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ABBREVIATION AND NOMENCLATURE 

The following list comprises the most frequently used symbols and abbreviations in the thesis. 

Additional symbols are defined within the text. If symbols are used in another context than defined 

in this list, their temporarily different meanings are stated within the text.  

 

MT  magnetotelluric 

AMT  audiomagnetotelluric 

LMT  long-period magnetotelluric 

BBMT  broadband magnetotelluric 

TF  transfer function 

VTF  vertical magnetic transfer function 

EM  electromagnetic 

 

𝑿  bold letter: tensor indication 
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ℜ   real part of a complex number 
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µ0  vacuum permeability      4π*10-7 [ 
𝑉𝑠

𝐴𝑚
 ] 
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휀0   vacuum permittivity      8,85*10-12 [ 
𝐴𝑠

𝑉𝑚
 ] 

휀𝑟  relative permittivity 

𝑞𝑓  volume free charge density     [ 
𝐴𝑠

𝑚3 ] or [ 
𝐶

𝑚3 ] 

𝜏𝑓  surface free charge density     [ 
𝐴𝑠

𝑚2 ] or [ 
𝐶

𝑚2 ] 

𝑗    electric current density     [ 
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1 INTRODUCTION 

The magnetotelluric (MT) method is a geophysical tool to study the Earth’s subsurface using 

natural magnetic and electric field variations. While standard interpretation tools have long been 

in use, this thesis aims to advance the field by introducing new theoretical developments and 

emphasizes their practical application in an interesting geological setting. Here, three main topics 

are addressed: First, the properties of the complex MT apparent resistivity tensor are investigated, 

second, a new data processing routine is introduced, and third, a geological model of the Ceboruco 

volcano, Mexico, is presented. Overall, this work bridges several important aspects of the MT 

method, ranging from data processing and interpretation to forward modelling and inversion 

approaches.  

To facilitate the interpretation of MT data, one fundamental aspect of the thesis addresses the 

properties of the complex MT apparent resistivity tensor in multidimensional resistivity 

environments. The theoretical concept of the tensor was introduced by Brown (2016). It can be 

decomposed into a real and imaginary tensor and an additional resistivity phase tensor, associated 

with the horizontal gradient of the resistivity in the region where most of the electric current is 

focused. To examine the advantages of this purely theoretical formulation, EM fields are generated 

for a suit of canonical 1-D isotropic, 1-D anisotropic, 2-D isotropic and 3-D anisotropic resistivity 

models, using the COMSOL Multiphysics® platform. To emphasize the physical background of the 

tensors, electric, magnetic and current density fields are visualized and related to the response 

functions. Additionally, a new way to plot tensor ellipse invariants is introduced. The forward 

modelling studies reveal a high sensitivity of the new tensors to horizontal and vertical resistivity 

contrasts, which might be of advantage for 3-D inversion approaches. Thus, the new tensors are 

incorporated in the ModEM inversion code (Kelbert et al., 2014) and their performance is tested 

for a synthetic 3-D model. The results are compared to established inversion parameters, such as 

the complex impedance tensor (e.g. Tietze and Ritter, 2013; Meqbel, 2016; Kelbert et al., 2012; 

Heise et al., 2008) and exclusive phase tensor inversions (Patro et al., 2013; Tietze et al., 2015). 

Additionally, the new tensors are visualized and investigated in the context of the evaluation and 

interpretation of the Ceboruco data. 
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The Ceboruco is an active stratovolcano, which is located in the Tepic-Zocoalco rift (TZR) and is 

part of the Trans-Mexican Volcanic Belt (TMVB). Together with Chapala and Colima, the TZR is 

part of a triple rift system, which developed as a consequence of the ongoing subduction of the 

Rivera and Cocos oceanic plates beneath the North American continental crust (Petrone et al., 

2001). In November 2016, MT data were collected during a two-week measurement campaign. 

The survey was part of a geothermal project (CeMIEGeo-P24) and focused on the determination 

of the electrical conductivity properties to characterize the deep structure and the geothermal 

potential of the volcano. Seven audiomagnetotelluric and eighteen broad-band stations allowed for 

the calculation of transfer functions (TFs) in a wide period range between 10-4 and 102 𝑠.  

The estimation of reliable TFs is crucial, but can be significantly hampered by anthropogenic noise. 

To diminish those effects, a new multivariate processing routine, based on the eigenvalue 

decomposition method from Egbert (1997), is presented. The algorithm allows for the 

minimization of coherent and incoherent noise and achieves distinctly improved results compared 

to standard processing approaches. The efficiency of the method is demonstrated by application to 

synthetic and real measurement data. Further, topographical distortions have a significant impact 

on the MT response. This is of particular relevance for the studied Ceboruco volcano which has 

more than 1 𝑘𝑚 elevation difference between its foot and peak. To account for topographical 

effects, a high-resolution topography model of the Ceboruco is included in COMSOL Multiphysics® 

and response functions are calculated for a 1-D layered subsurface. The results demonstrate that 

this simple forward model reproduces large parts of the observed data, especially with regard to 

periods smaller than 1 𝑠 and for stations in the foreland. 

To obtain a subsurface model that suffices all periods and all stations, a 3-D inversion is performed, 

using the ModEM inversion code. The final inversion model yields an excellent data fit, but also 

includes a systematical misfit of the long-period data. Moreover, the inversion algorithm creates 

large-scale resistivity structures far outside the measurement area, which is the only possibility to 

reproduce the observed data by an isotropic model. In combination with a large and spatially 

constant observed phase split and coincidently small induction vectors, this is a strong indication 

for electrical anisotropy. To investigate this hypothesis, the inversion results are incorporated in 

COMSOL and an anisotropic layer is added. The anisotropic model improves the data fit at the 

longest periods and provides a geologically reasonable resistivity model.  
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The thesis is structured as follows: Chapter 2 gives a general introduction to the MT method (2.1) 

and establishes the concept and the visualization of MT transfer functions (2.2). In chapter 2.3 the 

properties of the complex apparent resistivity tensor are presented and compared to common MT 

parameters. Chapter 3 addresses the geological setting of the Ceboruco volcano (3.1) and 

summarizes the field survey and the measurement strategy (3.2). Next, the theoretical background 

of data processing is addressed (chapter 4.1), the new processing routine EGSTART is presented 

(chapter 4.2) and processing results of the Ceboruco data are shown (chapter 4.3). The numerical 

modelling using COMSOL is outlined in chapter 5.1. Additionally, a synthetic study on 

topographical effects is presented (chapter 5.2) and a topography model of the Ceboruco volcano 

above a 1-D layered subsurface is evaluated (chapter 5.3). Chapter 6 focuses on inversion. First, 

the fundamental principles of the ModEM 3-D inversion code are elucidated (chapter 6.1) and the 

new MT tensors are incorporated in the inversion approach (chapter 6.2). Then, the topography 

model of the Ceboruco is implemented and the finite-difference (FD) discretization in ModEM is 

compared to the finite-element (FE) discretization in COMSOL (chapter 6.3). Finally, the Ceboruco 

data is inverted and the resistivity model and the data fit are examined (chapter 6.4). The last 

chapter presents an additional anisotropic forward model (chapter 7.1), which is discussed in the 

geological context of the Ceboruco volcano and with regard to the tectonic setting in the Tepic-

Zocoalco rift (chapter 7.2). 
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2 THEORY 

The magnetotelluric (MT) method was first described by Tikhonov (1950) and Caginard (1953) 

and is used to examine the Earth’s electrical conductivity distribution by observing magnetic and 

electric field variations at the Earth’s surface. MT is a passive measurement method and uses 

natural magnetic field variations in a period range between 10-4 – 106 𝑠 as power source. By 

Faraday’s law, time varying magnetic fields induce an alternating electric field when penetrating 

into the subsurface. The electric field causes a current flow and an associated secondary magnetic 

field (Ampère’s circuital law). Consequently, the magnetic and electric fields observed at the 

Earth’s surface consist of external (primary) and internal (secondary) field components, with the 

total field given by their vector sum. To obtain depth-dependent information about resistivity 

structures, complex frequency-dependent transfer functions (TFs) are calculated. Depending on the 

target period (period of interest) and the subsurface resistivity, the exploration depth reaches from 

several meters to more than 500 𝑘𝑚 (Chave & Jones, 2012). 

Chapter 2.1 addresses the basics of the MT method. It gives an overview about source-field 

processes, describes the derivation of the electromagnetic (EM) diffusion equations from the 

Maxwell equations and states information about resolution and dimensionality of the method. In 

chapter 2.2, the concept of TFs is established. This comprises the common MT response tensor 

(impedance tensor), vertical magnetic transfer functions (VTFs), the phase tensor, the recently 

introduced MT apparent resistivity tensor and their visualization in terms of impedance curves, 

induction vectors and tensor ellipses. In chapter 2.3, the properties and sensitivities of the different 

MT tensors are compared using a suite of canonical resistivity models. Here, the focus is on the 

complex apparent resistivity tensor as its features have not been investigated before.  
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2.1 Principles of the Magnetotelluric Method 

2.1.1 Source Field 

The MT method uses natural magnetic field variations in a wide frequency range from  

10-4 – 106 𝑠 as source field. The origin of the signals is diverse, but in general two principal source 

field mechanisms can be distinguished. MT measurements in the period range from 10-4 – 100 𝑠 

are named audiomagnetotelluric (AMT) measurements. They are related to meteorological activity 

in the troposphere, such as thunderstorms and global lightning discharges (sferics). Most significant 

are the sferics from the highly disturbed equatorial regions which propagate around the Earth within 

the waveguide bounded by the ionosphere and the conductive surface of the Earth (Garcia & Jones, 

2002; Simpson & Bahr, 2005). The properties of this waveguide are influenced by diurnal and 

seasonal changes which, in case of the northern hemisphere, result in an enhanced signal strength 

at night times and during summer months (Viljanen, 2012). In the frequency range between 1 and 

5 𝑘𝐻𝑧, temporal fluctuations of the waveguide cause the AMT dead-band which involves 

significantly attenuated signal amplitudes (Viljanen, 2012). A detailed description of the 

waveguide modes is given in Dobbs (1985). 

Periods longer than 1 𝑠 are assigned to the long-period magnetotelluric (LMT). In this case the 

signal sources are located in the ionosphere and the magnetosphere and are related to solar wind-

magnetosphere interaction. The solar wind is a continuous plasma stream consisting of protons and 

electrons radiated by the sun. It varies in density and velocity and causes rapidly changing 

distortions of the Earth’s magnetosphere (Simpson & Bahr, 2005). Those oscillations of the 

magnetosphere result in geomagnetic fields that are complexly modified by inductive and 

magnetohydrodynamic interactions between the magnetosphere and the ionosphere before 

reaching the Earth’s surface (Simpson & Bahr, 2005). A more extensive discussion of the physical 

processes in the magnetosphere and the ionosphere is given in Campbell (1997). 

In particular, several large scale current systems are responsible for the long-period magnetic field 

variations observable at the Earth’s surface. The largest current system is located at a distance 

between 2 and 9 Earth’s radii (Daglis et al., 1999) and is called Earth’s ring current. It originates 

from ions and electrons from the ionosphere/the solar wind and is driven by the Lorenz force. The 

current flow is oriented in western direction and causes a magnetic field that is opposed to the 
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Earth’s magnetic field. Consequently, an increase in the Earth’s ring current activity will decrease 

the total magnetic field observed at the Earth’s surface.  

Another current system is the solar quiet (Sq) current system which is causing diurnal field 

variations. The illumination of the sun results in a convection of charged particles within the 

ionosphere. By moving the particles through the Earth’s magnetic field an electrical current system 

is generated, reaching from above the equator up to mid-latitudes. The intensity of the magnetic 

fields related to the Sq-variations are therefore dependent on local time, latitude, season and solar 

cycle.  

The equatorial electrojet is a current system that directly results from the Sq-variations as a 

secondary field effect (Pedersen and Hall currents). According to Villianen (2012) it is located at a 

height between 90 and 130 𝑘𝑚 above the magnetic equator.  Similar to the Sq-system it originates 

in the ionosphere and is dependent on diurnal and seasonal variations of the solar radiation. 

Finally, there are the auroral electrojets which are located in the ionosphere near the southern and 

northern polar circles. The associated currents are of remarkable strength and cause the largest 

disturbances observable in the ground magnetic field (Cembrowski, 2017, following Baumjohann 

& Treumann, 1997). This is mainly due to an enhanced conductivity in the auroral ionosphere and 

a maximum in the horizontal Earth’s magnetic field intensity. 

A detailed description of the Earth’s current systems is given in Villjanen (2012). 

The current systems are a consequence of the continuous solar plasma stream associated with 

regular solar activity (called quiet times). However, there are times when eruptions on the sun cause 

high-speed streams of solar particles which compress the Earth’s magnetosphere and significantly 

increase the number of charged particles trapped in the magnetosphere and the ionosphere. Those 

events are referred to as magnetic storms. They have a large impact on the current systems and 

hence on the observable magnetic field.  

In addition to the long-period variations of the large current systems, geomagnetic pulsations have 

to be quoted as a source field. They cover a period range between ~0.2 and 600 𝑠 and originate 

from regular and irregular distortions in the magnetosphere and at the magnetopause. For more 

details see, e.g., Kertz (1971). 
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In Figure 2-1 the power 

spectrum of natural magnetic 

field variations is displayed. The 

period range between 0.1 and  

10 𝑠 (enlarged figure) marks the 

transition between AMT and 

LMT source field mechanisms.  

It is a period range of low natural 

excitation energy (with a 

minimum at ~1 𝑠) which is 

called dead-band. MT 

observations at those periods are 

usually highly influenced by 

anthropogenic noise sources and 

feature a very low data quality.   

The MT method relies on the assumption that the source fields are located at a large distance to the 

measurement area and the fields propagate as plane waves. This condition is also known as far field 

assumption and is dependent on the target period. In particular, long periods require a larger 

distance to the source than short periods. For natural signals the far field assumption is generally 

satisfied if the measurement area is located at mid-latitudes. At high latitudes or close to the 

equator, the auroral and equatorial electrojets can disturb long-period MT measurements.  In case 

of anthropogenic noise sources the plane wave assumption is frequently violated. This makes MT 

measurements in urbanized regions a challenging task and demands for effective data processing 

algorithms. This topic is addressed in greater detail in chapter 4. 

 

2.1.2 Maxwell Equations      

This section briefly addresses the basics of MT theory and demonstrates the derivation of the EM 

diffusion equations for a homogeneous medium. A more comprehensive discourse about 

electromagnetic theory in the context of MT is given by Schmucker and Weidelt (1975), Chave and 

Weidelt (2012) or Simpson and Bahr (2005).  

Figure 2-1. Power spectrum of natural magnetic field variations. 

The short-period signal (< 1 𝑠) is associated with the earth-ionosphere 

waveguide, long periods with solar wind-magnetosphere interaction. 

The enlarged period range shows the dead-band with a minimum of 

natural excitation energy at 1 𝑠. (Figure from Simpson & Bahr, 2005, 

modified from Junge, 1994)  
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In case of target periods smaller than 105 𝑠 the Earth’s curvature can be neglected (Simpson & 

Bahr, 2005, following Srivastava, 1965). Therefore, the following derivations are in Cartesian 

coordinates, with 𝑥 pointing north, 𝑦 pointing east and 𝑧 pointing vertical downwards (positive 

down). This definition conforms to the MT convention. 

The four Maxwell equations are: 

𝛻 ∙ �⃑�  =  0                                                                                                                                                    (2.1) 

𝛻 ∙ �⃑⃑�  =  𝑞𝑓                                                                                                                                                  (2.2) 

𝛻 × 𝐸 ⃑⃑  ⃑  =  − 
𝜕�⃑� 

𝜕𝑡
                                                                                                                                        (2.3) 

𝛻 × �⃑⃑�  =  
𝜕�⃑⃑� 

𝜕𝑡
+ 𝐽                                                                                                                                        (2.4) 

Here, �⃑�   is the magnetic flux density, 𝑞𝑓 the free charge density,  �⃑⃑�  the electric displacement, �⃑�  

the electric field, �⃑⃑�  the magnetic field and 𝐽  the electric current density. 

Equation (2.1) is known as Gauss’s law for magnetics and states that the magnetic flux density is 

source-free and magnetic monopoles do not exist. Gauss’s law (2.2) comprises that electric charges 

are the source of electric fields. The formulation of equation (2.2) is a simplification as the total 

electric charge density (𝑞𝑡 = 𝑞𝑓 + 𝑞𝑏) is assumed to equal the free charge density (𝑞𝑓). Here, the 

formation of bounded polarization charges (𝑞𝑏) is excluded and a medium with constant 

permittivity (휀) is implied. This is particularly true for homogeneous media but might be 

generalized by assumption (5) (next page). 

According to Faraday’s law of induction (2.3) and Ampère’s circuital law (2.4) a time varying 

magnetic field causes an (electric) eddy current field and a time varying electric field induces an 

alternating magnetic field. In combination with the material equations (2.5) and (2.6) and Ohm’s 

law for isotropic media (2.7) the Maxwell equations describe the propagation of electromagnetic 

waves in isotropic media.  

�⃑�  =  𝜇0 𝜇𝑟 �⃑⃑�  =   𝜇 �⃑⃑�                                                                                                                               (2.5) 

�⃑⃑�  =  휀0 휀𝑟 �⃑�  =   휀 �⃑�                                                                                                                                 (2.6) 

𝐽  =  𝜎 �⃑�                                                                                                                                                        (2.7) 
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휀𝑟 and 𝜇𝑟 are the material-dependent relative permittivity and relative permeability, respectively, 

휀0 is the vacuum permittivity, 𝜇0 is the vacuum permeability and 𝜎 is the electrical conductivity. 

In MT the following assumptions and simplifications are applicable (Caginard, 1953; Keller & 

Frischknecht, 1966; Simpson & Bahr, 2005): 

(1) In uniform or horizontally layered (1-D) media no free charges exist (𝑞𝑓 = 0). In this cases 

eq. (2.2) simplifies to 𝛻 ∙ �⃑⃑� = 0. 

(2) The Earth only dissipates and absorbs but does not generate EM energy. 

(3) In case of natural magnetic field variations, the source fields are located in large distance 

and can be regarded as plane-polarized electromagnetic waves, propagating normal to the 

Earth’s surface (plane waves). The plane wave assumption implies the time invariance of 

the exciting source. 

(4) Charges are conserved at material boundaries. The Earth acts as an ohmic conductor and 

(2.7) is obeyed. 

(5) For most of the Earth’s rocks, variations in the relative permittivity and the relative 

permeability are comparably small (𝜇𝑟  ≈ 1 and 휀𝑟 < 81). Considering the period range in 

MT and assuming typical electrical resistivity values for the Earth’s crust and mantle,  free 

space values (𝜇0 and 휀0) can be assumed in case of the electric permittivity (휀) and the 

magnetic permeability (𝜇). 

(6) For periods relevant to MT, time varying displacement currents are small and can be 

neglected compared to the time varying conduction currents (→
∂�⃑⃑� 

∂t
= 0). 

(7) The electromagnetic fields have a harmonic time dependence of the form 𝑒𝑖𝜔𝑡 (angular 

frequency 𝜔 = 2𝜋𝑓, 𝑖 = imaginary unit).  

Using (2.6) and assuming a constant permittivity (5), Gauss’s law (2.2) can be written as:  

𝛻 ∙  �⃑�  =  
𝑞𝑓

휀0
                                                                                                                                                (2.8) 

Under consideration of (1), the divergence of the electric field in homogeneous or exclusively 

horizontally layered media becomes zero: 

𝛻 ∙ �⃑�  =  0                                                                                                                                                   (2.9) 
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Ampère’s law (2.2) can be reformulated using Ohm’s law (2.7) and neglecting the time varying 

displacement currents (6):  

𝛻 × �⃑�  =  𝜇0𝜎�⃑�                                                                                                                                        (2.10) 

Subsequently, by applying a curl operation (𝛻 ×) to Faraday’s law (2.3) and to the modified 

Ampère’s law in (2.10), diffusion equations are derived in terms of the time varying electric and 

magnetic fields:  

𝛻 × (𝛻 × �⃑� )  =  −𝛻 ×
𝜕�⃑� 

𝜕𝑡
                                                                                                                    (2.11) 

𝛻 × (𝛻 × �⃑� )  =  𝛻 × (𝜇0𝜎�⃑� )                                                                                                              (2.12) 

Using (2.3) and considering that 𝜎 is constant for homogeneous media, (2.12) can be written as: 

𝛻 × (𝛻 × �⃑� )  =  −𝜇0𝜎
𝜕�⃑� 

𝜕𝑡
                                                                                                                    (2.13) 

The following vector identity (e.g. Bronstein & Semendjajew, 2001) 

𝛻 × (𝛻 × 𝑋 )  =  𝛻 ∙ (𝛻 ∙ 𝑋 ) − 𝛻2𝑋                                                                                                     (2.14) 

with 𝑋  being any vector, is used to adapt the diffusion equation for the electric field (2.11): 

𝛻 ∙ (𝛻 ∙ �⃑� ) − 𝛻2�⃑�  =  −𝛻 × 
𝜕�⃑� 

𝜕𝑡
                                                                                                         (2.15) 

Equation (2.15) can be simplified by including (2.10) and taking into account that for 

homogeneous media the electric field is divergence-free (2.9): 

𝛻2�⃑� = 𝜇0𝜎
𝜕�⃑� 

𝜕𝑡
                                                                                                                                         (2.16) 

Equally, the vector identity from (2.14) is used to reformulate equation (2.13). Under 

consideration of Gauss’s law for magnetics, which implies that the divergence of the magnetic field 

is zero, the diffusion equation for the magnetic field becomes: 

𝛻2�⃑� =  𝜇0𝜎
𝜕�⃑� 

𝜕𝑡
                                                                                                                                        (2.17) 
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Assuming a plane EM wave with an harmonic time dependence of 𝑒𝑖𝜔𝑡 (7) and electric and 

magnetic field amplitudes �⃑� 0 and �⃑� 0 at the surface, respectively, the temporal changes of the 

electric and magnetic fields are described by: 

�⃑�  =  �⃑� 0 𝑒
𝑖𝜔𝑡                                                                                                                                             (2.18) 

�⃑�  =  �⃑� 0 𝑒
𝑖𝜔𝑡                                                                                                                                            (2.19) 

Applied to (2.16) and (2.17) and forming the time derivative, the electromagnetic diffusion 

equations finally yield: 

𝛻2�⃑�  =  𝑖 𝜔 𝜇0 𝜎 �⃑�                                                                                                                                   (2.20) 

𝛻2�⃑�  =  𝑖 𝜔 𝜇0 𝜎 �⃑�                                                                                                                                   (2.21) 

(2.20) and (2.21) are known as Helmholtz equations. They describe the frequency dependent 

propagation of the electric and magnetic fields in homogeneous media. Since the electric 

conductivity in air is negligibly small (𝜎 → 0), electromagnetic fields propagating between 

ionosphere and the Earth’s surface are only marginally attenuated.  

 

The diffusion equations represent second order differential equations. Assuming that the EM fields 

only change in vertical direction (
𝜕2�⃑� 

𝜕𝑥2 =
𝜕2�⃑� 

𝜕𝑦2 =
𝜕2�⃑� 

𝜕𝑥2 =
𝜕2�⃑� 

𝜕𝑦2 = 0) they have solutions of the form (e.g. 

Boas, 1983): 

�⃑�  =  �⃑� 1 𝑒
𝑖𝜔𝑡−𝑘𝑧 + �⃑� 2 𝑒

𝑖𝜔𝑡+𝑘𝑧                                                                                                              (2.22) 

�⃑�  =  �⃑� 1 𝑒
𝑖𝜔𝑡−𝑘𝑧 + �⃑� 2 𝑒

𝑖𝜔𝑡+𝑘𝑧                                                                                                             (2.23) 

where 𝑘 is the complex wavenumber. Considering that the Earth does not generate but only 

dissipate and absorb EM energy (2), �⃑�  and �⃑�  should vanish for 𝑧 → 𝑅𝐸  (with 𝑅𝐸 being the radius 

of the Earth). Consequently, in case of uniform media �⃑� 2 and �⃑� 2 should equal zero and (2.22) and 

(2.23) reduce to: 

�⃑�  =  �⃑� 1 𝑒
𝑖𝜔𝑡−𝑘𝑧                                                                                                                                       (2.24) 

�⃑�  =  �⃑� 1 𝑒
𝑖𝜔𝑡−𝑘𝑧                                                                                                                                      (2.25) 
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Calculating the second derivative with respect to 𝑧 yields: 

𝜕2�⃑� 

𝜕𝑧2
 =  𝑘2 �⃑� 1 𝑒

𝑖𝜔𝑡−𝑘𝑧  =  𝑘2 �⃑�                                                                                                             (2.26) 

𝜕2�⃑� 

𝜕𝑧2
 =  𝑘2 �⃑� 1 𝑒

𝑖𝜔𝑡−𝑘𝑧  =  𝑘2 �⃑�                                                                                                            (2.27) 

Equating the right-hand sides of (2.20) and (2.26) results in: 

𝑖 𝜔 𝜇0 𝜎 �⃑�  =  𝑘2  �⃑�     →     𝑘 =  √𝑖 𝜔 𝜇0 𝜎                                                                                      (2.28) 

Using the Euler relationship √𝑖 =
1+𝑖

√2
, the complex wavenumber (𝑘) is given by:  

𝑘 =  √
𝜔 𝜇0 𝜎

2
+ 𝑖√

𝜔 𝜇0 𝜎

2
                                                                                                                   (2.29) 

The inverse of the real part of the complex wavenumber is known as skin depth (𝛿, also referred to 

as penetration depth) of an EM wave: 

𝛿 =  
1

ℜ(𝑘)
=  √

2 𝜌

𝜔 𝜇0
                                                                                                                              (2.30) 

With 𝜌 being the electrical resistivity, the skin effect describes the frequency-and resistivity-

dependent attenuation of the EM fields in homogeneous media. At the skin depth (𝛿) the 

amplitudes of the EM fields are attenuated to a fraction of 𝑒−1 compared to the Earth’s surface. 

Considering 𝜇0 = 4𝜋10−7 (
𝑉𝑠

𝐴𝑚
) and 𝜔 =

2𝜋

𝑇
, the following rule of thumb provides an estimate for 

the skin depth: 

𝛿 (𝑘𝑚) = 0.5 √𝜌 𝑇                                                                                                                                 (2.31) 

The skin depth can be regarded as an approximate investigation depth. It implies that regions of 

high conductivity (small 𝜌) strongly attenuate the EM fields, which results in a smaller penetration 

depth. Similarly, short periods have a smaller skin depth than long periods. If the subsurface differs 

from homogeneity, the electrical resistivity can be substituted by the apparent resistivity (𝜌𝑎):  

𝛿 (𝑘𝑚) = 0.5 √𝜌𝑎  𝑇                                                                                                                               (2.31) 
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The apparent resistivity is a frequency dependent measure of the subsurface resistivity. In 

homogeneous media it equals the actual resistivity, whereas in higher dimensional environments it 

can be regarded as the average resistivity of an equivalent uniform half-space (Simpson & Bahr, 

2005) (cf. chapters 2.1.3 and 2.2.1 for the definition of induction volume and apparent resistivity).  

The electromagnetic diffusion equations according to (2.20) and (2.21) were derived for a 

homogeneous medium. In case of a horizontally layered medium (1-D), they have to be solved for 

each layer separately, e.g. using the recursion formula according to Wait (1954). In higher 

dimensional environments the conservation of charges at vertical resistivity boundaries causes a 

gradient in the horizontal electric field and gives rise to a free charge density. Hence, assumption 

(1) (p. 9) is not applicable and 𝛻 ∙ �⃑�  ≠  0. In a simple 2-D case the diffusion equations can be 

solved separately for two individual polarization directions (the TE- and TM-mode, cf. chapter 

2.2.1), assuming appropriate boundary conditions at the resistivity gradients. This is explicitly 

described for a vertical dike in Rankin (1962) or more general in Jones and Price (1970). In three-

dimensional environments numerical approaches are used to solve the diffusion equations (e.g. 

Raiche, 1973; Weidelt, 1975 or Reddy et al., 1977).   

 

2.1.3 Resolution and Dimensionality 

The propagation of EM waves is a diffusive process that is based on the physics of EM induction. 

For this reason MT measurements yield volume soundings and imply that the response functions 

(cf. chapter 2.2) are volumetric averages of the sample medium (Simpson & Bahr, 2005). This is 

similar to gravimetric methods but differs from, e.g., seismic methods, which are based on a non-

diffusive wave equation. However, unlike gravimetry, which involves a scalar potential, MT 

comprises vector fields. 

For a uniform subsurface the induction volume can be described as a hemispherical volume beneath 

the observation point at the Earth’s surface. In this case, the radius of the hemisphere equals the 

skin depth (𝛿). The description is roughly valid for 1-D layered media, but it is invalid in case of 

2-D or 3-D media where horizontal conductivity gradients can have a significant impact on the 

measurement data. This phenomenon is referred to as the horizontal adjustment length, which 

constitutes the lateral distance from a measurement site for which MT response function are 
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sensitive to resistivity anomalies (Raganayaki & Madden, 1980). The horizontal adjustment length 

can be significantly larger than the penetration depth (twice the skin depth, Simpson & Bahr, 2005). 

During the evaluation of MT measurements it is crucial to determine the dimensionality of the MT 

response functions. Oversimplification and the usage of inappropriate interpretation tools will 

result in a deficient rendering of the subsurface, e.g. when interpreting 3-D data with a 1-D or 2-D 

inversion code (see, e.g., Ledo, 2005). 

In general, the dimensionality of the MT data is not only dependent on the dimensionality of the 

subsurface structures, but also on the scale and thus on the target period. This becomes clear in 

Figure 2-2, where the period dependent induction volume is shown for three different target 

periods. For the shortest period (left) a 3-D conductivity anomaly embedded in a homogeneous 

half-space resembles a 1-D resistivity structure, because only the vertical but not the horizontal 

resistivity gradients are included in the induction volume. With increasing period, the gradient in 

𝑥-direction implies a 2-D structure (center). Only for the longest period (right) all boundaries of 

the anomaly are covered and the actual three-dimensionality becomes relevant. For very long 

periods (not shown in Fig. 2-2) with skin depths much larger than the dimension of the anomaly, 

the inductive response of the body becomes negligible and a frequency independent effect (static 

shift) distorts the electric field amplitudes. This effect is explained in greater detail in  

Chapter 2.2.1.1.   

 

Figure 2-2. The period dependent dimensionality of the subsurface. 

Induction volume for three different target periods (increasing from left to right). In dependence on the 

target period, the dimensionality of the anomaly changes from 1-D (left) to 2-D (center) and finally 3-D 

(right). The visualization of the induction volume as a hemisphere is a simplification and only for 

demonstration. Its actual shape would be more sophisticated. (Figure modified from Löwer, 2014) 

 

 



2  Theory Principles of the Magnetotelluric Method 

15 

 

Compared to other geophysical methods (e.g. seismology), the depth resolution of MT 

measurements is quite good. However, due to its diffusive nature it resolves resistivity gradients 

rather than sharp boundaries and it is generally much more sensitive to conductors than to resistors 

(Simpson & Bahr, 2005). As a consequence, it is very challenging to resolve the lower boundary 

and the vertical extend of a conductor. Weidelt (1985) states that MT is very good at recovering 

the conductance of an anomaly (ratio between conductivity (𝜎) and thickness of the conductor), 

but it is inaccurate in reproducing absolute resistivities and thicknesses.  

Besides, the dissolvability of an object depends on its horizontal extension and the depth location 

(and hence the target period). Small anomalies have to be located close to the surface to render 

their dimensions in adequate precision. If they are located at greater depth, their exact extension is 

not determinable and mostly they will even be untraceable. In general, the horizontal extension of 

an object should be larger than its depth location.  

 

2.1.4 Electrical Conductivity and Anisotropy 

In MT the parameter of interest is the electrical conductivity (or resistivity) of the subsurface. There 

are several mechanisms that have substantial influence on the conductivity of rocks. This is for 

example electronic conduction of metallic ore minerals (e.g. Magnetite) which is most dominant 

in the Earth’s core but also exists in graphite deposits in the Earth’s crust. Semi-conduction is 

assumed to dominate in mantle minerals such as olivine whereas electrolytic conduction is common 

in the Earth’s crust (Simpson & Bahr, 2005). The reduced ambient pressure in the crust (compared 

to deeper regions) allows for pore- and crack-systems that can contain fluids, such as saline or 

mineralized water. In active tectonic regions, partial melt in the crust will also act as an electrolyte 

(Shankland & Waff, 1977). Due to the mechanism of surface conduction at grain interfaces, the 

presence of clay minerals (e.g. smektite or illite) will as well increase the conductivity. 

In all cases it is crucial that the fluids and/or minerals are interconnected and form networks within 

the rock matrix. An accumulation of isolated crystals or fluid filled pores will not have a significant 

impact on MT measurements. This implicates that the bulk electrical conductivity is less dependent 

on the conductivity of the host rock but is rather sensitive to variations in porosity and permeability 

or to the presence of distinct minerals (such as Olivine or Smektite, Simpson & Bahr, 2005). As a 

consequence, the direct link between conductivity and lithology is usually impossible. However, 
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insights about porosity and permeability allow for conclusions on rock type, formation and 

alteration grade. Sediments, for example, show large variations in porosity in dependence on their 

age and compaction rate (from less than 5% up to 40%; Knödel et al., 2005). They are generally 

assumed to have a higher conductivity than consolidated rocks (e.g. metamorphic rocks), which 

have a much higher density and lack large scale pore systems.  

In volcanic areas, there are numerous studies that have linked highly conductive domains to 

hydrothermal fluid circulation and the presence of clay and/or partial melting (e.g. Hogg et al., 

2018; Newman et al., 1985; Schneeg, 1997; Pous et al., 2002; Müller & Haak, 2004; Uchida & 

Sasaki, 2006; Heise et al., 2008; Garcia & Jones, 2010 or Pinas-Varas et al., 2014). According to 

Browne (1987), smektite and smektite–illite clays are rock alteration products that form at 

temperatures between 50 and 200 °C, over and adjacent to volcanic-hosted geothermal systems. 

Therefore, the highly conductive structures observed by MT measurements often correspond to 

clay caps that cover geothermal reservoirs (Pinas-Varas et al., 2014). Clays in hydrothermal 

systems typically feature resistivity values between 1 and 10 𝛺𝑚, the geothermal reservoirs vary 

between 5 and 100 𝛺𝑚 (Pinas-Varas et al., 2014, Wright et al., 1985 or Pellerin et al., 1996).  

In tectonic settings (e.g. rift systems) or due to weathering, fissures and cracks in bedrocks can 

merge to extensive joint systems, bearing water or partial melt. Depending on the tectonic stress-

field, the cracks can be aligned and might, hence, result in preferred conductivity directions.  

Tectonic activity in rift systems is also responsible for the genesis of shales and schists, which form 

from sediments due to metamorphism. Here, the minerals are realigned with their long axis 

perpendicular to the stress-field. This process is called foliation and also results in a preferred 

conduction direction within the rock material, especially if a film of water between the foliation 

planes enhances the conductivity. A directional dependence of the conductivity is referred to as 

electrical anisotropy. Then, the conductivity (𝛔) is not defined by a scalar but by a tensor in 

dependence of the three spatial directions (𝑥, 𝑦, 𝑧): 

𝝈 = (

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑥

𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

)                                                                                                                        (2.32) 

The tensor components are positive and in case of pure ohmic conduction the tensor is symmetric 

(Martí, 2014; Appendix C in Dekker & Hastie, 1980). Consequently, it can be reduced to three 
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principal diagonal components (𝜎𝑥𝑥
′ , 𝜎𝑦𝑦

′ , 𝜎𝑧𝑧
′ ) using Euler’s elementary rotation (see Fig. 2-3). The 

corresponding rotation angles are defined as the anisotropy strike (𝛼), dip (𝛽) and slant (𝛾). 

For an anisotropic 

medium it can generally 

be distinguished between 

microscopic anisotropy, 

e.g. the presence of 

preferred orientations 

within crystals, or a 

macroscopic effect due 

to layering or lamination 

structures with 

dimensions significantly 

smaller than the average volume (Weidelt, 1999). In terms of distinct geological settings this can 

be preferred orientation of fracture porosity, fluidized, melt-bearing or graphitized shear zones, 

lithological layering, oriented heterogeneity, or hydrous defects within shear aligned olivine 

crystals (Martí, 2014, following Wannamaker, 2005).  

There is a debate about the origin of the high electrical conductivity and strong anisotropical effects 

which are claimed to be observed in the Earth’s upper mantle using the MT method (cf. Martí, 

2014 and citations therein). Laboratory measurements of the electrical conductivity, simulating 

crustal or mantle conditions, infer anisotropy much lower than real MT data (up to two orders of 

magnitude, Gatzemeier and Moorkamp, 2005; Martí, 2014). Catalyst for an increase of the 

anisotropy could be hydrous olivine (Wang, 2006), perhaps enhanced by additional mechanisms at 

grain boundaries (Simpson and Tommasi, 2005), whereas other studies indicate influences from 

partial melt (e.g. Gaillard et al., 2008 or Caricchi et al., 2011). 

Hints for electrical anisotropy may be recognized during data analysis or the process of modelling 

and inversion (Martí, 2014). However, in case of field studies, anisotropy is often difficult to 

identify since large scale conductivity contrasts may reveal a similar pattern in the response 

functions. This can be due to galvanic distortion (cf. chapter 2.2.1.1), current channeling or 

geological structures with orientations parallel to the anisotropy (Martí, 2014). 

Figure 2-3. Euler rotations in an anisotropic setting. 

Using Euler’s elementary rotation, any orientation of the coordinate system 

can be realized by three independent rotations. In this case it is used to 

determine the anisotropy principal axes (𝑋′′′ =̂ 𝜎𝑥𝑥
′ , 𝑌′′′ =̂ 𝜎𝑦𝑦

′ , 𝑍′′′ =̂ 𝜎𝑧𝑧
′ ). 

The three rotation angles are called strike (𝛼), dip (𝛽) and slant (𝛾). (Figure 

modified from Martí et al., 2010). 
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Various authors address the forward and inverse modelling problem considering for anisotropy. 

For example Yin (2003) proved that the 1-D anisotropic inverse-problem in MT is not unique (in 

contrast to the isotropic case, with a theoretically accurate and complete dataset). A 2-D inversion 

code was introduced by Mackie (2002) and Baba et al. (2006), which inverted for the TE- and the 

TM- mode, considering azimuthal anisotropy to be aligned with the 2-D structure. Pek et al. (2011) 

describe a 2-D inversion code which allows for anisotropy in any direction. Further codes and 

studies addressing the 2-D inverse problem have been presented by Mandolesi and Jones (2012), 

Chen and Weckmann (2012) or Plotkin (2012). The solution for the anisotropic 3-D forward 

problem has been formulated by Weidelt (1999). A general solution for a 3-D anisotropic Earth, 

using staggered-grid finite-differences, was presented by Wang and Fang (2001) and Weiss and 

Newmann (2002 & 2003). More recent 3-D codes including anisotropy were introduced by, e.g., 

Everett (2012) or Davydycheva and Wang (2011). Up to now an anisotropic 3-D MT inversion 

code is not available. 
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2.2 MT Transfer Functions & Data Visualization 

The concept of transfer functions comprises a model of the Earth which describes a linear system 

between an input parameter and a predictable output parameter (Simpson & Bahr, 2005). Hence, 

TFs contain information about the physical parameters of the Earth’s subsurface (the conductivity). 

In MT the input parameters are given by the horizontal magnetic fields (𝐵𝑥 and 𝐵𝑦) and the output 

parameters by the horizontal electric fields (𝐸𝑥 and 𝐸𝑦) and the vertical magnetic field (𝐵𝑧).  

