without Tx-distortion as an
example. Fig. D.38c displays the final results for RAA. In general, only the massive
conductor is resolved, which is formed by the Saqiye Group clays (see RAB, sec.
6.3.1). There are indications of a deeper conductor, which is not resolved. In addi-
tion, there are indications of a shallow conductor atop of the Saqiye Group which
can be related to sea-water intrusion to the clastic coastal aquifer.
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Figure D.38: Inversion-results for the
transients recorded at RAA; a: Re-
sults for the individual SJIs for the
Ḣz- and Ḣy-transients without Tx-
distortion; b: Results for the SJI of
all five LOTEM-components without
Tx-distortion; c: Equivalence analy-
sis for all TEM-components; the black
lines shows the best model (χ = 2.29),
the dashed line the Occam’s-inversion
result (χ = 2.40) and the gray lines
models with χ < 2.51.
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Figure D.39: Resistivity transform curves for the Rx-sites RZA (left) and RZB (right);

D.1.15 Sites RZA and RZB

The Tx RZ is located in the hilly area between the Sea of Galilee and Harod Valley.
At RZA only three LOTEM-components, two Ḣzs and one Ḣy, were recorded in
addition to the SHOTEM data set N26. The Ḣz-transients show big deviations at
up to 30 ms (fig. D.39, left).

At RZB, two stations with one Ex-, Ḣy- and Ḣz-sensor were build up. The
SHOTEM data set at this location is named N25. The apparent resistivity curves
show no obvious distortions. The Ḣz-transients differ at times < 10 ms, where the
voltage increases very slow. These early time points are discarded (fig. D.39, right).

The few data sets available at RZA are moderately consistent after the early time
points of the LOTEM-Ḣzs are removed. Fig. D.40a shows the results of an SJI with
all four TEM-components, including Tx-distortion. Fixing the distortion parame-
ters does not change the resulting models, but decreases the misfit by a few percent.
There are two conductive features, one around 200 m depth, which is resolved only
by the SHOTEM-transient, and the other at around 1000 m depth. The latter is also
found using only LOTEM-components.

Finding a combination of components which reproduces these results in FJIs is
difficult. FJIs of both sets (all LOTEM / all TEM) produce additional structures
at depth, which are not very trustworthy, according to the model calculation from
sec. 5.4 (e.g. fig. D.40b). Both the position of the top of the conductive feature and
underlying structure are not reliable determined by the data. Fig. D.40c shows
the results of a equivalence analysis using all four TEM data sets. Unfortunately,
no Marquardt model was found which achieved the same misfit as the Occam’s
inversion result. Nevertheless, the equivalent models resemble the trend of the
smooth model. There are indications for a conductive zone between 800 and 1000
m depth, which might have a resistivity < 10 Ωm. However, this layer is not well
resolved.
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Figure D.40: Inversion-results for the transients recorded at RZA and RZB; a: Results for the SJI
of all four TEM-components recorded at RZA with Tx-distortion; b: Comparison of the results of
the SJI of the four transients with Tx-distortion (“SJI/4cd”), and the FJIs of these data sets with
(“FJI/4cd”) and without Tx-distortion (“FJI/4cd”); all data sets are from RZA; c: Equivalence anal-
ysis for all TEM-components from RZA; the black lines shows the best model (χ = 1.81), the dashed
line the Occam’s-inversion result (χ = 1.60) and the gray lines models with χ < 1.99. d: Results
for the individual SJIs for the LOTEM-transients recorded at RZB without Tx-distortion;
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Figure D.41: Inversion-results for the transients recorded at RZB; left: Results for the SJI of all six
LOTEM-components without Tx-distortion; right: Equivalence analysis for all TEM-components;
the black lines shows the best model (χ = 2.41), the dashed line the Occam’s-inversion result (χ =
2.38) and the gray lines models with χ < 2.65.

 2

 4

 6

 8

 10

 12

 14

 16

 18

 20

 1  1.01  1.02  1.03  1.04  1.05  1.06  1.07  1.08  1.09  1.1

R
es

is
tiv

ity
 / 

Ω
m

Relative misfit

Figure D.42: The minimal resistivities for every
model from the equivalence analysis shown in fig.
D.41c in a depth range from 900 and 1300 m; the
resistivity is plotted against the misfit of the indi-
vidual model relative to the misfit of the best model
found.

At RZB the SJIs of the individual
LOTEM-components give about the
same results (fig. D.41d). Including
the Tx-distortion does not change any-
thing. SJIs of different components give
similar results. Fig. D.41 (left) shows
the results of the SJI of all six LOTEM-
components. The most obvious fea-
ture is the conductive feature at depths
> 1000 m. If the SHOTEM data set
is included, the misfit is significantly
degraded. Although the deeper struc-
ture does not change, the upper part
is more structured. These structures
are not stable. Also, FJIs with the
SHOTEM-component fail. For the in-
terpretation an equivalence analysis us-
ing all LOTEM-components is used (fig. D.41, right).

From this plot it is not clear whether all models show a conductive feature around
1000 m depth. In fig. D.42 the minimal resistivity of each model shown in fig. D.41
(right) in the depth range between 900 and 1200 m is plotted versus the model’s
misfit relative to the best misfit. It shows that all models show a conductive zone
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with less then 20 Ωm in this depth range. All models providing a misfit of within
104.8 % of the best model’s misfit show resistivities below 13 Ωm.

D.1.16 Site SAA

SAA was the first LOTEM site to be measured. Although the topography is almost
flat except for some ponds, a fault with a displacement > 500 m is found in the
subsurface (cp. fig. 6.8). Unfortunately, this was not known at the time when this
site was planned. The setup places the Tx north of the fault, whereas the Rx-stations
are south of it. The fault cuts the spread in an angle of almost 45◦.

Additionally, the Tx-direction was miscalculated by ≈ 30◦. All horizontal compo-
nents thus are rotated. Three stations were measured with a total of three Ḣzs and
Ḣys, two Exs and one Ḣx and Ey. The resistivity transforms are shown in fig. D.43.
The big differences at early times between the data sets from station 3 compared
to the other two stations are due to the fact, that the latter is recorded with the
Summit-TEM system, whereas the others are recorded using the TEAMEX-units.
However, the Ḣz-transients show smaller deviations over the whole time-range.
Also the Ḣy-s differ.
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Figure D.43: Resistivity transform curves for the
Rx-site SAA;

Two SHOTEM measurements were
carried out. At the Tx- and Rx-
position the data sets N5 and N6
were recorded. The models derived
from these transient show contrary
behaviour (fig. D.44a). The SJIs of
the LOTEM-components work well, al-
though the results for the two Ex-
transients are only qualitatively similar.
Fig. D.44b shows results from the SJIs
of individual TEM-components. They
show a similar behaviour, exhibiting a
conductor above a depth of 1 km. In-

cluding Tx-distortion parameters in the inversion reduces the misfit slightly. It
changes mainly the shallow part of the models. Similar results are obtained using
all six magnetic components (fig. D.44c).

Fig. D.44d shows the results of the SJI using all eight LOTEM-components. They
are similar to the results of the magnetic data sets only, apart from the conductor
around a depth of 300 m, which seems to be required by the electric field compo-
nents. The most interesting feature is deeper conductor starting at a depth of ≈ 600
m. As already mentioned, this conductor is also found in the other SJIs, although
its depth extension varied slightly.

Due to the fault between the Tx and the Rx and the different results for SHOTEM
data sets, the reliability of the inversion is very questionable. Because of the 45◦

angle of the model geometry to the spread, the set-up can not be compared to one
of the model studies in chapter 5.
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Figure D.44: Inversion-results for the transients recorded at SAA; unless otherwise stated, all in-
versions shown including horizontal field components are done with free Tx-distortion parameters.
a: Results for the single inversions of the two SHOTEM data sets N5 and N6; b: Results for the
SJIs of the individual LOTEM-components; the “/d” in the legend marks the inversion results with
free Tx-distortion parameters. c: Results for the SJI of all LOTEM-Ḣs; d: Results for the SJI of all
LOTEM-components.
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Figure D.45: Model and Tx-Rx-geometry used for modelling the situation at the SA-spread. The
points indicate the inner part of the horizontal discretisation of the grid used with SLDMEM3T. The
triangles denote the position of the three Rx-stations. The step-like black line shows the Tx-dipoles.
The positive y-direction approximately points northward. The earth model consist of two layered
quarter-spaces. The dashed line at y = 0 km denotes the parting line between the two models. In the
left part, the two models are displayed. The upper panel shows the model for y ≥ 0 km, the lower
panel the other model.

