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Abstract

The study area is located in the Anatolide-Tauride Block which underwent stronger Alpine
deformation and regional metamorphism throughout the geological history. This study aimed
to identify discontinuities in the SW part of central Anatolia from the magnetic anomaly data.
These discontinuities originated from the boundaries of anomalous intrusions and faults within
the sedimentary region. For determining their depths, geometries and some other properties,
the Reduction to the Pole (RTP), the power spectrum, upward continuation, Analytic Signal (AS),
Tilt Angle (TA) and the Theta Angle [cos (8)] methods were used. The spectral analysis showed that
the average depths of the deeper and shallow magnetized sources were calculated as 8.64 km and
4.81 km, respectively. The third segment on the spectrum graphics (estimated as 1.96 km) is related
with the sedimentary cover units. The results of the upward continuation, AS, TA and cos () revealed
a magnetic lineation trend generally in the NW-SE direction and identified a deep-seated body
buried under the sedimentary cover. In general, these magnetic lineaments are interpreted as the
fault-related structures after correlation with the earthquake data and the oval magnetic anomaly
is accepted as the product of a magnetic intrusion.
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1. Introduction

The study area is located in the south of Konya province in the central part of Anatolides (partially in the
Tavsanli-Afyon-Bolkardagi Zone) to the north of the Tauride Block (Fig. 1a). The Anatolide-Tauride Block has
a complex tectonic history involving the Alpine orogeny, block rotations, and ophiolite emplacement. Due to the
complex tectonic history of the Anatolide-Tauride platform, several geological studies have been executed to
determine its geodynamic processes (e.g., McKenzie, 1978; Sengor and Yilmaz, 1981; Westaway, 1994; Dilek et al., 1997,
Thomson and Ring, 2006), neotectonic rotations in the region (e.g., Tatar et al., 1996; 2002; Barka and Reilinger, 1997;
Platzman et al., 1998; Bilim et al., 2015), structure and petrology of the Tauride ophiolites (e.g., Sengor and
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Yilmaz, 1981; Dilek et al., 1990; 1999; van Hinsbergen et al., 2016). Because the previous studies focused on the
structural geology and petrology; geophysical constraints remain sparse. There are few geophysical studies in
central Anatolia, including the Konya province and surrounding area, although there are apparent anomalies to
the S-SE of Konya city center. The gravity and magnetic data are the only available regional geophysical data for
the large-scale investigations in this region such as the plate tectonic-related structures and magmatic intrusions

into the crust in the W-SW part of the central Anatolia. The causative bodies of these anomalies do not outcrop
on the surface although they are located at the boundary between the significant plates comprising the Anatolian
assembly. The potential field data may contribute to the resolving details about the inter and intraplate relationships
in central Anatolia related with the major plates that form the tectonic framework of Anatolia. Additionally,
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Figure 1. (a) The tectonic map of the western and central Tiirkiye (modified from Okay, 1986 and Advokaat et al., 2014).

(b) Simplified geological map of the study area (modified from Bingol, 1989).
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fault extensions that have not been clearly defined along the western part of central Anatolia until now can be
precisely identified.

Ates and Kearey (2000) provided the gravity and pseudogravity models of the individual anomaly around Cumra.
They named it as the “Konya Anomaly”. It was concluded from the models that the causative bodies were intruded
into the upper crust from the upper mantle (Ates and Kearey, 2000). Aydemir and Ates (2006) investigated the
geometry and properties of the causative body of the most apparent anomaly in Tiirkiye: it is the NW-SE trending
anomaly extending along the western part of the Lake Tuzgolu (named as the Suluklu-Cihanbeyli-Goloren — SCG
anomaly). They suggested that the SCG anomaly resulted from a tilted dike and it is a deep-seated intrusion down
to 15-16 km according to the 2D magnetic model. Three years later, Aydemir (2009) investigated the wrench tectonic
model of central Anatolia considering the tectonic escape model by using the aeromagnetic, gravity, seismic and
seismological data. He proposed that the counter-clockwise rotational movement of the Kirsehir Block to the east
of Tuzgolu Basin has been driven by the Kirikkale-Erbaa and Sereflikochisar-Aksaray (Tuzgolu) faults. The area to
the northernmost corner of Lake Tuzgolu might be the hinge point for this rotation, causing an intense earthquake
activity. Later, Ates et al. (2012) studied the crustal structure of Tiirkiye from the regional gravity, magnetic and
seismic reflection data. They determined that the average crustal thickness is about 34 km around the Konya region.
Bilim et al. (2015) studied the block rotations and determined the Curie Point Depths of the magnetic sources
along the NW-SE trending Suluklu-Cihanbeyli-Goloren (SCG) and Sereflikochisar-Aksaray Fault (SAF) zones.
They estimated that the clockwise mean rotations along the SCG and the SAF are 52.6°E and 46.5°E, respectively.
Recently, Erbek-Kiran et al. (2024) applied a power spectrum analysis, high-pass filter and second vertical derivative
method (SVD) to the magnetic data of the inner and inner-east Anatolia, and proposed that the average depths of
the deep and shallow causative sources in the Tuzgolu Basin are 11.37 km and 5.01 km.

