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ABSTRACT

In this study, tilt angle method was applied to Western Anatolia gravity data in order to estimate
edges of the geological structures. Tilt angle was obtained in two different ways by using gravity
and its vertical derivative. In potential field methods, tilt angle technique is expressed as the ratio
of vertical derivative to horizontal derivatives of anomaly. In the tilt angle map, 0° contours defines
structure edges, half of the distance between +45° defines depth of upper structure. In the field work
of the study, gravity data, which was measured in Western Anatolia, was used to obtain regional
anomaly maps and tilt angle and tilt angle of vertical directional derivative were applied to these
maps. A significiant difference was observed between western and eastern parts of the N-S striking
line, througout 28°longitude, from the results of tilt angle which was obtained by applying upward
continuation method (50, 75 and 100 km) to the Bouguer anomaly. Same difference was determined
from the results of vertical derivative of tilt angle which was obtained from upward contuniation of
Bouguer anomaly. Depth values were obtained from the results of tilt angle and vertical derivative
of tilt angle methods between 7 and 43 km in study area. The obtained results were compared with
geological structural boundary and possible depths of geological discontinuities were estimated. In
addition, obtained results were investigated with seismic activity in the study area and compared
with previous geological and geophysical studies.
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1. Introduction Gediz Graben, have no genetic relationships with E-W
and NW-SE stretching grabens resulting from K-G

The general extent of fault-controlled Neogene expansion (Hakyemez et al., 1999).

basins occurring in Western Anatolia since Middle

Miocene is NE-SW. The fillings which deposited
during the Middle Miocene in these graben basins
characterize generally fluvial, deltaic and lacustrine
environments around Kiitahya-Usak in the north and
the lacustrine environment around Aydin-Denizli-
Mugla regions in the south (Kaya, 1979; Leflef, 1980;
Yilmaz, 2000). In other words, during this period
fluvial systems developed roughly from north to
south in many places and the lakes were located in
the south and occasionally moved north. These NE-
SW-trending graben basins, which contain fillings
with ages reaching up to Middle Miocene to Pliocene
and which are significant especially in the north of

Extensive surfacing of the Early Quaternary
fluvial sediments on the main active fault base block,
which is located on the active south side of the graben,
north of the main detachment fault and forming the
boundary between the Holocene sediments and the
Pleistocene sediments, probably indicates that the
supra-detachment fault system over the fault of Gediz
River basin filling axis in the late Pleistocene- early
Holocene (in other words Gediz river bed) advanced
towards the basin and as a result migrated towards
the north (Hakyemez et al., 1999). Figure 1 shows a
geology map of the study area and a map related to the
location of the grabens.
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Figure 1- Geological map of Western Anatolia. Numbers are
correspond to: 1: Alluvion, 2: Neogenevol-Volcano-
Sedimentary Rocks, 3: Granite intrusions (Eocene-
Miocene), 4: Alkaline Basalt Flow of Kula Volcanic
Area (Upper Miocene-Quaternary), 5: Cycladic
Complex (schist, marble, eclogite), 6: Afyon Zone
metasedimanter and Pan-Afrikan basement rocks, 7:
High-Grade Metamorphic Units of Menderes Core
Complex (Precambrian-Senozoic), 8: Bornova Flysch
and ophiolitic melange (Paleozoic-Paleocene), 9:Likya
Naps and Tetis Ophiolits (Upper Cretaceous-Eocene),
10: Karakaya Complex (Permo-Trias) and Limestones
(Jura-Upper Cretaceous), 11: Covergent boundary and
major faults, 12: Continental minor strike slip faults,
13: Continental normal faults, 14: Detachment faults,
KV: Kula Volcanites, GCKZ: South Cine Shear Zone (It
modified from Akay et al., 2013).

