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1. Introduction
The Sivas Basin is located in the eastern part of central 
Anatolia and covers a 250 × 50 km2 area. It is also located 
between 2 different Neo-Tethyan ophiolitic suture zones 
(Figure 1): the İzmir-Ankara-Erzincan Suture Zone 
(IAESZ) to the north between the Pontides and the 
Kırşehir Block (known as the Kırşehir Massif; Erkan, 
1981), and Inner Tauride Suture to the south separating 
the Kırşehir Block from the Tauride Platform (Yılmaz and 
Yılmaz, 2006). Görür et al. (1998) suggest that the Sivas 
Basin formed on the Kırşehir Block between these sutures 
as a foreland basin, following the closure of the İzmir-
Ankara-Erzincan Ocean in the Early Eocene.

Due to active tectonics and hydrocarbon potential, the 
Sivas Basin has been evaluated by numerous authors who 
performed stratigraphic, tectonic, and paleontological 
studies (Kangal et al., 2017; Darin and Umhofer, 2019; 
Pichat et al., 2019). The majority of the previous studies 
were based on the regional geological observations and 
surface geology in terms of stratigraphy, tectonic evolution, 
and determination of the sedimentary units (sedimentary 

basin fill as a whole). Initial seismic reflection data were 
acquired by the Turkish Petroleum Corporation (TPAO) 
in the early 1970s. The poor seismic quality is not 
encouraging for oil/gas exploration and does not allow 
revealing the subsurface structure of the basin because 
of the evaporites and complex tectonic units. Büyüksaraç 
(2007) used the potential field (gravity-magnetic) data and 
determined the tectonic lineaments within the Sivas Basin. 
The most critical basin research study was accomplished 
by Önal et al. (2008), with an integrated investigation. In 
their investigation, 2-dimensional (2D) and 3D models 
were constructed and basement depths were mapped 
in comparison with depth calculations from the seismic 
interpretation of the basement horizon. The deepest part 
of the basin is about 12–13 km, around Hafik and Zara, 
while the Kangal Basin is around 9–10 km. These depths 
are appropriate to generate the hydrocarbons from the 
possible source rocks, the Lutetian Bozbel and Upper 
Miocene Karayun formations (Erik et al., 2015), in the 
case of having enough burial depth to provide maturation. 
Some of the magnetic anomaly creating structures and 
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Figure 1. a) Tectonic units in Turkey and the Sivas Basin (modified from Bozkurt and Mittwede, 2005). Large arrows show the relative 
motions of the Anatolian Block and convergent motions of the African Plate and Arabian Plate. NAFZ: North Anatolian Fault Zone. 
DSFZ: Dead Sea Fault Zone. NEAFZ: North-East Anatolian Fault Zone. EAFZ: East Anatolian Fault Zone. IAES: İzmir-Ankara-Erzincan 
Suture. b) Simplified geological map of the study area (modified from Yılmaz et al., 1989; Yılmaz and Yılmaz, 2006; Erik et al., 2015).
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units, such as ophiolites, were also modeled in 2D by Önal 
et al. (2008). They found that ophiolites in the southern 
margin of the Sivas Basin were generally in the nappe forms 
or blocks rolled down from the north. On the other hand, 
ophiolites on the northern margin probably originated 
from the Central Anatolian Thrust Zone and they may be 
more autochthonous than the small emplacements in the 
south (Önal et al., 2008).

