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Abstract: The parameter b (commonly referred to as 
the b-value) is one of the most significant seismic 
parameters to describe the seismicity of an 
investigated region. In this study, the structural 
framework of the Sarıgöl- Buldan region located in 
the intersection area of the western Anatolian graben 
system in Turkey was investigated by using seismicity 
and gravity data. As known, western Anatolia is one of 
the most seismically active regions of the Anatolian 
plate. Therefore, seismic activity in this region is very 
high. Analysis of the Bouguer gravity data enabled to 
define the shallow subsurface structure of the study 
area. Results from the gravity analysis indicated that 
the sediment basement depth varied from 0.1 km and 
2.1 km. We also detected many NW-SE, E-W, and NE-
SW trending lineaments that may be faults or 
fractures, and the NW-SE trending the Denizli basin 
lies to the east of the Alaşehir basin. We observed that 
the findings from this analysis seem compatible with 
the regional geological trend. In addition to this, the 
seismicity of the region was analyzed by using the 
frequency-magnitude distribution to find out the 
seismic hazard risk. The most useful way in the 
analysis of the seismic hazard studies is to reveal the 
location of the earthquake boundary, which produces 
devastating big seismic events because such studies 

make it possible to forecast the location of possible 
future earthquakes and improve seismic hazard maps. 
The b-value for this study region was estimated by 
using the maximum likelihood method. Variations in 
the b-value were observed, which range from ൎ 0.2 to 
2. A higher b-value was detected in the Buldan horst 
and surrounding area. In contrast to this, lower b-
values were observed in the northeast part of the 
interaction region between the Denizli and the 
Alaşehir grabens. The positive Bouguer anomaly 
values as high as +10 mGal and low b-values in the 
north-eastern part of the study region were 
interpreted as indicating a thinner crustal root.  In 
comparison, negative Bouguer anomaly values were 
observed in the Alasehir and the Denizli grabens. Also, 
in these grabens, intermediate to high b-values were 
found. This suggests that there is a relation between 
gravity anomaly and b-value. This relation is strongly 
related to the normal faulting mechanism existing in 
the region. 
 
Keywords: Bouguer; Gravity; Seismicity; Stress; b-
value; the Sarıgöl- Buldan region 

1    Introduction  

The Anatolian Plate started to move in the 
westward direction (Papazachos 1999) as a result of 
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the collision between the Eurasian and Arabian Plates 
in the Middle Miocene (Şengör et al. 1985). In 
addition to this, the African plate subduction beneath 
the Anatolian block resulted in developing the N-S 
directional extension in Western Anatolia (Şengör 
and Yılmaz 1981) (Fig. 1). A recent study of Meng et al. 
(2021) showed that the Aegean plate connected with 
the Western Anatolia extensional province on the 
Turkish mainland. The revealed extensional region 
continues with the Aegean subduction zone 
propagating southwards by up to 1000 km (Seward et 
al. 2009) due to slab rollback.  The African slab 
retreats; it is pulling parts of the 
upper plate of Anatolia and the 
Aegean with it to the south, 
causing N-S extension (e.g., 
Mercier et al. 1989; Jolivet et al. 
2013). The tectonic escape 
remarkably affects extensional 
tectonics in the western part of the 
Anatolian plate. Western Anatolia 
is known to be an area of 
widespread active continental 
extension (Bozkurt and Mittwede 
2001). Tectonic and geologic 
processes of this region are 
significantly affected by 
subduction, the ongoing plate 
collision, and the transition 
between the upper plate into 
numerous smaller microplates 
(Meng et al. 2021). Therefore, the 
investigation of the complex 
tectonic structure of Western 
Anatolia has been an important 
issue of many studies in the 
literature (Seyitoğlu and Scott 
1996; Koçyiğit et al. 1999; Yılmaz 
et al. 2000; Bozkurt 2003; Bozkurt 
and Sözbilir 2004; Kaymakcı 2006; 
Gessner et al. 2013). Previous 
geological studies (e.g., Seyitoğlu 
and Scott 1991; Seyitoğlu and Scott 
1992a; Seyitoğlu and Scott 1992b; 
Hetzel et al. 1998) indicated that 
many graben-horst systems 
developed under this extensional 
regime.  

In particular, the rollback 
process driven by the African plate 

significantly influences the geometrically complex 
normal fault systems, and earlier transtensional 
systems.  This retreating process significantly plays a 
role to form upper crustal extension and active 
seismicity in this area. Regional extensional basins, 
fault systems and sedimentary and volcanic deposits 
in the region may additionally indicate to be the 
results of the regime controlling the region. 

Two-stage extensions in the Western Anatolia 
were suggested by Bozkurt (2001) and Bozkurt and 
Sözbilir (2004). According to these studies, the first 
stage was initiated in Late Oligocene-Early Miocene, 

