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Abstract

The chemical compositions of s total of 120 thermal water samples from four different tectonically distinet regions
{Central, North, Fast and West Anatolind of Tarkey aee presented and assessed in teems of geothermal energy potential of
gae h region through the use of chemical geothermomieters, Na-Ca~HCO, type waters are the dominant waler Lypes in all the
repions exeept that Na-Cliype waters are typical for the coastal areas of West Anatolia and for a few inland areas of West
and Central Anatolia where deep water civealation exists, The discharge temperature of the springs ranges up to 100°C, and
the bottom-hole temperatures in drilled wells up to 232°C, Geothermometey applieations yield reservoir temperatures of
abawt 125°C Tor Central Anatolin, 1HIC for North Anatolia, 136°C for East Anatolia and 251°C for West Anatolia, the latter
ggrecing with sume of the bottom hole emperatures measured in drifled wells. The results reveal that the highest geothermal
ghergy potential in “Turkey i assogiated with the West Anatolian extensional teetonies which provides o regional,
e peseated heat source and @ widespread graben system allowing deep cireultion of waters, The North Anatolian region,
bounded to the south by the dextral North Anatolisn Fuolt slong which most of the geothermal sites are located, has the
Jewest enery potential, probably due 1o the restriction of the heat source W focal magmatie activities confined to pull-apart
hasins. The Bast Amatolian segion Gundergoing contemporary compression) and the Central Anatolinn region (where the
compressional reginie in the east is copverted o the extensional regime in the west) have moderate energy potentiak

Although the recently active voleanoes sugpest the presence, ¢ al depth, of still cooling magma chambers that are potential
It sources, the Jack of well developed fualt systems s probably responsible for the comparatively low energy potential of
these regions, Almost all the thermal waters of Turkey are satunited with respeet to enleite and, hence, have g significant
cileite seaking potentivl which is particularly high for West Anatolian waters, € 1998 Elsevier Science B.V. All rights
reserved,

Revwvords: ‘Turkey: tweronl watens, gesthermonetry, seotécloiics
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L Tatroduction widespread geothermal activity manifesting itsell in
the form of numerous hot springs, fumaroles and
recent mineralization. The geodynamice history of
Turkey has been gaverned, since the Mesozoic, by
the relative movement of the European and the

Turkey, owing to its Tocation in the tectonicuily
active Alpine--Himalayan belt, is churacterized by o

s s } . , ro-Arabian plates and the associated episodes of
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barders of these small plates constitute seismic belts
marked by young volcanics and active faults, the
latter allowing circulation of waters as well as heat.
The distribution of hot springs in Turkey roughly
parallels the distribution of the fault systems and the
Tertiary—Quaternary volcanics (Fig. 1). The presence
of more than 500 hot springs, with discharge temper-
atures up to 100°C, points to an important geother-
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mal potential in Turkey that has been confirmed by
drilling studies implemented by the General Direc-
torate of the Turkish Mineral Research and Explo-
ration (MTA) since the 1960s, By 1997, MTA had
drilled 250 geothermal wells and 45 gradient wells.
The main utilization of geothermal energy in Turkey
is in domestic heating, greenhouses, and in spas and
thermal resorts installed for baineological purposes.
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Fig. 1. Distribution of geothermal areas in Turkey in connection with the major tectonic and volcanic features (modified from MTA, 1993),
Inset map s from Sengor et al. (1985) and shows the major neotectonic provinces of Turkey. (1) Aksaray, (2) Ankara, (3) Kirgehir, (4)

Yozgat, (5) Nifide, (6) Nevgehir, (7) Eskigehir, (8) Konya, (9}

Sivas, (10) Amasya, (11) Corum, (12} Ordu, (13} Rize, {14) Tokai, (15}

Samsun, (16) Conkury, (17) Brzinean, (18) Sakarya, (19) Bolu, (20) Bilecik, (21) Yalova, (22) Bursa, £23) Erzurum, (24) Ay, (25) Tunceli,
{26) Bingdl, (27) Bitlis, (28) Mug, (29) Van, (30) Diyarbakir, (31) Siirt, (32) Urfa, (33) Hakkari, (34) lzmir, (35) Kttahya, (36) Denizli, 37
Manisa, (38) Mugla, (39) Canakkale, {(40) Aydm, {41) Afyon, (42) Balikesir.
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Additionally, electricity is produced from geothermal
energy in the first and only power phml installed in
the Kizildere field (West Anatolia), the plant has
been in operation since 1984 with a capucity of 20
Mwe.

This study is concerned with the presentation of
the chemical compositions of thermal waters in
Turkey, compiled from previous studies, and their
overall evaluation: determination of the water Lypes,
comparison between waters of tectonically dilterent
regions (grouped into four here as Central, North,
East and West Anatolian waters), and assessment of
more promising areas from the viewpoint of’ geother-
mal energy potential. The interest for such a study
arises from the increasing demand {or the utilization
of geothermal energy in various fields in Turkey.
The assessment of the geothermal poteatial is essen-
tially based on estimation of the reservoir tempera-
tures through the use of chemical geothermometers,

2. Geologic and tectonie outline

Geologically Turkey consists of several microcon-
tinents or small continental plates separated from
each other by suture zones of various ages. The
pre-Mesozoic  mietamorphic  basement  (Menderes,
Uludag, Kazdag and Kozak Massifs in West, Bitlis
Massit in East, and Kirgehir Mussil in Central Anato-
lia} is tectonically overlain by Mesozoic ophiolitic
rocks representing remmants of Tethyan ocean floor.
Cenozoic is marked by both an intense magmatic
activity, characterized by numerous granitoid infru-
sions and widespread volcanic products ranging in
age up to historical times, and the formation of
extensive s‘cdimentzu'y basing containing marine and
terrestrial sediments, reaching, in places, up to thou-
sands of meter in thickness.

The tectonic evolution of Turkey may be divided
into two phases, namely the paleotectonic and the
neotectonic periods. The paleotectonic period covers
the tectonic events governed by the convergence
between the Afro-Arabian and the Euraskian pliates
until about the middie Miocene when the two plates
coltided along the Bitlis Suture Zone (BSZ) (Fig. 1),
The neotectonic period is linked to the post=colli-
sional convergence between the respective plates and
has resulted in the formation of several neotectonic

provinces characterized by distinetive structures (¢ Fig.
). Among these structures, the BSZ is the manifes-
tation of the collision between the Afro—Arabian and
the Burasian Plates which oceurred in about the
middie Miocene (Dewey and Sengiir, 1979). The
diffuse seismic activity throughout eastern Turkey
{(Me Kenzie, 1972; Rotstein and Kafka, 1982) and
the folding and thrusting of recent sediments onto
the Arabian platform suggest that the convergence is
still in progress (Sengir and Canitez, 1982; Jackson
and Mc Kenzie, 1984), The North Anatolian and the
Bast Anatolian faults (NAF and EAF, respectively)
are strike-slip faults (with right- and left-lateral
sense, respectively) originated in response o the
northward movement of the Arabian Plate. The faults
are not single ruptures but are narrow zones consist-
ing of small faults of en-echelon geometry. Starting
from the Karhiova junction in the east, the EAF
extends southwestward where It is connected to the
Dead Sea Fault (Arpat and Saroflu, 1972, 1975),
whereas the NAF extends westwards and, (o the west
of 31 longitude, is split into several branches charac-
terized by dominant normal fuulting component along
with strike-slip component (Canttez and Uger, 1967,
Mc Kenzie, 1972, Dewey and Sengir, 1979}
Bounded by these fauits, four major neotectonic
provinees are recognized in Turkey (Sengdr et al,
1985) (inset map of Fig. 1) (1) the Bast Anatolian
contractional province, located east of Karliova june-
tion where the NAF and EAF meel, and character-
ized by N-S shortening due to the still continuing
convergence along the BSZ; (2) the North Turkish
provinee, situated north of the NAF and charocter-
ized by limited E~W shortening; (3) the West Anato-
lian extensional provinee, chavacterized by N-§ ex-
tension resulted l'mm the west southwestward escape
ol the Anatolian plate along th NAF and EAF: and
{4) the Centeal Anamlmu ‘ova' province, character-
ized by NE-SW shortening and NW-SE extension,
and by the prescoce of large, terrestrial sediment
filled basins CCovas').