Besides the different SHOTEM results, it is not clear whether the lithological com-
plexity also constitutes an important electric inhomogeneity. If all formations are
of comparable porosity, the resistivity structure will be solely defined by the dis-
tribution of saline water. The saline water interface is expected to cross permeable
lithologic boundaries, and thus might form a layered structure electrically.

The borehole is located in the vicinity of the Rx. However, little can be derived
from the borehole data, since it is placed in the most inhomogeneous part. The
lithology from the borehole thus might reflect only a small part of the subsurface.
Most pronounced is a basaltic layer between 502 to 712 m depth. If this consists of
solid basalts, it is expected to be very resistive. However, the SHOTEM result at
N6 show a conductive layer starting around 500 m depth (which is not supposed
to be very well resolved). Also, in the LOTEM SJIs the top of the deep conductor is
at depths < 700 m.

To check the effect of the supposed resistivity structure, 1-D inversions were
tested on synthetic data sets with the original geometry. Fig. D.45 shows the model
and the Tx-Rx-geometry. A fault structure is modelled with two layered quarter-
spaces on each side of the model. The position of the fault line is estimated using
the data set show in fig. 6.8. The shallow parts of the model is taken from the
SHOTEM results.
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Figure D.46: a: Results for the SJIs of the individual LOTEM-components of the simulated data;
the “/d” in the key marks the inversion results with free Tx-distortion parameters. b: Results for
the SJI of all six simulated LOTEM-Ḣs; c: Comparison of the inversion results for all six Ḣs for
the measured transients (Field) and the simulated data (Synthetic) with the models below Tx and
Rx used for the modelling; d: Comparison of one SJI result for all measured LOTEM-Ḣs including
the distortion parameters (“SJI/6cd”) and of FJIs of the same data sets with (“FJI/6cd”) and without
Tx-distortion (“FJI/6c”).
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A conductor with 7 Ωm was placed in a depth range between 430 and 1030 m (Tx-
side) or 610 to 1210 m (Rx-side), respectively. The selection of the top on the Tx-side
is motivated by the depth to a conductor found at the near-by Rx-site YOB, which
is placed on the same side of the fault as the Tx. Similar results were obtained at
DVA, which again is close to the Tx. Because of the basaltic layer observed in the
borehole, the top of the resistive layer is placed lower beneath the Rx-site. Addi-
tionally, the Rx-site AUA, south of SAA found a conductor in even greater depths,
but this is considered unreliable.

The synthetic data sets were used in the same inversions as the measured data.
The results are very similar except for the electric components (fig. D.46a)1. Also
the SJI of all simulated LOTEM-Ḣs gives results similar to the ones for the measured
data sets (fig. D.46b).

A comparison of the inversion results for the measured and simulated magnetic
components and the models below the Tx and Rx used in the modelling is shown
in fig. D.46c. It shows the similarity between the model derived from the synthetic
data set and the measured data set. The result for the synthetic data set seems to
resemble the model below the Tx more than the one below the Rx. It thus also seems
likely that the inversion results for the measured data sets are more representative
of the structure below the Tx.

Unfortunately, FJIs of the measured data sets result in models which are contrary
to the SJI results (fig. D.46d). Further interpretation steps thus were not taken. This
phenomenon is not found for the simulated data sets.

All in all, it seems to be likely that the deeper conductor found in the SJI results
can be found at least closer to the Tx. The resulting model fits the one found at YOB
to the west and at DVA to the north-east. What happens in term of resistivity across
the fault is not clear. The modelling could not explain all aspects of the measured
data sets. The inconsistent FJIs and the distortions found at Rx-site AUA close to
the same fault indicate that this fault also imposes a lateral change in resistivity.
However, to quantify this further more stations would be needed.

D.1.17 Site TAA

The Rx-site is located between TAB and the Tx-position TA on the coastal plain
close to the Carmel. At the sole Rx-station all five LOTEM-Rx-components were
measured. Fig. D.47 shows the resistivity transform curves for all magnetic com-
ponents.

The electric fields show a strange behaviour. The measured Ey-transient is about
20 times stronger than the Ex, resulting in CFs much different from 1.0. This could
be caused by strong distortions. Another possibility is that the electric field sen-
sors are not assembled correctly, e.g. the wrong electrodes were connected for form
the electric field sensors. Therefore, the two electric fields are discarded from the
interpretation.

Two SHOTEM data sets are available: N14 at the Rx-position and N13 at the

1The resistivities for the resistors at around 300 m depth are derived from the SHOTEM-transients,
which do not resolve resistive targets very well. The discrepancy with the electric components, which
are more sensitive to resistors, might be caused by inaccurate estimations for these layers.
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position of the Tx only ≈ 1700 m north of TAA. The models obtained by a SJI of
the two SHOTEM-transients show significant differences, indicating strong lateral
changes in the subsoil between the Tx and Rx (fig. D.48, left). The LOTEM data sets
are also inconsistent with N13.
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Figure D.47: Resistivity transform curves for the
Rx-site TAA;

Including Tx-distortion the misfit
of joint-inversions including the Ḣy-
transient is decreased significantly. The
models also show bigger differences
to models obtained without distortion
parameters. However, the distortion
obtained is extremely large (Ty/Tx ≈
13.2). The distortion found at TAB is
far smaller (Ty/Tx ≈ 1.37). This makes
it likely that in fact the distorting fea-
ture is close to the Rx-site. The lack of
an additional station does not allow a
better analysis.
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Figure D.48: Inversion-results for the transients recorded at TAA; Left: Results for the SJI of the

two SHOTEM-transients; Right: Equivalence analysis for the LOTEM-Ḣs-components and the
SHOTEM data set N14; the black lines shows the best model (χ = 4.24), the dashed line the
Occam’s-inversion result (χ = 3.63) and the gray lines models with χ < 4.66.

The right panel of fig. D.48 shows the result of the equivalence analysis using
both LOTEM-Ḣs and the SHOTEM-transient N14. Marquardt inversions with Tx-
distortion are biased towards the undistorted solutions, because of the choice of
the initial values for Tx and Ty. They fail to find models with misfits equal to the
Occam’s-inversion-results. However, the models resemble the main trend of the
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Figure D.49: Resistivity transform curves for the Rx-sites TKA (left) and TKB (right);

smooth model. The model is also similar to the one found at TAB. For the reasons
given above, these results are considered to be very unreliable.

D.1.18 Sites TKA and TKB

The site TKA and TKB are located in the central part of the survey area. At TKA,
two stations with two Ex-, Ḣy- and Ḣz-sensors each were deployed. The SHOTEM-
transient N28 was recorded at the Rx-position. The resistivity transform curves
are displayed in the left panel of fig. D.49. The Ḣz-components show significant
deviations at early times. Therefore, every data point before 20 ms was removed.

The Rx-site TKB is located close to the entrance of Harod Valley. As fig. 6.8 shows,
there are several faults close to the Rx-site. From a hydrological point of view this
position is very interesting. Geophysically, distortions could be expected here due
to the know faults. It was decided, to set up a small site here when (for logistical
reasons) the other possibility had been to measure only TKA.

Only two Ḣz- and one Ḣy-transient were recorded here. The area is contaminated
by power-lines. Therefore, the analogue 50 Hz notch-filters of the TEAMEX-units
were used. This is clearly visible in the slow increase in the resistivity transforms
at early times (fig. D.49, right).