 
Fig. 1 Simplified tectonic map of Turkey showing major neotectonic 
structures (modified from Bozkurt & Sözbilir 2004) and the main tectonic 
settings of Western Anatolia modified from Konak and Şenel (2002). The 
location of the study area is shown with the blue rectangle. 
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and the second stage started in the Pliocene (∼ 5 Ma) 
age (Bozkurt and Sözbilir 2004). The propounded 
tectonic models for the origin of extension in western 
Anatolia are (1) tectonic escape (Şengör et al. 1985; 
Şengör and Yilmaz 1981; Dewey and Şengör 1979; 
Şengör 1979), (2) back-arc extension (McKenzie 1978; 
Le Pichon and Angelier 1979, 1981; Meulenkamp et al. 
1988; Spakman et al. 1988), and (3) orogenic collapse 
(Seyitoğlu and Scott 1996; Dilek and Whitney 2000). 
E-W trending the Büyük Menderes and the Alaşehir 
grabens and NW-SE trending the Denizli graben are 
the main tectonic structures of western Anatolia, and 
the basement rocks of the metamorphic Menderes 
massif are located between the Bornova Flysch Zone 
to the north and the Lycian nappes to the south 
(Şengör and Yılmaz 1981; Bozkurt and Mittwede 2005) 
(Fig. 1). The Alaşehir graben is one of the E-W 
trending prominent basins in western Turkey (Fig. 1). 
The graben consists of three faults in an E-W 
direction. The first fault, low-angle fault, the Alaşehir 
detachment, separates the hanging wall of 
sedimentary units of the Alaşehir graben from the 
footwall of metamorphic rocks and granodioritic 
intrusions (Işık et al. 2003). According to this study, 
the footwall of the Alaşehir detachment includes both 
ductile and brittle deformation. The tectonic evolution 
of the Alaşehir graben and its boundary faults were 
studied in detail by Seyitoğlu and Scott (1996), Temiz 
et al. (1998), Koçyiğit et al. (1999), Seyitoğlu et al. 
(2000), Yılmaz et al. (2000), Sözbilir (2001), Bozkurt 
and Sözbilir (2004), Çiftçi and Bozkurt (2009), 
Hakyemez et al. (2013), Poyraz et al. (2019). The 
geological structure of the Alaşehir graben was also 
investigated by geophysical tools (e.g., Eyidoğan and 
Jackson 1985; Gürer et al. 2002; Poyraz et al. 2019). 
Recently, the geothermal studies in the Alaşehir 
graben were also carried out by some scientists such 
as Erdogan and Candansayar (2017), Cambazoğlu et 
al. (2019), and Hacıoğlu et al. (2020). In addition to 
the mentioned studies, there are many geological 
(Akgün and Sözbilir 2001; Westaway et al. 2005; 
Koçyiğit 2005; Hançer 2013; Brogi et al. 2014) and 
geophysical (Sarı and Şalk 2006; Akyol et al. 2006; 
Bilim 2007; Irmak 2013; Kaypak and Gökkaya 2012; 
Altınoğlu et al. 2015) studies focused on the Denizli 
graben in the literature because of its complex 
tectonic structure with high seismic activity and its 
many hot springs, travertines, marbles, and 
archeologic sites.    

Although many scientific studies mentioned 

above were carried out by earth scientists with many 
geological and geophysical tools, the literature 
contains no detailed geological and geophysical study 
on the area between the Alaşehir and the Denizli 
grabens, and the subsurface structures of the area had 
not been defined in detail until now. Therefore, region 
by using gravity and seismic data (Fig. 1), we aimed to 
investigate the subsurface and seismo-tectonic 
structure of the region between the two main grabens 
of the Aegean extensional province where there is a 
tectonically very active.  

The investigated region between 38.00° N–38.30° 
N latitude and 28.75° E–29.10° E longitude with an 
approximate area of about 1450 km2 covers the area 
which includes the Sarıgöl district located in the 
southeast of the Alaşehir Graben and Buldan district 
located in the northwest of the Denizli graben shown 
in Fig. 1. 

2    Geological Framework of the Study Area 

The study area is located in the ‘Aegean 
Extensional Province (AEP)’ which extends from the 
Aegean Sea to central Anatolia (Fig. 1) (Bozkurt 2001; 
Koçyiğit 2005; Şengör 1979). The active faults of the 
AEP dominantly influence the Quaternary 
morphology of western Anatolia. Some studies (e.g, 
McKenzie 1978; Taymaz et al. 1991) indicate that the 
current extension oriented near N–S is occurring at a 
rate of 30 – 40 mm yr−1 in the region. Additionally, to 
this, this oriented extension has replaced the 
Palaeocene orogenic contraction (e.g., Şengör et al. 
1985, Taymaz et al. 1991; Seyitoğlu and Scott 1996; 
Bozkurt 2001). The existing system in this region 
resulted in developing a series of E–W-, NE–SW- and 
NW–SE-trending horst and graben structures 
(Bozkurt 2001; Kaymakcı 2006; Koçyiğit 2005; 
Koçyiğit and  Deveci 2007; Şengör et al. 1985; Sözbilir 
2002). Yılmaz et al. (2000) found that thick volcano 
sedimentary associations were formed within 
approximate N-S trending fault-bounded continental 
basins under an E–W extensional regime in the time 
range from the Early to Middle Miocene period.  In 
addition to the E-W trending grabens, active normal 
faults were developed in the region. They are defined 
as neotectonic units.  The study area shown in Fig. 1 is 
located at the junction point of these three main 
grabens and covers the southern end of Alaşehir 
graben and the northern end of the Denizli graben 
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between Sarıgöl and Buldan districts.  
Since the Late Triassic (230 million years ago), 

the Anatolia plate has been formed by the 
amalgamation of tiny island-arc terranes and 
platform carbonates during the closure of the 
Paleotethys and Neotethys oceans (Bozkurt 2001).  
The Alpine-Himalayan orogenic belt, which runs from 
the Alps in Western Europe to Southeast Asia, 
includes this plate. Due to this, the Turkish orogenic 
collage is made up of a number of Alpine tectono-
stratigraphic units or terranes that formed in a variety 
of tectonic settings, including active and passive 
continental margins, rifts, arc and suture complexes, 
related to the opening and closing of numerous 
Neotethyan oceanic branches (Göncüoğlu 2010). 

