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1. Introduction
It has been documented for thousands of years that 
earthquakes and other tectonic processes cause temporary 
or permanent hydrogeochemical changes in cold and 
geothermal waters (King and Manga, 2018). In seismically 
active areas, continuous monitoring of the hydrochemistry 
of geothermal waters is an approach used to understand 
the mechanisms affecting earthquake occurrence and 
the response of the crust in the affected region (Suer 
et al., 2008). After earthquakes (Mw ≥ 5), changes were 
observed in 20 different parameters such as temperature 
and Na+, Ca2+, Mg+, Cl-, F-, SO4

2-, HCO3
-, and trace element 

concentrations in groundwater (Tsunogai and Wakita, 
1996; Claesson et al., 2004; Huang et al., 2004; Skelton 
et al., 2008; Du et al., 2010; Chen et al., 2014; Shi et al., 
2015; Nakagawa et al., 2020). Tsunogai and Wakita (1996) 
collected 79 samples from groundwater after the Hyogo-
ken Nanbu destructive earthquake (M = 7.2) occurring in 

southwestern Japan on January 17, 1995. They observed 
increases in Cl- and SO4

2- and reductions in Na+ and Si, 
and stated that these changes might be due to mixing of 
shallow groundwater. Chen et al. (2014) investigated the 
effect of the Wenchuan earthquake (Ms = 8) occurring 
in Sichuan province in China on May 12, 2008 on 
hydrochemical characterization of 32 geothermal waters. 
They identified increases in K+ and SO4

2- in geothermal 
waters and attributed to the interfusion of the deep fluids 
by the increased tectonic stress.

As an important part of the Alpine-Himalayan orogenic 
belt, Turkey is characterized by numerous medium- and 
high-temperature geothermal fields (Mutlu and Gulec, 
1998). The distribution of geothermal fields in Turkey 
is strongly consistent with the distribution of tectonic 
patterns and recent volcanic activity (Vengosh et al., 2002). 
Studies in Turkey identified more than 460 geothermal 
fields with over 2000 geothermal springs and wells with 
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temperatures varying from 20 to 287 °C (Mertoglu et al., 
2020; Lund and Toth, 2021). 

Detailed studies increased in order to determine 
the relationship between the hydrochemical changes in 
geothermal waters and the active tectonic regime in the 
last 20 years in Turkey. Simsek and Yildirim (2000) stated 
there were changes observed in the turbidity, odor, taste, 
color, temperature, pressure, flow, and chemical variations 
in some geothermal waters and cold waters before and 
after earthquakes on August 17, 1999 in Gölcük (Mw = 
7.4) and November 12, 1999 in Düzce (Mw = 7.2). They 
observed turbidity and flow increases in Efteni geothermal 
water one day before the earthquake and these changes 
returned to normal one week later. Balderer et al. (2002) 
determined some short-term changes in physicochemical 
(temperature, pH, and electrical conductivity), chemical 
(Ca2+, Na+, K+, Cl- and SO4

2-) parameters and isotopic 
(δ2H and δ18O) characterization of geothermal waters 
in the Kuzuluk, Bursa and Yalova/Gemlik along the 
North Anatolian Fault Zone (NAFZ) after the Gölcük 
earthquake. They stated that these changes might be the 
result of induced groundwater circulation. Belin et al. 
(2002) investigated the changes in metal concentrations 
in 5 geothermal wells in the Kuzuluk geothermal field 
located on the NAFZ before and after the Gölcük and 
Düzce earthquakes. They showed that the Pb, Cr, Ni, and 
Cu concentrations increased, while Fe, Zn, Mn, Co and Cd 
concentrations decreased in geothermal water before and 
after the earthquakes. Suer et al. (2008) monitored chemical 
and isotopic characterization in the Yalova, Efteni, Bolu, 
Mudurnu, Seben, Kurşunlu, Çankırı, Hamamözü, Gözlek, 
and Reşadiye geothermal fields located along E-W transect 
of the NAFZ for possible relationships with seismic activity. 
They stated that Cl-, Ca2+ and 3H were the most sensitive 
tracers of seismically-induced crustal perturbations. 
The hydrochemical changes due to active tectonics were 
observed most clearly in the Yalova and Efteni geothermal 
fields. Yuce et al. (2010) researched earthquakes occurring 
on the Thrace-Eskişehir Fault Zone and effects on physical 
and chemical variations in geothermal waters from the 
Uyuzhamam and Hamamkarahisar geothermal fields. 
They emphasized that monitoring the Rn and CO2 gas 
concentrations and water level changes in geothermal 
waters was more effective in identifying hydrochemical 
variations linked to shallow earthquakes. Ates and Tutkun 
(2014) researched the relationship between seismic activity 
and hydrochemical characteristics of geothermal waters 
in Çitgöl, Eynal and Naşa geothermal fields. They stated 
that increase in temperature and Cl- and reduction in SO4

2- 
occurred in geothermal waters after the earthquakes with 
a magnitude >5. Kacar et al. (2017) performed sampling in 
12 different periods from 4 geothermal wells in the Güre 
geothermal field and assessed the hydrochemical analysis 

results with earthquakes with a magnitude >3 affecting 
geothermal field. They identified variations in pH value, 
temperature, electrical conductivity, Na+, Cl-, and SO4

2- in 
geothermal water and associated these variations with the 
active tectonic regime in the region.

