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ARTICLE INFO ABSTRACT

The Anatolia region is one of the most seismically active regions in the world. It has a considerably high level of
geothermal energy potential thanks to its geological and tectonic settings. The Southeastern Anatolia Region
(GAP) is located in the south of Bitlis-Zagros Suture Zone (BZSZ) which is in the Arabian foreland. During the
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H]S;dmge_“hemimy neotectonic period, the folded structures have been developed under the influence of tectonic compression from
”1(3 ireglon the Upper Miocene in the GAP Region where it is closely related to active tectonics. These tectonic activities
urkey

produce more geothermal resources. Few studies have been carried out in this region for geothermal energy.
Limited portions of the geothermal resources have been used both for thermal tourism and greenhouses in the
GAP region. The aim of this study is to determine geological, tectonic and hydrogeochemical properties of a
geothermal system in the GAP Region. The result indicates that the surface temperatures of geothermal fluids are
from 20 to 84.5 °C A large number of abandoned oil wells, whose temperature reaches 140 °C, are found in the
region. Also, hydrogeochemical results show that deep circulated geothermal fluids are enriched with Na-Cl and
shallow geothermal system fluids have Na—HCO3; and Ca-SO, characters because of cold water mixing and
water-rock interaction. Cold waters are generally of Ca-Mg—HCO; and Ca—HCO;3 type. Cation geotherm-
ometers were used for determining reservoir temperature of the geothermal resources in the region. The results
show that the reservoir temperature of these geothermal resources ranges from 50 °C to 200 °C. The isotope data
(oxygen-18, deuterium and tritium) suggests that geothermal fluid is formed by local recharge and deep cir-
culation.

1. Introduction

Energy demand is one of the main challenges of most world coun-
tries today. The most important reasons for this are the increase in
population growth, industrialization and living standards. A large part
of the energy requirement, which shows a rapid increase all over the
world, can be supplied by fossil fuels and renewable energy. It is ex-
pected that fossil fuels will be consumed in a short period of time and
that they will be replaced by renewable energy sources. In recent years,
the importance of the development of new energy sources has become
paramount. The most important of this new energy is renewable energy
sources. The geothermal energy among renewable energy sources will
be the most important energy source of many countries in the near
future (Baba, 2015a; and 2015b; Baba et al., 2015a, b). The distribution
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of geothermal areas in Turkey roughly coincides with the distribution of
the fault systems, and young volcanism. Geothermal exploration studies
in Turkey began in 1962 by the General Directorate of Mineral Research
and Exploration (MTA). There is a total of about 1500 thermal and
mineral water spring groups distributed all over the country. The
highest (295 °C) bottom hole temperatures have been measured in the
center of Turkey (Simsek et al. (2002)). The installed capacity is 3322
MWy, for direct use (heating) and 1100 MW, for electricity generation
(Akkus, 2017). Energy, one of the most pressing needs of Turkey, is also
the key element in the GAP region. The region’s energy production
capacity is larger than its consumption. To make use of this, many
projects are being implemented to further enlarge the region’s energy
production capacity. Geothermal resources are of extreme importance
for Turkey, especially for improving rural areas of the GAP region.
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There are many publications in the literature about the geology,
natural resources and active tectonics of the Southeastern Anatolia
Region. Detailed studies on the geology and young tectonics of the
region have been mainly carried out by MTA, Turkish Petroleum
Corporation (TPAO), and universities to varying extent. Most studies
are carried out on oil production that is one of the important energy
resources of Turkey. Studies on the natural resources of the region have
been carried out by various domestic and foreign companies since the
last century. However, studies on the geothermal resources of the re-
gion are limited. Few geological, hydrogeochemical studies and geo-
physical surveys have been carried out in some geothermal regions
(Ozel and Bekisoglu, 2002; Baba et al., 2015a). No comprehensive re-
search to determine the relationship between the geodynamics of the
region and its development of a geothermal system has been carried
out.

The aim of this study is to determine, the geological, neotectonic
and hydrogeochemical characteristics of the geothermal fields in
Southeastern Anatolia which is located within one of the important
tectonic zones of Turkey.

2. Study area

The Southeastern Anatolia Project (with its Turkish acronym GAP)
is a significant regional development program that reveals the regional
potential of Turkey and contributes to the national economy in real
terms with the welfare it is responsible for. It is a project that sets local
initiatives in motion and it has attainable targets. The GAP is the largest
regional development project ever in Turkey and also one of the largest
ones worldwide (GAP, (2014)). The GAP covers the Southeastern
Anatolia Region comprising nine administrative provinces (Adiyaman,
Batman, Diyarbakir, Gaziantep, Kilis, Mardin, Siirt, Sanliurfa and
Sirnak) (Fig. 1). The geographical area and population of the region
corresponds to about 10% of country’s total area and population. The
GAP Region is 75,358 square kilometers and constitutes 9.7% of the
total area of Turkey. About 20 percent of the 8.5 million hectares of
irrigable land in Turkey is located in the GAP Region.
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3. Geological settings of the GAP region

The GAP Region is very rich in terms of oil, asphaltite and several
industrial raw materials. For this reason, a number of geological studies
have been carried out for different purposes in the region (Yolmaz and
Yigitbas, 1990; Giinay et al., 1990; Sengor, A.M.C. and Burke, K., 1978;
Sengor et al., 1984; Sengor, 1980; Saroglu, 1985; Pearce et al., 1990;
Akkus et al., 2005; Saroglu and Emre, 1987; Ercan et al., 1991). The
geological framework has been an important for interpreting, finding
and locating geothermal systems without any surface manifestations.
Stratigraphic sequences, cap rock, reservoir rock, permeability and
porosity, fluid dynamics, fault-fracture relations with regional and/or
local stress regime, heat flows in the lithosphere are requisite para-
meters for developing a favorable geothermal system.

From a global scale view point, plate tectonics control the thermal
condition of the crust and geothermal systems shape by large-scale
movements of tectonic plates. Likewise, the geothermal systems of
Turkey fall within the active Alpine-Himalayan Fold and Thrust Belt
where the collision of the Africa and Eurasia plates and also the closure
of the Tethys Ocean takes place today (Bozkurt, 2001). The Anatolian
Plate has rock assemblages that represent geological processes that last
from about two billion years ago to the present day. The area is divided
into regions and subzones according to the lithology, magmatism, tec-
tonic, paleogeography and metamorphism of the rock assemblages.
Southeastern Anatolia is also named as the Arabic Platform, the Arabian
Plate, edge folds etc. by numerous researchers according to the geo-
dynamics properties of Anatolia (Sungurlu, 1974; Ketin, 1983; Sengor,
1980; Perincek, 1980; Perincek and Ozkaya, 1981; Sengér and Y6lmaz,
1981; Sengor et al., 1985; Saroglu, 1985; Saroglu and Yolmaz, 1987;
Yilmaz, 1993; Seyitoglu et al., 2017).

According to rock assemblages and geodynamic processes,
Southeastern Anatolia bears the traces of the continent-continent col-
lision with the Anatolian Plate, which was brought together with the
suture zone existing in the northern part of the Arabian Plate of rock
assemblages. In other words, maps made in relation to the north border
of Southeast Anatolia, namely the rocky community, the suture zone,
the movement of the different plates and the deformation in the neo-
tectonic period (Perincek, 1979).