The detail tectonic structure of the Anatolian 
plate was not described because it was out of the 
scope of the study. However, due to the Sarıgöl- 
Buldan region located in western Anatolia, important 
points relating to the tectonic evolution and geologic 
settings of western Anatolian were mentioned as 
possible here. Western Anatolia is known to be an 
area of widespread active continental extension 
(Bozkurt and Mittwede 2005) because it is mainly 
located in the convergent zone between the Africa, 
Arabia, and Eurasia plates (McKenzie 1972). The 
region has come into existence by the accretion of 
(semi-) rigid blocks to the southern margin of the 
Eurasian plate and it has undergone intense 
deformation (Özbakır et al. 2017).   

The basement rocks of the study area are 
Paleozoic–Mesozoic, and Menderes massif 
metamorphic rocks are located between the Izmir-
Ankara Neo-Tethyan Suture Zone to the north and the 

Lycian Nappes to the south (Şengör and Yılmaz 1981). 
The Menderes Massif was exposed during the Early 
Miocene time according to Gessner et al. (2004) and 
is composed of various metamorphic rocks, which are 
mostly schists, quartzite and marbles, occasionally 
amphibolites and quartzites.  The Alaşehir graben is 
~150 km long, 3–40 km wide, E–W trending 
structure and forms one of the most prominent 
structural elements of western Turkey (Fig. 1 and Fig. 
2). It is an actively growing asymmetric graben, with 
the active normal faults mainly located on the 
southern margin (Arpat and Bingöl 1969; Eyidoğan 
and Jackson 1985).  

The Alaşehir graben was filled with Neogene- 
Quaternary sediments that are surrounded by horsts of 
the Menderes massif metamorphics (İztan and Yazman 
1990; Yılmaz et al. 2000; Hakyemez et al. 2013). The 
Alaşehir graben’s faults lie in the NW-SE direction 
between the Salihli and Buldan districts. The Denizli 
graben is the southeast continuation of the main 
grabens of western Anatolia and has a length of 50 km 
and a width of 25 km that lies on a NW-SE direction - 
bounded by normal faults (Çakır 1999; Westaway 1990; 
Koçyiğit 2005). The graben is bounded by the 
Pamukkale fault zone in the NE, and the Babadağ fault 
in the SW. According to geological and seismical data, 
these faults are considered to be active. The Denizli 
Basin has opened in a NE-SW direction for 14 Ma 
(Westaway 1993). The Buldan horst has divided Denizli 
basin into two branches in the north with 2000 m high 
at the SW part of the study area. The geology map of 
the study area is shown on Fig. 2 in detail. The Denizli 
graben faults lie approximately parallel to the main 
faults of the Alaşehir graben.  

 
Fig. 2 Geology map of the study area, modified from MTA geology map http://yerbilimleri.mta.gov.tr/home.aspx, 
Akbaş et al. (2011) and Emre et al. (2013) PFZ: Pamukkale Fault Zone, AGFZ: Alaşehir Graben Fault Zone. 
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3    Seismicity Data and Analysis 

In this study, in order to examine seismic activity 
of the region between 38.00° N–38.30° N latitude 
and 28.75° E–29.10° E longitude, a complete set of 
~1500 earthquakes of Md ൒  1 from 1970 to 2020 
constructed from Bogazici University, Kandilli 
Observatory and Earthquake Research Institute, 
Regional Earthquake-Tsunami Monitoring Center 
(KOERI) catalogue, and T.C. Prime Ministry Disaster 
and Emergency Management was collected (Fig.3a). 
The seismic activity of the region is high. The high 
magnitude events between 4≤Md≤ 6 are located in 
between the Alaşehir and the Denizli grabens. 
Severely damaging earthquakes with Md=5.6, 5.2, 
and 5.0 occurred in the district of Buldan in July 
2003. Additionally, we observed that earthquakes 
with magnitude Mb ≥ 5.0 intensively occurred along 
the Pamukkale Fault Zone. The major of seismic 
activity as seen in Fig. 3a clustered along the 
intersection region between the AGFZ and the PFZ. 
Fig. 3b indicates depth distribution of the number of 
earthquakes occurred in the region. Their depth range 
of the events varied from 5 and 10 km. At the first 

stage, to ensure the integrity of the dataset, the whole 
dataset was converted to local magnitude by using the 
formula ML = (0.9897*Md) + 0.0978 (Kalafat 2016), 
(R2 = 0.8955; Cohesion coefficient). At the second 
stage, the declustering process based on Reasenberg’s 
(1985) method was applied to remove artificial 
(unnatural) seismic events relating to artificial quarry 
blasts and mine blasts. Therefore, ~5 percent of all 
data was thrown out. To investigate the seismic 
activity of a region, seismic parameters (Gutenberg-
Richter value (b-), seismic activity rate (a-), and 
Magnitude of completeness (Mc)) are estimated by 
many statistical methods (e.g., Öztürk 2018; Polat 
2022). In such studies, the Gutenberg-Richter (GR) 
law is usually used. In this approach, the frequency of 
earthquake occurrence is described as a function of 
the magnitude. To estimate the b- and a- values, the 
formula below is used: 

logN=a-bM                              (1) 

