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ABSTRACT

ELECTRICAL RESISTIVITY STRUCTURE BENEATH
MT. ERCIYES CENTRAL ANATOLIA, TURKEY

The Central Anatolia (CA) is an intermediate belt between the Pontides and
the Anatolide-Tauride blocks. Numerous basins, folds, faults, volcanic fields and rich
mineral resources in the region have attracted the attention of geoscientists for years.
Mt. Erciyes is a Quaternary-aged stratovolcano located in CA, which has not been
activated for a long time. In this thesis, I aimed to perform three-dimensional (3
- D) imaging of its electrical properties using magnetotellurics (MT) and interpret
its structure. MT method has been extensively used in the exploration of volcanic
areas. This study can be considered as the first systematic application of the MT
performed in the vicinity of Mt. Erciyes. Between 2013 and 2018, deploying 48 wide-
band MT soundings forming a grid surrounding the volcano and its location as part
of the Continental Dynamics/Central Anatolian Tectonics project (CD/CAT). The
obtained data set was used for determining the dimensionality of the survey area,
and the realistic electrical structure of the region was achieved with 3 - D solution
algorithms including 38 station data. The results showed that the regional geoelectric
strike direction is ~ N25°E which coincides with the structural strike of the region. For
determining the dimensionality of the M'T data, phase tensor analyses were performed.
The observed wide-band data were inverted using a 3 - D inversion algorithm known
as the MODEM © in two distinct ways; with and without topography information
to reveal the electrical structure. The 3 - D inversion results revealed three distinct
conductivity features: a widespread conductive anomaly found beneath the volcano
and two conductive areas in the vicinity of the volcano. When the final model is
examined, it is possible to observe that the conductive regions are separated from each
other. If the final model is examined together with the geological data, it is noticed

that the boundaries of the conductor coincide with the faulting in the region.
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OZET

ERCIYES VOLKANDI'NIN ELEKTRIK YAPISININ
MANYETOTELLURIK YONTEM ILE INCELENMESI

IC Anadolu Bolgesi, Pontitler ile Anatolid - Torid bloklar1 arasinda yer alan
ara bir kusaktir. Bolgede bulunan g¢ok sayida havza, kivrim, fay, volkanik alan ve
zengin maden kaynaklar1 yillardir yerbilimcilerin ilgisini ¢ekmistir. Erciyes Volkani,
Orta Anadolu bolgesinde yer alan ve uzun siiredir aktivite gozlenmeyen Kuvaterner
yagh bir stratovolkandir. Bu tezde manyetotelliirik (MT) yontem kullanarak elektriksel
ozelliklerinin {ig-boyutlu (3 - B) goriintiilenmesini ve yapisini yorumlamay1 amagladim.
MT popiiler bir jeofizik yontemdir ve son yillarda volkanik alanlarin aragtirilmasinda
yaygin olarak kullanilmaktadir. Bu calisma, Erciyes Volkani civarinda yapilan MT
yontemin ilk sistematik uygulamasi olarak kabul edilebilir. 2013 - 2018 yillar1 arasinda,
Kita Dinamikleri/Orta Anadolu Tektonigi projesinin (CD/CAT) bir pargasi olarak
volkan1 ve bulundugu bolgeyi gevreleyen bir ag olusturacak sekilde 48 genis banth
MT olgiim gergeklesmistir. Elde edilen veri seti boyutluluk analizinde kullanilmis ve
38 istasyon verisini iceren 3 - B ¢oziim algoritmalar1 ile bolgenin gercek elektriksel
yapisi elde edilmigtir. Analiz sonuclari, bolgesel yer-elektrik yoneliminin ~ K25°D
oldugunu gosterir ve bolgenin yapisal dogrultusu ile ortiigiir. MT verilerinin boyut-
lulugunu belirlemek i¢in faz tensor analizleri yapilmigtir. Gozlemlenen genis bant
verileri, MODEM © olarak bilinen 3 - B bir ters ¢oziim algoritmasi kullanilarak, Er-
ciyes Volkani ve icerisinde bulundugu bolgenin elektriksel yapisi ortaya ¢ikartilmistir.
Ters ¢oziim algoritmas iki farkl sekilde kullanilmistir; topografya bilgisi iceren ve to-
pografya bilgisi icermeyen. 3 - B ters ¢6ziim sonucu, ii¢ farklh iletkenlik 6zelligi ortaya
¢ikarmistir: volkanin altinda bulunan yaygin bir iletken anomali ve volkanin yakininda
iki farkli iletken alan. Nihai model incelendiginde, iletken bolgelerin birbirinden net bir
sekilde ayrildigini gozlemlemek miimkiindiir. Jeolojik verilerle birlestirildiginde iletken

sinirlarinin bolgedeki faylanmalarla ortiistiigii goriilmektedir.
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1. INTRODUCTION

The Earth is an enormous, complicated planet full of unknowns. For many years,
geoscientists have been trying to explore the internal properties of this mysterious
planet and reveal unknown aspects. Even though there has been research about the
Earth for centuries, geoscientists still do not have enough information for the full
description of the Earth. Along with the excitement of discoveries, a great curios-
ity towards the unknown keeps geoscientists exploring. This curiosity has led to the
emergence and development of earth science. Geology is a discipline that studies the
evolution process of the Earth over approximately four and a half billion years and at-
tempts to resolve the structure and decipher the process of its formation of the planet
Earth. Geophysics is another branch of earth science that investigates the Earth by
benefiting from the fundamental principles of physics. Utilizing the geophysical meth-
ods, one can obtain numerous results about the physical properties of the Earth. In
this thesis, both branches, namely geology and geophysics, were used for understanding

the evolution of Mt. Erciyes and its vicinity.

Electrical conductivity (or its reciprocal electrical resistivity) is a fundamental
property of material. The electrical conductivity is a measure of the capacity to con-
duct electric current within material. In a material with high conductivity, the electrical
current flows easier (Heaney, 2003). It is a well-known fact that various rock types,
sediments and geological structures can have different electrical conductivity values
(Haak and Hutton, 1986). Measuring the electrical conductivity of these structures
allows us to distinguish different materials and structures from each other and may
give information about the tectonic processes. Magnetotellurics (MT) is a geophysical
method that resolves the subsurface electrical conductivity by measuring variations in
the magnetic and electric fields at the Earth’s surface (Rikitake, 1948; Tikhonov, 1950
and Cagniard, 1953). Fundamentally the method uses naturally occurring electromag-

netic (EM) fields to probe the Earth’s electrical properties.



Vozoff (1991) states that there are two natural sources for the MT signal. These
are the lightning and thunderstorm activity (MT fields above about 1 Hz) and Solar
activity-magnetosphere interactions (MT signals below 1 Hz). For signals below 1 Hz
the quality of the measured data is thus closely related to the activity of the Sun.
Between these two sources a decreasing trend in the amplitude of the MT signal is
observed (in the frequency range between 10 Hz and 0.1 Hz). This range is called the
dead-band (Simpson and Bahr, 2005). More detailed information about the theory will
be presented in the following section (In this thesis, period and frequency were used

interchangeably.).

According to the information received from the USGS (the U.S. Geological Sur-
vey), the number of the possibly active volcanoes is around 1350. The fact that there
are so many volcanoes on Earth has attracted the attention of many geophysicists for
their MT applications, especially to observe resistivity patterns in regions where volca-
noes are dense and to learn more about the volcanic complex. For the sake of example,
in a study involving five large stratovolcanoes in Japan, a hydrothermal system of a
volcanic structure was investigated, and the results obtained were compared and com-
patible with another geophysical method named self-potential (Aizawa et al., 2009).
It is possible to give more examples of the study of volcanism in Japan. Yoshimura
et al. (2018) investigated the shallow resistive structure of the Hakone volcano after a
phreatic eruption and active seismicity using the M'T method. They observed the pres-
ence of more than one bell-shaped conductor in the region. Naruko, a stratovolcano
that has not been active for a long time, was studied by Ogawa et al. (2014), a high
resistivity region with an NNE-SSW direction and a width of 10 — 15 km was observed
in the east, and a front arc conductor without a root was observed in the further east.
Ceboruco Volcano, a quaternary-aged stratovolcano in Mexico, is one of the most ac-
tive volcanoes in its region. Observations were made in November 2016 to investigate
the geoelectric and hydrothermal systems of the volcano by Fuentes-Arreazola et al.
(2021). According to the model results two main conductors and a shallow conduc-
tor associated with the regional aquifer were observed. It is stated that there are no

magma chambers observed from this dataset.



The Taupo volcanic zone (TVZ), located on the North Island of New Zealand,
is a back-arc basin characterized by many active volcanoes (Cole, 1990). There are
a lot of MT studies conducted to understand and better interpret the dynamics of
the region and its vicinity, such as Heise et al. (2008), Ingham et al. (2009), and
Bertrand et al. (2012). As a result of a study conducted at Krafla, an active volcano
located in Iceland, a layer of hydrothermal alteration was observed under the volcano,
and two different layers with different resistivities were observed (Lee at al., 2020). In
another MT study to investigate the composition of magma and the characteristics of
the hydrothermal system of Newberry Volcano, a relatively resistive magma reservoir
of about 50£2m was discovered (Bowles — Martinez and Schultz, 2020). Another study
investigating the magma reservoir was examined by Pina—Varas et al. (2018) for the
Teide Volcano in Tenerife. In the study, it was stated that many studies have been
carried out in this area, and according to the results obtained, discussions about the
reservoir locations and size are still ongoing. It is emphasized that the most important
result of the final model is the incompatibilities with a reservoir at depths shallower
than 8 km. Another example of MT studies in Europe can be given from Italy, which is
home to many volcanoes. Mauriello et al. (2000) was investigate the structure of Mt.
Etna, and presented that the center is characterized by very high resistivity values and
E-W-directed resistive anomalies are a line that cuts the region. The studies are not
limited to the ones mentioned in this text. It is possible to find many studies conducted

in all locations with volcanoes worldwide and on volcanoes with distinct activities.

Not only in the world but also in Turkey, the M'T method is used in many issues,
and its results are discussed. Important studies have been carried out in the fault zones
using the MT method. Karag et al. (2017) studied the Ganos fault zone using the MT
method, observed conductive anomalies along the fault zone, and emphasize that aux-
iliary faults merge to create a wide fluid-containing environment. Another important
result obtained is that the fault zone has the potential to produce earthquakes due
to the lack of fluid paths and mechanically strong and resistant environments. Avsar
et al. (2013) investigated the properties of NAF in the Erzincan Basin using the MT
method.