During the Late Mesozoic, closure of the Tethyan Ocean around
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Fig. 1. Location map of study area.
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Eastern Pontide Arc and the Taurid block of the Arabian plate with the
Bitlis-Piitiirge micro-continent and related magmatic arc were primarily
controlled mechanisms for the region (Dilek and Sandvol, 2009). In the
Early Miocene, the collision process around the Bitlis Zagros Suture
Zone (BZSZ), formed the melange and flysch deposits of the Nappe
region (Yilmaz, 1993). With the formation of the East Anatolian Ac-
cretionary Complex accompanied by the fluvial sedimentation in the
ramp basins, the morphology of East Anatolia had a plateau-like char-
acter.

The present-day morphology of Eastern Anatolia has three terranes
mainly. These are the Para-autochthonous Arabian Platform (foreland)
in the south, the Bitlis Massif in the center and the Pontid Belt in the
north. These terranes are separated by a foreland-type thrusting-folding
belt, the Bitlis-Zagros Suture Zone, and the collision-related Pontide
Suture Zone. The study area is located in southeastern Anatolia so the
GAP area corresponds to the region between the Bitlis Massif, the BZSZ
and the Arabian foreland (Fig. 2). In the south of the GAP area there is
an almost continuous stratigraphic sequence of shelf sediments of Pa-
laeozoic to Miocene age, and in the north, the rocks of the Bitlis Massif,
an allochthonous terrain of Palaeozoic metamorphic rocks and meta-
sediments (Binboga-Keban met., Malatya met., Bitlis-Potiirge met.) can
be seen (Hall, 1976; Pearce et al., 1990). Between the Bitlis Massif and
the Arabian foreland, several rock assemblages have been identified.
These assemblages are the member of a complex and complicated col-
lision zone (Nappe region), and contain Late Cretaceous ophiolitic and
island arc related rock groups and also mafic lavas related to Middle
Eocene pelagic chalks (Robertson and Aktas, 1984; Pearce et al., 1990;
Yilmaz, 1993; Giinay et al., 1990).

The rocks are dated from Precambrian to Quaternary outcrops in the
GAP Region. Cover rocks are generally consist of Quaternary-Neogene
sedimentary deposits and volcanic products. The most common ob-
servations of the geological units are Cretaceous limestones (Mardin
Group), Paleocene clay-silt levels of the Germav Formation belonging to
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the Sirnak Group, Gerciis mudstones belonging to the Midyat Group,
Hoya and Gaziantep limestones and the Miocene Lice and Selmo for-
mations (Fig. 3). Older rock groups are observed in limited areas (Derik
and Hazro anticlines) as at the core parts of worn anticlines (Ketin,
1983). Germav, Lice and Selmo formations, which are widespread in
the region, act as a caprock of the GAP geothermal system. The re-
servoir rocks are limestones which belong to Mardin and Midyat. It can
not be predicted spreads of units, which are exposed to extreme tec-
tonism, under the Cretaceous Mardin Group.

4. Neotectonic properties of the GAP region

The tectonic activity of Anatolia is controlled by a continental col-
lision of the African and Eurasian plates with the deformation of in-
tracontinental convergence and tectonic-escape related movements. In
addition to collision movements, the dextral North Anatolian Fault
Zone (NAFZ), the sinistral East Anatolian Fault Zone (EAFZ) and
Aegean-Cyprian Arc are the major tectonic structures that shape the
neotectonic properties of the Anatolian Region. The Aegean-Cyprian
Arc coincides with the area where the subduction process between
Anatolian and African plates takes place. The EAFZ and NAFZ intersect
along the Karliova region and form an intra-continental triple junction
structure and that tectonic structure shapes and influences deformation
in the Anatolian Plate. As a result of these mechanisms, structural
elements and associated basin formation and deformation, four dif-
ferent neotectonic provinces have been defined in the Anatolian Plate:
the East Anatolian Contractional Province (EACP), the North Anatolian
Province (NAP), the Central Anatolian (Ova) Province (CAOP), and the
West Anatolian Extensional Province (WAEP) (Saroglu, 1985, 1987;
Sengor and Yilmaz, 1983; Sengor et al., 1985; Bozkurt and Mitwede
(2001); Fig. 4).

Around the study area, a minimum of three tectonic different re-
gimes occur between Late Palaeozoic, Cretaceous-Eocene, Lower
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Fig. 3. Schematic cross-section of allochthonous and para-allochthonous stratigraphic units of correlation around GAP area (Perincek, 1980).

Miocene-Holocene times and Post-Miocene activity (Yolmaz and
Yigitbas, 1990). All the assemblages mentioned by the tectonic activity
caused by the collision of Eurasian and Arabian plates. Collision forms
several folds, faults, nappes and klippe structures with four known
different local thrusting events after Eocene time (Fig. 5).

The deformation of the Eastern Anatolian Region is also controlled
by conjugate strike-slip faults of EAFZ and NAFZ with collision related
N-S-trending fissures. These fissures are responsible for volcanic ac-
tivity in the East Anatolian Contractional Province (EACP). The

volcanic activity is thought to have begun in Late Miocene as a result of
a continental collision. For this reason, EACP has various types of faults
and tectonic structures (Pearce et al., 1990). The first type of faults is
generally SE-trending with a right lateral strike-slip character. The
second group faults are characterized by a NE- to NNE- trending, left
lateral strike-slip. Faults of the BZSZ, other thrust faults such as the fault
bounding the northern margin of the Mus Basin and E-W trending ramp
structures form the third group (Saroglu, 1985, 1987; Pearce et al.,
1990).
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The GAP region contains several tectonic structures such as thrust
faults and nappes. These tectonic structures are surrounded by the BZSZ
in the north. In the field studies, structures were observed and identi-
fied but it is quite difficult to group them because of a complex tectonic
structure. The distribution of geothermal springs of the GAP region
roughly coincides with the distribution of the fault systems.

There are several geothermal resources present around the
Adiyaman and Gaziantep provinces. The main tectonic structures of
that area are the EAFZ in the west and the BZSZ in the north.
Geothermal springs of Cormiik, Besni (Adiyaman), Araban, Kartalkoy
(Gaziantep) tectonically formed by collision related fold axes/anticlines
and thrust faults with locally intersecting strike-slip faults between the
EAFZ and the Halfeti Fault (Saroglu and Emre, 1987; Seyitoglu et al.,
2017). In addition to these faults, N-S directed tension cracks and fis-
sures have been observed around the geothermal springs. Cermik
(Batman), Beytiissebap, Besta (Sirnak) geothermal springs were also
formed under influence of the compressional tectonic regime and have

a direct connection with reverse/thrust faults.

Intersecting faults are important for permeability and geothermal
activity. In several studies numerous relation between faults and the
formation of geothermal springs have been defined (Simsek (1997);
Simsek et al. (2002); Faulds et al., 2010; Faulds and Hinz, 2015; Uzelli
et al.,, 2017). The Tashdere (Batman), Ilisu (Mardin), Kabahaydar
(Sanliurfa), Billoris (Siirt) geothermal springs formed around the zones
of accommodation are created by intersected faults. The observed folds
generally have E-W trendings and have a direct relationship with N-S
directed tension cracks and shear cracks with dominant are N-S, NE-SW
and NW-SE directions (Fig. 6.).

As a result of local extension; small rift structures, N-S trending
normal faults and The Harran and The Akcakale Grabens, are distinct
structures in the region. In the Sanliurfa province, the Karaali geo-
thermal field is a result of faults of the extensional regime. N-S directed
normal faults control the geothermal fluid circling around the Ak¢akale
graben. These normal faults were possibly formed by the same tectonic
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processes within collision related fissures and cracks.