In Eq.(1), N(ML) is the number of earthquakes 
with a magnitude larger than M per year; a and b are 
the constant parameters. The b-value is the slope of 
the frequency-magnitude distribution and related to 
the distribution of stress and strain (Utsu 1965; 

(a) 

 

(b) 

 

Fig. 3 (a) Earthquake’s distribution occurred 
between the time period 1970 and 2020 with 
Magnitude Md≥1 superimposed on the 
topographic map of the study area. (b) Depth 
distribution of the earthquakes occurred in the 
region between the time period 1970 and 2020. 
PFZ: Pamukkale Fault Zone, AGFZ: Alaşehir 
Graben Fault Zone. 
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Scholz 1968), the material heterogeneity, thermal 
gradient, volcanic activity, tectonic events in the 
Earth’s crust (e.g., Warren and Latham 1970; 
Katsumata 2006). The a- and b-values represent the 
generalized ‘fractal dimension’ of earthquake 
magnitude distributions (Gutenberg and Richter 
1955). This estimation is based on a fractal relation 
between frequency of occurrence and the radiated 
energy, seismic moment, and fault length. The 
estimated parameters are very significant because 
they can provide useful information about earthquake 
behaviour and fault zone orientation (Turcotte 1986). 
The estimated Mc parameter changes over time 
depending on the number of seismic stations 
deployed in the investigated region and the 
techniques of investigation (Ahadov and Ozturk 
2022). The b-value is the slope of the Frequency-
Magnitude Distribution (FMD). Generally, it is used 
to provide a relative measure of the likelihood of large 
and small magnitude seismicity of the investigated 
area. A dislocation model for the seismic source 
(Gutenberg and Richter 1955) is assumed in its 
interpretation. Then, Turcotte (1986) indicated that a 
scale-invariant recurrence interval was also required. 
The seismic activity rate is generally defined with a-
value. It represents the intercept acquired from the 
FMD analysis. 

Spatial variations of the seismic parameter for 
the earthquake occurrences in the region shown on 
Fig. 1 were investigated in this study. For this purpose, 
ZMAP software (Wiemer 2001) was applied to the 
integrated and declustered data constructed in this 
study. For calculating the b-value, the maximum 
likelihood method was used (Aki 1965; Bender 1983; 
Utsu 1999). This method is defined as: 

ܾ ൌ ୪୭୥	ሺ௘ሻ

∑
ಾ೔
ಿ
ିெ௖ಿ

೔సభ

                               (2) 

In this equation, ݁,ܿܯ,	N are the base of natural 
logarithm (݁ ൌ 2.1718ሻ, the completeness magnitude, 
and number of earthquakes, respectively. The 
seismicity parameters were calculated at each grid 
node of 1 km along both latitude and longitude.  

4    Gravity Data and Analysis 

Gravity data is commonly used in tectonic 
structure investigation (Yuan et al. 2012; Selim 2016; 
Sainz-Maza et al. 2017; Bora et al. 2018; Uwiduhaye 
et al. 2018; Bba et al. 2019; Dilalos et al. 2019; 

Kanthiya et al. 2019; Kebede et al. 2021). The 
complete Bouguer gravity anomaly data of the study 
area was obtained from the General Directorate of the 
Mineral Research and Exploration (MTA) of Turkey. 
The data was collected with a 0.1 mGal accuracy at 
250–500 m station spacing and then gridded over a 1 
km2 area. The data was tied to the Potsdam 
(981260.00 mGal) base value. All necessary 
corrections were made by MTA. The Bouguer 
correction was done for a density of 2.40 g cm-3. The 
contour map of Bouguer gravity anomaly data of the 
study area is shown in Fig. 4a, with the anomaly 
values ranging from -34 to 12 mGal.   

It is well-known that Bouguer gravity anomaly 
data presents the whole effect of shallow and deep 
sources. Therefore, as dealing with shallower local 
geological structures, the deeper sources effects 
should be removed. In this study, frequency domain 
filtering was used to remove the deeper sources 
effects from shallower local geological structures. The 
radially averaged power spectrum of gravity data was 
calculated, and a Butterworth low pass filter was 
applied to gravity anomaly data (Altınoğlu et al. 2015, 
2018; Altınoğlu 2019) to enhance the regional gravity 
data with cut-off frequency (kc=0.409 Hz). Then, the 
residual gravity anomaly data was obtained by 
subtracting the regional anomaly data from the 
gravity data. The residual gravity anomaly map is 
given in Fig. 4b.  

In potential field applications, defining the 
boundaries of the causative body that causes gravity 
anomalies is an important problem. To solve this 
problem, many derivative-based edge detection 
techniques were commonly used in previous studies 
(Verduzco et al. 2004; Cooper and Cowan 2006; Ma 
and Li 2012; Ferreira et al. 2013; Zhou et al. 2013; 
Yuan et al. 2014; Wang et al. 2014; Wang et al. 2015; 
Du et al. 2017; Rezaie et al. 2017; Wang et al. 2017). 
The edge detection techniques comprised of the 
horizontal gradient, tilt angle and theta map 
techniques were used in this study. Although the 
horizontal gradient method (Blakely 1995; Cordell 
1979; Cordell and Grauch 1985) is the oldest, it is 
widely used as one of the edge detection techniques to 
define the boundaries of density contrast and 
magnetic susceptibility from the potential field data. 

At the edges of the subsurface source body, the 
horizontal gradient magnitude and the analytical 
signal indicate that gravity values become maximum. 
According to Miller and Singh (1994), the maximum 
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values of horizontal gradient magnitude and analytic 
signal suggest the edges of the subsurface causative 
body. 