An example for a geomagnetic TF is the complex inductive scale length, also referred to as the c-

response (Schmucker, 1987) or as Schmucker-Weidelt transfer function (Weidelt, 1972; 

Schmucker, 1973). In case of a uniform half-space it is related to the complex wavenumber (𝑘) and 

the penetration depth (𝛿) as follows: 

𝐶0(𝜔) =
1

𝑘(𝜔)
=

𝛿(𝜔)

2
− 𝑖

𝛿(𝜔)

2
                                                                                                        (2.33) 

Here, 𝐶0 is the zero-wavenumber formulation of the c-response, which implies that the geometry 

of the source field is known (no source effects, plane wave assumption is valid). 𝐶0 can also be 

calculated from the observed electric and magnetic fields in the frequency domain (Weidelt, 1972): 

𝐶0(𝜔) =
1

𝑘(𝜔)
=

𝐸𝑥(𝜔)

𝑖𝜔𝐵𝑦(𝜔)
= −

𝐸𝑦(𝜔)

𝑖𝜔𝐵𝑥(𝜔)
                                                                                       (2.34) 

It has a simple relation (referred to as equivalence relationship, Schmucker, 1987) to the frequently 

used impedance (𝑍). 

𝑍(𝜔) = 𝑖𝜔𝐶0(𝜔) =
𝐸𝑥(𝜔)

𝐵𝑦(𝜔)
= −

𝐸𝑦(𝜔)

𝐵𝑥(𝜔)
                                                                                            (2.35) 

In case of a 1-D resistivity distribution, the c-response is related to the 1st vertical derivative of the 

horizontal electric field (see Schmucker, 1987). 

The calculation of TFs is usually achieved in the frequency domain. Going forwards, all fields and 

TFs will be defined in the frequency domain and their frequency/period-dependence will not be 

emphasized further. Due to the reliance on the target period, and hence on the induction volume 

and the penetration depth, TFs belonging to long periods will represent greater depth than those 

related to short periods. It is therefore convenient to visualize TFs as a function of the logarithmic 
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period. However, despite from uniform media the target period does not allow for instant 

conclusions on absolute depths.   

 

2.2.1 The Impedance Tensor 

The impedance tensor 𝒁 connects the measured horizontal electric and magnetic field components 

(�⃑� ℎ and �⃑� ℎ) as follows (e.g. Tikhonov & Berdichevsky, 1966): 

(
𝐸𝑥

𝐸𝑦
) = (

𝑍𝑥𝑥 𝑍𝑥𝑦

𝑍𝑦𝑥 𝑍𝑦𝑦
) · (

𝐵𝑥

𝐵𝑦
)                   𝑜𝑟                  �⃑� ℎ =  𝒁 · �⃑� ℎ                                                  (2.36) 

Sometimes 𝒁 is also referred to as MT response tensor. It can be decomposed into a real (𝑼) and 

an imaginary part (𝑽): 

(
𝑍𝑥𝑥 𝑍𝑥𝑦

𝑍𝑦𝑥 𝑍𝑦𝑦
) = (

𝑈𝑥𝑥 𝑈𝑥𝑦

𝑈𝑦𝑥 𝑈𝑦𝑦
) + 𝒊 (

𝑉𝑥𝑥 𝑉𝑥𝑦

𝑉𝑦𝑥 𝑉𝑦𝑦
)                   𝑜𝑟                  𝒁 = 𝑼 + 𝑖 𝑽                    (2.37) 

Therefore, each element 𝑍𝑖𝑗 (𝑖𝑗 =  𝑥, 𝑦) of the tensor features a magnitude (𝜌𝑎,𝑍𝑖𝑗) and a phase 

value (𝜑𝑖𝑗): 

𝜌𝑎,𝑍𝑖𝑗 =
𝜇0

𝜔
|𝑍𝑖𝑗|

2
                                                                                                                                      (2.38) 

𝜑𝑖𝑗 = tan−1
𝑉𝑖𝑗

𝑈𝑖𝑗
                                                                                                                                       (2.39) 

Here, 𝜌𝑎,𝑍 is the apparent resistivity which constitutes an average value of the resistivity 

distribution enclosed in the frequency-dependent induction volume. Consequently, except for 

uniform media, it does not reflect the true subsurface resistivity. The impedance phase (𝜑𝑖𝑗) is 

defined by the phase difference between the complex electric and magnetic fields. It is an indicator 

for relative changes in the resistivity and does not feature absolute resistivity values. In 

homogeneous media the impedance phase takes a constant value of 𝜑𝑥𝑦 = 𝜑𝑦𝑥 + 180° = 45°. In 

order to have the phases in the same quadrant, and hence simplify their comparison, in this work 

𝜑𝑦𝑥 will be displayed as 𝜑𝑦𝑥 + 180°. If a media differs from homogeneity, phases above 45° imply 

a change to a more conductive region whereas phases smaller than 45° coincide with an increase 

in the resistivity. 
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In dependence on the subsurface dimensionality, the impedance tensor takes characteristic forms 

(in terms of occupation and symmetry) and allows for conclusions on the resistivity setting.  

For a 1-D horizontally layered resistivity distribution, the diagonal elements of 𝒁 vanish and the 

off-diagonal elements are equal in magnitude but have an opposite sign: 

𝒁1𝐷 = (
0 𝑍𝑥𝑦

−𝑍𝑥𝑦 0
)                                                                                                                             (2.40) 

In 2-D environments the electrical 

resistivity changes in vertical and 

in one horizontal direction. If the 

strike of the vertical boundary is 

alligned with the coordinate 

system (hence in 𝑥- or in 𝑦-

direction), the diagonal elements 

of the impedance tensor will 

become zero (similar to 1-D) but 

the off-diagonal elements will 

differ from each other. In practice, 

the electromagnetic strice is rarely 

aligned with the coordinate system 

and consequently the diagonal 

elements of 𝒁 will be nonzero. However, the tensor can be rotated in strike direction using a rotation 

matrix. Solutions to identify the usually unknown rotation angle are given either by minimizing the 

diagonal or by maximising the off-diagonal components (see Swift, 1967; Vozoff, 1972 or Bahr, 

1988 for the phase-sensitive strike-direction). 

The physics at a vertical resistivity contrast in 𝑦-direction (boundary striking in 𝑥-direction) are 

demonstrated in Figure 2-4. The fundamental physical principle at a resistivity boundary is the 

conservation of electrical charges. This implies that currents crossing the boundary are continous 

and following Ohm’s law (2.7) the normal component of the current density (𝐽𝑦) requires: 

𝐽𝑦 = 𝜎1𝐸𝑦1 = 𝜎2𝐸𝑦2                                                                                                                                (2.41) 

Figure 2-4. TE- and TM-Mode at a vertical resistivity boundary. 

A 2-D model with a vertical resistivity contrast striking in x-

direction. The conservation of currents requires a discontinuous E-

field in y-direction. The E-polarization (TE-mode) describes 

currents parallel to the strike and the B-polarization (TM-mode) 

currents crossing the strike. (Figure from Simpson & Bahr, 2005) 
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Hence, the discontinuity in the resistivity between medium 1 (𝜎1) and medium 2 (𝜎2) results in a 

discontinuity in the electric field component normal to the boundary (𝐸𝑦1 and 𝐸𝑦2). The infinite 

strike extension of the 2-D model also comprises that there are no field variations in 𝑥-direction 

(
𝜕

𝜕𝑥
= 0). Furthermore, in a pure 2-D case, electric and magnetic fields are mutually orthogonal 

(Simpson & Bahr, 2005). Thus, the fields can be decoupled into two independent modes. The first 

mode involves electric fields and currents parallel to the strike, inducing magnetic fields only 

perpendicular to the strike and in the vertical plane (𝐵𝑧). This mode is referred to as the E-

polarization (also transverse electric or TE-mode). The second mode is the B-polarization (also 

transverse magnetic or TM-mode), which describes magnetic fields parrallel to the strike and the 

electric field and current density perpendicular to the strike and in the vertical plane. With regard 

to the model shown in Figure 2-4, the TE-mode can be described by the field components 𝐸𝑥, 𝐵𝑦 

and 𝐵𝑧 using Ampére’s (2.4) and Faraday’s law (2.3): 

𝜕𝐸𝑥

𝜕𝑦
   =    

 𝜕𝐵𝑧

𝜕𝑡
= 𝑖𝜔𝐵𝑧

𝜕𝐸𝑥

𝜕𝑧
  =  

𝜕𝐵𝑦

𝜕𝑡
= −𝑖𝜔𝐵𝑦

𝜕𝐵𝑧

𝜕𝑦
−

𝜕𝐵𝑦

𝜕𝑧
  =   𝜇0𝜎𝐸𝑥}

  
 

  
 

       𝐸 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛                                                                             (2.42) 

The TM-mode is given by 𝐵𝑥, 𝐸𝑦 and 𝐸𝑧: 

𝜕𝐵𝑥

𝜕𝑦
      =      𝜇0𝜎𝐸𝑧

−𝜕𝐵𝑥

𝜕𝑧
   =     𝜇0𝜎𝐸𝑦

𝜕𝐸𝑧

𝜕𝑦
−

𝜕𝐸𝑦

𝜕𝑧
= 𝑖𝜔𝐵𝑥}

  
 

  
 

             𝐵 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛                                                                              (2.43) 

It hast to be emphasized, that due to the absence of a vertical magnetic field in the TM-mode, 

vertical magnetic TFs (induction vectors, chapter 2.2.2) are exclusively related to the TE-mode. 

In a 3-D environment, the conductivity varies in all spatial directions and also parallel electric and 

magnetic fields are coupled. Thus, the impedance tensor 𝒁 is fully occupied and the diagonal 

elements do not vanish by rotation. In this case it is impossible to determine the strike direction of 

an anomaly only from the impedance tensor. 
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2.2.1.1 Galvanic Distortion and Static Shift 

For a local resistivity anomaly with dimensions significantly smaller than the period dependent 

induction volume, the effect of galvanic distortion can have a substantial impact on the regional 

(long-period) MT response. The distortion effect is related to galvanic effects at the vertical 

boundaries of the near-surface heterogeneities. Here, a regional current flux through the anomalous 

body gives rise to a free charge density and an associated secondary electric field. This is a 

consequence of the conservation of currents at the horizontal resistivity contrast (compare TM-

mode, Chapter 2.2.1 and also Chapter 2.3.3). Contrary to induction, the conservation of currents is 

time independent, which is why galvanic distortion affects the amplitudes of the regional electric 

field, but not its phases (Simpson & Bahr, 2005). Moreover, induction is a frequency dependent 

process which involves that the inductive response of a near-surface anomaly decreases with 

increasing period. The galvanic effects, on the other hand, are frequency-independent and dominate 

over the inductive response with increasing period. In summary, galvanic distortion causes a 

frequency independent shift of the electric field amplitude, which is commonly observed as a static 

shift of the period dependent apparent resistivity curves. Its impact on the MT response is more 

severe in resistive environments. Methods to account for galvanic distortion were introduced by, 

e.g., Groom and Bailey (1989 & 1991) or Chave and Smith (1994). Comprehensive reviews about 

galvanic distortion are given in, e.g., Jiracek (1990) or Jones (2012). 

In case of static shift, the observed electric field (�⃑� ℎ) is composed of the undistorted regional 

electric field (�⃑� ℎ
𝑟) which is shifted by a constant (real) distortion tensor (𝑫): 

�⃑� ℎ = 𝑫�⃑� ℎ
𝑟                                                                                                                                               (2.44𝑎) 

𝑫 = (
𝑑11 𝑑21

𝑑21 𝑑22
)                                                                                                                                  (2.44𝑏) 

According to Groom and Bahr (1992), the distortion of the horizontal magnetic field can be 

neglected and �⃑� ℎ  = �⃑� ℎ
𝑟. It hast to be emphasized that this assumption is only valid in case of 

galvanic distortion. Distortion due to topography (cf. chapter 5) or anthropogenic disturbances can 

have a significant impact on the local magnetic field. Considering the definition of the regional 

impedance tensor �⃑� ℎ
𝑟 = 𝒁𝑟�⃑� ℎ, the observed impedance tensor (𝒁) can be expressed as a function 

of the distortion tensor 𝑫: 
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�⃑� ℎ = 𝑫�⃑� ℎ
𝑟 = 𝑫𝒁𝑟�⃑� ℎ   →   𝒁 = 𝑫𝒁𝑟                                                                                                 (2.45𝑎) 

𝒁 = (
𝑑11𝑍𝑥𝑥,𝑟 + 𝑑12𝑍𝑦𝑥,𝑟 𝑑11𝑍𝑥𝑦,𝑟𝑑12𝑍𝑦𝑦,𝑟

𝑑21𝑍𝑥𝑥,𝑟 + 𝑑22𝑍𝑦𝑥,𝑟 𝑑21𝑍𝑥𝑦,𝑟𝑑22𝑍𝑦𝑦,𝑟
)                                                                           (2.45𝑏) 

In 1-D or 2-D settings the regional impedance tensor can be recovered from (2.45𝑏) using 

decomposition methods (e.g. Groom & Bailey, 1988 & 1991). However, in 3-D environments the 

decomposition method becomes sophisticated and is usually not applicable (Jones, 2012). Here, in 

addition to the impact on the apparent resistivity response, the effect of phase mixing (Ledo et al., 

1998) distorts the impedance phases. Possibilities to circumvent those problems are given by the 

phase tensor or the resistivity phase tensor, which are both free from galvanic distortion (Caldwell 

et al., 2004; Brown, 2016) (cf. chapters 2.2.3 and 2.2.4),   

 

2.2.2 Vertical Magnetic Transfer Functions 

Vertical magnetic transfer functions (VTFs) are calculated as a linear relation between the vertical 

(𝐵𝑧) and horizontal (�⃑� ℎ) magnetic field components (e.g. Parkinson, 1959 or Wiese, 1962):  

𝐵𝑧 = �⃑� ∙ �⃑� ℎ = (𝑇𝑥 𝑇𝑦) ∙ (
𝐵𝑥

𝐵𝑦
) = 𝑇𝑥𝐵𝑥 + 𝑇𝑦𝐵𝑦                                                                               (2.46) 

Here, �⃑�  is a frequency dependent and complex valued vector, which is referred to as tipper or 

induction vector. The real and imaginary parts of �⃑�  can be visualized as two individual arrows 

which allow for conclusions on lateral changes in the resistivity and also on the dimensionality of 

the subsurface. When plotted in the horizontal (𝑥𝑦-) plane, induction arrows reveal the direction of 

the horizontal magnetic field that involves a maximum in the vertical magnetic field. By 

convention, the real arrows point away from conductive areas (Wiese convention, Wiese, 1962). 

Induction vectors are unaffected by the phenomenon of static shift (cf. chapter 2.2.1.1), although 

the vertical magnetic field (𝐵𝑧) can be highly distorted by anthropogenic noise.  

Due to the absence of a lateral resistivity contrast, induction vectors do not exist in 1-D 

environments. In Figure 2-5 induction vectors are shown for a 2-D and a 3-D resistivity structure 

for a period of 2.1 𝑠. In both models the homogeneous half-space resistivity is 1000 𝛺𝑚. The 2-D 

model (Fig. 2-5a) comprises a conductive plate (10 𝛺𝑚, 2 𝑘𝑚 thickness) at 2 𝑘𝑚 depth, which is 

extended to infinity in 𝑥-direction and in negative 𝑦-direction (cf. 2-D model in chapter 2.3.3). 
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Here, the induction vectors are orthogonal to the electromagnetic strike with the real and imaginary 

vectors being antiparallel. In general, real and imaginary vectors are antiparallel for periods that 

correspond to a penetration depth smaller or similar to the depth dimension of the 2-D anomaly. 

They become parallel for penetration depths significantly larger than the depth dimension 

(Cembrowski, 2017). Looking at the spatial behavior in the horizontal plane (Fig. 2-5a), the arrows 

are largest close to the vertical resistivity boundary and they decrease with increasing distance from 

the boundary. Due to the strong attenuation of the EM fields, the decrease is much more distinct 

above the conductive anomaly than above the resistive half-space. The 3-D model (Fig. 2-5b) also 

contains a conductive anomaly at 2 𝑘𝑚 depth. It has extensions of 30 𝑘𝑚 x 9 𝑘𝑚 x 2 𝑘𝑚 (𝑥,𝑦,𝑧) 

and is rotated by 45° in clockwise direction (cf. isotropic upper 40 𝑘𝑚 of the 3-D model in chapter 

2.3.4). In 3-D there is no exclusive EM strike direction. Hence, the direction of the induction arrows 

is now depending on the relative position to the anomaly and real and imaginary arrows can point 

in different directions. Oblique angles between real and imaginary vectors are commonly a clear 

Figure 2-5. Induction vectors in 2-D and 3-D resistivity environments. 

Background resistivity: 1000 𝛺𝑚. (a) Real (red) and imaginary (blue) induction arrows for a 2-D plate 

model for a target period of 2.1 𝑠. The plate (dark-grey) is 2 𝑘𝑚 thick, has a resistivity of 10 𝛺𝑚 and is 

located at 2 𝑘𝑚 depth. (b) Real and imaginary induction arrows for a 3-D oblique conductor model (dark-

grey) for a period of 2.1 𝑠. The conductor (10 𝛺𝑚) is located at 2 𝑘𝑚 depth and has a thickness of 2 𝑘𝑚. 
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indicator for 3-D effects. However, antiparallel or parallel arrows do not necessarily exclude three 

dimensionality, e.g. in case of axial symmetry (cf. Fig. 2-5b). 

 

2.2.3 The Phase Tensor 

The phase tensor (𝝓) was introduced by Caldwell et al. (2004) and is defined by the real (𝑼) and 

imaginary parts (𝑽) of the MT response tenor (𝒁): 

𝝓 = 𝑼−1𝑽                                                                                                                                                (2.47) 

𝝓 reduces the impedance response to its phase information and is unaffected by galvanic distortion. 

It can be demonstrated, that the observed phase tensor always equals the regional phase tensor 

response (𝝓𝑟). Using (2.45), the real and imaginary impedance tensor elements can be expressed 

as: 

𝑼 = 𝑫𝑼𝑟 , 𝑽 = 𝑫𝑽𝑟                                                                                                                     (2.48𝑎) 

Substituting 𝑼 and 𝑽 in equation (2.47) yields: 

𝝓 = 𝑼−1𝑽 = (𝑫𝑼𝑟)−1(𝑫𝑽𝑟) = 𝑼𝑟−1𝑫−1𝑫𝑽𝑟 = 𝑼𝑟−1𝑽𝑟 = 𝝓𝑟                                           (2.48𝑏) 

The phase tensor can be derived from the real and imaginary elements of the impedance tensor as 

follows: 

(
𝜙11 𝜙12

𝜙21 𝜙22
) =  

1

det(𝑼)
(
𝑈𝑦𝑦𝑉𝑥𝑥 − 𝑈𝑥𝑦𝑉𝑦𝑥 𝑈𝑦𝑦𝑉𝑥𝑦 − 𝑈𝑥𝑦𝑉𝑦𝑦

𝑈𝑥𝑥𝑉𝑦𝑥 − 𝑈𝑦𝑥𝑉𝑥𝑥 𝑈𝑥𝑥𝑉𝑦𝑦 − 𝑈𝑦𝑥𝑉𝑥𝑦
)                                               (2.49) 

with 𝑑𝑒𝑡(𝑼) = 𝑈𝑥𝑥𝑈𝑦𝑦 − 𝑈𝑦𝑥𝑈𝑥𝑦 being the determinant of 𝑼.  

The tensor is represented by its three invariants (Fig. 2-6), namely the major (𝜙𝑚𝑎𝑥) and minor 

axis (𝜙𝑚𝑖𝑛) and the skew angle (𝛽). Here, major and minor axis constitute the maximum and 

minimum phase values, whilst 𝛽 indicates the skew of the tensor. The angle 𝛼 relates the invariants 

to the coordinates system with the orientation of the major axis given by (𝛼 − 𝛽). Consequently, 

𝝓 can be calculated as a function of the three invariants and the rotation angle 𝛼 using a rotation 

matrix (𝑹): 

𝑹 = (
cos(𝛼 + 𝛽) sin(𝛼 + 𝛽)
−sin(𝛼 + 𝛽) cos(𝛼 + 𝛽)

)                                                                                                  (2.50𝑎) 
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𝝓 = 𝑹𝑇(𝛼 − 𝛽) (
𝜙𝑚𝑎𝑥 0

0 𝜙𝑚𝑖𝑛
)𝑹(𝛼 + 𝛽)                    (2.50𝑏) 

The rotation minimizes the off-diagonal tensor elements. 

However, only in 1-D or 2-D environments they will vanish. 

For an isotropic, horizontally layered (1-D) Earth, major and 

minor axis will take equal size while they will be different in 

higher dimensional settings. Influences from 3-D structures are 

reflected by a skew angle 𝛽 that significantly deviates from 

zero. According to Caldwell et al. (2004), skewness values 

above 3° clearly implicate 3-D effects. The properties of the 

phase tensor in different resistivity environments (1-D, 

anisotropic 1-D, 2-D and 3-D) are further investigated in 

chapter 2.3. 

A comprehensive review about the phase tensor is given by 

Booker (2014). The graphical representation of the tensor 

invariants is addressed in chapter 2.2.5.  

 

2.2.4 The Magnetotelluric Apparent Resistivity Tensor 

Several studies have introduced apparent resistivity tensors in different contexts: Caldwell and 

Bibby (1998) used them for long-offset time domain electric field data, Caldwell et al. (2002) used 

them to present controlled-source MT data and Weckmann et al. (2003) showed examples for 

natural source-field MT data. Brown (2016) developed the theory to define an extended-Born MT 

scattering tensor, and apparent background electric and magnetic fields from a complex apparent 

conductivity tensor. In this work, the inverse apparent conductivity tensor (the complex apparent 

resistivity tensor) is decomposed into a real and imaginary tensor, where the real tensor is directly 

comparable to the apparent resistivity tensor in Weckmann et al. (2003). Further, the resistivity 

phase tensor, which is closely related to the imaginary part of the complex apparent resistivity 

tensor, quantifies an additional ‘spatial dispersion’ and is associated with the horizontal gradient 

of the resistivity in the region where most of the electric current is focused.  

 

Figure 2-6. Representation of the 

phase tensor as an ellipse.  

(Figure modified from Caldwell et 

al., 2004) 
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The relationship �⃑� ℎ = 𝒁�⃑� ℎ between the horizontal electric field and magnetic induction, �⃑� ℎ  

(𝑉𝑚−1) and �⃑� ℎ (𝑇) respectively, at the surface of the Earth, contains information about the 

subsurface electrical conductivity in the period-dependent 2 by 2 MT response tensor, 𝒁 (𝑚𝑠−1). 

Brown (2016) used an analogy for the propagation of plane EM waves through a homogeneous, 

dissipative and anisotropic conductivity model half-space to construct a 2nd rank 3 by 3 tensor  

𝜸 (𝑚−2) consisting of quadratic functions of complex wavenumbers associated with the EM waves 

in the model. The approach has similarities with the c-response (Schmucker, 1987), which relates 

a 1-D resistivity distribution to the 1st vertical derivative of the horizontal electric field. In the 

following, the formulations of Brown (2016) are restricted to the horizontal EM fields and all 

tensors (𝒁, 𝜸, 𝝈, 𝝈𝑎, 𝝆𝑎) have a dimension of 2 by 2. 

In a uniform anisotropic half-space the complex wavenumbers of 𝜸 reduce to vertical wavenumbers 

and the electrical conductivity properties related to the 2nd vertical derivative of the horizontal 

electric field are given by: 

𝜕2�⃑� ℎ
𝜕𝑧2

=  𝜸 �⃑� ℎ  =  (𝑖𝜔𝜇𝝈) �⃑� ℎ =  𝑖𝜔𝜇 𝐽 ℎ                                                                                           (2.51𝑎) 

where 𝝈 is the actual horizontal anisotropic conductivity tensor (2.32) and 𝐽 ℎ is the actual (2 x 1) 

current density vector at an observation point. 

For an arbitrary subsurface conductivity structure, the conductivity tensor and the current density 

vector become apparent quantities 𝝈𝑎 and 𝐽 𝑎, respectively, where 𝐽 𝑎  (𝐴𝑚−2) is the (2 x 1) apparent 

current density vector required to satisfy the equality with the 2nd vertical derivative of �⃑� ℎ at the 

observation point. In non-uniform environments (2.51𝑎) becomes: 

𝜕2�⃑� ℎ
𝜕𝑧2

= 𝜸𝑎  �⃑� ℎ  =  (𝑖𝜔𝜇𝝈𝑎) �⃑� ℎ =  𝑖𝜔𝜇 𝐽 𝑎                                                                                       (2.51𝑏) 

The concept of a complex apparent conductivity tensor 𝝈𝑎 (𝑆𝑚
−1) is similar to that of the apparent 

resistivity (𝜌𝑎,𝑍) derived from the MT response tensor 𝒁 in non-uniform environments. For 

measurements at the surface above an arbitrary conductivity structure, it characterizes the electrical 

properties in a volume beneath the measurement site. Its real part represents the dissipative 

behaviour of the sub-surface and its imaginary part represents the effects on the phases due to EM 

induction in the presence of conductivity variations with depth (1-D structures) and additional 



2  Theory MT Transfer Functions & Data Visualization 

29 

 

effects due to electric fields from charges associated with lateral conductivity heterogeneities (2-D 

and 3-D structures).  

The apparent conductivity tensor is a quadratic function of 𝒁 given by (Brown, 2016): 

𝝈𝑎 = (
−𝑖𝜔

𝜇
)𝑑𝑒𝑡(𝒀) 𝒁𝑇 𝒀                                                                                                                     (2.52) 

where 𝑑𝑒𝑡 represents the determinant of a matrix and 𝒀 =  𝒁−1 (𝑠𝑚−1) is the inverse MT response 

tensor. The complex apparent resistivity tensor, 𝝆𝑎 (𝛺𝑚) is therefore defined as: 

𝝆𝑎   =  (
𝑖𝜇

𝜔⁄ ) 𝑑𝑒𝑡(𝒁) 𝒁 𝒀𝑇                                                                                                                 (2.53) 

An apparent current density vector, 𝐽 𝑎 , consistent with the definition in (2.51𝑏),  is related to the 

observed electric and magnetic fields at a point on the surface by: 

�⃑� ℎ  = 𝝆𝑎  𝐽 𝑎 = (
𝑖𝜇

𝜔⁄ ) 𝑑𝑒𝑡(𝒁) 𝒁 𝒀𝑇 𝐽 𝑎                                                                                             (2.54a) 

�⃑� ℎ  = (
𝑖𝜇

𝜔⁄ ) 𝑑𝑒𝑡(𝒁) 𝒀𝑇 𝐽 𝑎                                                                                                                (2.54b) 

The complex apparent resistivity tensor in (2.53) can be regarded as a normalisation of the 

observed MT electric field with respect to an apparent current density related to the observed 

magnetic field in (2.54). It can be decomposed into real and imaginary parts, and magnitude and 

phase: 

𝝆𝑎 = 𝑼𝑎 + 𝑖𝑽𝑎 = 𝑼𝑎(𝑰 + 𝑖𝑼𝑎
−1𝑽𝑎) = 𝑼𝑎 (𝑰 + 𝑖𝝓𝑎)                                                                    (2.55) 

which provides new definitions of 𝑼𝑎 and 𝝓𝑎  as the apparent resistivity and resistivity phase 

tensors, respectively. The components of 𝑼𝑎, 𝑽𝑎and 𝝓𝑎 can be derived as functions of the real and 

imaginary parts of the MT response tensor 𝒁, by expanding (2.53) with the definitions of the 

quantities in (2.55) (Hering et al., 2019, Appendix B). 

To distinguish the new tensors from existing MT parameters, e.g. the phase tensor (PT, 𝝓), the 

acronyms CART, RT and RPT are introduced for the complex apparent resistivity tensor (𝝆𝑎), 

apparent resistivity tensor (𝑼𝑎) and resistivity phase tensor (𝝓𝑎), respectively. 
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2.2.4.1 Distortion 

The resistivity phase tensor 𝝓𝑎 is unaffected by the real and frequency independent distortion 

tensor (𝑫) under the same conditions imposed for the conventional phase tensor 𝝓 (cf. 2.48). If the 

difference between the (undistorted) regional magnetic field �⃑� ℎ
𝑟 and the distorted magnetic field �⃑� ℎ 

is small enough to be neglected (i.e. galvanic distortion), the distorted electric field is: 

�⃑� ℎ = 𝑫 �⃑� ℎ
𝑟 = 𝑫 𝒁𝑟�⃑� ℎ                                                                                                                                    

      ~ 𝑫 𝒁𝑟�⃑� ℎ
𝑟  = 𝑫 𝒁𝑟 (

𝑖𝜇

𝜔
 𝑑𝑒𝑡(𝒁𝑟)(𝒁𝑟)−𝑇) 𝐽 𝑎

𝑟 = 𝑫 𝝆𝑎
𝑟  𝐽 𝑎

𝑟 = 𝝆𝑎 𝐽 𝑎
𝑟                                            (2.56) 

If the distorted magnetic field is in-phase with the regional magnetic field, the differences in the 

magnitudes of the regional and distorted magnetic field may be incorporated into the complex 

apparent resistivity tensor using Brown (2016, eq. 28) so that (2.56) becomes: 

�⃑� ℎ = 𝑫 �⃑� ℎ
𝑟  = 𝑫 𝒁𝑟�⃑� ℎ  = 𝑫 𝒁𝑟 (

𝑖𝜇

𝜔
 𝑑𝑒𝑡(𝑫)𝑑𝑒𝑡(𝒁𝑟)𝑫−𝑇(𝒁𝒓)−𝑇) 𝐽 𝑎

𝑟                                                       

       = 𝝆𝑎  𝐽 𝑎
𝑟                                                                                                                                                (2.57) 

where 𝑑𝑒𝑡(𝑫) behaves likes a site gain to be determined from multi-site observations.  

A more comprehensive discourse on the effect of distortion on the RPT is given in Hering et al. 

(2019). 

 

2.2.4.2 Comparison of different Definitions 

The matrix elements of 𝑼𝑎 may be compared simply with the conventional definition of the 

apparent resistivity (2.38) for resistivity distributions based upon MT velocity tensors with off-

diagonal elements only (uniform half-spaces, 1-D isotropic, 1-D horizontally anisotropic and 2-D 

distributions in a coordinate system aligned with the strike). In terms of 𝑈𝑖𝑗, 𝑉𝑖𝑗, the real and 

imaginary parts of 𝑍𝑖𝑗, respectively, these are: 

𝑼𝑎    =
𝜇

𝜔
(
2𝑈𝑥𝑦𝑉𝑥𝑦 0

0 2𝑈𝑦𝑥𝑉𝑦𝑥
)                                                                                                       (2.58𝑎) 

𝜌𝑎,𝑍𝑖𝑗 =
𝜇

𝜔
(𝑈𝑖𝑗

2 + 𝑉𝑖𝑗
2)                                                                                                                          (2.58𝑏) 
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The elements of the RT are different from 𝜌𝑎,𝑍𝑖𝑗, except where 𝑈𝑖𝑗 = 𝑉𝑖𝑗 at sites above a uniform 

half-space or horizontally anisotropic half-space in strike coordinates. 

The RPT quantifying the phase differences between the horizontal electric and apparent current 

density fields does not have a simple relationship with the PT, or the conventional phase of the MT 

response tensor, because the latter two represent the phase differences between the electric and 

magnetic fields. In the absence of any distortion, the relationship between the RPT and the PT is: 

𝝓𝑎 =  (tr(𝝓)(𝑼𝑌
𝑇 + 𝝓𝑼𝑌

𝑇𝝓𝑇) + (𝑑𝑒𝑡(𝝓) − 1)(𝑼𝑌
𝑇𝝓𝑡𝑟 − 𝝓𝑼𝑌

𝑇))
−𝟏

   

 × (−tr(𝝓)(𝑼𝑌
𝑇𝝓𝑇 − 𝝓𝑼𝑌

𝑇) + (𝑑𝑒𝑡(𝝓) − 1)(𝑼𝑌ℎ
𝑇 + 𝝓𝑼𝑌

𝑇𝝓𝑇))                                                 (2.59)  

where 𝑡𝑟 is the trace of a  matrix and 

𝒁   = 𝑼 + 𝑖𝑽    = 𝑼(𝑰 + 𝑖𝑼−1𝑽) = 𝑼(𝑰 + 𝑖𝝓)                                                                                            

𝒀   = 𝑼𝑌 + 𝑖𝑽𝑌 = (𝑰 + 𝑖𝝓𝑌) 𝑼𝑌                                                                                                                      

𝝓𝑌  = 𝑽𝑌𝑼𝑌
−1      = −𝝓                                                                                                                                       

For the class of resistivity distributions based upon MT response tensors with off-diagonal elements 

only, (2.59) simplifies to: 

𝝓𝑎 = 0.5(tra(𝝓 − 𝝓−1)𝑰 − (𝝓 − 𝝓−1))                                                                                        (2.60) 

It is instructive to compare the matrix elements of 𝝓𝑎 and 𝝓 for this class: 

𝝓𝑎 =

(

 
 

(𝑉𝑥𝑦
2 − 𝑈𝑥𝑦

2 )

2𝑉𝑥𝑦𝑈𝑥𝑦
0

0
(𝑉𝑦𝑥

2 − 𝑈𝑦𝑥
2 )

2𝑉𝑦𝑥𝑈𝑦𝑥

 

)

 
 

                                                                                             (2.61𝑎) 

𝝓  =

(

 
 

𝑉𝑦𝑥

𝑈𝑦𝑥
0

0
𝑉𝑥𝑦

𝑈𝑥𝑦

 

)

 
 

                                                                                                                            (2.61𝑏) 

The (arctangents of the) diagonal elements of the PT have the same magnitude as the conventional 

phase of the MT response tensor 𝜑𝑖𝑗. The RPT elements are however composed of quadratic 
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differences rather than linear ratios in the PT elements. As will be shown in chapter 2.3.1, this 

implies that the RPT is more sensitive to the structure of 1-D isotropic (and anisotropic) media than 

the PT. 

 

2.2.5 Tensor Visualization 

An arbitrary 2 x 2 second rank tensor 𝝌 can be represented as an ellipse in the 𝑥-𝑦 plane defined 

by four parameters that are constructed from the 4 tensor elements. Three of these parameters are 

invariant to a rotation about the z-axis; these are the magnitudes of the principal major and minor 

axes of the ellipse 𝜒𝑚𝑎𝑥  and 𝜒𝑚𝑖𝑛, respectively, and a skew angle 𝛽  which defines the position of 

the major axis relative to a reference axis. In the case of the CART, the angle 𝛿 between the major 

axes of 𝑼𝑎 and 𝑽𝑎 represents an additional invariant.  The fourth parameter is the angle 𝛼 which 

defines the position of the reference axis relative to the coordinate axes. In this work all angles are 

counter-clockwise from the coordinate axis pointing eastward. 

The calculation of the ellipse parameters (e.g. Caldwell et al., 2004, Bibby et al., 2005 or 

Moorkamp, 2007) corresponds to a singular value decomposition (SDV) where the singular values 

represent the principal ellipse axes magnitudes. However, SVDs are non-unique and the calculation 

of the ellipse axis direction and the determination of the correct quadrant of the principal values 

can pose a problem if one or both of the principal axes becomes negative (Booker, 2014).  

Booker (2014, Appendix 1) determines the correct quadrant and directions of the principal 

components by comparing the tensor to a unit vector that circles clockwise around a unit circle. 

The proceeding is crucial as the RPT and the imaginary part of the CART feature negative major 

and/or minor axes (cf. chapter 2.3). 

Applying a tensor 𝝌 (representing either  𝑼𝑎,  𝑽𝑎, 𝝓𝑎 or 𝝓) to a family of radial vectors 𝑐 (𝜔) who 

circle clockwise around a unit circle, creates a second family of radial vectors 𝑝 (𝜔): 

𝑝 (𝜔) = 𝝌𝑒𝑙𝑙 𝑐 (𝜔) = (
𝜒𝑎 0
0 𝜒𝑏

)  𝑹(𝜓) 𝑐 (𝜔)                                                                                  (2.62𝑎) 

𝑹(𝜓) = (
   cos𝜓 sin𝜓
−sin𝜓 cos𝜓

)                                                                                                                 (2.62𝑏) 
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Here, 𝝌𝑒𝑙𝑙 represents the tensor in a coordinate system aligned with the tensor principal axes and 

|𝜒𝑎| and |𝜒𝑏| are the magnitudes of the principal axes. In this study, the polar angle 𝜔 indicates the 

angle to the 𝑦-axis (east in MT) and increases from 0 to 360°. The angle 𝜓 is defined as the 

normalized skew: 

𝜓 = 𝑡𝑎𝑛−1 (
𝜒12 − 𝜒21

𝜒11 + 𝜒22
)                                                                                                                       (2.63)  

From (2.62𝑎) it follows that the 𝝌𝑒𝑙𝑙 is defined as: 

𝝌𝑒𝑙𝑙 = (
𝜒𝑎 0
0 𝜒𝑏

)  𝑹(𝜓)                                                                                                                         (2.64) 

Then, the tensor in the measurement coordinate system is given by: 

𝝌 = 𝑹(𝜃)−1 (
𝜒𝑎 0
0 𝜒𝑏

)  𝑹(𝜓)𝑹(𝜃)                                                                                                   (2.65𝑎) 

𝑹(𝜃) = (
   cos 𝜃 sin 𝜃
−sin 𝜃 cos 𝜃

)                                                                                                                   (2.65𝑏) 

with 𝜃 being the (counterclockwise) angle between the positive 𝑦-axis (MT east) and the major 

principal axis.  

In practice, the angle 𝜃 can be determined iteratively by finding the angle 𝜔0 so that the vector 

𝑝 (𝜔0) = 𝝌 𝑐 (𝜔0 +  𝜓)                                                                                                                          (2.66) 

is parallel to the vector 𝑐 (𝜔0 − 𝜓) and 𝜃 equals 𝜔0. 

Further, the magnitudes of the principal axes are calculated from (2.65𝑎) and major and minor 

axes are defined as |𝜒𝑎| and |𝜒𝑏|. 

The circulation direction of the tensor relative to the unit circle can be derived by computing 𝑝 (𝜔) 

for two slightly increasing values of 𝜔. Then, the signs of 𝜒𝑎 and 𝜒𝑏 are given in dependence of 

the circulation direction and the angle 𝜔0 according to Booker (2014, Table 2). 

Finally, the angle 𝛼 between the coordinate axis pointing positive eastwards and the tensor major 

axis is: 

𝛼 = 𝜃 + 0.5 𝜓                                                                                                                                         (2.67)  
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The skew 𝛽 is given by: 

𝛽 = 0.5 𝜓                                                                                                                                                  (2.68) 

The common presentation of 

the tensors as ellipses 

hampers the recognition of 

the size of the principal axes. 

To address this problem, the 

ellipses are often normalized 

and color coded by the value 

of the major axis with the 

result that the size of the 

minor axis can be difficult to 

read. Häuserer and Junge 

(2011) plot the major and 

minor axes as colored 

orthogonal bars. However, in 

uniform or 1-D situations the 

orientation of the bars is 

arbitrary and thus confusing. For this reason, a combination of both schemes is introduced by 

plotting the ellipses color coded by the value of the major axis and superposing the minor axis as 

a bar with its respective color. Thus, the orientation of the principal axes will only become relevant 

in higher dimensional (or anisotropic 1-D) environments. A comparison of the different 

visualization approaches is shown in Figure 2-7. 

For the CART (𝑼𝑎 and 𝑽𝑎) the size of the minor axis is relative to the size of the major axis by a 

logarithmic scale, whereas the length of the major axis is kept constant. As the principal axes of 

𝑽𝑎 may become negative, the length of the axes reflect absolute values whilst the linear color range 

includes negative resistivity values. For the RPT and the PT the sizes of the ellipses/bars are 

proportional to the arctangents of the principal axes. To account for negative values for 𝝓𝑎  the size 

of the axes equals the absolute value and the color range is extended from -90° to 90° (0° to 90° 

for the PT). Note that in this plotting scheme the major axes will always correspond to the largest 

Figure 2-7. Visualization of MT tensor invariants. 