The SJIs of the individual components at TKA show similar features for the mag-
netic LOTEM-components, mainly a resistive feature at intermediate depth fol-
lowed by a drop in resistivity around 1000 m depth. Inversions including the elec-
tric fields converge at an acceptable misfit-level only if the Tx-distortion is included
in the inversion. Even then, there is no similarity to the magnetic components’ in-
version. The model derived from the SHOTEM data set exhibits a conductive zone
between 100 and 200 m depth (fig. D.50a).

SJIs including all LOTEM-Ḣs work well and result in models similar to the SJIs
of the individual components (fig. D.50b). Similar models can be obtained by in-
cluding the electric field components. If the SHOTEM-transient is included, the
models change. A shallow conductor is introduced, and the deep conductor moves
downward (fig. D.50c). The misfit of the LOTEM-components is degraded by 50 %.
Similar models are found for SJIs of all seven TEM-components.

Unfortunately, the FJIs of the components fail to find models similar to the SJI
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Figure D.50: Inversion-results for the
transients recorded at TKA; all inver-
sions shown here, which include hor-
izontal field components are made in-
cluding Tx-distortion; a: Results for
the individual SJIs for the LOTEM-
transients and the single inversion of
the SHOTEM-transient N28; b: Re-
sults for the SJI of all LOTEM-Ḣ-
components; c: Results for the SJI of
all TEM-Ḣ-components;

results, especially when the LOTEM-Exs are included in the inversion (as can be
seen in fig. D.51). Fig. D.51 displays the results of the equivalence analysis using
the LOTEM-Ḣs only (left) and all TEM-components (right). The models in the left
panel show a behaviour similar to the SJI-results, with a conductive feature around
10 Ωm at depths greater 900 m. However, the upper part is not resolved. The model
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Figure D.51: Equivalence analysis for the Rx-site TKA; left: Equivalence analysis for the LOTEM-

Ḣs-components; the black lines shows the best model (χ = 0.66), the dashed line the Occam’s-
inversion result (χ = 0.66) and the gray lines models with χ < 0.73. Right: Equivalence analysis
for all TEM-components; the black lines shows the best model (χ = 3.10), the dashed line the
Occam’s-inversion result (χ = 4.65) and the gray lines models with χ < 3.41.

in the right panel is far better constrained. It shows a shallow conductive feature
up to 300 m, which is resolved by the SHOTEM data set and a deeper conductor
similar to the one found using only the LOTEM-Ḣs. Like at KEB, a thin resistive
layer shows up atop of the deep conductor. This feature is responsible for the poor
convergence in the Occam’s inversion when the electric fields are included.

Most pertinent for the project is the deep conductor below 1 km depth with resis-
tivities around 7 Ωm.

At TKB even SJIs of the two Ḣz-transients result in two different models (fig.
D.52, left). This gets worse, if the Ḣy-transient is also included (fig. D.52, right). As
a result all FJIs of the different components are very unstable. What seems to be
quite common is the resistive feature from 300 to 500 depth. Even this is not very
reliable, due to the long system responses. No other information can be derived
from this data set, as was expected.

D.1.19 Sites YAA and YAB

The Tx YA is located in the Zevulun plain north of the Carmel. The noise level is
high in this area.

YAA is located NE of the Tx in the Zevulun-plain. Two Rx-stations were set up
here, where in total two Ḣz-transients and one Ex- and Ḣy-transient were recorded.
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Figure D.52: Inversion-results for the transients recorded at TKB; left: SJI results for the two

LOTEM-Ḣzs; right: SJI results for all three LOTEM-components excluding Tx-distortion;

In addition, one SHOTEM data set (N17) was recorded at the Rx-site. The resistivity
transform curves are shown in the left panel of fig. D.53.

The site YAB is located close to a borehole drilled in a fault zone (figs. 6.3). The
situation here is similar to that at DVA. Directly SW of the Rx-site, the topography
rises to a NW-SE striking mountain parallel to the Tx-direction. In fig. 6.8 the fault
is indicated by the huge displacement of the top of the Judea Group. It was not
possible to set up a LOTEM spread further away from the fault because of the
dense infrastructure in the area. For the same reasons no SHOTEM data set could
be recorded here.

Two stations with two Ex-, Ḣy- and Ḣz-sensors were built up. The two Ḣz-
transients differ throughout the whole time range and show late time sign reversals
(fig. D.53, right). The Ḣys on the other hand show a similar behaviour after a few
ms.

At YAA, SJIs of the different data sets show a consistent picture. Fig. D.54a dis-
plays a comparison between the SJI of the two LOTEM-Ḣzs and the single inversion
of the SHOTEM-transients. Similar results are obtained by using all five data sets,
although there are slight differences between the models associated with the dif-
ferent transients (fig. D.54b). Mainly, two conductors are found at 400 m and 1500
m depth. Inversions including the Ex-transient work well only after freeing the
Tx-distortion parameters.

Unfortunately, all FJIs fail to produce models similar to the SJI-results. In most
cases they introduce an additional shallow conductor but fail to reconstruct the
deep one (e.g. fig. D.54c). The models found by the equivalence analysis thus only
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Figure D.53: Resistivity transform curves for the Rx-site YAA (left) and YAB (right);

reproduce the conductor at intermediate depths (fig. D.54d). The depth and thick-
ness of this conductor changes, depending on the choice of components. The result
is thus considered to be not reliable.

At YAB, SJIs of the Ḣz-transients failed. The resulting models differed signifi-
cantly even after removal of 20 to 30 data points. They were excluded from the
further inversions. SJIs for the other components found similar models. The re-
sulting misfit depended on the Tx-distortion. However, SJIs of the electric fields
with distortions produced models, which are more similar to the ones for the Ḣy-
components (fig. D.55a). In any case, the models show two conductors, one around
a depth of 200 m, and a deep one at ≈ 1000 m.

The SJI results for Ex- and Ḣy-transients show different resistivities. The depth to
the conductive layers are similar (fig. D.55b). The misfit of the inversions including
the Tx-distortion is ≈ 2.5 times smaller than without. Still, the conductors remain
at similar depths, which are also reproducable with fixed joint-inversions including
Tx-distortions (fig. D.55c). Inconsistencies show up at depths greater than 900 m.

Fig. D.55d shows the results of the equivalence analysis. Obviously, the data set is
quite ambiguous. General trends from the analysis show a resistive zone between
≈ 350 and 600 m depth followed by a conductive region with resistivities up to 10
Ωm. In the depth range from 900 to 1000 m indications for a second resistive zone
are found, followed by a conductor with resistivity < 8 Ωm.

The comparison to the information from the borehole is difficult, as the LOTEM
results are supposed to mainly reflect the part between the Tx and Rx. The borehole
on the other hand is drilled in the Yagur-block behind the Rx-site and thus reflects
a different lithology.

The ambiguity of this data set is too high to extract useful information from the
inversions.
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Figure D.54: Inversion-results for the transients recorded at YAA; a: Results for the SJIs of the

LOTEM-Ḣzs and the single inversion of the SHOTEM-transient N17; b: Results for the SJI of all
TEM-components with Tx-distortion; c: Comparison of inversions using all five TEM-components
in a SJI and FJI with Tx-distortion (“SJI/5cd” and “FJI/5cd”, respectively) and a FJI without Tx-
distortion (“FJI/5c”); d: Equivalence analysis for all TEM-components; the black lines shows the
best model (χ = 1.61), the dashed line the Occam’s-inversion result (χ = 1.60) and the gray lines
models with χ < 1.77.



254 Geophysical interpretation for the non-calibration sites

 1
0

 1
00

 1
00

0

 1  10  100  1000

D
ep

th
 / 

m

Resistivity / Ωm

dHy/dt
Ex/d

Ex

a.

 1
0

 1
00

 1
00

0

 1  10  100  1000

D
ep

th
 / 

m

Resistivity / Ωm

dHy/dt
Ex

b.

 1
0

 1
00

 1
00

0

 1  10  100  1000

D
ep

th
 / 

m

Resistivity / Ωm

SJI
SJI/d
FJI/d

c.