The amplitude of the horizontal gradient 
magnitude is expressed as follows (Blakely and 
Simpson 1986): 

HG ൌ ටቀడ௚
డ௫
ቁ
ଶ
൅ ቀడ௚

డ௬
ቁ
ଶ
                      (3) 

where g is the gravity field anomaly and ∂g/∂x and 

∂g/∂y are the horizontal derivatives of the anomaly. 
The tilt angle method (Miller and Singh 1994) 

based on the relation between vertical and horizontal 
derivatives was additionally used to find out the 
source boundaries because of zero values. Over a 
source, the tilt angle becomes usually positive. Thus, 
zero values reflect the source edges (Miller and Singh 
1994). This method can be also used to improve the 
edges of anomalies in shallow and deep sources.  

(a) 

 

(b) 

 

Fig. 4 (a) Bouguer gravity anomaly map of the study area. (b) Residual gravity anomaly map of the study area with 2 
mGal contour interval. 
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Wijns et al. (2005) proposed the theta map 
method that is the normalization of horizontal 
gradient because the maxima of the theta map 
correspond to the source edge (Wijns et al. 2005; 
Cooper and Cowan 2008). 
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ങ೒
ങ೥
ቁ
మ
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                    (5) 

Because of these, the horizontal gradient, the tilt 
angle, and the theta map edge detection methods 
were applied to the residual gravity map to determine 
the buried structural boundaries and discontinuities 
in the investigated region.  

To image the sediment basement relief, 3-D 
inversion of gravity data was analyzed by using a code 
developed by Pham et al. (2018). This code uses an 
advanced iterative rapid approach based on a 
combination of Granser's FFT-based algorithm and 
Cordell and Henderson's space domain technique. 
The inversion approach does not require a mean 
depth or low-pass filtering. 

The gravitational anomaly of a sedimentary basin 
was defined by Granser (1987) as follows: 

∆݃ ൌ

ଵିܨ ቂ2ߩ∆ߛߨ଴
ଵ

|௞|ାఒ
ቀ1ൣܨ െ ݁ିఒ௛൧ െ ∑ ሺି|௞|ሻ೙

௡!
ஶ
௡ୀଵ ఒ௛݄௡൧ቁቃି݁ൣܨ     

                                                                                               (6) 

Eq. (6) is reduced to (Granser, 1987) in the case 
of the gravity effect of an infinite horizontal slab 
(Bouguer slab) with a top at surface and a slab bottom 
at a depth h: 

Δ݃ ൌ ଶగ஌୼ఘబ
ఒ

൫1 െ ݁ିఒ௛൯        (7) 

Granser (1987) proposed using the mean depth of 
the basement interface as a reference level z0 to 
increase the convergence speed of the forward 
algorithm in Eq. (6), in the sense that the depth of the 
interface is described by h=z0 + h. The use of a 
reference level z0, according to Granser (1987) 
requires an additional Bouguer slab term and an 
upward continuation from the level z0 to the surface. 

As a result, (Granser 1987) becomes Eq. (6): 
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௡! ቁቃ																						 (8) 

Another iterative inversion approach based on 
the Bouguer slab formula was developed by Cordell 
and Henderson (1968). In the space domain, this 
procedure is simple to compute. The density contrast 
is considered to be uniform in Cordell and 
Henderson's (1968) algorithm. It varies with depth in 
our algorithm. 

Iterations start with a rough estimate of the 
depth of the interface h(x, y). An endless slab is 
thought to be generating the observed anomaly at 
each grid point). According to Cordell (1973), the 
equation for the infinite horizontal slab (Eq. (7)) 
yields the first approximation of the depth to the 
basement with exponential density contrast variation: 

݄ሺ௜,௝ሻ
ଵ ൌ െଵ

ఒ
݈݊ ቀ1 െ

ఒ୼௚೚್ೞሺ೔,ೕሻ

ଶగఊ୼ఘబ
ቁ                  (9) 

The gravity anomaly of the sedimentary basin is 
then determined at each observation site using the 
Granser (1987) technique, which is considerably 
simpler and takes less computer time than the Cordell 
and Henderson (1968) algorithm, which is based on 
the segmentation of the basin into prisms. For the 
next modification or refinement of the model, Cordell 
and Henderson (1968) suggested the following 
relationship: 

݄ሺ௜,௝ሻ
ሺ௧ାଵሻ ൌ

୼௚೚್ೞሺ೔,ೕሻ

୼௚೎ೌ೗೎ሺ೔,ೕሻ
ሺ೟ሻ ݄ሺ௜,௝ሻ

ሺ௧ሻ                        (10) 

gcalc (i, j) is the estimated gravity anomaly at grid 
point (i, j), and t is the number of iterations. Instead 
of using an infinite-slab approximation such as in 
Bott's method (1960), the above ratio is utilized to 
revise the bottom depths of prisms. 

The gravity anomalies of the iterated model are 
recalculated when each thickness element is iterated, 
and another iteration is conducted. After each 
iteration, the mean depth of the basement interface is 
redefined. In gravity inversion, the iterative procedure 
aims to reduce the difference between the calculated 
and observed anomaly. When a desired fit between 
gobs (i, j) and gcalc (i, j) is achieved for each grid point (i, 
j), the model is satisfied. 