Exemplarily, phase tensor invariants are shown as ellipse, color coded 

by the major axis value (left),  as bars (center) and as ellipse superposed 

by the minor axis bar (right). In a 1-D environment (upper plots) the 

orientation of the principal axes is arbitrary and thus the representation 

as bars is deceptive. In a higher dimensional environment (anisotropic, 

2-D or 3-D; lower plots) the presentation as plain ellipse misses the 

information about the absolute minor axis value. The visualization as 

an ellipse with the superposed minor axis bar combines the advantages 

from the ellipse and the bar representation and should be favored. 
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absolute (positive or negative) tensor axis. Similar to 𝑼𝑎 and 𝑽𝑎, each ellipse principal axis of the 

phase tensors is normalized by its corresponding major axis. To prevent vanishing ellipses for 

principal values close (or equal) to zero, absolute values of 2° (or 2 𝛺𝑚 for 𝑽𝑎) are added to the 

minor and major axes of each tensor (not affecting the color values).  

The errors of the principal axes can be considered by assigning transparency values to the colors 

of the ellipse (major axis error) and the superposed bar (minor axis error). The transparency ranges 

from 0.3 to 1, with small values implying a high transparency and large errors and vice versa. In 

case of the CART (𝑼𝑎 and 𝑽𝑎) the transparency is proportional to a relative error, ranging from  

≤ 1% (no transparency) to ≥ 20% (transparency = 0.3). The PT and the RPT correlate with an 

absolute error that ranges from ≤ 1° (no transparency) to ≥ 15° (transparency = 0.3). 
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2.3 MT Tensors in Multidimensional Resistivity Environments 

The primary purpose of this chapter is to explore the effectiveness – and limitations – of the novel 

MT apparent resistivity tensor, especially in comparison to the established phase tensor. The 

properties of the tensors are explained in the context of EM induction theory for a set of canonical 

models in 1-D, 1-D anisotropic, 2-D and 3-D anisotropic resistivity environments. The fields and 

responses are calculated using COMSOL Multiphysics® 5.3. More detailed information about 

forward modelling using COMSOL are given in chapter 5.1. Generally, where the area of interest is 

restricted to the EM fields at the Earth’s surface, a reasonable discretization accuracy of the model 

structures depends on the skin depth 𝛿𝑚𝑎𝑥, the target frequency and site locations. For the studies 

shown in this chapter, the EM fields at depth were of equal interest and therefore the model 

discretization was chosen to be independent of the target frequency and included a very high 

resolution at geometric boundaries. All models (1-D, 2-D and 3-D) were calculated in a three-

dimensional modelling environment with a total model expansion of 6𝛿𝑚𝑎𝑥 × 6𝛿𝑚𝑎𝑥 × 3𝛿𝑚𝑎𝑥  

(𝑥, 𝑦, 𝑧). To limit computational costs an inner model grid (10 𝑘𝑚 x 10 𝑘𝑚 x 10 𝑘𝑚) embracing 

all relevant geometries was defined (cf. Fig. 2-8). 

 

Figure 2-8. COMSOL finite element mesh for a 2-D plate model.  

The mesh elements of the plate model (cf. chapter 2.3.3) are only visualized at selected object 

surfaces. (a) The dimension of the total model is 10000 𝑘𝑚 x 10000 𝑘𝑚 x 5000 𝑘𝑚 and a 500 𝑘𝑚 

air layer (not shown). The mesh elements in the outer box are coarse and become finer in the 

negative 𝑦-direction to resolve the plate at 2 𝑘𝑚 depth. (b) The dimension of the inner model is  

10 𝑘𝑚 x 10 𝑘𝑚 x 10 𝑘𝑚. Here the mesh is very fine, especially to the surface and at the plate 

boundaries. (Figure from Hering et al., 2019) 
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2.3.1 1-D Isotropic Environments 

In this chapter the assertions from chapter 2.2.4.2 are tested. For this purpose, the period-dependent 

relationships among the diagonal elements of the RT, RPT and PT, and the conventional apparent 

resistivity are investigated for a 1-D isotropic model. The model consists of 3 layers with resistivity 

1000, 10 and 1000 𝛺𝑚 and thicknesses of  𝑘𝑚 (Fig. 2-9a). Responses were calculated for 22 

periods from 0.001 to 104 𝑠 (Fig. 2-9b). For the phase tensors (RPT and PT) the arctangents of the 

diagonal elements are plotted (tan−1(𝝓) = 𝜑). To illustrate the behaviour of the EM fields, the 

magnitudes of the electric and magnetic fields, and the current density are shown for two 

representative periods of 0.018 𝑠 (55.5 𝐻𝑧) and 10 𝑠 (Fig. 2-9c). 

In each layer (𝑗 = 1,3), the electric and magnetic fields behave (e.g. Kaufman & Keller, 1981) as: 

𝐸𝑗 = 𝑎𝑗𝑒
𝑖𝑘𝑗𝑧 + 𝑏𝑗𝑒

−𝑖𝑘𝑗𝑧;        𝐵𝑗 = 
𝑘𝑗

𝜔⁄ (𝑎𝑗𝑒
𝑖𝑘𝑗𝑧 − 𝑏𝑗𝑒

−𝑖𝑘𝑗𝑧);          𝑏3 = 0;          𝑘𝑗 = √𝑖𝜔𝜇0𝜎𝑗  

For periods < 0.003 𝑠, the current density is in-phase with the electric field and both lead the 

magnetic field by 45° so the system is behaving like a uniform half-space. In Figure 2-9b this 

implies a constant apparent resistivity (𝑼𝑎 and 𝜌𝑎,𝑍) of 1000 𝛺𝑚, an RPT of 0° and a PT of 45°.  

For this period range the electric and magnetic field amplitudes decrease with depth in an 

oscillatory manner. The induced currents also decrease to zero with depth; in the upper part of the 

layer they give rise to a magnetic field that almost completely cancels the primary magnetic field 

beneath them and almost equals the primary magnetic field above them (Kaufmann & Keller, 

1981). 

Between 0.003 – 0.3 𝑠, the phase differences, between the magnetic field and its associated 

conduction currents, and the electric field, increase to a maximum due to the increase of the 

magnetic field associated with higher current density, particularly in the upper part of the 2nd layer 

where the current density increases discontinuously across the 1st/2nd layer boundary (Fig. 2-9c, 

fields at 0.018 𝑠). At the surface, the magnetic field remains at twice the primary magnetic field 

amplitude whilst the amplitude of the electric field slowly decreases, so decreasing the apparent 

resistivity. Simultaneously, RPT and PT increase to a maximum. 

As the period increases (0.3 – 3 𝑠), RPT and PT return to 0° and 45°, respectively. At the same 

time, the apparent resistivities reach a minimum. 
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Figure 2-9. Response curves and EM fields for a 1-D forward model.  

(a) The model comprises a conductor with a resistivity of 10 𝛺𝑚 embedded in a 1000 𝛺𝑚 half-space.  

(b) Left: Apparent resistivity curves from the RT (𝑼𝑎) and the conventional apparent resistivity (𝜌𝑎,𝑍) from 

the MT response tensor (𝒁). Right: Phase curves derived as the arctangents of the RPT (𝝓𝑎) and the 

conventional PT (𝝓). (c) The magnitudes of the electric field (𝐸), magnetic field (𝐵) and current density (𝐽) 

as depth sections for two periods (0.018 𝑠 (55.5 𝐻𝑧) and 10 𝑠).  

For periods beyond 3 𝑠, the RPT and the PT decrease to a minimum before returning to their 

uniform half-space values at the longest periods (> 104 𝑠). The apparent resistivity increases to the 

background value of 1000 𝛺𝑚. At these periods, the magnetic field tends to decrease linearly with 

depth in the lowest (3rd) layer whilst the decrease in the electric field is small. The currents are 

concentrated within the conductive anomaly (Fig. 2-9c, fields at 10 𝑠). 

Figure 2-9b shows that 𝑼𝑎 responds more rapidly than 𝜌𝑎,𝑍 with increasing period to the presence 

of the conductor, stays at a minimum for a wider period range and emerges more steeply to reach 

the asymptotic value. This implies a higher sensitivity to resistivity contrasts in the vertical 

direction and might include the possibility of better resolution of thin conductive layers. The same 

applies to the RPT which shows steeper gradients and higher variations in amplitude (by a factor 
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of 2) compared to the conventional PT. It is emphasized that the half-space value of the RPT is at 

0° (compared to 45° for the PT). This implies negative phase values for a transition from a 

conductor to a resistor. 

 

2.3.2 1-D Anisotropic Environments 

The effects of anisotropy on the magnetotelluric response of geological 1-D, 2-D or 3-D structures 

have been discussed extensively, e.g. by Pek and Verner (1997), Weidelt (1999), Heise and Pous 

(2003), Pek (2009) or Couteau and Tournerie (2000). It is observed that anisotropy can deflect 

induction arrows (which are orientated perpendicular to the strike of a vertical conductivity contrast 

in the isotropic case), the diagonal elements of the impedance tensor may dominate over the non-

diagonal ones and the phases can run out of their natural quadrant (Martí, 2012 and citations 

therein). The properties of the phase tensor in anisotropic settings were investigated by Heise et al. 

(2006). A more specific study was published by Löwer and Junge (2017) who investigate the 

influence of a 3D anisotropic conductivity anomaly on the spatial and frequency dependent 

behavior of the phase tensor and induction arrows. A comprehensive review about the impact of 

electrical anisotropy on the MT response is given in Martí (2014).  

In this section the visualization and the physics behind the novel MT apparent resistivity tensors 

are presented by an anisotropic 1-D model, which represents the simplest model where period-

dependent directional information becomes relevant. The focus is set on the sensitivity of 𝑼𝑎, 𝑽𝑎 

and 𝝓𝑎 to changes in the model resistivity in comparison to the conventional phase tensor 𝝓. 

The results from the 1-D anisotropic forward model are shown in Figure 2-10. The model 

comprises a 2 𝑘𝑚 thick anisotropic layer whose top is at 2 𝑘𝑚 depth, embedded in a half-space 

with resistivity of 1000 𝛺𝑚 (Fig. 2-10a). The anisotropic resistivities are 10 𝛺𝑚 in the 𝑥-direction 

(𝜌𝑥) and 1000 𝛺𝑚 in the 𝑦-direction (𝜌𝑦), rotated by -20° (i.e. counterclockwise). The coordinate 

system uses the MT convention with the 𝑥-axis pointing north and the 𝑦-axis pointing east. 
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Figure 2-10. MT tensors for an anisotropic 1-D forward model.  

(a) The resistivity model. (b) Period dependence of the RT (𝑼𝑎) and the imaginary part of the CART (𝑽𝑎). 

For periods > 0.05 𝑠, both tensors show the direction of the anisotropy. The RT exclusively presents apparent 

resistivity values. (c) RPT (𝝓𝑎) and conventional PT (𝝓). For periods from 0.05 to 5 𝑠 (sensitive to the 

anisotropic body) the minor and major axes have opposite directions. The highlighted period (0.021 𝑠) is 

related to the fields shown in Fig. 2-11. (Figure from Hering et al., 2019) 

In Fig. 2-10b the tensors 𝑼𝑎 and 𝑽𝑎 are shown, representing the CART for a period range from 

0.001 to 10000 𝑠. At the short periods (0.001 – 0.01 𝑠), the major and minor axes of 𝑼𝑎 have equal 

length consistent with the uniform background resistivity of 1000 𝛺𝑚. With increasing period  

(> 0.05 𝑠) 𝑼𝑎  responds to the anisotropic layer. The tensors are rotated by -20° to be aligned with 

the anisotropy directions, and the major axes are parallel to 𝜌𝑦 and reproduce the resistivity value 

of 1000 𝛺𝑚 over the entire period range. The minor axes are parallel to 𝜌𝑥 and show the transition 

from the overlying resistor into the conducting direction of the anisotropic body by decreasing 

apparent resistivity values. These reach a minimum at about 5 𝑠 and increase again with longer 

periods due to the underlying resistive half-space. The 𝑽𝑎 tensors also demonstrate the anisotropy 

direction with their major axes parallel to the conducting anisotropy axis. In contrast to 𝑼𝑎, the 

values of 𝑽𝑎 respond to spatial changes (gradients) of the resistivity. Consequently, its response is 
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largest when entering (positive values) and leaving (negative values) the anisotropic layer. In 

between the values go back to 0 𝛺𝑚 (at ~5 s) representative of a uniform half-space. The minor 

axes are parallel to the resistive anisotropy direction, which equals the background resistivity. They 

are equal to 0 𝛺𝑚 over the whole period range.  

The RPT is related to the imaginary part of the CART so also responds to changes in the resistivity 

(Fig. 2-10c). For the shortest periods, 𝝓𝑎  and 𝝓 take values of 0° and 45°, respectively, in a uniform 

half-space. With increasing period they are affected by the anisotropic body, showing a similar 

pattern as the isotropic case in chapter 2.3.1. The phases respond to the resistivity contrast at shorter 

periods than 𝑼𝑎 (0.021 𝑠), but just for the fields related to currents in the conductive directions. 

This causes the split and the alignment of the tensors with the anisotropy axes for the periods up to 

5 𝑠, where the minor and major axes of 𝝓 and 𝝓𝑎 have opposite directions. For longer periods, the 

lower boundary of the conductive layer produces PT values below 45° and RPT values below 0°.  

The tensor responses are reflected in the minor axes of the PT and the major axes of the RPT. For 

all periods the sensitive axis of the RPT is parallel to the conductive anisotropy direction and it is 

perpendicular in the case of the PT. The insensitive RPT and PT axes are 0° and 45°, respectively. 

The magnitude and phase for the electric, magnetic and current density fields related to the 

anisotropic 1-D model are shown (Fig. 2-11) for a period of 0.021 𝑠. In a generally anisotropic 

layer, the fields can be regarded as two independent pairs of down-going and up-going waves (Pek 

& Santos, 2002) so the fields may be visualized as two perpendicular depth slices, related to the 

magnetic field excitation in the 𝑥- and 𝑦-directions. Depending on the excitation, the magnetic and 

electric field components decrease either smoothly with depth (𝐵𝑥 excitation) or show abrupt 

changes (𝐵𝑦 excitation). Due to the oblique angle (-20° from the 𝑥-axis) of the resistivity principal 

axes within the anisotropic layer, the current density is not parallel to the electric field and gives 

rise to a different depth dependence. For example, there is a strong concentration of currents in the 

𝑥-direction at the top of the layer producing an enhanced magnetic field in the 𝑦-direction in the 

upper uniform layer. At the surface, the magnitudes of the RT (𝑼𝑎) in the 𝑥- and 𝑦-directions are 

appropriate for a homogeneous half-space but the phase tensors (RPT and PT) are more sensitive 

and respond earlier to the varying resistivity. The origin of this phase behavior is related to the 

depth dependence of the current density, influenced by the anisotropic layer for both excitations, 

that results in an apparent current density at the surface (𝐽 𝑎) which influences both the electric and 
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magnetic field (eq. 2.54). In contrast to the PT (𝝓) which is driven by changes in the magnetic 

field, the RPT (𝝓𝑎) is driven by changes in the electric field. This is crucial for the explanation of 

opposite directions of the responding axes of the tensors. 

 

Figure 2-11. Electromagnetic fields for an anisotropic 1-D model. 

Magnitude and phase values for (a) electric field, (b) magnetic field and (c) current density at a period of 

0.021 s (47 𝐻𝑧), for 𝐵𝑥 excitation (component names in black letters) and 𝐵𝑦 excitation (green letters). The 

fields in the 𝑥- and 𝑦-directions are visualized as perpendicular depth slices. The upper and lower boundaries 

of the anisotropic body between 2 𝑘𝑚 and 4 𝑘𝑚 depth are marked by two black circles. The anisotropy 

directions are indicated by the green (10 𝛺𝑚) and black (1000 𝛺𝑚) arrows at 0 𝑘𝑚 depth. (Figure from 

Hering et al., 2019) 

 

2.3.3 2-D Environments 

In this section a vertical boundary is added to the model which leads to the concept of the TE- and 

TM-mode with currents parallel and normal to the surface of the boundary. In the absence of 

galvanic sources, the conservation of electric charge is a fundamental principle explaining the 
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existence of the TM electric field. The free charge density (𝑞𝑓, 𝐶𝑚−3) arises wherever the 

conductivity has a gradient (𝛻𝝈) and there is an electric field component in the direction of 𝛻𝝈. For 

a discontinuous change in conductivity from 𝜎1 to 𝜎2, the conductivity gradient approaches infinity 

at each side of the boundary and the volumetric free charge density becomes a surface charge 

density (𝜏𝑓, 𝐶𝑚−2) confined to the boundary separating the two regions (Li & Oldenburg, 1991). 

The surface charge creates a discontinuity in the normal components of the electric displacement 

�⃑⃑�  and the electric field �⃑� , it maintains the continuity of the normal component of 𝐽  and results in a 

refraction of the current density at the respective surface. Following Li and Oldenburg (1991):  

𝐷2𝑛 − 𝐷1𝑛 = 𝜏𝑓                                                                                                                                    (2.69𝑎) 

𝐸2𝑛 − 𝐸1𝑛 = 𝜏𝑓 휀⁄                                                                                                                                (2.69𝑏) 

𝐽2𝑛 − 𝐽1𝑛   =  0                                                                                                                                       (2.69𝑐) 

In the case of quasi-stationary time-varying EM fields, the charge density changes synchronously 

(i.e. is approximately in phase) with the electric field. The time-varying surface charge distribution 

on a conductivity interface is given by Kaufman (1985):  

𝜏𝑓(𝑡) = 𝑡0𝑠(𝜎1 − 𝜎2)�̅�𝑛(𝑡)                                                                                                                 (2.70𝑎) 

𝑡0𝑠 = 
2휀

𝜎1 + 𝜎2
                                                                                                                                        (2.70𝑏) 

�̅�𝑛 =
𝐸1𝑛 + 𝐸2𝑛

2
                                                                                                                                     (2.70𝑐) 

where �̅�𝑛 is the averaged normal component of the electric field at a point on the interface and 휀 is 

the electrical permittivity. In the frequency domain (2.70𝑎) and (2.70𝑏) can be written as: 

𝜏𝑓(𝜔) = −2 𝜖 (
𝜎2 − 𝜎1

𝜎2 + 𝜎1
) �̅�𝑛(𝜔)                                                                                                           (2.71) 

A conducting medium beneath the Earth’s surface can be considered as piecewise homogeneous, 

i.e. consisting of different regions of uniform conductivity separated by sharp boundaries, so only 

surface charges arise (Kaufman, 1985). The magnetic fields associated with these charges are 

negligible because the currents associated with the time-varying charge are the same order of 

magnitude as the displacement currents which are neglected in the quasi-stationary assumption for 

MT (Jones and Price, 1970). 
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The impact of the vertical boundary and associated charges on the tensors is investigated using a 

2-D plate model consisting of a 2 𝑘𝑚 thick conducting plate (10 𝛺𝑚) at 2 𝑘𝑚 depth which is 

surrounded by a 1000 𝛺𝑚 half-space. The plate is extended to infinity in the 𝑥-direction and in the 

negative 𝑦-direction (Fig. 2-12a). An accurate representation of the EM fields and associated 

charges requires the discretization of the model to be exceedingly fine (Fig. 2-8b). 

 

Figure 2-12. MT tensors for a 2-D plate model.  

(a) Section of the inner part of the model. The plate is 2 𝑘𝑚 thick, its top is at 2 𝑘𝑚 depth and it 

extends to infinity in the 𝑥-direction and negative 𝑦-direction. The location of four observation 

sites is marked along a profile in 𝑦-direction (A: -4 𝑘𝑚, B: -1 𝑘𝑚, C: 1 𝑘𝑚, D: 4 𝑘𝑚).  

(b) Theoretical response for the RT (𝑼𝑎), RPT (𝝓𝑎) and conventional PT (𝝓). The highlighted 

period is related to the fields shown in Fig. 2-13 and Fig. 2-15. (Figure from Hering et al., 2019) 

𝑼𝑎, 𝝓𝑎 and 𝝓 are shown at 4 sites (Fig. 2-12b) along a profile across the vertical boundary  

(Fig. 2-12a, lower plot). For the shortest periods (0.001-0.01 𝑠) the responses indicate a uniform 

half-space. From 0.021 – 1 𝑠, site A approximates a 1-D situation, while sites B, C and D show 

strong 2-D effects which manifest in a significant split between the major and minor axes of 𝑼𝑎, 

𝝓𝑎 and 𝝓. For the RT and the PT the major axes are perpendicular and the minor axes are parallel 

to the plate boundary; for the RPT it is the opposite. In the period range between 0.1 and 1 𝑠 the 
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minor axes of the RPT at sites C and D take highly negative values whilst the major axes are still 

positive. This coincides with PT major axes above and minor axes below 45°, respectively. With 

increasing period both principal axes of the PT drop below 45°. Due to the centering of the RPT at 

0° there is an abrupt change in the direction of the minor and the major axes at ~5 𝑠, because here 

the absolute value of the negative axes (perpendicular to the boundary) become larger than the 

value of the positive axes (parallel to the boundary). For periods between 2.1 and 100 𝑠, 2-D effects 

are also observed at site A. Below 10 s both principal axes (at all sites) of 𝝓𝑎 and 𝝓 are smaller 

than 0° and 45°, respectively. Towards the longest periods, 𝑼𝑎, 𝝓𝑎 and 𝝓 again approximate a 

uniform half-space, except for 𝑼𝑎 at site A where the tensor split persists. 

 

2.3.3.1 Tensors, Fields and Charges in the TM-Mode 

In Figure 2-13, the magnitudes and phases of the magnetic, electric and current density fields at a 

period of 0.1 𝑠 are shown for the TM-mode related to the plate model in Figure 2-12. In this mode 

the magnetic fields are parallel to the plate boundary (𝐵𝑥) and electric fields cross the boundary 

(𝐸𝑦). The latter results in induced galvanic currents with horizontal and vertical components (𝐽𝑦, 

𝐽𝑧). In Figure 2-13a and 2-13c, the streamlines of the electric field and the current density, plotted 

on top of the magnitudes, illustrate how the currents are concentrated in the conducting plate at the 

upper and vertical boundaries. To maintain the continuity of the normal component of 𝐽 , surface 

charges build at the vertical boundary. The boundary therefore resembles a charged plain, involving 

a secondary electric field with components in the 𝑦- and 𝑧-directions. The magnetic field in the 

TM-mode is more homogeneous and has no vertical component, consistent with the assumption 

that the magnetic field related to the boundary charges is negligible. The horizontal magnetic field 

phase (𝜙𝐵𝑥) at the surface is 0° and complicated near the conducting anomaly. The electric field 

phase (𝜙𝐸𝑦) changes at and across the plate boundary surfaces and therefore causes differences in 

𝝓 and in 𝝓𝑎 for sites above and next to the conductor. 

The magnetic field (𝐵𝑥) at the surface is constant along the 𝑦-axis but the electric field (𝐸𝑦) 

decreases with depth for sites above the conductor. While the behavior of the fields beneath site A 

resembles that within a 1-D half-space, only the magnetic field component shows a decay governed 

by the underlying depth-dependent resistivity. The magnitudes and phases of the electric and 

current density field components are strongly influenced by the charges on the vertical boundary. 
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For 𝝓𝑎, these variations result in highly negative minor axes perpendicular to the plate boundary 

(and coincidentally large major axes for the TE mode) in the respective period range between 0.1 

and 1 s. The effects are also observed by PT values below 45°, but they are distinctly less 

significant.  

 

Figure 2-13. EM fields in the TM mode for a 2-D plate model. 

Magnitudes and phases of the EM fields related to the 2-D plate model (Fig. 2-12) are shown at a period of 

0.1 𝑠. (a) Electric fields (𝐸𝑦 and 𝐸𝑧) and streamlines. (b) Magnetic fields (𝐵𝑥 and 𝐵𝑧). (c) Current density 

(𝐽𝑦 and 𝐽𝑧) and its streamlines. There are significant vertical 𝐸𝑧 and 𝐽𝑧  but no 𝐵𝑧 (no induction vectors). 

(Figure from Hering et al., 2019) 
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Figure 2-14. Surface charge density at the boundaries of a 2-D plate model. 

(a) The surface charge density (𝜏𝑓) is visualized at the surfaces of the conducting plate (cf. Fig. 2-12) for 

two periods (0.021 𝑠 and 0.21 𝑠). As the fields pass from a resistor to a conductor the charge density is 

negative. In general, the charges are dominant on the vertical surface with a maximum close to the edges. 

(b) The surface charge density is shown for six points at A (-2 𝑘𝑚, -2 𝑘𝑚), B (-0.05 𝑘𝑚, -2 𝑘𝑚), C (0 𝑘𝑚, 

-2.05 𝑘𝑚), D (0 𝑘𝑚, -3 𝑘𝑚), E (0 𝑘𝑚, -3.95 𝑘𝑚) and F (-0.05 𝑘𝑚, -4 𝑘𝑚). The maximal amplitude of the 

charge density is dependent on the depth and the period. The plots in (a) are chosen for periods where the 

charge density amplitude is maximum at the upper and the lower plate edge, respectively. (Figure from 

Hering et al., 2019) 

The surface charge density (𝜏𝑓) according to (2.71) is presented at the surfaces of the plate for two 

different target periods (Fig. 2-14a). As the fields pass from a resistor to a conductor, the sign of 

𝜏𝑓 is negative. Depending on the period-dependent penetration depth, the charges are dominant on 

the upper edge for 0.021 𝑠 and at the upper and lower edge for 0.21 𝑠. On the upper and lower plate 

surface, charges accumulate close to the edges but they decrease quickly with increasing distance 
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from the vertical boundary. In Figure 2-14 the period dependent charge accumulation is shown at 

six different locations (A-F) on the plate boundary. At the upper edge there is a maximum of the 

charge density at 0.021 𝑠 and at the lower edge at 0.21 𝑠 (Fig. 2-14a). At A, 2 𝑘𝑚 from the vertical 

boundary, the charge density is small at all periods. For periods longer than 0.21 𝑠, 𝜏𝑓 decreases at 

all points on the plate and vanishes for the longest periods. These findings imply that the observed 

tensor responses in the TM-mode are highly influenced by charge accumulation in the period range 

from 0.001 𝑠 to approximately 100 𝑠. 

 

 

2.3.3.2 Tensors and Fields in the TE-Mode 

In the TE-mode the electric (𝐸𝑥) and current density fields (𝐽𝑥) are parallel to the vertical plate 

boundary so charges do not build up and the observed effects are similar to 1-D induction above 

different subsurface conditions. The EM fields have different penetration depth depending on the 

location along the 𝑦-axis. The TE-mode includes a vertical magnetic field (𝐵𝑧) but 𝐵𝑧 is not related 

to any charges at the vertical boundary. The magnitudes and phases of the �⃑� , �⃑�  and 𝐽  components 

are shown (Fig. 2-15) for the TE-mode for a period of 0.1 𝑠. Above the plate, the magnitude of the 

electric field (𝐸𝑥) at the surface is decreased and that of the magnetic field (𝐵𝑦) is enhanced due to 

the currents accumulated at the upper plate boundary (𝐽𝑥). This leads to a decrease in 𝑼𝑎 for the 

tensor component parallel to the boundary (𝑥-direction). For sites above the resistive half-space, 

the magnetic field decreases and the electric field increases. 𝑼𝑎 parallel to the boundary is therefore 

increasing with increasing distance to the vertical boundary. The electric field phase (𝜙𝐸𝑥) at the 

surface is larger above the conductor than above the resistor. This links directly to the phase tensor 

component perpendicular to the boundary and the resistivity phase tensor component parallel to 

the boundary, which are both larger above the conductor than beside it. Similar to the 1-D isotropic 

and anisotropic cases, the variation in 𝝓𝑎 is more distinct than in 𝝓. 
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2.3.4 3-D Anisotropic Environments 

In three dimensional resistivity environments, the MT response is a combination of TE- and TM-

mode field responses, which cannot be treated separately anymore. The tensors are fully occupied 

and show significant skew values. In this section, 𝑼𝑎, 𝝓𝑎 and 𝝓 are analyzed for a 3-D anisotropic 

model, which comprises a conductive resistivity anomaly above an anisotropic half-space at 40 𝑘𝑚 

depth (Fig. 2-16a). The anomaly has extensions of 30 𝑘𝑚 x 9 𝑘𝑚 x 2 𝑘𝑚 (𝑥,𝑦,𝑧), is rotated by 45° 

Figure 2-15. EM fields in the TE mode for a 2-D plate model. 

Magnitudes and phases of the EM fields related to the 2-D plate model (Fig. 2-12) are shown at a period of 

0.1 𝑠. (a) Electric fields (𝐸𝑥 and 𝐸𝑧). (b) Magnetic fields (𝐵𝑦 and 𝐵𝑧) and its streamlines. (c) Current density 

(𝐽𝑦 and 𝐽𝑧). There is a strong 𝐵𝑧 but no 𝐸𝑧 or 𝐽𝑧. (Figure from Hering et al., 2019) 
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in clockwise direction and its top is at 2 𝑘𝑚 depth. It has a resistivity of 5 𝛺𝑚 and is embedded in 

a 500 𝛺𝑚 background. The anisotropic resistivities are 10 𝛺𝑚 in 𝑥-direction (𝜌𝑥) and 500 𝛺𝑚 in 

𝑦-direction (𝜌𝑦), rotated counterclockwise by -20°. 

In Figure 2-16b, the tensor responses for 𝑼𝑎, 𝝓𝑎 and 𝝓 are shown at two sites (cf. Fig. 2-16a 

lower plot) in dependence of the target period. Site A is located at greater distance to the conductive 

anomaly and the corresponding tensors resemble the uniform background for shorter periods and 

the anisotropic half-space for the longest periods (comparable to the model in chapter 2.3.2). Site 

B is located in close vicinity to the anomalous body. Looking at the PT and RPT, the anomaly 

influences the response for periods larger than 0.01 𝑠. In particular the resistivity phase is affected, 

showing negative major and minor axes, similar to the observations in the 2-D case (cf. chapter 

Figure 2-16. MT tensors and skew values for a 3-D anisotropic model. 

(a) The model comprises an oblique conductor (10 𝛺𝑚) at 2 𝑘𝑚 depth embedded in a 500 𝛺𝑚 background. 

It covers an anisotropic half-space at 40 𝑘𝑚 depth. The lower plot marks the locations of two theoretical 

MT sites (A and B). (b) Response for the RT (𝑼𝑎), RPT (𝝓𝑎) and conventional PT (𝝓) at two sites, one at 

greater distance (A) and one in close vicinity (B) to the conductive anomaly. (c) Skewness values for 𝝓𝑎and 

𝝓 at site B in dependence of the period.  
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2.3.3). Starting at approximately 10 𝑠, both 𝝓 and 𝝓𝑎 respond to the anisotropic half-space layer. 

However, comparing the longest periods at site A and at site B, the PT response is almost identical 

(periods > 10 𝑠). This is not the case for the RPT. Here, at site B the major axis is significantly 

larger and the principal axes orientation is more variable. The high sensitivity of the resistivity 

phase is also reflected in the skewness value (𝛽) (Figure 2-16c). Starting from ~0.1 𝑠 the skew 

angle of 𝝓𝑎 at site B is dramatically different from 𝝓. For periods above 10 𝑠 it ranges between  

-25° and -30° and implies a very strong 3-D response. The skewness of 𝝓 is much less conspicuous. 

Between 0.1 and 104 𝑠 it has a maximum of 2° and the data might erroneously be interpreted as  

2-D (e.g. in case of noisy field data). The impact of the 3-D anomaly on 𝑼𝑎 (Fig. 2-16b) is visible 

by a small split between the major and minor axes at site B in the period range between 0.1 and 10 

𝑠 (much less significant than for 𝝓 and 𝝓𝑎). At periods larger than 10 𝑠 the near-surface anomaly 

slightly enhances the split referred to the anisotropic half-space (cf. site A) and, more important, it 

masks the orientation of the anisotropy directions (the major axis orientation of 𝑼𝑎at site B is ~45° 

from the east axis, at site A it is 20°).   

In Figure 2-17 the spatial tensor responses are shown at 0.22 𝑠 (4.6 𝐻𝑧, Fig. 2-17a) and at 46.5 𝑠 

(Fig. 2-17b). At 0.22 𝑠 the tensors nicely render the 3-D anomaly. Especially the RPT response is 

very distinct for sites close to the resistivity contrasts (negative minor axes, large split). For  

46.5 𝑠 the anisotropic half-space dominates the responses of 𝝓 and 𝝓𝑎. This results in a very 

homogeneous PT pattern, which reproduces the orientation of the anisotropy axes. The RPT also 

reveals a constant split of the principal axes, but in the vicinity of the overlaying 3-D structure the 

orientation of the principal axes is influenced by the lateral boundaries of the conductive anomaly. 

This matches with the observations from site A and B (Fig. 2-16b). The RT reflects the anisotropic 

properties for sites at greater distance to the local conductor. Above and close to the conductive 

anomaly the orientation and the magnitudes of the principal axes are primarily defined by the 

conductor which shadows the underlying anisotropic half-space. 
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Figure 2-17. Spatial MT tensor response for a 3-D anisotropic model. 

The responses correspond to the model shown in Fig. 2-16a. (a) At 0.22 𝑠 the tensor responses of 𝑼𝑎, 𝝓𝑎 

and 𝝓 are influenced by the 3-D conductivity anomaly. (b) At 46.5 𝑠 𝝓𝑎 and 𝝓 mainly reflect the anisotropic 

half-space. In case of 𝑼𝑎, influences from the anisotropy are shadowed by the overlying conductor (for sites 

close to the anomaly).  
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2.3.5 Conclusions on the forward Modelling Studies 

Each of the components of the CART, 𝑼𝑎,  𝑽𝑎 and 𝝓𝑎 , and the phase tensor, 𝝓 can be represented 

as ellipses. The RT quantifies the apparent dissipative behavior of the electric field as it diffuses 

through the resistive subsurface (Brown, 2016) and, for a given period, the tensor is sensitive to the 

resistivity in a region below the observation point where most of the electric current is focused. 

The RPT (and similar 𝑽𝑎) quantifies an additional ‘spatial dispersion’ associated with the phase 

relationships between the electric field and apparent current density. It is represented by an ellipse 

with a major axis indicating the horizontal direction of the maximum apparent induction current 

density, associated with the horizontal gradient of the resistivity in the region where most of the 

electric current is focused. The PT ellipse has similar properties where the direction of its major 

axis points towards the preferred flow direction of the induction current, similar to the real part of 

the vertical magnetic transfer function (Caldwell et al., 2004).  

The results for the 1-D forward model in chapter 2.3.1 demonstrate the high sensitivity of the RT 

and the RPT to vertical resistivity gradients, which might improve the ability to resolve thin 

conductive layers. Period-dependent RPT curves can be interpreted like conventional PT curves. 

Their uniform half-space value is 0°, phases above 0° imply a transition from a resistor to a 

conductor and negative phases occur if the fields pass into a resistor.  

In anisotropic 1-D environments (chapter 2.3.2), the RT principal axes align with the anisotropy 

directions. The imaginary part of the CART is sensitive to resistivity gradients and is directly 

related to the RPT. In contrast to the PT, which relates the magnetic to the electric field, the RPT 

relates the electric field to the apparent current density vector. As a consequence, the axes of the 

RPT and the PT, which are sensitive to the resistivity gradient in the conductive anisotropy 

direction, are orthogonal. The RPT response is more pronounced than the PT. 

The 2-D plate model introduced the tensors in the TM- and the TE-mode. For the CART and the 

RPT, the TM-mode relates to the tensor axes perpendicular to the plate boundary and for the PT to 

the axes parallel to the plate boundary. For the TE-mode it is the opposite. In the TM mode the 

charges at the vertical resistivity boundary cause a strong secondary electric field. For a conductive 

anomaly this generates negative RPT minor axes which reflect the high sensitivity of the RPT to 

horizontal resistivity gradients. 
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The findings from the anisotropic 3-D model (chapter 2.3.4) elucidate the remarkable sensitivity 

of the RPT. Further, the skewness of 𝝓𝑎  seems to be a very clear indicator for three dimensionality 

and might be a more distinct classification criterion than the conventional PT skew. If the principal 

axes of the PT and the RPT are not orthogonal (or parallel), this is necessarily related to 3-D effects. 

In case of local distortion (e.g. topography), the recognition of anisotropy from the RT (𝑼𝑎) will 

be very difficult. However, considering for 𝝓 and 𝝓𝑎   (and induction vectors), a regional 

anisotropic resistivity structure will feature a very distinctive pattern in the spatial MT response. 

 

Figure 2-18. The geometrical representation of tensors as ellipses. 

(a)  𝑼𝑎  ellipses at observation points on the conductive (left, 𝜌1 = 10 𝛺𝑚) and resistive (right, 𝜌2 =  

1000 𝛺𝑚) side of a 2-D resistivity distribution consisting of two quarter-spaces with EM field measurement 

axes aligned to the direction of strike. The tensors are shown in 1.5 𝑘𝑚 distance to the boundary for a period 

of 10 𝑠. (b) 𝑽𝑎 ellipses. (c) 𝝓𝑎 ellipses. (d) 𝝓 ellipses.  Note how the orientations of the principal axes 

change across the boundary for each ellipse. (e)  𝑼𝑎 , 𝑽𝑎 and 𝝓𝑎  ellipses at an observation point above a  

3-D resistivity distribution (background 𝜌2 = 1000 𝛺𝑚, canomaly 𝜌1 = 5 𝛺𝑚 at 2 𝑘𝑚 depth). The tensors 

are shown for a period of 5 𝑠. Note the existence of finite invariant skew angles, 𝛽  for each of the three 

ellipses and the finite mixed invariant angle, 𝛿 between  𝑼𝑎  and 𝑽𝑎 (shown in the 𝑽𝑎 plot). The color values 

of the tensors in (e) correspond to the respective color bars in (a-c).  
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To summarize the fundamental properties of the new tensors, ellipse parameters are plotted for a 

simple 2-D resistivity distribution consisting of two quarter-spaces (Fig. 2-18a-d) and an arbitrary 

3-D structure (Fig. 2-18e). In the 2-D case, TM- and TE-mode are represented by the minor or the 

major axis depending on the location of the site relative to the boundary (on the resistive or 

conductive side). 𝑽𝑎 is generally sensitive to changes in the subsurface resistivity and does not 

represent any absolute resistivity values. In 2-D situations its major axis is therefore parallel to the 

axis of the RT that shows the biggest change in resistivity and is associated with a maximum 

apparent current density. The RPT is directly related to 𝑽𝑎 and major and minor axes of both tensors 

are parallel. For the 2-D situation in Figure 2-18, the PT major and minor axes are orthogonal to 

the axes of the RPT. This changes when the major axes of the RPT become negative. In that case 

the respective axes of the PT are smaller than 45° and are reflected by its minor axes. In 3-D 

environments the principal axes of 𝑼𝑎, 𝑽𝑎 and 𝝓𝑎   are not necessarily parallel. 
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3 FIELD CAMPAIGN AT THE CEBORUCO VOLCANO 

In November 2016 magnetotelluric (MT) data were collected at the Ceboruco volcano in 

cooperation with the Centro de Sismología y Volcanología de Occidente (SisVoc, Universidad de 

Guadalajara, Mexico). The survey was part of a geothermal project (CeMIEGeo-P24) and focused 

on the determination of the electrical conductivity properties to characterize the deep structure and 

the geothermal potential of the volcano.  

The following chapters give a brief overview of the geological setting (chapter 3.1), the 

measurement equipment (chapter 3.2.1) and the field survey (chapter 3.2.2).  