 1
00

 1
00

0

 1  10  100  1000

D
ep

th
 / 

m

Resistivity / Ωm
d.

Figure D.55: Inversion results for the transients recorded at YAB; a: Comparison of the SJI-results

for Ḣys and Exs without Tx-distortion and Exs with distortion (Ex/d); b: SJI result for the LOTEM-

components Ḣyand Exincluding Tx-distortion; c: SJI and FJI results for the four components with
Tx-distortion (“FJI/d” and “SJI/d”) and without (“SJI”); d: Equivalence analysis using the Ex-
and Ḣy-transients; the black lines shows the best model (χ = 2.25), the dashed line the Occam’s-
inversion result (χ = 2.13) and the gray lines models with χ < 2.47.
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Figure D.56: Resistivity transform curves for the Rx-site YOA (left) and YOB (right);

D.1.20 Sites YOA and YOB

The Tx YO is located in the central position of the survey area. The first site, YOA
is positioned at the foothill of the Carmel. Only one Rx-station was deployed here.
Like at DVA, two Ḣz-transients were recorded with the (N)-coil and the (R)-coil for
comparison. Both sensors give similar results. The transient obtained by using the
(N)-coil was discarded for it contains a slightly higher noise level. The resistivity
transforms for the magnetic components are displayed in the left panel of fig. D.56.
The (very noisy) Ḣz-transient has a sign reversal at intermediate times. For the
inversion the first 19 data points were removed, leaving only 15 data points with
high error estimates.

The situation here is similar to the one at YAB and DVA, with a steep hill and a
fault with a huge displacement right behind the site. Unlike the other two places,
the fault line in this case is not parallel to the Tx-direction. Distortions caused by
this structure are expected to be different from the ones at YAB and DVA.

The three transients measured at YOA give similar results. SJIs result in models
with similar features, namely two conductors around 300 and 800 m depth (fig.
D.57, left). These features also are found in FJI-results and the equivalence analysis
(fig. D.57, right). The deeper conductor is pertinent tp the aim of the project. Only
few data sets were used to derive it, and its top, thickness and resisitivity is not
well resolved.

At YOB two stations with one Ex-, Ḣy- and Ḣz-sensor each were set up. The
resistivity transforms for the magnetic components are shown in the right panel of
fig. D.56. The Ḣz-transients differ significantly at early times. The transient closer
to the Tx (“dHz1/dt”) even features a sign reversal. Only slight deviations at early
times are found in the two Ḣy-transients. At the Rx-site, the SHOTEM data set N18
was recorded.

The SJIs of the individual components are consistent within each SJI. Fig. D.58a
shows a comparison of representative models. The electric field components do
not converge on a sufficiently low misfit-level. The models are thus not compara-
ble to the others. The SHOTEM data set resolves a conductor around 200 m depth,
which is also seen by the LOTEM-Ḣys. The magnetic LOTEM-components show a
conductor around 800 m depth. At 1000 m depth the resistivity increases again. Be-
low, no stable features are resolved, although there are indications for a conductive
basement.
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Figure D.57: Inversion-results for the transients recorded at YOA; left: SJI results for the three
LOTEM-components including Tx-distortion; right: Equivalence analysis for the three LOTEM-
components; the black lines shows the best model (χ = 0.42), the dashed line the Occam’s-inversion
result (χ = 0.67) and the gray lines models with χ < 0.46.

The deep conductor is found in any SJI including LOTEM-components. Inver-
sions of the electric fields show convergence problems, especially when the Tx-
distortion parameters are fixed. Some inversions without the SHOTEM-transient
show indications for the shallow conductor (e.g. fig. D.58b).

Similar results can be obtained by FJIs of the different components. In some cases
the inversion failed to find models producing a sufficient misfit. The lower pan-
els of fig. D.58 show equivalence analyses for all components but the LOTEM-Ḣzs
(c) and all LOTEM-components (d). Here the shallow conductor is only resolved,
when the SHOTEM-transient is included. The deep conductor is found regardless
of the choice of components. It starts between 450 and 550 m depth and has a max-
imum thickness of 850 m and a resistivity < 4 Ωm. This fits the results of site YOA
very well, which makes this feature far more believable.
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Figure D.58: Inversion-results for the transients recorded at YOB; a: Results for the individual
SJIs for the LOTEM-transients without Tx-distortion and the single inversion of the SHOTEM-
transient N18; b: Results for the SJI of all LOTEM-components with Tx-distortion; c: Equivalence
analysis for all TEM-components, except the LOTEM-Ḣzs; the black lines shows the best model
(χ = 1.81), the dashed line the Occam’s-inversion result (χ = 2.77) and the gray lines models with
χ < 1.99. d: Equivalence analysis for all LOTEM-components; the black lines shows the best model
(χ = 1.00), the dashed line the Occam’s-inversion result (χ = 2.14) and the gray lines models with
χ < 1.10.
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D.2 The statistics for field data set inversions

This section shows the statistics for all inversions done to interprete the field data
sets. It is only contained in the long version of the thesis also available as PDF.



APPENDIX E

On the inversion of geophysical data

Two and two is not always four. It depends...
Massimo “Mr. Bombastic” Petrucci, 1999

Inversion is a very important tool for geophysical interpretation of measured data
sets. Although the inversion theory as laid out in chapter 3 appears to be straight-
forward, many mistakes can be done by misinterpreting inversion results.

At several places I pointed out critical or dangerous points within the inversion
process. In this section I would like to compile these points and elaborate on how to
do inversions and to interpret their results. I worked mainly with TEM inversion.
Some of the issues addressed here will be the same for other geophysical methods,
others will not.

WARNING: This represents the personal point of view I developed after five
years of programming and using different inversion algorithms. I included it in
this work, because I hope that the reader might find this useful. Some of the issues
addressed here are debatable.

Most importantly, inversions are subjective. They are based on several assump-
tions which are not necessarily right (and in general they are not). Unfortunately,
often solutions appearing to avoid any assumptions just represent different as-
sumptions.

E.1 Assumptions included in inversions

The central characteristic of any inversion is the misfit. The better the misfit, the
more likely the model. In most cases a least-squares misfit is used in inversions.
However, the model providing the lowest least-squares misfit is the most likely
only in case of normal distributed measurement errors. In most cases, this require-
ment is not fulfilled. Other residual norms might be as reasonable, and probably
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will give different results.

In this work I used a weighted misfit under the assumption that the error esti-
mates are standard deviations of normally distributed noise. As I pointed out in
sec. 2.2.3, in several cases I found that this is incorrect. The other possibility would
be to discard the error estimates and use an unweighted misfit. However, this as-
sumes that all data points have the same error. Obviously distorted data points
should be removed in this case. Of course, defining “obvious distortions” is again
subjective and based on the experience of the interpreter.

Often a diagonal weighting matrix W is used. This includes the assumption that
the data errors are not correlated. In any other case W has non-zero off-diagonal
entries. In general, the data point values are correlated, either by the measurement
system or by applying, for instance, digital filters in the preprocessing stage. Again,
these dependencies are unknown or ignored for simplicity1.

Often constraints (mostly smoothness constraints) are used in inversions. These
of course are also approximations. Constable et al. [1987] in their famous paper de-
fined two different roughness-measures. Smoothness constraints are based on the
principle often used in sciences of favouring the simplest theory possible, if more
than one explains the observation. Beside the fact that “simple” is an subjective
term, the complex explanation might be right.

If more than on constraint is used, the weighting between these constraints is not
defined. As pointed out in sec. 5.4.1, the weight between smoothness of the models
and the likeness of other models in the SJI algorithm is set to 1.0, which is also
artifical. Other weights are as justified and will give other results. The same is true
for the damping of the calibration factors.

In multidimensional inversions a choice for the weight between, for instance, hor-
izontal and vertical smoothness has to be set. The choice again is arbitrary and will
change the result2. Using an isotropic smoothness does not mean avoiding an as-
sumption. It is just making a different one.

