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I'EOTEPMMYECKOE IIOAE 30HBI ITEPEXOAA
MEXAY AHATOANNCKOU ITANTON .
N BOCTOYHO-EBPOITEMCKOU ITAATOOPMOU

CHAMAK MAHCYPH ®AP"

YBenopyccruii 2ocyoapemeennuiii yuusepcumem, np. Hezagucumocmu, 4, 220030, 2. Munck, Benapyce

B BocTouHO# yactu Cpeau3eMHOro MOps BBIIGNSAIOT OOLIMPHYIO MPOBHHIIMIO HU3KOTO TEMJIOBOTO TMOTOKA, MPOCTH-
paroryrocsi Bo BceM Oacceitne Mopst BoctouHee Kpura (JIeBantnHckoe Mope), Bkitouast Kurp u ceBepubiii Eruner. T'eo-
JIOTUsl TEPPUTOPHH BOCTOUHOW AHATOIUM CIIOXKHA U3-3a HENABHEH TEKTOHUUYECKOM M BYJIKAHUYECKOH aKTUBHOCTH. DTOT
PETHOH BKIIIOYACT INIaBHBIC TeKTOHWYecKue Onoku [TonTniickux rop, AHaronmiicko-TaBpuACKHI MOSIC U CYTYpHYIO 30HY
Butmica, CeBepo- n Boctouno-Anaronuiickuii pa3noMsl. Bo MHOTHX 9acTsSx AHATOIMN BCTPEYAIOTCS OQHOIUTHI X MOJIO-
JIbIe BYJIKaHHYECKHUE OOl YepHoe Mope OKpykeHO Anpnuiicko-I nmanalickum ckiaggareiM mosicoM (Kpsiv, Bombrmoit
Kaskas, [Tonruiickue ropel, Ponono-Crpanmkckuii Maccu, Boctounoe Cpenneropse, CeBepHast JIo0pymka) 1 TpeBHUMHU
TEeKTOHMYECKUMH OJIOKaMH Pa3IMYHOIO IIPOUCXOXKICHHS U BO3pAcTa, TAKUMH Kak Bocrouno-EBponelickuii kparoH, Muznii-
ckast mardopma, CtamOynbekast 30Ha 1 AJpkapo-Tpuanerckas ckiaadaras cucreMa. B Ueprom Mope npeotiaaet HU3KHH
TemnoBoit moTok. Hanmensimie 3Hagenns (Menee 30 MBT/M’ ) 3aperHCTpHPOBAHE! B IIEHTPATHHBIX YACTAX 3aMaTHOTO H BOC-
TOYHOTO OacceiiHoB UepHOTO MOPSI ¢ MAKCHMAaIBHOW MOIITHOCTHIO OCAI0YHBIX OTIIOKEHHH. [ eoTepMIrdecKre NeCeIOBaH s
Ha TEPPUTOPHH YKPauHBI BEAyTCs B TeueHue 45 jeT. MHOTHE 0COOEHHOCTH TEIUIOBOTO TIOJISI OCTAIOTCS HEU3YyUCHHBIMU.
OTO OTHOCHUTCS, B YACTHOCTH, K YKPaHHCKOMY IIUTY M I0XKHOM yacT pernoHa Kapmar. B mienom Tepputopus anbnuickoit
cknaguarocTy B npenenax Typuuu, MpamopHoro u Oreiickoro Mopeii, KaBkaza xapaxkrepusyeTcs BBICOKUM TEIUIOBBIM MO-
TOKOM. AHOMAJIUsl €ro HanOOIbIKX 3HaueHuii (Gonee 100—150 MBT/M”) orMeuaercs Ha 3anaze Typiwmu, rjie npeobnanaror
TEKTOHWYIECKHE YCIIOBHS PACTSDKEHUSI M BEJIETCS MCTIONIb30BAHKE MOJI3EMHOTO T1apa Julsl BBIPAOOTKH 5eKTposHeprud. [1o-
CTPOCHBI KapTa U TP MPO(HUIIS TEIIOBOTO MOTOKA, MEPECEKAIOMINX H3yIaeMblii PETHOH.