 

3.1 Geological Setting 

The Ceboruco is a 2280 m high stratovolcano, located in Nayarit State, Mexico. It is located in the 

central part of the Tepic-Zacoalco Rift (TZR), which constitutes the northwestern end of the Trans-

Mexican Volcanic Belt (TMVB). Together with the Chapala and Colima rifts (in the Jalisco Block), 

the TZR forms a triple rift system which developed as a consequence of the ongoing subduction of 

the Rivera and Cocos oceanic plates beneath the North American continental crust (Petrone et al., 

2001;  Allan, 1986). The western part of the TMVB separates two large-scale geological domains, 

namely the Sierra Madre Occidental (SMO) to the north-east and the Jalisco Block (JB) to the 

south-west (cf. Figure 3-1). The SMO is a volcanic plateau of approximately 1 𝑘𝑚 thickness that 

extends from the TMVB over 2000 𝑘𝑚 to the north (Ferrari et al., 2003). It primarily consists of 

paleocenic (silitic) ignimbrites and rhyolites (Sieron & Siebe, 2008). Close to the Ceboruco 

volcano, the upper ~800 𝑚 of the SMO are composed of rhyolitic ash flows and basaltic to andesitic 

lavas, covering subvolcanic stocks and plutons with diorite to granite compositions (Ferrari et al., 

2003). The Jalisco Block comprises late cretaceous to paleocene volcanic deposits and marine 

sediments, which cover plutonic rocks (granite) (Ferrari et al., 2003, Schaaf et al., 1995, Sieron & 

Siebe, 2008). 
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The Tepic-Zocoalco rift is an NW-SE oriented, extensional structure and is regarded as a larger 

system of grabens, half-grabens and faults (e.g. Luhr et al., 1985; Allan, 1986 or Ferrari et al., 

1994 & 2003). The exact origin is under debate, although the most accepted explanation relates to 

accumulated tectonic stress resulting from oblique subduction of the Rivera plate and complex 

interaction with the adjacent Pacific and Cocos plates (e.g. Ferrari et al., 1994). The initial opening 

occurred in the early Paleogene and has been reactivated several times (Rosas-Elguera et al., 1996). 

Since the late Miocene, north-east extension shaped the TZR (Ferrari & Rosas-Elguera, 2000).  

The Ceboruco asymmetric graben is part of the San Pedro – Ceboruco complex, which constitutes 

the central part of the TZR (see Ferrari et al., 2003 or Petrone et al., 2001). To the north and to 

Figure 3-1. Tectonic setting of the measurement area. 

The Ceboruco volcano is located in the Tepic-Zocoalco Rift (TZR), which is part of a triple rift system, 

driven by the subduction of the Cocos and Rivera Plate beneath the North American continent. The TZR is 

bounded by the Jalisco Block to the south-west and the Sierra Madre Occidental (SMO, small map) to the 

north. It is part of the Trans-Mexican Volcanic-Belt (TMVB). (Figure modified from Sieron & Siebe, 2008 

and Núñez-Cornú et al., 2002) 
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the south it is defined by WNW-ESE striking normal 

faults, cutting different andesitic, rhyolitic and 

ignimbritic successions, dated between 4.2 and 4.9 𝑀𝑎 

(Ferrari et al., 2003). A schematic depiction of the 

Ceboruco graben, bounded by the Jalisco Block to the 

SSW and the SMO to the NNE, is shown in Figure 3-3b. 

The knowledge about the geological structure of the 

graben was enhanced by a 2800-𝑚-deep exploratory 

well, located in the southern foreland of the Ceboruco 

volcano (Figure 3-2). The borehole exposed about 2 𝑘𝑚 

of andesitic and rhyolitic lava flows (aged up to 8 𝑀𝑎), 

covering plutonic (possibly granitic) rocks related to the 

Jalisco Block (Ferrari & Rosas-Elguera, 2000). Between 

400 and 500 𝑚 below ground surface level, a 

conglomerate layer traverses the lava flows. 

The Ceboruco volcano is a calc-alkaline stratovolcano 

with andesitic lava flows predominant over pyroclastic 

units (Ferrari et al., 2003, following Petrone, 1998). Its 

initial activity is dated to 0.37 ± 0.2 𝑀𝑎 (Petrone et al., 

2001). According to Ferrari et al. (2003), the recent 

structure of the volcano developed as follows: During an 

eruptive phase (Jala-eruption, ~1000 𝑎 ago), the top of the 

andesitic Paleo-Ceboruco collapsed and the outer caldera 

was formed. Subsequently, a dacitic dome was emplaced, 

which likewise collapsed due to eruptive dacitic lava flows and formed the inner caldera. The 

andesitic Dome Central and a volcanic cone (la Cornilla) constitute the innermost structures of the 

volcano (see Figure 3-3a). 

Despite the fact that its last eruption occurred in 1870, the Ceboruco is the most active volcano in 

the area, showing volcanic-earthquake activity together with ongoing vapor emissions. One of the 

few geophysical studies comprises the evaluation of 139 low-frequency volcanic-type earthquakes 

by Rodriguez-Uribe et al. (2013). Their results show that the seismic events originate from different 

Figure 3-2. Deep-exploration well CB1. 

The borehole was drilled in the foothills 

of the Ceboruco volcano. The upper 2 𝑘𝑚 

are composed of andesitic and rhyolitic 

lava flows, comprising a conglomerate 

layer at ~ 400 – 500 𝑚 below the ground 

surface level. At greater depth (> 2.4 𝑘𝑚), 

the Jalisco Block is encountered. (Figure 

modified from Ferrari & Rosas-Elguera, 

2000) 
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locations within the volcano and there is no particular clustering. Due to an increased occurrence 

of short-duration events, they conclude an enhanced stress in the volcanic edifice, which may 

indicate a critical state of the volcano. 

  

Figure 3-3. Cross-sections of the Ceboruco volcano and graben. 

(a) W-E profile crossing the Ceboruco volcano (modified from Suárez-Plascencia, 1998). The andesitic 

Paleo Ceboruco forms the outer flanks and caldera of the volcano. The inner caldera is dacitic, whilst the 

Dome Central, related to the most recent lava flows, is andesitic again. To the eastern end of the profile, the 

Sierra Madre Occidental (SMO) is rising. The valleys at the foot of the volcano are partially filled with 

alluvial fans and fills. 

(b) SSW-NNE profile of the Ceboruco graben (modified from Ferrari et al., 2003). The graben is bounded 

by the Jalisco Block in the SSW and the SMO in the NNE. Several WNW-ESE trending normal faults are 

a consequence of the extensional dynamics in the Tepic-Zocoalco rift. The CB1 well (cf. Fig. 3-2) is located 

in the foreland of the Ceboruco. 2.4 𝑘𝑚 beneath ground surface level it exposes plutonic rocks related to 

the Jalisco Block. 
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3.2 Field Survey 

The measurement campaign took place from 10th – 20th November 2016. During 11 field days, 

25 AMT and broadband MT stations (METRONIX ADU-07e) were installed in a 10 𝑘𝑚 x 10 𝑘𝑚 

area, covering the foreland and the calderas of the Ceboruco volcano.  

 

3.2.1 Measurement Equipment & Setup 

The measurement equipment included three METRONIX ADU-07e data loggers. The ADU-07e 

supports a maximum sampling rate of 500 kHz and has three magnetic and two electric input 

channels. Each channel is equipped with two different 24 bit Delta-Sigma A/D converter boards. 

The HF-board is used for high frequency measurements (sampling frequency ≥ 4096 𝐻𝑧). The LF-

board is suitable for lower sampling rates (≤ 2048 𝐻𝑧) and has a very low self-noise level of  

10 
𝑛𝑉

√𝐻𝑧
 (METRONIX ADU-07e user guide). If the HF board is used, a 1 𝐻𝑧 high-pass filter can be 

applied to eliminate DC-offset. The LF board requires a radio filter, which is depending on the 

subsurface- and the contact resistivity of the electrodes. Before digitalizing the data, the ADU 

supplies different analog gains to amplify weak input signal. The integrated GPS module and 

external GPS-antennas ensure a consistent time base with an accuracy of ± 30 𝑛𝑠 (METRONIX  

ADU-07e user guide).  

Magnetic field variations were recorded using METRONIX MFS-06e induction coils. The MFS-06 

covers a wide frequency range from 0.0001 𝐻𝑧 up to 10 𝑘𝐻𝑧 and is characterized by a very low 

sensor noise level (~10-4 𝑛𝑇

√𝐻𝑧
 at 1 𝐻𝑧 sampling frequency, METRONIX product memo MFS-06e). 

During the survey, nine induction coils were available. This allowed for measurements of the 

horizontal and vertical magnetic fields at all stations. 

The electric field variations were recorded using METRONIX EFP-06 lead-chloride (PbPbCl2) 

electrodes, which also feature a very low self-noise level (10-2 – 10-3 𝑚𝑉, METRONIX product memo 

EFP-06). 

The setup of an MT site is depicted in Figure 3-4. In the Ceboruo survey, the electrodes were 

arranged in the cross-configuration. Hence, two pairs of electrodes were measuring electric 

potential variations in north-south (𝑈𝑥) and east-west direction (𝑈𝑦). The electric field is then 



3  Field Campaign at the Ceboruco Volcano Field Survey 

61 

 

defined as 𝐸𝑥,𝑦 =
𝑈𝑥,𝑦

𝑑𝑥,𝑦
, with 𝑑 being the distance 

between the electrodes. To improve the data quality 

in the long-period range, large electrode distances 

are favorable, albeit feasible distances are 

depending on the environment. In practice, values 

between 38 and 100 𝑚 were realized (mostly  

60 𝑚). Further, Bentonite and salt water were used 

to improve the contact between electrodes and 

subsurface. This was a particular challenge in the 

calderas where the soil was mainly composed of 

volcanic ashes. Several times it was impossible to 

achieve a contact resistivity below 10 𝑘𝛺. In 

combination with nearby radio transmitters (~1 𝑘𝑚 

north-west of station HF11), the long-period 

electric field was often limited in quality for stations 

located in the calderas.  

At each site, the magnetic field sensors were oriented in north, east and vertical downwards 

direction.  The horizontal coils were buried at ~0.5 𝑚 depth and the vertical coil so that ¾ of its 

length was below the surface. 

For precautionary reasons, data loggers and electrode cables were buried. 

 

3.2.2 Measurement Campaign 

Defined by the number of measurement equipment, three teams were formed during the field 

survey. The goal was to record simultaneously at three different locations and hence allow for a 

multivariate processing approach (see chapter 4). 25 stations were deployed in total. The stations 

were divided in three different categories: 1. High frequency stations (HF), measuring 30 𝑚𝑖𝑛 with 

a sampling rate of 32 𝑘𝐻𝑧. 2. Broad band stations (BB), measuring 30 𝑚𝑖𝑛 with 32 𝑘𝐻𝑧, ≥ 4 ℎ 

with 2 𝑘𝐻𝑧 and ~12 ℎ (overnight) with 512 𝐻𝑧. 3. Low frequency stations (LF), measuring 30 𝑚𝑖𝑛 

with 32 𝑘𝐻𝑧, ≥ 4 ℎ with 2 𝑘𝐻𝑧 and ≥ 2 𝑑 with 128 𝐻𝑧. Hence, LF stations also recorded high 

frequency data. The naming refers to the low frequency data sets (128 𝐻𝑧) and the long standing 

Figure 3-4. Setup and configuration of an MT 

site. 

The electrodes are arranged in the cross-

configuration, the three induction coils are 

oriented in north (𝐵𝑥), east (𝐵𝑦) and vertical 

downwards (𝐵𝑧) direction. (Figure modified from 

Hering, 2015) 
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times. During the first day (10th November), each team installed one BB station. The following 

days, two stations were set up per day and team: one HF site during the day and one BB site that 

recorded overnight. LF stations were deployed starting from the 15th November. Here, Station 

LF18 remained till the end of the survey (20th November), station LF3 and LF22 recorded for three 

days and station LF5 for two days. Station LF19 was supposed to record simultaneously with LF5, 

but the equipment was stolen during the first night. As a consequence, station LF5 has no reference 

data for the 32 𝑘𝐻𝑧 and 2 𝑘𝐻𝑧 data sets. At the end of the survey, the 32 𝑘𝐻𝑧 measurements were 

repeated for stations HF16 and BB20. The time schedule for the station deployment is shown in 

Table 3-1, all data sets recorded during the survey are listed in Table A-2 in the Appendix. 

Table 3-1. Time schedule for station deployment.  

High frequency sites are marked in red, broad band sites in cyan and sites recording for more than two days 

in yellow. The setup allowed for synchronous recordings at three sites in a wide frequency range.  

 TEAM 1 TEAM 2 TEAM 3 

10 NOV. 2016 BB17 BB23 BB20 

11 NOV. 2016 HF16 

BB12 

HF8 

BB6 

HFF-2 

BBF-3 

12 NOV. 2016 HF11 

BB14 

HF24 

BB7 

HFF-1 

BB1 

13 NOV. 2016 BB15 BB4 HF2 

BBF-5 

14 NOV. 2016 BB25 BB21 BBF5 (continues) 

15 NOV. 2016 LF18 LF22 LF3 

16 NOV. 2016 LF18 (continues) LF22 (continues) LF3 (continues) 

17 NOV. 2016 LF18 (continues) LF3 (continues) LF3 (continues) 

18 NOV. 2016 LF18 (continues) LF5 LF19 

19 NOV. 2016 LF18 (continues) LF5 (continues) LF19 (stolen) 

20 NOV. 2016 LF18 (continues) 

HF16 (repeated 32 kHz) 

LF5 (continues) 

BB20 (repeated 32 kHz) 

LF19 (stolen) 
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In Figure 3-5 the locations of all 25 stations are plotted on top of a map of the Ceboruco volcano. 

The site covering is very dense in the calderas. In the foreland the coverage is adequate, although 

some areas in the south and south-west of the volcano were inaccessible due to extensive solidified 

lava flows. The flanks of the volcano were impossible to access, except for station BB4, BB6 and 

LF22, which were located at moderate slopes.  

A comprehensive list of the station parameters is shown in Figure A-1 in the Appendix (including 

coordinates, elevation, electrode distances and coil numbers).  

 

Figure 3-5. Map with site locations. 

High frequency sites (HF) are marked in red, broad band sites (BB) in cyan and sites recording for more 

than 2 days (LF) in yellow. The approximate locations of the geological profiles from Fig. 3-3 are indicated 

by the green lines, the deep-exploration well (Fig. 3-2) is marked in grey.  (Terrain, map and elevation data 

from google earth. © 2019 Google) 
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4 DATA PROCESSING 

This chapter focuses on the estimation of transfer functions from measured time series. One of the 

initial steps is the transformation of the time series data into the frequency domain using a discrete 

Fourier transformation (e.g. the fast Fourier transformation algorithm provided in MATLAB, © the 

MathWorks, Inc.). Consequently, all fields shown in the next chapters are defined in the frequency 

domain. 

Chapter 4.1 gives theoretical background information about data processing and elucidates the 

influences of electromagnetic noise on the estimation of TFs. In chapter 4.2 the multivariate 

processing routine EGSTART is presented and its functional principles are demonstrated using 

synthetic and field data. The last subchapter (4.3) shows processing results from the Ceboruco 

survey. 

 

4.1 Processing Theory 

The estimation of reliable TFs is of crucial importance, however, it can be a challenging task under 

the influence of strong natural or cultural noise. Commonly, TFs are calculated from the observed 

data using a bivariate approach and a standard linear regression model. Here, the response variables 

are either the electric fields (𝐸𝑥 or 𝐸𝑦) or the vertical magnetic field (𝐵𝑧), which are predicted from 

the horizontal magnetic field components (𝐵𝑥 and 𝐵𝑦). Sometimes the response and predictor 

variables are also referred to as dependent and independent variables, respectively. For the 

horizontal electric field components, the bivariate approach yields the following linear models:  

𝐸𝑥 = 𝑍𝑥𝑥𝐵𝑥 + 𝑍𝑥𝑦𝐵𝑦 + 𝛥𝐸𝑥                                                                                                                 (4.1𝑎) 

𝐸𝑦 = 𝑍𝑦𝑥𝐵𝑥 + 𝑍𝑦𝑦𝐵𝑦 + 𝛥𝐸𝑦                                                                                                                 (4.1𝑏) 

In this case noise is assumed to affects the electric field channels whilst the horizontal magnetic 

field is undisturbed. TFs are then calculated from the regression coefficients (the parameter vectors 

defining 𝑍𝑖𝑗) using a least-squares approach which minimizes the residuals (𝛥𝐸𝑥 and 𝛥𝐸𝑦) of the 

electric field (e.g. Vozoff, 1972): 
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𝑍𝑥𝑦 =
〈𝐸𝑥𝐵𝑦

∗〉〈𝐵𝑥𝐵𝑥
∗〉 − 〈𝐵𝑥𝐵𝑦

∗〉〈𝐸𝑥𝐵𝑥
∗〉

〈𝐵𝑥𝐵𝑥
∗〉〈𝐵𝑦𝐵𝑦

∗〉 − |〈𝐵𝑥𝐵𝑦
∗〉|

2                                                                                                (4.2𝑎) 

𝑍𝑦𝑥 =
〈𝐸𝑦𝐵𝑥

∗〉〈𝐵𝑦𝐵𝑦
∗〉 − 〈𝐵𝑦𝐵𝑥

∗〉〈𝐸𝑦𝐵𝑦
∗〉

〈𝐵𝑥𝐵𝑥
∗〉〈𝐵𝑦𝐵𝑦

∗〉 − |〈𝐵𝑥𝐵𝑦
∗〉|

2                                                                                               (4.2𝑏) 

Here, the asterisk ( * ) denotes the complex conjugate and the square brackets an averaging of cross- 

and auto spectra belonging to different observations (e.g. an averaging within a frequency band or 

for different time segments). The method yields adequate results if the residuals are normally 

distributed and the horizontal magnetic field �⃑�  is unaffected by noise. In practice this is rarely the 

case. Chave (2012) quotes several reasons why the least-squares method can result in biased TFs, 

e.g., if the variance of the residuals is related to the variance of the signal (correlated cultural noise) 

or if the source fields are non-stationary.  

Allowing for outliers, robust methods are widely spread in magnetotelluric processing algorithms. 

Egbert and Booker (1986) adapted regression M-estimates to their calculations, which give less 

weight to outliers in the residuals. However, Chave (2012) points out that M-estimators are most 

sensitive to extreme outliers in the response variable, but fail when dealing with large outliers in 

the predictors. Further concepts are based on bounded influence estimators (e.g. Chave & 

Thompson, 2003), which measure the influence of single observations on a statistically large data 

sample (Hampel influence function, Hampel et al., 1986) or threshold concepts, which classify and 

select single time windows of a time series with regard to distinct quality criteria. A frequently 

used selection criterion is the partial (or multiple) coherence which is assumed to indicate time 

windows with high natural signal energy (e.g. Junge, 1992 or Ritter et al., 1998) and is calculated 

between the horizontal electric and magnetic fields. Admittedly, high coherence is also an attribute 

of cultural noise, wherefore coherence based selection criteria can be intensely misleading. 

Weckmann et al. (2005) introduced a robust single site processing, combining power spectral 

density thresholding, partial/multiple coherence selection and an analysis of the electromagnetic 

field polarization. The latter was found to be an important parameter for the identification of 

coherent noise and the method generally yielded significant improvements compared to standard 

robust procedures. Nevertheless, the processing builds on the visual inspection of single parameters 

and the authors remark that an automatized scheme cannot be established due to the strong 

dependence on local noise conditions. 
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Remarkable improvements in the estimation of magnetotelluric TFs were achieved by the remote 

reference method, first established by Goubau et al. (1978) and Gamble et al. (1979). By 

correlating the electromagnetic fields of a local site with the simultaneously recorded horizontal 

magnetic fields of a remote site, bias due to coherent noise in the electric and magnetic channels is 

eliminated in the calculation of the cross and auto spectra. Consequently, this assumption only 

holds if there is no correlation between the noise at the local and the remote site. Moreover, in case 

of a very weak correlation between local and remote (natural) MT signal, the estimates will always 

be biased in the direction of ordinary least-squares (Chave, 2012).   

Egbert and Booker (1989) introduced an errors-in-variables approach which, in contrast to 

common robust estimators, allows for noise in predictor and response variables. The processing 

scheme was made robust by Egbert (1997 & 2002) and was referred to as robust multivariate errors-

in-variables estimator (RMEV; Egbert, 1997). More recent application examples of the method are 

shown in Kappler et al. (2010) or Smirnov and Egbert (2012). The approach is based on the 

following model for an MT data matrix 𝑿: 

𝑿 = 𝑼𝛽 + 𝑽𝛾 +  𝜺                                                                                                                                     (4.3) 

𝑿 contains the electric and magnetic field Fourier coefficients for a specific target frequency, 

measured simultaneously at a single or at multiple sites. Exemplarily, assuming two MT-sites with 

five channels each and 100 complex valued observation variables (Fourier coefficients), this would 

yield a 10 × 100 complex data matrix. Further, 𝑼 refers to the natural source field signal and 𝑽 is 

a matrix of coherent noise, given by the signal parts which are coherent at all sites but inconsistent 

with the magnetotelluric model. Following Egbert (1997), 𝛽  and 𝛾  define linear combination 

parameters of the natural signal 𝑼 and the coherent noise sources 𝑽 for a given data section, 

respectively (referred to as polarization parameters). The residual matrix 𝜺 is defined by the 

incoherent noise and has a diagonal covariance matrix (noise covariance matrix, ∑𝑁; Egbert, 1997). 

In practice, natural signal and coherent noise cannot be separated easily. Hence (4.3) is written as 

𝑿 = 𝑾 𝛼 +  𝜺                                                                                                                                             (4.4) 

with 𝑾 summarizing the natural signal 𝑼 and the coherent noise 𝑽 and 𝛼  combining 𝛽  and 𝛾 . If 

the data matrix 𝑿 is presented in terms of the spectral density matrix 𝑺, which is composed of the 

cross- and auto spectra from all data channels at all sites, the following eigenvalue problem can be 

formulated:  
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𝑺 𝒖 =  𝜆  ∑𝑁 𝒖                                                                                                                                            (4.5) 

Here, the matrix 𝒖 contains the eigenvectors and the vector 𝜆  the eigenvalues. The covariance 

matrix of the incoherent noise (∑𝑁) has to be estimated from the residuals 휀 of a specific linear 

regression model. This will be addressed in chapter 4.2.1. Compared to standard robust methods 

which are rather uni- or bivariate, the spectral density matrix expands the approach to a multivariate 

space, where the solution of the eigenvalue problem in (4.5) will provide information about the 

coherence dimension of the entire data space. Following Egbert (1997), the number of eigenvalues 

𝜆 significantly larger than unity will be two, if the signal is solely represented by the quasi-uniform 

plane wave source field. In contrast, coherent noise sources or deviations from a uniform natural 

source field will increase the number of dominating eigenvalues. If the coherence dimension does 

not exceed two, in eq. (4.4) 𝑾 equals the natural source field and 𝑼 can be calculated from the 

eigenvectors �⃑�  corresponding to the two largest eigenvalues. Subsequently, the MT response tensor 

𝒁 and the induction vector �⃑�  can be derived from the individual elements of 𝑼:  

𝒁 𝑗 = [
𝜉𝑥𝑗1 𝜉𝑥𝑗2

𝜉𝑦𝑗1 𝜉𝑦𝑗2
] ∙ [

𝜂𝑥𝑗1 𝜂𝑥𝑗2

𝜂𝑦𝑗1 𝜂𝑦𝑗2
]
−1

                                                                                                 (4.6𝑎) 

�⃑�  𝑗 = [𝜂𝑧𝑗1 𝜂𝑧𝑗2] ∙ [
𝜂𝑥𝑗1 𝜂𝑥𝑗2

𝜂𝑦𝑗1 𝜂𝑦𝑗2
]
−1

                                                                                                  (4.6𝑏) 

Here, 𝑗 indicates the site number and 𝜉 and 𝜂 refer to the components of 𝑼 related to the electric 

field in 𝑥- or 𝑦- direction and the magnetic field in 𝑥-, 𝑦- or 𝑧-direction, respectively. The indices 

((1) and (2)) denote the two independent source field polarizations (two columns in 𝑼). 

The processing routine that is introduced in the next chapter builds on the previously described 

eigenvalue decomposition method by Egbert (1997). It includes a robust estimation of the spectral 

density- and the noise covariance matrix and allows for locally coherent noise. Additionally, it 

provides a semi-automatic algorithm which reduces influences due to regional coherent noise 

(chapter 4.2.2). 
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4.2 A new Multivariate Processing Routine (EGSTART) 

The processing software was developed in the MATLAB programming environment (© The 

MathWorks, Inc.) and is implemented in a Graphical User Interface (GUI). TFs are calculated for 

a fixed number of logarithmic equally distributed target frequencies per decade (6 per default), 

where each frequency represents an average of a certain frequency band. Below, the processing 

flow is demonstrated for a single target frequency. 

Table 4-1. Corner frequencies for high- and low-pass filters. 

Exemplarily, low- and high-pass corner frequencies are shown for frequency bands in the decade range 

between 1 and 10 𝑘𝐻𝑧. The target frequencies correspond to the average of the frequency bands. 

Target 

Frequency 

[ 𝑯𝒛 ] 

8406 5727 3902 2658 1811 1234 

Frequency Band  

[ 𝑯𝒛 ] 
10000 – 

6813 

6813 –  

4642 

4642 – 

3162 

3162 – 

2154 

2154 – 

1468 

1468 – 

1000 

Low Pass [ 𝑯𝒛 ] 11111 7570 5157 3514 2394 1631 

High Pass [ 𝑯𝒛 ] 4542 3094 2108 1436 978 667 

 

Initially, the time series data is band pass filtered using a high-pass (order 3) and a low-pass  

(order 6) Butterworth filter. The corner frequencies are adjusted to each individual frequency band 

(cf. Table 4-1). After filtering, the entire time series is divided into time windows of equal length. 

Per default, the length of each time window is set to 2000 oscillations times the target period. The 

time series of each time window are then transferred into frequency domain, using a fast Fourier 

transformation with calibration by the instrument response functions. The following steps are 

performed for each individual time window: 

1.) The initial noise level is estimated (referred to as ∑𝑁0) and cleaned data vectors are calculated. 

For this purpose, each individual data channel is fitted by a general data model (see chapter 4.2.1) 

using a robust multivariate linear regression algorithm (see chapter 4.2.2). The Fourier coefficients 

within the considered frequency band serve as observation variables for each predictor channel. 

Note that the time window length and the sample frequency define the number of Fourier 

coefficients. Consequently, long time windows yield more stable regression results, albeit in 

practice it might be preferable to use shorter windows to improve the recognition of noise and 
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signal. Here, the predefined and frequency dependent length of 2000 oscillations commonly yields 

adequate results and ensures statistical robustness (≫ 500 predictor variables per channel). 

Subsequent to the robust multivariate regression, the fitted (predicted) response values serve as 

new, cleaned data vectors, which are unaffected by outliers. Using an adequate noise model (next 

chapter) also bias due to locally coherent noise will be excluded from the data set.  It is crucial to 

use the cleaned data vectors instead of simply normalizing the raw data by the initial noise estimates 

using equation (4.7) (personal comment from Gary Egbert). At this stage the noise (co-)variances 

can be highly influenced by outliers, which would have a significant impact (bias) on the estimates 

of 𝑼 when scaling the dominating eigenvectors back to the original data space (see (4.9)).    

2.) The spectral density matrix 𝑺 is obtained by calculating averaged cross- and auto-spectra from 

the Fourier coefficients of all (cleaned) data channels.  For example, data measured simultaneously 

at two sites result in a 10×10 data matrix (three magnetic and two electric data channels at each 

site). The spectral density matrix equals the signal covariance matrix. 

3.) The final noise covariance matrix (∑𝑁) is calculated from the residuals of a multivariate linear 

regression between all cleaned data channels. The proceeding is similar to the estimation of the 

noise level in step (1.) but should be unaffected by outliers.  

4.) The scaled spectral density matrix 𝑺′ is calculated by normalizing 𝑺 with ∑𝑁: 

𝑺′ = ∑𝑁
−1/2

∙ 𝑺 ∙ ∑𝑁
−1/2

                                                                                                                               (4.7) 

In this transformed data space, incoherent noise results in an isotropic scatter of unit variance and 

only directions corresponding to coherent parts of the data will show variances significantly greater 

than one (Egbert, 1997). The eigenvalue problem in (4.5) now yields: 

𝑺′(𝑢) = 𝜆  𝒖                                                                                                                                                (4.8) 

Subsequently, the eigenvalue problem is solved. The resulting eigenvalues are non-dimensional 

and can be interpreted as signal to noise power ratios (Egbert, 1997). Further, the eigenvectors 

corresponding to the two largest eigenvalues (�⃑� 1 and �⃑� 2)  are scaled back to the original data space: 

𝑼 = ∑𝑁
1/2

∙ 𝒖′ ∙ (𝒖′∗ ∙ ∑𝑁
−1 ∙ 𝒖′)                                                                                                               (4.9)  

The matrix 𝒖′ consists of the two eigenvectors (�⃑� 1 and �⃑� 2) and the resulting matrix 𝑼 corresponds 

(in the ideal case) to the natural MT source field as defined in (4.3).    
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5.) In the last step, transfer functions are calculated from 𝑼 according to (4.6).  

Afterwards, the time windows are classified by a criterion based on the eigenvalues calculated for 

each single time window (cf. chapter 4.2.3). The TFs of the selected time windows are summarized 

using a median estimator (𝑚𝑒𝑑) as described in Smirnov (2002) and Häuserer (2010): 

𝒁 𝑗  =  𝑚𝑒𝑑 (ℜ(𝒁 𝑗,1:𝐼)) + 𝑖 ∙ 𝑚𝑒𝑑 (ℭ(𝒁 𝑗,1:𝐼))                                                                           (4.10𝑎) 

�⃑�  𝑗  =  𝑚𝑒𝑑 (ℜ(�⃑�  𝑗,1:𝐼)) + 𝑖 ∙ 𝑚𝑒𝑑 (ℭ(�⃑�  𝑗,1:𝐼))                                                                              (4.10𝑏) 

Here, 𝒁𝑗 and �⃑� 𝑗  denote the impedance tensor and the induction vector at site 𝑗, and 𝐼 the number 

of selected time windows. The phase tensor and the complex apparent resistivity tensor are derived 

from 𝒁 according to (2.47) and (2.53).  

A flow chart of the processing code is shown in Figure A-1 in the Appendix. 

 

4.2.1 Different Noise Models 

Generally, the source field used in MT is approximated by a plane wave assumption with randomly 

distributed time variations of the horizontal source field components. In this case the entire data set 

can be described by two linearly uncorrelated subsets of values (two principal components). 

Additional principal components usually implicate source field complexities (such as coherent 

noise). 

Appropriate data models can be obtained using robust multivariate linear regression (see e.g. 

Krzankowski & Marriott, 1994). The variance-covariance matrix of the regression residuals 휀 

reflects the data pattern which is not explained by the assumed model (hence noise). The most 

simple but widespread idea is to assume MT-noise as incoherent between all data channels within 

the data set. Following this approach, each data channel 𝑋 𝑘 is predicted by the remaining 𝐾 − 1 

data channels. Regression results are then achieved by fitting the following linear model for all 𝑀 

observations (Egbert, 1997): 

𝑋𝑚,𝑘 = ∑ (𝑝 𝑘′  𝑋𝑚,𝑘′)

𝑘′≠𝑘

+ 휀𝑚,𝑘                                                                                                          (4.11) 

with 𝑝 𝑘 being the estimated parameter vector, 𝑘 the channel index, 𝐾 the total number of channels 

and 𝑚 = 1:𝑀 the observation index. 
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Finally, the residual variances 𝜎𝑘
2 = 𝑣𝑎𝑟(휀1:𝑀,𝑘) of all data channels can be presented by a diagonal 

variance matrix (depending on the processing stage either ∑𝑁0 or ∑𝑁): 

∑𝑁0, ∑𝑁 = (
σ1

2 0 0
0 ⋱ 0
0 0 σK

2
) = 𝑑𝑖𝑎𝑔(σ1

2 …σK
2 )                                                                                  (4.12) 

However, for measurements close to populated areas, it is much more realistic to assume strongly 

coherent noise within the channels of each single site. This is due to the nature of anthropogenic 

noise sources, which most commonly affect as well electric as magnetic field components. 

Subsequently, to allow for a locally coherent noise level, one has to predict each data channel 𝑋 𝑘 

from the 𝐾-5 channels of all remaining sites (Egbert, 1997; Smirnov & Egbert, 2012). The linear 

model from (4.11) is then solved for each site separately (for all 𝑚 = 1:𝑀 observations):   

𝑋𝑚,𝑘,𝑗 =  ∑ ∑ (𝑝 𝑘′  𝑋𝑚,𝑘,𝑗′)

𝑘=1:𝑑𝑗′≠𝑗

+ 휀𝑚,𝑘,𝑗                                                                                          (4.13) 

Here, 𝑗 denotes the site index and 𝑑 the number of channels within one site (usually 5). 

For each site 𝑗, a covariance matrix 𝑪 is calculated from the regression residuals: 

𝑪 𝑗 = cov(ε1:M,1:d,j)                                                                                                                                  (4.14) 

In order to define a noise covariance matrix for the entire data set, the individual covariance 

matrices from all sites 𝐽 can be summarized in a block-diagonal matrix (either ∑𝑁 or ∑𝑁0): 

∑𝑁0, ∑𝑁 = 𝑑𝑖𝑎𝑔(𝑪 1 …𝑪 𝑗 …𝑪 𝐽)                                                                                                         (4.15) 

The benefit of this noise model (referred to as Advanced Noise Model, ANM) is that the 

multivariate regression is not dominated by strongly linearly correlated locally coherent noise. 

Additionally, considering the covariances provides information about the statistical dependence 

between the regression residuals related to the data channels at a specific site. In the presence of 

strong locally coherent noise, the covariances will take similar magnitudes as the variances.  

A numerical test is used to corroborate the previously described theory. In order to keep the 

example clear and simple, the synthetic data is reduced to real numbers (the algorithms perform 

equally well with complex data). 
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Initially, MT-signal is simulated at two sites by 500 normally distributed Fourier coefficients for 

the magnetic source fields in north-south (𝐵𝑥) and east-west (𝐵𝑦) direction. In both cases a standard 

deviation of 100 𝑛𝑇 is assumed. The electric fields are calculated from the magnetic fields 

according to (2.36) by assuming constant bivariate TFs of 0.3∙105 and 0.2∙105  
𝑚

𝑠
 for Site 1 (𝑍𝑥𝑦1 

and 𝑍𝑦𝑥1) and 2∙105 and 1∙105  
𝑚

𝑠
 for Site 2 (𝑍𝑥𝑦2 and 𝑍𝑦𝑥2). In contrast, the vertical magnetic fields 

are given a comparably small dependence on the source fields (𝑇zx1,2: 0.01,  

𝑇zy1,2: 0.02). Next, incoherent random noise is added to all fields at both sites. For the horizontal 

magnetic fields the signal to noise ratio (SNR) is defined to be 10, whilst for the vertical magnetic 

and the electric fields at Site2 the SNR is 1. The electric field at Site 1 is assumed to be highly 

contaminated by incoherent noise (SNR 0.1). Finally, a polarized, locally coherent noise source 

with amplitudes up to 20 times larger than the natural MT signal is added to the electric and 

magnetic fields at Site 2. In Figure 4-1 the pure MT signal and the total signal (including noise) is 

shown for the horizontal magnetic and electric channels. Subsequently, the MT signal is predicted 

from the total signal, in one case assuming the Standard Noise Model (SNM) defined by (4.11) 

and in the second case using the 

Advanced Noise Model (4.13). 

The results from the robust 

multivariate regressions are 

shown in Figure 4-2. Using the 

ANM, the predicted values are in 

very good agreement with the 

original MT signal, although the 

estimates of the electric field at 

Site 1 are slightly disturbed. The 

results from the SNM are much 

worse. The coherent noise 

source is dominating the 

predicted Signal at Site 2 and the 

electric field at Site 1 deviates 

distinctly from the true signal. 

Figure 4-1. Synthetic data for two MT sites. 

Artificial (real-valued) magnetic (top) and electric (bottom) field 

observations. The electric field at Site 1 comprises a high level of 

incoherent noise, whilst Site 2 is influenced by strongly polarized 

coherent noise. Black: pure MT signal, Red: MT signal and noise. 
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Indeed, the disturbance of the electric 

field at Site 1 demonstrates the blind 

spot of the approach: the coherent 

noise from Site 2 is projected on the 

residuals of the incoherent noise at 

Site 1 (personal comment from Gary 

Egbert). The effect is primarily 

restricted to mutually orthogonal 

electric and magnetic fields which are 

connected by the corresponding 

magnetotelluric TFs. As the electric 

field at Site 1 comprises a very high 

level of incoherent noise, the impact 

due to the coherent magnetic field 

noise at Site 2 is not negligible. In 

contrast to the electric field, the 

incoherent magnetic field noise at Site 

1 is small. Thus, influences due to the 

polarized electric field noise at Site 2 

are insignificant. Considering the 

very bad SNR of 0.1 for the electric 

fields at Site 1, the overall effect is not 

too severe (actually an SNR of 0.1 is 

unrealistically high if MT signal is 

existent in the data). The problem 

becomes more complicated if large outliers coincide with strong coherent noise. In such case it can 

be of advantage to exclude outliers from the regression.  

For both noise models the final noise covariance matrix (∑𝑁) is estimated from the residuals of a 

regression between all estimated data channels and subsequently the eigenvalue problem in (4.8) 

is solved. The results in Figure 4-3 reveal two and three dominating eigenvalues in case of the 

ANM and the SNM, respectively. Hence, in the former case the data set is defined by the natural 

Figure 4-2. Regression results for two noise models. 

(a) Results using the ANM. (b) Results using the SNM. Black: 

predefined MT signal. Green/ cyan: MT signal estimated 

(predicted) from the total signal (signal & noise, cf. Fig. 4-1). 
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MT signal, whilst in the latter case the largest eigenvalue is related to the coherent noise source. 

The initial noise level is reflected by the noise (co)variance matrix ∑𝑁0, calculated from the 

variances and covariances of the initial regression residuals (residuals between Signal & Noise in 

Fig. 4-1 and Estimated Signal in Fig. 4-2). Using the ANM, the covariances at Site 2 take similar 

magnitudes as the respective variances and conform to the coherent noise source. The covariances 

at Site 1 are induced by the previously described projection of the coherent noise from Site 2, 

however, they are distinctly smaller than the variances. Using the SNM, the variances in ∑𝑁0 are 

underestimated and the covariances are not even considered. Finally, the signal standard deviations 

are shown for all channels (√𝑑𝑖𝑎𝑔(𝑺)). For the SNM, the results reveal distinct deviations between 

predefined and estimated signal. Especially, the amplitudes at Site 2 are significantly 

overestimated. The ANM yields a much more precise prediction of the average signal.  

Figure 4-3. Signal and noise estimates resulting from two different noise models. 

(a) Results from the Advanced Noise Model (ANM). (b) Results from the Standard Noise Model (SNM).  

In both cases the eigenvalues, initial noise (co-)variance matrix (∑𝑁0) and signal standard deviation are 

shown. The influence of the coherent noise source at Site 2 is very distinct for the SNM. Using the ANM, 

the estimates of the signal amplitudes are significantly improved. 
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In summary, the Advanced Noise Model is very effective in the presence of locally coherent noise 

and should always be favored over the Standard Noise Model. Bias related to coherent noise that 

is projected to the residuals of incoherent noise only becomes relevant for channels that comprise 

a very low signal to incoherent noise ratio. This might be most relevant in the dead-band. 

In case of regional coherent noise, also the ANM will fail and the inclusion of an unaffected 

reference site is essential. It proved to be of advantage to process each affected site separately, with 

an unaffected site as a reference site. Otherwise, the main data pattern will be dominated by the 

regional noise source, which consequently results in inadequate estimates of 𝑺 and ∑𝑁. If an 

appropriate reference site is not available, the eigenvalue criterion introduced in chapter 4.2.3 might 

help to identify time sections with a low (or absent) regional coherent noise level.  