3. Sampling and analysis
Water samples used in the present study were

eollected in different years by a number of workers.
Most of the collected samples were analyzed at the



Tahle 1
Chemical compositions (in ppm) of thermal waters from Cemiral and North Apatolia (TDS = Total dissolved solid content, C.B. = Charge balance estor in %. n.a. = not analyzed)
Sample no.? Region/area T pHy K Na Ca Mg HCOy €Oz SOy [} $i0s By C.B. TDS Water type  Reference
Central Anatolia
Aksaray area
1 (s} Hisn 31 7.66 19 47 28 12.2 244 0 16 30 19 0.57 2.5 326 HCO-Na  Mutlu, unpublished data
2(s) Ziga 48 .17 16 1220 360 58 1305 0 43 1950 49 21 070 3029 Cl-Na Mutly, unpublished daw
3w Acigbl-Sofular MTA-2 65 .61 184 550 20 158 958 18 108 872 170 24 275 3139 HCO3-Na  Akbagh (1992)
Ankara area
4w} Kazdcabamam MTA-1 73.8 6.90 60 760 48 a1 1474 0 194 72 79 75 256 2905 HCO;-Na  Giileg (1994)
5(s) Sey 425 6.40 24 240 111 27 830 a 142 20 32 1.5 464 1329 HCD;-Na  Gileg (1994)
6(s) Ayag 30 8.32 28 128 71 58 622 & 134 61 122 0% L4 1231 HCO;-Na  Ozeke and Getiner (1987)
7w} Haymana H-3 44 6.70 7 36 144 40 834 Q0 33 587 27 044 A2 928 HCO.~Ca Ozeke (1987)
8 (w) Melikgah MH1-A 39 8.84 585 49 675 174 3385 11 49 0.5 52 0.54 175 608 HCO;~Ca  Keskin (1976)
5 {w) Miirtet well MT-1 28 8.80 22 365 08 109 206 [ 32.9 269 10 012 459 372 HCO;~Ca  Keskin (1974)
Kirgehir area
1 {w) Savoili-Biyiikoba SB-2 345 9.63 t 106 1.4 4.2 61 12 43 78 51 LEN 383 339 Cl-Na Tekin and Tekin {1986}
11 {w) Tenne T-7 45 6.70 13 160 242 37 BHd [ 94 235 37 0.8 0.82 1681 HCO.-Ca  Giindiiz ¢1 al. (19951
12 (s) Gigekdag-Mabmutiu 70 6.50 40 1026 308 559 393 0 1234 1202 79 na. 0.32 4338 S80.,-Na Canik (1981)
i3 {s) Karakurt 50 6.74 9 69 188 17 451 (1] 225 54 44 0.13 ts4 1057 HCOy~Ca  Didik et al. {1994)
Yozgat area
14 (w) Sorgun YS-2 75 7.84 16 480 120 048 24 4 327 730 5 6.15 1.95 1808 Cl-Na Ozmutaf (1984)
15{w) Bogazlayan-Bahar 46 6.40 11 110 289 63 848 0 294 576 30 0.3 197 2522 RCO,-Na Ozmotaf and Yiice (1987)
BB-2
16 (w) Bogazlayan-Uzonlu 30 7.37 10.8 9% 128 35 586 (1] 78 101 37 01y 078 1075 HCO;-Caz  Ozgir (1993)
UB-2
17 (%) Yerkdy-Glivem YK-1 47 7.40 60 2100 821 61 35 [ 428 4418 30 66 163 7982 Ci-Na Giindiz and Ozwan (1994}
Nidide area
1% (s} Kemerhisar min. water iz 6.82 39 1580 192 128 2112 0 395 1950 77 29 0.14 6506 Muzlu, unpublished data
19 (w) Ciftehan CF-1 4.3 8.25 78 385 214 24 1z [ 839 398 44 32 120 1927 8Q4-Na Didik {1991}
Nevgebir area
20 (w) Kozakhk §5K-1 93 6.83 21 40 208 22 427 il 486 632 87 B 4.61 2323 Cl-Na Hamut et al. (1992}
Eskisehir area
21 (s} Egkisehir 40 8.5% 29 18 73 28 329 6 24 16 26 02 198 523 HCO:-Ca  Olmez et al. (1986}
22 {w} Sanecakaya SK-3 55 640 16.8 320 40 170 1647 0 87.8 633 118 4.4 047 2468 HCO;-Na  Uzel (1988)
23 (s} Sivrihisar Hamamkrhsr. 35 745 28 b 35 18 281 0 48 38 20 LS 3.63 507 HCO:-Ca Ok (1986)
Konya area
24 (w) Tigmn 1-1 42 6.80 Ht 62 118 37 561 0 125 25 30 0.87 252 969 HCOs-Ca  Ofail et al. (1992)
25 (w) Beygehir KB-1 33 .60 L6 40 216 15 189 o 604 67 32 0.2 381 1195 50,~Ca Tekin and Cetiner {1988)
26 (s} Cihanbevli-Yapah 35 £.60 29 335 703 209 1087 0 1704 339 47 na. 0.01 4673 50,-Ca Canik (1988)
Sivas area
27 (w) Germik SC-1 45 6.10 38 200 360 97 1903 a 50 193 246 28 277 288 HCO;-Ca  Buytk (1982)
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North Anarolia
Amasya area

28 (w) Arkutbey H-1 42.5 7.05 I 60 32 20 2 L] 30 43 26 <01 0.12 458 HCO:-Na FErzenoglu (1989)
29 (s) Terzikdy 37 5.10 315 35 13 34 458 o 28.4 12.7 18.4 038 23 664 HCO:-Ca Karal {19742}

30 (w) Gozlek GS-1 40.5 9.07 36 86 16 6 224 12 32 13 26 0.4 0.08 414 HCO;-Na Demirel and (jzgi.ir (1990)
Corum area

31 {w) Hamambgay CH-1 30 6.65 3.2 &0 55 31 275 a 89 56 13 0.30 582 Ozmutaf and islamoglu (1993)
32{w) Figani F-2 37 6.30 4.2 16 328 18 281 0 2t 9.4 26 <u 0.53 338 Ozmutaf e1 al. (1988}
Ordu area

33{wW) Fatsa-Sammagik Ihca-1 50 770 1.6 200 9 1 122 0 303 57 44 0.5 344 738 Erzenogiu and Tamgag {1986}
Rize area