Knroueswie cnosa: Cpennzemuoe mope; Kunp; Typuus; UepHoe Mope; YikpanHa; reoTepMHUECKOE TI0JI€; TEMIOBOM T0-
TOK; aJbIuiickuil oporenes; bombioit KaBkas.
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Heat flow data from the Eastern Mediterranean region indicates an extensive province of low heat flow, spreading over
the whole basin of the Mediterranean to the east of Crete (Levantine Sea), Cyprus, and Northern Egypt. Surface geology of
East Anatolia is complex because of recent active tectonic and volcanic activity. The region is composed of major tectonic
units of Pontides, the Anatolid-Tauride Belt and Bitlis Suture Zone, North and East Anatolian faults. Ophiolitic and young
volcanic rocks can be observed in many parts of East Anatolia. The Black Sea is surrounded by the Alpine-Himalayan
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Orogenic Belt of Crimea, Greater Caucasus, Pontides, Rhodope-Stranja Massif, Eastern Srednegorie, North Dobrogea and
older tectonic units of different origins and ages such as the Precambrian East European Craton, Moesian Platform, Istanbul
Zone and Adzhar-Trialet Folded System. Low heat flow density dominates in the Black Sea. The lowest (less 30 mW/m?)
values have been recorded in central parts of the Western and Eastern Black Sea basins with maximal sedimentary thick-
ness. Geothermal studies within the territories of Ukraine have been under way since sixties. Many important features of
the thermal field remain unstudied. This applies in particular to the Ukrainian Shield and to the southern part of the Carpa-
thian region. In general, the territory of Alpine folding within Turkey, Marmara and Aegean seas, Caucasus is characte-
rized by high heat flow. The anomaly of its highest values (above 100—150 mW/m?) exists within western Turkey, where
tectonic conditions of extension prevail and underground steam is used to produce electricity. Three heat flow density
profiles crossing the studied region and heat flow map were compiled.

Keywords: Mediterranean; Cyprus; Turkey; Black Sea; Ukraine; geothermal field; heat flow; Alpine orogeny; Greater
Caucasus.

Introduction

The Anatolian Plate and the Black Sea Basin are the main tectonic units within the considered region. Given
its location in the Alpine-Himalayan orogenic belt, and at the collisional boundary between Gondwana and
Laurasia, the geological history of the Aegean region and Anatolia involves the Mesozoic-Cenozoic closure
of several Neotethyan oceanic basins, continental collisions and subsequent post-orogenic processes [1-3].
The considered region has rather complex crustal structure.

The opening of oceanic branches of Neotethys commenced in the Triassic and closed during the Late Creta-
ceous to Eocene time interval. The closure of Neotethyan basins is recorded by several suture zones (e. g. Var-
dar, Izmir — Ankara — Erzincan, Bitlis — Zagros, Intrapontide, Antalya sutures), along which Jurassic-Cretaceous
ophiolites and melanges exposed. The polarity of subduction, the timing of ocean basin opening and closure,
and the location of Neotethyan suture zones remain somewhat controversial. The destruction of oceanic ba-
sins was also accompanied and followed by: 1) Cretaceous to Early Palacocene arc magmatism (e. g. Pontide
Arc [4—6]); 2) development of accretionary-type fore-arc basins (e. g. Haymana-Polatli Basin [7]; Tuz Goli
Basin [8]); 3) Late Palacocene to Miocene and younger post-collisional magmatism [9—12]; 4) the develop-
ment of several blue schist belts (e. g. Late Cretaceous Tavsanli Zone in Turkey [13]); Camlica metamorphic
belt in northwestern Turkey [14]; Eocene-Oligocene Cycladic blue schist belt in the central Aegean [15-17];
Lycian Nappes and Menderes Massif [18; 19]; Bolkar Mountains in the Central Taurides [20]; 5) high-grade
to low-grade metamorphism affecting larger areas. The nappe translation and burial of large areas beneath
advancing ophiolite nappes has resulted in regional metamorphism and consequent formation of crustal-scale
metamorphic massifs, such as the Rhodope, Stranja, Cycladic, Menderes massifs and Central Anatolian Crys-
talline Complex [21-24] (fig. 1).