The biggest problem in using constraints is the weighting against the data misfit,
i.e. setting the regularisation parameter. In the case of well-defined error estimates
this is easy, as a proper target misfit which has to be reached is defined. The reg-
ularisation parameter has to be set to the highest value with which the the target
misfit can be reached. However, error estimates in general are not correct. If one
fixed regularisation can be used, the L-curve criterion is a good candidate to set this
parameter. As shown in sec. 5.2.1, fixed regularisation parameters do not provide
good results when inverting TEM data sets.

1In many inversion papers, the authors start with an arbitrarily-shaped data covariance matrix. In
almost all cases, they assume a diagonal matrix at a certain step.

2This question is related to correlation lengths of the geology, e.g. how many features one will
cross in 1 km laterally and vertically. In sedimentary environments the weight for the horizontal
smoothness should be much higher than for the vertical.
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E.2 Linearisation error

The linear approximation of f(m) by the Jacobian J seems not to be very accurate
in the TEM case, as pointed out at several places in this thesis (see e.g. secs. 3.5
and 5.2.1). It is based on small perturbations (typically around some percent) of
the actual model parameters. Changing a parameter several tens of percent might
change the dependencies significantly. Also, the matrix reflects only first order
terms. Changing m1 and m2 simultaneously might result in a different f(m) than
predicted by J. Finally, the Jacobian is defined locally for m → m0. It will look
different when calculated elsewhere in parameter space.

Any analysis based on the Jacobian thus has to be treated with care. They might
be useful to understand and analyse the inversion result but are subject to the re-
strictions listed above. Moreover, importances [Hördt et al., 1992] or parameter res-
olution matrices [Menke, 1984] depend on the final regularisation parameter. All
of these analyses depend on the resulting model, the latter also on the course of the
inversion. Another inversion run with other parameters might lead to a different
result.

Non-linear model appraisal schemes as used in this thesis or presented e.g. in
[Oldenburg and Li, 1999] are superior in that way, but their results are often not
easy to quantify. Often they include several inversion runs, which makes them
computationally expensive.

Global inversion schemes (sec. 3.2.3) in general do not rely on any problem lin-
earisation, but are computationally extremely expensive. Their convergence de-
pends greatly on the way to sample the model space. To improve this step, most
authors use some assumptions about the structure of the model space or the for-
ward function f , which again will bias the results.

E.2.1 Few layers with variable thicknesses vs. many layers with fixed
thicknesses

Although I described the typical parameterisation of the model for either Mar-
quardt or Occam’s inversion in chapter 3, they do not have to be chosen like this. A
Marquardt inversion may alternatively be used to invert a model with many layers
of fixed thicknesses (see Constable et al. [1987] for an example), although this will
probably result in very rough models because the algorithm will try to fit even the
noise in the transients. Also, Occam’s inversion might even be thinkable with a
few layer model (here, an appropriate roughness matrix has to be constructed to
somehow regularise the thickness parameters).

The main drawback of models with many layers of fixed thicknesses (hereafter
referred to as “MLFT-models”) is the computation time. The computation time
required for an evaluation of f(m) increases with every layer added. To descretise
every feature in the – unknown – subsurface, many layers are needed.

There is also a big drawback of models with few layers and variable thickness
(“FLVT-models”). In general, the misfit function of a FLVT-model will have more
local minima than the misfit function of MLFT-models. The reason is that the differ-
ent layers of an earth model have impacts of varying strengths on f in the LOTEM
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Original m0 Result 1 Result 2

ρ1 / Ωm 100.00 10.00 10.33 15.33
ρ2 / Ωm 5.00 100.00 41.26 3.66
h1 / m 200.00 500.00 15640.18 500.00

RMS / % 0.00 81.64 44.98 26.37

Table E.1: Synthetic inversion example; The column “Original” shows the synthetic earth model
used to produce the data to invert. m0 is the initial model used in both inversions. The next two
columns show the inversion results of Marquardt inversions with variable thickness of the first layer
(“Result 1”) and with fixed layer thickness (“Result 2”).

case. Effects are bigger if the layers are shallower, thicker and conductive (for mag-
netic) or resistive (for electric Rx-components), respectively. To lower the misfit, it
may be most important to have a conductive layer in a certain depth. An inver-
sion algorithm fed with an MLFT-model has no other choice than to decrease the
resistivity of the model for layers at this depth.

If there are already some structures in the model, an algorithm confronted with a
FLVT-models may instead also move an existing conductive layer to this depth by
in- or decreasing the thicknesses of the shallower layers. Choosing one of the two
solutions will mean to fix wich of the layers will represent a certain feature, e.g. a
conductive feature will be represented by layer two. In general, both solutions will
lead to distinct minima.

Table E.1 shows an example. Here, a synthetic data set was produced using a two
layered case. The transient was simulated for an Ḣz-Rx in broadside configuration
with an offset of 5 km in a time range of 1 ms to 1 s. The dominant feature of
the original model is the conductive 5 Ωm-half-space initial in a depth of 200 m.
The initial model used for the Marquardt inversion is shown in the column named
“m0”. Misleadingly, the resistivity trend of the original model was reversed. To
reconstruct the original model, the algorithm has to increase the resistivity of first
layer and decrease both depth to and resistivity of the half-space.

Leaving the thickness of the first layer variable, the inversion result is quite un-
satisfying. The thick, conductive first layer seems to represent the two layers of the
original model fairly. The layer boundary is moved downwards, so the resistive
layer, which contradicts the transient, does not influence the shape of the transient.
Actually, a homogenous half-space with 10.33 Ωm produces the same misfit.

This problem is caused by the insufficient approximation of f(m0+m̂) by f(m0)+
Jm̂. J is calculated by small perturbances of one parameter per column around the
initial model. In the example, a small change of the parameters will roughly result
in the following responses:

Resistivity ρ1: This layer represents the conductive part of the model, which ob-
viously is most important for the misfit. To increase the ρ1 thus will result in
larger misfits, as the model will lack the conductive part then.

Resistivity ρ2: With the conductive first layer, there is no need for an additional
conductor, although it seems to be favourable to decrease ρ2. The influence
of ρ2 is not very big.



E.2 Linearisation error 263

Original m0 Result

ρ1 / Ωm 100.00 50.00 28.56
ρ2 / Ωm 10.00 50.00 33.85
ρ3 / Ωm 100.00 50.00 104.83
h1 / m 200.00 600.00 623.38
h2 / m 200.00 600.00 211.37

RMS / % 0.00 43.78 10.21

Table E.2: Synthetic inversion example; The column “Original” shows the synthetic earth model
used to produce the data to invert. m0 is the initial model used in the inversion. The column
“Result” shows the result of a Marquardt inversion.

Thickness h1: Decreasing the thickness will move the (wrong) resistive layer to
shallower depths. The model part which has influence on the transient will
thus become more resistive, which is not desirable. Obviously, h1 has to be
increased. As “Result 1” indicates, this solution seems to be more effective.

Especially the information about the thickness h1 will lead in a wrong direction,
unless rho2 will somehow get smaller than rho1. As the increasing h1 will decrease
the relevance of ρ2, which thus will be strongly damped. This might be avoided
using second order terms. The inversion would reach the orginial model, if the
approximization of f(m) would indicate that a better misfit can be reached by de-
creasing ρ2 and h1. Still, both parameter would have to be changed largely, although
the Taylor-expansion is only valid near m0.

The possible solutions for the inversion algorithm change, if h1 is kept fixed at 500
m. In this case the only real improvement in fit can be reached by decreasing ρ2.
The resulting model (“Result 2” in tab. E.1) much better reflects the characteristics
of the original model. Of course, the misfit stays high in this case, for the first
layer can not be changed to its original values. The first layer in “Result 2” has
to represent the upper 500 m of the original model and therefore the resistivity is
changed to a value between 100 and 5 Ωm. Anyhow, the original model is far better
represented by “Result 2” than by “Result 1”.