The main goal of this study is to determine the geometry, depth and locations of deep-seated magnetized sources
and, mapping the geologic structures in relation to the fault systems in the study area because they have not been
clearly delineated in the previous investigations. They are lineaments, faults, boundaries of the causative bodies
revealed after the further enhancements or processing. These methods are the Reduction to the Pole (RTP), Radially
Averaged Power Spectrum, Upward Continuation, Enhanced Analytic Signal (EAS), Tilt and Theta Angle. These methods
applied onto the total magnetic data of the study area for the first time. The Suluklu-Cihanbeyli-Goloren — SCG
anomaly is located at the boundary between the Kirsehir Block and the Menderes-Taurus Assembly. Moreover, SCGF
zone was not precisely defined in the literature (i.e., Fig. 1b), it is shown as separate, short segments on all geological
maps. Existence of such a major fault was mentioned by Yaltirak (2002). However, the fault zone was filled by a tilted
dyke in the Early Oligocene (Aydemir and Ates, 2006), it does not indicate a continuous fault elongation and does
not show a regular seismicity. Therefore, our study will play a very important role in addressing these shortcomings,
providing significant evidence. In addition, the Cumra Anomaly is the most important subduction-related magmatic
emplacement along with the rarely observed intrusions in Anatolia (originated from the African subduction beneath
the Eurasian Plate), outside of the Cappadocia region. Despite the well-known anomalies (e.g., SCG and Cumra),
their origin, geometry and tectonic implications are poorly understood. Existing gravity and magnetic studies are
all regional investigations and lack of high-resolution interpretation but aeromagnetic data provide insights into
crustal architecture that improve models of deformation as given below.

2. Tectonic and geological setting

Turkish crustal assembly was formed during the Alpine orogeny after the collision of Laurasia and Gondwana in
the Late Mesozoic. This collision divided Anatolia into three tectonic blocks, from the north to the south: the
Pontides (assigned to Laurasia), the Anatolide-Tauride Block (Alpine continental block) and the Arabian Plate (the
northern edge of the Gondwana) (e.g., Goncuoglu et al., 1997; Okay and Tiiysiiz, 1999). As a result of the collision
and the closure of the Neo-Tethyan ocean during the Mesozoic-Cenozoic time, the geological structure of the Aegean
region and Anatolia was formed (Sengor and Yilmaz, 1981).

The study area is located in the central portion of the Anatolide-Tauride Block (SW of the central Anatolia)
and contains mainly, from north to south, Inner-Tauride Suture (ITS), Tavsanli Zone, Afyon-Bolkardag1 Zone and
Taurides (Fig. 1a). The Intra-Tauride Suture (ITS) extends between the Kirsehir Massif (Gorur et al., 1984) (also known
as the Central Anatolian Crystalline Complex-CACC, Goncuoglu et al., 1991) and the Tavsanli and Afyon-Bolkardag1
zones (Okay, 1984). Tavsanli and Afyon-Bolkardag1 zones are the tectonic sections belonging to the Anatolide
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Block. The Tavsanli Zone is a HP/LT metamorphic complex (Okay, 1984) and tectonically overlain by an ophiolite
nappe consisting primarily of peridotite. It forms the north facing continental margin of the Anatolide-Tauride
Block (Okay, 1984) and contains metamorphic rocks (e.g., phyllite, marble, metabasite), well-preserved blueschist
and eclogite facies minerals formed during the Late Cretaceous (Sherlock and Kelley, 2002). The southern part of
the Anatolide-Tauride Block is called the Taurides. The Taurides are characterized by the series of nappe systems
consisted of the Paleozoic and early Mesozoic carbonates, Paleozoic to early Mesozoic volcano-sedimentary and
epiclastic rocks, tectonically overlain by the Cretaceous ophiolite complexes and, Late Cretaceous and younger
post-collisional sedimentary and volcanic units (Ozgul, 1976; Dilek et al., 1999; Collins and Robertson, 2003;
Gursu et al., 2004).