The Northern Central and East Anatolian faults split the considered region into different crustal blocks and
their tectonic regime changes from compressional to a combination of extension and compression. High seis-
micity is observed within the country and a frequent hot springs related to these tectonic features are widely
spread. According to estimates tectonic movements along the North Anatolian Fault, shearing Pontides from
the Central Anatolian Plate can reach 20—25 millimetres per year. It results from the general movement of the
Arabian and African plates and their pressure to Eurasia. Main directions of these movements are shown in
fig. 1. It results in many earthquakes mainly within the Anatolian Plate, including hazardous ones, especially
in the northwestern Turkey.

The Black Sea Basin. This basin is a deep depression belonging to the Alpine folded belt. The total thickness
of Cretaceous-Quaternary sediments in the central part is estimated to be 14—18 km [25]. The Alpine orogenic
belts: Crimea, Greater Caucasus, Pontides, Rhodope-Stranja Massif, Eastern Srednegorie, North Dobrogea and
older tectonic units of different origins and ages such as the East European Craton, Moesian Platform, Istanbul
Zone and Adzhar-Trialet folded system surround the Black Sea (fig. 2). The Black Sea geology plays its key role
in understanding the tectonic evolution of the middle Tethyan Realm, as well as its hydrocarbon potential.

The Black Sea Basin includes two deep sub-basins (the Western Black Sea Basin and the Eastern Black Sea
Basin) [26]. They are separated by the mid-Black Sea (Andrusov) Ridge, which is a northwestern stretched
basement uplift. The Black Sea is widely recognized as a back-arc basin, but details of its origin and evolution
are still a matter of debates [27-31]. Main questions on the history of this lithospheric block are the age of
opening of the Black Sea and the configuration of the original Neotethyan fragments in relation to the tectonic
development of the region. Concerning the relative age of the Western and Eastern Black Sea basins, there is
a growing evidence in recent years of an earlier origin for the former one [31-34]. The present-day subsur-
face information of the Black Sea was based on tectonostratigraphic studies of the sedimentary infill, sparse
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deep seismic sounding (DSS) surveys keeping in mind geologic observations in adjacent land areas [27; 28;
31; 35; 36]. Seismic and gravity data show that the crust shallows to 19 and 22 km depths in the Western and
Eastern Black Sea basins, respectively [37]. Geologic subdivision of the Black Sea Basin including Crimea
and southern part of the East European Craton is shown in fig. 2.

Mountains of Crimea are a part of the Alpine-Himalayan folding located in south of the plain part of the pe-
ninsula, which represents a part of the Scythian Platform. The southern slope of the mountain Crimea is traced
below the Black Sea waters in result of young tectonic movements. It is composed of dislocated Triassic-Jurassic
flysch deposits and Upper Jurassic carbonate sandy-clayish carboniferous, Paleogene and Neogene rocks.
The recorded movements along faults result in earthquakes. The vast territory to the north of the Black Sea is
the adjacent East European Craton. The folded system of Greater Caucasus and Adzhar-Trialet system adjoin
the Black Sea in the east.
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Fig. 1. GPS horizontal velocities and their 95 % confidence ellipses
in the Eurasia-fixed reference frame for the period 1988—1997 superimposed on a shaded relief map
derived from the GTOPO-30 Global Topography Data taken after the USGS. Bathymetry data are derived
from GEBCO/97-BODC, provided by [38—40]. Large arrows designate generalized relative motions of plates
with respect to Eurasia (in millimetres per year) (recompiled after [41]). Abbreviations: NAF — North Anatolian Fault;
EAF — East Anatolian Fault; DSF — Dead Sea Fault; NEAF — North East Anatolian Fault;
EPF — Ezinepazari Fault; CTF — Cephalonia Transform Fault; PTF — Paphos Transform Fault;
CMT — Main Caucasus Thrust; MRF — Main Recent Fault
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Fig. 2. Main tectonic elements of the Black Sea region and adjacent tectonic units [31].
Abbreviations: SorT — Sorokin Trough; K-TT — Kerch-Taman Trough; SinT — Sinop Trough
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Available heat flow data within the region