The Biga Peninsula located in northwest Turkey is 
affected by the NAFZ along with the Western Anatolian 
Graben System and is characterized by active fault systems 
from the Upper Miocene to the present day (Samilgil, 1966; 
Ozden et al., 2018). Yalcin and Sarp (2012) reported that 
there were 20 geothermal fields with surface temperatures 
from 31.5 to 104.4 °C located in the Biga Peninsula and 
that geothermal springs emerged from NE-SW striking 
right-lateral strike-slip fault systems. One of the highest 
temperature geothermal fields with in the Biga Peninsula 
is Kestanbol located about 50 km southwest of Çanakkale 
and in the Alexandria Troas ancient port city (Figure 1a). 
Strabo (64 BC-AD 24) mentioned that Alexandria Troas 
was an important Roman city, in addition to being popular 
for geothermal springs and baths (Leaf, 1923; Tasci, 1995). 
Demirsoy et al. (2018) stated that the Kestanbol geothermal 
springs were used for medical treatments and bathing 
since the Hellenistic period (330-30 BC). According to 
the report by Professor Gautier from the Paris Medical 
Academy in 1894, the Kestanbol geothermal springs were 
proven to be effective for treating different diseases like 
rheumatic diseases, calcification, bone tuberculosis, upper 
respiratory tract, and lung diseases (Demirsoy et al., 2017). 

The Kestanbol geothermal field is about 3.3 km from the 
Aegean Sea, and it’s located 30–40 m above sea level. The 
climate of Çanakkale is typified by warm, arid summers 
and mild, rainy winters. The long-term (1929-2020) mean 
total precipitation was 624 mm per year, based on data 
collected at the Çanakkale Meteorological Station. The 
temperature varied between –11.5 °C on February 9, 1929 
and 39.1 °C on August 6, 2017, with a mean of 15.1 °C. A 
well was drilled in the aquifer in 1975 to a depth of 290.7 
m by the General Directorate of Mineral Research and 
Exploration (MTA) to evaluate the geothermal potential of 
the Kestanbol geothermal field. The reservoir temperature 
and flow rate of geothermal water was identified as 75 
°C and 25 L/s, respectively (Olmez, 1976). Nowadays, 
the geothermal well is utilized for thermal tourism and 
heating the spa located in the geothermal field.

Previous studies were performed to identify the 
geological, hydrogeological, and hydrogeochemical 
characterization of Kestanbol geothermal field and to 
use geoelectric methods for geothermal exploration, 
in addition to evaluating the environmental effects 
of Kestanbol geothermal water on soil and stream 
sediment (Olmez, 1976; Mutzenberg, 1997; Caglar and 
Demirorer, 1999; Baba and Ertekin, 2007; Tokcaer, 2007; 
Yalcin, 2007; Yalcin and Sarp, 2012; Karaca et al., 2013, 
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Marmara et al., 2020). This study aimed to (1) determine 
the hydrogeochemical and isotopic compositions of 
geothermal and cold waters in the Kestanbol geothermal 
field and (2) investigate the effect of seismic activity 
on variations in the hydrogeochemical features of the 
Kestanbol geothermal waters.

2. Materials and methods
2.1. Field studies
Water sampling was carried out at five points from one 
geothermal well (K1), two geothermal springs (K2 and 
K3), and two cold springs (K4 and K5) in the Kestanbol 
geothermal field (Figure 1b). A total of 30 water samples 
were collected in 6 different periods (July, October 2018 
and January, February, April, and July 2019) during the 
years 2018 and 2019. The location and elevation above sea 
level of the sampling points were recorded with a handheld 
global positioning system (Garmin GPSMAP 62s, Garmin 
International, Kansas, USA). The temperature, electrical 
conductivity (EC), salinity, and pH measurements were 
carried out in the field using a WTW Multi 340i pH/
conductivity measuring instrument (Wissenschaftlich-
Technische Werkstätten, Weilheim, Germany). The 
probes were calibrated in accordance with manufacturer’s 
recommendations on the day of field study. The flow rate 
of cold springs was measured in the field. Water samples 
were filtered into polyethylene bottles (100 mL × 2) using 
syringe-filtered 0.45 μm nitrocellulose filters (Millipore, 
Merck, Darmstadt, Germany). One bottle was acidified 
with reagent-grade nitric acid (Merck, Darmstadt, 
Germany) to pH ≤ 2.0 for determination of cations, and 
the other was left unacidified for anion analyses. For 
δ18O, δ2H, and 3H analysis, water samples were collected 

seasonally (October 2018 and April 2019) and stored in 
1000 mL polyethylene bottles. All water samples were 
stored in a refrigerator at 4 °C until analysis.
2.2. Laboratory studies
Major cations and selected elements (Na+, K+, Ca2+, Mg2+, 
B, Ba, Fe and Mn) were analyzed using an inductively 
coupled plasma optical emission spectroscopy (ICP-OES, 
Optima 8000, PerkinElmer, Waltham, Massachusetts, 
USA). The major anions (SO4