It was observed that the basin is characterized by unconsolidated sediments 3
km thick and is at a depth of 3.5 km towards the east. Viewing of the fault zone
conductor in the west has been interpreted as the westward fluid content of the NAF.
For example, Tank et al. (2005) and Kaya et al. (2013) can be given as examples of
independent studies conducted for the Izmit Earthquake and the triggering fault the
North Anatolian Fault zone (NAF). Tank et al. (2005) indicates the presence of a
liquid-rich and high-resistivity region and argues that the underlying low - resistivity
region is home to earthquake formation which represented by partial melting. Kaya
et al. (2013) emphasized that the results of Tank et al. (2005) were supported in this
study, in addition, there were various resistive and conductive anomalies in the study
region. The study carried out by Bayrak and Nalbant (2001) it was aimed to display the
conductive crust structure of Western Turkey (Izmir-Ankara Suture Zone, the Bornova
Flysch Zone, and the Menderes Massif) with the MT method, and 2-D models were
obtained with 35 stations. According to the model results obtained, the shell structure
is divided into two; a viscoelastic lower crust conductive region and a brittle upper
crust represented by the relatively high resistive region. Below the [zmir-Ankara Suture
Zone, a structure containing two anomalies is observed, which is thought to have arisen
due to its high seismic activity. Another significant result shows that western Turkey’s
lithosphere/asthenosphere boundary is quite shallow (with thicknesses varying between
30 and 50 km). Another study close to this suture zone is Ozaydin et al. (2018) study,
which covers the Cankir: Basin (CB) and the Central Pontides (CP). The NAF segment,
which had caused a major earthquake in the past, showed itself in this study with its
resistive properties exhibiting a depth of approximately 25 km. In the final model, the
CP was interpreted as a metamorphic lower crustal section and observed as a fluid-
filled conductive anomaly. The conductive anomaly located below the B is associated
with seismicity. Another essential study in which the MT method is used in crust
and mantle studies belongs to Giirer et al. (2004). In this study, they are presented
that there are different horizontal conductors with conductive lower crust and resistive

upper crust and that these anomalies are compatible with the surrounding fault zones.
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Volcanoes are another study area where the MT method is used in Turkey. Al-
though it has not yet gained enough popularity, it has an increasing trend. One of
the most recent studies is by Bagokur et al. (2022), who studied the Karadag strato-
volcano. They present essential consequences such as a magma reservoir at a depth
of about 3 — 7 km, a shallow low resistive anomaly due to near-surface hydrothermal
alteration. Tank and Karag (2020), aimed in their study to solve the hydrothermal
structure beneath the Mt. Hasan composite volcano, argued that the existence of a
possible magma chamber at a depth of approximately 4 — 6 km and the existence of
clay-containing, highly conductive anomalies limited by the nearby NW-SE aligned
faulting. Studies on volcano surveys with the M'T method in Turkey are unfortunately

limited to these two studies.

Mt. Erciyes (38.53°N, 35.45°E) is a stratovolcano located in Central Anatolia
(CA), and with its 3917 m altitude, it is known as the highest stratovolcano in this
region (Sen et. al., 2003, Friedrichs et al., 2021). The volcano and the corresponding
volcanic activity have produced various types of products all along its evolution. De-
pending on the magmatism types alkaline and calc-alkaline rocks can be found in the
vicinity of Mt. Erciyes. Basaltic, andesitic, dacitic and rhyodacitic rocks are abundant
around the volcano (Kiirkciioglu et al., 2004). Many researchers tend to examine the
volcanological evolution of this late Pliocene — Quaternary-aged stratovolcano in two
stages: (1) The Kog Dag, and (2) The New Erciyes (Kiirkciioglu et al., 1998, Sen et
al., 2003) stages. The first stage was active between the Pliocene (5.333 - 2.58 Ma)
and the Quaternary (2.588 - 0.005 Ma), and The New Erciyes stage took over onwards
(Sen et al., 2003, Aydar et al., 2019). According to Aydar et al. (2019), "*C dating
proves that the volcano has erupted more than once in the Early Holocene (0.0012 Ma

- Present).

The region where Mt. Erciyes located is called the Erciyes Stratovolcano Complex
(ESC). This region is located at the center of a basin known as the Erciyes extensional
basin (EEB), and this basin is restricted by Yesilhisar (in the west) and Develi (in
the west) normal faults (Higgins et al., 2015). The basin is considered as one of the

most active regions of CA as it is surrounded by many active auxiliary faults (Kogyigit



and Beyhan, 1998). The Ecemis Fault Zone (EFZ) as part of the Central Anatolian
Fault Zone (CAFZ), is one of the most active and essential faults in this region. It is
a north-trending fault that cuts the caldera of the volcano. The significance of EFZ is
that it controls the eastern part of the CA volcanic state (Dirik and Génciioglu, 1996).
The basin where ESC and EEB are located is named Sultansazligi pull-apart basin
(SPB) and is associated with the activity of EFZ (Kogyigit and Beyhan, 1998; Sen et
al., 2003). SPB started to take shape with an east-west extension starting from the
Upper-Miocene (Kaymakg et al., 2001). Then expanded and formed by normal faults
after the Pliocene (Kogyigit and Beyhan, 1998; Dirik, 2001; Yildirim et al., 2016).

Mt. Erciyes and its surroundings have attracted the attention of many earth
scientists, numerous studies have been carried out on it. One of the earliest studies
on Mt. Erciyes is by Innocenti et al. (1975). In this study, in which Neogene-aged
calc-alkaline volcanism in Kayseri - Nigde region was investigated, Erciyes and its re-
lated volcanism were also mentioned. Kiirkgiioglu et al. (2001), in their study, argue
that volcanic products generally exhibit a calc-alkaline character, and that tholeiitic
basalt is also present, while basalts have a complex origin. One of the most detailed
studies examining Erciyes belongs to Kogyigit and Erol (2001). This study investi-
gated the volcano, its basin, margin rocks, faults affecting the tectonics of the region
and the seismicity of the study area. As a result, many volcanic cones and sills, dykes
and ignimbrites that shaped the volcano were mentioned. Another important result
is that the tectonics of the volcano are indicated by the Yesilhisar, Erciyes and Develi
fault segments. An original study on this volcano belongs to Maden (2010). Aimed
to determine the thermal regime of the CA, the spectral analysis method was applied
to the magnetic anomaly data, and the Curie-point depth and heat flow values of the
Mt. Erciyes region were determined. The result obtained reveals the Curie depth in
the study area as 13.7 km. It is thought that this result reflects the high geothermal
potential of the region and partial melting of the crust contributes to this potential.
Friedrichs et al. (2021) reconstructed the eruption timing of four early Holocene domes
around Mount Erciyes by applying the zircon double-dating method for disequilibrium
correction. As a result, the scenario in which all the Holocene domes erupt simultane-

ously has been proposed, ignoring the minor differences in mineralogy (~ 0.0089 Ma).



Males va Gottsmann (2021) conducted research on the long-term rest period of Erciyes
and the detectability of magma recharge. As a result, they argue that magma recharge
may not be detected using conventional geodetic and gravimetric methods. However,
it is suggested that Erciyes is potentially sufficient to maintain an active magma reser-
voir containing eruptive magma. There are also studies on glaciation in the region.
Sarikaya et al. (2003) emphasize that Erciyes underwent an essential glaciation period
in the Late Quaternary, which can be observed in three phases. The main purpose is to
take samples from moraine sets for cosmogenic dating. For this reason, they continued
their studies on three different moraine samples. In addition, as a result of the study,
glaciation was observed on four main valleys and one ridge. Another important result

is that the glaciers began to retreat.

This thesis aimed to investigate the electrical resistivity structure beneath Mt.
Erciyes and its surroundings through three-dimensional modeling of wide-band MT

data collected at 38 sounding locations.

In total the thesis can be examined under 8 headings. Following the introduction,
in chapter 2, the theory of the MT method is explained in detail by reporting the
theoretical aspects, the assumptions and the need-to-know terms of the MT method.
In the third chapter, the geological and tectonic settings of the study area are described.
Further information about the faults surrounding the volcano and the EPB are also
explained. The stratigraphy of the ESC is given. The fourth chapter focuses on the
strike and dimensionality analyses. To measure the regional strike and geoelectric
strike, the geological and EM data were utilized, respectively, and the obtained results
with these techniques are presented in ongoing chapters. The following section, chapter
5, has a significant role in achieving the aim of this thesis. Chapter 5 is based on the
modeling of the MT data from the site, which has been closely studied tectonically and
geologically in other chapters. The process of justifying the MT data according to the
assumptions made in the application of the method is used for obtaining the models
and chapter 5 focuses on this topic. In the following chapters, the results and the
interpretations are made based on the modeling results and are presented in chapter 6

and 7, respectively. Finally, in the conclusion, chapter 8, the results are summarized.



2. THEORY OF MAGNETOTELLURICS (MT)

Geophysics is a discipline that provides a wide field of study. One way of classify-
ing the geophysical methods is based on the sources of the signals used. The geophysical
methods can be active or passive. Active methods use artificial sources, energy and/or
signals while exploring the Earth. Seismic methods or electrical resistivity tomogra-
phy (ERT) methods can be given as examples for active methods. However, unlike
active methods, passive methods do not require any artificial sources. Instead, they
utilize natural signals and/or energy acting on the Earth. MT is a passive EM explo-
ration method for resolving the geoelectric structure of the subsurface. MT is widely
used in many commercial areas such as oil and hydrocarbon exploration (Constable
et al., 1998; Unsworth, 2005; Constable and Srnka, 2007; Constable, 2010; Zhang et
al., 2014), mining (Farquharson, and Craven, 2009; Yang et al., 2018), exploration of
geothermal systems (Heise at al., 2008; Munoz, 2014), groundwater surveying (McNeill,
1990; Asaue et al., 2012), investigating volcanoes (Ingham et al., 2009; Aizawa et al.,
2016; Tank and Karasg, 2020; Tseng et al., 2020), and examination of fault systems
(Stanley et al., 1990; Tank et al., 2005; Kaya et al, 2009; Karag et al., 2020) as well
as crust-mantle research (Chen et al., 2002; Unsworth et al., 2004) and earthquake

prediction studies (Chouliaras and Rasmussen, 1988).

The MT theory has its roots back in the late 1940’s and early 1950’s by the
pioneering works of Rikitake (1948), Tikhonov (1950) and Cagniard (1953). All three
studies focused on the idea of electric E and magnetic H field variations on the Earth’s
surface, using Maxwell’s equations and with some essential assumptions. To better

understand the MT method, it is possible to summarize these basics in a few steps

(Simpson and Bahr, 2005):

—_

. Mawwell’s equations
. Plane wave

. Source of EM energy and ionospheric current system

= W N

. Removal of distortion



5. Some basic concepts in the MT method

2.1. Maxwell’s Equations

Maxwell’s equations are one of the most crucial discoveries of modern physics
that consist of four equations. Maxwell’s equations describe how electric and magnetic
fields are exchanged and produced by each other, by charges and currents. The four

partial differential equations are:

Faraday’s Law:

0B

Ampere’s Law with Maxwell’s correction of displacement current term

oD

H=J+—— 2.2
the magnetic and the electric laws of Gauss

V-B=0 (2.3)

V-D=g (2.4)

where E is the electric field (in V/m), B is the magnetic flux density/magnetic in-
duction (in Tesla or nanoTesla), H is the magnetic field (in Ampere/meter), J is
the electric current density (in Amperé/meter? ), D is the electric displacement (in
Coulomb/meter? ) and q is the density of electric charges (in Coulomb/meter®) (Ward
and Hohmann, 1987).