Eastern Mediterranean Sea and Cyprus. Cyprus in the northeastern part of the Mediterranean Sea is
located in between the Anatolian platform to the north and the African Shield to the south. P. Morgan published
33 individual values of heat flow for wells from Cyprus [42; 43]. Results are based on in-hole measurements
of the temperature gradient, carried out with a thermistor probe in the conjunction with Wheatstone bridge.
Thermal conductivity was obtained from measurements carried out on core- and rock-fragment specimens.
The database ranges from as low as six till 46 mW/m”. After omitting of very low values, the average heat flow
of remaining 18 observations was less than 30 mW/m®. They are comparable to heat flow data from the Eastern
Mediterranean, where A. Erickson [44] also reported a vast area of rather low heat flow. Several approaches
to explain such low values (rapid sedimentation, low content of radioactive isotopes in the crust, downward
water circulation) were discussed. They still did not explain adequately the reason for the low heat flow within
an extensive area, spreading over the whole basin of the Mediterranean east of Crete (Levantine Sea), Cyprus,
and northern Egypt.

The average of the marine heat flow measurements in the Levantine Sea is (25.7 = 8.4) mW/m’ and accor-
ding to [45] the average from 40 heat flow sites is (47 =27) and (39 = 6) mW/m™ near Cyprus. On Cyprus, it is
(28.0 £ 8.0) mW/m’. The estimated heat flow in northern Egypt ranges from (38.3 +7.0) to (49.9 +9.3) mW/m’,
apparently with no consistent trend. To the east, on the coast of Israel, heat flow values increase, ranging
from (36.6 +22.4) to (56.7 + 14.2) mW/m’ along a SSE trend [46]. It apparently correlates with an increase
in crustal thickness, which is about 23 km at the northwestern base of the Nile-Delta cone, and close to 40 km
beneath Israel.

The marine heat flow data presented by [44] are shown in heat flow density histograms (fig. 3). Their loca-
tions are spaced rather uniformly throughout the Eastern Mediterranean. The thermal gradient data were obtained
using the Ewing thermograd described in [47]. The penetrations achieved with the piston corer varied between
2.5 and 13.5 m. Thermal conductivity was measured on sediment samples obtained using the needle-probe
technique [48] at the same locations as the thermal gradient measurements were fulfilled. The observed data
were corrected for an estimated rate of sedimentation of 4.3 cm per 1000 years. The histogram of heat flow
density for Cyprus is shown in fig. 4.
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Heat flow data from Turkey. The territory of Turkey belongs to the Alpine-Himalayan Belt of orogenesis
with significant neotectonic activity, which influences the observable and contrast heat flow. Heat flow deter-
minations were fulfilled on the basis of geothermally studied boreholes. Both temperature logs and rock heat
conductivity measurements were used to determine its density. Many boreholes with recorded thermograms
have depths not exceeding 200 m, and a ground water circulation, influencing the recorded thermal profiles,
had to be taken into account. Conductive heat flow density was calculated considering possible convective
effects due to vertical water movements.

A summary of available heat flow determinations for the territory of Turkey were published in [46]. Indivi-
dual values have a wide range of their changeability from 10—12 until 200 and even 696 mW/m? (fig. 5). Very
high heat flow was observed in the proximity of active deep faults and zones with extensional tectonic regime
in the Marmara Sea, western and southwestern Turkey [49]. The maximum of heat flow observation falls into
the interval of 55-75 mW/m’. A long trailing tail with heat flow exceeding 100 mW/m” exists in the right part
of the histogram.
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Fig. 5. Heat flow density histogram for Turkey

Heat flow data of the Black Sea. Heat flow studies within the Black Sea were undertaken since the end of
sixties and beginning of seventies of the last century. The summary of the most detailed catalogue of available
heat flow data exceeding 400 entries was published in 1991 [46]. Around 1/3 values were reported for the eastern
Black Sea Basin. Areal distribution of available heat flow observations are shown in fig. 6.