The main goals of this study are to integrate the 
aeromagnetic data with the basin modeling studies and 
reveal the locations of deeper emplacement of the causative 
bodies, either in the basement or intrusions into the 
sedimentary units. The relationship between the tectonic 
structures and causative bodies is also investigated for the 
prospectivity of ore deposits and mineral possibilities. In 
addition, a Curie point depth (CPD) distribution map 
is also constructed for the geothermal energy from the 
magnetic anomalies of the Sivas Basin and surrounding 
area. In the past, Aydın et al. (2005) produced the CPD 
map of all of Turkey from magnetic anomaly data using 
the method of Tanaka et al. (1999), without applying any 
processes to the magnetic data (reduction to the pole 
(RTP) or lowpass filtering process). Tanaka et al. (1999) 
modified the methods of Bhattacharyya and Leu (1975), 
and Okubo et al. (1985). Ravat et al. (2007) stated that 
this modification was difficult to implement in practice 
because different segments of the power spectra can be 
associated with different magnetic layers in reality and 
may give, incorrectly, a deeper estimate of the bottom of 
the deeper layer. Bektaş et al. (2007) produced the CPD 
map of all of eastern Anatolia from the lowpass filtered 
aeromagnetic data (block size = 150 × 150 km). Pamukcu 
et al. (2014) also produced a CPD map of all of eastern 
Anatolia from the RTP aeromagnetic data (block size 90 
× 90 km). CPD values of only Sivas Basin and its vicinity 
were calculated in this paper using the method of Okubo 
et al. (1985), which was applied to the residual total 
aeromagnetic data after RTP reduction. In addition, the 
analytic signal (AS), tilt angle, and maxspot methods were 
applied onto the magnetic data of the study region, and 
new results for stimulation of new mineral exploration 
activities were obtained.

2. Tectonic framework and geology of the Sivas Basin
In the closing stage of the Neo-Tethyan Ocean (Cretaceous 
to Eocene), the African and Arabian plates collided with 
the subcontinents belonging to Eurasia, and they formed 
Anatolia in the Mid-Eocene (Figure 1a). The İzmir-
Ankara-Erzincan and Inner Tauride sutures encircled 
these blocks and created the actual boundaries of the 
Sivas Basin (Görür et al., 1998). The northern part of the 
Tethyan oceanic crust subducted bipolarly to the north 
and south beneath the Pontides and Kırşehir Block (Görür 

et al., 1998). A calc-alkaline volcanic arc was created by 
this subduction (Dewey et al., 1986) in the Pontide Block 
and it was named the Intra-Pontide Volcanic Arc, while 
the oceanic crust was being obducted onto the continental 
crustal margins (Guezou et al., 1996). Ophiolitic mélange 
imbrications were emplaced before the Maastrichtian 
(Yılmaz and Yılmaz, 2006). Ophiolitic nappes (composed 
of serpentinites and gabbros) and mélanges along the 
İzmir-Ankara-Erzincan Suture Zone are the products of 
this obduction onto the Mesozoic platform carbonates 
in the south (Artan and Sestini, 1971; Cater et al., 1991; 
Poisson et al., 1996). They were also obducted through the 
north as an accretionary complex (Gansser, 1974). As a 
result, the ophiolites in the study area are allochthonous 
units expelled from the north. Outcrops of the Kırşehir 
Massif are observed to the N and NW of Sivas, and as the 
tectonic windows in the ophiolitic emplacements in the 
northeast. The Kırşehir Block is a metamorphic complex 
that is mainly composed of amphibolites, greenschists, 
calc-schists, marbles, and quartzites, and it bears alkaline 
granitic intrusions (Alparslan et al., 1995; Guezou et 
al., 1996). Pre-Cretaceous rocks give outcrops in the 
amphibolite facies, metasediments, and acidic igneous 
rocks on the northern margin of the basin (Figure 1b), 
while the calcerous schists and marbles form the basement 
for the Upper Cretaceous-Paleocene limestones on the 
southern margin (Cater et al., 1991). Ophiolitic rocks 
are composed of serpentinized ultramafics in different 
parts of the Sivas Basin (Cater et al., 1991). Ophiolites on 
the northern and southern margins (Figure 1b) indicate 
similar characteristics (Yılmaz, 1985), and they were 
accepted as originating from the same oceanic crust by 
Yılmaz and Yılmaz (2006).