The proposed approach enables rapid and 
accurate computation while maintaining convergence 
since it combines forward modelling in the frequency 
domain and iterative inversion in the space domain. 
In the inversion process, the code does not require a 
mean depth or filter.  In the process, the density 
contrast (Δρ) of 0.3 g/cm3 between Neogene 
sedimentary fill (~2.4 g/cm3) and metamorphic 
complex (~2.7 g/cm3) and decay constant (λ) of 0.001 
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g/cm3 are taken.  

5    Results  

Seismic parameters (Mc, a-, and b-
values) for this region were calculated by 
using ZMAP software. The seismic 
parameters, including Mc, a-value and b-
value, were found as 2.8, 6.657, and 1.58, 
respectively (Fig. 5a). As calculating Mc-
value by using the frequency-magnitude 
distribution of earthquakes (Wiemer and 
Wyss 2000), Mc-value was defined as the 
minimum magnitude of complete recording. 
According to the FMD, Gutenberg-Richter 
relation was found as logN= 6.657–1.58ML. 
The b-value map is shown in Fig. 5b. We 
detected that b-values range between 0.2 
and 2. The distribution of b-value errors in 
the study area is shown in Fig. 6. The 
horizontal gradient map residual gravity 
anomaly data (Fig. 7a) highlights a number 
of lineaments in NW-SE and W-E directions 
that represent the major structural trends.  
The zero contours of the tilt angle map 
indicate the density discontinuities and are 
given by white contours in Fig. 7b. The zero 
contours of the tilt angle fit perfectly with the 
result of the horizontal gradient. The 
maximum values of the theta map also 
represent the density discontinuities. The 
common density discontinuities enhanced 
from both horizontal gradient and tilt angle 
maps are drawn by black lines in the theta 
map (Fig. 7c) and seen that they were located 
in the maximum values of the theta map. 
These lineaments are proposed as the 
lineament structures of the study area. The 
basement relief map with the enhanced 
lineaments is given in Fig. 8; the general 
regional NW-SE direction tectonic trend can 
be seen easily. The sediment basement 
topography ranges between 0.1 and 2.1 km. 
All the reliefs in the sediment topography 
map (Fig. 8) are bounded with the 
lineaments defined by the edge detection 
process. The defined lineaments 
corresponding to the sedimentary 
topography and some newly buried 

lineaments were defined, which are covered by young 
sediment deposits. The superimposition of the 
earthquake epicenters on a new tectonic lineament 
map for the study area is given in Fig. 9. 

(a) 

 

 
(b) 

Fig. 5 (a) Frequency magnitude distribution of the declustering 
catalogue. Plotted is both the cumulative (squares filled in white) 
and non-cumulative form (squares filled in gray); (b) b-value map 
of the region between Sarıgöl and Buldan districts for the period 
1970-2020. 
 

 
Fig. 6 Standard deviation of b-value for the study area. 
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(a) 

 

(b) 

 
 

(c) 

 
Fig. 7 (a) Horizontal gradient gravity map of the study area (black lineaments correspond to density discontinuities); 
(b) Tilt angle map of the study area, zero contours were drawn by white color which represent the density 
discontinuities. (c) Theta map of residual gravity anomaly map of the study area (black lineaments represent the 
common lineaments in horizontal gradient and tilt angle maps). 
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6    Discussion  

Based on the obtained results from the seismic 
hazard analysis in this study, the seismic hazard risk 

of the region was revealed. For this region, a-value 
calculated as 6.657 is related to earthquake activity 
level of the studied region. It means that this value 
changes as a function of the length of the study area, 

 
Fig. 8 Sediment basement relief map enhanced by 3D inversion of gravity data of the study area. The estimated 
lineaments by edge detection techniques of gravity data were shown by black lines. 

 

 
Fig. 9 New lineament map of the study area superimposed on earthquake distribution map from 1970 to 2020, the 
known faults of the area in red and the new proposed lineaments in black color. PFZ: Pamukkale Fault Zone, AGFZ: 
Alaşehir Graben Fault Zone. Black rectangulars denote the location of the local areas. 
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time period of the catalog as well as the number of 
earthquakes. The Mc-value calculated as 2.8 is a 
significant parameter for statistical seismicity studies. 
This value depends on magnitude levels of the 
earthquakes in the catalogue. Therefore, the high-
quality parameters were estimated by using the 
earthquake catalogue created with the maximum 
number of earthquakes. 

The derived b-value from this analysis is 1.58. 
With b ranging from 0.2 to 2, there were notable 
variations in the b-value. Changes in b-value depend 
on many factors. The relative numbers of small 
aftershocks caused by large earthquakes or swarms 
result in variations in b-value. In addition to the 
factors, rock fractures also cause a noticeable decrease 
in b-value. It is probably related to an increase in 
shear stress and a reduction in restricted compression 
(Öztürk and Gerdan 2020). Moreover, apart from 
these reasons, there are some factors such as thermal 
gradient, crack density, fault length, geological 
complexity, slip distribution, material properties and 
strain circumstances (e.g., Mogi 1962; Scholz 1968). 
The b-value map in Fig. 5b indicates a clear high 
heterogeneity in the region, with low b-values 
predominating. Also, an anomaly of b-value higher 
than 1 was detected within the segment of the 
Alasehir Graben Fault Zone (AGFZ) between Sarıgöl 
and Buldan districts.  Previous studies (e.g., Öncel et 
al. 2001; Öncel and Wilson 2002) indicated that 
regional-scale estimates of b-value generally range 
between 0.5 and 1.5. On the other hand, on average, 
the b-value for the regional scale is ~ 1 (Frohlich and 
Davis 1993; Jackson and Kagan 1999). Higher b-
values were observed in the Buldan horst and 
surrounding area. In contrast, lower b-values were 
observed in the northeast part of the interaction 
region between the Denizli and the Alaşehir grabens. 
The low b-values in the NE part of the intersection 
between the Alaşehir graben and the Denizli graben 
were well-correlated with the high Bouguer anomalies 
(Fig. 4a). This observation seems consistent with the 
results of Polat et al. (2008) obtained from the 
Aegean region. They interpreted these areas in 
asperities as expressions of stress levels and high-
stress accumulation, which probably cause lower b-
values. Maybe, the lower b-value was caused by the 
brittle-ductile transition induced by the increase in 
confining pressure (Amitrano 2003).  