The volcanism around the study area has been studied by different
researchers (Haksal, 1981; Saroglu and Emre, 1987; Pearce et al., 1990;
Ercan et al., 1991) including studies of petrography, origin, petrology,
and geochemistry. The only volcanism in the Southeast identifiable that
can be correlated to geothermal systems is observed in the Neotectonic
period. This volcanism, which has been distributed from the west to the
east part of the region, is concentrated in the Karacadag region between
Diyarbakir and Sanliurfa. The lava flows observed in other areas of the
region are covered with sedimentary rocks of a limited thickness. For
this reason, the lava outcrops outside of Karacadag are called “the
Yildizeli Basalts” but they are assumed to belong to the same volcanic
activity.
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The Karacadag Volcanics on the Arabian Platform can be seen in an
area of about 10,000 km? between Diyarbakir, Sanliurfa and Mardin
(See Fig. 2). During the volcanic activity, the same composition of ba-
saltic lavas and pyroclastics have surfaced. Volcanism has not main-
tained its entire activity uniformly. The volcanism is exposed in such a
way that the three activity stages and each activity stage can be divided
into several phases (Saroglu and Emre, 1987; Fig. 6).

Fissures and normal faults in the Arabian foreland are major
structures that control the volcanic activity. In the west of Diyarbakir,
the NW-SE trending right lateral North Karacadag Fault (Emre et al.,
2012) and the N-S trending Karacadag Extensional Fissure (Sengor
et al., 1985; Saroglu and Emre, 1987; Ercan et al., 1991) are located
near the Karacadag (1957 m), a low shield volcano located in the
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Arabian foreland (see Fig. 6). Volcanic products are mainly of a basaltic
character and erupted along N-S trending fissures and craters formed
under the influence of the neotectonic period tectonic regime (Saroglu,
1985 and 1987; Pearce et al., 1990). Especially, the northwestern part
of the Karacadag is the important region in the GAP where the vol-
canism affects surface morphology with craters and domes. Because of
these features, volcanic activity seems to be regional but geothermal
manifestations may be local. Today, as we look from the continental
scale view point, the GAP region faces the compressional tectonic re-
gime and deformation occurs along the Bitlis-Zagros Suture Zone. Re-
verse and thrust faulting with E-W directional main faults cause the
formation of smaller N-S extensional tear fault like tectonic structures.
These faults, which cause the regional and/or local extension, can
create deeper cracks through the surface, facilitating the circulation of
the hot water that may come from the depth. In the field observations,
the direction of the opening cracks observed in the areas where the hot
springs emerge, also supports this interpretation.

5. Geothermal resources in the GAP region

Numerous studies have been carried out on geology, tectonics and
oil in the Southeastern Anatolian Region (Wilson and Krummenacher
(1957); Bolgi, 1964; Rigo De Righi and Cortesini, 1964; Schmidt, 1964;
Sungurlu, 1972 and 1974; Perincek, 1979; Yolmaz, 1981; Peringek and
Ozkaya, 1981; Ketin, 1983; Sengor and Yoélmaz, 1981; Yazgan, 1984;
Yazgan and Chessex, 1991; Turan, 1995). Studies on the properties of
geothermal resources are rare in the past (Erzenoglu and Ozeke, 1984;
Yicel, 1989a; and 1989b; Uzel and Kalkan., 1992; Esder and Timer,
1997; Esder and Buzkiran (1998); Ertirk, 1999; Ozel and Bekisoglu,
2002; Dogdu and Kirmizitas (2006); Akkus et al., 2005; Mertoglu, 2010;
0Ozel, 2010). Much of the work was done by the MTA. However, most of
the previous studies were aimed only at determining the situation of the
geothermal resources. Recently, some studies have been carried out in
the region to find out how to better utilize geothermal energy. Today,
the importance of geothermal resources has increased and investments
in geothermal energy have also started. Sanlurfa (Karaali) has limited
geothermal energy that is used for thermal tourism and greenhouses.
Also, geothermal resources are utilized simply for thermal tourism
purposes in Diyarbakir (Cermik), Adiyaman (Celikhan), Sirnak (Hista,
Besta Meryem, Nasrafan ve Ziimriitdag) Batman (Tashidere), Siirt (Bil-
loris and Lif) and Mardin (Dargegit). Geothermal resources are not used
effectively in Adiyaman (Tilek, Rotiikan, Bistikan ve Bigar) and Ga-
ziantep (Kartalkdy). Locations of geothermal resources in the GAP re-
gion are shown in Fig. 7.

6. Materials and methods

For the investigation and comparison of the hydrogeochemical
characteristics in the GAP region, twenty geothermal springs and five
cold water samples were collected from 2014 to 2015 in the study area.
The concentrations of major ions, some heavy metals and isotopes were
determined in the water samples. During the field surveys, some phy-
sical parameters of the geothermal fluid, including temperature (°C),
pH, and electrical conductivity (EC, uS/cm), were measured iN-Situ
with a Hach HQ40D portable multimeter. The pH-meter was calibrated
with pH 4, pH 7, and pH 10 buffer solutions before commencing
fieldwork. In order to determine the variation in the mineral con-
centration of the water samples, they were collected in unused 50, 500,
and 1000 ml hard-plastic bottles. Water samples were filtered using
disposable cellulose acetate syringe filters of 0.45um. To prevent the
formation of heavy metal complexes with oxygen, samples were acid-
ified with HNO3 to pH\2. Acidified samples were analyzed for major
and trace elements with an ICP-MS (inductively coupled plasma mass
spectrometer) at ACME Labs (Canada). A non-acidified sample was used
for anion analysis. Chlorine and HCO3;~ were determined volume-
trically and SO,* by a gravimetric method at the izmir Institute of
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Technology (IIT). Also, SiO, was determined by spectrophotometric at
the IIT. Determination of deuterium (*H), oxygen-18 (*30) and tritium
(®H) was carried out at Hacettepe University.

7. Hydrogeological and hydrogeochemical properties of the
investigation area

The Cretaceous Mardin Group and the Eocene Midyat Group lime-
stones constitute the main reservoirs of geothermal systems due to their
distribution and thickness in the GAP region. The Germav shales be-
longing to the Cretaceous Sirnak Group, Miocene Lice, and Selmo for-
mations are the main cap rocks of the geothermal system. The Mesozoic
aged carbonates found below the defined units and clayey levels ob-
served among them are considered as a secondary reservoir which
creates secondary permeability within them and thus pathways for deep
circulation. One of the criteria used in this distinction is that the rock
units considered at the secondary level and are covered by younger
units, are exposed in limited places due to erosion streaks and different
tectonic events, and their underground continuity cannot be inter-
preted.

The Karacadag volcanism is a regional heat source of the geo-
thermal systems in the GAP region. Volcanic structures like domes,
maars and lava flows are morphological results of the energy stored at
depth. So these weakness zones also play an important role for geo-
thermal activity. Volcanic activity has caused deformation in rocks and
opening cracks like structures create fractured hydrogeological systems
at shallow depths. Today, the N-S directional cracks are the main
structural element which facilitates fluid transport within the geo-
thermal resources to the surface, also with increasing depth, hydraulic
conductivity declines and aquifer characteristics such as water chem-
istry, thickness and propagation become more important. At this stage,
geophysical studies and the presence of drillholes are critical.