There are also volcanic rocks and intrusions in the 
study area. Yılmaz and Terzioğlu (1994) could not find 
any evidence for the volcanism in the Maastrichtian to 
Paleocene period throughout the Eastern Pontide Arc, 
indicating that arc volcanism terminated before the 
Maastrichtian. On the other hand, there are some granitoid 
intrusions in the study area. They originated from the 
postcollision intrusions in the Upper Maastrichtian-
Paleocene (Bayhan, 1986; Geven et al., 1993; Yılmaz et al., 
1993; Boztuğ et al., 1994; Boztuğ, 1997). Pyroclastic rocks 
and lavas are found in the Paleocene period, emplaced in 
the shallow marine and continental environments. 

The Sivas Basin was developed as a foreland basin 
on the transitional area between the suture zone and the 
metamorphic block with the slow subsidence in a local 
tensional regime starting from the Maastrichtian to Oligo-
Miocene period (Poisson et al., 1996). This period is 
represented by lacustrine and lagoonal shallow carbonates. 
It was followed by a hemi-pelagic carbonate deposition in 
the Late Maastrichtian-Paleocene and basaltic volcanism 
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on top of these carbonates. The Eocene period is 
characterized by volcanoclastics and turbidites. The Late 
Eocene-Oligocene was the regional compression and 
intracontinental convergence period when the regressive 
sequence of sabkha gypsum and Oligocene deltaic and/or 
fluvial rocks deposited (Yılmaz and Yılmaz, 2006). These 
gypsum layers control the young tectono-stratigraphic 
developments within the basin (Poisson et al., 1996). 
Fluvial, lacustrine, shallow marine carbonates and clastics 
overlie the previous units from the end of the Oligocene 
to mid-Miocene. In the Late Miocene-Pliocene, the right 
lateral strike-slip North Anatolian Fault (NAF) started to 
extend along the eastern part of the Sivas Basin (Figure 
1b) in association with the thrust system at the southern 
part of the Pontides (Temiz et al., 1991, 1993; Tatar, 1992). 
This has been accepted as a result of Tibetian-type crustal 
thickening that explained the development of the NAF to 
the north and the left lateral East Anatolian Fault (EAF) 
to the south by Şengör (1979) and Dewey et al. (1986). In 
the same period, the fluvial deposition was followed by 
the lacustrine carbonate deposition and plateau basalts 
covering some parts of the region. A paleomagnetic study 
on these lavas indicated that there is an anticlockwise 
block rotation (24° ± 13) in the region and this rotation is 
associated with the tectonic escapement of Anatolia (Piper 
et al., 2006). In the last stage, the Plio-Quaternary fluvials 

were deposited in the whole region (Yılmaz and Yılmaz, 
2006).

3. Data and methods
3.1. Analysis of the magnetic data
Aeromagnetic data of the study region were obtained 
from the General Directorate of Mineral Research 
and Exploration (MTA) of Turkey (Figure 2). The 
measurements of the magnetic data were performed by 
an aero-service collecting total components (with a 70-m 
sampling rate) along the 2-km N-S trending lines. The 
aeromagnetic survey flight altitude was approximately 600 
m. All necessary corrections were applied by the MTA. 
The International Geomagnetic Reference Field (IGRF) 
was removed from the original data using the computer 
program supplied by Baldwin and Langel (1993). The 
image map of the residual aeromagnetic anomalies after 
removal of the IGRF is shown in Figure 2. The grid interval 
of the data is 5 km. RTP of the magnetic anomalies was 
performed and it was observed that magnetic anomalies 
in the study region showed dipolar characteristics in 
general (Figure 3). In Figure 2, it can be seen that most 
of the polarity axes are in the N-S direction, while some 
other anomalies are aligned in the NW-SE and NE-SW 
directions. 

