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1. Introduction
The study area is located at the central Anatolian crystalline 
complex (CACC, proposed by Göncüoğlu et al., 1991) 
(Figure 1a). The composite Yozgat Batholith (YB) consists 
of a mostly I-type granitoid association intruding the 
supra-subduction zone type central Anatolian ophiolite 
and medium to high-grade metasedimentary rocks of 
the CACC (Boztuğ et al., 2007). The Bouguer gravity and 
magnetic anomalies mainly reflect the surface geology 
(Figure 1b). 

In central Anatolia, some gravity, magnetic, and 
seismological studies have been performed to interpret the 
crustal structure (Saunders et al., 1998; Ateş et al., 1999, 
2005; Aydın et al., 2005; Çakır and Erduran, 2011; Tezel et 
al., 2013; Kind et al., 2015). Tezel et al. (2013) determined 
the crustal thickness in the central Anatolia to be 31–38 
km determined by receiver function. Although Saunders 
et al. (1998) and Çakır and Erduran (2011) found it to be 
about 38 km beneath central Anatolia, Kind et al. (2015) 
determined the Moho depths to vary between 25 and 40 
km by receiver function.  

Ateş et al. (1999) analyzed the gravity and aeromagnetic 
anomalies of Turkey and showed that central Anatolia 
reflected relatively high-amplitude magnetic anomalies 
and intense negative gravity anomalies. Aydın et al. (2005) 

prepared the Curie point depth map of Turkey from 
magnetic data using a spectral analysis method. Although 
Ateş et al. (2005) computed the Curie point depths between 
7.9 and 22.6 km in central Anatolia, Aydın et al. (2005) 
found average the Curie point depth as about 20 km.  

The main objectives of the present study were to 
determine the Moho and Conrad depths from the 
Bouguer gravity data, to assess the interactions between 
surface geology and magnetic anomalies, and to produce 
Curie point depth and heat flow maps from magnetic 
data. In addition, the shapes and locations of deep-seated 
magnetized sources were presented using an analytic 
signal (AS).  

2. Geological settings
The CACC developed in a context of closure of the 
Neotethyan Ocean and is composed of high-grade 
metamorphic rocks, supra-subduction-type ophiolites, and 
felsic and mafic magmatic rocks. In addition, the CACC is 
the largest metamorphic domain exposed in Turkey and 
is surrounded by Neotethyan suture zones formed during 
subduction and collision of the Eurasian Plate and the 
Tauride–Anatolide Platform in the Late Cretaceous to 
Eocene (Şengör and Yılmaz, 1981). This collision between 
the Eurasian Plate and Tauride–Anatolide Platform 
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Figure 1. a) The major tectonic divisions in Anatolia-Turkey (modified from Bozkurt and Mittwede, 2005). CACC: Central Anatolian 
Crystalline Complex; b) Simplified geological map of the study area (modified from Bingöl, 1989).
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occurred following consumption (northward subduction) 
of oceanic crust from the northern branch of the Neotethys 
along the İzmir–Ankara–Erzincan suture zone (Şengör 
and Yılmaz, 1981).

The study area is encompassed by the YB within the 
north of the CACC. The YB is the biggest one in the 
postcollisional central Anatolian granitoid magmatism 
(Boztuğ, 1998; Boztuğ et al., 1998; Erler and Göncüoğlu, 
1996) (Figure 1). The north of the YB is bounded on the 
İzmir-Ankara-Erzincan Suture Zone (Figure 1a). A surface 
geological map of the study area is presented in Figure 1b. 
There are wide outcrops of granitoids of the CACC and 
ophiolitic remnants of the northern branch of the Neotethys 
and the CACC. Paleozoic–Mesozoic aged metamorphic 
rocks located in the south of the study area were obducted 
by ophiolitic rocks and both are intruded by granitoids. 
The crustal metamorphic rocks consist of amphibolites, 
gneisses, schists, and marbles of the CACC. These units 
are covered by Neogene–Paleocene sedimentary and 
volcanic rocks (Figure 1b). The composite YB includes 
mainly the postcollisional high-K calc-alkaline, I type 
granitoid units. I-type granitoids of the composite YB have 
porphyritic textures with large K-feldspar and plagioclase 
megacrysts (Boztuğ et al., 2009). Boztuğ and Harlavan 
(2008) suggested that the K-Ar cooling ages of the S-I-A 
type granites in central Anatolia range from 80 Ma to 
65 Ma. Boztuğ et al. (2009) propose that the amphibole 