34(s) Camhhemsin-Avder 33 8.62 0.8 57 7 1 12.2 18 92 13.4 49 na. 273 250 Cetiner and Biiviik (1987)
35 (s) Andon Igmesi 14 6.45 26.8 788 311 87.5 2270 0 814 251 a6 na 299 4594 Olmez (1979)

Tokat area

36 {w) Regadiyve RHS-1 246.5 6.54 40 840 415 107 2386 0 175 837 54 28 054 4884 HCO;~-Na Erzenofln and Cadoglu (1990)
37 (w) Arnova-Suusaray AS-3 535 8.78 32 880 108 12.1 647 18 747 617 96 9.7 1.44 3168 S50,;-XNa Oktii et al. (1986)

Samsun area

38 (w) Ladik HH-1 38 8.20 25 33 20 37 268 a 30 13 17 0.26 141 421 HCO3;-Na Keskin (1987}

39 (w) Havza SH-3 53 8.60 4 146 8.4 4.6 348 6 4 4.9 34 <0.1 2.7% 604 HCO,-Na Ergun and Keskin (1990}
Cankan area

40 (s) Cerkes-Bedil Koyii 26.5 6.91 7" 718 333 55 2989 0 43 191 2.5 208 025 4405 HCO;-Na Kogak (1974a)

41 (s} Kurgunlu-Cavundur 30 700 248 2600 257 13.7 6521 [0} 113 769 29.5 63.8 3.62 10384 HCO;-Na Kogak {(1974b)

42 (s) Saban®zii-Karakag 245 9.72 1.94 55.2 49 93 427 104 35 373 144 51 6.10 804 HCO;-Mg Ongéir (1973)

43 (s) Eskipazar min. water 20 6.90 96 700 212 130 3124 0 35 199 53 16 3.02 4566 HCO3;-Na Yiicel and Hakvemez (1991}
Erzincan area

44 (s) Erzincan 31 6.80 13 630 146 599 3560 0 54 844 176 25 0.61 6047 HCO;-Na Ozmutaf and Can (1985)
Sakarya area

45 (w) Akyazi-Kuzuluk K-3 82 8.06 45 780 141 17 1891 10 46 411 135 24 0.42 3502 HCO;-Na Yiicel and Aydogdu (1994)
46 (s) Kuzuluk mineral water 205 6.50 65 1625 98 36 3746 0 11 702 24 20 0.78 6329 HCO;-Na Didik and Dilemre (1992)
47 (s) Tarakh-Kit 40 6.60 5 35 127 27 555 0 23 11 32 0.2 1.65 815 HCO;-Ca Didik and Dilemre (1992)
48 (s} Tarakh-Acisu 185 7.60 j 600 352 396 1178 0 2716 127 17 1.2 1.85 5400 SO4-Na Didik and Dilemre (1992)

Botlu area

49 (w) Hamamgayin HC-1 46 2.532 17.5 59 379 65.2 864 0 553 825 34 na 2.63 1980 HCO;-Ca Canik (1972}

50 (s} Bolu 45 7.30 16.8 493 364 61.5 854 0 619 343 20 < 0.1 379 2019 HCO;-Ca Yiicel et al (1994)

51 (s} Diizce-Derdin 32 8.65 46.5 2164 49.1 737 3583 75 1545 363 70 50.6 0.06 8020 HCO;-Na Capik (1972)

52(s) Mudomu 35 6.60 4.7 18.5 157 50 763 0 35 5.9 37 @15 199 1071 HCO,-Ca §entiirk and Didik (1985)
Bilecik area

53 (s) Sogi-Calo 38 6.43 28 323 54 55 1172 ¢ 114 36 27 4.1 139 1831 HCO;-Na  Ozmutaf (1991)

Yalova area

54(s) Termal 66 7.60 4.6 248 163 1 45 0 831 93.2 44.5 1.03  3.89 14.3180,-Na Kanal (1974b)

Bursa area

35(s) Cekirge-Horhor 39 7.22 37 235 86 244 307 0 95.5 76 23 na. 1.25 571 HCO;-Ca Istanbul Universitesi

Tip Fakiltesi (1975)
56 {s) Inegdt-Dylat 40 7.26 4.3 179 129 7 194 0 215 8 22 n.a. 0.15 597  50,-Ca Istanbul Universitesi
Tip Fakiiltesi (1975}
57 (s) Armutlu 77 7.30 25 410 258 42 476 0 832 238 48 na. 445 2329 S04-Na Olmez (1982)

*{w)= Well, (s} = Spring.

H not otherwise specified discharge temperamres for springs, weli-head temperatures for wells.
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Table 2

Chemical compositions {in ppm) of thermal waters from East snd West Anatlia (TDS = Total dissolved solid content, C.B. = Charge balance error in %. n.a. = oot znalyzed)

Sample no.* Region farea 7¢CP pHy, K Na Ca Mg HCO; (€0, 504 1 510, By CB. TDS  Waerwpe Reference

East Anarolia

Erzurum area

58 () Erzurum E] 0.60 40 1715 31 47 1892 0 0 1778 99 X .54 8641 HCO:~Na  Canetal {1987}

59 (w) Pasinler PS-2 42 7.56 74 a0 693 1M 1391 ] 3 1059 169 6.5 105 3799 HCO;-Na  Ulugahin and Erduran (1992)

Afn area

60 (s) Kispri 53 700 58 173 208 71 114t 0 144 151 na na 14t 1946 HCO:-Cs  Kuniman and Bagkan (1978)

Tunceli area

a1 (s) Hozavit 48 6.60 18.8 1491 30 158 2133 g 785 542 996 nw 011 5215 HCO;-Na  Kuniman and Bagkan (1978)

Bingil area

62 () Kés 43.5 6.60 35.2 310 200 19.5 1177 Q 227 103 36 6.7 1.3% 2113 HCO;-Na  Erzeapghn and Didik (1989}

63 (s} Hacrvan 62 7.20 242 Fai 54 23 1251 0 375 257 73 na 033 2765 "0 Kurtman and Bagkan (1978)

64 (<) Kolan 45 6.60 91.5 234 242 99 1366 0 855 171 33 na. 609 2322 HCO:~Ca Kurtman and Baskan {1978)

Bitlis area

65 (s) Simek 40 7.90 9.8 185 ? 97 146 a 55.8 434 15 na 010 366 HCO,;-Na Kurtman and Bagkan {1978)

66 (s) Lukur 40 7.50 7 489 80 79 1610 u 29 0 74 na 516 2446 HCO;-MNaz  Kurumss and Bagkan (1978)

Mug area

67 () Bazikan 33 7.8¢ 3.3 251 123 83 1391 a 25 513 86 ma. DI 2042 HCO,~Na Kurtman and Bagkan (1975}

Van area

68 (s} Nemrut Dagi & 6.90 iL8 32p 384 12.2 909 [ 17.6 424 36 Ba, 322 Kurtman and Bagkan (1978}

69 (s) Musadiye- 37 6.60 152 134 6% 33 763 0 L6 168 40 na 137 Kurtman and Bagkan {1978)
Dergezin

70 (3} Erciy-Zilan- 65 6.40 88 250 150 12 1000 0 203 930 &0 0 029 3377 HCO,-Ne  Olmezand Guiner {1989)
Hasanaptal

718y Ercig-Zilan- 78 6.40 68 750 160 8§ 473 0 340 7500 9% 34 417 3275 HCO:-Na Olmez and Giiner (1989)
Ganisipi