The GAP Region is rich in terms of geothermal potential. However,
drilling has not been carried out in geothermal areas except for the
Karaali geothermal field. Most of the shallow drillholes were drilled for
irrigation in karstic limestone. However, this region is very important
for oil production. The TPAO and some international companies own
many wells which reach up to 3000 m in depth in this region. In most of
these wells, low (41-56°C) and medium-temperature (137 °C) geo-
thermal fluids were obtained.

7.1. Physical properties of water

In the geothermal locations shown in Fig. 7 in the GAP region, water
samples were collected for hydrogeochemical investigations in April
2015. A host of physical and chemical analysis was performed on the
samples. According to the results, the surface temperature and the
electrical conductivity (EC) of hot fluids range from 22.5 to 62.2 °C and
from 513 to 2390 pS/cm, respectively (Table 1). Samples from cold
water sources were collected near the hot springs. Temperature and EC
values for these cold waters vary between 9.0 and 15.9°C and
177.8-577.0 uS/cm, respectively (Table 1). The high surface tempera-
tures are seen in the Belkisana (Hista) and Ziimriit geothermal fields in
the Sirnak Region. The fluid from the Kozluk-Taslidere (Batman) geo-
thermal field which emerges as artesian water has the highest wellhead
temperature (84.5 °C) and electrical conductivity (18,550 uS/cm). The
geothermal fluid, which emerges as an artesian flow from oil drilling in
Kozluk-Tashdere, is used by the local people. This geothermal fluid
comes from 2400 m depth.

7.2. Chemical properties of the water resources

According to the results of chemical analysis, water resources of the
GAP region have a different anion and cation composition. The ionic
composition of water is used to classify it into ionic types based on the
dominant cation and anion, expressed in milliequivalents per liter
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Fig. 7. Location of geothermal resources area (Baba et al., 2015b).

(meq/L). The distribution of water types of the geothermal fluid are
shown in Fig. 8. The derivation of the statistical summaries for the
hydrogeochemical data obtained was transferred to the Piper and
Schoeller diagrams which are used quite frequently in hydrogeology
(Fig. 9 and Fig. 10) for ease of imaging the ions collectively in a single
diagram. According to the Piper classification, the class of the water is
determined by the point where the ions intersecting the equilateral
triangle and the point intersected by the equilateral quadrangle drawn
on the two triangles are marked with % meq/L values for the ions.
Triangular diagrams provide easy access to water facies types and
quadrilateral diagrams facilitate water classification and comparison.
The Piper diyagram (Fig. 9) shows the dominant hydrochemical

features of geothermal fluids in deep wells, hot springs and cold water
in the study area. The geothermal fluids in deep wells (Kozlu-Taslidere)
showed an enriched concentrations of Na* and Cl~ ions, whereas
thermal spring fluids showed an enriched concentration of Ca**. The
Ca®* concentrations in thermal spring fluids ranged between 6.97 and
361.28 mg/L. However, Ca®*concentrations were generally low,
ranged between 14.9 and 73.4mg/l in cold water resources. Geo-
thermal waters in deep wells is of the Na-Cl type, whereas thermal
spring fluids are mostly of the Na—HCO3, Ca-Mg-SO4, Ca-Mg—HCO3,
and Ca-SO, types. The cold waters are mainly dominated by Ca®** and
Mg?™" cations and HCO3 ™~ anions.

The Schoeller semi-logarithmic diagram is a diagram showing Mg,

Table 1

EC (uS/cm) and T (°C) values for samples from the GAP region (Baba et al., 2015b).
No City Location EC pH T Type

(uS/cm) (&)

1 Gaziantep Domuz Dere 178 10.50 14.5 Cold spring
2 Gaziantep Kartalkoy 1486 11.65 22,5 Geothermal spring
3 Gaziantep Karatepe_Araban 513 8.20 27.8 Deep well
4 Adiyaman Cormiik 510 7.62 15.9 Cold spring
5 Sanlurfa Kabahaydar 1105 7.23 29.0 Deep well
6 Sanliurfa Kabahaydar 589 7.38 23.8 Deep well
7 Sanliurfa Kabahaydar 635 7.44 18.3 Shallow well
8 Sanliurfa Karaali 792 7.41 41.0 Deep well
9 Diyarbakir Cermik 1370 7.27 51.0 Geothermal spring
11 Batman Kozlu-Taghdere 18,550 6.16 84.5 Deep well
13 Siirt Billoris 2310 6.40 33.1 Geothermal spring
14 Siirt Botan Cay1 577 7.02 15.2 Cold spring
15 Siirt Lif Kaplicas 2390 6.50 33.7 Geothermal spring
16 Mardin Ilisu (Germav) 2220 6.55 56.6 Geothermal spring
17 Sirnak Belkisana (Hista) 2260 6.77 62.2 Geothermal spring
18 Sirnak Uludere-Beytiilsebap 320 8.13 8.6 Cold spring
19 Sirnak Zumriit Kaplicas 1739 6.75 44.0 Geothermal spring
20 Sirnak Beytiilsebap 260 7.87 9.0 Cold spring
21 Sirnak Kaniyagerm 817 7.21 21.1 Geothermal spring
22 Sirnak Nasfaran_ikizce 1739 8.96 20.0 Geothermal spring
23 Sirnak Nasfaran_ikizce 1201 8.01 22.7 Geothermal spring
24 Sirnak Beste 1070 7.18 26.5 Geothermal spring
25 Sirnak Beste 1095 7.22 27.3 Geothermal spring
26 Kilis Giivenli 1530 7.32 35.0 Deep well
27 Gaziantep Ugurlu Kaplicasi 2116 7.01 34.8 Deep well

262



A. Baba et al.

Geothermics 78 (2019) 255-271

4100000

4000000

N
_#(aral pe-Araban
Dere rtalkdy. .
p [ CAianTeR
Kazikh, e < X
: “ KiLis % i —
¢ ) | A = ’ AR
o - ”
\ v~ / =/ 5
| y e | L o
A

=
Yo

AT

.

Kabahaydar
SANLIURFA
°

Kabahhaydar

\\(’

IRNAK] Beste
haceg | @ T

ree \

212525

Sourcds: B, HERE, DeLorme, TomTom, Intermap, flement P Corp, GEBCO, USGS, FAO, NPS| NRCAW, GeoBase, IGN, Kadaster NL, Ordngnce Survey,
,,,,,,,,, i Esti Jdpan, METI, Esti China (Hong Kong), swisstopd, Mapmyindia, © OpenStreetMap contributors, and the GIS User Community |

S04 g e
. HCO3 -
! de
i <
Ca.
] na oragaen
B *wlés meq/L ﬁ/nfvbk"‘m ¥ ‘ seytilsebap

Omrit

.!'Iludefe

4100000

Km

T
4000000

Ca, Na + K, CI, SO, and HCO; ion concentrations on the X-axis, re-
spectively, where the constituent concentrations on the logarithmic
scale Y-axis are in meq/L. It was assessed whether the origins of the
waters were similar by interpreting the lines formed by the element