 

4.2.2 Robustness 

Linear regression algorithms can be hampered by a few large outliers at single channels of one or 

multiple sites, possibly affecting both, predictor and response variables (Chave, 2012). The effect 

of outliers on the estimation of MT signal is demonstrated in Figure 4-4. In this synthetic example, 

electric and magnetic fields related to the MT source field are defined for two sites, equivalent to 

the example from chapter 4.2.1 (but with 5000 normally distributed Fourier coefficients for each 

exciting magnetic field polarization). At both sites, the incoherent noise level is assumed to result 

in an SNR of 1 for the electric and the vertical magnetic fields and an SNR of 10 in case of the 

horizontal magnetic fields. Subsequently, 21 vast outliers (0.004 % of all observations) are added 

to the magnetic fields at Site 2. The variance of the outliers is defined to be 10000 (𝐵𝑦2) and 1000 

times (𝐵𝑥2) the undisturbed horizontal magnetic field variance (cf. Fig. 4-4a, top row). Afterwards, 

the MT signal is predicted from the total signal using the ANM from chapter 4.2.1 and an ordinary 

(non-robust) least-squares regression. The result is shown for the horizontal magnetic field at  

Site 2 (Fig. 4-4a, lower plot) and reveals a dramatic overestimation of the predicted signal, merely 

caused by the 21 outliers. The problem is likewise reflected by the regression residuals. In  

Figure 4-4b (lower plots) the quantiles of the standardized regression residuals of 𝐵𝑦2 are plotted 

versus the theoretical quantiles from a standard normal distribution (Q-Q plot). As expected, the 

residuals related to the outliers clearly deviate from the dashed red line, which indicates the trend 
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of the residuals expected from a normal distribution. However, the problem is not related to the 

residuals of the outliers but to the residuals of the regular observations, which are artificially 

enlarged and also differ from a normal distribution (enlarged Q-Q plot in Fig. 4-4b). Obviously, 

the least-squares predictions are dragged towards the outliers and result in a significantly inflated 

signal standard deviation (Fig. 4-4b, upper plot). 

To consider for effects from outliers on the estimation of 𝑺 and ∑𝑁, robust statistics have to be 

included in the processing scheme. The MATLAB function robustfit provides a robust regression 

algorithm based on iteratively reweighted least-squares (see e.g. Holland & Welsch, 1977). The 

algorithm starts from an ordinary least-squares regression and successively reweights observations 

which cause untypically large residuals. Hereby, the fitted observations are dragged towards a 

normal distribution. In every iteration, weights are calculated as follows (MATLAB, R2018b): 

Figure 4-4. Outliers in an ordinary least-squares regression. 

(a) MT signal (black) and MT signal & noise (red) for the horizontal magnetic fields at Site 2 (enlarged 

upper right plot). The noise includes 21 large outliers (upper left plot). In the lower plot, the MT signal is 

estimated from the total signal using least-squares regression. The signal estimates are highly biased.  

(b) The signal standard deviation elucidate the overestimation of the Signal in 𝐵𝑦2 (upper plot). The lower 

plots show Q-Q plots for the standardized regression residuals (𝐵𝑦2). Residuals related to the outliers clearly 

deviate from a normal distribution (indicated by the dashed red line). The residuals related to regular 

observations (enlarged lower right plot) are biased and also differ from a normal distribution (at the tails). 
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�⃑⃑� = (|𝑟 | < 1) ∙ (1 − 𝑟 2)2                                                                                                                   (4.16𝑎) 

𝑟 =
휀 

𝑡𝑐 ∙ 𝑠 ∙ √1 − ℎ⃑ 
                                                                                                                               (4.16𝑏) 

𝑠 =
𝑀𝐴𝐷

0.6745
                                                                                                                                             (4.16𝑐) 

(4.16𝑎) defines a bisquare weighting function, where �⃑⃑�  is a vector of weights (related to each 

observation), 휀  is the residual vector from the previous iteration, 𝑀𝐴𝐷 implies the median absolute 

deviation of the residuals from their median and ℎ⃑  is a vector of leverage values from a least-

squares fit. Because high leverage values generally involve observations with unusual (extreme) 

values in the predictor variables, the algorithm also accounts for outliers in the predictor channels. 

The tuning constant 𝑡𝑐 is depending on the weighting function (default value of 4.685 for bisquare 

weights). Decreasing the constant increases the downweighting that is assigned to large residuals 

and vice versa. The term 𝑀𝐴𝐷/0.6745 is a consistent estimator of the standard deviation (𝑠) of 

the error term (see Hoaglin et al., 1983).  The value 0.6745 makes the estimates unbiased for the 

normal distribution (𝑁) and is related to its 0.75th quantile (𝑁(0.75) ≈ 0.6745).  

In Figure 4-5 MT signal is predicted from the total signal (same data as in Fig. 4-4), using the 

iterative robust regression algorithm from above. The results are distinctly improved compared to 

the ordinary least-squares fit. This is as well reflected by the predicted signal observations  

(Fig. 4-5a, lower plot) as by their standard deviation (Fig. 4-5b, upper plot). The Q-Q plots  

(Fig. 4-5b, lower plots) show that the residuals related to the outliers are by factor 10 larger than 

for the ordinary least-squares regression (cf. Fig. 4-4b). At the same time the residuals from the 

regular observations are significantly smaller and follow a normal distribution (enlarged Q-Q plot). 

Robust regression estimates using iteratively reweighted least-squares proved to be very resistant 

against outliers. However, in MT the problem can become highly sophisticated if coherent noise is 

involved. In this case it happens that coherent noise from one site is projected on the regression 

residuals of another site (cf. chapter 4.2.1). The problem becomes relevant as soon as coherent 

noise coincides with a very high level of incoherent noise or very large outliers. Thus, it can be of 

advantage to identify and remove outliers prior to the robust regression. In the multivariate space 
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the definition of an outlier is not straight forward and cannot simply be described as being far from 

the rest of the data. Unusual combinations or specific relations between single predictors can as 

well indicate an outlier as extremely large or small values. One possibility to test for outliers in a 

multivariate data space is the mahalanobis distance (Mahalanobis, 1936):  

𝑑 𝑀𝑎ℎ = √(𝑋  − 𝜇  )
𝑡𝑟

∙ ∑−𝟏 ∙ (𝑋  − 𝜇 )                                                                                               (4.17) 

The mahalanobis distance (𝑑 𝑀𝑎ℎ) provides a standardized measure for the distance between the 

observations in (𝑋 ) and the mean of a multivariate data set. Here, 𝜇  refers to the mean values and 

∑ to the covariance of the independent (predictor) variables. As the calculation of 𝜇  and ∑ can be 

significantly biased by outliers, it is crucial to work with robust estimates for both values. The 

MATLAB function robustcov uses the FAST-MCD algorithm to obtain robust measures for mean 

Figure 4-5. Outliers in an iteratively reweighted least-squares regression. 

(a) MT signal (black) and MT signal & noise (red) for the horizontal magnetic fields at Site 2 (enlarged 

upper right plot). The noise includes 21 large outliers (upper left plot). In the lower plot, the MT signal 

related to the horizontal magnetic fields at Site 2 estimated from the total signal using least-squares 

regression. The signal estimates are in very good agreement with the predefined signal. (b) Signal standard 

deviation for predefined and estimated signal (upper plot). Besides the extraordinarily large residuals 

assigned to the outliers, the residuals are very small and conform to a normal distribution (Q-Q plots).  
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and covariance (MATLAB, R2018B). The approach is numerically optimized and is based on a 

minimum covariance determinant estimator (see Rousseuw & Van Driessen, 1999). As a 

byproduct, robustcov also provides robust estimates for the mahalanobis distance. Further, 

observations implying a distance larger than 4.5 standard deviations are labeled as outliers. The 

threshold of 4.5 standard deviations is predefined by MATLAB, in literature values between 3 and 

10 standard deviations are suggested (e.g. Cootes et al., 1995). For the synthetic example from 

Figure 4-4 and Figure 4-5, the mahalanobis distances related to the 21 outliers are larger than 103 

standard deviations and their labeling as outliers is undoubted (it is an extreme example). 

 

4.2.3 The Eigenvalue Criterion 

In the presence of coherent noise, the selection of an adequate reference site is essential, but can 

be a logistically sophisticated. In addition, dependent on the target frequency, anthropogenic noise 

sources can be regionally coherent within large distances. However, the level of coherent noise is 

frequently time-dependent and also the natural source field strength varies with time. It is therefore 

convenient to subdivide the recorded time series into subsequent time intervals of equal length and 

evaluate each time window separately.  

Figure 4-6. Frequency- and time-dependent second and third eigenvalues. 

The eigenvalues are calculated from a data set (32 𝑘𝐻𝑧 sampling frequency) recorded at Stations LF3 and 

LF18 (cf. Fig. 3-5) during the Ceboruco survey. The AMT dead band is clearly visible by very small second 

eigenvalues in the frequency range between 1 and 5 𝑘𝐻𝑧. For frequencies of 266 and 390 𝐻𝑧, several time 

sections with enlarged third eigenvalues indicate influences due to coherent noise sources. 
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In Figure 4-6 the frequency- and time-dependent eigenvalue distribution of the second and the 

third eigenvalue is shown for a data set from the Coboruco survey (Stations LF3 and LF18, cf.  

Fig. 3-5 for their locations). The data were recorded simultaneously for 30 minutes at a sampling 

frequency of 32 𝑘𝐻𝑧. During processing, each target frequency was band-pass filtered (cf.  

Table 4-1). Subsequently, the time series were divided into time windows with a frequency-

dependent length of 2000 oscillations (e.g. 0.51 𝑠 for 3900 𝐻𝑧) and each window was processed 

using the ANM from chapter 

4.2.1. The resulting distributions 

for the second and third 

eigenvalue clearly reveal the low 

signal to noise ratio in the AMT 

dead band between 1 and 5 𝑘𝐻𝑧. 

For smaller frequencies (266 and 

390 𝐻𝑧) several time windows 

show increased third eigenvalues 

and imply influences from 

coherent noise sources. Further, 

the selection of appropriate time 

windows is crucial.  

The separation between strong 

natural signal and coincidentally 

low regional coherent noise 

implies a small third eigenvalue 

(𝜆3) and a large ratio between second and third eigenvalue (𝜆2/𝜆3). Based on those two 

requirements, the following Eigenvalue Index 𝛦𝛪 is defined for each time window 𝑖: 

𝛦𝛪𝑖 = 
𝜆2,𝑖

𝜆3,𝑖
− 𝜆3,𝑖

2                                                                                                                                      (4.18) 

Subsequently, time windows revealing a high index are considered for the calculation of TFs. The 

efficiency of the classification criterion is demonstrated in Figure 4-7 for a target frequency of 

3900 𝐻𝑧. Here, the count of time windows is plotted in dependence of the signal to noise ratio for 

the second and the third eigenvalue. For clarification: signal can imply both, MT signal or coherent 

Figure 4-7. Frequency distribution for the second and the third 

eigenvalue. 

Eigenvalues are calculated from a 32 𝑘𝐻𝑧 data set (recorded at 

Station LF3 and LF18). For a target frequency of 3900 𝐻𝑧 the time 

window count of the second (left) and third (right) eigenvalues are 

plotted in dependence of the associated signal to noise ratio. Blue: 

all data, green: time windows selected by the eigenvalue criterion. 
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noise. The frequency distributions are shown for all time windows (blue) and for the 5 % of time 

windows revealing the highest Eigenvalue Indices (green). It becomes very clear that the criterion 

favors time windows with small third and coincidently large second eigenvalues. In Figure 4-8 

eigenvalues are shown in dependence of the target frequency, in one case using 80 % and in the 

other case 5 % of the time windows associated with the largest eigenvalue indices (the median is 

calculated). In the former case, the signal to noise ratio in the AMT dead band is very low (almost 

all eigenvalues are ≤ 1 for). The first and the second eigenvalue are significantly increased if only 

the best 5 % are considered for the calculation. Here, it is ambiguous if the signal in the dead-band 

is related to natural source fields or anthropogenic sources (the second eigenvalue is suspiciously 

small and apart from the first eigenvalue). However, with regard to the high frequency range, the 

sources are likely to be located in the far field and will result in reliable TFs. 

In the last step, an adequate value for the optimal number of time windows has to be determined. 

This is generally depending on the individual data set. For several AMT measurements, 5 - 20 % 

of the total time series proofed to be efficient, whilst for the analysis of LMT data a higher 

percentage of time windows was preferable. Nevertheless, it is impossible to define an absolute 

threshold that accounts for all possible noise (and source field) conditions. Therefore, the 

processing software allows to investigate the TFs in response to changes in the number of selected 

time windows. This is exemplarily demonstrated in Figure 4-9 for one real (𝑈𝑥𝑦) and one 

Figure 4-8. Eigenvalues resulting from different time window selections. 

The eigenvalues are calculated from a 32 kHz data set from the Ceboruco survey (Stations LF3 and LF18). 

(a) 80 % of the time windows, sorted according to the eigenvalue criterion, are selected and median 

eigenvalues are calculated for each target frequency (266 𝐻𝑧 – 8.4 𝑘𝐻𝑧). In the AMT dead-band the signal 

energy is very low. (b) Using the best 5 % of the time windows, the signal to noise ratio of the first two 

eigenvalues is significantly increased. 
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imaginary (𝑉𝑥𝑦) impedance 

tensor component (at Station 

LF3). The single time 

windows are classified using 

the Eigenvalue Criterion 

(4.18) and TFs are 

calculated according to 

(4.10), using a varying 

amount of data (2 - 80 %). 

The visual inspection shows 

that for a large percentage of 

data the TFs are strongly 

downwards biased (in the 

AMT dead-band). 

 Subsequently, 20 % (or less) 

is determined as a reasonable 

threshold and the related TFs 

can be used for further 

interpretations. In Figure  

A-2 (Appendix) apparent 

resistivity and phase curves are compared for TFs related to 5 % and 80 % of the data. 

During the visual inspection of the TFs, smooth curves and transitions are always favored. Hence, 

the selection does not rely on statistics. Instead, it is driven by the assumption that resistivity 

structures in the Earth will result in continuous (smooth) MT responses, while discontinuous and 

rough TF curves are difficult (or impossible) to explain. Based on this idea, the processing software 

also provides an algorithm, which automatically determines the amount of selected time windows 

that results in preferably smooth curves (the deviation from a robustly fitted polynominal is 

minimized). 

In summary, the Eigenvalue criterion according to (4.18) reduces the influence of regional 

coherent noise signals and simultaneously favors time windows with a high (MT-) signal to noise 

Figure 4-9. Transfer functions in dependence of the number of selected 

time windows. 

Real (𝑈𝑥𝑦) and imaginary (𝑉𝑥𝑦) impedance tensor components in 

dependence of the target frequency (266 𝐻𝑧 – 8.4 𝑘𝐻𝑧), calculated from 

a 32 𝑘𝐻𝑧 data set, recorded at Station LF3 and LF18. All time windows 

were classified by the Eigenvalue Index. The marker color indicates the 

percentage of time windows used for the calculation of the TFs. The 

highlighted frequency of 3900 𝐻𝑧 is related to the eigenvalue frequency 

distributions in Fig. 4-7. 
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ratio. In case of an extraordinarily high noise signal, a maximum threshold for the first and/or third 

eigenvalue can immediately exclude contaminated time windows and can be combined with the 

𝐸𝐼 according to (4.18). 

 

4.2.4 Error Estimation  

Impedance and induction vector errors are estimated according to Hampel et al. (1986) by 

calculating the median of the absolute deviations (𝑀𝐴𝐷) between the TFs of the single time 

windows (𝑖 = 1: 𝐼) and the average TF, separately for real and imaginary parts (also suggested by 

Smirnov, 2002 and Häuserer, 2010). Exemplarily, the errors for the real (𝑼𝑗) and imaginary (𝑽𝑗) 

impedance tensor at site 𝑗 yield:  

𝛿𝑼𝑗 = 1.483 · 𝑚𝑒𝑑( | 𝑼𝑗,1:𝐼 − 𝑼𝑗  | )                                                                                               (4.19𝑎) 

𝛿𝑽𝑗 = 1.483 · 𝑚𝑒𝑑( | 𝑽𝑗,1:𝐼 − 𝑽𝑗  | )                                                                                                (4.19𝑏) 

The constant term 1.483 is related to the reciprocal of the 0.75th quantile of the normal distribution 

(
1

𝑁 (0.75)
≈ 1.483) (e.g. Rousseuw & Croux, 1993). An estimate for the 95 % confidence limit of 𝒁 

is derived using the maximum error resulting either from (4.18𝑎) or (4.18𝑏): 

𝛿𝒁 𝑗 =
1.96 ∗ max  ( 𝛿𝑼𝑗  , 𝛿𝑽𝑗  )

√𝐼
                                                                                                       (4.20) 

Here, 1.96 is an approximate value of the 97.5 percentile point of the normal distribution (also 

referred to as Z score of the 97.5 percentile point). It implies, that 95% of the area covered by a 

normal distribution lies within 1.96 standard deviations of the mean (see Fisher, 1925).  

Induction vector errors are derived equivalent to the impedance errors. For the PT, errors are 

commonly calculated using the delta method (Efron, 1982) under consideration of the error 

covariance (Booker, 2014). In this work, a Monte Carlo approach (e.g. Evensen, 1994) is used to 

approximate errors for the PT, the CART and the RPT. For this purpose, 10000 random realizations 

of the impedance tensor are created (for each target frequency) by multiplying normally distributed 

random numbers with the impedance errors from (4.20) and adding them to 𝒁. Subsequently, 
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10000 tensors (𝝌1:10000) are calculated using (2.47), (2.53) and (2.55) for the PT, the CART and 

the RPT, respectively. Tensor errors (𝛿𝝌𝑗) at site 𝑗 are then derived equivalent to (4.19): 

𝛿𝝌𝑗 = 1.483 · 𝑚𝑒𝑑( | 𝝌𝑗,1:10000 −  𝑚𝑒𝑑(𝝌𝑗,1:10000) | )                                                                (4.21) 

where 𝝌 represents either 𝑼𝑎, 𝑽𝑎 , 𝝓𝑎 or 𝝓. 

For the impedance tensor and the associated apparent resistivity (𝜌𝑎,𝑍) and phase (𝜑) curves, the 

errors are visualized as shaded areas, representing the 95% confidence interval. The tensor errors 

are included by assigning transparency values to the ellipses and bars associated with the tensor 

principal axes (see chapter 2.2.5). 
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4.3 Processing Results (Ceboruco) 

During the survey at the Ceboruco volcano for each station either one (HF stations) or three (BB 

and LF stations) data sets were recorded. The HF stations sampled with 32 𝑘𝐻𝑧, the BB stations 

with 32 𝑘𝐻𝑧, 2 𝑘𝐻𝑧 and 512 𝐻𝑧 and the LF stations with 32 𝑘𝐻𝑧, 2 𝑘𝐻𝑧 and 128 𝐻𝑧. The goal 

was to record simultaneously at three sites, 30 𝑚𝑖𝑛 in case of 32 𝑘𝐻𝑧 data, ≥ 4 ℎ for 2 𝑘𝐻𝑧 data, 

~12 ℎ for 512 𝐻𝑧 data and ≥ 2 𝑑 for 128 𝐻𝑧 data. A detailed list, containing all data sets and 

associated recording dates and times, is shown in Table A-2 (Appendix).  

Each data set is processed using the processing scheme presented in chapter 4.2. In general, the 

data quality is very high, especially for the 32 𝑘𝐻𝑧 and 2 𝑘𝐻𝑧 data sets (see Figure A-15 in the 

Appendix). Due to the immediate vicinity to radio transmitters and coincidentally a high contact 

resistivity of the electrodes (ash), the long-period electric field at stations located in the inner 

caldera is frequently disturbed. Therefore, stations and data sets showing limited data quality are 

always processed in combination with high-quality data sets (mainly obtained at stations in the 

western foreland). The site-assembly for the multi-station approach is shown in Table 4-2. In case 

of HF stations, target frequencies between 8.4 𝑘𝐻𝑧 and 3.9 𝐻𝑧 are calculated. For BB and LF 

stations, periods up to maximal 300 𝑠 result in reliable TFs.  

Table 4-2. Site-assembly for multi-station processing. 

The combination of stations used in the multi-station approach is shown for each data set (32 𝑘𝐻𝑧, 2 𝑘𝐻𝑧, 

512 𝐻𝑧 or 128 𝐻𝑧) at each station. HF sites are marked in red, BB sites in cyan and LF sites in yellow. 

Sampling rate 32 𝒌𝑯𝒛 2 𝒌𝑯𝒛 512 (BB) or 128 𝑯𝒛 (LF) 

Target 

Frequencies 

HF: 8400 – 3.9 𝐻𝑧 

BB & LF: 8400 - 572 𝐻𝑧 

572 – 18.1 𝐻𝑧 18.1 𝐻𝑧 – max. 300 𝑠. 

Station BB1 BB1 & BB7 BB1 & BB7 BB1 & BB7 

Station HF2 HF2 & BB4 - - 

Station LF3 LF3 & LF18 LF3 & LF18 LF3 & LF18 

Station BB4 BB4 & HF2 BB4 & BB15 BB4 & BBF-5 

Station LF5 LF5 (single site) LF5 (single site) LF5 (single site) 
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Station BB6 BB6 & BBF-3 BB6 & BBF-3 BB6 & BBF-3 

Station BB7 BB7 & BB1 BB7 & BB1 BB7 & BB1 

Station HF8 HF8 & HFF-2 - - 

Station HF11 HF11 & HF24 - - 

Station BB12 BB12 & BBF-3 BB12 & BBF-3 BB12 & BBF-3 

Station BB14 BB14 & BB1 BB14 & BB1 BB14 & BB1 

Station BB15 BB15 & BB4 BB15 & BB4 BB15 & BBF-5 

Station HF16 HF16 & BB20 - - 

Station BB17 BB17 & BB23 BB17 & BB23 BB17 & BB23 

Station LF18 LF18 & LF3 LF18 & LF3 LF18 & LF3 

Station BB20 BB20 & HF16 BB20 & BB23 BB20 & BB23 

Station BB21 BB21 & BB25 BB21 & BB25 BB21 & BBF-5 

Station LF22 LF22 & LF3 LF22 & LF3 LF22 & LF3 

Station BB23 BB23 & BB17 BB23 & BB17 BB23 & BB20 

Station HF24 HF24 & HFF-1 - - 

Station BB25 BB25 & BB21 BB25 & BB21 BB25 & BBF-5 

Station HFF-1 HFF-1 & HF24 - - 

Station HFF-2 HF2 & HF8   

Station BBF-3 BBF-3 & BB6 BBF-3 & BB6 BBF-3 & BB12 

Station BBF-5 BBF-5 & BB4 BBF-5 & BB4 BBF-5 & BB15 

 

In the following, processing results are presented for station BBF-3 (located in the foreland) and 

station BB23 (located in the outer caldera). Results for the remaining stations are shown in the 

Appendix (Figure A-3 – Figure A-14). 

At periods between 10-4 and 0.5 𝑠, the results at station BBF-3 (Figure 4-10) reveal a very 

homogeneous pattern and primarily resemble a 1-D situation. This is as well seen in the apparent 
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resistivity (𝜌𝑎,𝑍) and phase (𝜑) related to the off-diagonal impedance tensor elements, as in the 

induction vector and tensor responses for 𝑼𝑎 , 𝝓𝑎 and 𝝓. Here, the induction arrows are vanishingly 

small and decreasing apparent resistivity (𝜌𝑎,𝑍 and 𝑼𝑎) and increasing phase values (𝜑, 𝝓 and 𝝓𝑎) 

implicate a transition to a conductive layer. Starting at ~1 𝑠, apparent resistivity and phase curves 

deviate from a pure 1-D situation. This coincides with slightly increasing induction vectors and a 

split between the principal axes of the RT, RPT and PT. From 1 to 10 𝑠, the RPT features negative 

major axes (PT minor axes below 45°) and implicates 3-D effects related to a resistor. To the 

longest periods, the split between the tensor minor and major axes increases (for 𝑼𝑎 , 𝝓𝑎 and 𝝓) 

whilst the induction vectors vanish. 

Figure 4-10. Processing results for station BBF-3. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity curves) in dependence of the period. Station BBF-3 was located in the foreland of 

the volcano. The short periods (< ~0.5 𝑠) primarily resemble a 1-D situation (apart from small deviations 

below 0.001 𝑠). Between 1 and 10 𝑠 the data show 3-D effects and to the longest periods a large split between 

the principal axes of 𝑼𝑎, 𝝓𝑎 and 𝝓, coinciding with very small induction vectors, dominates the MT 

response functions. 
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In Figure 4-11 processing results are shown for station BB23. The station was located in the outer 

caldera of the volcano and features strong topographical effects in the frequency range between  

10-4 and 0.05 𝑠. This is manifested by large induction vectors and a 3-D tensor response, most 

distinctive in case of the RPT (negative major axes). With increasing period (0.05 – 1 𝑠) the 

response functions show a transition to a conductor (similar to BFF-3) and conform to a 1-D 

situation. The remaining split between the principal axes of 𝑼𝑎 (and between 𝜌𝑎,𝑍𝑥𝑦 and 𝜌𝑎,𝑍𝑦𝑥) is 

a static shift effect, caused by the topographical distortions at the shortest periods. To the long-

period end (1 – 100 𝑠) the MT tensors reveal the constant split that is also observed at Station  

BBF-3. Coincidentally, the induction arrows implicate three-dimensionality for periods between 1 

and 10 s, but they become very small for the longest periods. 

Figure 4-11. Processing results for station BB23. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity curves) in dependence of the period. The station was located in the outer caldera 

and shows very strong topographical effects at the shortest periods (10-4 – ~ 0.05 𝑠). At 0.1 𝑠 the data is 

almost 1-D. With increasing period (> 1 𝑠) 3-D effects become relevant. To the long-period end, the tensor 

responses (𝑼𝑎, 𝝓𝑎 and 𝝓) reveal a large split between the principal axes and coincidently small induction 

vectors are observed (similar to site BBF-3, Fig. 4-10). 
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In general, the processing results are very consistent and follow a distinctive pattern at all stations. 

In Figure 2-12 period dependent PTs are shown for 20 stations, projected on a profile that crosses 

the measurement area in north-south direction (RPT: Fig. A-17 in the Appendix). At all stations 

the transition to a conductive, one-dimensional subsurface structure is implicated by very high PT 

values (up to 80°) in a large frequency range. For stations located at higher elevations, the shortest 

periods are dominated by topographical (3-D) effects and the homogeneous 1-D response is shifted 

to longer periods. For periods above 10 𝑠, a large split between the major and minor axes is 

observed at all stations. Here, the orientation of the principal axes is very constant. 

Figure 4-12. Frequency dependent phase tensor (PT) response along a profile. 

Period dependent phase tensor (𝝓) responses are shown for stations BB20, HFF-2, BBF-3, LF22, BB12, 

BB15, HF8, LF18, BB23, BB7, HF24, BB6, BB21, LF3, BB4, LF5, HFF-1, BB1, HF2 and BBF-5 (from 

left to right). The stations are projected on a profile, crossing the measurement area from north to south. The 

elevation of the sites is marked in the upper plot. At all stations, a conductive 1-D structure is implicated by 

increased phase tensor values in a wide frequency range. To the long-period end, a large and constant split 

between the tensor principal axes is observed. (topography data: GMRT, see Ryan et al., 2009) 

,  
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The findings from chapter 2.3 

suggest that the skewness of 

the RPT is a very clear 

indicator for three-

dimensionality. To investigate 

this hypothesis by reference to 

(real) measurement data, the 

skewness values of the PT and 

the RPT are shown for stations 

BBF-3 and BB23 (Fig. 4-13). 

At the shortest periods  

(< 0.001 s) the RPT skew at 

station BBF-3 implicates 3-D 

effects due to near-surface 

inhomogeneities. Between 10-3 

and 1 𝑠 the skewness of the PT 

and the RPT are both very small and take identical values. This is in good agreement with a 1-D 

response (cf. Fig. 4-10) and also with the theoretical results from chapter 2.3. At the longest periods 

(> 1 𝑠) the PT and the RPT skew deviate from zero and implicate a 3-D structure. However, the 

effect is much clearer in case of the RPT. The short-period MT response (10-4 – 10-2 𝑠) at station 

BB23 is significantly influenced by topographical effects (cf. Fig. 4-11). This is reflected by large 

𝛽 values for the RPT (larger than 20°). The PT skew on the other hand does not exceed 2°, which 

might erroneously be interpreted as a 2-D case. Between 10-2 and 1 𝑠 very small PT and RPT 

skewness values conform to a 1-D tensor response. To longer periods 3-D effects are observed, 

again much more distinctive for the RPT skew (supporting the conclusions from chapter 2.3).  

Finally, 𝑼𝑎 , 𝝓𝑎, 𝝓 and induction vectors are shown for 20 selected stations (all sites for tipper 

vectors) for two representative target periods of 0.0026 𝑠 (390 𝐻𝑧) and 55 𝑠. In Figure 4-14 the 

spatial responses at 0.0026 𝑠 are plotted on top of a map of the Ceboruco volcano. Similar to the 

previous results, sites in the foreland of the volcano have a very homogeneous pattern, featuring a 

1-D PT and RPT response and negligible induction vectors. Stations located in the inner and outer 

caldera are highly influenced by topographical effects. The results at 55 𝑠 (Figure 4-15) reveal a 

Figure 4-13. PT and RPT skew at stations BBF-3 and BB23. 

Period dependent skewness values for the PT (green) and the 

RPT (black) at stations BBF-3 (top) and BB23 (bottom). 

Explanation in the text. 
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large and spatially constant split between the tensors principal axes (𝑼𝑎 , 𝝓𝑎 and 𝝓). For the PT the 

orientation is very consistent, with the major axes pointing east-south-east (ESE) and the minor 

axes pointing north-north-east (NNE). The RPTs are oriented perpendicular to the PTs (major axes 

north-north-east and minor axes east-south-east). The orientation is also very constant, although 

sites that comprise strong topographical influences at shorter periods are slightly rotated. In case 

of the RT, the orientation of the principal axes is less stable. Generally, the major and minor axes 

of 𝑼𝑎  feature resistivities of 10 − 100 𝛺𝑚 and 0.5 − 5 𝛺𝑚, respectively, with the maximum 

resistivity in ESE and the maximum resistivity in NNE direction (approximately, not applicable 

Figure 4-14. Spatial MT tensor and induction vector response at 0.0026 𝑠. 

RT (top-left), PT (top-right), RPT (bottom-left) and induction vectors (bottom-right) for a target period of 

0.0026 𝑠 (390 𝐻𝑧). The tensor responses are shown for stations BB20, HFF-2, BBF-3, LF22, BB12, BB15, 

HF8, LF18, BB23, BB7, HF24, BB6, BB21, LF3, BB4, LF5, HFF-1, BB1, HF2 and BBF-5. Induction 

vectors are shown for all 25 sites. Stations located in the foreland are dominated by a 1-D structure, whilst 

stations in the inner and outer caldera feature strong topographical effects. (Terrain, map and elevation data 

from Google Earth.) 
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for sites in the inner and outer caldera). The general pattern of 𝑼𝑎 , 𝝓𝑎and 𝝓 is very similar to the 

synthetic anisotropic 3-D model from chapter 2.3.4 (cf. Fig. 2-17b). Considering the negligible 

induction vector response, the data strongly suggests influences due to electrical anisotropy. 

 

Figure 4-15. Spatial MT tensor and induction vector response at 55 𝑠. 

RT (top-left), PT (top-right), RPT (bottom-left) and induction vectors (bottom-right) for a target period of 

55 𝑠. Tensor responses are shown for stations BB20, BBF-3, LF22, BB12, BB15, LF18, BB23, BB7, BB6, 

BB21, LF3, BB4, LF5, BB1 and BBF-5. Induction vectors are shown for all BB and LF sites (BBF-5 and 

HFF-1 did not have a 𝐵𝑧 component). All tensors reveal a very constant split and in combination with 

negligible induction vectors they indicate electrical anisotropy. (Terrain, map and elevation data from 

Google Earth.) 
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5 FORWARD MODELLING & TOPOGRAPHY 

Chapter 5 addresses the basics of numerical forward modelling using the COMSOL Multiphysics® 

5.3a platform and elucidates the implementation of (real) topography (chapter 5.1). Further, the 

influences from topography on the MT response are investigated (chapter 5.2) and a high-resolution 

topography model of the Ceboruco volcano above a 1-D subsurface resistivity distribution is 

analyzed (chapter 5.3). The results are compared to the processing results from chapter 4.  

 

5.1 Numerical Forward Modelling using COMSOL 

3-D forward modelling is used to solve the Maxwell equations for a predefined resistivity model 

and it provides solutions for the electric and magnetic field distribution within the model volume. 

Several numerical approaches which solve the differential equations for the MT induction problem 

have been developed, e.g., using finite-differences (Pek & Verner, 1997; Siripunvaraporn et al., 

2005; Egbert & Kelbert, 2012), finite-elements (Mitsuhata & Uchida, 2004; Farquharson & 

Miensopust, 2011, Ren et al., 2013; Grayver & Bürg, 2014), mesh-free methods (Wittke & Tetzkan, 

2011) or integral methods (Wannamaker, 1991; Avdeev et al., 2002).  

The forward problem can be written as: 

𝑑 = 𝑓(�⃑⃑� )                                                                                                                                                     (5.1) 

where  𝑑  is the data vector (or model response) that is predicted by the forward function 𝑓 for a 

given model vector �⃑⃑� . The model parameters in �⃑⃑�  are manually discretized (hence, finding the 

model that fits the observed data by try and error), the data response in 𝑑  is usually defined by the 

electric and magnetic fields, which are used to calculate the MT transfer functions. 

In this work the COMSOL Multiphysics® 5.3a platform (Comsol, 2017a) is used to solve the forward 

equations. Comsol builds on a finite element discretization scheme and the included RF module 

(emw, Comsol, 2017b) allows for anisotropic electrical conductivity properties. The 

electromagnetic source field is simulated using a scattering boundary condition (at the upper model 

boundary) for two orthogonal polarization directions in N-S and E-W direction. The vertical 
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boundaries of the model domain are defined as perfect magnetic and perfect electric conductors for 

boundaries orthogonal and parallel to the magnetic field polarization, respectively. The boundary 

at the bottom of the model is assigned an impedance boundary condition (fields do not reach far 

outside the boundary). To ensure that the source fields are located at sufficient distance to the 

measurement area (i.e. the surface of the Earth) a 500 𝑘𝑚 air layer with a resistivity of 107 𝛺𝑚 is 

included. For simple models (1-D or canonical 2-D and 3-D models), subsurface resistivity 

structures are generated by assigning resistivity values to different geometric domains (layers, 

cubes, quarter-spaces, plates etc.). To realize more sophisticated structures, COMSOL allows to 

import text files and assign resistivity values to prior defined support points (𝑆𝑃𝑛) within the model 

space. In isotropic resistivity environments, each support point is characterized by three spatial 

coordinates (𝑥𝑛, 𝑦𝑛, 𝑧𝑛) and one resistivity value (𝜌𝑛). In the anisotropic case, the resistivity is 

described by the anisotropy principal axes (𝜌𝑥𝑛
, 𝜌𝑦𝑛

, 𝜌𝑧𝑛
) and three rotation angles (𝛼, 𝛽, 𝛾) (Euler’s 

elementary rotation, cf. chapter 2.1.4). Then, the values from the support points are linearly 

interpolated on the FE grid. Finally, the EM wave equations are solved in the frequency domain 

using an iterative solver (BiCGStab, Biconjugate gradient stabilized) in combination with a 

multigrid algorithm. The EM fields can be extracted from Comsol (at the points of interest) using 

the COMSOL Multiphysics® with MATLAB Livelink. 

To incorporate topography in the COMSOL environment, data from a digital elevation model (𝑥, 𝑦, 𝑧 

coordinates in meters) are interpolated on a parametric surface. Here, AMT measurements require 

a precise mapping of the true topography in the study area (high-resolution topography data). For 

the Ceboruco volcano, topography data was obtained from the Global Multi-Resolution 

Topography Synthesis (GMRT) website (https://www.gmrt.org, see Ryan et al., 2009). The data is 

based on terrestrial elevation data from the USGS National Elevation Dataset (NED, resolution  

10 𝑚) and NASA’s Advanced Spaceborn Thermal Emission and Reflection Radiometer global 

DEM (ASTER, resolution 30 𝑚).  

In the Ceboruco survey, the maximal distance between two sites was ~8 𝑘𝑚 in in N-S and ~10 𝑘𝑚 

in E-W direction (cf. Fig. 3-5). The horizontal extension of the topography data set was defined to 

be 1.6 times larger (13 𝑘𝑚 in N-S and 16 𝑘𝑚 in E-W direction). This also defines the dimensions 

of the inner model domain. In the outer model, the topography data is extrapolated on the 

parametric surface so it reaches an elevation of 0 𝑚 at the outer boundaries (see Fig. 5-1). 
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Figure 5-1. Visualization of topography data in COMSOL. 

Topography data from the Ceboruco volcano (data source: GMRT, see Ryan et al., 2009), interpolated on a 

parametric surface in the COMSOL Multiphysics environment. Left: Parametric surface in the inner and outer 

model domain. The topography data is extrapolated from the boundaries of the inner model so it reaches an 

elevation of 0 𝑚 at the outer boundaries. Right: High-resolution topography in the study area (inner model 

domain). 

Further, the discretization of the model grid is crucial. Häuserer (2010), Löwer (2014) and 

Cembrowski (2017) use the MT3D software package (written in MATLAB), which accesses the 

COMSOL platform via the COMSOL Multiphysics® with MATLAB Livelink and calculates the 

forward response of a data set for several independent sub-models. Here, the modelling strategy is 

guided by the variable, frequency-, resistivity- and location-dependent size of the EM induction 

volume. For each site and each target frequency (𝑓) an outer model volume is defined by the 

maximum skin depth (𝛿𝒎𝒂𝒙(𝑓, 𝜌𝑚𝑎𝑥)) in dependence of the maximum resistivity (𝜌𝑚𝑎𝑥) in the 

model. The total model expansion is then given as 6𝛿𝑚𝑎𝑥 × 6𝛿𝑚𝑎𝑥 × 3𝛿𝑚𝑎𝑥 (𝑁𝑜𝑟𝑡ℎ, 𝐸𝑎𝑠𝑡, 𝑧). In 

the outer model domain the resolution of the grid is very coarse. To ensure a higher resolution 

beneath the stations, three ellipsoids with successively decreasing radii and increasing grid 

resolution are defined in dependence on the target frequency and the minimum resistivity (𝜌𝑚𝑖𝑛) 

in the model (see Cembrowski, 2017). The benefit of this discretization scheme is the comparably 

small number of FE elements for each model. Application examples that use the MT3D software 

package are shown in Gonzáles-Castillo et al. (2015), Löwer & Junge (2017) and Cembrowski & 

Junge (2018). 

However, the approach is not efficiently applicable if high-resolution topography is included in the 

model. In that case, the discretization of the mesh has to be exceedingly fine at the surface to render 

the small scale topographical variations within the study area. As a consequence, it is more efficient 

to define one model for the whole data set (for all sites and all frequencies).  
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The dimension of the outer model box should at least be 6𝛿𝑚𝑎𝑥 × 6𝛿𝑚𝑎𝑥 × 3𝛿𝑚𝑎𝑥 (similar to the 

MT3D software). For the Ceboruco model in chapter 5.3, the maximum resistivity (𝜌𝑚𝑎𝑥) and 

minimum frequency (𝑓𝑚𝑖𝑛) are 500 𝛺𝑚 and 1 𝐻𝑧, respectively. The maximum skin depth 

(𝛿𝒎𝒂𝒙(𝑓𝑚𝑖𝑛, 𝜌𝑚𝑎𝑥)) is therefore 11.15 𝑘𝑚. In Figure 5-2a the extension of the outer model domain 

is 135 𝑘𝑚 x 135 𝑘𝑚 x 75 𝑘𝑚 (𝑥,𝑦,𝑧), which is significantly larger than the required minimal 

extension. Since the grid in the outer model is very coarse, the impact on the number of FE elements 

is certainly negligible. The height of the air-box is 500 𝑘𝑚. 

The horizontal extension of the inner model (Figure 5-2b) is defined by the extension of the 

topography data set. In vertical direction it reaches to a depth of 10 𝑘𝑚. This ensures a sufficient 

resolution of near-surface resistivity structures. To avoid very coarse mesh elements in the air-layer 

above the topography, the inner box reaches to a height of 5 𝑘𝑚. The FE elements in the inner 

model have a minimum size of 50 𝑚 and they do not exceed a maximum size of 2.5 𝑘𝑚. 

Additionally, the mesh is refined on the parametric surface. Here, the minimum and maximum 

element sizes are 20 𝑚 and 150 𝑚, respectively. 