Maxwell’s first Equation (2.1) is based on Faraday’s law of EM induction. This
law states that the change in the magnetic field over time creates an electric field. The

second Equation (2.2) is based on Ampere’s circuit law with Maxwell’s correction of
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displacement current term (d_If)) It sets up the relationship between the electric
currents and the magnetic fields. This equation shows that magnetic field intensity
develops as a result of the effects of current density and time-varying electric field.
The last two Equations (2.3) and (2.4) are known as magnetic and the electric laws of
Gauss (2.3) and is based on the Gauss’ law on magnetostatics. This law states that a
closed surface integral of the magnetic flux density is equal to the total scalar magnetic
flux in any surface of any shape or size in any medium. Equation (2.4) is derived from
Gauss’ law of electrostatics, which states that the shape and intensity of the electric
field created by an electrically charged object. The product of the electric flux density
vector and the surface integral on a closed surface is equal to the charge (Serway and

Jewett, 2012).

The following formulas are the constitutive relations given about the electric and

magnetic field medium parameters (Ward and Hohmann, 1987).

B = uH (2.5)
D =cE (2.6)
J=0E (2.7)

where p is the magnetic permeability (in Henry/meter), € is the electric permittivity

(in Farad/meter) and o is the electrical conductivity (in Siemens/meter).

The second equation of Maxwell can be written as follows when substituting the

Equations (2.6) and (2.7) into Equation (2.2)

_OH
Mot

VxH:0E+5%—E; (2.9)

VXE= (2.8)

By applying vector identity

VXxVXxA=V(V-A)—V-VA=VV-A-V2A (2.10)
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In accordance with assuming that there are no free charges on the Earth and
Equations (2.8) and (2.9) in their curl form to be written as Helmholtz Equations are

as follows (V- E = 0):

. 0 OE O’E
2 — J— e _— _—
V°E = Has (VxH) = po oy +ep o (2.11)
0 OH o’H
2 — o — —_—
VH = —0 (VX E) = e (V X E) = poon +ep’, (2.12)

Considering some assumptions, Helmholtz Equations can be written as follows

(time dependence as e~ and surface amplitudes of a plane wave is Eq and Hg)(Ward

and Hohmann, 1987).

V2E = iwpuoE — w?euE (2.13)

V*H = iwpoH — w?epH (2.14)

Of the two elements on the right-hand side of the Ampere’s law, the conduction
currents are relatively larger than the displacement currents and thus in the M'T method
it is assumed that the displacement currents are ignored (w?sp << iwuo). The so-
called Helmholtz equations are then used to define the diffusion process (Kaufman and

Keller, 1981).

V’E = iwpoE (2.15)

V?H = iwpocH (2.16)
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2.2. Plane Wave

An important assumption that may be considered as one of the building blocks of
the MT theory is the plane wave assumption (Figure 2.1). In the application of the MT
method, it is assumed that the ionospheric activities create time-dependent changes
in the Earth’s magnetic field. The theory suggests that the ionosphere serves as a
signal generator creating plane waves that travel to the surface of the Earth. Passing
through this boundary, a small amount of it diffuses depending on the conductivity and
the period of the plane wave creating telluric currents. At mid-latitudes, Cagniard’s
assumptions about source fields are frequently valid for fewer than 10 seconds (Madden

and Nelson, 1964).

ELECTRIC FIELD

MAGNETIC FIELD

Figure 2.1. A visualization of a plane wave. The red lines give the direction of the

electric field, and the blue lines the direction of the magnetic field.
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Mathematical forms of a plane EM wave are as follow (Simpson and Bahr, 2005):

E = Eje'* (2.17)

B = Bk (2.18)

E and B symbolize the electric and magnetic fields, respectively with amplitudes at
the origin Eg and By. w is angular frequency and A is wavelength. (A = fﬁ and k
is wavenumber) (Kaufman and Keller, 1981). In free space, the velocity of the EM is

obtained from the ratio between Eq, and By.
Weinstein (1988) states some properties of EM waves as follows:

i. For an EM wave to be produced, there must be an accelerated charge.
ii. EM wave has the ability to propagate in a vacuum. Since they are uncharged,
they are not affected by the magnetic and electric fields.
iii. They are transverse waves. Therefore, the electric field vector gives the magnetic

field vector in the direction of propagation.
2.3. Source of the EM Energy

One of the most important results obtained from Maxwell’s equations is based
on the fact that, accelerated charges transmit electromagnetic waves. The EM energy
term can be used to describe energies originating from space via stars such as the Sun,
and they all travel in the form of waves. The Sun generates a natural radiation which

is absorbed by the Earth’s surface.

On the other hand, solar energy and lightnings cause natural changes in the
Earth’s magnetic field, these changes cause electric (telluric) currents below the Earth’s

surface (Figure 2.2).
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G

Figure 2.2. Global lightning activity and Sun’s activity have vital importance for EM

energy.

2.4. Ionospheric Current System

The ionosphere forms the basis of another essential assumption for the MT
method. It is a layer located about 48 kilometers above the surface that extends
for until 965 kilometers in space, containing plenty of electrons, ionized atoms, and
molecules (Zell, 2020). (Figure 2.3). Natural EM sources in the frequency range of
10* Hz to 10~* Hz originate from plasma processes in the Earth’s magnetosphere and
lightning discharges in the Earth’s ionosphere (Kaufman and Keller, 1981; Vozoff, 1972;
1991). The reason this layer is so important is that it mediates the propagation of radio
waves to distant places on the Earth. The propagation of radio waves is completely
related to ion density. The ionosphere has a crucial place in geophysics because of
its propagation character is due to its ions which is deeply affected by both wave and

particle radiations from the Sun (Beynon, 1969; Rawer, 2013).
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Figure 2.3. The layers of the atmosphere and the layer of the ionosphere. (Zell, 2020)
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2.5. Removal of Distortion

The correct interpretation of the data in the MT method is essential to obtain
a more accurate result. Local structures can distort regional electric fields, which is
an important problem that will hinder the correct interpretation of the M'T method.
After removing the distortion reliably and feasibly, the data should be analyzed, and

the results and interpretation adjusted accordingly.

Static shift, for instance, is one of the most common distortions faced in the
modeling of MT data. Static Shift is a change in apparent resistivity that disrupts the
interpretation of data (Spitzer, 2001). The static shift effect does not show itself in the
phase curve, it is characterized by a vertical shift in the apparent resistivity curve by
a frequency-independent factor. The reason is small-scale and inhomogeneous effects
close to the surface (Sasaki, 2004). Static shift only affects the electric field and thus
causes the apparent resistivity to shift. Therefore, false interpretations can be made
if static shift is ignored. It does not affect the phase. For example, Beamish and
Travassos (1992) recommend three methods (1. curve shifting, 2. statistical averaging,
and 3. parameter constraints) for removing distortion and states that each method has

its own pros and cons.

The data drawn for interpretation in this thesis were obtained through the phase
tensor. The most important feature of the phase tensor is that it is distortion-free.

Therefore, no distortion regulation has been made in this thesis.

2.6. Some Basic Concepts in the MT Method

Apart from the above-mentioned assumptions, there are basic concepts that are
frequently used in this field and should be known. Considering that the MT method
is a passive technique that includes electric and magnetic fields information, these

measurements lead us to the impedance tensor.
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In the application of the MT method, two horizontal electric (E, and £, ) and
magnetic (H, and H,) fields along with the vertical component of the magnetic field
(H,) are measured. These components are recorded in the time domain as time series
and by Fourier transformation, they are transferred into the frequency domain (Ward

and Hohmann 1987).

By taking the ratio of the horizontal components of the electric and the magnetic

fields, the EM impedance tensor is obtained:

2 — % (2.19)
Zpy = % (2.20)
Lo = % (2.21)
Zyy = % (2.22)

The general representation of the EM impedance tensor is given by a rank 2, 2 x 2

tensor,

_ : (2.23)

If the medium is one-dimensional (1-D), the conductivity variations just depend
on the depth. In the case of conductivity variations depending on both depth and one
of the horizontal components, the medium is accepted to be two-dimensional (2-D)
(either p(x, z) or p(y, z)). Two horizontal components together with the depth define

the three-dimensional (3-D) medium (p(z, vy, 2)) (Vozoff, 1991).
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In the MT method, while performing forward and inverse modeling, dimension-
ality analysis has an essential role in deciding the amount of data to be utilized by

choosing 1-D, 2-D or 3-D carth (Marti et al., 2009).

In a 1-D medium the impedance tensor can be expressed as follow:

Za_p) = (2.24)

The principal components of this matrix are equal numerically and different from
zero. In this case, the tensor relations of electric and magnetic fields are represented

as in the above formulas.

However, for the emergence of 2-D, there are two different situations: if one of
the components (either = or y) is parallel to the geo-electric strike or two components

are not parallel to the geo-electric strike. In case of parallel,

Zi2 p) = (2.25)

these principal components are both different from each other and zero. If not parallel
to the strike, off-diagonal parameters are the same as mathematically but different

from zero. The last possibility is that the medium is 3-D (Vozoff, 1991).

Zxx Z:cy
Z3-_p) = (2.26)

yr Ly
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Apparent resistivity is another essential concept frequently used in MT. The
apparent resistivity curves are calculated with the help of impedance and solve for
the electrical resistivity distribution of the medium depending on the frequency of the

emitted signal. It is the first interpreted parameter during MT research.

Cagniard-Tikhonov formula presents apparent resistivity as follows:

=22

The phase difference between E, and B, is calculated as:
p=ary(Z) (2.28)

For 1-D earth model, apparent resistivity and phase relationships are described as:

By
Y(1-p) = tan™' (—) (2.29)
B,

The phase (), which we encounter here, is defined as the argument of impedance,
it gives information about the phase difference between the electric and magnetic field
components. In a homogeneous half-space, the constant value of the phase is 45°.
Angles greater than 45° correspond to decreasing resistivity. This feature of the phase
means that it is sensitive to changes in the true resistivity of the medium (Vozoft, 1991;

Simpson and Bahr, 2005).
2.7. Dimensionality of the MT Data

The MT is a method that allows the determination of the resistivity distribution
of the subsurface at depths ranging from a few tens of meters to hundreds of kilometers
(Tikhonov, 1950; Cagniard 1953). The dimensionality in the MT method symbolizes

the conductivity diversities of the underground.
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In recent years, dimensionality analysis became a prominent tool used in the
exploration of EM to resolve many problems. With the MT method, the electrical
resistivity structure of the subsurface can be determined from a few hundred meters
to hundreds of kilometers depth. Due to the target anomalies to be resolved, there
are a wide range of applications that can be performed with the MT method. As
the electrical conductivity is highly sensitive to the presence of fluids, MT is often
utilized efficiently for problems that fluids are considered as important factors. These
applications include (i) understanding geothermal systems, (ii) studying the fault’s
structure, (iii) determining melts around active volcanoes and (iv) resolving the amount

of contamination in environmental studies.