The example here is comprised of only one layer and a half-space. Is more lay-
ers are included, the problem gets much bigger. One might claim that it is possi-
ble to circumvent this problem by using a homogenous initial model. In this case
columns of J representing the layer thicknesses are ≡ 0 in the first iteration and
the algorithm can only change the layer resistivities. Therefore, the model after the
first iteration will reveal a rough image of the resistivity trend.

The inversion result displayed in tab. E.2 however shows that this does not work
in general. Here, a transient was calculated for a three layer case. The other param-
eters are the same as for the previous example. Again, the inverison algorithm fails
to find the original model. The reason here is that at first, decreasing the resistiv-
ity ρ1 will improve the misfit most. After the first iteration step, the algorithm is
caught in the same trap as in the previous example.

In this case, fixing the layer thicknesses will not improve the result. However,
the comparison can not be made directly. First, the number of free parameters is
smaller in the MLFT-case. Increasing the number of layers to five will result in a
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better picture of the subsurface. In addition there is a fundamental difference. The
discretisation of the MLFT-model is not sufficient. MLFT-models have to consist of
many more layers than FLVT. That is what makes them computationally expensive.
With this discretisation the MLFT inversion has no chance of achieving a better
misit.

The used discretisation of the FLVT-model in the example however is sufficient
with respect to the number and the type of the parameters. It simply does not reach
the global minimum. However, the inversion will reach the global if the thickness
discretisation of the initial model is close enough to the the one of the “true” model.

Using a FLVT-model provides much more local minima in which the linearised
inversion can get stuck than a MLFT-model. On the other hand the computational
effort is lower.

E.3 Inversion results

The inversion result does not only depend on the measured data. Although most
inversions (except Monte-Carlo-algorithms) are deterministic, the dependencies
between the multiple aspects of an inversion are very complex. Beside the obvious
influence of the inital model, changing any of these aspects (model discretisation,
data weighting, regularisation strategy, definition of misfit) will result in unforsee-
ably different models. Fortunately, the geological interpretation of these different
models may be the same. However, it is very important to check which feature of
the model is constrained by the measured data and which is a side effect of any
parameter. Never mistake an inversion result as the unique and true solution (see
also sec. 3.5).

E.3.1 Model discretisation

As pointed out in the preface of chapter 4, any model discretisation is insufficient.
Nevertheless, the model discretisation can be good enough to lead to a reasonable
and meaningful geological model. In this case the model discretisation is appropri-
ate to describe the geology under investigation.

However, the choice of the model discretisation will influence the inversion result
(see sec. E.2.1). Even adding new parameters (i.e. new degrades of freedom) may
degrade the misfit of the final model. In the sec. 5.6 or the field inversion results
in chapter 6 many examples can be found, where adding the distortion parameters
degrades the misfit of the inversion outcome.

Even adding additional layers to a MLFT-model might result in an opposite
model when the CF is included (fig. E.1).

There are at least two reasons for this behaviour. First, the structure of the Ja-
cobian changes, especially its condition number. To dampen the inversion of the
matrix other regularisation parameters have to be chosen. This affects the compo-
sition of the model update vector. Second, if an additional constraint is used in the
inversion, as in Occam’s inversion, the additional parameter has to be reflected in
the regularisation matrix. This means, adding additional parameters might change
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Figure E.1: Inverion results
for the same SHOTEM data
set using a 30 layer (black
line) and a 40 layer model
(gray line); the data set was
recorded above a waste site
close to Düren, Germany
[Raimundo, 2005]. The mis-
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the definition of “smooth” or the relations between different parts of the smooth-
ness.





APPENDIX F

Manual for EMUPLUS

This section describes the basic functions and commands of EMUPLUS. The man-
ual is written for version 6.0. For scientific purposes, the source code can be ob-
tained by writing an e-mail to helwig@geo.uni-koeln.de.

The program code itself is very old (the oldest files date back to the eighties)
and was adopted by a lot of students. Some of the older features are not supported
anymore, although the commands might still work. I will focus only on commands,
which work to my knowledge.

For applications of the program in special cases, refer to Commer [1999] (on
including a priori knowledge to Occam’s inversion) and Lange [2003] (on joint-
inversion of SHOTEM and LOTEM data sets).

F.1 General remarks

The program can be compiled using the g77 Fortran compiler. Typing make in the
path of the source codes will produce the binary emuplus. To start the program,
simply enter emuplus. The program will print

*******************************************************
* EMUPLUS - (E)lectro(M)agnetic (U)niversal *
* Inversion package *
* Version 6.0 *
*******************************************************

<E> Error during open of .def file, creating new one
Emuplus>



268 Manual for EMUPLUS

and wait for commands. The error message (the line starting with <E>) simply
says, that no default file named EMUPLUS.def is found. The program will create a
new one. Every change in the setup, made with the command SETU will be saved
in this file.

Alternatively, a text file containing all commands to be carried out can be piped
to the program. E.g.

emuplus < test_script.emu

will execute all commands in test_script.emu and exit. This is most useful,
if a lot of inversions need to be done automatically by a script.

All EMUPLUS-commands consist of four characters. All characters entered after
the fourth will be ignored (e.g. typing LOADI will execute the command LOAD).
However, the execution of most commands requires additional input, which may
be longer than four characters. EMUPLUS is not case sensitive. Case sensitivity of
entries related to file system operations (i.e. data file names) is determined by the
file system in use.

It is possible to call other commands from the EMUPLUS prompt by prepending
a ’!’. For instance, entering

Emuplus> !mv OCCAM.log hallo.log
Emuplus> !gnuplot

will first move the file OCCAM.log to hallo.log and invoke GNUPLOT after-
wards. The possible length of the line is restricted to 50 characters.

When asked for the name of a file to load or save, the extension can be omitted.
In this case, EMUPLUS will add its standard extension. If the user enters only *,
EMUPLUS will list all files with this extension in the actual directory.

In many cases EMUPLUS suggests a default value given in brackets after request.
The user can accept this value by pressing RETURN.

Some routines, which require random numbers ask for an initial number. The
default is a random number which is derived from the system clock1. If the same
initial number is entered, the pseudo random sequence will be the same. This can
be interesting for model studies and comparisons.

To use the plotting routines of EMUPLUS, GNUPLOT in version 3 or 4 and a
GHOSTVIEW(gv) are needed.

To exit EMUPLUS, type EXIT.

F.2 The data set concept

EMUPLUS allows one to invert several data sets jointly. For several operations it
is important to know, how EMUPLUS handles these data sets. Besides some addi-
tional information (data type, signal type, offset and so on) each data set consists of

1Probably, this does not work on every machine.
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five arrays: The measured times after shut-off (TEM) or the measured frequencies
(MT and CSAMT), the measured data (“MD-array”), the measurement error, the
data weights and the synthetic model response (“SMR-array”). The first three have
to be provided by the user, the latter are calculated by the program upon execution.

The data from the synthetic model response array can be copied to the measured
data array with the command XFER

If the user wants to use several data sets simultaneously, he has to shift the data
from the active arrays to storage-arrays (in the program they are refered to as “stor-
ages”). When in joint-inversion mode, EMUPLUS will overwrite the active arrays
with data from the storage-arrays during certain steps. There are several com-
mands regarding these storage-arrays:

DISP Displays the contents of all storages, especially the data type, the data set
title and to which model the data set is associated with (see SHMO).

SHIF Shifts a data set from the active arrays to a storage-array.

RESH Retrieves a data set from a storage-array to the active array. If a different
model is associated with this data set, the model in the active storage-array
also overwrites the actual model (see SHMO).

KIBU A data set is removed from a storage.

SHMO Associate an already shifted data set with a certain earth model parameter
set. This affects only the Occam’s inversion. If two data sets are inverted
jointly with different model parameter sets, EMUPLUS will do a soft joint-
inversion (see section 5.4.1).