000

T
400000 500000 600000

T
700000

T
800000

Fig. 8. Demonstration of the chemical properties of the geothermal resources in the GAP region (Baba et al., 2015b).
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concentrations marked on this diagram. The semi-logarithmic Schoeller
diagram (Fig. 10) shows that geothermal fluid samples have a different
composition and it can be seen from the plots that their sodium (Na*),
bicarbonate

and chloride (C17)
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Table 2
Concentrations of major anions and cations in water resources (mg/1).
No Na* K* Ca?* Mg?*+ cl- S042~ HCO;~ Si0, Water type
1 3.45 0.32 14.92 1.72 12.01 0.01 1.83 1.54 Ca-Na-Mg-Cl
2 77.15 2.73 66.92 0.01 66.91 0.01 0.01 0.16 Na-Ca-Cl
3 12.49 3.91 45.56 24.23 5.91 9.86 303.78 15.28 Ca-Mg-HCO3
4 14.13 2.16 63.84 15.69 5.32 24.79 285.48 8.39 Ca-Mg-HCO3
5 87.45 8.42 80.97 18.1 126.83 54.74 336.72 11.32 Ca-Na-HCO3-Cl
6 6.45 0.85 6.97 110.03 8.01 11.13 358.07 15.60 Mg-HCO3
7 6.49 1 116.03 7.97 8.48 10.22 367.22 17.19 Ca-HCO3
8 56.16 6.26 67.69 11.27 45.16 84.07 245.83 12.85 Ca-Na-HCO3-SO4
9 195.49 20.2 38.65 5.55 113.36 3.34 472.75 19.44 Na-HCO3-Cl
11 2756.06 81.89 773.56 124.67 6571.45 1287.24 384.3 Na-Cl
13 120.47 13.79 286.92 46.39 196.8 689.23 446.52 12.89 Ca-Na-SO,4-HCO3-Cl
14 17.18 2.55 73.24 10.81 21.77 83.8 196.42 5.42 Ca-HCO3-SO4
15 124.1 14.5 288.33 49.05 188.87 602.15 452.62 13.54 Ca-Na-SO,4-HCO5-Cl
16 67.06 18.03 350.31 48.26 71.67 1015.43 241.56 Ca-SO4
17 68.38 18.05 361.28 52.48 77.05 1062.15 242.17 Ca-SO4
18 0.62 0.17 44.3 13.47 0.63 7.09 205.57 2.075 Ca-Mg-HCO3
19 169.66 13.06 129.96 17.14 257.75 65.31 429.44 17.99 Na-Ca-Cl-HCO3
20 7.08 1.04 44.15 4.61 3.73 9.26 178.73 2.60 Ca-HCO3
21 26.02 2.87 101.34 23.98 32.83 85.07 342.82 8.92 Ca-Mg-HCO3-SO4
22 450.03 16.04 4.11 0.01 301.58 17.04 565.47 7.13 Na-HCO3-Cl
23 278.51 12.65 12.54 7.72 190.62 4.15 464.21 7.01 Na-HCO3-Cl
24 65.86 5.61 144.99 40.18 41.92 479.16 229.97 12.39 Ca-Mg-Na-SO4-HCO3
25 68.12 5.31 151.87 43.45 39.3 501.11 249.49 12.53 Ca-Mg-S04-HCO3
26 33.63 3 39.85 25.6 11.88 1.83 328.23 13.91 Mg-Ca-Na-HCO3
27 17.36 2.55 56.03 15.24 8.91 16.41 281.87 14.22 Ca-Mg-HCO3

* Not measured data.

concentrations are relatively higher than those of other chemical con-
stituents (Table 2). Na* and K* concentrations are increased in the
deep geothermal fluid by deep circulation. The hydrogeochemical stu-
dies show that the resulting waters reflect very different water types
such as Ca-Mg-SO4, Na—HCO3, Na-Cl, Ca-Mg —HCO3, Ca—HCO3, and
Ca-SO4. The cold waters reflect the water types of Ca-Mg—HCO3 and
Ca—HCOs. Na™ is the major cation in the deep geothermal fluid of the
study area with a concentration of 275,606 mg/1l. Concentrations of
magnesium (Mg?*) and calcium (Ca®™) are increased (Mg>* values
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range from 0.01 to 124.67 mg/l and Ca®* values range from 6.97 to
773.56 mg/1) in deep geothermal fluid. The chloride (Cl™) concentra-
tion in the geothermal fluids ranges from 5.91 to 657,145 mg/l. Two
major anions, sulfate (S04%) and bicarbonate (HCO5;~), have much
lower concentrations than Cl~ in the deep geothermal fluid (Fig. 8).
The reservoir rocks of the geothermal systems in the study area are
carbonated rocks belonging to the Mardin and Midyat groups. The
water of these rocks is of Ca-Mg—HCO; and Ca—HCO3 types.

The Na-K-Mg'/? ternary diagram was proposed by Giggenbach
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SO, —HCO; to classified types of geothermal fluid.

(1988) as a method to make a clear distinction between the geothermal
fluids that are suitable for the estimation of reservoir temperature by
the application of solute geothermometers (Fig. 11a). According to this
diagram, the thermal fluids in the GAP region plot in the immature zone
except sample 1 (Kartalkoy-Gaziantep) and sample 11 (Kozlu_Taslidere-
Batman).

A ternary plot of the major anions (HCO3; ™ -Cl~-SO4>~) show the
different origins of geothermal fluids. The diagram indicates several
types of thermal fluids such as immature waters, peripheral waters,
volcanic, and steam heated waters. Fig. 11b shows that sample 1 plots
in the mature waters region while samples 5, 8, 9, 14, 19, 22 and 23
plot in the peripheral water region and other samples (13, 15, 16, 17,
24 and 25) plot in the steam heated water region. The Cl-SO4—HCO3
classification plot indicates that most of the thermal fluids suggests that
the waters in the geothermal springs are a mixture of deep water and
shallow groundwater.

The concentrations of some minor elements are given in Table 3.
Aluminum (Al) is the third most common element in the earth’s crust
and is present in all water resources. The concentration of Al in the
geothermal fluid ranges from 1 ppb to 600 ppb. The extremely high
values of Al are found in samples 11, 16, 17 and 25. Sample 11 is taken
from a deep abandoned oil production well which has been used for
thermal tourism. These samples have been affected by oil veins. Sam-
ples 16 and 17 come from a shale which contains much higher con-
centrations of Al,Os, typically up to 15%, due to the presence of clay
minerals such as kaolinite. Arsenic (As) concentrations of geothermal
fluid at sampling points 8, 11, 16, 17, 19, 21, 24 and 25 ranged from
13.4 to 3000 ppb. The increase of As in geothermal fluid originates in
water-rock interaction associated with arsenic-containing formations.
High boron (B) concentrations of geothermal fluid cause some en-
vironmental problems for soil and water as they discharge because their
salinities and boron concentrations are high and harmful for the agri-
culture in that area (Baba and Armannsson (2006)). The extreme values
for B were determined as 1000-3052 ppb in five (11, 19, 22, 23) lo-
cations. The approximate safe limit for sensitive crops (for example,
grape, pear, orange, and lemon) is 700 ppb B in the soil saturation
extract; 700 to 1500 ppb is marginal, and more than 1500 ppm appears
to be unsafe (Camp, 1963). This is related to volcanic and sedimentary
rocks but may also be controlled by the degassing of magma intrusives
(Baba, 2015a; and 2015b). Iron (Fe) is the fourth most abundant ele-
ment and second most abundant metal in the Earth’s crust. Iron occurs
naturally in volcanic rocks, associated soils, and alluvial sediments of
volcanic origin. A high concentration of Fe can be seen in samples 13,

16 and 17. The concentrations of cadmium (Cd), copper (Cu), lead (Pb),
lithium (Li), zinc (Zn) and uranium (U) are also very high in samples
13, 16 and 17. Uranium (U) is a naturally occurring metal, which is
widespread in nature. It is present in the ocean and certain types of soils
and rocks, especially granite. The U, Cd, concentrations of these sam-
ples reaches 3000 ppb and 700 ppb, respectively. The Cu values for
these four samples reach 80 ppb. Chromium (Cr) is widely distributed in
Earth’s crust. The Cr values for the geothermal fluid in samples 13, 18
and 19 reach 300 ppb. Lead (Pb) is widely distributed in sedimentary
rocks. The Pb values of samples 11, 13, 16 and 17 reach 4000 ppb.
Lithium (Li) is the 27th most abundant element in nature. The extreme
values for Li can be seen in samples 11, 13, 16, 17 and 19. The other
geothermal fluids contain low concentrations of heavy metals.