and biotite K-Ar and 40Ar-39Ar ages of individual central 
Anatolia granitoids suggest rapid cooling from 500 °C 
to 300 °C and this rapid cooling could indicate shallow 
emplacement and rapid conductive cooling or rapid 
exhumation from a midcrustal level. According to Boztuğ 
et al. (2007), there are both mafic and hybridizated felsic 
I-type granites derived from the solidification of coeval 
mafic and felsic magma sources, respectively. In addition, 
all the I-type granitoids of the YB are thought to have been 
inherited from a metasomatized mantle and mafic lower 
crustal sources, as well as from magma–crust interaction 
by Boztuğ et al. (2007). 

3. Methodology
3.1. Gravity and magnetic anomalies of the study area
The Bouguer gravity and magnetic data were provided 
by the General Directorate of Mineral Research and 
Exploration (MTA) of Turkey. The Bouguer gravity 
anomaly map of the study area mainly reflects the general 
geologic structure of the surface and subsurface (Figure 
2). The anomaly is negative with values ranging from 
mainly –30 to –95 mGal with a west to east trend. Figure 
2 shows three negative anomalies in the study area: 1) A 
high negative gravity anomaly closure (–40 mGal) located 
in the west of the study area is caused by the ophiolitic 
rocks and granitoids the majority of which may be hidden 
beneath Neogene to Paleogene cover units (Figure 1b); 2) 

Figure 2. The Bouguer gravity anomaly map of the study area. The contour interval is 50 nT.
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Medium gravity anomalies ranging from –60 to –70 mGal 
with a northeast to southwest trend situated at the YB may 
be associated with the granitoids of the composite YB; 3) 
The very low amplitude gravity anomaly (–95 mGal) is 
located around the town of Sarıkaya. These low gravity 
values do not reflect the metamorphic outcrops located in 
the SE corner of the study area (Figures 1b and 2), and thus 
may be associated with hot thermal structures in the upper 
crust. The towns of Sorgun and Sarıkaya include two hot 
springs. Temperatures of the hot springs in Sorgun and 
Sarıkaya are 50–61 °C and 46–48 °C, respectively (Erişen 
et al., 1996). 

Figure 3a shows the total field residual aeromagnetic 
anomaly data. The flight line of aircraft is 600 m from the 
ground’s surface. Generally, the anomalies are in harmony 
with surface geology. The magnetic anomalies mainly 
range from –250 to +450 nT. The W–E trending intense 
anomaly (Figure 3a) can be mainly related to the composite 
YB consisting of a granitoid association intruding the 
supra-subduction zone-type central Anatolian ophiolite 
and medium-to high-grade metasedimentary rocks of 
the CACC (Boztuğ et al., 2007). The NW–SW trending 
short wavelength magnetic anomalies between the town of 
Şefaatli and the town of Sorgun are most likely associated 
with metamorphic rocks. 
3.2. Moho depth estimation from gravity data
Moho depth can be estimated from gravity anomaly data. 
The relationship between Bouguer gravity anomaly and 
seismically determined crustal thickness revealed that 
they are linearly related, indicating that isostasy prevails 
on a regional scale (Woolard, 1959; Riad et al., 1981; Ram 
Babu, 1997). Woolard (1959) and Ram Babu (1997) give 
the empirical relationships between Bouguer anomaly and 
crustal thickness for whole earth as follows:

H=32-0.08Δg                                                                                                  (1)
and
Hc=18.6-0.031Δg                                                                                          (2)

where Δg is gravity anomaly, H is the Moho depth and Hc 
is the Conrad depth. 