F.3 The setup

The setup menu can be entered by typing SETU. All settings are saved in the file
EMUPLUS.def every time the menu is exited. The RESE-command resets all values
from the setup to the default value. The setup menu looks like:

Emuplus> setu
Setups available:
INVM change inversion method
INVP inversion parameters
OUTP output
TXPA transmitter parameters/distortion
CFHD calibration factor handling
ERRO data error/weight settings
EXIT leave setup

Emuplus.Setup> (EXIT)

The options are:
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INVM Change between Marquardt and Occam’s inversion;

INVP Here, all inversion parameters are set; the entries depend on the inversion
type set. For Marquardt:

Required tolerance for fit: The inversion stops, if the misfit is below this
value.

Minimum relative misfit decrease: The inversion stops, if the relative de-
crease in misfit between two iterations is below this value.

Maximum number of iterations: The inversion stops after this iteration step.

Minimum for relative singular value threshold: The minimal damping
value.

Enter transformation type: Choose the data transformation type [Scholl,
2001]. If 2 is chosen, next line is:

Scale-factor-type: Choose a scale factor for the area sine hyperbolicus
(asinhx = ln |x +

√
x2 + 1|). If “fixed” is chosen, the setup will ask for a

scale factor.

For Occam’s inversion, few different entries will show up. These are:

Roughness 1,2: Choose roughness criterion (either first or second deriva-
tive);

Criterion for choosing Lagrange multiplier: If this is set to zero, the inversion
will look for the Lagrange multiplier, which provides the lowest misfit.
If the entry is one, an L-curve criterion is used. If it is two, the algorithm
will still look for the smallest misfit, but will accept the model update
only if the cost functional (misfit+roughness) is decreased.

Minimal Lagrange multiplier decrease: If not zero, the Lagrange multiplier
may only decrease this much from one iteration to the next, unless it is
required to achieve a better model.

Enable OCCAM-anisotropy: In addition to freeing the fixes for the
anisotropy parameters, this has to be set to YES in order to also invert
anisotropies.

OUTP Set the verbose mode for Marquardt-inversion;

TXPA Here parameters regarding the Tx are set:

Normalized source moment: If on, the source moment is normalised2;

Source current: Enter the source current; Normally, this is set by the input-
file.

Dipole length: Here, the dipole length may be changed. Normally, this is set
by the input-file. In case of a loop source, this value actually is the loop
area.

Include periodicity: If on, the forward calculations for TEM will include
previous switching signals. In this case, EMUPLUS will ask for some
signal parameters:

2The program uses the american spelling.
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Vibrotem(0), 50%(50) or 100%(100) duty cycle: The signal form: Either Vi-
brotem, or two different duty cycles. “50%” means that the transmitter
is switched off, then changes polarity and again is switched off. “100%”
means that simply the polarity of the transmitting current is changed.
SHOTEM will normally use 50% duty cycle, LOTEM 100%.

Switching time/Frequency: Here, the time between two switching signals
(Vibrotem or 100%) or the signal frequency has to be entered.

Extended bipole: If switched off, the forward calculation will assume only
a transmitting dipole (infinitesimally short). If switched on, several
dipoles will be superpositioned for a bipole.

Invert Tx-Distortion: If switched on, the Tx-distortion Parameters Txx and
Txy will be inverted /em in a joint-inversion. The next two items set the
starting values for these parameters for every inversion.

CFHD Here, parameters regarding the calibration factor handling can be set:

Preset for CF: Each inversion will start with this value for the CFs. This in-
formation will be shifted to the storage-arrays to allow different presets
for each data set.

Weigh CF as much as all layers: This sets the entry in the smoothness matrix
for the CFs either to one or equal to the number of layers in an Occam’s
inversion.

Free CF-fixes in iteration: If this is not zero, the (formerly fixed) CFs will
in this iteration step be freed in a Marquardt inversion. This forces the
inversion code to find a model without changing the CFs. If this is set
to -1, the inversion will free the CFs after an inversion with fixed CFs
converged.

Never free CF-fixes in storages over: The storage-arrays higher than this
value will be excluded, if the CFs are automatically freed.

ERRO Set all parameters regarding the definition of the misfit and the data error
estimates:

χ or RMS: If set to YES, the misfit will be a misfit weighted on the data errors
(eqn. 3.6). If not, the misfit is an unweighted, relative error in percent
(eqn. 3.4).

Take number of free parameter into account: If switched on, the misfit is
not normalised on the number of data points but on the number of
data points minus the number of free parameters (the misfit thus will
be higher). This can be useful, if the misfit of two models with a dif-
ferent number of layers must be compared. Depending on these two
entries, EMUPLUS will call the misfit on output either Chi, Chi-P, RMS
or RMS-P.

Lowest accepted error in %: Data errors below this value are set to this value.

Enter error-estimate in %: If the error estimates are zero, they are set to this
value.

Relative to each individual data point: In this case, the percentage from the
previous item is applied to each datum, which means, that each data
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point will have the same relative error estimate (only if no error esti-
mates are found). Otherwise, each datum will have the same absolute
error estimate. Then, an additional entries shows up next:

Relative to which data point: If no error estimates are found, and the pre-
vious entry was set to NO, all data points get an percentage of this data
point as absolute error estimate.

Normalize weights: If switched on, the weights of each data set are nor-
malised. This means for a joint-inversion that all data sets have the same
importance.

EXIT Leave the setup menu;

F.4 Commands related to earth models

MODL Enter a new earth model; if the user wants to enter a model with more than
ten layers, EMUPLUS offers to automatically produce a model with logarith-
mical spaced thicknesses. After entering all parameters, it is possible to save
the model. Neither any distortion parameters nor calibration factors can be
entered.

LMOD List current model; after 20 layers the program will say
Hit key and return to continue.... Then, enter q to resume.

SAVM Save model; unless otherwise stated by the user the file will have the exten-
sion mod.

GETM Load model saved with SAVM; if the extension of the model file is mod, it
may be omitted.

GNUM Save model to a file which can be plotted, e.g. using GNUPLOT; unless
otherwise stated by the user the file will have the extension plt.

DIST Change Tx-distortion parameters for the model (see sec. 5.6);

CHPA Change parameters of model; the following sub-menu pops up:

Emuplus> chpa
Change Parameter:
R - Resistivity T - Thickness
A - Anisotropy C - Calibration
L - List model E - EXIT

Change parameter> ( )

Use E to exit this menu and L to list the actual parameter values (except the
calibration factor). Use R, A or T followed by a number to change a specific
parameter or C to change the calibration factor.

FIX Fix model parameter; the following sub-menu pops up:
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Emuplus> fix
Available commands for Parameter fixing:
L - List R - Resistivity
C - Calibration T - Thickness
Z - Zero A - Anisotropy
H - Help E - EXIT
COMMANDS: L P T A C Z H E ( H = HELP)

Emuplus.Fix> ( )

After entering or loading a model, all anisotropies are fixed and all other pa-
rameters are not fixed. Use R, A or T followed by a number to fix a specific
parameter during the inversion. Enter C to fix the calibration factor. Once
fixed, it is not possible to free a certain parameter. Instead, use Z to free ALL
parameters. H displays a help page. Use E to return to the standard EMU-
PLUS command line. IMPORTANT: The fixing information for the calibration
factor will also be stored in the storage-array. If you want to fix calibration
factors in a joint-inversion, do this prior to the SHIF command. Otherwise
the calibration remains unfixed.

MODP A sub-menu pops up, which allows one to incorporate a priori information
to Occam’s inversion. This is done by allowing resistivity jumps in the model
[Commer, 1999].

BAMO Take actual model as reference model for a soft joint-inversion;

AVMO Average all models from the storages;

MAMA Produce a starting model for a Marquardt inversion from a Occam’s inver-
sion result; the algorithm puts layer boundaries in depths where the model is
roughest. This normally does not work very well.

F.5 Commands related to the data sets

EMUPLUS has its own data file format with the extension dat (unless the user
specifies a different extension). This format contains all information needed to
make inversions with the data set (besides the system response, see below). After
a header with additional information about the measurement (data type, geome-
try, signal type and so on) five columns of numbers are written. The first contains
only increasing integers, which are of no interest. The second to fourth contain the
time/frequency array, the MD- and the SMR-array. The fifth column contain the
data errors in percent. As all header lines start with #, the dat-files can be plot-
ted using e.g. GNUPLOT3. To save and load data sets in the dat-file-format, use
the commands SAVD and GETD, respectively. SAVD will also produce a model file
with the same name but the extension mod. The program will not give an overwrite
warning!