7.3. Isotope composition of water resources

Stable isotopes are a very useful tool for determining the origin,
transit time and direction of fluids in a groundwater system. Craig
(1961) showed that the deuterium and oxygen-18 ratios in meteoric
waters fit on a line known as the global meteoric water line (GMWL)
symbolized by the formula in Eq. (1). However, 880 and §%H values at
any locality are strongly dependent upon distance from the sea, con-
tinental effect, latitude and altitude (Nicholson, 1993a). In this manner,
regional meteoric water lines (RMWL) and particularly local meteoric
water lines (LMWL) are suitable references for understanding local
groundwater isotopic distinctions with reference to local meteoric wa-
ters (Mazor, 2004). To explore whether the selected samples are mod-
ified or not, selected RMWLs (Gat, 1983; Eisenlohr, 1995) and LMWL
(Sayiin and Eyipoglu, 2005) are used (Egs. (2) and (3)) and the study
area data given in Table 4 are plotted (Fig. 12).

8D = 850 +10.00 (Global Meteoric Water Line) @
8D = 85'80 +22.00 (Eastern Mediterranean Meteoric Water Line) (2)
8D = 8580 +16.00 (Marmara Meteoric Water Line) 3)

Fig. 12 indicates the relation of 8'%0 and 8%H; deuterium (§%H)
values are in the range from -63.23 to -33.66%o and oxygen-18 (§'20)
values are in the range of -10.29 to 5.77%o. The graph results also show
that the cold water and geothermal fluid classified as oxygen-enriched
waters are of meteoric origin. The data is used to separate the waters
into thermal and cold waters in the diagram and it is clustered between
the RMWLs of the Eastern Mediterranean and Marmara. Isotope sig-
natures for the site data do not have any trend indicating processes. The
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Table 3
Concentrations of minor elements in water resources.
No Al As B Ba Bi Br Ccd Co Cr Cu Fe Hg Li
Units ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb
1 30 <0.5 115 3.61 < 0.05 62 < 0.05 0.35 1.3 0.6 32 0.2 2.5
2 3 1.1 101 3.19 < 0.05 328 < 0.05 0.02 0.8 0.2 <10 0.3 7.4
3 1 < 0.5 78 162.56 < 0.05 31 < 0.05 < 0.02 2.9 0.4 <10 <0.1 10.5
4 2 0.7 109 265.19 <0.05 23 < 0.05 < 0.02 2.5 1.2 <10 <0.1 8.7
5 <1 1.8 454 133.84 < 0.05 710 < 0.05 0.04 5.5 0.8 79 0.1 71
6 3 1.7 53 505.3 <0.05 78 0.41 1.25 5.7 1.5 <10 <0.1 7.5
7 <1 1.7 48 571.52 < 0.05 84 < 0.05 < 0.02 5.7 0.6 <10 <0.1 7.9
8 1 44 211 89.2 < 0.05 265 0.18 7.77 0.6 3.1 39 <0.1 33.8
9 <1 1.7 723 401 < 0.05 596 < 0.05 < 0.02 0.5 1.1 <10 <0.1 453
11 < 600 < 3000 3052 204 < 3000 < 700 < 300 < 300 < 80 < 10,000 < 1000
13 6 24.2 778 28.77 < 0.05 974 < 0.05 < 0.02 8.3 3.9 <10 <0.1 328.4
14 90 3.4 115 29.74 < 0.05 120 < 0.05 0.18 3.3 1 105 <0.1 37.2
15 2 27.8 860 28.17 < 0.05 1040 < 0.05 < 0.02 9.5 3.8 <10 <0.1 360
16 < 600 < 3000 < 400 <80 < 3000 < 700 < 300 < 300 < 80 < 10,000 < 1000
17 < 600 < 3000 < 400 < 80 < 3000 < 700 < 300 < 300 < 80 < 10,000 < 1000
18 10 0.6 11 15.95 < 0.05 12 < 0.05 < 0.02 2 0.4 <10 <0.1 0.5
19 4 33.1 1000 208.42 < 0.05 454 < 0.05 0.06 7.4 0.7 <10 <0.1 358.7
20 91 <0.5 17 209.59 <0.05 7 < 0.05 2.29 2.7 0.9 46 <0.1 0.3
21 20 35.2 171 83.2 < 0.05 99 < 0.05 < 0.02 3.2 1 <10 <0.1 55.6
22 12 2.5 3364 147.96 < 0.05 1174 < 0.05 0.02 16.5 0.7 19 0.5 52.7
23 15 1.5 1677 781.76 < 0.05 734 < 0.05 0.04 10.6 0.6 26 0.3 36.7
24 6 15.3 432 22.67 < 0.05 156 < 0.05 0.14 4.5 1.9 <10 0.2 62.5
25 431 13.4 423 22.92 < 0.05 156 < 0.05 0.03 3.7 2 42 0.3 70.8
26 1 < 0.5 59 881.98 < 0.05 55 < 0.05 < 0.02 10.6 0.4 16 <0.1 18.6
27 1 0.9 42 178.46 < 0.05 44 < 0.05 0.08 9.3 1.4 <10 <0.1 3.7
No Mn Mo Pb Rb S Sb Se Sr U v Zn
Units ppb ppb ppb ppb ppm ppb ppb ppb ppb ppb ppb
1 14.73 <0.1 <0.1 0.54 <1 < 0.05 <0.5 13.12 < 0.02 0.8 1.6
2 < 0.05 0.2 <0.1 1.19 1 < 0.05 0.5 49.71 < 0.02 0.9 <05
3 27.95 1.4 <0.1 6.54 < 0.05 < 0.5 2591.25 < 0.02 <0.2 1
4 2.15 1.6 < 0.1 1.23 11 0.06 0.6 718.25 0.35 2.1 1.9
5 24.27 0.5 <0.1 9.09 22 < 0.05 1.2 2228.21 < 0.02 1.1 0.7
6 32.66 2 <0.1 0.84 7 0.13 1.3 713.59 0.88 9.5 17.5
7 4.49 0.3 <0.1 0.97 6 < 0.05 1 653.27 0.96 11.3 7.5
8 3.15 146.4 <0.1 8.04 30 5.17 153.1 1196.35 58.24 2405.8 25.2
9 2.91 <0.1 <0.1 34.39 32 < 0.05 2 1232.3 0.07 0.6 0.6
11 < 50 < 300 < 4000 406 < 2000 16,908 < 3000 < 200 < 300
13 14.57 2.4 <0.1 33.87 207 < 0.05 1.9 4727.87 0.65 1.2 3.4
14 16.47 0.4 0.1 5 29 < 0.05 0.5 799.09 0.34 1.8 2
15 13.78 2.5 <0.1 36.39 206 < 0.05 2 4755.44 0.66 1.2 2.8
16 < 50 < 300 < 4000 515 < 2000 7442 < 3000 < 200 < 300
17 <50 < 300 < 4000 860 < 2000 8144 < 3000 < 200 < 300
18 9.75 0.2 0.3 0.35 4 < 0.05 < 0.5 191.45 0.34 0.5 3.4
19 21.64 0.9 <0.1 33.74 39 < 0.05 0.8 1346.19 0.36 1.2 0.6
20 81.22 <0.1 <0.1 0.84 3 < 0.05 <0.5 186.5 < 0.02 0.5 3.1
21 1.95 0.5 <0.1 4.99 33 < 0.05 <0.5 1309.37 0.48 0.7 1.6
22 6.69 0.5 <0.1 27.98 16 < 0.05 2.9 294.49 < 0.02 4.9 1
23 6.36 <0.1 < 0.1 14.07 13 < 0.05 1.7 2947.69 < 0.02 3.2 0.8
24 66.17 <0.1 <0.1 14.2 151 < 0.05 0.9 6210.93 0.04 2.5 2.7
25 78.62 <0.1 <0.1 14.04 157 < 0.05 0.7 6454.9 0.08 3.9 3.9
26 3.82 0.4 <0.1 5.05 <1 < 0.05 <0.5 2106.32 < 0.02 < 0.2 0.9
27 2.92 3.2 <0.1 2.45 7 0.15 3.3 4895.73 0.4 0.4 169.7