2- and Cl-) were analyzed by 
ion chromatography (IC, LC-20A SP, Shimadzu, Kyoto, 
Japan). The ICP-OES and IC analyses were performed at 
the Science and Technology Application and Research 
Center at Çanakkale Onsekiz Mart University (Çanakkale, 
Turkey). The detection limits for analyzed cations and 
anions were as follows: Na+ (0.1 mg/L), K+ (0.1 mg/L), Ca2+ 

(0.1 mg/L), Mg2+ (0.1 mg/L), B (50 g/L), Ba (25 g/L), Fe (25 
g/L), Mn (50 g/L), SO4

2- (1 mg/L) and Cl- (1 mg/L). The 
concentrations of bicarbonate in the water samples were 
measured by titration. The ion balance between anions 
and cations was calculated in meq/L to less than 5%.

The δ18O and δ2H of the water samples were determined 
using the optic method developed by the International 
Atomic Energy Agency (IAEA) with wavelength-scanned 
cavity ring-down spectroscopy (L2130-i, Picarro, Santa 
Clara, California, USA). The 3H measurements were 
determined using an ultra low-level liquid scintillation 
spectrometer (Quantulus 1220, PerkinElmer, Waltham, 
Massachusetts, USA). Analyses for δ18O, δ2H, and 3H in 
water samples were carried out at the General Directorate 
of State Hydraulic Works-Technical Research and Quality 
Control Department of Isotope Laboratory (Ankara, 
Turkey). The O and H isotopic ratios are expressed relative 
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to Vienna Standard Mean Ocean Water (VSMOW). The 
analytical precision for water analyses was ± 0.15‰ for 
δ18O, ± 0.82‰ for δ2H, and ± 0.6 TU for 3H values.

3. Results and discussion
3.1. Geological setting 
The basement rocks in the Kestanbol geothermal field are 
represented by the Lower Cambrian Geyikli Formation 
(Beccaletto, 2003; Beccaletto and Jenny, 2004) (Figure 
2a). The Geyikli Formation is composed mainly of 
metasandstone, phyllite, calcschist and mica schist, and 
recrystallized limestone. The age of metamorphism in 
the Geyikli Formation is 531 ± 86 Ma according to Rb/
Sr radiometric age of muscovites collected from the 
mica schists (Duru et al., 2012). The basement rocks are 
overlain above an unconformity by the Bozalan Formation 
(Beccaletto and Jenny, 2004; Arik and Aydin, 2011; 
Duru et al., 2012). The Bozalan Formation consists of 
dark gray, pink, and white colored bedded recrystallized 
limestone, phyllite and metasandstone. According to fossil 
assemblages collected from the upper levels of the Bozalan 
Formation limestones, the formation age was determined 
as Middle-Late Permian (Beccaletto and Jenny, 2004; 
Duru et al., 2012). The Upper Oligocene-Lower Miocene 
Kestanbol Pluton (Fytikas et al., 1976; Birkle and Satir, 1992; 
Karacik, 1995; Karacik and Yilmaz, 1995) represented by 
mainly intensely fractured and cracked quartz-monzonite, 
monzonite, monzodiorite porphyry, syenite porphyry, 
and quartz-syenite porphyry was emplaced by cutting all 
older units (Arik and Aydin, 2011). Akal (2013) stated 
that the Kestanbol Pluton consists of high-K calc-alkaline 
to shoshonitic, I-type plutonic rocks and shoshonitic 
volcanic successions. The pluton is frequently cut by 
felsic and mafic dykes and contains mafic microgranular 
enclaves (Sahin et al., 2010). Radiometric studies suggest 
that age of the Kestanbol Pluton is 28 ± 0.88 Ma identified 
with the K/Ar method (Fytikas et al., 1984), 21 ± 1.6 Ma 
with the K/Ar method (Birkle and Satir, 1995), and 22.8 ± 
0.2 Ma with the Ar/Ar method (Altunkaynak et al., 2012). 
Skarn type mineralization developed along the contact 
between the Kestanbol Pluton and carbonate rocks of 
the Bozalan Formation depending on the intrusion of 
the pluton. Plio-Quaternary fluvial deposits were named 
Bayramiç Formation (Siyako et al., 1989), which overlies 
the older units above a disconformity and also consists 
of slightly cemented red-brown color conglomerate, 
sandstone, and mudstone. The Quaternary alluvium 
unconformably overlies all the older units and represents 
the youngest sedimentary sequence, consisting of slightly 
consolidated and unconsolidated gravel, sand, clay, and 
mud transported by Ilica stream.