Figure 6 shows that low heat flow density dominates in the Black Sea when comparing its onshore data from
countries adjacent the Black Sea Basin. Histograms of its distribution for the Western Black Sea Basin (around
250 individual stations) is shown in fig. 7. The majority of observations exhibits heat flow density, which ranges
from 25 until 50 mW/m”. This diagram shows close to the normal heat flow distributions complicated by its
right side with higher values above 60 mW/m’, observed in the southwestern corner of the sea near shores of
Bulgaria. Several heat flow stations within this sector show even higher heat flow up to 80—90 mW/m’.

As it was mentioned, the number of heat flow stations studied within the Eastern Black Sea Basin is around
100 which is 1/3 of the whole observations fulfilled within the Black Sea. Figure 8 shows in general similar
heat flow distribution, but the majority of values are here within the interval of 20—40 mW/m?>, which is lower
than ones within the Western Black Sea Basin.

Heat flow map of the studied region

The considered region has a complex geological structure, shown in fig. 1 and 2, where the tectonic
regime is changing from compression to extension. Such geologic situation has an imprint on the heat flow
distribution within the studied region. Heat flow data reported by a number of researchers were used to
compile the heat flow map (fig. 9). The Black Sea, representing a part of the extended Alpine-Himalayan
folded belt, is better studied in heat flow, where more than 400 individual heat flow stations are available.
On the contrary, the heat flow density information is absent for the time of compiling the map within parts of
territories of Syria, Lebanon and Iraq in frames of the map. The heat flow within the whole area is changing
in a wide range from as low as ca 20 mW/m’, typical for the eastern Mediterranean and Cyprus, until more
than 100—200 mW/m’ within the western part of Turkey and adjoining Marmara and Aegean seas. Relatively
dense net of heat flow observations exists within the Stavropol Uplift (Ciscaucasia), to the northern areas
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of the Greater Caucasus and partly within the southern Ukraine. Many oil exploration wells were studied in
heat flow within territories of Romania, Bulgaria and European part of Turkey.

The majority of heat flow data, especially within the Western Black Sea Basin, were received in the period
of seventies — nineties of the last century by Soviet researchers [28; 50; 51], they used different marine heat
flow probes. Typically, the heat conductivity was measured in situ after the probe penetrated into loose bottom
sediments and the necessary time was elapsed to dissipate the friction heat, produced by its insertion.

Within its right lower corner, where heat flow data is absent, it was shown by the oval. This part of the map
have to be revised in future after new heat flow data will be accumulated.
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Fig. 6. Positions of marine heat flow stations and adjacent geothermally studied onshore boreholes.
Abbreviations: BLS — Black Sea; SAz — Sea of Azov; SMa — Sea of Marmara;
GE — Georgia; MD — Moldova; RO — Romania; RU — Russia; TR — Turkey; UA — Ukraine
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Both the Eastern Mediterranean including Cyprus and the Black Sea are characterized in general by relatively
low heat flow as it was shown in respective histograms (fig. 3, 4, 7 and 8). High heat flow areas correspond to
the territories of Turkey, Greater Caucasus and Ciscaucasia (in particular the Stavropol Uplift, Russia). Geologic
structures in the western Turkey exhibit the highest heat flow observed within the whole region.

The general tendency of its variations within the whole map could be noted as its gradual decrease from
tectonic structures of the Alpine-Himalayan Belt to the old crustal blocks forming the East European Platform
within southern Ukraine in frames of the map. The relatively young Black Sea Basin within this belt represents
an exclusion from this general tendency.

Discussion

The Black Sea Basin is the best studied geologic structure in heat flow within the whole considered region.
It represents a deep depression within the central part of the Alpine Folded Belt. It was believed that the total
thickness of Cretaceous-Quaternary sediments within this basin reaches 14—18 km. At this background the
crustal thickness here is reduced to 22-28 km [29; 52], which is typical for young crustal blocks with high heat
flow, for instance oil-bearing Pannonian Basin [53].

As it was mentioned above, the Black Sea Depression has generally low heat flow, such heat flow values
are observed in the parts of the basin within the maximal sedimentary thickness. The lowest (less 30 mW/m?)
values have been recorded in central parts of the Western and Eastern Black Sea basins. They are separated
by a relatively high (40—60 mW/m®) heat flow zone striking along the western flank of the Andrusov Ridge.
The field morphology is different in the West and East Black Sea basins. Higher values are observed on the
periphery. They are, as a rule, continuations of anomalous zones from the continent.