Determination of the boundaries of underground
structures is very important in the modelling and
mapping of geological structures. In geophysics,
many methods are used to determine the boundaries
of the anomaly-causing structure in potential methods.
These methods are especially analytical signal (Roest
et al., 1992), horizontal derivative, first and second
vertical derivatives (Hood and Teskey, 1989; Roest
et al., 1992), Euler deconvolution (Thompson, 1982;
Blakely and Simpson, 1986, Pamukcu et al., 2007),
Normalized Full Gradient (NFG) method (Pamukcu
and Akcig, 2011), tilt angle map of vertical direction
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derivative of gravity data (Orug, 2011), which
are used to reveal the boundaries of mass causing
anomalies in gravity and magnetic methods. The
arctangent of the ratio of the vertical derivative to the
amplitude of total horizontal derivative gives the tilt
angle. The comparison of tilt angle with horizontal
derivative, second vertical derivative and analytical
signal techniques was performed by Miller and Singh
(1994). In this study, tilt angles of gravity anomaly and
tilt angle values of the vertical derivative of anomaly
were calculated and the results were interpreted.
Tilt angle and tilt angle of the vertical derivative of
anomaly methods were applied to the Bouguer gravity
data of Western Anatolia and the geological structures
in the area were examined.

During the field application phase of the study,
tilt angle and tilt angle of vertical derivative methods
were applied to the gravity data in the area where
grabens in Western Anatolia are located. By using
0° and + 45° contours in the tilt angle contour map,
which was calculated at the end of the application, it is
aimed to find possible geological structure boundaries
and possible depths of the structures. Moreover, the
anomalies created by the changes of the detected tilt
values and the tectonic mechanisms defined in the
study conducted by Gessner et al. (2013) have been
compared. In Gessner et al. (2013) studies, it is seen
that the region defined as Western Anatolia Transfer
Zone (BATZ) is compatible with the findings obtained
with the methods used in this study. In addition, the
depth values found were compared with seismic
activity and previous heat flux studies in the region
and the results were found to be consistent.

2. Material and Method

The tilt angle in gravity is defined as the ratio of
the vertical derivative of anomalies to the horizontal
derivative. Mathematical expression of tilt angle;

173 (M

is defined as follows: Total horizontal component is
defined as follows;

HGM:[(“’ZHZ)Z(BZ&)} 2)

0x0z dyoz

In these equations, HGM shows total horizontal

derivation; , tilt angle; g;gz , the derivative of the
Bouguer anomaly in the x direction; :7?? , the
derivative of Bouguer anomaly in the y direction; BBZZ'Z’

, the derivative of Bouguer anomaly in the z direction.
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The geometric meaning of the tilt angle is shown in
figure 2.

An approach can be made about the depth of the
source by the tilt angle contours. Tilt angle method’s
less sensitive to noise than other methods using higher
order derivatives provides the commentator with a
qualitative and quantitative perspective on the location
and the depth, which is an important acquisition of the
method (Akin et al., 2011).

0 © value of the tilt angle gives the source limits.
The half of the distance between the tilt angle contours
(+ 45°) gives the top depth of the structure (Salem et
al., 2007; Orug, 2011; Akin et al., 2011). The fact that
the half-distance between the + 45° contours in the
gravity and magnetic tilt angle map does not show
much change means that the structure depth does not
show much change within itself.

3. Application

The study area is between 36° and 40° North
latitudes, 27° and 30° East longitudes. The Bouguer
gravity data collected by MTA (1979) in the studied
area is overlaid on topographic data in figure 3. It is
observed that the highest gravity value in the region
is 90 mGal and the lowest value is -90 mGal. Figure
1 shows that the N-S stretch in the region is shown by
normal faults. The grabens against N-S stretching are
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Figure 2- Geometrical representation of tilt angle for gravity met-
hod (It is modified from Orug, 2011).

formed in E-W direction. Upwards analytical extension
was applied on the Bouguer gravity anomaly of the
study area and regional data were obtained (Figure 4).

The results of the tilt angle applied to figure
4 are shown in figure 5. Also, the results of the tilt
angle applied after taking the vertical derivatives of
figure 4 are shown in figure 6. It is observed that the
results of the tilt angle method show the boundaries
of the distinct geological structure in the region. The
Menderes massif region in figure 1 corresponds to
the low amplitude gravity anomaly seen in figure 4.
The relative amplitude of anomaly rises towards the
western Aegean Sea.