Based on the lithology and hydrochemical data of 
the well drilled by MTA (K1), the Kestanbol geothermal 

field is governed by two major aquifer systems (Olmez, 
1976). The primary reservoir rocks in the Kestanbol 
geothermal field are the partly fractured gneiss at a depth 
of 60–180 m, and the secondary reservoir is effectively 
fractured syenite at a depth of 240–290 m (Olmez, 1976). 
Geothermal water reaches the ground surface through 
artesian flow. The geothermal waters are heated at depth 
by the Kestanbol Pluton and high geothermal gradient. 
Marmara et al. (2020) identified the NE-SW trending 
right-lateral strike-slip Kaplıca fault parallel to Ilıca stream 
in the Kestanbol geothermal field. The fault begins at the 
contact between metamorphics and granites in the east, 
and it probably ends by continuing under the Aegean Sea 
in the west, reaching about 10 km in length. Geothermal 
waters are heated during moderate-deep circulation and 
ascend to the ground surface through Kaplıca fault and 
fracture zones within the rocks (Figure 2b). The reduced 
permeability with increasing depth causes the vertical 
flow of geothermal water along the permeable fault zone. 
The Kestanbol geothermal springs are aligned along this 
NE-SW strike-slip Kaplıca fault. Caglar and Demirorer 
(1999) reported that resistivity maps and two-dimensional 
geoelectric models showed a good conductive region 
about 2 km southwest of Kestanbol geothermal springs. 
They suggested drilling at a new location down to 100–150 
m depth, to produce geothermal water with a higher flow 
rate.
3.2. Active tectonics and seismicity
The Biga Peninsula is dominantly affected by the tectonic 
relationship between the strike-slip regime of the NAFZ 
and the extensional regime of the Aegean (McKenzie, 
1972; Dewey and Sengor, 1979; Herece, 1990; Taymaz 
et al., 1991; Ozden et al., 2018). The NAFZ is composed 
of a series of right-lateral strike-slip segments extending 
from eastern Anatolia to the northern Aegean Sea (Ketin, 
1948; McKenzie, 1972; Seyitoglu et al., 2016). The NAFZ 
bifurcates into three branches in the Marmara Region 
(Dewey and Sengor, 1979; Sengor et al., 1985; Barka, 1997; 
Gurer et al., 2003; Seyitoglu et al., 2016; Bekler and Demirci, 
2018). The north branch of the NAFZ begins southeast of 
Lake Sapanca passes through İzmit Gulf, Marmara Sea, 
and Saros Gulf (Sengor et al., 1985; Barka and Kadinsky-
Cade, 1988; Herece, 1990; Barka, 1992; Kurcer et al., 2008; 
Seyitoglu et al., 2016). The central branch follows the 
path southeast of Lake Sapanca and runs south of Geyve, 
Pamukova, and Lake İznik extending along the south 
coast of the Marmara Sea (Kocyigit, 1988; Barka, 1997; 
Kurcer et al., 2008) and the south branch separates from 
the central branch near Pamukova and extends in SW-
NE direction via Yenişehir, Bursa, Ulubat, Gönen, and 
Yenice to the Edremit Gulf (Herece, 1990; Yaltirak, 2002; 
Bekler and Demirci, 2018). The recurrence intervals of 
earthquakes in the Marmara region affected by the north 
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branch of the NAFZ have short time intervals of 150–300 
years, while the central branch is currently a seismic gap 
and the south branch has a longer earthquake recurrence 
interval compared to the north branch (Ikeda et al, 1991; 
Rockwell et al., 2001; Hartleb et al., 2006; Sozbilir et al., 

2018). Radiocarbon dates for the earthquakes recorded in 
trench studies on Yenice-Gönen fault that is considered to 
be a part of the southern branch of the NAFZ show that 
the recurrence interval of the earthquakes was calculated 
as 660 ± 160 years (Kurcer et al., 2008).
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The right-lateral strike-slip faults representing the 
south branch of the NAFZ combined with the West 
Anatolian extensional regime shaped the active Tuzla, 
Babakale, Gülpınar, Çamköy and Kestanbol faults 
(Karacik and Yilmaz, 1998; Emre et al., 2012; Ozden et al., 
2018; Sozbilir et al., 2018). These faults play an important 
role in the distribution of geothermal springs and the 
development of their hydrogeochemical characterization. 
The fundamental factor controlling the circulation of 
geothermal waters in the Kestanbol geothermal field is 
the Kaplıca fault. In identifying the characteristics of the 
Kaplıca fault, data for earthquakes larger than Mw ≥ 3.5 
occurring in the Kestanbol geothermal field and close 
surroundings were obtained from Boğaziçi University 
Kandilli Observatory and Earthquake Research Institute 
and Boğaziçi University Regional Earthquake-Tsunami 
Monitoring Center. The focal mechanism solutions for 
the earthquakes were solved with first arrival polarities 
and moment tensor inversion methods using zSacWin 
software. Figure 3 and Table 1 show focal mechanism 
inversion solutions for some earthquakes around the 
Kaplıca fault. Based on the determined focal depths, the 
earthquakes were shallow. From the inverse solutions 
for the focal mechanisms of these five earthquakes, it is 
understood that the Kaplıca fault is a right-lateral strike-
slip fault with normal component. Additionally, strike is 
observed to be NE-SW and ENE-WSW. Earthquake data 
confirm the Kaplıca fault, which was morphologically 
determined to extend along Ilıca stream in the field. 