Riad et al. (1981) proposed the other empirical 
relationships to estimate the Moho depth from gravity 
data as follows:

H=29.98-0.0075Δg                                                                                     (3)
Recently, these relationships have been applied 

successfully by several authors to gravity data (e.g., Rivero 
et al., 2002; Ateş et al., 2012; Maden et al., 2015). In the 
present study, the Moho and Conrad depths of the study 
area were estimated from Eqs. (1) and (3) (Figures 4a and 
4b) and Eq. (2) (Figure 4c), respectively.
3.3. Determination of Curie point depth, thermal 
gradient, and heat flow 
The well-known method given by Okubo et al. (1985) was 
used in the determination of Curie point depth (CPD) 

from aeromagnetic anomaly data. This method was 
previously used by many authors (i.e. Okubo et al., 1985, 
1989; Tsokas et al., 1998; Bilim, 2007, 2011; Aboud et al., 
2011; Karastathis et al., 2011; Obande et al., 2014; Hsieh et 
al., 2014). The bottom depth of the magnetic Earth’s crust 
is generally accepted to be related to CPD. To determine 
the CPD, firstly reduction to the pole (RTP), which 
removes the distortion caused by the Earth’s magnetic 
field, was applied to the total field residual aeromagnetic 
anomaly data of the study area (Figure 3b). The declination 
and inclination angles of the Earth’s magnetic field were 
taken as 4°E and 55°N, respectively, in the RTP processes. 
Secondly, the radially averaged power spectrum of the 
RTP data was calculated. Then the depth to the centroid 
(z0) and the top depth of the magnetic sources (zt) were 
estimated. Finally, the Curie depth (zb) was calculated by 
zb=2z0-zt .               

The RTP anomaly map applied to the residual total 
field aeromagnetic anomaly data was subdivided into 3 
blocks (N1, N2, and N3 indicate the center of the blocks) 
for spectral analysis (Figure 3b). Nwobgo (1998) suggested 
that the grid size must be at least four or six times of the 
depth of the magnetic sources. El-Nabi (2012) suggested 
also that the window size of 60 km × 60 km was necessary 
to obtain the Curie point estimate from magnetic data. 
Ateş et al. (2005) calculated the average CPD as 15.36 km 
in central Anatolia. Therefore, the study area was divided 
into 3 overlapping blocks with dimensions 60 km × 60 km. 
The estimated CPDs are given in Table 1. As an example, 
a plot of the spectral analysis of the block N3 is given in 
Figures 5a and 5b. Figure 6a shows the estimated CPD 
map of the study area. B23, B24, and B25 were taken from 
Ateş et al. (2005). N1, N2, and N3 are newly calculated 
CPDs in this study (Figure 6a; Table 1). 

The AS of RTP magnetic data was computed to 
understand the distribution of magnetic sources and 
correlate the CPDs in the study area (black-white (gray 
image) map inserted in Figure 6). The amplitude of the 
AS is defined as the square root of the squared sum of the 
vertical and two horizontal derivatives of the magnetic field 
(Roest et al., 1992). The AS exhibits maximum amplitudes 
over magnetization contrast without making assumptions 
on the direction of source body magnetization.   

Curie depth depends upon the Curie temperature, 
which varies from 350 to 680 °C in magnetic minerals 
(Piper, 1987). However, Curie point is usually referred to a 
temperature of 580 °C (Mayhew, 1982; Okuba et al., 1985; 
Hunt et al., 1995). Lefebvre et al. (2013) determined from 
paleomagnetic analysis at the CACC that the magnetic 
carrier of the ChRM in the samples is magnetite, evidenced 
by maximum unblocking temperatures and fields around 
580 °C. Therefore, the thermal gradient values of the study 
area were estimated using 580 °C from the equation of 
grad T = 580 °C/Curie depth (Table 1). 
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Figure 3. a) The residual magnetic anomaly map of the study area. The contour interval is 50 nT; b) The RTP anomaly 
map applied to the residual total field aeromagnetic anomaly data. Black plus (+) signs indicate the center of the blocks 
for using in estimation of CPDs. The block names of B23 to B25 values were taken from Ateş et al. (2005). The block 
names of N1 to N3 display the new estimated CPDs in this study.
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Figure 4. a) Moho depth map of the study area calculated from the gravity anomaly data (Figure 2) by using empirical 
equations (Woolard, 1959; Ram Babu, 1997). Contour interval is 0.5 km. Contour interval is 0.3 km; b) Moho depth 
map of the study area calculated from the gravity anomaly data (Figure 2) by using empirical equations (Riad et al., 
1981). Contour interval is 0.5 km; c) Conrad depth map of the study area calculated from the gravity anomaly data 
(Figure 2) by using empirical equations (Woolard, 1959; Ram Babu, 1997).
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The surface heat-flow can be estimated from the 
equation of   