As mentioned earlier, half of the distance between
the = 45 © contours provides information about the
top depth of the structure. As a requirement of the
method, the sections were selected in the places where
the + 45 ° contours were placed. In particular, to
study the depth values in the north and south of the
study area, the distances between the contours of +
45 ° were determined by taking the slices using the
maps in figures 5 and 6, and the obtained results are
given in figures 7-8. The depths found as a result of the
calculations made in the sections taken in figures 7-8,
are given in table 1.

Gessneretal. (2013) suggested thata shear zone was
formed as a result of the tectonic erosion formed in the
Menderes Massif by the subduction zone defined in the
Aegean region and Decomposition in the lithospheric
mantle beneath the continent and they defined it
as Western Anatolia Transfer Zone. The Western
Anatolia Transfer Zone defines the lateral boundary
between the Helenide and Anatolide orogenies. The
Anatolian Transfer Zone has a transtensional structure
which is the result of the erosion of the Menderes
Massif in Miocene with extensive lithospheric stress
(Gessner et al., 2013). Figures 6¢, 6d and 6e show an
N-S stretch between 27° and 28° east longitudes. This
structure is defined as Western Anatolia Transfer Zone
(WATZ) by Gessner et al. (2013).

The tilt angle change maps are shown in in figures
6¢c, 6d, and 6e, which are determined in this study,
and approximate boundaries of WATZ as defined by
Gessner et al. (2013) are given in figure 9. According
to Gessner et al. (2013), it is seen that the marked
WATZ is compatible with the N-S striking structure
between the 27° and 28° east longitudes in figures 9a,
9b and 9c.
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Figure 4- Regional data having different upward continuation values in study area: a) Continuation plane is 15 km, b) 35 km, c)
50 km, d) 75 km and e) 100 km (Black line illustrates coastal boundaries).
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Figure 7- Sections are shown in ellipses which illustrate depth estimation of regional data having different upward continuation
values using tilt angle method: a) Continuation plane is 15 km, b) 35 km, ¢) 50 km, d) 75 km, e) 100 km.
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Table 1- Top depths are obtained from tilt angle method and tilt angle of vertical derivative of anomaly.
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Figure 9- Boundary of Western Anatolian Transfer Zone. Western anatolian Transfer Zone illustrated on regional datas that are: a) Continuation

plane is 50 km, b) 75 km, ¢) 100 km.

In order to approach the possible structure depth,
the depths of the tilt angle data and averages of the
depths were found at the tilt angle of the vertical
derivative. As can be seen, the average of the sections
1,2 and 3 from the data with the extension plane of 50
km gave similar depths. Also, the + 45° contours of
the data in which tilt angle is taken from the vertical
derivative showed less variation than the +£45° contours
obtained from the tilt angle. The sections were first
taken from the tilt map of the vertical derivative and
then taken from the tilt angle map, corresponding to
approximately the same latitude.

The average crustal thickness is 26 km deep in the
eastern part of WATZ, according to tilt angle result,
considering section 1 values of the results of the
upward extension of 35, 50 and 75 km in table 1. At
the same time, looking at the upwards extension values
in this region, a sudden decrease in gravity value was

observed. According to Salk et. al (2005) it is observed
that the values of the heat flux obtained by using Curie
depths calculated from magnetic data are increased.
In addition, it is observed that there is a passive zone
in terms of producing earthquakes here, considering
the earthquakes with 3.5 or above magnitude were
taken from the USGS earthquake catalogue. The heat
fluxes obtained by using the magnitudes and depths
of the earthquakes in the region and the Curie depths
calculated from the magnetic data are associated with
each other and they are shown in figure 10 (Salk et
al., 2005).

As can be seen from figure 10; in regional data,
between 28.5° and 29.5° East longitudes and between
38°and 39° North latitudes, the number of earthquakes
is small and they are in shallow depths. When we look
at the heat flux maps obtained using the Curie depths
calculated from magnetic data, there is a zone where
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Figure 10- Examination of Earthquakes and heat flow maps that obtained from Curie depths in study area: a) Earthquakes in study area is
showed latitude, longitude and magnitude, b) Examination of earthquake depths and heat flow map for study area. (Earthquake

data is downloaded from USGS).

the heat flux is increased in the same region between
28.5° and 29.5° East longitudes, 38° and 39° North
latitudes.