Several strong and destructive earthquakes occurred 
on the western part of the NAFZ during historical and 
instrumental periods. In the historical period (BC 1800-
AD 1900), many earthquakes with seismic intensities of up 
to X occurred along the NAFZ and around Lesvos Island 
(Soysal et al., 1981). A destructive earthquake occurred on 
Lesvos Island on March 7, 1867 and the intensity values 
of the earthquake were reported as X (Papazachos and 
Papazachou, 2003). The majority of villages in the central 
part of the island were completely or partly destroyed, 
and the number of deaths was more than 500 (Roumelioti 
and Kiratzi, 2010; Papadimitriou et al., 2018). A large 
earthquake (Mw = 6.7) occurred along the Edremit fault 
on October 6, 1944 (Ambraseys, 1988). A 38-km long 
surface rupture developed along the Edremit fault during 
the earthquake, 73 people died and more than 2200 houses 
were destroyed (Sozbilir et al., 2016). A strong earthquake 
(Mw = 7.2) occurred on the Yenice-Gönen fault on March 
18, 1953 (Ketin and Roesli, 1953; Pinar, 1953). A surface 
rupture formed with a length of 70 km between Yenice 
and Gönen during the earthquake, and 263 people died 
(Kurcer et al., 2008). The Tuzla fault caused an earthquake 
swarm in early 2017. Earthquakes continuing over more 
than three months in Ayvacık, including the January 
14, 2017 (Mw = 4.4) and February 6, 2017 (Mw = 5.3) 

earthquakes, began on the Tuzla fault under the effect of 
a normal faulting stress regime and migrated southward 
(Ozden et al., 2018). It was determined that 25 of these 
earthquakes had Mw = 4 and above. A total of 1470 
buildings were extensively damaged in Ayvacık (Livaoglu 
et al., 2018). Sozbilir et al. (2018) suggested that the Tuzla 
fault can produce the energy of a 6.7 Mw earthquake. From 
July 2018 to June 2019, 20 earthquakes with Mw = 3.5 and 
above occurred in the close surroundings of the Kestanbol 
geothermal field (Table 2, Figure 4). The most significant 
of these earthquakes was the February 20, 2019 Tartışık-
Ayvacık earthquake (Mw = 5.0). During our monitoring 
period, no earthquake occurred on the Kaplıca fault.
3.3. Hydrogeochemistry 
3.3.1. Physicochemical and chemical characterization
The temperature varied from 59.5 to 74.6 °C in geothermal 
waters with a mean value of 68.13 °C, and from 11.2 to 
25.4 °C in cold waters with a mean value of 17.39 °C (Table 
3). The flow rates of the cold waters ranged from 0.2 to 0.7 
L/s. The geothermal waters were slightly acidic, with pH 
values ranging between 6.13 and 6.83. In contrast, the cold 
waters were alkaline, with pH values from 7.35 to 8.08. The 
salinity of geothermal and cold waters varied from 19.6 to 
23.3‰ and 0 to 0.7‰, respectively. The EC of geothermal 
and cold waters were between 30300 and 35700 μS/cm 
and between 710 and 1690 μS/cm, respectively. Cam 
et al. (2013) reported that pH value, EC, and salinity of 
the Aegean Sea were 8.25, 58200 μS/cm, and 38.6‰, 
respectively (Table 4). The total dissolved solids (TDS) in 
Kestanbol geothermal waters ranged from 20875 to 23535 
mg/L (Mutzenberg, 1997), indicating geothermal waters 
are saline. Kavouridis et al. (1997) reported that TDS value 
for Aegean Sea was 40979 mg/L.