The simplified geological map of the study area is given in Fig. 1b. The young cover units (mainly Quaternary)
cover the surface. The ophiolitic rocks in the SW of the study area are located on the Tauride tectonic belt.
Dilek et al. (1999) studied the structure and petrology of the Tauride ophiolites in detail. They divided ophiolites into
three sections as the Inner, Intermediate and Outer zones. They proposed that these zones tectonically overlie
the Mesozoic platform carbonates of the Tauride belt and commonly underlain by a Cenomanian ophiolitic
mélange. Ophiolites are composed of tectonically disturbed mantle rocks, mafic-ultramafic cumulates and gabbros
(Dilek et al., 1991). The NW-SE trending metamorphic rocks of the Afyon-Bolkardagi Zone outcropped mainly on
the Konya and Karapinar axis (Fig. 1b). Candan et al. (2005) suggested that the Upper Palaeocene-Lower Eocene
sedimentary rocks unconformably overlie the metamorphic rocks of the Afyon-Bolkardagi Zone, indicating a regional
HP/LT metamorphism. The volcanic rocks are also observed as local patches, particularly in the west of Konya and
the east of Karapinar (Fig. 1b). The Siiliiklii-Cihanbeyli-G6l6ren Fault (SCGF) is shown in the upper right corner of
the study area (Fig. 1b). Ozsayin and Dirik (2007) also named the SCGF as the “Sultanhani Fault Zone”. The NW-SE
trending SCGF includes strike-slip and normal fault components that extend approximately 500 km along the suture
zone between the Taurides and Anatolide blocks (Pourteau et al., 2010).

3. Methodology

Reduction to the Pole (RTP)

Total magnetic anomalies cannot exactly be located above a causative body because the Earth’s magnetic field
intensity is influenced by the magnetization of crustal magnetic rocks. If the magnetization and ambient field are not
vertical, a symmetrical distribution of magnetization can be distorted. Reduction to the Pole (RTP) is the operation
that converts the observed magnetic response into an anomaly as if the measurements were taken at the north
magnetic pole where the induced magnetization and ambient field both would have been in the vertical direction
(Baranov, 1957). The RTP anomaly can be obtained by multiplying the magnetic anomaly by 1/@m@f in the Fourier
domain (Blakely, 1996). The parameters @m and @f are given as follows:

ik + 1y k ~ Rkt hk
Om = i, +i—— =, and of = f, + i 2t bl Xlklfy . 1)

where; k is the wavenumber. 7 = (1, M, M, )and f = (£, f,, f,) are the unit vectors in the direction of magnetization
and in the direction of the ambient field, respectively (Blakely, 1996).

Radially averaged power spectrum

Spectral analysis of the potential filed data has been used extensively since 1970 (e.g., Spector and Grant, 1970;
Connard et al., 1983; Mauss and Dimri, 1995; Nwankwo et al., 2008; Bilim, 2017; Aydemir et al., 2020; Yassah et al., 2025).
Spector and Grant (1970) developed a radially averaged power spectrum method to determine the source depths
of the magnetic anomalies. The power for the equal lengths of the wave vector is averaged in their method.
In two-dimensional plane, it is dominated by the depth factor and decreases with the increasing distance to the source
depth (Spector and Grant, 1970). The lower wavenumber segments represent deeper density contrast interfaces while
the higher wavenumber segments usually represent shallower density contrast interfaces. The average depth (h)
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of the source can be estimated directly from the slope of the log radially averaged power spectrum by h = -S/4m,
where § is the slope of the spectrum curve (Spector and Grant, 1970).