Another reason for this is that positive Bouguer 
anomaly values as high as +10 mGal and low b-values 

are probably related to a thinner crustal root. Both 
explanations need more data to be justified.  In 
comparison, negative Bouguer anomaly values were 
observed in the Alasehir and the Denizli grabens. Also, 
in these grabens, intermediate to high b-values were 
found. This suggests that there is a relation between 
gravity anomaly and b-value. This relation is strongly 
related to the active fault mechanism existing in the 
region. Additionally, the distribution of b-value errors 
in the study area is mapped in Fig. 6. An error interval 
in the b-value is not high because there is a small 
change between maximum and minimum values, 
which are 0.18 and 0.05, respectively. The error 
interval in the b-value was not considered for the 
whole study area except for the Buldan horst on 
small-scale deviations. However, a similar pattern 
was not observed in the Buldan horst. This may be 
related to the Buldan horst having low-stress levels, 
even though the intensity of microearthquakes is high 
in this region.  In both laboratory testing and field 
investigations, low b-values were associated with 
high-stress situations (Wyss and Matsumura 2002). It 
is often tied to low b-values and can be associated 
with Bouguer gravity anomaly (Wilson and Kato 1992, 
1995; Khan 2005). Sarı and Şalk (2006) investigated 
the gravity anomaly of the Aegean region in detail, 
finding that high Bouguer anomalies in the Aegean 
Extension Region correspond to low b-value areas. 
(Polat et al. 2008). They interpreted these areas in 
asperities as expressions of stress levels and high-
stress accumulation, which probably cause lower b-
values. After declustering, we observed that many 
micro and local earthquakes were caused by 
intermediate earthquakes that occurred in the region 
between the NW segment of the PFZ and the SE 
segment of the AGFZ (Fig. 3a). 

The NW-SE trending low gravity anomalies in the 
residual gravity map (Fig. 4b) were observed in the 
northwest and the southeast parts of the study area 
that represent the low-density Quaternary and 
Neogene units, while the maximum high anomalies 
located in the outer sides of the basins reflect the 
effect of high-density Menderes massif basement 
rocks. The residual gravity map correlates in a good 
manner with the geological map of the coverage area 
and the general regional trend. The positive gravity 
anomalies imply high-density metamorphics, which 
developed in the western and eastern sides of the 
Denizli and Alaşehir basins and are hosted in the 
Buldan horst. The negative gravity anomalies suggest 
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the low-density sedimentary deposits developed in 
the Denizli and Alaşehir grabens. The linear tectonic 
structures of the study area such as faults were 
defined by the edge detection methods applied to the 
gravity anomaly data.  The tilt angle (Fig. 7b) and 
theta map (Fig. 7c) of the gravity map give detailed 
information about the lineaments of the region. The 
new lineaments are mainly NW-SE direction that 
reflect the main geo-structural trend of the study area 
(Fig. 8). To better understand the tectonic structure 
and shallow subsurface features, the sediment 
basement topography was modelled from residual 
gravity anomaly data by using a code modified by 
Pham et al. (2018). The maximum depth levels 
ranging from 2- 2.1 km were observed in the Alaşehir 
graben and the Denizli graben, as exhibited in Fig. 8. 
The thickness of sediment deposits is defined as 2 km 
in the southern part of the Alaşehir basin. In this 
study, this result coincides with previous studies;  
Paton (1992) indicated the sediment thickness as 1.3- 
1.4 km between Alaşehir and Salihli districts where 
the area is located at the north of the study area; 
Gürer (2002) determined the sediment thickness as 
0.9- 3.5 km for Alaşehir graben from the 
magnetotelluric study;  Bozkurt and Sözbilir (2004) 
defined it as 1.3-1.4 km and Purvis and Robertson 
(2005) as 1km from geological studies; Sarı and Şalk 
(2006) stated 1.5-2 km sediment thickness for the 
Alaşehir graben from gravity data and Yılmaz  and 
Gelişli (2003) found it as 2-2.5 km from seismic 
sections in the Alaşehir graben. In the northwestern 
part of the Denizli basin, the thickness of sediment 
deposits was determined as 2 km. These findings are 
consistent with earlier research: Turgay et al. (1980) 
indicated 2 km depth for the basement in the 
Sarayköy-Denizli areas using geoelectric studies, Sarı 
and Şalk (2006) found the sediment thickness to be 
1.5-2 km in the northern part of the Denizli basin via 
gravity studies and Altınoğlu (2012) defined the 
sediment thickness varied between 2-3 km for the 
Denizli basin using gravity studies. The sediment 
basement relief map (Fig. 8) exhibits that the Denizli 
basin structure lies to the Alaşehir basin in NW-SE 
direction that is divided into three branches, and each 
of them is bounded by Menderes metamorphic 
basement rocks. As seen in Fig. 9, most of the 
lineaments obtained from the edge detection maps 
are consistent with the active fault map of MTA 
(2003). These are main faults in the AGFZ as Sarıgöl 
fault and the Killık fault in the NW part of the study 