Figure 2. Residual aeromagnetic anomaly map of the study area. Contour interval is 70 nT.
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3.2. Analytic signal
Nabighian (1972) developed the notion of 2D AS of 
magnetic anomalies. The AS contains the horizontal and 
vertical derivatives of the magnetic anomalies. Roest et al. 
(1992) defined that the amplitude of AS is given by:
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The AS map of the magnetic anomalies around Sivas 
Basin is presented in Figure 4.
3.3. Tilt angle derivative 
The alternative method for detection of horizontal edge 
locations of the causative sources is the tilt angle derivative 
method (known as the local phase). The tilt angle was 
introduced by Miller and Singh (1994). It is based on 
the ratio of the total horizontal derivatives to the vertical 
derivative. It is effective in balancing the amplitude of 
strong and weak anomalies (Miller and Singh, 1994; 
Verduzco et al., 2004; Salem et al., 2008). The tilt angle 
(Miller and Singh, 1994) is defined as: 
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where M is the magnetic field, and 
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 are the derivatives of the magnetic field in the x, y, and 

z directions. The tilt angle θ has values between –90° and 
90°. It is positive over the source, and passes through zero 
over or near the edge where the vertical derivative is zero. 
The tilt angle map of the study area is given in Figure 5.
3.4. Maximums of horizontal gradients (maxspots)
In this process, maximum points of the horizontal gradients 
(maxspots) are calculated to indicate the boundaries of 
tectonic structures, intrusions and significant lithologic 
boundaries or boundaries of discontinuities. The maxspot 
process was applied to the RTP anomalies and indicated as 
red circles in the tilt angle map (Figure 5). Alignments of 
the maxspots together with tilt angle derivatives are used 
to reveal the boundaries of the magmatic causative bodies. 
Blakely (1996) gives the horizontal gradient magnitude, as 
presented below:
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3.5 Curie point depth
In the following stage, an approximation to the geothermal 
properties of the region was performed by calculating the 
CPDs from the spectral analysis of the magnetic data 
(Spector and Grant, 1970). The radially averaged frequency-
scaled power spectrum was used in this analysis. First, a 
straight line was fitted through the low-wavenumber part 

Figure 3. RTP anomalies applied to the residual total field aeromagnetic data of the study area. Contour interval is 100 nT.
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Figure 4. The AS map of the RTP anomalies applied to the residual total field aeromagnetic data of the study area.

Figure 5. The tilt angle map from the RTP anomaly of the study area. Red circles show the locations of the maxima of total horizontal 
derivatives (maxspots). The size of circles is proportional to the magnitude of the gradient. 
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of the radially averaged frequency-scaled power spectrum, 
to estimate the centroid depth, after which, the high-
wavenumber part of the radially averaged power spectrum 
was fitted to obtain the top of the source depth. Next, the 
bottom depths of the magnetic sources were estimated. 
The CPD calculation method is based on the diminishing 
magnetic characteristics of the ferromagnetic minerals 
above a certain temperature, named the Curie temperature 
(approximately 580 °C for magnetite). 

The method of Okubo et al. (1985) (known as the 
centroid method) is based on spectral analysis of the 

magnetic data, where the basal depth of a magnetic source 
is thought of as the CPD. Briefly, depths to the centroid 
(z0) and to the top (zt) of a magnetic layer can be estimated 
from the slope of the radially averaged power spectrum 
of the magnetic data. At this point, the CPD (zb) can be 
calculated using zb = 2z0-zt. 

The study area was divided into 6 blocks (block sizes 
for B1, B2, B5, and B6 were 140 × 65 km, and 140 × 130 
km for blocks B3 and B4). The power spectrum of Block 
B5, as an example, is given in Figure 6a. Depths to the top 
of the magnetic sources are presented in Figure 6b and the 

Figure 6. a) Power spectrum of Block B5 as an example. b) Depth to the top of the magnetic sources. c) Depth to the centroid of the 
sources. d) CPD distribution in the study area. Contour interval: 1 km
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depth to the center of the sources is given in Figure 6c. At 
the bottom (Figure 6d), the CPD distribution is presented 
in a contour map. Centers and the block numbers (B1, B2, 
…, B6) are illustrated with the signs of plus in blue (Figure 
6d). The CPDs became shallow (about 13 km) through the 
south, while it was deep down to 22 km to the north of the 
town of Hafik (Figure 6d).