Upward continuation

The analytic continuation of potential fields is a powerful tool in transformation of geophysical potential
fields (mainly in the gravity and magnetic fields). Continuation of the potential field data above the level of
measurement is known as the upward continuation (Henderson, 1970; Henderson and Cordell, 1971). It attenuates
anomalies with respect to wavelength; the shorter the wavelength, the greater the attenuation. Upward continuation
can be achieved by the Fourier transformation of the magnetic data multiplying with the exponential term of e-Az|k|
considering Az > 0, and the inverse Fourier transform of the product (Blakely, 1996). Here, Az and k are upward
continuation level (Az > 0) and the wavenumber, respectively.

Enhanced Analytic Signal (EAS)

The analytic signal (AS) of the gravity and magnetic data is a useful technique for determination of geological
boundaries of the causative sources and tectonic lineaments (Nabighian, 1972; 1974). The most critical advantage
of the AS is that it is not affected by the direction of the total magnetization of the causative bodies. In the 3D case,
the simple AS amplitude (JAo|) is defined by Roest et al. (1992) as follows:

o = (2 (20 (2

where, M is the magnetic anomaly.
Hsu et al. (1996) developed the enhanced analytic signal (EAS) method for the interpretation of potential field
anomalies in 3D. They defined the amplitude of the second order EAS as given below:

|4, (x, v)| = \/(VZMx)Z + (V2My)? + (VZMz)? 3)
02 OMx oMy oMz
2_ —_— = —-—— —_— = —-——
where, V4= 372 Mx R My 3y and Mz PP
Tilt Angle (TA)

Miller and Singh (1994) introduced the Tilt Angle method (TA) to enhance the images of the magnetic anomaly (M)
and defined its formula, as follows:

4)

TA = tan™?! <6M/6z)

aM/oh

where,
oM (6M>2 N (6M>2
oh — \ox dy

TA is measured in either radians or degrees and it is not affected from the induced magnetization of the causative
bodies. The tilt value is 0° over or near the edge while it is positive just above the magnetic sources. The boundaries
of sources are determined by the zero contours in the map. Tilt angle is limited in the range of —90 ° to 90 ° (Miller
and Singh, 1994).
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Theta angle
Wijins et al. (2005) presented the theta angle method derived from the analytic signal for detecting edges of
the magnetic sources. The theta angle [cos (0)] is calculated in x, y and z directions using the formula given below,

cos (0) = , ©)

(Bty” 1 ()" ()’

where, M is the magnetic field anomaly (Wijins et al., 2005).
All applied methods are given in Fig. 2 as a flowchart.

The total magnetic
anomaly data

A 4

Reduction to Pole
of magnetic data

v
Power spectrum of Edge detection methods
the RTP data (for all depths determined
from the power spectrum)
¥
Enhanced
v Analytic Signal
Upward continuation

from the power spectrum)

(for all depths determined L Tilt Angle 7

Theta Angle

Figure 2. Workflow of the applied methods during the analysis of the magnetic anomalies.

4. Data and analysis

Ates et al. (1999) mapped the aeromagnetic anomalies of Tiirkiye entirely for the first time. They obtained the
data from the General Directorate of Mineral Research and Exploration of Tiirkiye (MTA). Total field acquisition of
the aeromagnetic data was performed along the flight lines with 2 km spacing at the 600 m flight altitude (constant
altitude above the ground level) and all necessary corrections including diurnal variations have been applied by MTA.
The “International Geomagnetic Reference Field (IGRF)” removal process from the survey data was performed using
the program of Baldwin and Langel (1993). The total aeromagnetic anomalies of the study area is given in Fig. 3.
The magnetic anomaly values in the study area range from -150 to 550 nT (Fig. 3).

Two high intense anomalies with positive and negative polarities are quite apparent in the study area: One of
them is oriented in the NW-SE direction around Cumra town (named as the Cumra Anomaly in this study) and the
other is oriented in the same (NW-SE) direction along the SCGF (Fig. 3).

Firstly, the RTP filter was applied to the aeromagnetic anomaly data of the study area to reduce the asymmetry
due to the inclination and declination of the Earth’s magnetic field (Fig. 4). The declination and inclination angles
of the Earth’s magnetic field were taken as 4°E and 55°N, respectively. In the RTP map, the anomaly to south of
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Figure 3. The total field aeromagnetic anomaly map of the study area. Contour Interval: 100 nT.