3The 3-D-TEM modelling and inversion program SINValso writes out files named sinrx???.dat,
which are compatible with the EMUPLUS file format.
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Commands available for data editing
EDIT: DELETE:

"D" data value "\" first i data points
"W" weights "-" ith data point

(enter error in percent) "/" last i data points
"A" time/frequency in s/Hz ">" big percentual errors

"E" exit "H" print this list
Usage: command <data#> <value>
Emuplus.Edit>

Figure F.1: The edit sub-menu in EMUPLUS;

In addition to this proprietary EMUPLUS-dat-format, EMUPLUS can read ad-
ditional formats for TEM data using the command LOAD. For LOTEM EMUPLUS
tries to read rek files produced by the processing package Segy Pro and maxproc.
However, as these files do not contain all information relevant for the forward cal-
culations, the user has to enter the additional information manually. Especially,
the signal type has to be defined in the TXPA entry of the SETU sub-menu (see sec.
F.3). For SHOTEM-data, EMUPLUS can read also the clt-file-format described in
Lange [2003].

For measured TEM-data typically a system response file with the extension syt
has to be provided [Scholl, 2001]. Using the LOAD-command EMUPLUS asks if a
system response file should be used and its name. Saving the data set afterwards
with SAVD will save this information in the dat file BUT NOT THE SYSTEM RE-
SPONSE ITSELF. If the system response file is not available when the user tries to
read a dat-file with GETD, EMUPLUS will report an error.

GENE Calculate a synthetic data set; after entering all relevant parameters, the
synthetic data is copied to the MD- and SMR-arrays.

FUDG EMUPLUS calculates the shift factor between the data in the MD- and the
SMR-array. Then it asks, which factor should be applied. The proposed value
is the calculated shift factor. The factor entered by the user then is applied to
the data in the MD-array.

SIGN EMUPLUS checks, whether both curves in the MD- and the SMR-array have
the same polarity. If not, it changes the sign of the data in the MD-array.

ADD Add a certain value to the data in the MD-array;

EDIT Edit the data; the menu shown in fig. F.1 pops up. Use E to return to the
standard EMUPLUS prompt and H to redisplay this menu. The data arrays
can be edited by typing D, W or A DIRECTLY followed by the number of the
data point and the new value. To e.g. change the third datum of the MD-
array to a value of 15, enter D3 15. Enter e.g. \10 to remove the first ten data
points, or /5 to remove the last five. -5 will remove only the fifth. Typing
> will prompt for a certain percentual error. Any data point with a higher
percentual error will be removed from the data set.
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DELA Shift TEM data sets along the time-axis. A certain time interval will be
added to the time array. This may require the removal of data points which
would otherwise have negative times. The program will print the delay al-
ready applied to this transient.

SYST Load a system response file;

RENA Enter the data set title;

TYPE Enter the data type; This can be MT for MT data, or CT for CSAMT data.
For TEM data sets, the type designation consists of four characters starting
with a T. The second character defines the source type, which can be either
L for a loop source (SHOTEM) or D for a grounded dipole (LOTEM). The
last two characters specify the receiver component, which could one of EX,
EY, HX, HY or HZ. Additionally, a rotated electric field (XY) or a tilted and
rotated magnetic component (HN) can be used. In this case, one or two angles
defining the tilt and rotation have to be provided. The angles are defined in
Müller [2000]4. If the receiver component HN or HZ are used, EMUPLUS asks
whether the data should be calculated as induced voltages or as apparent
resistivities.

CUSR Remove the data points around sign reversals;

CUTS Remove the data point with the smallest value;

NOIS Add noise to the data set; normally distributed noise with a standard devi-
ation relative to each datum is added (e.g. 10 %).

NOIA Add noise to the data set; here, normally distributed noise with a fixed stan-
dard deviation is added to each data point. The default value is calculated
from the last data points of the transient and should give a realistic amount
of noise for a mediocre distorted data set (eqn. 5.1. Additionally, a lower rel-
ative limit for the standard deviation can be chosen.

DOWE Downweighting of early time data points of TEM transients; early times are
dominated by the system response or ramp time. If the system response is
not well known, the error estimates for early times can be increased. It asks,
where to start and end with what percentages. In between, the percentage
will be linear interpolated on log times.

LDAT Shows information about the data set; the commands SHOR and LONG tog-
gle between two modes. The first one only displays the data type, title and
information about the source, the latter displays the whole data set.

F.6 Plotting, forward calculation and inversion

With the command MODE the user can switch between the single mode, in which all
calculations are done for the data set in the actual array and the joint mode, where
all calculations are done for the data sets in the storage-arrays. Which type of data
is stored is not important.

4This is very tricky! Be sure that you use the right angles with the right sign!
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In joint mode, most commands described in this section ask, how many data sets
should be used. EMUPLUS will use the data sets from the first storage-array, which
contain data. An example: If the storage-arrays 1, 2, 4 and 6 contain data and the
user says the program should use three data sets, the data from the storages 1, 2
and 4 will be used.

The command CALC calculates synthetic data for the model(s). The model re-
sponse is stored in the SMR-array. If the program is in the joint mode, the synthetic
data is shifted back to the storage-arrays. EMUPLUS will write out the misfit, either
of one or of all data sets.

The command AUTO starts an inversion. Depending on the settings in the SETU
sub-menu INVM, an Occam’s or Marquardt inversion is started. Depending on the
inversion type, differently named log-files will be written out (see tab. F.1).

The Tx-distortion parameters effect only LOTEM data sets. These parameters are
only inverted if a joint-inversion is chosen. Soft joint-inversions will only work
for joint Occam’s inversions. Most inversions will reset the calibration factors and
distortion parameters to the presets defined in the SETU sub-menus.

STEP Perform one step of a Marquardt single inversion;

PLAN Calculates model ((TEM-) responses for different geometries/earth models;
this command thus can be used to plan a measurement or to do sensitivity
analyses. After some input made by the user the program will create a file
plan.dat and (if GNUPLOT is installed) a plot named plan.ps

EQUICheck for equivalence models; this is done by changing every model param-
eter systematically and doing a Marquardt inversion. All other parameters
may be changed randomly a few percent to smear out less resolved parame-
ters. If a model with a better misfit is found, it can be used as new reference
model. If this happens, the equivalence check is started anew. The models,
which are considered equivalent (with a misfit which is less then e.g. 15 %
worse then the reference model) are written to the file EQ_MODELS.DAT.

PLOT Plots actual model and actual data set; two postscript plots are generated via
GNUPLOT and displayed with GHOSTVIEW. Obviously this only works, if
compatible versions of GNUPLOT and GHOSTVIEW are installed.

XYPL Produce and save model and data set plot; the same plots as for PLOT are
produced. Instead of displaying them, EMUPLUS asks for two filenames un-
der which the two postscript files are saved. Alternatively, all files needed to
produce the postscript files are saved to a certain subdirectory (GNUPLOT-
script and data files). This is useful, if the computer has no GNUPLOT in-
stalled or another program is used to plot the data.
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inversion/calculation type log-file name contains

Occam’s, single $title.olo inversion progress

Occam’s, joint OCCAM.log inversion progress

Marquardt, single $title.log inversion progress

Marquardt, single $title.sta inversion statistics

Marquardt, joint $title.jlo inversion progress

Marquardt, joint $title.jst inversion statistics

PLAN plan.dat forward curves for the
different cases

PLAN plan.gnu GNUPLOT-script for
plotting plan.dat

PLAN plan.ps plot of different
forward curves (*)

equivalence check EQ_MODELS.DAT all models found

Table F.1: List of files generated during different types of inversion/calculation; $title stands for the
title of the (last) data set. The lines marked with (*) designate files which will be produced only if a
compatible GNUPLOT is installed.
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