                                                                                                                                                                                                                         
where q0is the surface heat-flow,  is the thermal 

gradient (grad T), and k = k(z) is the thermal conductivity 
as a function of depth (z) (Turcotte and Schubert, 1982; 
Artemieva and Money, 2001). In the present study, the 
heat flow map of the study area (Figure 6b) was produced 
for the thermal conductivity value of 2.7 mW/m2 (for the 
upper crust, Springer, 1999). 

              
4. Discussion and conclusion
In the present study, Moho and Conrad depths were 
estimated from Bouguer gravity data for the first time in 
the study area. I employed Eqs. (1) and (3) suggested by 
Woolard (1959) and Riad et al. (1981), respectively, to 
estimate the Moho depth. In addition, I applied Eq. (2) 
suggested by Woolard (1959) to estimate the Conrad depth. 
The estimated thickness of the crust varies from about 34 
km to 39 km in the study area from Eq. (1) (Figure 4a). 
By using Eq. (3), the Moho depth map was also produced 
for the study area (Figure 4b). The estimated Moho depths 
vary from 32.5 km to 38 km (Figure 4b). Figure 4c shows 
the estimated Conrad depth map of the study area. The 

Figure 4. (Continued).

Figure 5. Spectral analysis for block number N3 for the RTP 
anomaly map. a) estimated depth to centroid, z0; b) estimated 
depth to zt (top boundary of magnetic layer). Solid lines represent 
the least-square fit of the power spectra.
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Conrad depths range between 19.5 km and 21.5 km. The 
Moho maps (Figures 4a and 4b) assumed that the mantle 
occurs at a much greater depth in the east of the study region 
than in the west of the study area. The average thickness 
of the crust is determined as about 37 km in this study. 
These Moho depths, estimated from both the equation of 
Wollard (1959) and the equation of Riad et al. (1981), are 
more consistent with the more recent studies performed in 

central Anatolia by Tezel et al. (2013) and Kind et al. (2015). 
Tezel et al. (2013) defined the Moho depth and uppermost 
mantle shear-wave speed as varying between 31 km and 38 
km, between 4 km s-1 and 4.3 km s-1, respectively, in central 
Anatolia by receiver technique applied to 120 broadband 
seismic stations. Kind et al. (2015) calculated the thickness 
of the lithosphere and Moho depths beneath Turkey from 
S-receiver function and suggested that the lithosphere 

Figure 6. a) The estimated Curie point depths map from the reduced-to-pole (RTP) magnetic anomaly map of the study 
area. CPDs are below the sea level and contour interval is 0.6 km. Plus (+) signs indicate the center of the blocks for using 
in estimation of CPDs. The block names of B23 to B25 values were taken from Ateş et al. (2005). The block names of N1 
to N3 display the new estimated CPDs in this study. The black and white (gray image) map shows the analytic signal (AS) 
map applied to reduction to the pole anomaly data (Figure 3b) applied to the residual total field magnetic anomaly map 
(Figure 3a). b) Heat-flow maps of the study area for thermal 2.7 W m-1 K-1. Contour interval is 10 mW m-2. The black and 
white (gray image) map shows the AS map applied to the reduction to the pole anomaly data (Figure 3b) applied to the 
residual total field magnetic anomaly map (Figure 3a).
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thickness and the Moho depths beneath the entire region 
of Anatolia vary between 80 km and 100 km and between 
25 km and 40 km, respectively. Significant seismological 
studies to determine the Moho depths in central Anatolia 
are given in Table 2. Crustal density decreases from west 
to north in the study area, while the crustal thickness 
and heat flow increase gradually to about 39 km and 145 
mWm-2, respectively (Figures 2, 4, and 6b).