Diyarbakir area

71w} Cermik CER-1 51 7.60 228 205 36 13 312 0 17 107 62 14 246 977 HCO;~Na  Erzenoglu and Ozeke {1950}

Stirt area

73 {s) Billarus 33 673 143 153 300 72 400 0 624 198 26 0.7 528 1792 S0;-Ca Can and Unli {1982)

74(5) Hista Cermig &3 7.30 22 70 336 54 201 4 1013 03 (1 03 22 1920 SO,-Ca Yicel (1989]

75 (s) Germiab 40 740 613 £73 151 264 647 0 1674 115 20 na 053 33568 SO.-Nu Kurtman and Bagkan (1978)

Urfa area

76 (s} Yardumer-Karaali 295 6.50 3 40 50 18 195 0 115 1z 0.1 0.72 444 HCO:;-Ca Uzel and Kalkan {1992)

Hakkari area

77 (s} Killogon 41 6.90 26 1057 167 717 2196 0 26% 691 75 na. 046 4552 HCO:~Na  Kuriman and Bagkan (1978)

West Anatolia

Tzmir area

75 {w) Agamernun AG-1 100 £70 29 380 11.8 69 567 3 174 192 145 28 Q31 1516 HCO,-Na Samilgil (1964}

79 (w) Seferthisar- 150° 6.61 577 &304 760 190 156 a 528 11159 24 124 1.83 19817 C(l-Na Egder et al. {1983}
Cumal: SH-2

B0 (w) Dofanbey HiH n.a 630 F100 740 230 2213 { a3 12500 90 1.8 1.80 22198 Cl-Na Egder et al. (1988}
Tuzlas; DT-1

81 (w) Cesme Cs-1 56 740 388 10075 15351 454 133 0 2981 20431 47 54 537 36240 Cl-Na Obmez (1976b)

82 (s} Aliaga- 56 610 220 6350 741 720 30 0 1290 12000 45 14 413 22213 (Cl-Na Esderet al. {1991}
Dicaburun

BRI (w] Bergama- 61 870 38 360 16 1.2 370 18 446 33 100 na. 090 {350 SO¢-Xa ¥ dmazer (1986)

Diibek D-1
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84 (5)
85 (s)

86 (w)
Kiitahya area
87 (w)

88 (w)
89 (w)
40 (s)
91 (s)
92 (s)
93 {w)

Denizii area
94 (w)
95 (w})
96 (w)

97 {s)
98 (s)

99 (s)

100 (s)
Manisa area
101 (w)

102 (s)

Mugla area

103 (s)
Canakkale area
104 {w)

105 (w)

Aydim area
106 (w)

107 {w)
108 {w)
109 {s)
Afyon area

110 {w)

111 (w)

Dikili-
Kaynarca
Dikili-
Kocaoba
Balgova B-1

Simav-Evnal
EY-3
Simav-Cigdl
¢-3
Simav-Naga
Gediz-Abide
Reson
Hisarcik-
Karandere
Emet-Yeyil
Resort
Yoncah
YON-2

Kizildere KD-6
Kuziidere KD-1
Tekehamam:
TK-1
Pamukkale
Kuzitdere-
Saraykdy
Buidan-Kamara
Cardak-Beylerli

Salihli-Kurgunlu
SK-2
Salihli-K&priibagt

Koycegiz

Kestanbol K-1
Tuzla T-1

Germenctk-
OB-1
Germencik-
aB-2
Germencik-
OB-3
Omerbeyli

Omer-Gecek
AF-4
Omer-Gecek
R-260

7.90

8.65

7.80

961

7.12

g.42
9.57
6.30

7.70
§.00

6.00
7.40

-1
[N
b

-

geh

— kg
[ *)

290

630
1280

81

410

1020

8840

5100
16640

1625

60

962

800
2920

48

78.8

106

0.1
0.2
33

400

2126
1860
1090

1415
2196

w

790

102

493

276

720
787

70

397

2748

170
150

7

43

39.7

71

98
117
90

35
111

51
86

74

127

16400

9700
33600

1714

1848

1819

1059

1862

1842

175

80

n.a.

120
33

138

150

30

86
94

198

170

288
26.2

n.a.

68

69

1G.0

9.6

0.76

1.74
0.99
3.84

w e
[T
=~ i

1.16
0.71

749

0.2¢

1.17

0.03
2.38

0.67

0.11

0.02

0.0}

785

5059
4838
3297

4916

5895

5869

SO,-Na
S0.-Na
HCO;-Ca
$0,-Na
HCO;-Na
HCO;-Na
50-Na
504-Ca
HCO;-Ca
HCO;-Ca
HCO;-Na
HCO;-Na
HCO;-Na

HCO;-Ca
HCO;-Na

HCO;-Na
50,-Ca

HCO;3-Na
HCO:—Na
Cl-Na

Cl-Na
CI-Na

Cl-Na
Cl-Na
Cl-Na
HCO;-Na
Cl-Na

Cl-Na

Yiimazer (1986)

Yilmazer {1986}

Yilmazer and Siinger (19897
Erien et al. (1989)

Erisen and Yildinm (1986}
Giiven and Tagkm (1985)
Ulngahin and Tamgag (1994}
Didik {1994}

Ulugahin (19932)

Okiii and Tamgag (1990)
Alpan (1975)

Ellis and Mahon (1977)
Uysalh and Keskin (1971)

Simgek (1984}
Simgek (1984)

Simgek (1984}
Erzenodiu (1987)

Ulugahin (1993b)
Giiner (1993)
Sentiirk and Tamgag (1992)

Oimez (1976a)
Union Oii, unpublished daia

Karamanderesi et al. (1982)
Karamanderes: et al. (1982)
Karamanderesi et al. (1582)
Yiiksel {1571)

Mutiu (1996}

Mutlu (1996)
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Table 2 (cominued)

Sample no.® Region farea 7EO pH e K Na Ca Mz HCO; CO; 50Oy Cl 8i0, By CB. TDS  Waterivpe Reference
Wesr Anaiclia
Afyon area
1124w} Gazligal G-3 64 7.05 88 1088 40 136 2933 Y 15.8 157 &1 148 002 4416 HCO:-Na  Mutlu {1996}
113 (w3 Sandikh SND-1 69 6.85 35 222 168 313 555 0 486 123 71 06 2.65 1692 HCO.-Ka Mudu {1996)
114 (w} Heybeli HYW-1 56 6.40 387 500 347 88.8 1525 [} 848 195 43 3 2.03 3589 HCO;-Na  Mutla (1996)
115 (w) Cay-Karaburmn 38 6.20 313 240 194 416 1238 a 166 61 36 0.9 223 209 HCO,-Na  Mutlu (1996}
KRW
Balikesir area
116 () Edremit-Giire 10 9.12 a9 a7 3 18 198 12 479 L] 31 .5 094 19 S0.-Na Erzenoflu {1985}
Glire-1
17 () Manyas- 50 6.85 16.8 160 133 0 476 0 108 213 50  na 392 1167 HCO:-Na Olmez and Erzenoglu (1993}
KazikkBy
118 (w) Génen 54 82 7.50 24 460 46 2.2 354 i} 473 262 68 7.6 0.09 1697 S50,4-Na Erzenoflu and Ulugahin {199
119 {w} Susurjuk BK-1 64 900 17 380 44 22 390 18 151 09 36 B D.80 1976 (i-Na 61§dik and zbayrak (1985}
120 (w) Pamukgu P-2 58 8.15 16 361 26 1 7z 1 444 242 102 4 0.54 1279 BO,-Na Olmez and Okut (1989)

*w}= Well. {s} = Spring.