area and the faults located in the PFZ. Many new 
lineaments were detected as a result of this study that 
do not exist in the MTA active fault map of the region 
(Fig. 1), and some of them are probably buried faults. 
The most important one is probably a buried fault 
which lies in the NW-SE direction through the 
Alaşehir graben (Fig. 9). These possibly buried faults 
were covered by low-density Neogene sediments; so 
no geological or morphologic trace can be found but 
can be discovered by geophysical studies. The new 
lineament map of the study area is superimposed on 
the earthquake distribution map from 1970 to 2020 
and given in Fig. 9. The new proposed lineaments are 
shown with black lines in Fig. 9.  The general trend is 
NW-SE direction is consistent with the regional 
tectonic trend. The earthquake distribution, as shown 
on the map, supports the new lineaments determined 
in this study. A seismic cluster area is shown in NW-
SE direction on the area between the Alaşehir and the 
Denizli grabens.  

The lineaments map of the region shown in Fig. 9 
are mostly reflecting the NW-SE trending tectonic 
structure of the region (Fig. 1). The new lineaments in 
Region I are remarkably consistent with the dominant 
directions of regional faults. Although the lengths of 
the new lineaments in Region II are not as large as the 
Region I, the new lineaments detected in small sizes 
are compatible with a slight deviation with the fault 
orientation of the region. In contrast to this, we 
cannot compare the new lineaments with faults 
located in Region III because of the lack of faults in 
the region. The seismic activity of Region III seems 
weak in contrast to Region II. Most of the earthquakes 
occur along the AGFZ and the PFZ shown on Fig. 3a. 
It suggests that their epicentres are located in the 
interior part of the western part of the Anatolian plate 
because they are far away from the boundary of 
tectonic plates. This is probably related to the number 
of seismic stations. In the whole study region, there 
are three permanent seismic stations.   Due to this, 
micro events which have occurred in this region do 
not seem to exist. The seismic activity is so high in the 
Region II.  The observed seismic activity is probably 
caused by the known faults because their lengths are 
greater than new lineamentss. In other words, relative 
lengths of the new lineaments are too 
small compared to known faults in the region (Fig. 9). 
All lineaments comprising new and previously 
detected faults in Region I and II are likely related to 
the graben and uplift formations because the upper 
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crust beneath the Anatolian plate is being pulled apart 
by north–south extensional stresses resulting from 
slab rollback, where the African plate is subducting 
northwards beneath Eurasia while the slab is sinking 
by gravitational forces causing it to retreat 
southwards (e. g., Meng et al. 2021). This active 
system may trigger the faults to be seismically active 
due to the system causing increase in the stress 
accumulation in and around the faults. This finding, 
we thought, is to explain why the observed seismic 
activity in the region is currently high (Fig. 9) and 
most earthquakes occur in the upper crust. Due to the 
findings from this study, it may be claimed that the 
non-uniform uplift regime affects variations in the 
thickness of the graben and basements shown in Fig. 
8.  

7    Conclusion 

To examine the continuity of the subsurface fault 
structure of the Sarıgöl- Buldan region, Western 
Anatolia, we have used gravity and seismicity data.  
The horizontal gradient, the tilt angle, and the theta 
map edge detection methods were applied to the 
residual gravity map to reveal the subsurface 
structural boundaries and discontinuities in the 
investigated region. As seen in Fig. 9, new lineament 
zones detected in Region I are close to the district of 
Sarıgöl and surrounding area. Observed features of 
the derivatives are closely compatible with the surface 
fault structure of the AGFZ and the PFZ. In addition 
to this, to improve the findings by using gravity 
analysis, seismic parameters of the region were also 
determined. This study certainly indicates that 
combining gravity anomalies and their derivatives 
with seismic study are useful in illustrating subsurface 
fault structures and comparing their coseismic 
activities. Derived main results from this study are 
briefly listed as follows: 

 Shallow subsurface structure of the study 

area is delineated by using gravity data.  
 Edge detection methods were applied to 

Gravity data to identify new new lineaments. 
 Additionally, a-, b- values and Mc have been 

calculated by using seismicity data.  
 Identified new lineament parallel to the 

northern boundary of the Alaşehir graben in the 
Region I is probably a buried fault which is 
compatible with the regional geological trend and 
seismicity of the region. 

 In the Region II, we cannot compare the new 
lineaments with the seismic activity due to lack of 
sufficient seismic stations. In addition to this, their 
lengths are too small to produce intermediate 
earthquakes. 

 In Region III, there is no correlation between 
the new lineaments and the regional geological trend 
and seismicity of the region because of no seismic 
activity and traces of the surface fault. In Region III, a 
lower-b value was found. This may be related to the 
brittle-ductile transition induced by the increase in 
confining pressure.  

 We suggest a correlation between positive 
Bouguer value and low b-values, which are associated 
with thin crust. Negative Bouguer values are 
correlated with high b-values associated with 
relatively thicker sediments of graben. It is proposed 
that low b-values may correspond to high-stress 
accumulation zones and may represent locales for 
future earthquake. These values are helpful in 
preparation of a seismic hazard map. 
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