In the MT method, there may be surficial, small-scale 3-D anomalies that may
cause unwanted galvanic currents. These anomalies may obscure the regional 2-D
structure by disrupting the electric field. The MT impedance tensor is affected by
this situation. Although the medium is generally 2-D, the measured impedance tensor
may exhibit 3-D behavior due to local frequency-independent telluric distortions. No
significant 2-D interpretation can be made with the data measured due to this effect.
"Decomposition” is performed to remove the effect of small-scale 3-D structures from

the data.

Common methods used to perform dimensionality analysis are performed with
Swift’s skew (Swift, 1967), Bahr parametrization (Bahr, 1988; Bahr, 1991), Groom and
Bailey decomposition (Groom and Bailey, 1989; McNeice and Jones, 2001) and phase
tensor analysis (Caldwell et al., 2004).

2.7.1. Swift’s Skew and Bahr’s Parameters
A 2-D measure can be constructed from the elements of the impedance tensor

to analyze whether the 2-D interpretation is possible or not. The Swift’s skew (k)

parameter is the ratio of the addition of the diagonal impedance tensor elements to
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difference of the off- diagonal impedance tensor elements (Swift, 1967).

2.30
Zos— Zye (2.30)

where k is a rotationally invariant tensor (Bahr, 1991), and it’s also said to be the
skewness parameter. According to Ledo (2002), when the skew value is less than or
equal to 0.1 (k < 0.1) the medium is 1-D. If the skew value is more than 0.3 (0.3 < k),

in that case, the medium is 3-D.

On the other hand, Bahr (1991) has some dimensionality parameters to interpret
the medium which is related to the components of the impedance tensor.
(I[D1, S| + |[Sh, Da])?

= 2.31

In the above equation, u is said to be a one-dimensional parameter.

S1 = Zyw + Zy, (2.32)
Sy = Zay + Zya (2.33)
Dy = Zy — Zyy (234)
Dy = Zyy + Zyo (2.35)
and,
(D1, 85] = Tm(S5D%) = Re(D1) Tm(S2) — Re(Sy) Im(Ds) (2.36)
[Sl, DQ] = Im(DgSf) = R,E(Sl) III](DQ) — RG(DQ) Im(Sl) (237)

where * indicates the complex conjugate.
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There are two options in that parameter. If the value equals zero (p = 0) the
medium is 1-D, otherwise, the medium is 2-D or 3-D. When (pz ~ 0) the impedance
tensor generates b parameters: common phase of all the tensor elements and multiples

of the four distortion matrix elements (Bahr, 1991).

When the parameter D cannot be resolved from the tensor, it is referred to as
static shift.
(I[D1, Sa| = |[Sv, Do)

_ 2.38
n Dyl (2.38)

Regional skew (n) is another value that is defined by Bahr (1991). It is completely
related to the 2-D or 3-D features of the medium. If n = 0, the medium is 2-D. Once

n > 0.3, the medium becomes 3-D.

The last one is Y. This parameter represents that the medium is 2-D once its

value is greater than 0.1, 2’ > 0.1,

5 D2+ 5) (2.39)
D22

2.7.2. Phase Tensor

The MT phase tensor (@) expresses how the polarization and phase relations
change in a medium where the conductivity structure is 3-D (Caldwell et al., 2004).

The information obtained is not affected by galvanic distortion in the region.

Z=D, Zp (2.40)

Z—=X+iY (2.41)
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where D, is the 2 x 2 distortion matrix and the regional field is represented by
an R in the index. We can present the relationship between distorted and regional

impedance tensors as follows.
Definition of the phase tensor is
®=X1Y (2.42)

where X! is the inverse of the real impedance tensor and Y is the imaginary part of

it.
® = (DsXp) H(DaYr) = X;'D'DaYr = X'V = &p (2.43)

It means that observed and regional phase tensors are the same and distortion-free.
Real and imaginary components of the impedance tensor can be used to write the

phase tensor as a matrix (Caldwell et al., 2004).

b, D XooY11 — X10Yo1 XooYio — X10Y5
1 P2 :L 2211 12¥21 Ao2¥1o 12¥22 (2.44)

By Bon| XN | X0 Ver — X Vi X11Yas — Xoi Vi

where |X| is the determinant of the X. Caldwell et al. (2004) presents phase tensor
as a representative ellipse (Figure 2.4). This ellipse consists of algebraically described
four elements of phase tensor which are the minimum (&,,;,) and maximum (&4, )

tensor values, the skew angle () and the non-invariant angle ().

tr(P) = P11 + Poo (2.45)
Sk(gp) = @12 - @21 (246)
det(@) = @11@22 — @12@21 (247)

the all invariants that define the ellipse are

tr(P)
2

P, = (2.48)
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By = det(d)? (2.49)
by = Sk;@) (2.50)

) _ 1 —1 [ ®12—P2y : : _ 1 —1 ( @12+P21
The skew angle 8 = 5 tan <m>and non-invariant angle o = 3 tan (W)’

where

N[

Dpnin = (P12 + Pa3)

QBmaa: - (@12 + 4523)

=
~~
o
(@
—
S~—

- ((1512 + Do3 — @22)

N

N =
~~
N
(&)
[\
S~—

+ (D19 + Doz — Do)

max

min

Figure 2.4. Graphical representation of the phase tensor ellipse and its invariants j,
a, Pppip, and Ppq,, where xjand z, are the coordinate reference frame. (Taken from

Caldwell et al., 2004)



If the medium is isotropic homogeneous then S equals zero, the phase tensor
ellipses are nearly a circle. In a 2-D case, the phase tensor is symmetric and « repre-
sents the strike direction. When the media begins to have a 2-D or 3-D conductivity
distribution, the ellipses begin to elongate in the direction of the strike. As the values
of f get larger, the 3-D features of the medium increase. This is an indication of the
three-dimensional resistivity structure. Phase tensors can be represented by ellipses,

and the strike direction is given by o — . (Caldwell et al., 2004).
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3. GEOLOGICAL AND TECTONIC SETTINGS OF THE
STUDY AREA

Anatolia has a complex geological history and was formed as a result of tectonic
processes that have been going on for millions of years. Frequent earthquakes and
volcanoes all around Anatolia show that these processes are still active. Anatolia lies
between two ancient continents, the continent of Laurasia in the north which manifests
itself as Eurasia of today and the former continent of Gondwana, representing Africa-
Arabia in the south. During the Paleozoic-Early Tertiary, the Neo-Tethys Ocean was
aligned approximately east- west between Eurasia and Gondwana (Sengor and Yilmaz,

1981).

Anatolia consists of the amalgamation of some continental fragments that were
separated from the main continents of Eurasia and Gondwana (Gonciioglu, 2010). Dur-
ing the Paleozoic and Mesozoic periods, the continental parts of Gondwana separated
from the continental margin, moved north, and added to the Eurasian continent. The
parts that makeup Anatolia came together in the Mesozoic and Cenozoic, and Anato-
lia attained its present shape in the Oligo-Miocene. (Sengor and Yilmaz, 1981; Okay
and Tiiysiiz, 1999). As a result of these complex geological processes, it is possible to
observe both igneous and sedimentary rocks, accretionary wedge and ophiolitic series

in Turkey (Okay, 2008).

In general, it is possible to analyze the tectonics of Anatolia by dividing it into
three headings: The Pontides, the Anatolide — Taurides block (ATB), and Arabian
platform (from north to south) (Okay, 2008. Figure 3.1). The Pontides are Paleozoic-
aged fold and thrust belts which are essential in the African-Eurasian convergence and
represented by the evolution of the Neo-Tethys and the Paleo-Tethys oceans (Sengor
and Yilmaz 1981, Meijers et al., 2010).
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The Neo-Tethys Ocean is the last closed ocean between Eurasia and Gondwana,
of the late Paleozoic to early Cenozoic ages (Zhu et al., 2021). The Pontides consist of

three zones separated from each other along tectonic lines:

e the Western Pontides (The Strandja Massif, Istanbul Zone and the Sakarya Zone),
e the Central Pontides,
e the Eastern Pontides (Yilmaz et al., 1997).

Another important structure, the ATB (such as Tavsanh zone and Izmir-Ankara-
Erzincan Suture Zone (IAES)), collides with the Pontides in the early-late Eocene
interval, and the two belt are separated from each other by the TAES (Sengor and
Yilmaz, 1981). It is a tectonic structure extending along a line from the Aegean Sea
in the west down to Iran in the east. During the middle Cretaceous, subduction
zones and mélange structures emerged, and the ATB underwent a high pressure and
low-temperature metamorphosis (Okay, 2008). This block is divided into many sub-
sections because they show different structural and stratigraphic features. ATB is more
similar to the Arabian plate than the Pontides in terms of their stratigraphic features.
The third block is the Arabian Platform which is located at the southeast of Anatolia
and is separated from the ATB by the Assyrian suture belt. The Arabian platform was
separated by a part of the Neo - Tethys Ocean and the ATB during the Phanerozoic.
Cretaceous-aged and younger structures are exposed throughout Southeastern Anatolia