4. Discussion and conclusions
In and around Sivas Basin, there are apparent and relatively 
strong magnetic anomalies (Figures 2 and 3). Some of them 
extend linearly, such as the linear anomaly from the south 
of Kangal to Divriği, and some are localized in certain 
locations (e.g., the anomaly to the northeast of Zara). 
Linear anomalies to the north of Kangal are associated 
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with ophiolitic rocks, and similarly, strong anomalies to 
the west of Divriği are also related with ophiolitic and 
plutonic rocks (Figure 1b). Particularly, the magnetic 
anomalies that arise from plutonic rocks are much stronger 
than the ophiolitic rocks (Figures 2 and 3). Divriği is one 
of the most prolific iron deposit regions in Turkey and a 
considerable amount of iron is extracted from the mines 
in this area. There is another large outcrop of plutonic 
rocks to the NE of Zara (Figure 1b) and it is represented 
by the largest magnetic anomaly in the investigated region 
(Figures 2 and 3). The ophiolites cover a significantly large 
area in the north of the Sivas, Hafik, and Zara trend that is 
also the northern boundary of the Sivas Basin (Önal et al., 
2008). However, their magnetic response is not as strong 
as the ophiolites in the south. In consideration of their 
magnetic characteristics, although Yılmaz (1985) claim 
that the ophiolites have the same lithologies (Cater et al., 
1991) and similar characteristics on both margins of the 
Sivas Basin, the ophiolites in the north may be the products 
of the northern branch of the Neo-Tethyan Ocean, while 
the ophiolites on the southern margin of the basin belong 
to the Inner Tauride Ocean. If their origin is different, then 
the theory of Yılmaz and Yılmaz (2006) is incorrect and 
should be checked again with further analyses, to determine 
whether they both originated from the same oceanic crust 
or not. In accordance with this concept, Legeay et al. (2019) 
published the most recent paper on the ophiolites around 
Sivas. They studied the ophiolites at the southern margin 
of the Sivas Basin and named the northern ophiolites the 
Pontide ophiolites. Their age was given as 160–180 Ma. 
Despite that, the ophiolites to the south were called the 

Tauride ophiolites, with a different age (85–95 Ma). In 
association with this contradiction, plutonic rocks around 
Divriği may also be the product of a different intrusion 
than the other plutonic rocks in the NE of Zara. There are 
also some magnetic anomalies where the sedimentary units 
cover the surface, such as the one to the N-NE of Divriği 
and the circular anomaly between Hafik and Zara (Figure 
2). They may be accepted as buried plutonic intrusions by 
considering their relatively strong anomaly responses. In 
addition, there was another observation on the magnetic 
anomalies, where volcanics on the surface are represented 
by the weaker anomalies than the plutonic and ophiolitic 
rocks (Figure 1b). In the tectonic comparison, the NAF 
extends along the negative contours to the E-NE and N of 
the strong anomaly in the NE of Zara (Figure 2).

It is possible to come up with some interpretations on 
the causative bodies when the AS map is examined (Figure 
4). The ophiolites to the N of Kangal (Figure 1b) must be 
very thick, with deep roots beneath the surface outcrops, 
but the outcrops to the NW of the same town may be a 
thin cover like a sheet, because their AS response is quite 
weak or diminishing (Figure 4). The same interpretation 
may be forwarded for the plutonic rocks around Divriği. 
The strong magnetic anomaly to the SW of Divriği is also 
expressed with a strong AS anomaly. On the other hand, 
the larger plutonic outcrop reflect a very weak AS anomaly, 
indicating that it may be a thin coverage with no deep roots 
(Figure 4). On the contrary, there may be large plutonic 
intrusions beneath the volcanic cover to the south of 
Divriği (Figure 1b) and it may present another large iron 
mine possibility (Figure 4), in consideration of the ore 
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deposits to the west of the town. The same possibility is 
valid for the strong AS anomaly to the N-NE of Divriği. 
The circular anomaly between Hafik and Zara (Figure 2) 
is composed of 3 apexes and these upwelling intrusions 
do not reach the surface (Figure 4). Although the largest 
plutonic outcrop is located to the NE of Zara (Figure 1b), 
its magnetic anomaly coverage is larger than its outcrop 
(Figures 2–4), giving rise to thoughts that the largest 
part of the causative body is buried by the sedimentary 
and volcanic rocks. In comparison with the tectonic 
framework, The AS anomalies to the N of Zara must have 
migrated from the NW by the slip of the NAF (Figure 
1b), and they are probably different than the outcropped 
plutonic rocks with no indication in the northern parts of 
the study area.