For the Ceboruco model, the discretization results in 800.000 FE cells and 107 degrees of freedom. 

Using a multicore desktop system (8 cores @ 3.4 𝐺𝐻𝑧) with 64 𝐺𝐵 internal memory, the run time 

(21 target periods) is ~3 hours. 

 

Figure 5-2. COMSOL finite element mesh for the Ceboruco model. 

(a)  The dimension of the entire model is 135 𝑘𝑚 x 135 𝑘𝑚 x 75 𝑘𝑚 and a 500 𝑘𝑚 air layer (not shown). 

The mesh elements are coarse in the outer box. (b) The dimension of the inner model is 16 𝑘𝑚 x 13 𝑘𝑚 x 

15 𝑘𝑚 (the air layer above the topography is not shown). The mesh elements in the inner box are very fine, 

especially on the parametric surface. 
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5.2 A Synthetic Study on Topographical Effects 

The galvanic effect from topography on MT data 

has been studied extensively by Jiracek (1990). 

Galvanic distortions are primarily associated with 

charges in the TM-mode, which (in 2-D) arise for 

the electric field perpendicular to the strike of the 

topography. The effect reduces the total electric 

field on topographic hills and enhances it in 

valleys. Consequently, apparent resistivity values 

are decreased on topographic peaks and they are 

increased in valley troughs (Jiracek, 1990). 

Figure 5-3 shows a synthetic (sinusoidal) 2-D 

topography model with an elevation of 100 𝑚 and 

a horizontal extension of 2.4 𝑘𝑚, above a 

homogeneous half-space with 100 𝛺𝑚 resistivity. 

Apparent resistivity values (from the MT response 

tensor) are shown along a horizontal profile, for 

three periods, 0.1, 1 and 1000 𝑠. In the TM-mode, 

the response curves demonstrate the findings from 

the previous paragraph: the apparent resistivity has 

a minimum on the hill and a maximum in the valleys. This effect slightly increases with increasing 

period, but as the charge accumulation saturates, the distortion is static above a certain period  

(> ~10 𝑠). The TE-mode response on the other hand is inductive (Nam, 2008) and it is strongly 

dependent on the period. Here, the apparent resistivity is above 100 𝛺𝑚 on the topographic peak 

and below 100 𝛺𝑚 in the valleys. The topography effect is much weaker than for the TM-mode 

and it decreases with increasing period (no effect at 1000 𝑠). In 3-D, the topography effect will be 

both, galvanic and inductive for all polarizations (Nam, 2008). 

Effects from topography in 3-D environments have been investigated by, e.g., Müller & Haak 

(2004) for the Merapi volcano or Stark (2013) for a high-resolution topography model of Northern 

Luzon Island (Philippines) above a 50 𝛺𝑚 half-space. They conclude that (A)MT data can be 

Figure 5-3. Topographical effects in the TM- and 

the TE-mode. 

Apparent resistivities along a horizontal profile 

for three periods (0.1, 1, 1000 𝑠) for the TE- (top) 

and TM-mode (center). The topography model is 

shown in the bottom. (Figure from Jiracek, 1990) 
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significantly influenced by inductive effects in the period range between 10-4 and 10 𝑠. This is 

reflected by large induction vectors, a split between the TE- and TM-mode responses, period 

dependent variations in the apparent resistivity, deviations from 45° phase (PT and impedance 

phase) and distinct impedance (and PT) skew values. Here, the induction vectors point away from 

the elevation (Wiese convention, seeing it as a conductive anomaly), their magnitude is largest at 

the maximum slope and they increase with increasing altitude (total elevation of the anomaly). At 

short periods, they are sensitive to very fine-scale near-station topography (Stark, 2013).  

The size of the topography effects is generally dependent on the distance from the slope and it will 

be shifted to longer periods for larger distances. For periods above 10 𝑠, the distortion effect is 

usually static (galvanic) and mainly effects the apparent resistivity (RT, 𝜌𝑎,𝑍). 

 

Figure 5-4. Synthetic 3-D topography model and grid. 

(a) The model includes a sinusoidal topography (maximum elevation: 1 𝑘𝑚, horizontal extension: 8 𝑘𝑚 x 

8 𝑘𝑚) above a homogeneous half-space with a resistivity of 100 𝛺𝑚. (b) The grid in the inner model domain 

has a very high resolution at the parametric surface. The outer model domain (not shown) is 100 𝑘𝑚 x  

100 𝑘𝑚 x 50 𝑘𝑚 and includes a 500 km air layer. 

 

The statements above are investigated for a 3-D sinusoidal topography with a maximum elevation 

of 1 𝑘𝑚, located above a 100 𝛺𝑚 half-space (Fig. 5-4). In Figure 5-5 the spatial MT response is 

shown for a period of 10-3 𝑠. The RT features major axis values above 200 𝛺𝑚, oriented parallel 

to the slope. The effect is largest at lower elevations where the slope is steepest. Additionally, some 

of the tensor minor axes are significantly smaller than the subsurface resistivity of 100 𝛺𝑚. The 

PT and RPT response includes major axes above 45° and 0°, respectively. They are oriented 
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perpendicular to the slope in case of the PT and parallel to the slope for the RPT. The real induction 

vectors point away for from the center of the elevation and they are largest at the steepest slopes. 

On the topographic peak, the effect on the response functions is comparably small (due to the very 

short period). 

At 10 𝑠 (Figure A-17 in the Appendix) the topography effect is purely galvanic. This is reflected 

by negligible induction vectors and PT and RPT major and minor axes values of 45° and 0°, 

respectively. The RT major and minor axes on the peak are significantly decreased (< 100 𝛺𝑚). 

Further, major and minor axes reveal a distinct split at the steepest slope and both increase in the 

Figure 5-5. Spatial MT response for a synthetic topography model at 0.001 𝑠. 

Shown are the RT (top left), the PT (top right), the RPT (bottom left) and induction vectors (bottom right). 

The topography effect is largest at the steepest slope. 
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valley (𝑈𝑎,𝑚𝑎𝑥 > 100 𝛺𝑚, 𝑈𝑎,𝑚𝑖𝑛 < 100 𝛺𝑚). The maximum value of the major axes (~140 𝛺𝑚) 

is much smaller compared to the response at 10-3 𝑠 (~220 𝛺𝑚).  

The previous paragraphs demonstrate that it is crucial to consider for topographical effects during 

the interpretation of MT data. According to Jiracek (1990), methods to account for galvanic and/or 

inductive topographical distortion are given by the use of invariant response parameters, curve 

shifting, statistical averaging, spatial filtering, the use of distortion tensors and computational 

modelling. However, despite from accurate 3-D modelling, all approaches suffer from restrictions 

(e.g. the need for a large number of soundings or additional information from TEM measurements 

or well logs) and might be inaccurate or not applicable. It can also be very difficult to distinguish 

effects due to topography from those related to near-station inhomogeneities or regional distortion. 

Therefore, the best approach is to include a detailed topography model of the study area, using, 

e.g., the COMSOL Multiphysics platform or the 3-D simulation and inversion FE code from Cordy 

et al. (2016).  

  



5  Forward Modelling & Topography A Forward Model of the Ceboruco Volcano 

101 

 

5.3 A Forward Model of the Ceboruco Volcano 

The processing results from chapter 4.3 show that the Ceboruco data approximates a 1-D response 

for stations at lower elevations, in the period range between 10-4 and ~1 𝑠. In Figure 5-6 a 1-D 

model is calculated for station BBF-3, using Wait’s recursion formula (Wait, 1954). The model 

(Fig. 5-6b) fits phase and apparent resistivity values derived from the Berdichevsky invariant 

(𝑍𝑥𝑦 − 𝑍𝑦𝑥) / 2 (Berdichevsky & Dimitriev, 1976). It comprises two resistive top layers (average 

resistivity: 500 𝛺𝑚, total thickness: 350 𝑚), followed by a  4 𝛺𝑚 conductor with a thickness of 

700 𝑚. The lowermost layers are: 63 𝛺𝑚/3.2 𝑘𝑚, 4 𝛺𝑚/6.3 𝑘𝑚 and a homogeneous half-space 

with a resistivity of 11.5 𝛺𝑚. They are required to fit the Berdichevsky invariant for periods above  

1 𝑠, albeit the measured data in that period range do not conform to a 1-D layered subsurface (cf. 

Fig. 5-6a). 

Subsequently, the 1-D model is incorporated in COMSOL and combined with a high-resolution 

topography data set of the Ceboruco volcano (Fig. 5-7). The model setup (incorporation of 

topography, model discretization) is described in chapter 5.1. Target periods are calculated in the 

period band between 10-4 and 0.25 𝑠, for six logarithmic equally distributed periods per decade.  

Figure 5-6. A 1-D forward model for station BBF-3. 

(a) Apparent resistivity (𝜌𝑎,𝑍) and phase (𝜑) curves related to the off-diagonal impedance tensor components 

at station BBF-3 (blue and red). The black curve shows the model response (Berdichevsky invariant). 

Periods smaller than 1 𝑠 are perfectly fitted by the 1-D approach. For longer periods the split in the measured 

𝜌𝑎,𝑍 and 𝜑 curves implicates a higher subsurface dimensionality. (b) 1-D model for station BBF-3. 

 



5  Forward Modelling & Topography A Forward Model of the Ceboruco Volcano 

102 

 

In Figure 5-8 the modelled data 

response at station BBF-3 is 

compared to the observed data. It 

shows that the data fit is good, 

although there are deviations, 

especially for periods between  

10-4 and 10-3 𝑠. Here, small topo-

graphical variations close to the 

station cause a slightly different 

response compared to the 1-D 

model in Figure 5-6. The modelled 

response at station BB23 (Figure 

5-9), located in the outer caldera, 

features more significant differences in comparison to the measurement data. In particular, this 

manifests in oversized apparent resistivities, a significant mismatch of the phase values between 

Figure 5-7. Data response from the Ceboruco forward model at station BBF-3. 

The data response from the forward model in Fig. 5-7 is shown for the RT (𝑼𝑎), the RPT (𝝓𝑎), the PT (𝝓), 

induction vectors and apparent resistivity (𝜌𝑎,𝑍) and phase (𝜑) curves related to the off-diagonal impedance 

tensor components (from left to right). Despite from some deviations at the shortest periods, the forward 

response (mod.) is in good agreement with the observed data (obs.). 

 

Figure 5-8. A forward model of the Ceboruco volcano. 

The model comprises high-resolution topography data (GMRT,  

Ryan et al., 2009) and a 1-D layered subsurface (see Fig. 5-6).  
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10-4 and 10-2 𝑠 and too small induction vectors. Otherwise, the split and the trend of 𝜌𝑎,𝑍 and also 

the orientation of the RT is similar for observed and modelled data. This implies that the general 

data pattern is covered by the model, but the resistivity of 500 𝛺𝑚 (1. layer in the 1-D model from 

Fig. 5-6) is too high for the volcanic edifice. Further, for periods from 10-4 to 10-3 𝑠 the modelled 

PT and RPT response and the split between their respective major and minor axes is too large. The 

differences can either be due to influences from near-surface inhomogeneities on the measurement 

data, or due to inaccuracies in the topography model (the shortest periods might require an even 

higher resolution). Between 10-3 and 10-2 𝑠 the modelled PT and RPT response is too small, which 

might indicate an additional conductive structure in the edifice. This would also conform to the 

large observed induction vectors.  

 

Figure 5-9. Data response from the Ceboruco forward model at station BB23. 

The data response of the forward model from Fig. 5-7 is shown for the RT (𝑼𝑎), the RPT (𝝓𝑎),  

the PT (𝝓), induction vectors and apparent resistivity (𝜌𝑎,𝑍) and phase (𝜑) curves related to the off-diagonal 

impedance tensor components (left to right). There are distinct deviations between modelled (mod.) and 

observed data (obs.). 

 

In Figure 5-10 modelled and observed responses are compared for selected stations for a target 

period of 0.0055 𝑠 (181 𝐻𝑧). To quantify the differences, the tensor misfit is visualized according 

to Cembrowski and Junge (2018). The method follows Booker (2014) and takes the absolute 

difference between the observed (𝝌𝑜𝑏𝑠) and the modelled (𝝌𝑝𝑟𝑒𝑑, predicted) tensors (𝝌 =
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 𝑼𝑎, 𝑽𝑎, 𝝓𝑎  𝑜𝑟 𝝓). Here, the differences of the tensor principal axes magnitude (𝜒𝑚𝑎𝑥 , 𝜒𝑚𝑖𝑛) and 

the difference in the magnitude of the rotation angle (𝛼 − 𝛽) are shown. The color of the circles 

indicates the misfit of the rotation angle. A green color denotes 1D situations where the direction 

of the tensors is arbitrary. By definition, this is the case if 𝜙𝑚𝑎𝑥 − 𝜙𝑚𝑖𝑛 < 5°,  

𝜙𝑎,𝑚𝑎𝑥 − 𝜙𝑎,𝑚𝑖𝑛 <  5°  or 𝑈𝑎,𝑚𝑎𝑥 − 𝑈𝑎,𝑚𝑖𝑛 < 0.03 𝑈𝑎,𝑚𝑎𝑥.  The radius of the circles marks a 

relative error of 5% in case of 𝑼𝑎 and 𝑽𝑎 and an absolute error of 5° in the case of 𝝓 and 𝝓𝑎. The 

bars within the circles are scaled to the individual tensor axes errors (vertical bars: major axis, 

horizontal bars: minor axis). Hence, horizontal or vertical bars crossing the circles imply errors 

larger than 5% or 5°. The difference in the induction vector response is visualized by plotting the 

vectorial difference between observed and modelled data, for real and imaginary parts separately. 

The definitions above are valid for all misfit plots in the main body and in the Appendix.  

The comparison shows that the observed data is fitted well for stations at lower elevations. 

Especially the PT, the RPT and the induction vector response is in very good agreement with a  

1-D environment. The deviations in the RT response are related to distortions from near-surface 

inhomogeneities (measured data).  

For stations on the volcano, the differences between modelled and observed data are systematically 

larger. Here, the modelled PT and RPT major and minor axes are significantly underestimated, 

those of the RT are overestimated and the modelled induction vectors are too small. This again 

conforms to a possible conductive structure in the volcanic edifice. 

In Figure A-18 (Appendix) the forward response is compared to the measured data for a target 

period of 0.25 𝑠. At this period the fit of the RPT and the PT is very good (despite form few stations 

in the North-West). The modelled RT response still overestimates the principal axes (static shift 

effect) and the induction vectors for stations on the volcano are slightly underestimated. 
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Figure 5-10. Spatial data response from the Ceboruco model for a period of 0.0055 𝑠. 

Modelled (left column) and observed (center column) data and misfit (right column) for the RT (𝑼𝑎), the 

RPT (𝝓𝑎), the PT (𝝓) and induction vectors (from top to bottom). The tensor responses are shown for 

stations BB20, HFF-2, BBF-3, LF22, BB12, BB15, HF8, LF18, BB23, BB7, HF24, BB6, BB21, LF3, BB4, 

LF5, HFF-1, BB1, HF2 and BBF-5. Induction vectors are shown for all 25 sites. For stations at lower 

elevation the modelled data fit the observed data very well, for stations on the volcano the differences are 

more significant. (Terrain, map and elevation data from Google Earth.) 
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6 INVERSION 

This chapter outlines the basics of the ModEM inversion code (chapter 6.1) and shows how the 

new MT tensors (CART, RT, RPT) can be incorporated in the inversion approach (chapter 6.2). 

The performance of the new tensors is investigated for a synthetic 3-D oblique conductor model 

and the results are compared to inversions for the MT response tensor (𝒁) and the PT. In  

chapter 6.3, topography data is included in ModEM and the forward response from the Ceboruco 

topography model, covering a homogeneous half-space, is compared to a forward calculation in 

COMSOL. The last section (chapter 6.4) addresses the inversion of the Ceboruco data. 

 

6.1 The ModEM Inversion Code 

The ModEM code (Modular Electromagnetic Inversion system, Kelbert et al., 2014; Egbert & 

Kelbert, 2012) is a comprehensive software package which is optimized to solve the general 

(isotropic forward and inverse) frequency-domain electromagnetic problem. The 3DMT module 

uses a discrete formulation of the Maxwell equations, based on a finite-differences approach 

(Cembrowski, 2017). The inverse problem is solved using a non-linear conjugate gradient (NLCG) 

search algorithm. Profound information about the solution of the inverse problem in the context of 

MT are given by, e.g., Newman & Alumbaugh (2000), Siripunvaraporn et al. (2004, 2005) or 

Egbert & Kelbert (2012).  

Similar to the forward problem in equation (5.1), the relation between data and model parameters 

is defined as: 

𝑑 = 𝑓(�⃑⃑� ) + 𝛿                                                                                                                                              (6.1) 

The inverse approach aims to solve the equation for the unknown (𝑀-dimensional) model 

conductivity vector �⃑⃑�  for a given (𝑁-dimensional) data vector 𝑑 . Hence, it searches for a 

subsurface model that predicts the data within the error range defined by 𝛿 . The prediction error 

usually includes the data errors (measurement uncertainties, instrument noise, etc.) and it also 

accounts for uncertainties in the inversion scheme (e.g. in the model parametrization).  
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The ModEM inversion algorithm seeks to minimize the following penalty function (Egbert & 

Kelbert, 2012): 

𝜓(�⃑⃑� , 𝑑 ) = (𝑑 − 𝑓(�⃑⃑� ))
𝑇

𝑪𝑑
−1 (𝑑 − 𝑓(�⃑⃑� )) + 𝜆(�⃑⃑� − �⃑⃑� 0)

𝑇𝑪𝑚
−1(�⃑⃑� − �⃑⃑� 0)                               (6.2𝑎) 

𝜓(�⃑⃑� , 𝑑 ) = 𝜓𝑑 + 𝜓𝑚                                                                                                                              (6.2𝑏) 

Here, the terms on the right-hand side of the equation are the data (𝜓𝑑) and the model regularization 

term (𝜓𝑚). Further, 𝑪𝑑 is the covariance of the data errors, 𝑓(�⃑⃑� ) is the forward mapping (model 

response of the current iteration), 𝜆 is a trade-off parameter, 𝑪𝑚is the model covariance (or 

regularization) and  �⃑⃑� 0 is the prior or first guess model parameter vector (i.e. either the model from 

the previous iteration or the starting model).  

The covariance of the data errors (𝑪𝑑) is defined by the inverse of the squared data errors (𝑒): 

𝑪𝑑 = diag (
1

𝑒1:𝑁
2 )                                                                                                                                      (6.3) 

To ensure an adequate model parametrization, the number of model parameters (𝑀) is usually much 

larger than the number of observations (𝑁). As a consequence, the inverse problem is generally 

underdetermined, which results in a large number of models that would explain the observed data. 

The model regularization term (𝜓𝑚) is therefore used to restrict the number of possible models by 

setting constraints on the model roughness and excluding models that differ too much from the 

prior model. The model covariance (𝑪𝑚) is a symmetric matrix which is composed as a sequence 

of 1-D smoothing and scaling operators (Egbert & Kelbert, 2012, following Egbert, 1994):  

𝑪𝑑 = 𝐜𝑥𝐜𝑦𝐜𝑧𝒄𝑥
𝑇𝒄𝑥

𝑇𝒄𝑥
𝑇                                                                                                                                  (6.4) 

The damping parameter 𝜆 regulates the ratio between the model smoothness and the accuracy in 

the data prediction (Egbert & Kelbert, 2012).  

The penalty function in (6.2) can be minimized using least-squares approaches, e.g., Gauss-

Newton or Levenberg-Marquardt (Marquardt, 1963). Nevertheless, ModEM uses a non-linear 

conjugate gradient (NLCG) algorithm (e.g. Rodi & Mackie, 2001 or Avdeev, 2005), which directly 

searches for the steepest gradient with respect to variations in the model parameters (�⃑⃑� ): 
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𝜕𝜓

𝜕�⃑⃑� 
|
�⃑⃑⃑� 𝑛

= −2𝑱𝑇𝒓 + 2𝜆𝑪𝑚
−1∆�⃑⃑� 𝑛                                                                                                           (6.5𝑎) 

𝒓 = (𝑑 − 𝑓(�⃑⃑� ))𝑻𝑪𝑑

1
2                                                                                                                             (6.5𝑏) 

where 𝒓 is the data residual, 𝑛 is the iteration number, 𝑱 is the Jacobi- (or sensitivity) Matrix and  

∆�⃑⃑� 𝑛 = �⃑⃑� 𝑛 − �⃑⃑� 𝑛−1 is the difference between the current and the prior model. The gradient is used 

to update the search direction in the model space. The penalty function is then minimized along 

this direction (by an iterative application of the forward operator) and afterwards the gradient is 

recomputed (Egbert & Kelbert, 2012).The algorithm continues until a predefined (target) RMS is 

reached. If the decrease of the RMS between two iterations is too small (< 0.005 by default), the 

trade-off parameter 𝜆 and hence the size of the search step in the model space is decreased. 

 

6.2 Inverting for the CART, the RT and the RPT 

The findings from chapter 2.3 demonstrate that the CART (𝝆𝑎) and the RPT (𝝓𝑎) have a high 

sensitivity to horizontal and vertical resistivity gradients. This might be of benefit in 3-D inversion 

schemes, especially for the resolution of horizontal and vertical boundaries. To test this hypothesis, 

the new tensors are incorporated into the 3-D inversion code ModEM (cf. chapter 6.1). The focus 

of this study is the comparison with the MT response tensor (𝒁) and PT (𝝓) inversion results for 

the well-investigated synthetic 3-D oblique conductor model (Ledo, 2006; Tietze et al., 2015). 

6.2.1 ModEM Adaption, Inversion Setup and Data Errors 

Besides including the calculation of the forward response, it is necessary to include the calculation 

of the data sensitivities for the new tensors, i.e., the change in the theoretical response with respect 

to changes in the model resistivity (defining the Jacobi-Matrix 𝑱). Similar to the calculation of PT 

sensitivities (Patro et al., 2013; Tietze et al., 2015), the sensitivity calculations for 𝑼𝑎, 𝑽𝑎 and 𝝓𝑎 

can be accomplished using a linear combination of the MT response tensor sensitivities and the 

derivatives of 𝑼𝑎, 𝑽𝑎 or 𝝓𝑎 with respect to the real and imaginary components of 𝒁 (𝑈𝑖𝑗 and 𝑉𝑖𝑗, 

𝑖𝑗 =  1,2). The sensitivities, with respect to the electric field on the model grid (𝑒), are calculated 

using the chain rule (Tietze et al., 2015): 



6  Inversion Inverting for the CART, the RT and the RPT 

109 

 

𝜕𝜒𝑖𝑗

𝜕𝑒
=

𝜕𝜒𝑖𝑗

𝜕𝑍𝑖𝑗

𝜕𝑍𝑖𝑗

𝜕𝑒
=  

𝜕𝜒𝑖𝑗

𝜕𝑈𝑖𝑗

𝜕𝑈𝑖𝑗

𝜕𝑒
+ 

𝜕𝜒𝑖𝑗

𝜕𝑉𝑖𝑗

𝜕𝑉𝑖𝑗

𝜕𝑒
;                                                                                      (6.6) 

where 𝝌 represents either 𝑼𝑎 or 𝑽𝑎  or 𝝓𝑎. A detailed derivation of the sensitivities is given in 

Hering et al. (2019, Appendix B). 

 

Figure 6-1. Oblique conductor (3-D-) resistivity model.  

(a) Geometry, resistivity (left) and site array (right). (b) Finite-differences mesh with resistivity values for 

the calculation of the forward response in ModEM. The mesh is shown for the inner part of the model and 

only at selected surfaces. (c) Inner part of the FD mesh used for the inversion in ModEM. The mesh becomes 

coarser with depth. In the horizontal direction the grid is a factor of two coarser than the forward calculation 

grid. The resistivity of the starting model is 100 𝛺𝑚. (Figure from Hering et al., 2019) 

The oblique conductor model is composed of a regional 2-D structure, represented by two quarter-

spaces of 500 and 50 𝛺𝑚 and an oblique 3-D structure of 5 𝛺𝑚 (Fig. 6-1a). The quarter spaces are 
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located in a depth range between 0.1 and 71 𝑘𝑚, the conductor is rotated by 45° from the 𝑥-axis, 

has a dimension of 30 x 9 x 9 𝑘𝑚3
 and is located at 2.56 𝑘𝑚 depth. The model is covered by a  

100 𝑚 thick layer with a resistivity of 100 𝛺𝑚. 

For comparison with existing results, the forward response, which served as input to the inversion, 

is calculated using the ModEM forward solver. The inner model domain has a horizontal extension 

of 50 x 50 𝑘𝑚2 and is discretized by a 1 𝑘𝑚 x 1 𝑘𝑚 mesh. In the outer model, the horizontal mesh 

element size is increased by a factor of 1.2, until a total model size of 500 𝑘𝑚 is reached. In the 

vertical direction the surface cell size is 0.02 𝑘𝑚. It is increased by a factor of 1.2 to a depth of  

500 𝑘𝑚. The inner model used for the forward calculation is shown in Fig. 6-1b. Subsequently, 

the forward response is calculated for a site array of 10 x 10 sites with a site spacing of 4 𝑘𝑚  

(Fig. 6-1a). The forward response is shown (Fig. 6-2) for 𝑼𝑎, 𝑽𝑎, 𝝓𝑎 and 𝝓 at all sites for three 

representative periods (0.1 𝑠, 1 𝑠 and 100 𝑠). At 0.1 𝑠 the tensors mainly indicate a 1-D situation, 

but 2-D and 3-D effects are already present with clear splits in the principle axes of 𝑽𝑎 and 𝝓𝑎.  

𝑼𝑎 demonstrates distinctly the different resistivity values above the two quarter-spaces. The 

responses at 1 𝑠 are dominated by 2-D and 3-D effects, whilst for 100 𝑠 the horizontal 2-D structure 

becomes dominant for the entire data set.  

The inversion grid is the same as for the forward model, except for the horizontal cell spacing in 

the inner model, which is set to 2 𝑘𝑚 (Fig. 6-1c). Prior to inversion, 3% of Gaussian noise is added 

to all inversion parameters. 

In the case of field data, it is convenient to calculate tensor errors using the delta method (Efron, 

1982) under consideration of the error covariance (Booker, 2014). Nevertheless, in this synthetic 

inversion study the errors are defined relative to the individual tensor amplitudes (i.e. the 

assumption that the covariances between the real and imaginary MT tensor elements are zero, see, 

e.g., Tietze et al., 2015, Patro et al., 2013, Miensopust, 2017, Holtham & Oldenburg, 2012 or 

Egbert & Kelbert, 2012). The errors are set to 3% of |𝝓𝑖𝑗| and 3% of |𝝓𝑎,𝑖𝑗| in combination with 

an error floor of 0.03 for PT and RPT. MT response tensor errors are set to 3 % of |𝑍𝑖𝑗| in 

combination with a floor of 3 % of |𝑍𝑥𝑦 × 𝑍𝑦𝑥|
1/2

. Finally, the errors for 𝑼𝑎 and 𝑽𝑎 are defined 

to be 3% of |𝝆𝑎,𝑖𝑗|. Several empirical inversion tests yielded an optimal error floor of 5 𝛺𝑚 for 

both, 𝑼𝑎 and 𝑽𝑎.  
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Figure 6-2. Responses from the forward calculation with ModEM.  

The RT (Ua), imaginary part of the CART (Va), RPT (𝝓𝑎) and conventional PT (𝝓) are shown for 3 periods, 

0.1 𝑠, 1 𝑠 and 100 𝑠. (Figure from Hering et al., 2019) 
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6.2.2 Inversion Results 

The covariance smoothing (𝐶𝑚) is set to 0.3 in 𝑥, 𝑦 and 𝑧 directions and inversion results are 

presented for a starting model of 100 𝛺𝑚. The influence of the starting model on the inversion 

results is directly related to the model regularization scheme, which in the case of ModEM is based 

on differences between the current model and the a priori model (Siripunvaraporn & Egbert, 

2000). This is important, especially for the PT and the RPT inversions, which lack information 

about absolute resistivity values. Tietze et al. (2015) and Patro et al. (2013) concluded that 

inversion results are most accurate if the prior model resistivity is close to the regional average of 

the subsurface resistivity. Further tests concerning the prior model are not part of this study.  

The inversion results are shown (Fig. 6-3) for five different inversion input parameters: MT 

response tensor (𝒁), CART (𝝆𝑎), PT (𝝓), RPT (𝝓𝑎) and a joint inversion between RT (𝑼𝑎) and 

RPT. The inversion of 𝝆𝑎 was implemented by performing a joint inversion of 𝑼𝑎 and 𝑽𝑎. 

The results are presented for five different depth slices (0.05 𝑘𝑚, 0.9 𝑘𝑚, 2.8 𝑘𝑚, 5 𝑘𝑚 and  

15 𝑘𝑚) and a vertical profile in the strike direction of the conductor (Fig. 6-3). The PT inversion 

is similar to the result from Tietze et al. (2015) with a 100 𝛺𝑚 prior model and no vertical magnetic 

field transfer functions. As the focus is on the conductive anomaly, the results are shown in a 

smaller resistivity range.   

The inversion results are all very good and all parameters converged to the target RMS of 1.00. 

Nevertheless, there are differences in the models. The RPT and PT inversions both have difficulties 

in reproducing the resistive quarter-space, most obviously in the case of the RPT inversion. Here, 

the lack of information about the absolute resistivity causes the inversion algorithm to generate a 

conductor close the surface the upper left part of the model space) to reproduce the resistivity 

gradient observed in the RPT and PT responses. The high sensitivity of the RPT seems to enhance 

this effect. With regard to the resolution of the conductor, the RPT yields a slightly more 

homogeneous response with a stronger contrast to the 50 𝛺𝑚 quarter-space, but the differences are 

very small. For an inversion with the MT response tensor (𝒁), the quarter-spaces are well-resolved, 

but the upper surface (2.8 𝑘𝑚 depth) is not well-defined. This is better for the inversion using 𝝆𝑎, 

but here the 50 𝛺𝑚 quarter-space at depth (15 𝑘𝑚 slice) produces resistivity values that are too 

high. The resolution of the lower boundary of the conductor is more distinct for an inversion on 𝝆𝑎 

compared with one on 𝒁. This can be seen in the vertical profile, where the distinction between the 
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conductor and the underlying quarter-spaces is closer to a horizontal boundary for the inversion 

with 𝝆𝑎. On the other hand, the thickness of the conductor is underestimated by the inversion  

Figure 6-3. Inversion results from a starting model of 100 Ω𝑚.  

The left column shows the original model, the other columns show results for inversions with 

different input parameters. The rows contain the model resistivity at different depths slices and 

along a vertical depth section whose location is indicated by the dashed line. (Figure from Hering et 

al., 2019) 
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with 𝝆𝑎; this coincides with an underestimation of the absolute resistivity value of the conductor 

so producing a conductance close to the true conductance value. The CART results are in good 

agreement with the stronger response to horizontal boundaries for 𝝆𝑎 compared to 𝜌𝑎,𝑍  

(chapter 2.3.1).  

The best inversion result is achieved by a joint inversion of 𝑼𝑎 with 𝝓𝑎. The quarter-spaces are 

reproduced, the boundaries of the conductor are well defined (vertically and horizontally) and the 

location of the lower boundary is in very good agreement with the true model. Here, the strong 

response to horizontal boundaries in the amplitude information in 𝑼𝑎 complements the high 

sensitivity of 𝝓𝑎 to vertical resistivity boundaries (chapter 2.3.3). 

The quality of each inversion is expressed by 𝐿𝜌, i.e. the differences between the logarithmic 

resistivities of the inversion model (𝜌𝑖𝑛𝑣) and the true model (𝜌𝑡𝑟𝑢𝑒):  

𝐿𝜌 = √
∑ (log10(𝜌𝑖𝑛𝑣,𝑖) − log10(𝜌𝑡𝑟𝑢𝑒,𝑖))2 𝑁

𝑖=1

𝑁
                                                                                   (6.7) 

with 𝑖 = 1:𝑁 for inversion cells located in the inner (50 x 50 x 80 𝑘𝑚3) model domain. It yields a 

value of 0.316 in case of the inversion for 𝑼𝑎 together with 𝝓𝑎, which is superior to the results 

from 𝒁 (0.344), 𝝆𝑎 (0.344), 𝝓 (0.384) and also 𝝓𝑎 (0.425). 

A visual interpretation of the inversion results (Fig. A-19 in the Appendix) demonstrates the 

deviation of the inversion models (𝜌𝑖𝑛𝑣) from the true model (𝜌𝑡𝑟𝑢𝑒) for each inversion cell by 

calculating: 

𝛥𝜌 =
log10(𝜌𝑖𝑛𝑣) − log10(𝜌𝑡𝑟𝑢𝑒) 

log10(𝜌𝑡𝑟𝑢𝑒)
∙ 100                                                                                               (6.8) 

The inversions were calculated on a server with 2 CPUs (12 cores @ 2 𝐺𝐻𝑧) and 96 𝐺𝐵 internal 

memory. Computation times ranged between 20 ℎ for an inversion on 𝒁 and 27 ℎ for 𝝆𝑎. The 

convergence performance and count of NLCG iterations of the different input parameters 

demonstrates (Fig. 6-4) that an inversion on 𝒁 is more efficient than all other inversion parameters. 

ModEM offers several methods for tuning the inversion process and the default settings are 

optimized for an inversion on 𝒁. Nevertheless, the convergence of the new tensors is good and 

there may be room for improvement in the future.  
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Figure 6-4. Convergence performance for the synthetic inversion studies. 

The left plot shows the number of NLCG iterations for the five different inversion approaches. The 

inversion with the MT response tensor (𝒁) is most efficient and takes less than 30 iterations. 𝝓𝑎 

and 𝝓 are equally efficient (32 iterations), the inversions for 𝑼𝑎 with 𝝓𝑎 and for the CART (𝝆𝑎) 

take the longest (40 and 41 iterations). The right plot shows the convergence performance for the 

five approaches. (Figure from Hering et al., 2019) 

The data fit (Fig. 6-5) is shown at three periods (0.1 𝑠, 1 𝑠 and 100 𝑠) and refers to the joint inversion 

of 𝑼𝑎 and 𝝓𝑎, the inversion of 𝝆𝑎 (𝑽𝑎 is shown) and the inversion of 𝝓. The overall fit is very 

good and is mostly restricted to slight deviations in the major axis direction and some major axis 

errors for 𝑽𝑎 at 1 𝑠 exceeding 5%. In addition, the inversion responses are shown in the Appendix 

(Fig. A-20) and can be directly compared with the tensors in Fig. 6-2. 

The previous results show a distinct improvement in resolving the boundaries of the conductive 

anomaly using the new tensors. Nevertheless, there are several aspects which need to be 

investigated in future work, such as more complex canonical models with two overlying conductors 

to explore the resolution of their upper and lower boundaries. There is the application to real (noisy) 

data sets and the incorporation of the distortion theory in Brown (2016) with the associated 

possibility of variable background resistivity for optimized starting models.  
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Figure 6-5. Data fit for the synthetic inversion studies. 

The misfit plots of 𝑼𝑎and 𝝓𝑎 refer to the joint inversion of 𝑼𝑎and 𝝓𝑎 and the plots of  𝑽𝑎 to the 

inversion on 𝝆𝑎. The visualization of the tensor misfit is elucidated in chapter 5.3. (Figure from 

Hering et al., 2019) 
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6.3 Incorporation of Topography in ModEM 

ModEM uses one FD grid for all frequencies and all sites. Similar to the forward modelling in 

chapter 5.1, the grid is divided in an outer and an inner domain. The extensions of the outer domain 

are chosen to be 6𝛿𝑚𝑎𝑥 × 6𝛿𝑚𝑎𝑥 × 3𝛿𝑚𝑎𝑥 (𝑁𝑜𝑟𝑡ℎ, 𝐸𝑎𝑠𝑡, 𝑧). For the Ceboruco data, the maximum 

period in the inversion is 200 𝑠 and the starting model is 100 𝛺𝑚. The maximum skin depth (𝛿𝑚𝑎𝑥) 

is therefore 70 𝑘𝑚 and the total grid dimension yields 420 𝑘𝑚 x 420 𝑘𝑚 x 210 𝑘𝑚 (Fig. 6-6a left 

Figure 6-6. ModEM FD grid for the inversion of the Ceboruco data. 

(a) Cross-sections through the outer (left) and inner (right) model grid for the inversion of the Ceboruco 

data. The starting model has a homogeneous resistivity of 100 𝛺𝑚. (b) Left: Horizontal cross section  

(at 𝑧 = 0 𝑘𝑚) through the starting model. Station locations are marked by the cyan triangles. Right: Vertical 

cross section (at 0 𝑘𝑚 northing) through the starting model. The high-resolution topography data (GMRT, 

Ryan et al., 2009) is interpolated on the FD grid. The thickness of the 30 topography layers is 50 𝑚, the 

horizontal cell size is 230 𝑚.  
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plot). The horizontal extensions of the inner domain are 1.1 times the maximum distance between 

two sites in N-S and in E-W direction (9.75 𝑘𝑚 x 12 𝑘𝑚) (Fig. 6-6b left plot). The inner grid 

elements have a size of 230 𝑚 in horizontal direction. Outside, they increase by a factor of 1.5 until 

the total model extension of 420 𝑘𝑚 is reached. In vertical direction the size of the first layer (which 

is at 𝑧 = 790 𝑚) is 150 m. With increasing depth, the thickness increases by a factor of 1.15 till the 

maximum depth of 210 𝑘𝑚. 

To include topography, 30 additional horizontal layers are added. The vertical grid element size is 

50 𝑚 for all layers. Then, the high-resolution topography model of the Ceboruco volcano (cf. 

chapter 5.1) is interpolated on the ModEM FD grid. Cells below the interpolated topography 

surface are assigned the homogeneous half-space resistivity of 100 𝛺𝑚. Above the surface, cells 

are allocated a fixed resistivity of 1010  𝛺𝑚 (air) (cf. Fig. 6-6b, right plot). 

Using finite-differences, a smooth slope has to be modelled as a sequence of steps. Müller & Haak 

(2004) show that stations should be located at a sufficient distance to those steps to avoid influences 

from singular edge points and lines on the modelled EM field response. It is therefore necessary to 

smooth the topography model in the vicinity of measurement sites and to ensure that each station 

preserves a distance of two grid lengths from vertical boundaries. Additionally, the thickness of 

the topography layers has an influence on the results. A sufficient condition to replace a continuous 

function by a discrete one is (Müller & Haak, 2004, following Mackie et al., 1994): 

|𝑘|𝑧 < 0.3                                                                                                                                                 (6.9𝑎) 

|𝑘| < √2𝜔𝜇𝜎 =
2

𝛿
                                                                                                                                  (6.9𝑏) 

Here, 𝑘 is the period-dependent propagation constant, 𝛿 is the skin depth and 𝑧 the thickness of the 

topography layers. The equation determines a minimal period (or a minimal 𝑧) for which a discrete 

topography model yields a sufficient approximation of the true topography model response for a 

given conductivity 𝜎. For a resistivity of 100 𝛺𝑚 and a layer thickness of 50 𝑚, the minimal period 

is ~0.0045 s (220 𝐻𝑧). 

The discretization of the Ceboruco model in Figure 6-6 results in 342.000 FD elements. This 

proves to be the maximum model grid size to calculate an inversion on the available servers  

(96 GB internal memory). Increasing the grid resolution is therefore not an option. 
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Figure 6-7. Comparison of the forward response from COMSOL and ModEM. 