 I estimated the Curie point depths to vary between 10.4 
and 19.5 km (Table 1; Figure 6a). Shallow depths indicate 
that the magnetization is restricted to the upper crust in 
the study area. The estimated CPDs are also consistent 
with the result given by Boztuğ et al. (2007, 2009), who 
suggested that the composite YB has mid-crustral 
emplacement depths ranging from 7 to 13 km (2 to 4 kbar) 
from geothermobarometric studies conducted in various 
central Anatolia granitoids derived from different hybrid 
magmas. The source magmas were likely derived from 
crustal and enriched lithospheric mantle sources that were 
melted nearly contemporaneously in the postcollisional 
extensional-related geodynamic setting of Late Cretaceous 
Anatolia (Boztuğ and Arehart, 2007). The estimated CPDs 
are not consistent with the results published by Aydın et 
al. (2005). While the CPDs values determined by Aydın et 
al. (2005) increase toward the east and southeast of Yozgat 
(>20 km), the CPD values determined in this study decrease 

to 11–10 km in close harmony with the geothermal area 
located east and southeast of Yozgat (temperatures of hot 
springs in the towns of Sorgun and Sarıkaya are 50–61 °C 
and 46–48 °C, respectively (Erişen et al., 1996)).   

The estimated geothermal gradient (Table 1) and heat 
flow values (Figure 6b) of the YB and its surroundings 
area range from 29.74 to 55.77 °C and from 80.29 to 
150.57 mWm-2, respectively. The distributions of magnetic 
sources obtained from the AS process may be mainly 
associated with the granitoid rocks of the YB in the study 
area (Figure 6). The magnetic sources (except for south of 
Şefaatli) are not seen in the south of the study area, which 
is covered by young cover unit and metamorphic rocks 
(Figures 1b and 6). The NE–SW trending two magnetic 
sources in the south of Şefaatli may be associated with 
elliptical granitoids beneath the cover units (Figures 1b 
and 6). The weak magnetic anomalies (Figure 3) between 
Sorgun, Sarıkaya, and Boğazlıyan may be associated with 
hot thermal structures characterized by high heat flow 
value (>140 mWm-2), shallow CPD (about 10 km), and 
moderate temperatures of hot springs (about 46–60 °C in 
Sorgun and Sarıkaya (Erişen et al., 1996)). 

The locations of epicenters and magnitudes (>3.0) of 
earthquakes that occurred in the study area between 1900 
and 2015 are given in Figure 7. The earthquake data set 
was taken from the catalogue of the General Directorate 

Table 1. Estimated CPDs, geothermal gradients, and heat-flow values in the study area.

The centers 
of the blocks

Curie point
depth (zb)km

Geothermal 
gradient (°C/km)

Heat flow (mW/m-2)
k = 2.7 W m-1 K-1

N1 14.83 39.16 105.73
N2 13.76 42.15 113.80
N3 15.04 38.56 104.11
B231 19.501 29.74 80.29
B241 17.101 33.91 91.55
B251 10.401 55.77 150.57

[1Ateş et al., 2005]

Table 2. Significant Moho depth calculation in central Anatolia.

Crustal thickness 
(Moho depth)-km Method References

38 Receiver functions Saunders et al. (1998)
38 P and S-wave receiver function Çakır and Erduran (2011)
31–38 Receiver functions Tezel et al. (2013)
25–40 S-receiver function Kind et al. (2015) 

37 The relationship between Bouguer gravity anomaly 
and seismically determined crustal thickness This study
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of Disaster Affairs of Turkey. Figure 7 shows that the study 
area is not seismically active and locations of the epicenters 
of earthquake are distributed mainly in the west and north 
of the study area related to the surface faults. In addition, 
there are some seismic activities in the SW of Sarıkaya, 
where the highest heat flow contour was determined in 
this study (Figure 7). High heat flow regions usually have 
low Vpvelocities. Al-Lazki et al. (2004) estimated low Pn 
velocity zones (<7.9 km s-1) by using the P-wave traveltime 
inversion method beneath central Anatolia that may be 
as a result of an anomalously hot and/or thin mantle lid. 

The shallow velocity structures in central Anatolia are 
consistent with the estimated high heat flow values in 
the upper crust and associated with comparatively high 
negative Bouguer gravity anomalies.
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