The West Basin field is more uniform. In the East Basin, the thermal field is more differentiated. Several
high heat flow anomalies mainly of northeastern orientation are distinguished here. Some of them elongated
northwestwards cut the main tectonic structures. A series of limited low (20—-30 mW/m?) heat flow anomalies
are observed along the Crimean and Caucasian shores. They coincide with zones of deep basement subduction
in the offshore troughs (Sorokin and Kerch-Taman ones).

Observed heat flow values of sedimentary basins are influenced by many factors. The most significant one
is the sedimentation. Many attempts have been made to calculate the sediment accumulation effect in the Black
Sea [28; 51; 54-56].

An erosion from surrounded the Black Sea mountains resulted in delivering to the sea terrigenous material
which created accumulating thick sediments at its bottom, blanketing the heat from below. In result, researches
observe rather low geothermal gradient within upper parts of loose sediments, hence a low recorded heat flow.
This sedimentary thickness is warming up gradually and in future geothermal gradients and heat flow density
will become considerably higher. Results of computer modeling show that only the mantle heat flow within the
central part of the depression is around 35—40 mW/m?” [29].

The Crimean Peninsula is far outstanding into the Black Sea. Many heat flow determinations were fulfilled
based on temperature-depth profiles of boreholes and heat conductivities of rocks measured in laboratory
conditions. In the relatively small territory of the Crimean Peninsula, the interaction of tectonic regions of
different origin, structure and evolution has been observed. Almost all major structures of the Earth’s crust are
represented here: the southern slope of the ancient East European Platform, a part of the Epipaleozoic Scythian
Plate, a part of the Alpine-Himalayan Folded System. It is represented by the Crimean mega-anticline bordered
by the Indolo-Kuban Edge Sag and a region of the bathypelagic depression of the Black Sea.

The southern part of the Ukraine within frames of the heat flow density map (see fig. 9) includes the Scy-
thian Platform and the Ukrainian Shield, which belong to the Precambrian East European Craton. Geothermal
studies on the territories of Ukraine have been under way for a number of years [57; 58]. Thermograms from
oil and water wells, as well as ones from ore deposits were used for heat flow determinations. The heat flow
values were largely calculated based on the average geothermal gradient and heat conductivity of rock samp-
les. The geothermal gradient varies within this area from 17 (for shallow depth intervals) to 60 mK/m in deep
depressions. In several sites within southern Ukraine, the heat flow was determined based on the results of
high-precision temperature measurements in shallow boreholes including water wells.

The vast heat flow anomaly within the territory of Turkey was observed in the western and southwestern
parts of the country. As it was mentioned above, the tectonic regime within the Anatolian Plate changes from
compressional to extensional one in result of the Arabian Plate movement northward and its collision with
Eurasia. Main directions of these movements are shown in fig. 10.

Terrestrial surface heat flow density varies regionally from 35 to 115 mW/m’, with a mean value around
60—70 mW/m’ (see fig. 5). The fig. 10 shows that the extensional tectonics of the region of western Turkey,
south of the Marmara and Aegean seas is characterized by higher heat flow density. These areas are subjected
to extensional tectonic regime with many active deep faults, which represent ways of heat supply from deep

140



I'eostorust
Geology

18°  21° 24° 27°  30° 33° 36° 39°  42° 45°  48°

[T e
k ]
o < f o
45 5 ) L 45
Black Sea
EURASIA .
420 M aoe
Y &) .
L)
39° s 39°
CTF -
N,
36° 36°
}
[ % Caucasus covergence
’ ' T7T] Eastern Turkey distributed
Hellenke fre strike slip zone
o o
33 ) % Anatolian Plate 33
r . Western NAF and NAT strike
\ slip and extensional zone
) 7] Western Turkey
B AFRICA 17| and southeastern Aegean Zone
3 00 — of northsouthern extension 3 00
Southwestern
Acgean/Peloponnisos Plate