Comsol (left column) and ModEM (center column) forward response and misfit (right column) for a period 

of 0.0012 𝑠 (840 𝐻𝑧). Both models included the topography of the Ceboruco volcano above a 100 𝛺𝑚 half-

space. From top to bottom: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓) and induction vectors. The tensor responses are 

shown for stations BB20, HFF-2, BBF-3, LF22, BB12, BB15, HF8, LF18, BB23, BB7, HF24, BB6, BB21, 

LF3, BB4, LF5, HFF-1, BB1, HF2 and BBF-5. Induction vectors are shown for all 25 sites. Deviations are 

most significant for the phase tensors (PT and RPT) and mainly affect stations at higher elevations. (Terrain, 

map and elevation data from Google Earth.) 
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To investigate the effects from the deficient FD discretization of the topography on periods smaller 

than 0.0045 𝑠, the forward response from ModEM is compared to a forward calculation in COMSOL 

for periods between 10-4 and 10-2 𝑠. The results show that the deviations are small for periods above 

10-3 𝑠. In Figure 6-7 the differences between the FD (ModEM) and the FE (COMSOL) approach are 

visualized for a period of 0.0012 𝑠 (840 𝐻𝑧). Deviations are mainly observed in the phase response 

(PT and RPT) and for stations close to significant topography gradients (on the volcano). The 

induction vectors are generally very consistent for both methods. This implicates that the effect 

form the singular grid edges is more severe for the electric field than for the magnetic field. 

The effect from the discretization on the resistivity model can be tested by an inversion of the 

COMSOL forward response. The inversion is calculated for the full MT response tensor (𝒁) and 

induction vectors (�⃑� ) for six periods between 10-3 and 10-2 𝑠, using the model grid from  

Figure 6-6 and a covariance smoothing of 0.3 in all spatial directions. The errors for 𝒁 are defined 

similar to chapter 6.2.1, induction vector errors are set to an absolute value of 0.02 (Tietze et al., 

2015). The results in Figure 6-8 show that the inversion creates small near-surface resistivity 

anomalies to explain the COMSOL data (final RMS: 1.00). If the FD approach would perfectly match 

with the FE modelling, the final inversion model should equal a homogeneous half-space. 

However, the structures are very small compared to the final resistivity model in chapter 6.4 (the 

color-bar range is the same as for the inversion results in Fig. 6-10). 

 

Figure 6-8. Effects from the FD topography discretization on the resistivity model. 

Results from an inversion of the COMSOL forward response for six periods between 10-3 and 10-2 𝑠. Shown 

are two cross-sections in E-W (left, northing = 0 𝑘𝑚) and N-S (right, easting = 0 𝑘𝑚) direction. The 

inversion produces small near-surface anomalies in the volcanic edifice to fit the COMSOL data.  
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In Figure 6-9 the inversion was tested for a synthetic topography model including a conductive 

layer at shallow depth. Inversion results (Fig. 6-9b) are shown for an inversion on 𝑼𝑎 with 𝝓𝑎and 

an inversion on 𝑼𝑎 with 𝝓𝑎 including induction vectors (�⃑� ). It becomes very clear that the inclusion 

of induction vectors improves the resolution of the upper and lower boundary of the conductor. A 

description of the forward model and the inversion parameters is given in the figure caption. 

 

Figure 6-9. Inversion using a synthetic topography model. 

(a) Left: The model for the forward calculation includes a 3-D sinusoidal topography (resistivity 1000 𝛺𝑚), 

a conductive layer (10 𝛺𝑚, 750 𝑚 thick) at 500 𝑚 depth and a homogeneous half-space of 100 𝛺𝑚. The 

forward response is calculated between 10-4 and 1 𝑠 (two periods per decade). Right: Inner inversion model 

grid. The starting model has a resistivity of 100 𝛺𝑚. The site distribution is shown by the cyan triangles 

(289 sites, 1 𝑘𝑚 site distance). The location of the topography is indicated by the blue isolines. The 

covariance smoothing is 0.2 in all directions. (b) Left: results from an inversion on 𝑼𝑎 with 𝝓𝑎 (RMS: 1.00). 

Right: Results from an inversion on 𝑼𝑎 with 𝝓𝑎 and �⃑�  (RMS: 1.00). The inclusion of induction vectors 

clearly improves the resolution of the upper and lower boundary of the conductor. 
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6.4 Inversion Results for the Ceboruco Data 

In this chapter inversion results for the Ceboruco data are presented for a joint inversion on 𝒁 and 

�⃑� . An inversion on 𝑼𝑎 with 𝝓𝑎 and �⃑�  is shown in the Appendix (Fig. A-30). The results from both 

inversions are very similar, although 𝑼𝑎 with 𝝓𝑎 and �⃑�  yields a slightly more homogeneous model 

and has a more rapid convergence. The anisotropic forward model in chapter 7.1 builds on the 

inversion on 𝒁 & �⃑� , which is why the corresponding results are shown in the main body (the 

inversion on 𝑼𝑎, 𝝓𝑎 & �⃑�  was calculated at a later stage). 

Inversion errors for the Ceboruco data are defined by the errors derived during data processing (cf. 

chapter 4.2.4). However, large parts of the data set have a high data quality (especially the short-

period data) and feature very small errors. Hence, the leverage on the inversion will be very high 

and the algorithm will overfit the data. To account for very small data errors, a lower threshold is 

defined in accordance with the definition of the errors for the synthetic data in chapter 6.2.1. In 

case of 𝒁 this implies an error floor of 3 % of |𝑍𝑖𝑗| that is assigned to the statistical data errors. 

Additionally, a floor of 3 % of |𝑍𝑥𝑦 × 𝑍𝑦𝑥|
1/2

 is used for the diagonal components. For the 

induction vectors a constant error floor of 0.02 is applied. 

The inversion is calculated from the starting model shown in Figure 6-6, using a covariance 

smoothing of 0.3 in 𝑥-, 𝑦- and 𝑧-direction. Driven by the findings in chapter 6.3, periods between 

10-3 and 118 𝑠 (3 target periods per decade) are inverted. The final model requires 45 iterations and 

yields an RMS of 1.05. 

The resistivity model (Fig. 6-10) is visualized by seven depth slices (1.2 𝑘𝑚, 0.6 𝑘𝑚, -0.8 𝑘𝑚,  

-2 𝑘𝑚, -4.4 𝑘𝑚, -8.2 𝑘𝑚 and -10 𝑘𝑚) and two vertical depth sections (at 0 𝑘𝑚 northing and 0 𝑘𝑚 

easting). The volcanic edifice features a conductive anomaly (minimum 3 𝛺𝑚), embedded in a 

resistive environment (up to 10 𝑘𝛺𝑚) (see depth slice at 1.2 𝑘𝑚 or vertical profiles). The anomaly 

is required to match the large observed induction vectors and the strong PT and RPT response, 

which are not exclusively related to topographical effects (cf. chapter 5.3). At 0.6 𝑘𝑚 the model 

reveals several zones of high conductivity (minimum 2 𝛺𝑚) which are located beneath the 

measurement sites. With increasing depths (-0.8 𝑘𝑚 and -2 𝑘𝑚) the model becomes more 

homogeneous and comprises a conductive layer with resistivities between 10 and 50 𝛺𝑚. 

Additionally, starting from 2 𝑘𝑚 depth, a resistive structure (~500 𝛺𝑚) is observed in the north-
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western part of the model. At -4.4 𝑘𝑚 and -8.2 𝑘𝑚 the conductor vanishes and resistivity structures 

are primarily located in the outer model domain. This becomes most obvious for the depth slice at 

Figure 6-10. Resistivity model of the Ceboruco (joint inversion on 𝒁 & �⃑� ). 

The resistivity model is visualized by seven depth slices (at 1.2 𝑘𝑚, 0.6 𝑘𝑚, -0.8 𝑘𝑚, -2 𝑘𝑚, -4.4 𝑘𝑚, -8.2 

𝑘𝑚 and -10 𝑘𝑚) and two vertical depth sections (at 0 𝑘𝑚 northing and 0 𝑘𝑚 easting). Site locations are 

marked by cyan triangles and the topography is shown by the isolines. The model features a conductive 

anomaly in the volcanic edifice (depth slice at 1.2 𝑘𝑚) and a conductive layer between 0.8 𝑘𝑚 and approx.. 

-2 𝑘𝑚 depth. Towards greater depths, the structures beneath the volcano vanish and the inversion algorithm 

creates strong resistivity contrasts far outside the measurement area (the depth slice at -10 𝑘𝑚 has a 

horizontal extension of 200 𝑘𝑚 x 200 𝑘𝑚; red square: measurement area). 
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10 𝑘𝑚. Here, the inversion algorithm creates large resistivity contrasts within a 200 𝑘𝑚 x 200 𝑘𝑚 

area, where all structures are outside of the measurement area.  

Using the MT method, it is generally difficult to resolve absolute thickness and resistivity values 

(Weidelt, 1985). Hence, the lower boundary and the absolute resistivity of the conductive layer 

between 0.8 𝑘𝑚 and -2 𝑘𝑚 can vary. The position of the upper boundary should be more accurate. 

However, it is unclear if (and how) the zones of high conductivity are connected (cf. depth slice at 

1.2 𝑘𝑚). For short periods, and hence small investigation depths, the inversion is insensitive to 

areas with greater distance between the measurement sites. To obtain a more accurate near-surface 

resistivity model, the station covering has to be much finer. Due to the difficult terrain, especially 

on the flanks of the volcano, this was not feasible (cf. chapter 3.2.2). It is also very difficult to 

verify if the conductive anomaly in the volcanic edifice is really separated from the conductive 

layer (as suggested by the vertical profiles). On the other hand, the data quality in the associated 

period range is extraordinarily high, the station covering on the volcano is very dense (10 stations 

in the inner and outer caldera) and the joint inversion on 𝑼𝑎, 𝝓𝑎 & �⃑�  (Fig. A-30) also reveals two 

separated conductors.  

The overall data fit of the inversion is very good. Figures A-21 – A29 (Appendix) show a 

comparison between the data response from the inversion and the observed data for all 25 stations. 

Especially, the short periods between 103 and 1 𝑠 are perfectly matched. This is demonstrated by 

the spatial MT response for a period of 0.0055 𝑠 (Figure 6-11). For longer periods the data fit is 

still good, but starting from approximately 10 𝑠 the inversion systematically underestimates the 

minor axes of the RT and overestimates the major axes of the PT and the RPT. This is shown in 

Figure 6-12 for a period of 55 𝑠.  

The inversion algorithm creates large scale resistivity contrasts, reaching far outside the 

measurement area (see Fig. 6-10, depth slice at 10 𝑘𝑚), to fit the long-period data. This is necessary 

since otherwise the large split in the tensor principal axes (RT, PT and RPT), which coincides with 

very small induction vectors, is not explainable by an isotropic model. However, the resistivity 

contrasts are unrealistically high, the symmetry of the structures is suspicious and still the match 

with the observed data is inadequate. 
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Figure 6-11. Ceboruco inversion: Spatial data response for a period of 0.0055 𝑠. 

Inversion (left column) and observed (center column) data response and misfit (right column) for a period 

of 0.0055 𝑠 (181 𝐻𝑧). From top to bottom: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓) and induction vectors. The tensor 

responses are shown for stations BB20, HFF-2, BBF-3, LF22, BB12, BB15, HF8, LF18, BB23, BB7, HF24, 

BB6, BB21, LF3, BB4, LF5, HFF-1, BB1, HF2 and BBF-5. Induction vectors are shown for all 25 sites. 

The observed data is (almost) perfectly matched by the inversion. (Terrain, map and elevation data from 

Google Earth.) 
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Figure 6-12. Ceboruco inversion: Spatial data response for a period of 55 𝑠. 

Inversion (left column) and observed (center column) data response and misfit (right column) for a period 

of 55 𝑠. From top to bottom: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓) and induction vectors. The tensor responses are 

shown for stations BB20, HFF-2, BBF-3, LF22, BB12, BB15, HF8, LF18, BB23, BB7, HF24, BB6, BB21, 

LF3, BB4, LF5, HFF-1, BB1, HF2 and BBF-5. Induction vectors are shown for all 25 sites. The inversion 

systematically overestimates the minor axes of 𝑼𝑎 and underestimates the major axes of 𝝓𝑎 and 𝝓. 

Induction vectors are fitted very well. (Terrain, map and elevation data from Google Earth.)
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7 FINAL MODEL 

The processing (chapter 4.3) and inversion results (chapter 6.4) of the Ceboruco data strongly 

suggest influences due to electrical anisotropy for periods longer than 10 𝑠. To test this hypothesis, 

the inversion results are incorporated in COMSOL and the model is extended by an anisotropic layer 

at greater depth (chapter 7.1). In chapter 7.2 the final resistivity model is discussed in a geological 

context. 

 

7.1 An Additional Anisotropic Forward Model 

If a  phase split (e.g. between the PT or RPT principal axes) occurs within a certain frequency 

range, this can either be due to a conductivity anomaly or due to anisotropy in combination with a 

conductivity contrast in vertical direction (e.g. an isotropic layer covering the anisotropic medium) 

(Heise et al., 2006). In the first case the phase split varies spatially, depending on the distance and 

the location to the conductivity anomaly. In addition, the vertical magnetic field response 

(induction vectors) differs from zero, especially above the lateral boundaries of the anomalous 

body. In contrast, for an anisotropic case the induction vectors vanish and the phase split is spatially 

constant. The second case does not necessarily indicate bulk anisotropy as the electrical properties 

of the anomalous structure might vary on a small scale which cannot be resolved by the MT method 

and thus resembles an anisotropic behavior (e.g. thin vertical layers at greater depth) (Wannamaker, 

2005; Häuserer and Junge, 2011).  

The processing results from the Ceboruco data feature a spatially constant phase split and 

coincidently small induction vectors for periods between 10 and 100 𝑠 (cf. Fig. 4-15).  Furthermore, 

the inversion creates resistivity structures far outside the measurement area (cf. Fig. 6-10), which 

is the only way to fit the long-period data by an isotropic model. The resulting resistivity contrasts 

are extremely high (~1:700), but yet they do not entirely reproduce the observed data (cf.  

Fig. 6-12). Those findings are all strong indicators for electrical anisotropy.  
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The observed data response at 55 𝑠 (Fig. 4-15) is similar to that of the canonical anisotropic 3-D 

model from chapter 2.3.4 (see Fig. 2-17b, 46.5 𝑠). Consequently, the fit for the long-period 

Ceboruco data might be improved by an additional anisotropic layer. This hypothesis is tested by 

incorporating the inversion results (Fig. 6-10) in the COMSOL environment. To exclude influences 

from the longest periods (> 10 𝑠), the large resistivity structures in the outer domains of the 

inversion model are removed. For this purpose, the outer inversion cells (outside a 40 𝑘𝑚 x 40 𝑘𝑚 

area) are assigned fixed resistivity values of 100 𝛺𝑚. Afterwards, the inversion is recalculated for 

periods between 10-3 and 10 𝑠, using the modified inversion model as a starting model (same data 

errors, covariance smoothing 0.3, final RMS: 1.05). The resulting model fits the short periods (up 

to 10 𝑠) and excludes resistivity structures outside the innermost 40 𝑘𝑚 x 40 𝑘𝑚. Subsequently, 

the resistivity values of the inversion cells are used as support points for the COMSOL resistivity 

model (cf. chapter 5.1). The anisotropic layer is included as a COMSOL geometry (not by support 

points). The model additionally features the high-resolution topography data of the Ceboruco 

volcano (see Fig. 5-1); the model discretization is the same as in Figure 5-2.  

Table 7-1. Different parameters for the anisotropic layer. 

The properties of the anisotropic layer (depth, 𝜌𝑥 and 𝜌𝑦) are determined by comparing the normalized RMS 

for ten different forward models. The strike is obtained from the orientation of the PTs. 

 Depth [ km ] 𝝆𝒙 [ Ωm ] 𝝆𝒚 [ Ωm ] 𝝆𝒛 [ Ωm ] Strike 𝜶 [ ° ] 𝒏𝑹𝑴𝑺 

Model 1 8 3 100 3 20 2.07 

Model 2 9 3 100 3 20 1.85 

Model 3 10 3 100 3 20 1.62 

Model 4 11 3 100 3 20 1.70 

Model 5 12 3 100 3 20 1.73 

Model 6 10 3 90 3 20 1.58 

Model 7 10 3 80 3 20 1.51 

Model 8 10 3 70 3 20 1.65 

Model 9 10 1 80 1 20 1.38 

Model 10 10 0.5 80 0.5 20 2.13 
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To determine the properties of the anisotropic layer, ten forward calculations with varying depth 

of the upper boundary and different anisotropy principal axes (𝜌𝑥, 𝜌𝑦 and 𝜌𝑧) are calculated  

(Table 7-1). The strike of the anisotropy is defined by the orientation of the PT, which is less 

sensitive to 3-D structures (less sensitive skew, cf. chapter 2.3.4 and 4.3). The resistivity in 𝑧-

direction equals the more conductive horizontal anisotropy axis (in this case 𝜌𝑥) and the anisotropic 

layer reaches to a depth of 40 𝑘𝑚 (the lower boundary is not observed by the measurement data). 

Then, response functions are calculated for periods between 1 and 100 𝑠 (3 target periods per 

decade) and the normalized RMS (𝑛𝑅𝑀𝑆) is obtained according to: 

𝑛𝑅𝑀𝑆 = √(𝑁 − 1)−1 ∑ (
𝑑𝑜𝑏𝑠,𝑗 − 𝑑𝑚𝑜𝑑,𝑗

𝑒𝑗
)

2𝑁

𝑗=1
                                                                             (7.1) 

 

where 𝑁 is the number of data, 𝑒 the data error and 𝑑𝑜𝑏𝑠 and 𝑑𝑚𝑜𝑑 the observed and modelled data 

response, respectively. For the calculation of the normalized RMS, only the phase tensor 

components (𝜙11, 𝜙12, 𝜙21 and 𝜙22) and induction vectors are considered. The resistivity (e.g. the 

RT) is neglected because it is highly influenced by overlaying resistivity anomalies, as for example 

near-surface structures. This is important, especially since the discretization of the topography is 

different in ModEM and COMSOL (cf. chapter 6.3, Fig. 6-8). The best model (Model 9, 𝑛𝑅𝑀𝑆 of 

1.38) comprises an anisotropic layer at 10 𝑘𝑚 depth with anisotropic resistivities of 1 𝛺𝑚 in north-

direction (𝜌𝑥) and 80 𝛺𝑚 in east-direction (𝜌𝑦), rotated by 20° (i.e. clockwise). A 3-D plot of the 

final resistivity model is shown in Figure 7-1. In Figure A-31 (Appendix), the model is visualized 

by 7 depth slices and 2 vertical profiles. 

The data fit of the anisotropic forward model is shown in Figure 7-2 for a period of 55 𝑠. Compared 

to the isotropic inversion (Fig. 6-12), the fit for the PT and the RPT is significantly improved. This 

is not the case for the RT. However, the misfit of 𝑼𝑎 is no longer systematic and is partly related 

to near-surface anomalies from the inversion results, biasing the COMSOL forward response. 

Additionally, there are certain 3-D effects, which are not reproduced by the model. This is reflected 

in the induction vector response, which is too small compared to the observed data (the observed 

induction vectors at 55 𝑠 are very small, but they are not absent). For a period of 5.5 𝑠 (Fig. A-32, 

Appendix) the anisotropic layer worsens the data response (compared to the isotropic inversion) 
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and the absence of a 3-D structure is more obvious. Here, also the modelled PT and RPT differ 

distinctly from the observed data, where negative RPT major axes indicate influences from a 

resistor. The missing resistivity structures can either be some larger anomalies close to the 

measurement area, or the anisotropic domain itself includes vertical boundaries (is not a layer).  

The overall data fit of the inversion is superior to that of the anisotropic model. However, the latter 

provides a more realistic explanation of the measurement data (the resistivity contrast is only 1:80). 

Moreover, the misfit is not systematic and there is room for an improved forward model. 

Figure 7-1. An anisotropic model for the Ceboruco volcano. 

To a depth of 10 𝑘𝑚 the model comprises the inversion results from section 6.4 (without the large scale 

resistivity structures in the outer model domains, see text). At 10 𝑘𝑚 depth an anisotropic layer is included, 

reaching to a depth of 40 𝑘𝑚 (below is a 100 𝛺𝑚 background). The anisotropic resistivities are  

1 𝛺𝑚 in north-direction (𝜌𝑥) and 80 𝛺𝑚 in east-direction (𝜌𝑦), rotated by 20° (i.e. clockwise). 
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Figure 7-2. Anisotropic forward model: Spatial data response for a period of 55 𝑠. 

Anisotropic forward model (left column) and observed (center column) data response and misfit (right 

column) for a period of 55 𝑠. From top to bottom: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓) and induction vectors. The 

tensor responses are shown for stations BB20, HFF-2, BBF-3, LF22, BB12, BB15, HF8, LF18, BB23, BB7, 

HF24, BB6, BB21, LF3, BB4, LF5, HFF-1, BB1, HF2 and BBF-5. Induction vectors are shown for all 25 

sites. Compared to the isotropic inversion (Fig. 6.12), the fit of the PT and the RPT response is significantly 

improved and the misfit of the RT response is not systematic anymore. The modelled induction vectors are 

too small and indicate a missing 3-D structure. (Terrain, map and elevation data from Google Earth.) 
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7.2 Discussion and Geological Interpretation 

At first, the upper (isotropic) part of the final resistivity model (Fig. 7-1) is discussed.  

Several materials may explain zones of high conductivity in volcanic settings. Magma and partial 

melt are highly conductive and are expected to be present in case of an active volcano. Additionally, 

geothermal reservoirs beneath volcanos are associated with mineralized fluids (high concentrations 

of dissolved salts) and clay mineral alterations, which both coincide with significantly increased 

conductivities (see, e.g., Hogg et al., 2018 or Muñoz, 2014). In general, geothermal systems can be 

categorized in systems where 

magma is presents and such 

where it is absent (Muñoz, 

2014). Magmatic geothermal 

reservoirs include convective 

hydrothermal (water or steam 

dominated), hot dry rock or 

partial melt systems, whilst 

non-volcanic reservoirs are 

related to hot fluids in 

sedimentary or crystalline 

rocks (Muñoz, 2014, following 

Meju, 2002). Most of the 

hydrothermal systems are 

associated with alteration 

processes due to an interaction 

between rock material and 

hydrothermal fluids. Here, high 

temperatures coincide with 

strong alteration and high 

conductivities. The alteration 

usually results in the formation 

of clay minerals, such as 

Figure 7-3. Geological profile and the final resistivity model. 

(a) Geological profile of the Ceboruco volcano (modified form 

Nelson, 1986). The profile supposes a magma reservoir at shallow 

depth. (b) Vertical profile through the final resistivity model (at 0 𝑘𝑚 

easting). The resistivity structures are in very good agreement with 

the geological profile (same scale and similar directions). Structure 

A may be representative for a magma reservoirs or partial melt 

accumulations. B might indicate a clay cap. C is representative for 

the resistive flanks of the volcano (Andesites and Dacites). 
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smectite (temperatures between 70 and 150 °𝐶), illite and/or chlorite (> 180 °𝐶) or chlorite and 

epidote minerals (220−240 °𝐶) (Muñoz, 2014; Browne, 1978). Clay minerals usually cover 

geothermal systems and are observed as a zone of high conductivity (clay cap) (e.g. Hogg et al., 

2018; Müller & Haak, 2004; Bibby et al., 1998 or Schnegg, 1997). Clay caps and adjacent 

hydrothermal systems feature typical resistivities of 1−10 𝛺𝑚 and 5−100 𝛺𝑚, respectively 

(Wright et al., 1985; Pellerin et al., 1996). Depending on the mass fraction, resistivities associated 

with magma or partial melt can vary from less than 0.1 𝛺𝑚 to more than 10 𝛺𝑚 (Heise et al., 2010; 

Müller & Haak, 2004). 

In Figure 7-3 a vertical section of the resistivity model (Fig. 7-3b) is compared to a geological 

profile of the Ceboruco volcano (Fig. 7-3a) according to Nelson (1986). The geological depiction 

of the volcano includes a (suspected) magma reservoir at shallow depth. Generally, the resistivity 

model is in very good agreement with the geological model. The andesitic and dacitic flanks of the 

volcano are highly resistive (up to 104 𝛺𝑚, structure C in Fig. 7-3b) and the location of the 

conductive anomaly (A) coincides with the suspected magma reservoir.  

Anomaly (A) has a minimal resistivity of 1.5 𝛺𝑚 and could either be related to clay or to the 

presence of magma/partial melt. However, the shape and the location of the anomaly do not 

conform to a clay cap and also the deep-exploration well (Fig. 3-2) does not give evidence for 

sediments or clays between 1 and -1 𝑘𝑚 depth. Despite an conglomeratic layer at 690 𝑚, the 

lithology of the exploration well is dominated by dacitic and andesitic lava flows. Altered rocks 

are only present above the Jalisco block at ~ -1.2 𝑘𝑚. 

Within the last 1000 years, two eruptive events at the Ceboruco formed an outer and an inner 

caldera with diameters of 3.8 and 1.5 𝑘𝑚, respectively. Geodynamic models support the 

development of shallow reaching magma-reservoirs due to caldera collapse (Corbi et al., 2015). 

The collapse involves high unloading-stress and magma overpressure and allows for magma 

pathways and dikes that reach close to the surface.  

Considering all aspects, the conductive structure (A) is more likely to be related to a 

reservoir/accumulation of magma or partial melt than to a clay cap.  

As a consequence of the extensional dynamics in the Tepic-Zocoalco rift (TZR), the different 

andesitic, rhyolitic and ignimbritic successions beneath the Ceboruco are traversed by extensive 

systems of faults and cracks. Further, the conglomeratic layer at 690 𝑚 (cf. Fig. 3-2) is expected to 

have a higher porosity than the surrounding material. Hence, anomaly (A) may act as a heat source 
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for hydrothermal fluids that circulate within a large joint system of cracks, faults and pores. This 

geothermal reservoir is observed as a conductive layer (10−50 𝛺𝑚) within the entire measurement 

area. The upper boundary of the reservoir is at approximately 800 𝑚, its lower boundary is less 

well constraint. Following Ferrari et al. (2003), the predominant direction of the large normal 

faults is defined by the regional tectonic setting (WNW-ESE). However, these faults have to be 

connected by smaller cracks and fissures since otherwise a preferred electrical conductivity 

direction would exist (electrical anisotropy is not observed at that depth).  

The conductive feature within the volcanic edifice (structure B in Fig. 7-3b) has a minimal 

resistivity of 3 𝛺𝑚 (not seen in Fig. 7-3; cf. Fig. A-31, vertical profile in east direction). Similar to 

structure (A), the conductor could be related to rising partial melts or magma. This would be in 

agreement with the observed volcanic earthquake activity (Rodriguez-Uribe et al., 2013). With 

regard to the underlying heat source (structure A), enhanced rock alteration and associated clays 

are also a plausible explanation. An impermeable clay cap would result in accumulations of 

meteoric fluids within the edifice. Considering the high temperature setting, vaporized fluids would 

conform to the large number of active fumaroles at the Ceboruco volcano.  

At greater depth, the resistivity structures are primarily located in the outer model domains. The 

resistive anomaly to the north-east (~500 𝛺𝑚, cf. Fig. A-31, depth sections at -2 and -4.4 𝑘𝑚) 

might be associated with the Sierra Madre Occidental (SMO). Unfortunately, the depth range 

relates to periods between 1 and 10 𝑠, which are poorly reproduced by the anisotropic forward 

model (cf. Fig. A-32). The modelled data response in the respective period range is influenced by 

both, 3-D effects, related to the results from the isotropic inversion, and the underlying anisotropic 

layer. Looking at the observed data, an improved model should include stronger 3-D resistivity 

contrasts, possibly within the anisotropic layer. From a geological point of view, dikes reaching 

close to the surface are essential to explain the magma reservoir at shallow depth (structure A). 

However, their impact on the MT response will only be significant if they are connected and form 

larger networks within the rock matrix. 

Additional long-period MT measurements, covering parts of the TZR, the Jalisco Block and the 

SMO, will be crucial to improve the resistivity model in the depth range between -2 and -10 𝑘𝑚. 

An enlarged observation area will likewise facilitate the clear verification of the supposed electrical 

anisotropy at 10 𝑘𝑚 depth.  
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Figure 7-4. Anisotropic properties in the context of the tectonic setting. 

The location of the Ceboruco within the Tepic-Zocoalco rift (TZR) is marked by the red dot (in the red 

square). The Ceboruco graben is part of the TZR and is shaped by several WSW-ESE striking faults. The 

orientation of the anisotropy principal axes (from the model in Fig. 7-1) is shown in the grey square. Here, 

the conductive axis is parallel to the rifting direction. This can only be explained by ductile deformation. 

(Figure modified from Ferrari & Rosas-Elguera, 2000) 

 

The geological interpretation of the anisotropic layer at 10 𝑘𝑚 depth is necessarily related the 

extensional dynamics in the TZR. According to Ferrari & Rosas-Elguera (2000), the North 

American plate drifts in north-east direction and separates from the Jalisco block, which results in 

several system of grabens, half-grabens and faults. The Ceboruco graben is defined by WSW-ESE 

striking faults and is bounded by the Jalisco Block to the SSW and the SMO to the NNE (Ferrari 

et al., 2003).  

Figure 7-4 shows the location of the Ceboruco graben and the measurement area (red square) 

within the TZR. Additionally, the modelled anisotropy principal axes are visualized, with the 



7  Final Model Discussion and Geological Interpretation 

136 

 

conductive axis pointing in NNE 

and the resistive axis in ESE 

direction. This implies that the 

conductive axis is parallel to the 

rifting direction. Consequently, the 

anisotropy is not related to fluids 

within fault systems (brittle 

deformation), but rather to ductile 

deformation and crystal alignment. 

Electrical anisotropy due to crystal 

alignment is usually associated with 

hydrous olivine in the mantle. 

However, a depth of 10 𝑘𝑚 is 

unlikely to be related to the mantle, 

although the crust in a rift system is 

expected to be thinned. Instead, the 

depth corresponds to that of 

observed magma chambers. Murru 

and Montuori (1999), for example, 

determine the depth of a large 

magma reservoir at Mt. Etna to  

~10 𝑘𝑚. The proposed geological 

setting of the Colima volcano (Spica 

et al., 2017) also includes a large 

magma reservoir at 12 𝑘𝑚 depth. In 

general, the depth of a magma chamber depends on the buoyancy of the magma and the topographic 

load, which both influence the stress-field in the subsurface. Geodynamic models from Dagoy et 

al. (2018) demonstrate that for a topographic load of 1.5 𝑘𝑚 (approx. difference in elevation at the 

Ceboruco) and a weak buoyancy (100 
𝑘𝑔

𝑚3
), rising magma would preferentially accumulate at a 

depth of ~10 𝑘𝑚. Here, the weak buoyance conforms to the moderate activity of the Ceboruco (the 

last eruption occurred 150 years ago).  

Figure 7-5. Schematic depiction of the geological setting. 

A magma chamber below 10 𝑘𝑚 depth causes ductile 

deformation of the surrounding host rock. In combination with 

the tectonic stress-field, this results in electrical anisotropy. The 

magma chamber feeds (through dikes) a smaller reservoir at 

shallow depth, which in return acts as a heat source for the 

geothermal reservoir. The upper boundary of the reservoir is at 

~800 𝑚, the exact location of the lower boundary is undefined. 
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The heat of a magma chamber in combination with the tectonic stress-field would allow for ductile 

deformation of the host rock at comparably shallow depth. On a small scale the anisotropy would 

be caused by melt inclusions that are concentrated along foliation planes within the deformed host 

rock (e.g. Wannamaker, 2005, following Sawyer, 2001). A conductivity of 1 𝛺𝑚 would require 

~10 % of aligned melt (Wannamaker, 2005). This is a very high amount, but probably not 

unrealistic in the vicinity of a large magma chamber. 

The 3-D effects in the observed long-period MT response are possibly related to the geometry of 

the Magma chamber. However, measurements in a larger area and to longer periods are essential 

for a more comprehensive model of the respective depth range.  

In Figure 7-5 the suggested geological setting of the Ceboruco volcano is summarized in a 

schematic depiction. In combination with the tectonic stress-field, a large magma chamber below 

10 𝑘𝑚 depth causes ductile deformation of the host rock, which results in electrical anisotropy. 

Dikes connect the magma chamber to a shallow magma storage, which is located beneath the 

edifice. This smaller heat source is the catalyst for a large geothermal reservoir that is observable 

as a conductive layer within the entire measurement area. The upper boundary of the reservoir is 

at ~ 800 𝑚, the exact depth of the lower boundary is undefined. 
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8 CONCLUSION 

In this work several essential aspects of the MT method are combined to obtain a comprehensive 

image of the subsurface resistivity structures beneath the Ceboruco volcano. This includes as well 

synthetic studies to explore the fundamental physics behind the new MT apparent resistivity 

tensors, as their application to real measurement data. Further, a new data processing routine is 

presented and successfully applied to the Ceboruco data set. The final resistivity model considers 

for topographical effects, combines the results from an isotropic inversion and an anisotropic 

forward calculation and relates to an interesting geological explanation within the tectonic setting 

of the Tepic-Zocoalco rift. 

The properties of the complex MT apparent resistivity tensor (CART, 𝝆𝑎) represent a fundamental 

aspect within this thesis. The associated apparent resistivity tensor (RT, 𝑼𝑎) and resistivity phase 

tensor (RPT, 𝝓𝑎) are introduced in multidimensional environments. A synthetic 1-D model 

demonstrates that the RT and the RPT have a stronger response to vertical resistivity gradients than 

the conventional apparent resistivity and phase. In anisotropic environments, 𝑼𝑎 provides 

information about the direction of the principal axes and corresponding resistivity. In higher 

dimensional environments, vertical boundaries become significant. This is demonstrated for a 2-D 

plate model with a study of the EM fields in the TM- and the TE-mode. In the TM-mode, charges 

at the vertical surface generate a strong RPT response, which makes it a suitable measure for 

horizontal resistivity changes. Further, the skewness of 𝝓𝑎  seems to be a very clear indicator for 

three dimensionality and might provide a more distinct classification criterion than the 

conventional PT skew. If the principal axes of the PT and the RPT are not orthogonal (or parallel), 

this must be related to 3-D effects. 

The new tensors bring a significant improvement to the interpretation of MT data, as they provide 

a compact and comprehensive method to visualize amplitude and phase information contained 

within the common MT transfer functions. The distinct response to resistivity contrasts, especially 

for the RPT, allows for immediate conclusions on subsurface structures and dimensionalities prior 

to computationally expensive inversions. Additionally, this is demonstrated for the Ceboruco data 
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by visualizing the frequency and period dependent tensor responses related to observed and 

modelled MT data. 

The new tensors are successfully incorporated in the ModEM code for a synthetic inversion study 

based on an oblique conductor model. All inversion parameters converged successfully to the target 

RMS of 1.00 and have a satisfactory fit. With regard to the inversion model quality, the RPT and 

PT inversions are hampered when reproducing background resistivity values (the quarter-spaces), 

especially for the RPT. The comparison between the inversion for 𝒁 and the inversion for 𝝆𝑎 

revealed advantages for 𝒁 when reproducing the quarter-spaces but also showed the superiority of 

𝝆𝑎 when resolving horizontal boundaries. The best model is achieved for the inversion on 𝑼𝑎 with 

𝝓𝑎. Here, the high sensitivity to horizontal and vertical boundaries resulted in an excellent recovery 

of the oblique conductor and rendering of the surrounding quarter-spaces. Further, the influence 

from topography on the inversion for 𝑼𝑎 with 𝝓𝑎 is tested for a synthetic topography model above 

a 1-D layered subsurface. The resolution of the conductive layer is significantly improved if 

vertical magnetic transfer functions are included. Additionally, a joint inversion on 𝑼𝑎, 𝝓𝑎 and �⃑�  

is calculated for the Ceboruco data. The inversion has a faster convergence compared to the 

inversion on 𝒁 and �⃑�  and the final model is slightly more homogeneous. However, more 

comprehensive studies with regard to the inversion of real measurement data are necessary 

(therefore the results are only presented in the Appendix). This includes, e.g., more complex 

canonical models with two overlying conductors to explore the resolution of their upper and lower 

boundaries. 

During the field survey at the Ceboruco volcano, twenty-five MT stations were deployed in a 10 x 

10 𝑘𝑚2 area, covering the calderas and foreland of the volcano. The measured data are processed 

using a newly introduced multivariate approach, based on the eigenvalue decomposition method 

from Egbert (1997). The processing includes a robust estimation of the spectral density- and the 

noise covariance matrix and allows for locally coherent noise. Additionally, it provides a semi-

automatic algorithm, which helps to reduce influences due to regional coherent noise (the 

Eigenvalue Criterion). The effectiveness of the approach was demonstrated for synthetic and real 

MT data.  

The processing results reveal a very high data quality and a consistent data pattern for all stations. 

A conductive layer is implicated by increased RPT and PT values for periods smaller than 1 𝑠. For 
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stations ontop of the volcano, the lowest periods are dominated by topographical effects. To the 

longest periods, a spatially constant phase split that coincides with very small induction vectors is 

observed. To investigate the effects from topographical distortion on the MT response, topography 

data is included in the COMSOL modelling environment. Response functions are evaluated for a 

synthetic (sinusoidal) topography model above a uniform half-space and a high-resolution 

topography model of the Ceboruco, covering a 1-D layered subsurface. The comparison to the 

observed response functions shows that most of the low-period data (< 1 𝑠) is reproduced by this 

simple model. 

Further, the Ceboruco topography data is included in the ModEM inversion approach and the FD 

discretization is compared to the FE discretization in COMSOL. To quantify the impact from the 

deficient discretization on the final resistivity model, the forward response from COMSOL is 

inverted in ModEM. The resulting anomalies are restricted to near-surface areas and they are small 

compared to the final resistivity structures. Subsequently, a joint inversion on 𝒁 and �⃑�  is calculated 

for the Ceboruco data. The final inversion model includes a conductive structure in the volcanic 

edifice. Between 0.8 𝑘𝑚 and ~ -2 𝑘𝑚 a conductive layer is observed at all stations, although the 

location of the lower boundary is not well-defined. At greater depths, the resistivity structures 

beneath the measurement area vanish and the inversion algorithm creates large-scale resistivity 

anomalies, reaching far into the outer model domain. The data fit of the inversion is excellent (RMS 

of 1.05), but the longest periods (> 10 𝑠) feature a systematic misfit of the minor RT and the major 

RPT and PT principal axes.  

The processing and inversion results both suggest influences due to electrical anisotropy for the 

longest periods. This hypothesis is tested by an anisotropic forward model, which includes the 

inversion results and an additional anisotropic layer at 10 𝑘𝑚 depth. The anisotropic model 

significantly improves the data fit at the longest periods. On the other hand, there are certain 3-D 

effects in the observed data that are not reproduced by the model. This is primarily reflected in the 

response functions between 1 and 10 𝑠 (and also by the long-period induction vectors). The data 

fit might be improved by the inclusion of some larger anomalies close to the measurement area or 

by adding a 3-D structure to the anisotropic layer. However, additional long-period MT 

measurements will be essential to improve the model in the respective depth range. An enlarged 

observation area will also facilitate the clear verification of the supposed electrical anisotropy. 
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The overall data fit of the isotropic inversion is superior to the anisotropic forward model, but the 

latter provides a more reasonable explanation of the measurement data (the resistivity contrast is 

almost by factor 10 smaller) and the data misfit is not systematic. The geological interpretation of 

the anisotropic model relates to a (suspected) magma chamber below 10 𝑘𝑚 depth, which allows 

for ductile deformation of the host rock. Considering the extensional dynamics in the TZR, this 

results in electrical anisotropy due to aligned melts. The magma chamber feeds a smaller reservoir 

at shallow depth, which acts as a heat source for an extensive geothermal reservoir. The conductive 

feature within the volcanic edifice is likely to be related to a clay cap and/or partial melt/magma. 

Thus, high temperatures and accumulated meteoric fluids would conform to the large number of 

active fumaroles in the calderas of the Ceboruco. 
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A APPENDIX 

 

 

A-1 Field Campaign & Processing Results 

 

Table A-1. List of station parameters (Ceboruco survey). 

HF sites are highlighted in red, BB stations in cyan and LF stations in yellow. 