Karaman, around the southern boundary of the study area, draws attention that it is not visible from the magnetic
anomaly map. Therefore, it deserves special research.

Secondly, the radially averaged power spectrum of the RTP data was used to estimate the average depths
to the top of magnetic sources (Fig. 5). Figure 5 indicates three segments. The first segment with steeper slope
corresponds to deeper magnetic sources and exhibits relatively high power at low wavenumbers. The second and
third segments represent progressively shallower ensembles of magnetic sources. The shortest-wavelength portion
of the spectrum is dominated by the noise (Spector and Grant, 1970). The average depths of deeper and intermediate
magnetized sources were calculated as 8.64 km and 4.81 km, respectively. The third segment was estimated as
1.96 km, which may indicate the sedimentary thickness.

Thirdly, the upward continuation (Fig. 6) was applied to examine the distribution of magnetic sources at depths
based on the spectral analysis (Fig. 5). Upward continuation transforms the potential field measured on one surface
to the field that would be measured on another surface farther from all sources. This transformation attenuates
anomalies with respect to wavelength; the shorter the wavelength, the greater the attenuation. That is, it acts like
low-pass filter (Blakely, 1996). Upward continuation, also, tends to accentuate anomalies caused by deep sources
at the expense of anomalies caused by shallow sources. The height of upward continuation is dependent on the
choice of a researcher. In this work, we chose the three heights of upward continuation from the power spectrum of
magnetic data in the study area for separating causative sources from various depths and enhancement of the shorth
wavelenght magnetic anomalies associated with faults and other structural discontinuities or/and magnetic bodies.

Then, the EAS, TA and the Theta Angle (cos [#]) methods were applied to each of the upward continuation levels
of the anomaly data. Figures 7, 8 and 9 show the results of the EAS, TA and the cos () methods, respectively.
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5. Discussions and conclusions

In the study area, the upward continuation and the EAS, TA, and the cos (6) methods applied onto the upward
continuation anomaly data for three levels in central Anatolia for the first time in order to detect the edges and
enhance the anomaly causative sources. The main reason for this application is to resolve the relationships between
the major plates in central Anatolia. The other reason is to identify the faults along the western part of central Anatolia.

Two prominent high magnetic anomalies are visible on Figs. 3 and 4: one of them is located at the upper right
corner of the study area. Aydemir and Ates (2006) named this NW-SE trending anomaly as the SCG Anomaly.
The causative intrusive body emplaced in the boundary zone between the Kirgehir Block in the east and the
Menderes-Taurus Platform in the west, particularly the Afyon-Bolkardag1 Zone of the Menderes-Taurus Complex.
Because the intrusion (Aydemir and Ates, 2006) has a deep root through the east (down to 17 km) and it was intruded
into the western boundary fault of the Tuzgolii Basin (also mentioned by Yaltirak, 2002) at the end of Eocene-Early
Oligocene as a tilted dyke, its thickness does not exceed 3 km according to the modeling study (Aydemir and
Ates, 2006). Considering its age and thickness, the temperature contribution to the metamorphic process would have
been limited (only around the intrusion interval within the fault). Ates et al. (2005) and Bilim et al. (2015) prepared
the CPD map of the central Anatolia and this region. Their studies do not indicate high heat flow in this region.
Additionally, it does not reflect an apparent seismic activity according to the earthquake epicenters (Aydemir and
Ates, 2006).

The other anomaly named the “Cumra Magnetic Anomaly” is located between Cumra and Karaman. It is likely
to originate from the deep-seated ophiolitic rocks of the Tauride tectonic belt According to previous modelling
study (Ates and Kearey, 2000). However, there is no borehole data to provide the information about the exact
lithology, depth and the origin of this intrusion. Knowledge about the depths of these intrusives are limited (only
power spectrum analysis). The Tauride ophiolites and mafic dike intrusions in the Tauride Belt consist mainly of
tectonized mantle rocks, mafic-ultramafic cumulates, gabbros, sheeted-dike complexes and the extrusive rocks of
a complete ophiolite sequence (Dilek et al., 1999).