* Not measured data.

relation diagram of deuterium (§?H) and oxygen-18 (§*80) shows that
the source of the geothermal fluid is meteoric water.

The activity of tritium (§°H, half-life 12.43 years) in thermal waters
makes it a useful tracer for underground residence times. The activity of
8°H shows groundwater circulation time spent from recharge to dis-
charge and it can be simply stated as the lower the §°H amount in
groundwater, the longer its residence or route. The results show that
83H values less than 6 tritiums units indicate mixing of pre and post-
1952 recharges, while the values more than 6 tritium are an indication
of a post-1952 recharge. §°H values in geothermal fluid and cold water
resources are in the range from 0 to 5.99%o and 4.35 to 6.49%o, re-
spectively. The tritium value from Kaniyagerm (Sirnak), where the
water is emerging in the stream, is highest. This geothermal spring
sample has been affected by cold water. The results of tritium (8°H)

isotope analysis of geothermal fluid of the study area shows that the
geothermal fluids are older than 60 years. Tritium (§°H) isotope values
for cold water resources are higher than those for geothermal fluids
(Fig. 12a). The high tritium and low deuterium values plotted in
Fig. 12b represents a rapid circulation in the shallow groundwater
system while the higher §°H and lower §°H values for the geothermal
brine imply a longer and deeper circulation of the groundwater.

8. 0Oil wells

The GAP region is one of the important areas for oil production in
Turkey. The TPAO has drilled a number of wells for oil. However, some
of them have been abandoned. Many abandoned oil wells issue a geo-
thermal fluid. The depths of these wells are in the range from 1270 m to
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Table 4

Ratios of §'0, §?H and 6°H in water resources.
Sample Number 8%H 8'%0 8°H
1 —48.19 -6.79 nd
2 —45.42 -7.87 0.00
3 —57.84 —-9.41 0.00
4 —42.03 7.38 4.35
6 —33.66 -5.77 5.55
8 —47.89 —-7.36 1.79
9 —63.23 —-10.29 0.00
11 —59.81 —9.52 0.00
13 —48.19 —-7.87 2.48
14 —59.63 —9.68 6.49
15 —50.65 —-7.42 1.40
16 —57.70 —8.91 0.21
17 —58.03 —-9.05 0.00
18 —53.02 -9.01 5.83
19 —57.89 —9.53 3.40
21 —56.87 —-9.43 5.99

3220 m and fluid temperatures of these wells range from 51 to 109 °C in
the Batman Region where one of the abandoned wells has been used for
greenhouses and thermal tourism. The well head temperature of this
well is 84.5 °C and the flow rate is 16 L/sec. Also, the TPAO has drilled a

Geothermics 78 (2019) 255-271

number of wells for oil production in the Diyarbakir and S$irnak
Regions. The depths of wells in Diyarbakir are between 1450 and
3960 m and the wellhead temperatures are in the range from 41 to
107 °C. The depths of the Sirnak wells are between 1520 and 3830 m
and the temperature range has increased to 56 to 137 °C, respectively.

9. Results and discussion

The GAP region and its boundaries play an important role in plate
tectonics, geological processes, and economic geology being a petro-
leum province throughout geological time. Anatolia has been experi-
encing crustal shortening and thickening as a result of a northward
motion of the Arabian plate and the resulting deformation can be seen
in the GAP region and the surrounding area. Folds and anticlines (that
corresponds to the Bitlis-Zagros Fold and Thrust Belt) contain several
important oil-fields in the Cretaceous Mardin Group limestones and
show that structural traps are also very important for hydrothermal
systems.

This study is the only research on geothermal potential and its
properties in the southern part of Anatolia. Many wells have been
drilled for oil production. Some of them abound with geothermal fluid.
Significant hydrothermal alterations that could indicate geothermal
activity is not observed in this region. Regional geodynamic evolution,
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contemporary tectonic and lithostratigraphic structures explain that
geological environments of the region are suitable for the development
of geothermal systems. Discontinuity features such as fault systems,
which are structural elements of the current tectonic regime that has
developed in the region, are permeable zones that facilitate fluid mo-
tion that takes place as meteoric water leaks into the ground and is
heared.

The Cretaceous Mardin Group and the Eocene Midyat Group lime-
stones constitute the main reservoirs of the geothermal systems in the
region due to their prevalence and thicknesses in both regions in the
Southeastern Anatolia Region. The Germav shales belonging to the
Cretaceous Sirnak Group, Miocene Lice, and Selmo formations are the
main cap rocks of the geothermal systems. A basaltic volcano is the heat
source for the geothermal resources. The compressive tectonic regime is
present on a continental scale in the region. N-S directional cracks are
the main structural elements which facilitate fluid transports to the
surface. Lava and thermal fluid have been observed to use the same or
similar fault systems in this region. Based on observation, it can be said
that the parameters may be related to each other. Because of geological
properties of the region, geothermal water is of very different types
such as Ca-Mg-SO4, Na—HCOs3, Na-Cl, Ca-Mg —HCO3, Ca—HCO3 and
Ca-SO4 in the study area. Generally, the anion and cation concentra-
tions in the cold waters are lower than in the thermal waters. Moreover,
electrical conductivity and temperature values for the cold waters are
much lower than for the thermal waters. Cold waters are of the water
types Ca-Mg—HCO3 and Ca—HCOs;. Na* and K* concentrations are
increased in the deep geothermal fluid by deep circulation. The water
types is transformed from a dominant Ca?* and HCO;~ water to a
dominant Na* and Cl~ ions as stated in Eq. (4).