(Okay, 2008).
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Anatolia is a region where the Earth’s crust is very active, and earthquakes
occur frequently. According to Bozkurt (2001), the NAF, East Anatolian Fault (EAF),
Acgean- Cyprian Arc (ACA) and the Dead Sea Transform Fault (DSTF) have an
essential position in the active tectonics of Anatolia that started in the Early Pliocene
(5 Ma). NAF is about a 1200 km long, right-lateral strike-slip fault zone extending
from the Karhova triple junction to the Aegean Sea (Sengdr et al., 2005; Faccenna
et al., 2006). NAF has many second-order strike-slip faults or auxiliary fault zones,
and CAFZ is one of them (Dirik, 2001). CAFZ is a NE-SW-trending, 730 km long, a
sinistral strike slip structure located in the eastern part of CA (Dirik, 2001; Kogyigit
and Erol, 2001). On the other hand, the CAF is seismically active and has a rate
of motion of about 0.3 cm/year (Kogyigit and Beyhan, 1998). The northeastern and
southwestern parts of this fault zone relate to the Frciyes basin, which is approximately
northeast-southwest oriented and one of the largest and most developed structures of
the CAF (Kogyigit and Erol, 2001). The boundary of the EEB is determined from west
to east by the Yesilhisar and Develi normal faults, respectively (Higgins et al., 2015).
Faults surrounding the region have produced earthquakes before and seismicity analysis
has been made (Kogyigit and Erol, 2001). Figure 3.2 was drawn by using KOERI data
to obtain information about the activity of these faults. Mt. Erciyes stratovolcano is
also located in this area. EEB divided by ESC and consists of the Sultansazligi and
Kayseri-Sarimsakli depressions (Bozkurt, 2001). Considering the lithological changes
of the ESC in vertical and horizontal directions, the unit was divided into members by
Pasquare (1968) from bottom to top. These are basaltic and andesitic lavas, dacitic
rhyodacitic lava domes, olivine basalt lava, hyalodacitic lava domes, and pumice ash

deposits.
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CA embodies countless large and small faults, a pull-apart basin, and many
volcanoes (Kogyigit and Erol, 2001; Aktug et al., 2013). EFZ, EEB and Mt. Erciyes
arc some of the essential tectonic structures found in this region. Mt. Erciyes, one of
the major volcanoes of CA, (38.53°N 35.45°E, 3917 m) is a stratovolcano and located
approximately 15 km south of Kayseri (Figure 3.3). The stratigraphy of Mt. Erciyes
was investigated by Sen et al. (2003), and it was documented that Mt. Erciyes has at
least 64 monogenetic vents. This volcano produced pyroclastic deposits and lava flows
during its evolution (Kiirk¢iioglu et al., 1998). Most of these products are calc-alkaline
(include volcanic types such as basalt, andesite, dacite and rhyolite) and they constitute
the Ko¢ Dag and the New Erciyes sequences. The Ko¢ Dag and the New Erciyes are
two volcanological evolution stages of Mt. Erciyes from Pliocene to Quaternary (Sen
et al., 2003). The Kog Dag constitutes the eastern part of the volcano, and mainly
composed of alkali basalt, andesite, and basaltic andesite lava flows (Kiirk¢iioglu et
al., 1998). According to Innocenti et al. (1975), the first eruption of the Erciyes stage
occurred with the eruption known as the Valibabatepe ignimbrite eruption (VTI) (2.8
Ma Innocenti et al. (1975), 2.73 Ma Higgins et al. (2015), and 2.5 Ma Ciner and Aydar
(2019)). As a result of this explosion, a caldera collapse occurred. The Erciyes stage
consists of different basaltic-andesitic, andesitic, dacitic, rhyodacitic lava generations,
and associated pyroclastics (Kiirkglioglu et al., 1998). Two eruptive stages resulted
in the formation of the Mt. Erciyes. An effusive-extrusive and a second extrusive-
explosive cycle contributed to the evolution of this stage (Aydar et al. 2019). It is
easy to distinguish differences in the phases by scoria fall and mudflow deposits (Sen
et al., 2003). Late Holocene-aged volcanic products were not encountered (Aydar et

al., 2019).
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The glaciation of mountains in Turkey belonged to the Late Quaternary (Sarikaya
et al., 2009). Mt. Erciyes is one of the mountains that still has glaciers. During
the Late Pleistocene-Early Holocene times was produced glacial erosion characteristics
(horn, arete, cirque) and deposits (moraines) in crustal surface above-2700 m in the Mt.
Erciyes (Kogyigit and Erol, 2001). Mt. Erciyes consists of five valleys, two of which
are considered as the main ones (Aksu and Ucker valleys), and the rest are relatively
smaller valleys (Oksﬁzdere, Saraycik, and Topaktag valleys) (Sarikaya et al., 2009).
Okstizdere, Topaktas and Saraycik valleys are located in the northeast, south, and
southwest of the mountain, respectively. Although these valleys have glacial deposits
as in other valleys, the extent of glaciation is relatively small. Besides, Aksu Valley
involves an active glacier and Ucker Valley involves a rock glacier (Giiner and Emre,

1983).
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4. MEASURING THE STRIKE

4.1. Geological Methods

When describing many geological structures, their plane is mentioned, such as
an oblique- slip fault or sedimentary bedding. Strike and dip are two related and
essential geological terms that are closely related to the plane of structures. Geologists
use the concepts of strike and dip relative to the horizontal plane when describing the

deformation of rock layers due to bending or breaking.

To talk about strike and dip, we need to mention a planar structure, such as
joints, fault lines, dykes, sills, and the foliation planes in metamorphic rocks (Panchuk,
2019). The strike is the direction of a line formed by the intersection of the surface with
a horizontal plane (Lahee, 1923). In such a case, it would be hard to define a strike
for a horizontal plane. The strike value is determined by measuring the angle that the
plane on which the compass rests makes with the north. The dip is the deviation of
an inclined surface from the horizontal and should be measured perpendicular to the
strike direction (Monroe et al., 2007). The east or west edge of the compass rests on
the planar structure to be measured, and the compass base is horizontal. The strike
angle is the acute angle the compass makes with the north. The angle showing the

direction value gives the strike direction.

To measure the angle of dip, the south or north side of the compass leans parallel
to the compass direction. If the south direction is leaned north, if the north direction
is leaned south gives us the dip direction. The edge of the compass leans perpendicular
to the plane line. The value indicated by the moving pendulum inside the compass is

measured as the dip angle (Coe, 2010).

Please note that both strike and dip values are measured utilizing the plane on

which the compass rests.



4.2. The Geoelectric Strike

The geoelectric strike is one of the crucial definitions for M'T. In a 2-D situation,
where the resistivity changes with depth and in one horizontal direction but remains
constant in the other horizontal direction, in which the resistivity is constant is called
geo-electric strike. (Khyzhnyak, 2014, Maulinadya and Grandis, 2019). Due to lateral
inhomogeneity of electrical conductivity on Earth, the geoelectric strike is a direc-
tion that represents the orientation of electric current flow in the subsurface (Niasari,
2016). The geoelectric strike is of great importance in modeling resistivity data due
to the variety of area of utilization. Determination of geothermal reservoir boundaries
and evaluation of fractures and faults at various depths that are flow paths for the

geothermal fluid are some of the uses of strike analysis (Khyzhnyak, 2014).

Rotational analysis of the MT impedance tensor can be used to calculate the
geo-electric strike angle (Maulinadya and Grandis, 2019). When off-diagonal elements
in a 2-D environment are parallel to the geo-electric strike direction the impedance

tensor is,

0 Z,
Z = (4.1)
Zye 0
Vozoff (1972) states the geo-electric strike as follows,
tan(400) — (me — Zyy)(ny + Zyw) + (Z$x + Zyy) (ny + Zyx) (42)

|Zm° - Zyyl2 - |ny + Zyac|2

where * indicates the complex conjugate.

In the MT method, the components of the electric field (E,, E,) and the magnetic
field (H,, H,, H,) are measured. In a 2-D case, the impedance tensor is split into two
modes: the case where the x-axis is parallel to the strike and the y-axis is perpendicular

to the strike and vice versa. If the electric field is parallel to the strike, it represents
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transverse electric mode (TE), if the strike is parallel to the magnetic field, it is called
transverse magnetic mode (TM) (Maulinadya and Grandis, 2019). It is possible to call
them E-polarization and B-polarization. In the TE mode, F, , where the electric field
is parallel to the geological direction, and the magnetic field components H, and H,,
which are perpendicular to this component, are measured. Similarly, in the TM mode,
H,, perpendicular to the geological direction and F, perpendicular to this component

are measured as follows:

Figure 4.1. Pieces of equipment of an MT installation site. (Recorder, electrodes, and

magnetic coils.

Simpson and Bahr (2005) say that 90° turns mean the rotation of the two main
impedance tensor components inside the tensor. This means that the calculated strike

direction has an ambiguity of 90°.The mathematical expression is as follows:
ﬁ x 18 x — - x
ooy (2 %) = o) (4 %)= (0, ) @)

When reading the rose diagrams obtained as a result of the strike analysis, 90° should

be subtracted and read.
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4.3. Magnetotelluric Data Acquisition

The data for this thesis study were collected through three separate field studies.
To understand the deep electrical resistivity structure of the study area, measurements
were made along the profiles enclosing Mt. Erciyes and surrounding the complex it is

in to conduct a wide- band MT study.

During this study two Phoenix Geophysics (MTU-5A) systems were used (Fig-
ure 4.2.). Horizontal components of the electric field were measured (E, and E,) with
non-polarizing electrodes containing Pb-PbCl, solution. Magnetic measurements were

performed with three magnetic coils (MTC-50).

Figure 4.2. Phoenix Geophysics MTU-5A. a is an MT recorder. The GPS antenna is
indicated by b. The letters ¢ and d denote magnetic coils and electrodes, respectively

(This photo was taken from the Phoenix Geophysics official page. July, 2022).



38

During the establishment of the sounding stations, it was carefully studied so
that the measurements were not affected by noise. All electrodes are embedded and
recording devices are stored in boxes to reduce noise impact and ensure safety. The
vertical component of the magnetic field can be used to generate the tipper data.
Since the study area is a volcanic complex, the magnetic coils could not be buried deep

enough and were affected by the noise. Therefore, it was not included in this study.
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5. MODELING

The modeling process consists of two steps;

i. forward relation,

1. inversion.
D,=F (m) (5.1)

D,, represents the predicted data set, and m represents the model parameters.
F is an operator that establishes a relationship between the model and the dataset.
According to Menke (1984), observed data (d) is presented as vectors with a length of

N. Similarly, model parameters (m) can be presented as vectors with a length of M,

° data:dz[dl dy dz ... dN]T

T
° model:m:[m1 me M3 ... mM]

where T represents the transpose of the matrix. The final form of inversion as follows

with an error (e) option,

F(d,m)=d—-F(m)+e (5.2)

The modeling process of the obtained data is the most crucial stage in this study.
MT modeling aims to calculate the obtained true resistivity distribution as accurately
as possible and to obtain the most statistically suitable model of the subsurface. The
Earth has a very complex structure, and the aim of modeling is to illustrate the geo-
logical structure in a realistic way by using geophysical data. Geophysical data is used

as a model parameter, and a simple model is used to obtain the geological structure.
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This process is called inverse modeling.

According to Menke (1984), the inverse problem for a linear case (F(m) = Gm)

can be calculated as follows ,

E=¢"e=(d—Gm)"(d— Gm) Z[ =Y Giym, (5.3)

i=1

M
[di — Z Gigmy
1

If the derivative of E with respect to m is calculated term by term, first term

gives,

M M M M
[Z Z m;my Z Gle]k] = Z Z igME + mJ(Skq Z GUG =2 Z mpg Z qusz
i=1

j=1 k=1 j=1 k=1 k1

(5.4)

Second term gives,

M N
_28% [ZerjZG],d 225JqZGj,d = QZqud (5.5)
7 | j=1 i=1 i=

The sum of the three terms is as follows,

N
qu =0=2 Z my ZZ: GiGix — ; Gligd; (5.7)

As matrix notation yields,
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G'Gm — G'd = 0. (5.8)

A vector of length m is multiplied by the square matrix GTG. Due to unknown model

parameters, this problem is square matrix equation (Menke, 1984).
m,, = [G"G] 7 G"d (5.9)
which is the least-squares solution to the inverse problem Gm = d.