 Latitude  

[ ° ] 

Longitude 

[ ° ] 

Elevation 

[ m ] 

Ex 

[ m ] 

Ey 

[ m ] 

Bx 

[  # ] 

By 

[ # ] 

Bz 

[ # ] 

Station BB1 21.0828 -104.5450 1043 60 60 280 281 282 

Station HF2 21.0815 -104.4925 1146 60 60 280 281 282 

Station LF3 21.0968 -104.5544 1031 60 60 280 281 282 

Station BB4 21.0952 -104.5019 1426 47 59.3 650 651 23 

Station LF5 21.0931 -104.4806 1155 56 60 280 281 282 

Station BB6 21.1103 -104.4862 1491 55 60 650 651 23 

Station BB7 21.1174 -104.4750 1278 47 59.5 650 651 23 

Station HF8 21.1246 -104.4979 1957 55.4 57 650 651 23 

Station HF11 21.1290 -104.5047 2103 57 56 652 653 24 

Station BB12 21.1299 -104.5075 2133 60 60 652 653 24 

Station BB14 21.1308 -104.5123 2162 60 60 652 653 24 

Station BB15 21.1289 -104.5200 2082 58 60 652 653 24 

Station HF16 21.1257 -104.5038 2107 60 48 652 653 24 

Station BB17 21.1204 -104.5067 2090 100 100 652 653 24 

Station LF18 21.1210 -104.5147 2095 60 60 652 653 24 
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Table A-2. List of data sets recorded during the Ceboruco survey. 

32 𝑘𝐻𝑧 data sets are highlighted in red, 2 𝑘𝐻𝑧 data sets (or 4 𝑘𝐻𝑧 at station BB20) in blue and 512 &  

128 𝐻𝑧 data sets in green. In agreement with Table A-1, HF sites are highlighted in red, BB stations in cyan 

and LF stations in yellow. 

ADU1 BB17 - 2 kHz 

10.Nov.2016 

23:15 - 02:55 

BB17 - 32 kHz 

11.Nov.2016 

03:00 - 03:30 

BB17 - 512 Hz 

11.Nov.2016 

03:35 - 18:00 

BB20 recorded 32 kHz 

data without a reference 

site. The 32 kHz 

measurement was 

repeated at the end of the 

survey (20.Nov.). 

 

BB20 - 32 kHz 

11.Nov.2016 

17.15 - 17:45 

No reference site! 

ADU2 BB23 - 2 kHz 

10./11.Nov.2016 

19:30 - 02:55 

BB23 - 32 kHz 

11.Nov.2016 

03.00 - 03:30 

BB23 - 512 Hz 

11.Nov.2016 

03:35 - 17:23:02 

ADU3 BB20 - 4 kHz 

10./11.Nov.2016 

23:00 - 02:55 

Time shift: 697.5021 s 

 
BB20 - 512 Hz 

11.Nov.2016 

03:35 - 17:10:19 

 

ADU1 HF16 - 32 kHz 

11.Nov.2016 

20:00 - 20:30 

BB12 - 32 kHz 

12.Nov.2016 

00:00 - 00:30 

BB12 - 2 kHz 

12.Nov.2016 

00:35 - 04:35 

BB12 - 512 Hz 

12.Nov.2016 

04:40 - 18:35 

ADU2 HF8 - 32 kHz 

11.Nov.2016 

20.00 - 20:30 

BB6 - 32 kHz 

12.Nov.2016 

00:00 - 00:30 

BB6 - 2 kHz 

12.Nov.2016 

00:35 - 04:35 

BB6 - 512 Hz 

12.Nov.2016 

04:40 - 18:35 

ADU3 HFF-2 - 32 kHz 

11.Nov.2016 

20.00 - 20:30 

BBF-3 - 32 kHz 

12.Nov.2016 

00:01 - 00:30 

BBF-3 - 2 kHz 

12.Nov.2016 

00:35 - 04:35 

BBF-3 - 512 Hz 

12.Nov.2016 

03:35 - 17:00:33 

 

Station BB21 21.1589 -104.5342 1374 60 49 280 281 282 

Station LF22 21.0980 -104.4698 1225 60 60 650 651 23 

Station BB23 21.1326 -104.4802 1391 38 42 650 651 23 

Station HF24 21.1195 -104.4989 1923 100 100 650 651 23 

Station BB25 21.1152 -104.5046 1950 60 60 650 651 23 

Station HFF-1 21.1279 -104.5142 2230 60 55 653 652 24 

Station HFF-2 21.0862 -104.5051 1221 60 60 280 281 282 

Station BBF-3 21.1502 -104.5387 1429 60 60 280 281 282 

Station BBF-5 21.1416 -104.5675 1074 60 60 280 281 282 
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ADU1 HF11 - 32 kHz 

12.Nov.2016 

19:30 - 20:00 

BB14 - 32 kHz 

13.Nov.2016 

00:00 - 00:30 

BB14 - 2 kHz 

13.Nov.2016 

00:35 - 04:35 

BB14 - 512 Hz 

13.Nov.2016 

04:40 - 17:51:40 

ADU2 HF24 - 32 kHz 

12.Nov.2016 

19.30 - 20:00 

BB7 - 32 kHz 

13.Nov.2016 

00:00 - 00:30 

BB7 - 2 kHz 

13.Nov.2016 

00:35 - 04:35 

BB7 - 512 Hz 

13.Nov.2016 

04:40 - 18:35 

ADU3 HFF-1 – 32 kHz 

12.Nov.2016 

19.30 - 20:00 

BB1 - 32 kHz 

13.Nov.2016 

00:01 - 00:30 

BB1 - 2 kHz 

13.Nov.2016 

00:35 - 04:35 

BB1 - 512 Hz 

13.Nov.2016 

03:35 - 16:08:58 

 

ADU1 BB15 - 32 kHz 

13.Nov.2016 

20:45 - 21:15 

BB15 - 2 kHz 

13.Nov.2016 

21:20 - 23:55 

BB15 - 32 kHz 

14.Nov.2016 

00:00 - 00:30 

BB15 - 2 kHz 

14.Nov.2016 

00:35 - 04:35 

BB15 – 512 Hz 

14.Nov.2016 

04:40 - 18:00 

ADU2 BB4 - 32 kHz 

13.Nov.2016 

20:45 - 21:15 

BB4 – 2 kHz 

13.Nov.2016 

21:20 - 23:55 

BB4 - 32 kHz 

14.Nov.2016 

00:00 - 00:30 

BB4 - 2 kHz 

14.Nov.2016 

00:35 - 04:35 

BB4 - 512 Hz 

14.Nov.2016 

04:40 - 17:10:11 

ADU3 HF2 - 32 kHz 

13.Nov.2016 

20:45 - 21:15 

 
BBF-5 - 32 kHz 

14.Nov.2016 

00:00 - 00:30 

BBF-5 - 2 kHz 

14.Nov.2016 

00:35 - 04:35 

BBF-5 - 2 kHz 

14.Nov.2016 

04:40 - 20:55 

 

ADU1 BB25 - 32 kHz 

14.Nov.2016 

21:00 - 21:30 

BB25 - 2 kHz 

14./15.Nov.2016 

21:35 - 01:35 

BB25 – 512 Hz 

15.Nov.2016 

01:40 - 18:00 

Repetition of 32 kHz 

measurements at sites 

BB21 and BBF-5. 

BB21 - 32 kHz 

15.Nov.2016 

17:00 - 17:30 

ADU2 BB21 - 32 kHz 

14.Nov.2016 

21:00 - 21:30 

BB21 - 2 kHz 

14./15.Nov.2016 

21:35 - 01:35 

BB21 - 512 Hz 

15.Nov.2016 

01:40 - 16:41:37 

ADU3 BBF-5 - 32 kHz 

14.Nov.2016 

21:00 - 21:30 

BBF-5 - 2 kHz 

14./15.Nov.2016 

21:35 - 01:35 

BBF-5 - 2 kHz 

15.Nov.2016 

01:40 – 16:32:02 

BBF-5 - 32 kHz 

15.Nov.2016 

17:00 - 17:30 

 

ADU1 LF18 - 32 kHz 

15.Nov.2016 

21:00 - 21:30 

LF18 - 2 kHz 

15./16.Nov.2016 

21:35 - 03:35 

LF18 - 128 Hz 

16. – 20. Nov.2016 

03:40 - 20:19:21 

ADU2 LF22 - 32 kHz 

15.Nov.2016 

21:00 - 21:30 

LF22 - 2 kHz 

15./16.Nov.2016 

21:50 - 03:35:02 

LF22 - 128 Hz 

16. – 18. Nov.2016 

03:40 – 16:59:22 

ADU3 LF3 - 32 kHz 

15.Nov.2016 

21:00 - 21:30 

LF3 - 2 kHz 

15./16.Nov.2016 

21:35 - 03:35 

LF3 - 128 Hz 

16. – 18. Nov.2016 

03:40 - 16:51:17 
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ADU1 LF18 - 128 Hz 

16. – 20. Nov.2016 

03:40 - 20:19:21 

HF16 – 32 kHz 

20.Nov.2016 

23:00 - 23:30 

ADU2 LF5 - 32 kHz 

18.Nov.2016 

21:00 - 21:30 

Time shift: -17.0234 s 

LF5 - 2 kHz 

18./19.Nov.2016 

21:35 - 01:35:00 

Time shift: -17.0234 s 

LF5 - 128 Hz 

19./20.Nov.2016 

01:40 – 19:23:40 

Time shift: -17.0234 s 

BB20 – 32 kHz 

20.Nov.2016 

23:00 - 23:30 

Time shift: -16.44157 s 

Repetition of 32 kHz 

measurements. 
ADU3 LF19 - 32 kHz 

Equipment stolen 

LF19 - 2 kHz 

Equipment stolen 

LF19 - 128 Hz 

Equipment stolen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-1. Flow Chart for the 

EGSTART processing software. 
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Figure A-3. Processing results station BB1. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. The site was located in the foreland of the volcano. 

Figure A-2. Processing results 

using a different percentage of 

time windows.  

Results for the off-diagonal 

impedance tensor elements (phase 

and apparent resistivity) at Station 

LF3. In one case 80 % of the time 

windows (light and dark grey) and 

in the other case 5 % of the time 

windows are used to calculate the 

transfer functions.. Using 80 %, 

the apparent resistivity is highly 

biased in the AMT dead-band.  

 



A  Appendix Field Campaign & Processing Results  

148 

 

 

 

Figure A-4. Processing results stations HF2 and LF3. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. Both sites were located in the foreland of the volcano. 
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Figure A-5. Processing results for stations BB4 and LF5. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. LF5 was located in the foreland and BB4 in the 

foothills of the volcano. Station LF5 has low data quality (no reference site; single site processing) and 

several frequencies were not useable. 
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Figure A-6. Processing results for stations BB6 and BB7. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. BB7 was located in the foreland and BB6 (partially 

disturbed 𝐵𝑧) in the foothills of the volcano.  
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Figure A-7. Processing results for stations HF8 and HF11. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. HF8 was located in the outer caldera and HF11 in the 

inner caldera of the volcano. The electric field at station HF11 is of poor quality (very close to radio 

transmitters). 
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Figure A-8. Processing results for stations BB12 and BB14. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. Both sites were located in the inner caldera of the 

volcano. The long-period electric field is of poor quality at both sites (in case of station BB14 it was not 

usable for periods above 1 𝑠). 
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Figure A-9. Processing results for stations BB15 and HF16. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. Station BB15 and HF16 were located in the calderas 

of the volcano. The long-period electric field at station BB15 is of poor quality. 
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Figure A-10. Processing results for stations BB17 and LF18. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. Both sites were located in the inner caldera of the 

volcano. The long-period electric field is of poor quality at both sites (in case of station BB17 it was not 

usable for periods above 1 𝑠). 
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Figure A-11. Processing results for stations BB20 and BB21. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. Both sites were located in the foreland of the volcano. 

For some target frequencies 𝐵𝑧 was very noisy.  
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Figure A-12. Processing results for stations LF22 and HF24. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. Station LF22 was located in the foreland and station 

HF24 in the outer caldera of the volcano. Station LF22 was located close to a power line and the tipper 

vectors are suspicious (not used for the inversion). 
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Figure A-13. Processing results for stations BB25 and HFF-1. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. Station BB25 was located in the caldera and station 

HFF-1 in the foreland of the volcano. The long-period electric field at station BB25 was not usable and 

station HFF-1 did not record a vertical magnetic field.  



A  Appendix Field Campaign & Processing Results  

158 

 

 

 

Figure A-14. Processing results for stations HFF-2 and BBF-5. 

From left to right: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓), induction vectors and impedance tensor elements (as phase 

and apparent resistivity) in dependence of the period. Both sites were located in the foreland of the volcano, 

site BBF-5 did not record a vertical magnetic field.  
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Figure A-15. Example for power spectrum and time series at station BBF-3. 

(a) Power spectrum of the magnetic field variations at station BBF-3 (𝐵𝑥 and 𝐵𝑦). The spectrum is calculated 

from an unfiltered time series (only the antialiasing filter of the instrument is visible) recorded with a 

sampling frequency of 32 𝑘𝐻𝑧. Between 0.02 and 0.2 𝑠 Schumann resonances are observed. The few noise 

peaks are related to the 60 𝐻𝑧 power line signal. (b) Time series containing the magnetic field variations in 

north-south direction (𝐵𝑥), recorded simultaneously at stations BBF-3 and BB12 (sampled with 32 𝑘𝐻𝑧). 

The time series are filtered using a low-pass at 10 𝑘𝐻𝑧 and a high-pass at 1 𝐻𝑧. Besides the 60 Hz signal, 

the time series are high quality and individual signals are clearly observed at both sites (e.g. at 0.217 𝑠). 
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Figure A-16. Frequency dependent resistivity phase tensor (RPT) response along a profile. 

Period dependent RPT (𝝓𝑎) responses are shown for stations BB20, HFF-2, BBF-3, LF22, BB12, BB15, 

HF8, LF18, BB23, BB7, HF24, BB6, BB21, LF3, BB4, LF5, HFF-1, BB1, HF2 and BBF-5 (from left to 

right). The stations are projected on a profile, crossing the measurement area from north to south. The 

elevation of the sites is marked in the upper plot. At all stations a conductive 1-D structure is implicated by 

increased RPT values in a wide frequency range. Between 1 and 10 𝑠 several stations feature negative major 

axes and indicate influences due to a resistor. To the long-period end, a large and constant split between the 

tensor principal axes is observed. 

 

  



A  Appendix Modelling & Inversion  

161 

 

A-2 Modelling & Inversion  

 

Figure A-17. Spatial MT response for a synthetic topography model at 10 𝑠. 

Shown are the RT (top left), the PT (top right), the RPT (bottom left) and induction vectors (bottom right). 

The topography effect is purely galvanic and is only reflected in the RT response. Resistivity values are 

decreased at the peak and they are increased in the valley 
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Figure A-18. Spatial data response from the Ceboruco model for a period of 0.25 𝑠. 

Modelled (left column) and observed (center column) data and misfit (right column) for the RT (𝑼𝑎), the 

RPT (𝝓𝑎), the PT (𝝓) and induction vectors (from top to bottom). The tensor responses are shown for 

stations BB20, HFF-2, BBF-3, LF22, BB12, BB15, HF8, LF18, BB23, BB7, HF24, BB6, BB21, LF3, BB4, 

LF5, HFF-1, BB1, HF2 and BBF-5. Induction vectors are shown for all 25 sites. Generally, the modelled 

data fit the observed data very well. Nevertheless, for stations on the volcano the RT principal axes are 

systematically overestimated and the induction vectors are slightly too small. (Terrain, map and elevation 

data from Google Earth.) 
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Figure A-19. Deviation of the inversion models from the true model. 

The deviation (𝛥𝜌) of the inversion models from the true model is calculated for each inversion cell 

according to equation (6.8). Positive deviations (blue) imply that the inverted resistivity value is higher than 

the true resistivity value. (Figure from Hering et al., 2019) 
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Figure A-20. Data response for the synthetic inversion studies. 

𝑼𝑎, 𝑽𝑎, 𝝓𝑎 and 𝝓 are shown for three target periods. The plots of 𝑼𝑎and 𝝓𝑎 refer to the joint inversion of 

𝑼𝑎and 𝝓𝑎 and the plots of  𝑽𝑎 to the inversion of 𝝆𝑎. Visually the data are in very good agreement with the 

solution from the forward model (cf. Fig. 6-2). Deviations are mostly restricted to the tensor orientation 

(𝛼 − 𝛽). This is best seen in the differential plot (Fig. 6-5). (Figure from Hering et al., 2019)   
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Figure A-21. Ceboruco inversion: data response at stations BB1, HF2 and LF3. 

The inversion was calculated for 𝒁 and �⃑� . From left to right: RT, RPT, PT, induction vectors and off-

diagonal impedance phase and apparent resistivity (inv.: inversion response; obs.: observed data).  
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Figure A-22. Ceboruco inversion: data response at stations BB4, LF5 and BB6. 

The inversion was calculated for 𝒁 and �⃑� . From left to right: RT, RPT, PT, induction vectors and off-

diagonal impedance phase and apparent resistivity (inv.: inversion response; obs.: observed data).  
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Figure A-23. Ceboruco inversion: data response at stations BB7, HF8 and HF11. 

The inversion was calculated for 𝒁 and �⃑� . From left to right: RT, RPT, PT, induction vectors and off-

diagonal impedance phase and apparent resistivity (inv.: inversion response; obs.: observed data).  
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Figure A-24. Ceboruco inversion: data response at stations BB12, BB14 and BB15. 

The inversion was calculated for 𝒁 and �⃑� . From left to right: RT, RPT, PT, induction vectors and off-

diagonal impedance phase and apparent resistivity (inv.: inversion response; obs.: observed data).  
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Figure A-25. Ceboruco inversion: data response at stations HF16, BB17 and LF18. 

The inversion was calculated for 𝒁 and �⃑� . From left to right: RT, RPT, PT, �⃑�  and off-diagonal impedance 

phase and apparent resistivity (inv.: inversion response; obs.: observed data).  
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Figure A-26. Ceboruco inversion: data response at stations BB20, BB21 and LF22. 

The inversion was calculated for 𝒁 and �⃑� . From left to right: RT, RPT, PT, induction vectors and off-

diagonal impedance phase and apparent resistivity (inv.: inversion response; obs.: observed data).  
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Figure A-27. Ceboruco inversion: data response at stations BB23, HF24 and BB25. 

The inversion was calculated for 𝒁 and �⃑� . From left to right: RT, RPT, PT, induction vectors and off-

diagonal impedance phase and apparent resistivity (inv.: inversion response; obs.: observed data).  
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Figure A-28. Ceboruco inversion: data response at stations HFF-1, HFF-2 and BBF-3. 

The inversion was calculated for 𝒁 and �⃑� . From left to right: RT, RPT, PT, induction vectors and off-

diagonal impedance phase and apparent resistivity (inv.: inversion response; obs.: observed data).  
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Figure A-29. Ceboruco inversion: data response at station BBF-5. 

The inversion was calculated for 𝒁 and �⃑� . From left to right: RT, RPT, PT, induction vectors and off-

diagonal impedance phase and apparent resistivity (inv.: inversion response; obs.: observed data).  
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Figure A-30. Resistivity model of the Ceboruco (joint inversion on 𝑼𝑎, 𝝓𝑎 & �⃑�  ). 

The resistivity model is visualized by seven depth slices (1.2 𝑘𝑚, 0.6 𝑘𝑚, -0.8 𝑘𝑚, -2 𝑘𝑚, -4.4 𝑘𝑚, -8.2 

𝑘𝑚 and -10 𝑘𝑚) and two vertical profiles (at 0 𝑘𝑚 northing and 0 𝑘𝑚 easting). Site locations are marked 

by cyan triangles and the topography is shown by the isolines. Inversion errors were defined by the statistical 

data errors, including error floors according to chapter 6.2.1. The inversion was calculated for 16 periods 

between 10-3 and 118 𝑠, using a covariance smoothing of 0.3 in all spatial directions. The final model took 

35 iterations and yields an RMS of 1.05. Compared to the inversion on 𝒁 & �⃑�  the model is slightly more 

homogeneous (especially depth slices at 0.6 𝑘𝑚, -0.8 𝑘𝑚 and -2 𝑘𝑚 and the vertical profiles). Additionally, 

the structures outside the measurement area (depth slice at 10 𝑘𝑚) are less pronounced.   
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Figure A-31. Final anisotropic forward model (cross sections). 

The resistivity model is visualized by seven depth slices (1.2 𝑘𝑚, 0.6 𝑘𝑚, -0.8 𝑘𝑚, -2 𝑘𝑚, -4.4 𝑘𝑚, -8.2 

𝑘𝑚 and -12 𝑘𝑚) and two vertical profiles (at 0 𝑘𝑚 northing and 0 𝑘𝑚 easting). Site locations are marked 

by cyan triangles and the topography is shown by the isolines. To a depth of 10 𝑘𝑚 the model comprises 

the inversion results from section 6.4 (without the large scale resistivity structures in the outer model 

domains, see main text). At 10 𝑘𝑚 depth an anisotropic layer is included, reaching to a depth of 40 𝑘𝑚. The 

anisotropic resistivities are 1 𝛺𝑚 in north-direction (𝜌𝑥) and 80 𝛺𝑚 in east-direction (𝜌𝑦), rotated by 20° 

(i.e. clockwise). 
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Figure A-32. Anisotropic forward model: Spatial data response for a period of 5.5 𝑠. 

Anisotropic forward model (left column) and observed (center column) data response and misfit (right 

column) for a period of 5.5 𝑠. From top to bottom: RT (𝑼𝑎), RPT (𝝓𝑎), PT (𝝓) and induction vectors. The 

tensor responses are shown for stations BB20, HFF-2, BBF-3, LF22, BB12, BB15, HF8, LF18, BB23, BB7, 

HF24, BB6, BB21, LF3, BB4, LF5, HFF-1, BB1, HF2 and BBF-5. Induction vectors are shown for all 25 

sites.  The data fit is adequate, but differing RT, RPT, PT and induction vector responses indicate influences 

from a 3-D structure (negative observed RPT major axes imply a resistor). (Terrain, map and elevation data 

from Google Earth.) 
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DEUTSCHE ZUSAMMENFASSUNG 

Die Magnetotellurik (MT) ist eine passive geophysikalische Messmethode welche auf der Messung 

natürlicher magnetischer und elektrischer Feldvariationen an der Erdoberfläche beruht. Sie wird 

angewandt um geologische Strukturen des Untergrunds aufzulösen. Periodenabhängige 

Übertragungsfunktionen zwischen elektrischen und magnetischen Feldern stellen hierbei eine 

direkte Verbindung zur elektrischen Leitfähigkeit des Gesteinsmaterials her. Die 

Untersuchungstiefe ist abhängig von der Zielfrequenz und reicht von der Oberfläche bis in den 

Erdmantel (> 500 km). Ziel dieser Arbeit ist es, sowohl theoretische Weiterentwicklungen der 

Methode zu etablieren als auch deren Anwendung im Rahmen eines geologisch interessanten 

Untersuchungsgebietes aufzuzeigen. Hierzu können drei grundlegende Themengebiete 

unterschieden werden: 1. Die Eigenschaften des komplexen scheinbaren Widerstands Tensors 

werden anhand synthetischer und real gemessener Daten untersucht. 2. Eine neue multivariate 

Datenverarbeitungs-Software wird vorgestellt. 3. Ein Leitfähigkeits-Modell des Ceboruco Vulkans 

in Mexiko wird erstellt und in einen geologisch/tektonisch relevanten Kontext gesetzt. 

Die theoretischen Grundlagen für den komplexen scheinbaren Widerstands-Tensor wurden in 

Brown (2016) vorgestellt. In dieser Arbeit werden nun zum ersten Mal die Eigenschaften des 

Tensors anhand synthetischer und realer Daten untersucht und mit herkömmlichen Parametern der 

MT, wie z. B. dem Impedanz-Tensor und dem Phasen-Tensor (PT, Caldwell et al., 2004), 

verglichen (Kapitel 2.3). Der komplexe Tensor kann hierbei in einen realen (scheinbarer 

Widerstands-Tensor, RT) und imaginären Tensor, sowie einen Widerstands-Phasen-Tensor (RPT) 

zerlegt werden.  

Mittels COMSOL Multiphysics® werden synthetischer Modelle mit verschiedenen Untergrunds-

Dimensionalitäten simuliert und die Eigenschaften der neuen Tensoren überprüft. COMSOL bietet 

hierbei die Möglichkeit, die magnetischen, elektrischen und Stromdichte-Felder zu exportieren und 

auf diese Weise den physikalischen Hintergrund der Tensoren zu ergründen. Anhand eines 1-D 

Modells zeigt sich, dass der RT und der RPT stärker auf vertikale Leitfähigkeitskontraste reagieren 

als die scheinbaren spezifischen Widerstände und Phasen des Impedanz Tensors. Für anisotrope  

1-D Modelle ermöglicht der RT Rückschlüsse hinsichtlich Richtungen und Leitfähigkeiten der 
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anisotropen Hauptachsen. Anhand eines 2-D Platten Modells werden die Einflüsse einer vertikalen 

Grenzfläche verdeutlicht. Hierbei resultieren Oberflächenladungen in der TM-Mode in einer 

verstärkten Antwort des RPT. Des Weiteren zeigt sich für ein anisotropes 3-D Modell, dass die 

Schiefe (Skew) des RPT sehr viel stärker ausgeprägt ist als die Schiefe des konventionellen PT. 

Dies kann bei der Interpretation von Messdaten von großem Vorteil sein, da es die Klassifizierung 

der Dimensionalität des Untergrundes vereinfacht und somit Hinweise auf eine optimale 

Modellierungs-/Inversions-Strategie liefert.  

Die hohe Sensitivität der neuen Tensoren hinsichtlich horizontaler und vertikaler 

Leitfähigkeitskontraste kann für Inversionsverfahren von großem Vorteil sein. Zur Überprüfung 

dieser Hypothese werden die Tensoren in den 3-D Inversions-Code ModEM (Kelbert et al., 2014) 

integriert und anhand eines synthetischen 3-D Modells getestet. Der Vergleich zu Impedanz 

Tensor- und Phasen Tensor-Inversionen zeigt, dass die neuen Inversions-Parameter eine 

Verbesserung bei der Auflösung von horizontalen und vertikalen Grenzflächen eines guten Leiters 

ermöglichen. Die besten Resultate werden hierbei für eine gemeinsame Inversion von RT und RPT 

erzielt. Neben der Anwendung auf synthetischen Daten werden RT und RPT im Zuge der 

Auswertung der Ceboruco Daten visualisiert und interpretiert.  

Der Ceboruco ist ein aktiver Stratovulkan (aktive Fumarolen) innerhalb des Sierra Volcánica 

Transversal (im Englischen: Trans-Mexican Volcanic Belt, TMVB). Er ist Teil des Tepic-

Zocoalco-Rifts (TZR), welches ein Resultat der Subduktion der Rivera- und Cocos-Platte unter die 

nordamerikanische Kontinentalkruste ist. Die MT Messkampagne fand im November 2016 statt. 

Sie war in ein Geothermieprojekt (CeMIEGeo-P24) zur Bestimmung der elektrischen Leitfähigkeit 

des Untergrundes integriert und sollte Erkenntnisse über den Aufbau und das geothermische 

Potenzial des Vulkans liefern. Im Zuge der Feldarbeit  wurden innerhalb eines 10 x 10 𝑘𝑚2 großen 

Gebietes sieben audiomagnetotellurische (AMT) und achtzehn Breitbandstationen aufgestellt. Die 

Stationsverteilung beinhaltete beide Calderen, die Flanken und das Vorland des Ceboruco. Bedingt 

durch großflächige, verfestigte Lavaströme und ein sehr steiles Terrain war an den Flanken des 

Vulkans (und in Teilen des Vorlandes) nur eine sehr geringe Stationsdichte realisierbar (anders als 

z. B. innerhalb der Calderen). Während der Feldarbeit standen drei Datenlogger (ADU-07e) zur 

Verfügung. Somit konnte eine zeitlich synchrone Datenaufzeichnung an drei unterschiedlichen 

Standorten vorgenommen und ein multivariates Auswerteverfahren ermöglicht werden.  
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In der Datenauswertung ist die Berechnung vertrauenswürdiger Übertragungsfunktionen von 

essentieller Bedeutung. Dies kann allerdings durch natürliche und anthropogene Störsignale 

erheblich erschwert werden. Um die Effekte von Störquellen einzuschränken wird eine neue 

multivariate Datenverarbeitungs-Routine (EGSTART) vorgestellt (Kapitel 4.2). Das Programm 

beruht auf der Methode der Eigenwertzerlegung (Egbert, 1997) und ermöglicht die Minimierung 

von kohärenten und inkohärenten Rauscheinflüssen. Anhand von künstlich erzeugten MT Daten 

wird die Bedeutung der korrekten Abschätzung des Rauschlevels verdeutlicht. Hierzu werden zwei 

unterschiedliche Modelle für das Rauschen vorgestellt: (1) das Rauschen ist inkohärent zwischen 

allen Kanälen eines Datensatzes und (2) das Rauschen ist inkohärent zwischen dem Kanal einer 

Station und allen Kanälen der übrigen Stationen. Das 2. Modell berücksichtigt somit kohärentes 

Rauschen zwischen den Kanälen einer Station und führt zu stark verbesserten Ergebnissen. Die 

Abschätzung des Rauschanteils erfolgt über die Residuen einer multivariaten linearen Regression. 

Hierbei ist die Anwendung robuster Algorithmen von großer Bedeutung. Dies wird für einen 

synthetischen Datensatz unter Verwendung der Methode der iterativ neugewichteten kleinsten 

Quadrate verdeutlicht. Des Weiteren ermöglicht die Auswertesoftware die Minimierung von 

regional kohärenten Störsignalen. Hierzu wird die gemessene Zeitreihe in Zeitfenster unterteilt. 

Jedes einzelne Fenster wird anschließend getrennt ausgewertet und anhand eines 

Eigenwertkriteriums klassifiziert. Dem Kriterium liegt die Annahme zu Grunde, dass Signale, 

welche auf natürliche MT Quellfelder zurückzuführen sind, durch zwei statistisch unabhängige 

Prozesse definiert sind (zwei Eigenwerte). Zur Berechnung der Übertragungsfunktionen werden 

dann bevorzugt Zeitfenster mit einem maximalen zweiten und einem minimalen dritten Eigenwert 

berücksichtigt. Die Wirksamkeit des Kriteriums wird anhand zweier Stationen des Ceboruco 

Datensatzes verdeutlicht. 

Innerhalb der Arbeit werden die berechneten Übertragungsfunktionen aus den Ceboruco Daten für 

zwei charakteristische Stationen, eine im Vorland und eine in der äußeren Caldera, und des 

Weiteren für zwei spezifische Zielfrequenzen vorgestellt (Kapitel 4.3). Übertragungsfunktionen 

der übrigen Stationen sind im Appendix abgebildet. Abgesehen von Stationen innerhalb der 

Calderen, welche des Öfteren ein gestörtes elektrisches Feld aufweisen, ist die Qualität der Daten 

sehr hoch und der gesamte Datensatz ist in sich konsistent. Die Visualisierung der Daten erfolgt 

mittels Phasen- und scheinbaren spezifischen Wiederstands-Kurven (des Impedanz Tensors), dem 

PT, vertikalen magnetischen Übertragungsfunktionen (Tipper Vektoren), dem RT und dem RPT.  



Deutsche Zusammenfassung   

198 

 

Abgesehen von Stationen auf dem Vulkan, welche teilweise starke topographische Einflüsse 

aufweisen, werden die kurzen Perioden (bis ca. 1 𝑠) mit einem 1-D Untergrund assoziiert. Hierbei 

implizieren die Phasen und spezifischen Widerstände den Übergang zu einem guten Leiter. 

Perioden oberhalb von 10 𝑠 zeigen eine signifikante, räumlich konstante Aufspaltung der PT- und 

RPT-Hauptachsen und gehen gleichzeitig mit sehr kleinen Tipper Vektoren einher. 

Kapitel 5 widmet sich der Modellierung in COMSOL. Das Einbinden von Topographiedaten in die 

COMSOL-Umgebung wird aufgezeigt und eine synthetische Modellstudie verdeutlicht den Einfluss 

von Topographie auf die Daten einer MT Messung. Ein hochaufgelöstes Topographiemodell des 

Ceboruco über einem 1-D Untergrund zeigt, dass ein Großteil der kurzperiodischen Messdaten 

durch ein verhältnismäßig einfaches Untergrund-Modell erklärt werden kann. Abweichungen für 

Stationen auf dem Vulkan lassen allerdings auf eine leitfähige Struktur innerhalb des 

Vulkangebäudes schließen. 

Um ein detaillierteres Modell des Untergrundes zu erhalten, wird, unter Verwendung des ModEM 

3-D MT Codes, eine  isotrope Inversion der Messdaten durchgeführt (Kapitel 6.4). Die Einbindung 

des hochaufgelösten Topographiemodells erfolgte über eine Interpolation auf das FD-Gitter. 

Hierbei gilt es zu beachten, dass eine (in der Realität) kontinuierliche Steigung mittels FD-

Diskretisierung durch viele Stufen approximiert wird. Diese Stufen können, in Abhängigkeit von 

der Periode und dem Abstand zum Bezugspunkt, einen signifikanten Einfluss auf die MT 

Übertragungsfunktionen haben. Zur Einschätzung des Effektes werden die Vorwärtsrechnungen in 

ModEM (Finite-Differenzen, FD) und COMSOL (Finite-Element, FE) verglichen (Kapitel 6.3). Es 

zeigt sich, dass die Auswirkungen für Perioden größer als 10-3 𝑠 im tolerierbaren Bereich sind. Der 

Einfluss auf das finale Widerstands-Modell kann anhand einer Inversion der COMSOL 

Übertragungsfunktionen, für Topographie über homogenem Untergrund, aufgezeigt werden. Die 

auf diese Weise entstandenen ‚künstlichen‘ Widerstands-Anomalien sind klein im Vergleich zum 

finalen Modell und beschränken sich auf oberflächennahe Bereiche.  

Die Inversionsergebnisse der Ceboruco Daten beinhalten eine exzellente Datenanpassung  

(RMS 1.05), insbesondere für Perioden unterhalb von 1 𝑠. Das Modell zeigt eine leitfähige Struktur 

innerhalb des Vulkangebäudes (minimal 3 𝛺𝑚) und einen guten Leiter zwischen 0.8 und ~ -2 𝑘𝑚 

Tiefe (minimal 2 𝛺𝑚). Die untere Grenze des Leiters ist hierbei durch die Methode der MT generell 

nur eingeschränkt auflösbar. Der gute Leiter kann an allen Stationen oberflächennah beobachten 

werden, allerdings ist die Stationsdichte zu gering um Aussagen hinsichtlich der Durchgängigkeit 
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treffen zu können. Unterhalb des Vulkangebäudes sind die Leitfähigkeiten innerhalb des Leiters 

am größten und es zeichnet sich eine eigenständige, sehr gut leitende Anomalie ab. Zu größeren 

Tiefen hin verschwinden die Widerstands-Anomalien unterhalb des Messgebietes und der 

Inversionsalgorithmus erzeugt großräumige Anomalien in den äußeren Bereichen des 

Modellraums. Dies ist die einzige Möglichkeit, die beobachteten langperiodischen Daten mittels 

eines isotropen Modells anzupassen. Die entstandenen Leitfähigkeitskontraste sind sehr hoch (ca. 

1:700) und dennoch zeigt die Anpassung der langperiodischen Messdaten eine systematischen 

Unterschätzung der großen RT- und RPT-Hauptachsen und eine Überschätzung der kleinen RT-

Hauptachsen, bei gleichzeitig sehr guter Anpassung der Tipper Vektoren. 

Sowohl die Messdaten als auch das Modell und die Datenanpassung der isotropen Inversion 

beinhalten deutliche Hinweise auf elektrische Anisotropie. Da bisher kein anisotroper 3-D 

Inversionscode verfügbar ist, werden zur Überprüfung der Hypothese die Ergebnisse der isotropen 

Inversion in die COMSOL Umgebung integriert, und eine anisotrope Schicht in größerer Tiefe 

hinzugefügt (Kapitel 7.1). Um die Einflüsse der großräumigen Anomalien auszuschließen, werden 

Inversionszellen außerhalb des inneren Modellraums (40 𝑘𝑚 x 40 𝑘𝑚) mit einem festgelegten 

Widerstandswert von 100 𝛺𝑚 versehen. Die Inversion wird anschließend (ausgehend von dem 

modifizierten Modell) für Perioden zwischen 10-3 und 10 𝑠 neuberechnet. Das entstandene 

Widerstands-Modell wird auf das COMSOL-Gitter interpoliert und mittels 10 Vorwärtsrechnungen 

eine optimale Tiefe der anisotropen Schicht angepasst, sowie die elektrischen Widerstände der 

Hauptachsen der Anisotropie ermittelt. Die beste Anpassung beinhaltet eine anisotrope Schicht in 

10 𝑘𝑚 Tiefe in der die anisotropen Hauptachsen mit Widerständen von 1 𝛺𝑚 in Nord-Nord-Ost- 

und 80 𝛺𝑚 in Ost-Süd-Ost-Richtung (Hauptachsen um 20° im Uhrzeigersinn von der Nord-Achse 

rotiert) besetzt sind. Das anisotrope Modell beinhaltet einerseits eine signifikante Verbesserung der 

Datenanpassung für Perioden zwischen 10 und 100 𝑠. Andererseits werden einige 3-D Effekte im 

Bereich zwischen 1 und 10 𝑠 nicht hinreichend reproduziert (die Modellantwort ist hier eine 

Überlagerung aus dem Modell der isotropen Inversion und der anisotropen Schicht) und es gibt 

zusätzlich Hinweise, welche auf eine 3-D Struktur innerhalb der anisotropen Schicht schließen 

lassen. Insgesamt ist die Datenanpassung der isotropen Inversion der Anpassung des anisotropen 

Vorwärtsmodells leicht überlegen, allerdings bietet letzteres ein vernünftigeres geologisches 

Modell, geringere Leitfähigkeitskontraste (1:80) und beinhaltet keine systematische Fehlanpassung 

der Messdaten. Zur Verbesserung des anisotropen Modells sind Messungen innerhalb eines 
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größeren Messgebietes und zu längeren Perioden unabdingbar. Gleichzeitig könnte durch 

zusätzliche MT Messungen die Bestätigung der elektrischen Anisotropie vereinfacht und der 

Einfluss großräumiger Leitfähigkeitskotraste definitiv ausgeschlossen werden. 

Die gutleitende anisotrope Achse des Modells ist parallel zur Extensionsrichtung des Tepic-

Zocoalco-Rifts und kann in einem geologischen Kontext nur auf duktile Deformation des 

Untergrundes zurückgeführt werden. Duktile Deformation ist für gewöhnlich mit hohen 

Temperaturen, wie man sie etwa im oberen Erdmantel oder auch in der unteren Kruste erwarten 

würde, assoziiert. Eine naheliegende Erklärung für die geringe Tiefe der anisotropen Schicht ist 

durch die Präsenz einer Magmakammer gegeben. Die einhergehende starke Erhöhung der 

Umgebungstemperatur und die extensionalen Kräfte des Rifts führen hierbei zu einer Deformation 

des umgebenden Gesteins. Die Anisotropie entsteht durch Einschlüsse von Schmelzen, welche sich 

entlang von Deformationsflächen innerhalb des verformten Gesteins ausrichten. Unter 

Berücksichtigung des Spannungsfeldes, resultierend aus topographischer Auflast und 

Auftriebskraft des Magmas, unterstützen geodynamische Modelle die These einer Magmakammer 

zwischen 10 und 15 𝑘𝑚 Tiefe. Die Interpretation des isotropen oberen Modells beinhaltet ein 

kleineres Magmareservoir unmittelbar unterhalb des Vulkangebäudes, welches aus der 

tieferliegenden Magmakammer gespeist wird. Das Reservoir fungiert hierbei als Wärmequelle für 

ein weit ausgedehntes hydrothermales (geothermisches) System in einer Tiefe zwischen 0.8 und 

ca. -2 𝑘𝑚 (die genaue Tiefe der unteren Grenze ist nicht gut bestimmt). Die gutleitende Anomalie 

innerhalb des Vulkangebäudes ist sehr wahrscheinlich auf Tonminerale aus chemischen 

Umwandlungsprozessen zurückzuführen. Im Zusammenspiel mit aufgestauten meteorischen 

Fluiden kann sie als eine Erklärung für die große Anzahl an aktiven Fumarolen gesehen werden. 
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