®If not otherwise specified discharge temperatures for springs. well-head temperatures for wells,

‘ Bottom-hole temperatures.

o8
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MTA laboratories. Na and K concentrations wore
determined by flamie photometry and atomic absorp-
tion spectrometry. Titration methods were used for
Ca, Mg, Cl, HCO, und CO, analyses. SO, was
analyzed either by a gravimetric method or by ion
chromatography. Si0, was analyzed by atomic ab-
sorption spectrometry. Finally, B concentrations were
obtained by colour spectrophotometry.

From a number of published or unpublished data
reporting the chemical composition of a single
geothermal site, the one with the lowest charge—bal-
ance error was selected as the most reliable composi-
tion, Charge—balance error of the waters, except for
a few samples, is less than 5% which is within the
limits of acceptability. A total of 120 water samples
from 42 different geothermal areas were selected.
Based on their distribution with respect to the tecton-
ically different regions of Turkey, the waters are
grouped into four as Central Anatolian, North Anato-
lian, East Anatolian and West Anatolian waters.

4. Chemistry

The results of chemical analysis of the water
sumples are given in Tables | and 2 together with
faboratory pH measurements and the in situ tempera-
tures (discharge temperatures for springs and well-
head or bottom-hole temperatures for well waters).
The distribution of the geothermal areas referred Lo
in Tables | and 2 is shown in Fig. 1, The chemical
compositions are assessed through the use of Cl-
SQ,~HCO, ternary diagram introduced in Fig. 2.

4.1, Central Anatolian waters

Neogene thick volcanosedimentary series overly-
ing the Mesozoic carbonates and the pre-Mesozoic
metamorphics, and the young veleanoes with histori-
o) eruptions, are the characteristic geologic features
of Central Anatolia where the compressional regime
in East Anatolia is transferred into the exlensional
regime in West Anatolia. The muajor reservoir rocks
of Central Anatolia are comprised by the Neogene
volcanosedimentary rocks (e.g., Kiztieahamam-
Ankura area), the pre-Mesozoic metamorphics of the
Kirgehir Massil (e.g., Terme-Kirgehir area) and the
Mesozoic carbonates (e.g., Cermik-Sivas area). The

tuffs and the impermeable sedimentary rocks (clays-
tone, marl) of the volcanosedimentary series act as
cap rocks of the geothermal system ($imgek and
Demir, 1991; Erigen et al, 1996). The chemical
compositions of a total of 27 water samples from
Central Anatolia (17 samples from drilled wells and
the rest {rom natural springs) are shown in Table 1.
The temperature of waters ranges from 28 to 93°C,
the latter being recorded as a well-head temperature
in the Kozakli-Nevgehir area, The waters have pH
values ranging from 6.10 10 9.63 and TDS values
ranging from 359 to 7982 ppm. They are dominantly
Ca~HCO,, Na~HCO; and, to a certain extent, Na—Cl
type waters, although a few display Na-— and Ca—~SO,
rich characteristics, The bicarbonate-rich waters plot
in the peripheral waters field of the Cl-S0,-HCO,
ternary diagram (Fig. 2). These waters probably
acquire their composition in the presence of high
Prga (with the CO, rising from the deep levels and
inducing the bicarbonate nature) through the dissolu-
tion—at shallower depths—of Na*—Ca** jons from
the silicic rocks through which they circulate. Chlo-
ride~-rich waters are gencrally high-temperature wa-
ters, of which the ones from Yerkdy-Yozgat and
Ziga-Aksaray areas plot in the mature waters field
(Fig. 2) suggesting the presence of connate fossil
waters in the lithologies through which the deep hot
waters circulate. The sulphate-rich waters, on the
other hand, plot in the lield of steam-heated or
volcanic waters. The fact that Central Anatolin is a
region where the voleanic eruptions continued even
in historical times appears, at a first sight, to support
o steam-heated pature for these group of waters
which owe their natre probably to H, S emanations
from a still cooling magma chamber, with the oxida-
tion of H,S resulting in the formation of elemental
sulphur and subsequently in the formation of $0O,.
However, an examination of the data in Table |
reveals that these sulphate-rich waters have B con-
centrations considerably below these expeeted from
a voleanic origin. Therefore, some of these waters
owe their nature probably to an interaction with
sulphate-bearing (gypsum) layers the presence of
which is reported from Cihanbeyli area {(Canik,
1988), In fact, the Cu and SO, concentrations re-
ported for sumple no. 26 (Cihanbeyli-Yapali-Konya)
show a stoichiometric proportion supporting the idea
of leaching from a gypsum stratum. On the other
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Fig. 2. C1-SO, ~HCO, temary diagram for the thermal waters (fields from Giggenbach, 1988; units are in mg/kg). (2) Central Anatolian waters, (b) North Anatolian waiers, (c)
East Anatolian waters, (d) West Anatolian waters.
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hand, for Ca-SO, water of Beygehir (sample no. 25)
and Na-SO, waters of Kirgehir and Nigde areas
(sample nos. 12 and 19, respectively), oxidation of
H,S of organic vrigin can be suspected,

4.2, North Anatolian waters

The important geothermal arcas of North Anatolia
are located along one of the major neotectonic struc-
tures (seismically active zones) of Turkey, namely
the NAF. Mesozoie aged recrystallized limestones
and pre-Mesozoic metamorphics form the major
reservoir rocks of the region, accompanied in places
by Mesozoic to Cenozoic granitic rocks {(e.g., Rize
area) and Neogene voleanies (e.g., Yalova area). The
hot springs emerge from the fault and fracture zones
developed in relation to the movement along the
NAF. The chemical compositions of a total of 30
water samples from North Anatofia (11 samples
from drilled wells and the rest from natural springs)
are given in Table |. The highest temperature
recorded in a drilled well {in the Sakarya area) is
82°C. The pH values range from 6.30 to 9.72, sug-
gesting a neutral to alkaline character, The TDS
content is within the range of 250 to 10384 ppm. The
waters are dominantly Na— and Ca~-HCO, waters,
although some display Na— and Ca--S0, rich nature,
plotting in the peripheral waters and steam-heated
fields of the ternary Cl-SO,~HCO, diagram (Fig.
2). The young volcanism confined to the pull-apart
basing associated with the NAF is probably responsi-
ble for the steam emanations that heat the shallow
circulating waters of the region, as well as for the
rise of CO, and H,S gases that gave the bicarbonate
and sulphate rich character to the waters in which
they dissolve, This can in fact be the case for the
areas Jocated along the NAF (e.g., Tokat, Cankir,
Erzincan, Dilzce-Bolu) where high B concentrations
(> [ ppm) accompany the SO, or HCO; enrich-
ment, Afthough the B data are lacking, the SO,
enrichment in the waters of Bursa arca is also likely
to have a voleanic origin ays the area is located at the
western extension of the NAF. The SO,-rich nature
of Camlthemsgin-Rize and Fatsa-Ordu areas (which
are rather far from the NATF), on the other hand, may
be the result of oxidation of massive sulphide de-

posits widespread along the coast of the eastern half

of the North Apatolian region (c.g., Aslaner, 1977,

CaBatay, 1977, 1980). Wherc not associated with
high B contents, the bicarbonate-rich nature of the
waters is likely to be derived from the dissolution of
the carbonate rocks which act as reservoirs for most
of the waters.