According to the International Association of 
Hydrogeologists (IAH, 1979) classification, geothermal 
and cold waters were Na-Cl and Ca-HCO3-Cl water 
types, respectively. The major ion concentrations were 
plotted on Piper (1944) and Schoeller (1955) diagrams 
(Figures 5a, 5b). According to the classification in the 
Piper diagram, the geothermal and cold waters plotted 
in different fields. The major ion sequence of cold waters 
generally was Ca2+ > Na+ > Mg2+ > K+ and HCO3

- > Cl- > 
SO4

2-. The low mineralized cold waters represent the 
outflow of local groundwater recharging and circulating in 
the fissured rocks of the intrusion of the Kestanbol Pluton. 
The Schoeller diagram suggests that geothermal waters 
originate in the same geothermal aquifer. The sequences of 
major cations and anions in geothermal waters generally 
were as follows: Na+ > Ca2+ > K+ > Mg2+ and Cl- > HCO3

- 
> SO4

2-, respectively. The dominant cation in geothermal 
water was Na+ with concentrations ranging from 5358 
to 7572 mg/L with a mean of 6500 mg/L, accounting 
for 80% of total cations. The Cl- was the most abundant 
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anion in geothermal waters, with concentrations ranging 
from 10316 to 13507 mg/L and a mean of 11987 mg/L, 
accounting for 97% of total anions. 

Baba and Ertekin (2007) and Cam et al. (2013) stated 
that the NaCl concentration of the Aegean Sea was 
40926 and 33430 mg/L, respectively. Marine sources of 
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Figure 3. The focal mechanism solutions of some earthquakes that occurred around the Kaplıca fault.
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geothermal water have high NaCl composition, and the 
Na/Cl ratio is lower than 1 (Vengosh et al., 2002). The 
mean NaCl concentration of Kestanbol geothermal waters 
was found to be 18487 mg/L and the ratio of Na/Cl was 

0.54. The Na/Cl ratio of geothermal waters were very close 
to that of seawater. The Kestanbol geothermal waters are 
enriched in Ca2+ and HCO3

- and depleted in Mg2+ and 
SO4

2- relative to seawater. Vengosh et al. (2002) stated that 

Table 1. The focal mechanism solutions of some earthquakes that occurred in the vicinity of the Kaplıca 
fault (UTM Zone 35).

No I II III IV V

Date 10/26/2015 1/7/2014 1/7/2014 1/6/2014 9/12/2008
Time 23:07:59 21:41:21 01:47:46 10:23:38 02:12:42
Easting (m) 435399 424614 426130 427248 418266
Northing (m) 4402526 4395286 4396044 4396552 4393189
Depth (km) 6.0 7.1 6.2 7.9 9.1
Magnitude (Mw) 4.4 4.1 3.5 3.9 4.1
Strike 1 71 85 39 73 62
Dip 1 49 62 84 53 75
Rake 1 –133 –123 –133 –141 –177
Strike 2 320 305 303 317 331
Dip 2 42 56 43 60 87
Rake 2 –44 –52 –9 –44 –15

Table 2. The parameters of the 20 earthquakes (Mw ≥ 3.5) affecting Kestanbol geothermal field between July 2018 and June 2019 (UTM 
Zone 35).

Name Date Time Easting (m) Northing (m) Depth (km) Magnitute (Mw) Location
A 7/18/2018 22:56:07 416659 4378262 7.5 3.5 Gülpınar
B 10/23/2018 17:57:02 418050 4347169 7.0 3.8 Lesvos Island
C 12/17/2018 17:40:55 427808 4375930 7.4 3.9 Yukarıköy-Ayvacık
D 12/28/2018 19:12:45 428657 4374812 6.1 3.7 Yukarıköy-Ayvacık
E 01/14/2019 09:59:35 373300 4354428 8.7 3.9 Aegean Sea
F 01/28/2019 19:58:34 430296 4365918 5.4 3.5 Koyunevi-Ayvacık
G1 02/20/2019 21:23:27 451076 4385737 7.6 5.0 Tartışık-Ayvacık
G2 02/20/2019 22:42:06 450217 4385743 6.3 3.6 Tartışık -Ayvacık
H 03/02/2019 12:51:25 450329 4385305 8.5 3.8 Tartışık -Ayvacık
I 03/13/2019 10:05:24 451927 4384622 7.1 3.5 Tartışık -Ayvacık
J1 03/16/2019 00:54:18 377471 4399878 5.4 4.5 Aegean Sea
J2 03/16/2019 03:58.23 382595 4398687 9.2 3.6 Aegean Sea
K1 03/20/2019 03:20:16 375721 4397685 4.6 3.5 Aegean Sea
K2 03/20/2019 09:59:35 376596 4398781 5.1 3.5 Aegean Sea
L1 04/29/2019 21:02:43 441441 4360277 12.0 4.3 Edremit Gulf
L2 04/29/2019 21:39:50 441304 4359783 10.7 3.6 Edremit Gulf
M 05/19/2019 21:28:08 374252 4359963 9.0 3.7 Aegean Sea
N1 06/06/2019 06:24:11 371430 4345577 9.5 3.6 Aegean Sea
N2 06/06/2019 20:14:17 376579 4397671 5.0 3.7 Aegean Sea
O 06/17/2019 07:47:30 454542 4391265 13.1 3.9 Misvak-Ayvacık
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Cl- and Br are conservative elements that are less affected 
by water-rock interactions. The Cl- and Br have long been 
used as tracers to determine the origin and evolution 
of natural waters (Freeman, 2007). Mutzenberg (1997) 
reported that the Br and Cl- concentrations in Kestanbol 
geothermal water were 23 and 13269 mg/L, respectively. 
The Br/Cl ratio of Kestanbol geothermal waters (1.73 × 
10-3) was lower than the Br/Cl ratio of seawater (3.52 × 
10-3) reported by Goldberg et al. (1971). All Cl- enriched 
marine sources of geothermal water have typical Br/Cl 
ratio lower than seawater (Vengosh et al., 2002). The B/
Cl ratio of geothermal waters was calculated as 12.15 × 
10-4. Karaca et al. (2013) reported that Li concentration 
in Kestanbol geothermal water was 12467 μg/L, and Li/
Cl ratio of geothermal water was 9.33 × 10-4. Cam et al. 
(2013) reported that B/Cl and Li/Cl ratios for the Aegean 