The data obtained as a result of the measurements can be interpreted by mod-
eling 2- D and 3-D. With 2-D modeling, sufficient information can be provided about
changes in the crustal structure and faults. The finite difference method and the finite
element method are the two most used methods for the 2-D MT modeling process.
Siripunvaraporn (2012) states that, 3-D modeling has many advantages over 2-D mod-

eling:

i. The main reason for the need for 3-D inversion is that 3-D makes it easy to
explain the three-dimensional world.
ii. Dimensionality analysis is required for 2-D inversion, but it is a great advantage
that dimensional analysis is not a crucial requirement for 3-D.
iii. For 2-D inversion, it is necessary to measure along the entire MT profile line
specified. There is no such requirement for 3-D, measured data from scattered

stations can be used for inversion.

The algorithm used for the 3-D models obtained in this study is MODEM © which
is based on non-linear conjugate gradients (NLCG) algorithms (Egbert and Kelbert,
2012; Kelbert et al., 2014). The MODEM © uses both the real and the imaginary

part of the impedance tensor and can benefit from the tipper information. For this
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algorithm, penalty functional (®) is expressed in form:
d(m,d) = (d — F(m))" C7' (d — F(m)) +v(m — my)"C; (m —mg)  (5.10)

where Cy is the covariance of the data errors, mg is the prior values for the model
parameters and C,, (or more properly v~ *C},) is the model covariance or regularization
term. During the modeling process MODEM @ efforts to minimize the penalty function

for solving regularized EM inverse problems (Kelbert et al., 2014).
5.1. Inversion of the MT Data

The first step in the inversion process is to create a regional model that fits the
data substantially. Inversion algorithm, MODEM © developed by Egbert and Kelbert
(2012) and Kelbert et al. (2014) was utilized for the inversions of all four elements
of the electromagnetic impedance tensor (Z,,, Zyy, Zys, and Z,,). For the model,
which included the topography information, the topography data were obtained from
ETOPO1 (NOAA—National Centers for Environmental Information). For both regional
models, 38 wide-band MT stations out of 48 were used to focus benecath the volcano.
The resistivity of the initial model was chosen as 100 {2m. For the without topography
model the total numbers of cells in X-Y-Z directions were 100 x 100 x 30, respectively.
The final regional inversion scheme for this model merged into a model with an RMS
of 3.85 at the end of the 84" iteration. The number of cells is higher for the model
containing topography information, in X-Y-Z directions were 99 x 81 x 110 (30 out
of 110 are air layers), respectively. The nodes of the mesh are designed to prevent
the stations on the mesh elements from colliding with each other, and the cell size of
the center of the model is chosen as 2.5 km. (Figures 5.1 and 5.2). The final regional
inversion scheme for this model merged into a model with an RMS of 3.07 at the end of
the 110" iteration. To observe whether the lack of topography affected the final model,
both topography and non-topography models were calculated and compared (Figures
6.14 and 6.15). The fitting curves of the topography model can be seen in Appendix B.
When examined in general, the regional resistivity distribution has acceptable fitting

rates.
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Figure 5.1. The initial model (without topography) of the 3-D modeling scheme of
Mt. Erciyes the section is the view from the top where black triangles indicate the

MT stations.
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Figure 5.2. The initial model (without topography) of the 3-D modeling scheme of

Mt. Erciyes as a cross-section.
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5.2. Sensitivity Tests

After obtaining the final model of the data used, sensitivity tests were performed
to check the accuracy of the results and the validity of some anomalies. The tests were
performed by drawing resistive anomalies on the conductors in the obtained models to

check the reliability of the modeling results.

For MODEM @ results, the sensitivity tests made to cover all C1, C2, C3, and C4
conductors aimed to examine the deep conductor up to approximately 5 km (Figure
5.3). These four anomalies were masked with a 100{2m value. When an artificial
anomaly was added to the region, the RMS value gradually increased from 3.07 to 4.6.
It can be said that considering the test results, the model is sensitive to this anomaly

at the tested depths.

0.0

DEPTH (km)

10.0

-2.0 0.0 2.0

DISTANCE (km)

Figure 5.3. The map indicates sensitivity tests and the injection methodology for

conductive anomalies beneath Mt Erciyes.



6. RESULTS AND INTERPRETATION

In this study, the electrical resistivity structure beneath Mt. Erciyes is revealed by
a 3-D model of high-resolution wide-band MT data. Wide-band MT data were collected
from the east and west of Mt. Erciyes and in the form of a profile surrounding the
caldera of the Ko¢ Dag. The study area has been previously investigated with geological
and geophysical techniques that were applied by various researchers at various times.
The current study is an original work that aims to examine the electrical resistivity

structure beneath the Mt. Erciyes using 3-D MT method.

Since there is no structural strike information that measured in the fieldwork,
the strike value of Higgins et al. (2015) is used to compare the results (Figure 6.1).
This value states that the dominant azimuth direction of the region is 25° to 35°. Rose
diagrams of each decade are given separately for all sounding stations in Figure 6.2.
The dominant direction changes calculated from different frequency bands (changing
between 1072 10* Hz) and phase tensors are shown this figure. It is possible to obtain
values in less or more range in the desired frequency band. The uncertainty in the
angles is not considered. Figure 6.3 presents two different strike values as a result and
interprets the overall orientations in the desired frequency band for the study region.
Both of them were calculated by EM data collected from the fieldwork. The first
diagram (Strike Z) is established by using Swift’s methods, and the second one (PT
Azimuth) is calculated by Caldwell’s method.
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Figure 6.1. Rose diagram presentation of the geological direction of the study area,

which Higgins et al. (2015) obtained in the study area by geological methods.
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Strike (2) PT Azimuth

Figure 6.3. Rose diagram presentation for geo-electric strike directions for all stations.

The geoelectrical strike orientation in the study area was obtained as N25°FE. The
results of the studies by Higgins et al. (2015), gave the dominant azimuth direction
in a range between 25° and 35°. The strike analyses show that the orientation of
geological and geoelectrical strikes in the study arca are similar. On the other hand,
the complexity of the lithological resistivity may be the reason for the different values
obtained. In the process of 3-D modeling of the subsurface resistivity information of
MT data, it is important that the structural orientation of the study area and the
geoelectrical orientation obtained are compatible to obtain a suitable, accurate and
minimum error value model. The value we obtained, and the value measured during
the field study are close to each other proving the reliability of our data. In addition
to this, when one takes a glance at the map in Figure 6.4, it is possible to say that the
structural orientation of the study area is shaped by the faults in the region and there

is a rotation to the northeast.

The variations in the electric and magnetic fields with respect to time are recorded
during field studies. The time-domain data are transformed into frequency-domain
using the discrete Fourier transform (DFT). The impedance is then calculated from
the frequency-domain data. As a result, the apparent resistivity and phase values are

obtained, and these values are plotted as a function of frequency.
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All apparent resistivity and phase curves are plotted for all of the sounding lo-
cations. The whole data set was observed bit-by-bit, and general information about
the resistivity property of the study region was obtained (The apparent resistivity and

phase curves for all stations are presented in the Appendix A).

The location of all stations in ESC is presented on the map below (Figure 6.4).
Three stations were selected to better interpret the characteristics of the study area,
and to recognize the different structures in the region. It is possible to see the loca-
tions of stations 20, 6 and 24, respectively, from Figure 6.4. The data obtained from
the apparent resistivity, phase and phase tensor ellipses are read from these two-part
graphs. Station number 20 is the dataset of one of the stations installed west of the
ESC (Figure 6.5). When the apparent resistivity curves are examined, the transition
is starting from resistive values getting more conductor as it goes deeper, and after
about around 1 Hz its starts to becoming more resistive. The XY and YX modes in
the phase plots give the resistivity variation of the field for the two perpendicular axes.
The fact that the curves are apart is proof that the environment is either 2-D or 3-D.
On the map, this point coincides with the restriction of two different auxiliary faults
(Yesilhisar Fault on the left and Erciyes Fault on the right). The opposite is true for
data at station number 6 (Figure 6.6). This station is located outside the volcanic area,
near the EPB boundary. In curves and ellipses, there is a fluctuation from conductor
to resistive structure. The fact that the phase frequencies are separate from each other
indicates that dimensionality is dominant in the medium. The resistivity values of the
number 20 and number 6 stations are close to each other. They’re probably pointing
to the same resistive anomaly. The station number 24 is located in the region between
Erciyes and Develi faults (Figure 6.7). It is possible to observe that two curves are
separated from each other which is kind of represented these fault lines. The phase
curves of this station have the same effect. There is a trend from the higher phase to
the lower phase, from conductor to resistive. 2-D / 3-D dimensionality dominates the

environment.
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The data obtained as a result of the phase tensor analyses are mostly compatible
with the stress orientation of the region. The local electrical characteristics of a region
may vary over short distances depending on the geological diversity of the region, but
the regional trend in fault lines and similar systems are generally in the same orienta-
tion. Based on this information, the measurement results of the phase tensor analyses
can help to make comments on the directional and geoelectrical trends of the study
area. The @,,,, values of various stations indicate the direction of geoelectric impact
which increases in intensity as the difference between the maximum and minimum
phases increases. According to Bibby et al. (2005), a deviation from a perfectly round

shaped circle is considered a drift from the ideal 1-D medium.

On the shaded digital elevation model in Figure 6.8, the red circles indicate the
locations of the stations, the lines indicate fault lines, and the yellow lines provide
information about the profiles of sections named P1, P2 and P3. The wide-band-MT
used in the modeling of Mt. Erciyes has three phase pseudo-sections of phase tensor
ellipses, filled with skew values (Figures 6.9, 6.10, 6.11). Basic information about
the polarization direction of the major axes and the dimensionality of the S value
/ skew angle is obtained from the ellipses in the phase tensor plots. The aim is to
interpret the electrical-structural properties of the region. Colors between dark red
and dark blue that fill the ellipses are associated with higher and lower 5 values, which
express three-dimensionality. The first part is derived from measurements of stations
surrounding the caldera of the Ko¢ Dag. It is possible to examine the obtained data
in three different profiles. When the phase tensor ellipses of the first profile (NE -
SW) are examined (Figure 6.9), low [ values appear at higher frequencies, a very
one-dimensional electrical structure becomes evident for frequencies around 1 Hz, and
a one-dimensional orientation is observed. The orientation of ellipses below 1 Hz is
similar to the EPB orientation. The second profile (Figure 6.10) is parallel to the first
profile but on the west of Mt. Erciyes. This profile is located where the mountain vents
are centered upon. At around 0.1 Hz, ellipses tend to be one-dimensional. The surface
has a one-dimensional character, while three-dimensionality dominates deeper. Profile
3 (Figure 6.11) is NW - SE oriented and lies relatively on the south of the volcano.