4.3, East Anatolion waters

East Anatolian contractional province is character-
ized by B-W-trending folds, manifestation of the
N-8 shortening, and a widespread volcanism with
several young volcanoes emitting gasses and aligned
in NE-SW direction, The important geothermal ar-
eas of the region arc concentrated around these
young volcanoes (e.g., Afrn, Van, Musg, Bitlis areas)
or close to the Karhova junction (e.g., Bingdl arca),
The pre-Mesozoic metamorphics {gneisses, schists
and marbles), Mesozoic~Cenozoic limestones and
the basalts of the young volcanics are the main
reservoir rocks of the geothermal systems. The
chemical compositions of a total of 20 water samples
from the region (only two being from drilled wells)
are presented in Table 1. The temperature of the
waters ranges from 29.5 to 787C, the pH values from
6.40 to 7.90, and the TDS values from 366 to 5641
ppm. Except the Na—~Ca~S50, type waters of the Siirt
area, all the waters are Na~Ca—HCO, type shallow
circulating peripheral waters (Fig. 2) acquired their
composition from the deep rising CO, gas. The CO,
could have been derived cither from the metamor-
phic processes in the pre-Mesozoic basement, or the
dissolution of carbonate rocks, or from the volcan-
ism-related emanations. The Siirt waters, being
somewhat remote from the wvoleanoes, probably
gained their SO -rich nature through the leaching of
this ion from the gypsum layers present in the Ceno-
zoic sedimentary units of the area (Erigen et al,
1996).

4.4, West Anatolian walers

West Anatolian extensional provinee is character-
ized by a series of grabens, widespread volcanics of
Neogene age (Quaternary volcanism being restricted
only to a small area around Kula), crustal thinning
(Mc Kenzie, 1978; Makris, 1985) and high heat flow
values above the world average (Cermac and Hurtig,

1979; Tezcan, 1979). The hot springs are all aligned
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Table 3

Geothermomelry results Tor the thesnml witers from Turkey

Region Sample Dise. No—K* Na-K-Ca® Na-K-Ca K-Mg® Quartz! Chalcedony®  Cristobulite®  Amorphous

na. T(°C) Mg sifica®
correction”

Central Anatolia | 3l 375 106 79 80 152 127 101 30
2 48 L 78 na. 58 101 71 50 -
3 65 351 288 .. 106 170 146 1Y 46
4 73.8 214 184 112 114 125 96 74 6
5 425 232 101 92 76 83 51 32 -
0 30 304 {10 na. 71 149 123 93 27
7 44 292 38 na. 45 76 44 25 -
8 39 247 €y ni. 50 104 74 53 -
9 28 195 30 n. a5 38 7 - -

10 34.5 95 38 n.i. o0 103 73 52 -
i) 45 204 34 n.a. 55 89 57 38 -
12 70 167 113 94 80 125 96 74 6
13 50 254 46 i, 59 96 66 46 -
14 75 158 92 78 120 122 93 71 -
IS 46 145 60 na, 50 80 48 30 -
16 30 239 61 .8, 35 89 57 38 -
17 47 149 112 na 89 80 48 30 -
I8 2 141 130 n.a 63 123 95 72 4
19 44.5 131 55 n.a. 109 96 606 46 -
20 93 179 88 it 76 130 1R 79 1
21 40 273 22 n.a. k) 74 42 24 -
22 55 186 117 n.a. 48 147 121 96 25
23 35 201 34 n, 36 04 31 14 -
24 42 274 56 na. 53 80 48 30 -
25 35 168 - i, 17 83 51 32 -
26 35 217 70 na, 57 99 69 49 -
27 45 289 87 n.iL 72 72 4 22 -
North Anatolin 28 42.5 121 20 n.a. 16 74 42 24 -
29 37 246 36 . 36 60 28 1 o
30 40.5 171 69 na. 51 64 31 i4 -
31 30 187 39 ., 3z 47 15 - -
32 37 228 53 na. 43 74 42 24 -
33 50 88 64 ma 53 96 66 46 -
34 33 113 38 ni. 39 101 71 50 B
35 14 159 94 90 63 98 08 48 -
36 46.5 179 102 88 72 106 76 55 -
37 53.5 163 130 110 94 135 108 84 i5
38 38 211 45 na. 26 57 25 9 -
39 53 192 120 69 72 85 54 as -
40 265 231 129 96 a5 68 36 19 -
41 30 229 230 149 155 79 47 29 -
42 24.5 161 69 nd. 14 51 19 3 -
43 20 259 156 45 91 105 75 54 -
44 31 131 84 na. 31 172 149 121 48
45 82 192 135 108 98 155 130 104 a3
46 2(L5 168 158 70 98 71 39 21 -
47 40 262 32 na. 42 83 51 32 -
48 18.5 130 62 n.a, 33 57 25 9 -~
49 46 337 50 na. 59 85 54 35 -

50 45 354 48 n.a. 59 64 3 14 -
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Table 3 (continued)
Region Sample  Dise.  Na~K* Na-K-Cad" Na-K-Ca K~Mg* Quartz® Chalcedony®  Cristobalite®  Amorphous
no. T{°C) Mg sitica®
correetion®
51 32 134 13y na. 80 118 90 o8
52 35 320 22 na. 35 89 57 38 -
53 38 221 130 na, 71 76 44 25 -
54 66 126 42 . 74 497 66 46 -
55 39 271 27 il 37 69 37 19 -
56 40 314 22 na. 53 67 33 18 -
57 77 196 &8 n.4. 72 100 70 50 -
Fast Anatolia 58 38 138 139 na. "2 137 110 86 L6
50 42 216 186 n.a. 87 {69 146 119 46
ol 53 352 i14 77 86 * % # #
6l 48 108 1S 08 77 137 110 86 17
62 43.5 243 103 na [4¢] 88 56 37 -
63 62 159 135 65 78 121 93 70 3
64 45 371 133 66 94 84 52 33 -
65 40 251 123 nit &7 53 21 4
66 40 152 99 n.a. 53 121 93 T4 3
67 34 248 107 n.a. 68 129 101 78 14
68 60 Gl 104 84 69 88 56 37 -
69 37 243 ) na. 54 92 61 42 -
7 65 235 166 136 123 125 97 74 6
71 78 2325 150 140 121 132 104 81 12
72 51 241 126 76 84 112 43 62 -
73 13 230 58 n.i. 54 74 42 24 -
4 63 344 59 na. 66 143 116 92 22
73 40 216 149 M 1031 64 31 14 -
76 M5 210 35 n.a. 36 44 13 - -
77 41 141 112 0 67 {22 93 71 3
West Anatolia 78 100 212 186 74 99 159 135 109 37
79 150 225 210 94 139 71 39 21 -
80 160 239 199 84 140 132 104 81 12
#l 56 166 164 59 108 99 69 49 -
82 50 160 157 na 91 97 67 47 -
83 60 ug 84 it 68 137 110 47 17
84 8O 200 173 134 116 172 149 124 48
85 0 161 75 ni, 75 125 97 74 6
86 110 524 205 n.a. 57 * ® * *
87 75 216 207 171 136 136 109 85 13
48 43 254 166 1y 114 162 138 i1 3y
L] 435 189 67 na. 57 77 43 27 -
90 74 251 172 46 96 119 90 08 1
9l 8 356 2 na. 31 A ki 21 -~
92 425 199 - na. 9 77 45 27 -
93 41.5 247 Hl I 25 83 51 32 -
94 201 2494 251 217 238 242 229 193 114
95 200 237 247 239 217 217 201 168 01
a6 78 248 133 82 92 177 155 127 53
47 509 278 57 na. 58 95 64 45 -
9% 100 221 194 189 171 ) {72 142 67
9y 57 266 138 {02 104 148 122 97 26
100 4 186 28 na. 3l 84 52 33 -
101 96 249 20 42 1 156 132 106 34
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Region  Sample  Dise, Na-K*  Na-K-Ca®  Na-K~Cn  K-Mg*  Quariz? Chaleedony®  Cristobalite®  Amorphous
no 7 C) Mg silica®
correction®