18°  21° 24° 27°  30° 33° 36° 39°  42° 45°  48°

Fig. 10. Schematic map of the principal tectonic settings in the eastern Mediterranean.
Hatching shows areas of coherent motion and zones of distributed deformation.
Large arrows designate generalized regional motion (in millimeters per year) and errors (recompiled after [59; 60]).
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horizons to the surface. Hence, the high heat flow anomaly is partly caused by the convective mechanism of
heat transfer. Fractures create paths for atmospheric water to penetrate to deep horizons where it is heated from
hot rocks and forms water steam reservoirs (fig. 11). For instance, one of them the Balcova geothermal system
is located at the active Izmir Fault where higher than normal heat flow (110 mW/m®) was observed.

The natural water steam is used at a few power stations producing «geothermal» electricity, for instance in
Kizildere. Regions with low tectonic activity such as parts of European Turkey or regions with compressional
and translational tectonics have an average or slightly higher heat flow values.

EXPLANATION
LEGEND Alluvium ‘ Geothermal fields
T Quaternary
' | volcanics i Power plant
Pliocene ﬂ Power plant (planned)
volcanics

| Upper Miocene
| volcanics '@' Geothermal well

Eocene i Hot and mineral
volcanics water springs

Pliocene-Pleistocene . District center
sediments

Northern Anatolia . Province center

base?ment b= P]]0-Quaternary fault
| Izmir-Ankara b Upper Miocene
Zone =" and young fault
Menderes wsimm= Strike-slip fault
metamorphics . Geothermal heating
Simsek, 2015 system (GHS)

Fig. 11. Geothermal fields and heating systems are related
to a number of active faults in the southwestern Turkey.
Source: [61; 62], modified
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In Turkey more than 230 geothermal fields were identified by MTA (General Directorate of Mineral Re-
search and Exploration of Turkey)', which can be useful at the economic scale and there are about 2000 hot
and mineral water sources (springs, well discharges) with temperatures ranging from 20 to 287 °C. These
manifestations are located mainly along the major grabens (such as Buyuk Menderes, Gediz, Dikili-Bergama,
Kucuk Menderes, Edremit) along the northern Anatolian Fault Zone and in the Central and Western Anatolia
volcanic regions (see fig. 11). Up to now, 1441 geothermal exploratory, production and reinjection wells have
been drilled in Turkey in total by the MTA and the private sector [61; 62]. Until the end of 2015, MTA has
tendered 142 geothermal fields (including wells) to private sector. The geothermal potential is estimated as
31 500 MW, up to 2010. Moreover, the updated calculations regarding the geothermal heat capacity potential
of Turkey is concentrated at 60 000 MW, geothermal heat potential [63]. The total geothermal theoretical elect-
ricity potential of Turkey (hydrothermal, depth 0—3 km) has been calculated as 4500 MW, [64].

The installed geothermal heat capacity is 3262.3 MW, for direct use (including heat pumps) and 650 MW,
for power production in Turkey, where the liquid carbon dioxide and dry ice production factories are integrated
to the Kizildere and Salavatli power plants with a production capacity of 240 000 tons/year. The total geother-
mal technical and economic electricity production potential (hydrothermal, depth 0—3 km) has been calculated
as 2000 MW, (16 billion kilowatt-hour per year) with the additional incentive for 15-20 years by 15 USD cents
per kilowatt-hour.

The thermal regime of Cyprus, as mentioned above, is characterized by low heat flow less than 30 mW/m’,
at the same time comparable heat flow values were observed for the Eastern Mediterranean where A. Erick-
son [44] also reported a vast area of rather low heat flow.

Three profiles: latitudinal A — A, and longitudinal B — B and C — C of the heat flow density variation within the
region are shown in fig. 12—14. Their positions are shown in fig. 9. Along the A — A profile, crossing the whole Black
Sea Basin and adjacent on land territories there are many heat flow observations. Here the heat flow varies consider-
ably along the whole profile from around 60 in the territory of Bulgaria until 20—30 mW/m?” within the eastern Black
Sea Basin. It clearly shows the increasing heat flow in the Western Black Sea Basin relatively to its eastern part.