Dimensionality changes from three dimensions to two and one from west to east. This



exchange zone is found deeper in the west than in the east.
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Figure 6.9. Profile 1 is a pseudo-section containing data from six sounding locations

recorded around Mt. Erciyes. Ellipses are colored with the [ value.
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recorded around Mt. Erciyes. Ellipses are colored with the S value.
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Phase Tensor Map for 0.01s

‘Dmin (deg)

Figure 6.12. Phase tensor ellipses with topography for 0.01 s, 1 s and 100 s. The
color scale of ellipses is enlightened about the change in the conductivity values
through @,,;, in degrees. It means that high @,,;, values indicate a structure that is

changing from high resistivity to high conductivity.
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The above-mentioned Figure (6.12) shows the phase tensor ellipses with topogra-
phy information for 0.01 s, 1 s, and 100 s. In the ellipses in the figure, the dimensionality
of the MT data can be observed without distortion. Ellipses are filled with color to
demonstrate the change in the conductivity by means of &,,;, in degrees. Especially
the colored (red and blue) ellipses indicate the 3-D character. For interpretation, it
should be considered that high @,,;, values indicate a structure that changes from high

resistivity to high conductivity.

Figure (6.13) consists of six different conductivity slices to observe conductor
changes at different depths (2 km, 3 km, 4 km, 5 km, 7 km, 10 km) and topography data
are not included. The purple hexagrams represent the locations of the measurements
taken from the volcanic complex. The dark blue region at a depth of 1000 m represents
the air layers. The purpose of the plots is to conduct a preliminary investigation to
learn about low and high resistivity anomalies. The surface layer of the model is taken
as the reference height as zero. Looking at the plots, five slices show highly resistant
anomalies under the volcanic complex that can be easily recognized. From the section
that gives the information on 2000 m depth, the conductive and resistive regions under

the complex have begun to emerge.
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Figure 6.13. Resistivity slices were plotted for six different depths achieved from the

resulting model in the map view form (without topography information).
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Figure 6.14. Six different resistivity slice maps were generated from the topographic
final data. Location of the MT stations (represented by red circles), auxuliary fault
information (represented by red lines) and topography map were added to the

sections.
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Figure 6.14 shows six consecutive resistivity depth slices of 2, 3, 4, 5, 7 and 10
km, respectively, in the study area. Topography data, station locations and auxiliary
fault lines responsible for tectonism in the region are also added to the slices. The red
circles represent the locations of the measurements taken from the volcanic complex.
The dark blue region at a depth of 2000 m represents the air layers. As in the slices
without topography (Figure 6.14), the surface layer of the model is taken as 0 as the
reference height. When the bird’s-eye view of the sections in the figure is examined,
it is possible to see the entire electrical structure of Mt. Erciyes. Conductive-resistive

boundaries overlap with fault lines in the region.

log,, 7 (11 M)

0.00 —

g
/

10.00 —

Depth (km)

15.00 —

o

Figure 6.15. The resistivity cross-section. Red reverse circles point out the sounding

locations on this profile.

The final regional inversion scheme converged into a model with an RMS value
of 3.07 at the end of the 110" iteration. Figure 6.15 was drawn according to the

fault system, and extending in the northeast-southwest direction. It is parallel to the
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Yesilhisar and Develi fault lines, which are the major fault lines in the region. This
section provides the most realistic information on the dimensions and geometry of the
conductors present in the study arca because of the orthogonality. The low resistivity

anomalies are apparent in this profile.

When the final resistivity model was observed (Figure 6.16), an essential and
widespread conductive layer was observed under the volcanic complex C1, C3, C4 about
5 km depth. The relatively lower resistivity anomaly is apparent in this profile C2.
There is a largely resistive layer under the low-resistivity C2 structure R1. All visible
conductive fields are spread between two fault lines (Yesilhisar and Develi Faults). The
conductive-resistive boundaries of these conductive layers under the volcano are cut by

the three dominant faults in the region (Yesilhisar, Erciyes and Develi Faults).
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7. DISCUSSION

7.1. Geological Evolution of Mt. Erciyes

The region where Mt. Erciyes is located has a complicated geological and tectonic
structure. The complexity of the structure originates from the high tectonic activity
experienced during the evolution of the region. There are many active faults and
auxiliary fault segments surrounding the volcano. Mt. Erciyes stands at the bound-
ary between the Anatolide-Tauride block and Central Anatolian Crystalline Complex
(CACC) which also serves as a suture zone known as Inner Tauride Suture (ITS) zone.
The first intense orogenic movement in the ATDB started at the end of the Cretaceous
and continued until the Miocene. As of the Miocene, the orogeny movement ended,
and volcanism initiated. It is possible to examine the evolution of Mt. Erciyes in
two distinct stages; namely the Kog Dag and the Erciyes (Kiirkciioglu et al., 1998;
Sen et al., 2003). The Kog Dag, the first part of the evolution, is characterized by
the first explosive activity, the VTT (2.5 Ma. Ciner and Aydar, 2019), leading to the
formation of a caldera (Innocenti et al., 1975). While magmatic activities during the
formation of the Ko¢ Dag and the Erciyes cause the dominant calc-alkaline products
to be observed in the region, alkaline and tholeiitic components are also present in the
region. Kogyigit et al. (2001) refers to the VTT is the most sensitive spot to understand
the chronostratigraphic formation of the basin and Mt. Erciyes. Geochemical studies
suggested that Mt. Erciyes volcanism occurred as a direct consequence of strike-slip

faulting present in the region (Alic1 - Sen et al., 2004; Dogan et al., 2013).

Mt. Erciyes and its located area are surrounded by many auxiliary fault lines and
segments. EFZ is one of the important auxiliary fault lines in this region. The reason
why it is essential is that EFZ played a role in the evolution of Mt. Erciyes (Toprak,
1998; Sen et al., 2003). With the tectonic regime it developed, the EFZ allowed the

stratovolcano complex to settle in this region (Tatar et al., 2000).
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One can examine the evolution of the ESC in several stages (Sen et al., 2003):

i. A basaltic volcano was formed with andesitic low forms.
ii. This previously formed volcano collapses, and the main andesitic stratovolcano
develops in its place.
iii. Andesitic and dacitic evolution started.
iv. Olivine - basalt outflows started from this dacitic origin structure formed and it
was deposited on the western slope.

v. The central crater lava flows are of hyalodacite origin.

Since Mt. Erciyes is a stratovolcano, each eruption it undergoes during its evo-
lution accumulates and forms a layer on the surface. The eruption of lava in different
compositions of the volcano shows that the origin magmas forming the lava are also
of different compositions. Mt. Erciyes has evolved to produce a more acidic magma

during this process.

7.2. Shallow Structure Analyses

Shallow structure analysis is characterized by ignimbrites. The chemical compo-
sition of ignimbrites consists of the origin magma that forms it. The VT is an essential
distinction between the Ko¢ Dag and the Erciyes phases and provides significant infor-
mation about the content of magma. A substantial feature of VTT is that, unlike other
ignimbrites, it does not contain any biotite (Le Pennec et al., 1994; Ciner et al., 2011).
Considering the Bowen reaction series, the absence of biotite can be interpreted as the

crystallization of magma at high temperatures.

The resistivity of the ignimbrites can be classified according to their state, welded
or non-welded. According to Wohletz (2006), welded ignimbrites can have resistivity
values ranging from 17 to 60 (2m, while welded ignimbrites can have values ranging
from 200 to 14002m. According to Temel et al. (1998), the thickness of the welded
ignimbrites is 5-15 m. Sen et al. (2003), gives an approximately similar result by

classifying them as welded, medium welded and well welded for 3m, 4m and 7m, re-
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spectively. Dinger and Bostanci (2019), and Akin et al. (2021) argue that VTI has a
strongly welded structure. In the model we obtained, the approximate resistivity value

of ignimbrites is 802m. In this case, it is possible to define it as welded.

The model we obtained is not sufficient to give detailed information about the
thickness of the ignimbrites, but at Figure 6.15 (2000 m) it is possible to observe that
the VTT has been deformed by the fault lines in the region. This situation can be
interpreted that the faulting in the region that occurred before the VTI. Higgins et al.
(2015) state that the ignimbrite layer is subjected to syndepositional deformation and
faulting causes this. Mt. Erciyes is a Quaternary stratovolcano; it indicates that the
ignimbrites found in the complex are much older than the volcano (Ciner and Aydar,
2019). Starting from the ignimbrites, the faulting before it and the stratovolcano

formed after it gives a brief summary of the dynamics of the region.

7.3. Deep Structure Analyses

The apparent resistivity and phase curves obtained show the electrical resistivity
transition in different parts. (The apparent resistivity and phase curves for all stations
are presented in the Appendix A). High conductivity values in the apparent resistivity
curves indicate surface conductive layers. When the apparent resistivity and phase
curves observed in the frequency domain of the Z,, and Z,, elements of EM impedance
tensor are examined, the curves being separated from each other draws attention. These
modes give the resistivity variation of the field for the two perpendicular axes; based
on this information, the separation observed especially in stations around the caldera
is proof that the environment is 2 - D or 3 - D. The presence of many fault lines /
auxiliary fault lines in ESC can be shown as the reason for this unconformity. Besides
on the complex structure of the region, the results obtained from the phase tensor
analysis of the MT data confirmed the strong inhomogeneity in the study area. In
Figures 6.9, 6.10, 6.11 phase tensors are presented graphically with ellipses, following
the illustration methods of Caldwell et al. (2004), which showed the polarization
direction of the major axes and gave basic information about the dimensionality of the

B values (i.e., skew angles). The ellipses are filled with colors ranging from red to dark
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blue for highlighting high and low [ values for expressing the asymmetry of the phase
tensor as an indicator for three-dimensionality. When the phase tensor ellipses of the
stations around the volcano are examined, low g values at higher frequencies stand
out, and a three- dimensional electrical structure becomes evident for deeper parts.
Stations 29 (See the map in Figure 6.4 for the station’s location) and 30 (See the map
in Figure 6.4 for the station’s location) show a different orientation from surrounding

stations.

Phase tensor ellipses suggest similar results in the region (Figure 6.12). From
the ellipses in the figures, the dimensionality of the MT data can be observed without
distortion. As can be seen in this figure, there are higher @,,;,, values at 100 s and at 1 s
compared to 0.01 s. The ellipses in Figure 6.12 indicates a shallow homogeneous layer
that achieves higher conductivity values over a more complex deeper structure. El-
lipses of 0.01 s indicate higher conductivity compared to surrounding locations. When

examined at all four periods, it is seen that the ellipses point to the conductor.

In the latest model, which includes 38 stations, a piece of evidence was ob-
served that indicated the presence of a relatively small conductivity anomaly and three
widespread conductive areas in the surrounding system that lies beneath Mt. Erciyes.
In both models (with topography and without topography), it is possible to observe
several conductive - resistive interfaces. Active sinistral faulting resulted in the dis-
placement of the Central Anatolian Fault zone (4-24 km since Miocene according to
Aktug et al., 2013). In Figure 6.14, at 4000 m slice, there are two anomalies (B1 and
B2) separated from each other. This conductors look likes shifted by the lateral move-
ment of this fault zone. It can be a proof the left lateral movement of the fault and

traceable on the models.