Sea were 2 × 10-4 and 3.11 × 10-5, respectively. The B/Cl 
and Li/Cl ratios of geothermal waters are higher than 
those of seawater. The Li is present in significant amounts 
in igneous rocks, and its average abundance in granite is 
close to 30 ppm (Krauskopf and Bird, 1995). Due to water-
rock interaction, a significant amount of Li was added to 
geothermal waters. Tokcaer (2007) reported that the δ11B 
value of Kestanbol geothermal water was 10.68‰, which 
is higher than the value expected for B leached from local 
igneous rocks with δ11B ~ 0‰. The high δ11B may be 
explained as seawater (δ11B ~ 40‰) mixing with lower δ11B 
values due to water-rock interaction. Mutzenberg (1997) 
stated that similar Na/Cl ratios and slight differences in B/
Cl and Br/Cl ratios between seawater and the Kestanbol 
geothermal waters suggest altered, fossil seawater as the 
source of the saline endmember. 
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The surroundings of the Kestanbol geothermal springs 
are well characterized by calcite, halite, and siderite scaling 
(Marmara et al., 2020). Scales are generally observed 
with yellow and orange, and occasionally white color in 
the field. Marmara et al. (2020) reported that the As, Fe 
and Mn concentrations of scale are higher than the mean 
values for the continental crust defined by Krauskopf 
and Bird (1995). Kestanbol geothermal waters are highly 
mineralized with elevated levels of As, Ba, Fe, and Mn. The 
maximum Ba, Fe, and Mn concentrations in Kestanbol 
geothermal waters were measured as 2068, 11820, and 1947 
μg/L, respectively. Baba and Ertekin (2007) stated that the 
As concentration in Kestanbol geothermal waters was 101 
μg/L. Goldberg et al. (1971) reported that the As, Ba, Fe, 
and Mn concentrations in seawater were 3, 20, 3, and 2 
μg/L, respectively. The As, Ba, Fe and Mn concentrations in 
geothermal waters are much higher than those of seawater, 
indicating that seawater is not the primary source for these 
elements. The long-term deep circulation of geothermal 
waters along the Kaplıca fault allows more extensive water-
rock interactions. The high concentrations of elements in 
geothermal waters are derived from water-rock interaction 
processes under high-temperature conditions. Since 
Kestanbol geothermal waters are not filtered or reinjected 
after being used in the spa, the discharge of geothermal 
waste water has resulted in thermal and chemical 
contamination of soil and waterways (Marmara et al., 

2020). The maximum concentration of B, Ba, Fe and Mn 
in cold waters were determined as 81.9, 107.7, 338.1, and 
169.95 μg/L, respectively. The concentration of Fe and Mn 
in cold waters exceeded the maximum permissible limits 
of 200 and 50 μg/L, respectively, recommended by the 
water intended for human consumption standard (TS266, 
2005) in Turkey. 
3.3.2. Chemical geothermometer applications
Various chemical geothermometers are used to estimate 
reservoir temperatures of geothermal systems and 
determine effective use of geothermal waters (Fournier, 
1977; Sanliyuksel and Baba, 2011; Temizel and Gultekin, 
2018). These geothermometers assume that the equilibrium 
of chemical compositions attained in the geothermal 
reservoir is maintained during the ascent of geothermal 
waters from a deep reservoir to the surface (Karingithi, 
2009; Mao et al., 2015; Hsu and Yeh, 2020). 

The ternary diagram of Na/1000-K/100-Mg1/2 

developed by Giggenbach (1988) is used to estimate the 
reservoir temperatures and identify the maturity of rocks 
in contact with water. All of the geothermal waters in this 
study fall in the area of partly equilibrated or mixed waters 
when plotted on the diagram of Giggenbach (Figure 6). 
The diagram demonstrates that none of the geothermal 
waters reached full equilibrium with the host rocks. The 
Na-K geothermometers (Fournier and Truesdell, 1973; 
Fournier, 1979; Arnórsson et al., 1983) gave unreasonable 
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reservoir temperatures of more than 200 °C, probably 
due to altered seawater intrusion into the reservoir. 
The reservoir temperature of geothermal waters was 
calculated using the Na-Li geothermometer proposed by 
Fouillac and Michard (1981) as 126–139 °C. The K-Mg 
geothermometer proposed by Giggenbach (1988) was also 
applied and reservoir temperature was calculated in the 
range of 161–180 °C. 