H2 51 237 208 90 118 161 137 {11 39
103 41 157 158 ni, 95 8() 48 30 -
t4 76 250 224 178 104 129 i 78 1
105 171 212 205 196 {87 134 17 83 4
106 203 182 200 162 148 182 161 132 58
107 218 245 260 it 217 246 234 197 1R
108 232 230 255 251 142 187 166 137 63
ov G 210 193 161 IEY 190 170 140 66
110 92 224 206 ]88 IEA) 184 158 130 50
I w7 220 24 1249 134 170 146 1y 46
12 64 216 197 94 {19 112 82 6l -
113 84 271 103 497 L] 119 9} [eh 1
114 56 245 115 94 87 A 64 45 -
(B} 38 254 97 96 77 &8 56 37 e
16 40 142 88 &2 53 87 44 31 -
117 50) 236 79 n.a. 80 102 72 51
1B 82 185 133 n.a. 109 117 8H 66

1y 04 150 123 63 71 88 56 37 -
120 58 175 128 na. 109 138 112 88 18

Hger v s > yr, Sy N : I . ey .
"Giggenbach (1988); " Fournice and Teuesdelt (1973); ¢ Pournier and Potter (1979); Y Fournier and Potter (1982); ¢ Fournier (1977); n.a. = not
applicable; - = computed geothermometer Is less than zero; # = po silica analysis, Italic charscters: consistent estimates for the respective

sample (see text for tarther explanation),

along the faults bordering the major grabens. The
reservoir rocks of the region are pre-Mesozoic uged
metamorphics (marbles, genisses and quartzites) of
the Menderes and Kazdag Massifs, Mesozoic lime-
stones, and the Neogene voleanosedimentary units.
The chemical compositions of a total of 43 water
samples from West Anatolia are reported in Table 2;
29 of these samples are from drilled wells, The
temperature of the spring waters reaches up to 100°C;
the highest bottom-hole temperature recorded in
diilled wells is 232°C (Omerbeyli-Germencik-Aydin
area). The waters are weakly acidic to alkaline with
pH values ranging from 6.10 to 9.61, and have TDS
contents between 550 and 54884 ppm. The majority
of walers are either Na~HCO, or Nu~Cl in nature,
although 8O,-type walers are also present. The chlo-
ride-rich waters are characteristic for the coastal
areas {Cegme, Seferihisar, Doganbey-izmir;
Kestanbol, Tuzla-Canakkale; Koycefiz-Mugla) and
their compositions {with Cl/Na ratio similar to that
of seawater in Fig. 2) suggest a possible seawater
intrusion into the reservoir, It is important to note at
this stage that some of the waters from the inland

areas, such as Bahikesir and Afyon, also have Na—Cl
nature which can not be attributed to seawaler intru-
sion but probably results from the involvement of
connate fossil waters. The two most important
geothermal areas of West Anatolia, namely the
Kizildere-Denizli and Omerbeyli-Germencik-Aydin,
are characterized by Na—-HCO, and Na-Cl-HCO,
enrichient, respectively (Table 2). Considering the
distance {rom the coast, the Cl-enrichment in the
Omerbeyli-Germenceik-Aydm avea is probably due to
the presence of connate fossil waters in the rocks.
The HCO, nature of the Kizldere-Denizli arca is a
consequence of an interaction between waters and
sarbonate rocks inside the geothermal reservoir.
However, the Na~ (instead of Ca~) signature of the
waters requires a geothermal system characterized by
the presence of CO, that produces afteration of
siliceous material in the system in order to aequire
Na. Ca~HCO, nature is characteristic of waters from
the Pamukkale-Denizli area famous for its spectacu-
lar travertine deposits. SO,-rich waters of Dikili-
fzmir, Simav-Kiitahya, Gediz-Kiitahya and Balikesir
{Table 2) owe their compositions probably to the
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oxidation of pyrite common in the hydrothermal
mineralization observed in these areas (Brier and
Larson, 1992 Larson and Erler, 1993).

5. Geothermonetry

In order to assess the more promising areas from
the viewpoint of geothermal energy potential, reser-
voir lemperatures of the respective areas ave assessed
through the use of chemical (silica and cation)
geothermometers, The siliea geothermometers ap-
plied to the waters include quartz (Fournier and
Potter, 1982), and cristobalite, chaleedony and amor-
phous silica (Fournier, 1977) geothermometers, The
cation geothermometers include Na-K (Giggenbach,
1988), Nu-K~Ca (Fournier and Truesdell, 1973),
Mg-corrected Na-K-Ca (Fournier and Potter, 1979)
and K-Mg (Giggenbach, 1988) geothermometers.
The results of geothermometry applications are pre-
sented in Table 3.

Regarding the silica geothermometers, amorphous
silica and cristobalite (controlling the silica solubility
at low temperatures below 150°C; Fournier, 1977)
yield temperatures which are below the measured
temperatures for most waters suggesting that these
geothermometers are not applicable to the geother-
mal systems in Turkey. The quartz and chalecedony
geothermometers (applicable to systems with higher
temperatures above 150°C; Fournier, 1977} give re-
sults differing from cach other in the range of about
+30°C, with the estimates obtained from the latter
being always lower than that obtained from the
former, Considering the fact that the temperatures of
the springs are often much lower than 100°C sug-
gesting dilution, and that the process of dilution can
serfously affect the silica geothermometers, the esti-
mates oblained here can not be regarded as reliable,
However, since the measured bottom-hole tempera-
tures reach 232°C, and since quartz is the phase
controlling silica solubility at temperatures above
180°C  (Fournier, 1991), quartz geothermometry
seems Lo be applicable to the West Anatolian region,
although it should be used with caution especially
for spring waters with temperatures below 100°C.,

Of the cation geothermometers applied to thermal
waters, Nu—K geothermometer gives, for most of the
waters, unexpectedly high temperatures ranging up

to about 400°C {saraple no. 1) to 500°C (sample no.
86). Although the use of ratios, rather thun absolute
abundances of the ions, makes the Na~K geother-
mometer less sensitive (o the secondary processes
(e.g., mixing and boiling) that may change the origi-
nal reservoir characteristics of waters, this geother-
mometer may yield erroncous results when applied
to low temperature spring waters, This is because at
low temperatures Na /K ratio of waters is governed
by leaching rather than chemical equilibrivm. In fact,
most of the anomalously high temperatures in Table
3 belong to the spring waters with low temperatures,
The waters from the deep drilled wells (with higher
temperatures more representative of reservoir condi-
tions) yield generally more reasonable temperatures
usually around 200-250°C (e.g., sample nos. 94, 95,
105, 106 and 107 from West Anatolia), except sam-
ple no, 86 (from Balgova-imlir-Wcst Anatolia) which
has a bottom-hole teniperature of 110°C and a Na-K
temperature of 524°C, The anomalously high Na-K
temperature of this sample appears to have resulted
from ity high Ca content {(Table 2) as the Na-K
geothermometer is reported to yield unrcasonably
high temperature estimates for waters having high
Ca contents (Fournier and Truesdell, 1973),