Two meridional profiles B — B and C — C show more contrast heat flow variations from 20 until almost
90 mW/m” for the profile B — B with rather smooth heat flow increase from the Mediterranean Sea to the cent-
ral Turkey followed by its decrease to 25 mW/m’ within the southern part of the East European Craton, where
exists a smoother pattern of HFD variations (fig. 13). Its shape depends partly on the observed heat flow within
the Black Sea, western Crimea, and heat flow data within Precambrian crustal blocks of the southern Ukraine.

The profile C — C reflects rapid heat flow changes in the meridional direction. It crosses the Mediterranean
Sea, the high heat flow anomaly within western Turkey, continues to the eastern Romania through the western-
most part of the Black Sea, and finishes in the western Ukraine (fig. 14).

The profile A — B reflects rapid heat flow changes in the western Turkey direction (fig. 15). Sharp heat flows
increase up to 120—140 mW/m’ is evident in its central part (the western Turkey) (fig. 16) and it crosses tectono-ther-
mally activated crustal blocks, namely the Moesian Plate, North Dobrogea and foredeep of Carpathians, where the
heat flow drops to 50—60 mW/m"’. It is even lower in the Western Black Sea Basin (around 20—40 mW/m?). In all
four figures, broken lines show the general trend of heat flow variations along these profiles.

100
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Fig. 12. Heat flow density profile A— A
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Fig. 13. Heat flow density profile B— B

'Mineral Research and Exploration (MTA) of Turkey [Electronic resource]. URL: http://www.mta.gov.tr/eng (date of access: 28.05.2019).
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Fig. 16. Western Turkey trend of heat flow density variation:
blue closed circles show locations of boreholes with studied heat flow

Conclusion

A new map of heat flow density distribution was compiled both for the central part of the Alpine-Himalayan
Belt including marine areas of the eastern Mediterranean and Black seas, Anatolian Plate, Crimea and adjoining
onshore zones of the countries adjacent to the sea: eastern Bulgaria, Romania, Moldova, western Georgia,
southern Ukraine, and Russia. The map shows a wide range of heat flow variations from as low as less than
30 and as high as more than 100—150 mW/m’. The highest anomaly with individual HFD values exceeding
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100—-140 mW/m’ exists within the western part of the Anatolian Plate, which belongs to the Alpine crustal folding
and evidences the extensional tectonics. Lower values within the region of 20—40 mW/m’ are typical for the Eas-
tern Mediterranean, Cyprus and the Black Sea Basin. Heat flow data from the Eastern Mediterranean region
indicates an extensive area of low heat flow, spreading over the whole basin of the Mediterranean east of Crete
(Levantine Sea), Cyprus, and Northern Egypt. The trend apparently correlates with an increase in crustal thick-
ness, which is about 23 km at the northwestern base of the Nile-Delta cone, and close to 40 km beneath Israel.
The high heat flow anomaly, observed within the western Turkey, represents young tectono-thermal activated
crustal blocks of the Alpine-Himalayan Mobile Belt.

The western Turkey is one of countries rich in geothermal potential within the high heat flow anomaly.
Fractured rocks represent ways for deep penetration of atmospheric waters where they are heated by hot rocks
and form water steam reservoirs along deep crustal faults. This natural resource of water steam is already used
to produce «geothermal» electricity. In result, a significant progress was achieved in Turkey during last de-
cades both in electricity production and in direct use of geothermal energy.

The Black Sea Basin is distinguished by an appreciable minimum in heat flow density (20—40 mW/m®)
when compared to neighboring structures of the Alpine Belt. The observed heat flow decrease is mainly a re-
sult of the blanketing effect caused by rapid accumulation of young Pliocene-Quaternary sediments whose
thickness reaches several kilometers here according to different estimates. This is clearly confirmed by the
dependence of heat flow density on the thickness of sediments of different ages. The heat flow values corrected
for the effect of sedimentation are 45—-55 mW/m’. The upper mantle contribution is 35-40 mW/m”. Nearly the
same Moho heat flow values are typical characteristic for the surrounding Alpine-type structures.
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