The tilt angle and maxspots maps (Figure 5) presented 
significantly interpretable features. For instance, extension 
of the Kangal Fault is evident by a linear elongation from 
SW to NE until the immediate NE of Divriği. This fault 
zone is also surrounded by the maxspots (Figure 5), and 
after this point, it is shifted to the south by the İmranlı 
Fault (Figure 1b). The causative body in the NE of Zara 
extends down to the south on the AS anomaly map (Figure 
4) and it is apparently surrounded by the maxspots (Figure 
5). The plutonic rocks around Divriği are located in the 
NE-SW and NW-SE directions on the surface (Figure 1b). 
However, their boundaries extend in the N-S direction 
(Figure 5). In fact, all of the elongations in the south of 
the study region are in the N-S direction, until the Kangal 
Fault. It is possible to say that the Kangal Fault controls 
the southern patterns of the boundaries in this direction, 
but it is not easy to determine a maxspots pattern to the 
north of the Kangal Fault. These elongations may be used 
to explore new ore deposits for obtaining new iron mines. 
The reason behind this conclusion may be found in the 
mineral ore deposit and occurrence map of Sivas Province 
prepared by the MTA1. According to this map, almost all of 
the iron occurrences are found in the south of the Kangal 
Fault. There are several active and abandoned iron and 
chromite mines in this region. In contrast, there are many 

1 www.mta.gov.tr/v3.0/sayfalar/bilgimerkezi/maden_potansiyel_2010/sivas_madenler.pdf

copper-lead-zinc exposures, mines, and abandoned mines 
localized on and around the largest plutonic outcrop to the 
NE of Zara in Figure 1b (the most prominent magnetic 
anomaly in the study area in Figures 2–4). These different 
ore exposures-deposits confirm that the plutonic rocks 
around Divriği are different than the plutonic units to the 
NE of Zara (Figure 1b), and probably, they originated from 
diverse intrusions in different geologic times.

This discrepancy is also observed in the CPD map, as 
well. The shallowest CPDs (13 km) in the study area are 
localized around the AS anomalies surrounding Divriği 
(Figure 6d). CPDs gradually deepen through the north, 
down to 22 km to the N of Hafik, where the metamorphic 
units are observed on the surface (Figure 1b). Plutonic 
rocks at the NE of Zara have limited influence on the CPD 
distribution, and the northern part of the study area is 
probably colder than the southern margin. The contour 
pattern gradually deepens from the SE to NW (Figure 
6d). The only contradictory zone in this gradual pattern 
is observed in the zone, where the NAF crosses the region 
and it creates relatively shallow CPD indentation from the 
E to the NW with the contour of 16 km (Figure 6d).

In conclusion, this region is a critical region as a result 
of its mining possibilities, the existence of major tectonic 
trends, and its location between the small plates and 
suture zones in between them. The magnetic anomalies 
may provide significant information about the tectonic 
setting and deeper emplacement of economical mineral 
occurrences, either in the basement or intrusions into the 
sedimentary units in such regions. The methods used in 
this study can be applied to other similar regions in the 
world. In this regard, this research may be accepted as a 
pilot study for future investigations.
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