The radially averaged power spectrum suggests three mean depths to the top of sources 8.64 km, 4.81 km, and
1.96 km (Fig. 5). The third segment (at 1.96 km) probably arised from the sedimentary thickness in the shallow
Konya Basin. Bilim et al. (2015) estimated Curie Point Depths (CPDs) from the aeromagnetic data to determine
the thermal structure of central Anatolia. They found that the average depth of the magnetic crust was 16.7 km.
The deepest source in the power spectrum stays in this magnetic crust. Figure 6 shows the upward continuation
results of the RTP magnetic data that was used to decompose the crustal magnetic anomalies at three depths
determined from the power spectrum (Fig. 5). As seen in Fig. 6a to 6¢, the attenuation rate of the shallow-source
anomalies is more apparent than the deep-seated anomalies. There may be some small size blocks originated from
the main causative bodies.

Figures 7, 8 and 9 present the results of the EAS map, TA map, and the cos [#] map applied onto the upward
continuation data for the depths: a) 1.96 km; b) 4.81 km and c) 8.64 km, respectively.

When all three maps are examined, the edges of deep sources are clearly identifiable in the cos (§) map. Figure 9c
identifies locations of three deep-seated bodies caused the magnetic anomalies in the large NW-SE oriented elliptical
SCG Anomaly. Two of these are in the north and northeast of the Konya Basin while the other is in the southwest of
the basin, near Cumra (Cumra Anomaly). The linear anomaly extends parallel to the Tuzg6lii Fault (which is indicated
as SAF in Fig. 1a) in the NW-SE direction and their elongations are consistent with the westward counter clockwise
rotation and tectonic escape model suggested by Sengor et al. (1985).

In the Konya Basin, small circular magnetic bodies detected at 1.96 and 4.81 km on the EAS, TA, and the cos ()
maps may be related to the basic and ultrabasic rocks of the Afyon-Bolkardagi Zone beneath the cover unit. They
are not observed at 8.64 km. The metamorphic rocks of the Afyon-Bolkardagi Zone are unconformably overlain by
the Upper Palaeocene-Lower Eocene sedimentary rocks, (Candan et al., 2005).

The horizontal location of the causative body of the severe magnetic anomaly around Cumra located at the south
of the Konya Basin is more clearly visible in Fig. 9c than Fig. 7c and Fig. 8c. According to Figs. 7c, 8c, and 9c, we
suggest that the basement depth of Cumra magnetic body associated with the ophiolite rocks could extend to depths
greater than 8.64 km in the upper crust, which is 35-36 km thick in average in the central Anatolia (Ates et al., 2012;
Tezel et al., 2013).

Aydin and Isseven (2018) studied the gravity anomaly around Gumra using the spectral analysis of the anomaly
and proposed that the causative body for the gravity anomaly is buried at a depth of about 4.8 km. In addition, they
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claimed that the intense gravity anomaly of Cumra originates from an ophiolite block emplaced during the closure
of the Tethys Ocean. However, Erbek and Dolmaz (2019) suggested that the estimated basement depth is about
9.4 km according to the analytical signal and the tilt methods applied onto the gravity anomaly of Cumra. This depth
is almost identical with our results.

In Figs. 7, 8 and 9, blue circles indicate the earthquake epicenter distributions since 1972 with the magnitude >3
at continuation levels. The data was taken from the catalogue of the General Directorate of Disaster Affairs of
Tiirkiye. The region exhibits low seismicity with low magnitude earthquakes that predominantly occurred at the
shallow depths above 8.64 km because the intrusive causative body emplaced relatively at shallow depths during the
Late Eocene-Early Oligocene (Aydemir and Ates, 2006). From Figs. 7c, 8c and 9¢, it can be concluded that the crustal
seismic source zone extends along a tectonic line (fault-oriented, intrusive-filled zone) in the NW-SE direction from
the upper left to the lower right corner of the map.

Because there is no intensive seismic activity creating devastating earthquakes in the region and the lack of deep
sedimentary deposition in the study area, no seismic reflection data and no detailed field data acquired on the surface.
Due to these reasons given above, the gravity and magnetic data are the only geophysical information to help the
geological studies to understand the tectonic framework and for resolving uncertainties in the crustal structure in
central Anatolia. In case of having other types of geophysical data for any reason or any exploration target in the
future, we believe that our results will be confirmed and this paper will be a key reference for the future investigations.
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