Na-K~Ca geothermometer, developed to elimi-
nate the effects of high Ca (Fournier and Truesdell,
1973), yields temperature estimates lower than those
obtained by Na-K geothermometer. However, for
some samples {e.g., sample nos. 25, 91, 92, 93},
No-K-Cu temperatures are anomalously low (lower
than discharge temperatures) suggesting that these
estimates reflect (he high Ca /N ratio of the leachate
{as the solubility of Cu increases with decreasing
temperature), vather than the equilibrium conditions
at depth,

Mg-corrected Na~K~Ca  geothermometer {(pro-
posed by Fournier and Potter (1979) for waters with
high Mg contents) is not applicable o most of the
witters as the correction factor is beyond the limits of
calibration suggesting that the Mg contents of waters
are not likely to affect the Na-K-Ca temperatures,

K~Mg geothermometer gives low temperatures
which are similar to and in some cases jower than
that of the discharge. This is probably due to the
increasing solubility of Mg with decreasing tempera-
ture and its leaching from rocks during the ascent of
waters to the surface; the Mg contents higher than
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those at reservoir conditions thus result in underesti-
mated temperatures as the geothermometry equation
is based on the use of K /¢Mg ratios. In other words,
since Mg reflects equilibrivm at shallower levels,
K—Mg geothermometer is not a good indicator of
deep temperatures. A combination of Na-K and
K-Mg geothermometers, proposed by Giggenbach
(1988) as Na/1000-K /100-yMg ternary diagram,
is presented in Fig. 3 and works better for a more
reliable estimate of reservoir temperatures, The ma-
ture waters plotting in the partially equilibrated field
or close to the full equilibrivm line in Fig. 3 suggest
a maximum of about 250°C for the reservoir temper-
atures,

Overall, it is not possible to select a single
geothermometer as the best representative of the

reservoir temperature for a specific region. There-
fore, the assessment of possible reservoir tempera-
tures is made here considering only the samples for
which consistent results are obtained from at least
three geothermometers (italic characters in Table 3).
In this respect, taking the maximum values of the
ranges yielded by the so-selected geothermometers,
the likely reservoir temperatures for the regions are
estimated as follows: Central Anatolia, 125°C; North
Anatolia, 110°C; East Anatolia, 136°C; and Waest
Anatolia, 251°C, The fact that the highest reservoir
temperature is obtained from West Anatolia may
suggest that the waters in this region are less affected
by the secondary processes (e.g., mixing and boiling)
which is in fact reflected in the Na/1000-K /100~
YyMg ternary diagram (Fig. 3) of Giggenbach (1988)
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Fig. 3. Na/1000-K / 100-¢/Mg ternary diagram (Giggenbach, 1988) for the thermal waters (in mg/kg),
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where most of the West Anatolian waters plot in the
partially equilibrated waters field, even some sam-
ples plotting close to the full equilibrium line (sam-
ple no. 94). Regarding the other regions, on the other
hand, except a few plotting in the partially equili-
brated waters field, almost all the samples are imma-
ture waters. In this respect, cation geothermometers
should be used with caution particularly for Central,
North and East Anatolian regions. This caution also
applies to any spring of moderate or low tempera-
ture.

6. Scaling problems for utilization
Calcite scaling is a serious problem in the utiliza-

tion of thermal waters especially for those with high
CO, as the loss of CO, is the cause of the water

becoming supersaturated. In this section, the calcite
scaling potential in Turkey is nunerically evaluated.
Saturation states of thermal waters with respect to
calcite at their discharge temperatures are shown in
Fig. 4. Saturation caleulations were performed
through the use of WATSPEC computer programme
(Wigley, 1977). As is shown in Fig. 4, most of the
thernwal waters of Turkey are likely to precipitate
calcite and there is a general tendency for the satura-
tion index to increase with salinity which is ex-
pressed in terms of ionic siwength. In this respect,
since they have high temperatures, all the West
Anatolian waters are supersaturated with respect 1o
calcite. Especially the waters from Denizli, Aydin
and Izmir areas of this region show the highest
supersatoration states for calcite, ag is also revealed
by the widespread occurrences of travertine deposits
at the discharge sites. Rather than keeping the CO,
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in solution by high well head pressures, the use of
ferrophos inhibitors and down-hole heat exchangers
is the widely used technique in preventing caleite
scaling in Turkish geothermal fields.

7. Conclusions

The thermal waters of Turkey are located along
the tectonically active structures (North Anatolian
Fauylt and the grabens of West Anatolian extensional
province) and/or wround the recently active volea-
noes {in Central and East Anatolia), The waters are
dominantly alkali-bicarbonate and alkali-chloride,
and oceasionally sulphaie type. The bicarbonate type
waters probably acquired their nature through the
metamorphic processes in the pre-Mesozoic base-
ment, or the dissolution of carbonate lithologies, or
the volcanism-related CO, emanations. The chloride
type waters owe their nature either to sea water
intrusion into the aquifers (e.g., coastal areas of West
Anatolia), or to fossil connate waters (e.g., inland
areas in West and Central Anatolia). The sulphate
rich waters are likely to arise from (1) H,S emana-
tions from probably still cooling magma chambers
(e.z., some of the North Anatolian waters); (2) oxi-
dation of sulphide minerals common in the mineral-
izations spatially associated with the hot springs
{e.g., the massive sulphide deposits in the eastern
North Anatolian region); (3) leaching of gypsum
layers (e.g.. some waters in East and Central Anato-
lin); and (4) H,S emanations possibly from decom-
position of organic matter {e.g., some of the Central
Anatolian waters).

The geothermometry applications reveal that West
Anatolia is the most promising region in terms of
geothermal energy potential, followed in sequence
by East, Central and North Anatolia. The distribution
of the geothermal potential appears to be controlled
by the neotectonic features such that the highest
potential is associated with the extensional tectonics
(West Anatolia), being driven by the supply of heat
from a deep-secated source (upwelling mantle mate-
rial due to the release of lithostatic pressure) and
deep circulation of waters along the faults of the
graben systems., The regions with strike—slip tecton-
ics (North Anatolian Fault), however, are not very
promising from geothermal energy view point, Al-

though strike—slip faults are supposed to be more
deep-seated, allowing deeper water circulation, the
lack of a regional heat source underncath (e.g., an
upwelling mantle material as in the case of exten-
sional terrains) and its restriction to local magmatic
activities (confined to pull-apart basins) are probably
responsible for the comparatively low geothermal
potential agsociated with strike—slip tectonics. The
East Anatolian region experiencing compressional
regime, and the Central Anatolian region transferring
the compression in the east to extension in the west,
have recently active volcanoes but moderate geother-
mal energy potential. Degpite the availability of a
potential heat source (still cooling magma chambers)
at depth, the rather moderate geothermal energy
potential can be attributed to the lack of well devel-
oped fault systems (and hence deep hydrothermal
circulation) in these regions.

The thermal waters of Turkey have significant
calcite scaling potential which is more pronounced in
the West Anatolian waters.
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