The earthquake depth relation graph is shown in
figure 11. As a result of the earthquake analysis made
in the study area, it is observed that the number of
earthquakes decreased significantly between 34 and
200 km depths. Especially in isostatic studies, such
environments are considered as the transition from a
rigid environment to a ductile environment (Watts,

2001; Pamukcu and Yurdakul, 2008; Pamukcu and
Akgi1g, 2011). As can be understood from this chart,
there is a decrease of about 50% in the number of
earthquakes at 34 km. This decrease in the number of
earthquakes corresponds to the area of the third section
of the observed area, 35 km upwards extension and 50
km upwards extension (Table 1). When compared to
the change of the heat flux values determined by Salk
et al (2005); regions with high heat flux were observed
to be related to this field (Figure 10).

900
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Number of Earthquakes

Earthquake-Depth Relation

Depth (km

E30 m3]1 =32 W33 E34 W35 M36 W37 W33 W39 W40 m4]

)

Figure 11- Relationship between number and depth of earthquakes. (https://www.usgs.gov/).
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4. Results

In this study, the results obtained by applying the
tilt angle method to the land gravity data have been
examined. In addition, tilt angle method was applied
to the vertical derivatives of terrain data using the
approach in Orug’s study (2011).

The upper depths found by using tilt angle for
western Anatolia were compatible with the depths in
the studies conducted by Cif¢i et al. (2011), Pamukcu
and Yurdakul (2008) using seismology, gravity and
seismic data in the same region. The average depths
obtained for the various upward extension planes
in table 2 are compatible with depths of crustal
corrugations determined by seismic reflection
evaluation by Cifci et al. (2011). Depths determined
in applications after 50 km of extension plane and the
upper depth of deep structure controlling the anomaly
were determined to change in the north- east direction
between 30 and 40 km in the Western Anatolia Region
(Table 2). This result is consistent with the crustal
thickness value determined by Zhu et al. (2006).

Depths and boundaries obtained from the tilt angle
of the vertical derivative method in field study are
quite compatible with boundaries of the lithospheric
zone offered for the Western Anatolia Region by
Gessner et al. (2013). This lithospheric zone, which
is also observed by the tilt angle method, is thought
to be caused by the progression of the hot material
formed by subduction zone defined by Gessner et al.
(2013) in the part where the number of earthquakes is
small to the upper part of the lithosphere and making
the environment ductile. A decrease in the number
and depth of earthquakes is seen as a result of being
ductile (Figure 11) and the heat flux values in the same
region are observed to rise (Figure 10b). In this study,
it was found that the upper depth of zone from tilt
values changed between 18 and 38 km from table 1.

In this study, two approaches can be mentioned by
looking at the 0° and + 45° contours in the anomalies
in figures 9a, 9b and 9c. In the first approach, there
are two different geological structures extending
from north to south. In the second approach, there is
a single structure here, but the structure remaining in
the east underwent deformation. The second approach
was also mentioned in the study conducted by Gessner
et al. (2013).

When the earthquake quantities and depths in the
study area are analyzed together (Figure 11), it can

be said that there is a fragile environment up to 34
km in the region and after 34 km, the transition to the
ductile environment begins. When the regional maps
in figure 4 are examined, it can be observed that the
Bouguer anomaly is low in the east of the study area
and it is also observed that the values of the heat flux
obtained by using Curie depths calculated from the
magnetic data in the east of the field increase. These
characteristics indicate a ductile environment, but
the Bouguer anomaly is high at the west of the field
(Figure 4) and the heat flux values obtained using
Curie depths calculated from magnetic data are low
(Figure 10b). As a result, the western part, which is
determined from the tilt angle change and is defined
as the Western Anatolian Transfer Zone by Gessner et
al. (2013), may still be a rigid structure even at a depth
of about 34 km.
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