On the other hand, when all C anomalies are examined together, they can be
interpreted as magma pockets belonging to a large magma chamber and separating
from each other over time instead of a single large magma chamber. This situation is

similar when considering the reservoir model theory proposed by Kliigel et al. (2005).
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It is an expected result that the fault lines define conductive - resistive interfaces.
These interfaces coincide with the surficial fault traces on the models. Earlier Kogyigit
and Erol (2001) prepared a similar figure for describing the structure and the position of
the faults in a geological sense. The models based on the resistivity structure achieved
in the current study suggest similar positions for similar faults. From these available

data, a similar block-faulted zone can be expected below the volcano.

All the numerical models obtained in this study show that the width of the
conductive zone is greater below the central structure of the volcano. Since the cross-
section (Figure 6.15) is orthogonal to the active fault system, it provides the most
realistic information on the dimensions and geometry of the conductors present in the
study area because of the orthogonality. The low resistivity anomalies are appearing
in this profile. To the west of the volcanic complex there is a deeper conductive layer
(C1 in Figure 6.16). It can be said that these structures in the east and west of the
volcano feed each other and show the route through which hot gases and magma are
transported to the cone of the volcano. Considering the conductive regions observed in
the model; a deeper source is required to increase the melt fraction. Comparing Figure
6.13 and Figure 6.14 , it is possible to observe the boundaries of the conductors in all

slices. The lower limit of the resistive zone can be determined as about 8 - 10 km.

The electrical conductivity of the subsurface is an essential parameter in the study
of hydro/geothermal and volcanic environments and is gaining increasing popularity
in MT research around the world (Munoz, 2014). In the final resistivity model, the
conductive and resistive regions are named C1, C2, C3, C4 and R1 (the conductive ones
C1 and C2 and a highly resistive anomaly R1). Sensitivity tests confirm the location
of this conductive anomaly. There aren’t any vertically distributed high-conductivity
anomalies to recharge the C1 - C4 anomalies. This observation indicates that the

volcano is far from activity.

The C1 anomaly in the west of the volcano goes deeper and was moved by the
fault. C1, the resistivity value (< 10{2m) is consistent with the clay alteration (smec-

tite and illite-smectite) formed due to a possible hydrothermal activity around Mt.
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Erciyes (Munoz, 2014). Most importantly, the largest conducting zone C1 is located
near the faulting zone and postglacial valleys. The hydrothermal activities in Incesu
and Yesilhisar (Kayseri - Tiirkiye), suggested by Ak et al. (2015), are close to C1, mak-
ing this anomaly related to hydrothermal. In this case, the source of the magma/heat
in this region is essential. Volcanic activity on Mt. Erciyes continued until about 2000
years ago, and today only volcanic gas and hot water eruptions are observed (Dirik,
2009). It is possible to associate this situation with hydrothermal activity, but at the
same time, this activity can cause unrest. Samrock et al. (2015) obtained models
similar to Mt. FErciyes in their study to determine the unrest in the Aluto volcano.
They explained the absence of an active source under the Aluto and the unrest of the
volcano as it is located in the hydrothermal system. For the other conductive and resis-
tive structures, there is no source or magma chamber to feed the anomalies. Friedrichs
et al. (2020) argue that the long-term zircon crystallization of the last 300,000 years is
the presence of an evolved magma reservoir located beneath the volcano. It is possi-
ble to overlap this structure with C3 and C4 anomalies. Fault line borders physically
demarcate the resistive/conductive anomalies. After C1, the source melts moved both
vertically and laterally (about 5-10 km) along C2, C3, and C4, respectively. The pro-
gression from C4 to C1 indicates a potential path towards shallow areas just below
the ESC. In the resistive structures observed in the final model (Figure 6.16), a rela-
tively conductive medium C2 stands out, which can be interpreted as a common region

feeding each other between anomalies.

To comment on the ongoing tectonic processes, cross-sections (Figure 6.15) from
the final electrical resistivity models can be examined. Section C is approximately
30 km long lying inside the EPB and is aligned in a NW - SE direction. Yesilhisar
and Develi fault lines define the boundaries of the anomaly. The EFZ emerges as
an abrupt interface between conductive and resistive anomalies C3 and C4. This
conductive interface hosts a structure of dacite - pyroclastics and falls just below the
topographic peak of the model. Moving to the north along the EFZ, there is another
highly conductive anomaly that can be identified as materials called VTI (Higgins et
al., 2015). The current model shows high conductivity anomalies below Mt. Erciyes. In

the EPB, the auxiliary faults of the EFZ, which strengthened the suitable environment
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for the upward movement of the volcanic materials accumulated in the region, limited

the interconnected highly conductive zones at shallow depths.

The sketch in Figure 7.1 summarizes the electrical characteristics of the study
zone of this thesis, obtained from the results indicated above. When the shallow
structure is examined, some resistive layers can be seen covering the volcanic body.
Most probably they are related to the lava blocs. The blue structures correspond to
the part VTI. There are some conductive anomalies in the deep structure. While the
Yesilhisar and Develi faults restrict the basin, it is possible to see all resistive anomalies
that are illustrated between them. There is a widespread conductor overall beneath
Erciyes. C1 might be related to some hydrothermal activity. On the other hand, C3
and C4 are possible hydrothermal reactive anomalies separated by a fault line. The

absence of a deep source is the reason of magma chamber is not possible for this volcano.
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8. CONCLUSION

MT data were collected at the ESC located in CA to display the electrical con-
ductivity distribution of the region, were obtained from a total of 48 stations and only
38 of them were used in the modeling process. These data were used to create the
first detailed 3-D electrical resistivity model of the ESC and surrounding area. Dimen-
sionality analysis and 3-D inversions with wide-band MT datasets were evaluated to
resolve the conductivity structure of the study area and yielded the results presented

as a thesis.

Mt. Erciyes is located in a complex tectonic and geological environment. Despite
the complexity, the phase tensor analyses of the acquired MT data and the resulting
models provide clear images that highlight key elements of existing structures. At the
end of the MT data evaluation process, the geoelectric impact value obtained from the
impedance tensor was calculated as ~ N25°FE. This strike angle is consistent with the
geologic strike. The resulting model was with several major conductive features imaged
at different depths and locations beneath Mt. Erciyes and ESC. When the obtained
electrical resistivity models are observed, the resistive and conductive boundaries are
visible. Based on this result, it can be stated that the M'T method is an effective way

to view the transitions of regions.

A relatively deeper and larger anomaly was observed to the west of the final pat-
tern (about 5 km deep). This anomaly, called C1, could be a potential hydrothermal
region. The location and shape of the C2 anomaly indicate a common region feeding
each other between anomalies. Since a source thought to feed the anomalies is not
reflected in the final model, it is not possible to talk about a possible magma chamber
in the region. Since a source thought to feed the anomalies is not reflected in the final
model, it is not possible to talk about a possible magma chamber in the region. How-
ever, these anomalies can be interpreted as residual magma pockets. For more detailed
results and more detailed research to be obtained from the region, it is recommended

to conduct a study with more stations.
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APPENDIX B: FITTING CURVES OF FINAL ERCIYES
MODEL
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Figure B.1. Fitting curves of station 29, 30 and 28 for the final resistivity model. See

the map in Figure 6.4 for the station’s location.
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Figure B.2. Fitting curves of station 26, 27 and 23 for the final resistivity model. See

the map in Figure 6.4 for the station’s location.
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Figure B.3. Fitting curves of station 24, 18 and 31 for the final resistivity model. See

the map in Figure 6.4 for the station’s location.
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Figure B.4. Fitting curves of station 19, 15 and 16 for the final resistivity model. See

the map in Figure 6.4 for the station’s location.
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Figure B.5. Fitting curves of station 13, 12 and 20 for the final resistivity model. See

the map in Figure 6.4 for the station’s location.
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Figure B.6. Fitting curves of station 21, 22 and 25 for the final resistivity model. See

the map in Figure 6.4 for the station’s location.
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Figure B.7. Fitting curves of station 2, 3 and 4 for the final resistivity model. See the

map in Figure 6.4 for the station’s location.
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Figure B.8. Fitting curves of station 5, 6 and 8 for the final resistivity model. See the

map in Figure 6.4 for the station’s location.
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Figure B.9. Fitting curves of station 10, 17 and 14 for the final resistivity model. See

the map in Figure 6.4 for the station’s location.



109

Zyx Zyy Zyx Zyy
10! e Ly 1ot FB-Zyy 10 0y 10 -0 Lyy
E oae: Z0 mms=3.54 po-Z0 Ms=5.91 $e#- 200 MS=3.61 ewo Z0h rMs=3,10
3 10% 1074 10° 107
<] Hﬁﬂ F .
= i+
] = >
@ ] ] k3 ] ]
2 1w 107 X3 102 P, 10°
4 f* w
.% 1072 104 10" & 0771
0 T Ry e T i T 0
2100.04 100.04 100.04 100.04
T i R
o 004" w 0.0 0.0 0.0+
v
T
£-100.01 -100.04 -100.0- ’M 0.0
P Zyy Zyx Zyy
10* B 2 10 Pl Zyy 104 P Lyx 10* -0 Lyy
-E -4 2 TMs=2.51 wee Z70 rms=2.61 Fea- 20 rms=4.27 -+ Z0 Ms=3.86
d 10%4 10%4 10%4 10%4 -
a4 w ¥
& 107 1074 1074 10°
g M
& 102 10'4 104 10-24
5 2 N .
_ 10 10 T 10 R} 0
g‘mo,o- ; 0.0 100.0+ 100.0
T i
@ 0.0 0.0 0.0 0.0
vi
1]
£-100.01 0.0 -190.04 -100.0
104 10 Loy 104 e 104 Zyy
-7 to-L 0L,
3 Xy ¥ ¥ ¥¥
£ Lo 20 Ms=2.04 Lewe Z7 Ms=3.87 < Z rMs=2.05
T 10% 1071 1074 102
c
v "
@ 1% W'\m m\; I
a
g 107 10" 10" 1024
S, o 0 —4
_ A Re{T,} 10 M7 T 10 Re(T,T o
E‘loo.o- 100.0+ 100.0 100.04 g
@ 0.0 0.0 0.0- 0.0
w
]
{-100.0— -1§0.0 -100.04 i -100.0
10° 10° 10° 10 10° 107

Figure B.10. Fitting curves of station 11, 33 and 34 for the final resistivity model.

See the map in Figure 6.4 for the station’s location.
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Figure B.11. Fitting curves of station 35, 36 and 37 for the final resistivity model.

See the map in Figure 6.4 for the station’s location.
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Figure B.12. Fitting curves of station 38, 1 and 7 for the final resistivity model.
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the map in Figure 6.4 for the station’s location.
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map in Figure 6.4 for the station’s location.
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Figure B.13. Fitting curves of station 9 and 32 for the final resistivity model. See the