Ca—HCO3; — Ca-Na—HCO3; — Na—HCO3-Cl (©)]

It is clear that geothermal fluids have relatively deeper circulation
routes than cold water on the assumption that they are fluids ascending
due to water-rock interaction in the GAP region. Geothermal fluid in
this region is of Na-Cl type (such as Kozlu-Tashdere (Batman);
Kartalkdy (Gaziantep)); Ca-SO4 type (such as Ilisu (Mardin) and
Belkisana (Sirnak)) and Na—HCO; type (such as Karaali (Urfa),
Nasfaran-ikizce (Sirnak)). The chemical composition of the geothermal
fluids is affected by water temperature. For example, cold water found
in the Beytiilsebap geothermal field and vicinity is of Ca—HCO3 type,
the low-temperature thermal spring water is of Na-Ca-Cl type, which
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emerges from the mixture of cold and hot water derived from the
shallow reservoir. The same situation has been seen in the Kabahaydar
geothermal field (Sanlurfa) where cold groundwater is of the
Ca—HCOs; type, the low-temperature thermal spring water is of the Ca-
Na—HCO3; type which is derived from the shallow reservoir. However,
Kozlu geothermal water (Batman) is of Na-Cl type. This type of water is
a sign that the water comes from deep reservoirs. The Ilisu geothermal
fluid is influenced by the dissolution of sulfate minerals (mainly
gypsum and anhydrite) contained in the Eocene sediments.

The concentrations of some minor elements such as arsenic, boron,
and lithium are high in the GAP geothermal fluid. Arsenic (As) con-
centrations in the geothermal fluid reach up to 3000 ppb. The increase
of As concentrations in geothermal fluid originates in water-rock in-
teraction associated with arsenic-containing formations. In addition,
the extreme values of B are observed as 3364 ppb in Nasfaran-ikizce
(Sirnak). This is related to volcanic and sedimentary rocks but may also
be controlled by the degassing of magma intrusives. The value of Li has
reached up to 453 ppb at the Ziimriit geothermal site (Sirnak). Li is
usually widely distributed in nature, with trace amounts occurring in
most rocks and soils and in several geothermal fluids.

Isotope analysis (such as §'80 and §°H) results show that the cold
water and geothermal fluid classified as oxygen-enriched waters are of
meteoric origin. The tritium (§°H) isotope analysis of the geothermal
fluids indicates that geothermal fluids are older than 60 years. Tritium
(8°H) isotope values for cold water resources are higher than those for
the geothermal fluids.

A number of geothermal springs such as the Ziimriit Kaplicasi
(Sirnak), Belkisana (Mardin) reach the surface in different parts of the
Southeastern Anatolia Region. The surface temperatures of these
springs are in the range from 20 to 63 °C. In addition, some shallow
wells, whose depths are in the range from 183 to 1005 m, were drilled
in the Karaali (Sanlurfa) geothermal field where the well head tem-
perature ranges from 38 to 58°C. From these sources, Karaali and
Kabahaydar (Sanliurfa), Germav-Ilisu (Mardin), Hista and Ilicak
(Sirnak), Cermik (Diyarbakir), Billoris (Siirt), Taslidere (Batman) and
Durantas have been utilized for thermal tourism and greenhouses.
These practices are very primitive. There is also a large number of wells
that have been drilled for oil production in this region. The abandoned
oil wells have geothermal fluid but this fluid has not been used. The
Adiyaman, Batman, Diyarbakir, and Sirnak provinces have reservoir
temperatures reaching 137 °C in the wells drilled by the TPAO at depths
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between 1000 m and 4000 m (Fig. 13).

Chemical analyses of geothermal fluids can be used to estimate
geothermal reservoir temperature. Chemical geothermometers depend
on water-mineral equilibria (Nicholson, 1993b). Several geothermo-
metry techniques have been developed to predict reservoir tempera-
tures in geothermal systems (Fournier and Truesdell, 1973; Fournier,
1979; Fournier and Potter, 1982; Arnorsson et al., 1983; Giggenbach,
1988). All these techniques are based on the assumption that tem-
perature-dependent water-mineral equilibria are attained in the re-
servoir. Baba et al., (2015a) used chemical geothermometry techniques
to estimate the reservoir temperature of geothermal springs in the GAP
geothermal region. According to the results of this study, the subsurface
reservoir temperature of the GAP Region is in the range from 50 °C to
200 °C. This data also shows that the region has considerable potential
in terms of geothermal energy. Although there is insufficient data on oil
wells, it is clear that the geothermal potential in the area will increase
even further if all data is evaluated. In the US, China, and Israel, studies
are underway to utilize geothermal energy together with oil. The
temperatures of existing and abandoned wells are suitable for power
production, space heating, thermal tourism, greenhouses and drying
facilities.

10. Conclusions

The extensive volcanism around the GAP region throughout the Late
Cenozoic and recent times proves that there is an important heat source
beneath the Anatolian Plate and Anatolian-Arabian subduction zone.
Rising hot asthenosphere resulted locally and/or partial melting in the
asthenosphere, continental crust, the Anatolian and Arabian litho-
spheric mantle. The heat source of the geothermal reservoirs is the
volcanic rocks which are basaltic in a limited area and are homo-
geneously exposed in the Southeast Anatolia. The volcanism due to
asthenospheric melting has generally reached the surface from cracks in
the N-S direction. The neotectonic period volcanism, which emerged
along cracks from different parts of the region and appeared as a cleft
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eruption, turned into a volcanic region around the Karacadag. Micro-
grabens and local volcanic products are observed along the opening
faults or normal faults. E-W-axis folds were formed as a result of
compression in the N-S direction in the neotectonic period. In addition,
thrust faults and compression related structures such as anticlines, ac-
commodation zones of intersecting faults are important structures on
the Arabian Plate for geothermal fluid circles in Southeastern Anatolia.

The hydrogeochemical properties of the geothermal fluid are vari-
able from region to region. The geothermal fluids are of meteoric origin
and have accumulated their heat during circulation in the fault systems.
A great variety of chemical features is observed in the GAP geothermal
system. The majority of the geothermal fluids are classified as Ca-Mg-
SO4, Na—HCO3, Na-Cl and Ca-SO, waters. Generally, the cold waters
are of the water types Ca-Mg—HCO3 and Ca—HCOs;. The Na* and K*
concentration are increased in the deep geothermal fluid by deep cir-
culation. The thermal spring water of lower temperature is of the Ca-
Na —HCOj3 type which is derived from the shallow reservoir. The Kozlu
geothermal fluid (Batman) is Na-Cl type water which is encountered in
the high temperature and deep reservoirs. The Ilisu geothermal fluid is
influenced by the dissolution of sulfate minerals which give rise to Ca-
SO,4 water types.

Hot brine is produced along with the hydrocarbon product from oil
wells in the GAP region. Several of these wells produce fluids at tem-
peratures above 100 °C and have been projected to be capable of gen-
erating power for oN-Site consumption. Closely associated with vol-
canic activity are hot springs, gas vents, and other geothermal
phenomena near hotspots.

Geothermal energy is one of the important energy sources to be
developed in a rural region. The Southeastern Anatolia Region is lo-
cated in the north of the Mesopotamia where the world’s earliest civi-
lization developed area is. These areas have many rural regions. It is
possible to improve this important region with the use of geothermal
sources. It is seen that the demand for geothermal energy in the region
is increasing and at the same time, investments in geothermal energy
are beginning to take place. It is possible to use different geothermal
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application such as power generation, district heating, thermal tourism
and drying facilities (Fig. 14).
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