Mutzenberg (1997), Baba and Ertekin (2007) and 
Tokcaer (2007) determined that the SiO2 concentrations 
of Kestanbol geothermal waters were between 105.03 
and 143.75 mg/L (Table 5). Quartz geothermometers are 
generally used for geothermal waters with temperatures 
ranging from 150–225 °C, whereas chalcedony 
geothermometers are used for temperatures lower than 
180 °C (Fournier, 1977; Davalos-Elizondo et al., 2021). 
Hence, the temperatures (111 to 134 °C) obtained from 
chalcedony geothermometers were more reasonable than 
those from quartz geothermometers (138 to 158 °C). The 
β-cristobalite and amorphous silica geothermometer 
results were ignored because of calculating lower values 
than the discharge temperatures. At temperatures less 
than 180 °C, the solubility of silica is usually controlled 

by chalcedony rather than quartz (Belhai et al., 2016). 
Consequently, the chalcedony geothermometer with a 
mean value of 121 °C was the most appropriate silica 
geothermometer to estimate reservoir temperature of the 
Kestanbol geothermal waters.
3.3.3. Environmental isotopes
The δ18O, δ2H and 3H analyses of geothermal and cold 
waters were performed in rainy and dry seasons (Table 6). 
In addition, some isotopic data for Kestanbol geothermal 
waters collected from previous studies (Mutzenberg, 1997; 
Baba and Ertekin, 2007; Tokcaer, 2007; Karaca et al., 2013) 
were included for further analysis. The geothermal waters 
have δ18O and δ2H values that range from –5.65 to –4.77‰ 
and from –38.48 to –33.38‰ (N = 18), respectively. 
The cold waters have δ18O values ranging from –6.89 to 
–6.4‰ and δ2H values ranging from –41.45 to –37.18‰. 
Sanliyuksel Yucel et al. (2016) determined the δ18O and 
δ2H values of local rainwater falling in the southeast of 
Çanakkale were –5.91‰ and –38.29‰, respectively. Cam 
et al. (2013) reported that δ18O and δ2H values for the 
Aegean Sea were 1.33 and 10.13‰, respectively.

The correlation between δ18O and δ2H values in the 
geothermal and cold waters was plotted on Figure 7, in 

20

40

60

80 20

40

80

80

80 60 40 20 Mg
1/2

K/100

Na/1000

40

60

120
160200

280
320

Mutzenberg (1997)
K1
K2
K3

K1
Tokcaer (2007)

Karaca et al. (2013)
K1

K1
K2
K3

K1
K2
K3

LEGEND

Immature waters

waters

240

Figure 6. The Na-K-Mg ternary diagram (Giggenbach, 1988) showing estimated reservoir temperatures.



ŞANLIYÜKSEL YÜCEL et al. / Turkish J Earth Sci

1125

Table 6. Isotopic composition of geothermal and cold waters.

Sample ID References δ18O (‰) δ2H (‰) 3H (TU)

K1

Mutzenberg (1997)

–5.18 –37.5 < 0.9
–5.09 –37 na

K2
–4.98 –36.5 < 0.7
–4.88 –35.4 na

K3
–5.09 –37.5 < 1.2
–5.11 –37.6 na

Tuzla geothermal well –1.7 –22.6 < 1.3

K1 Baba and Ertekin (2007)
–5.65 –33.38 0.22
–5.12 –33.62 0.25

K1 Tokcaer (2007) –4.77 –35.4 na
K1

Karaca et al. (2013)
–5.06 –36.74 na

K2 –5.09 –38.48 na
K3 –5.01 –36.37 na
K1

This study (10/25/2018)

–5.51 –36.89 0.08
K2 –5.15 –35.67 0
K3 –5.21 –35.95 0.18
K4 –6.4 –37.18 0.51
K5 –6.44 –37.56 0.5
K1

This study (4/14/2019)

–5.41 –36.28 0
K2 –5.23 –35.4 0.3
K3 –5.19 –35.9 0.46
K4 –6.89 –41.45 4.91
K5 –6.83 –40.68 3.35
Aegean Sea Cam et al. (2013) 1.33 10.13 1.1

Nisyros island, 
NIS2 geothermal well

Dotsika (1991)
4.1 –2.1 na
1.7 –0.9 na

Kavouridis et al. (1999) 3.3 –4.25 na

Note: na indicates not analyzed.

Table 5. Estimated reservoir temperatures of Kestanbol geothermal waters using silica geothermometers °C.

Sample ID References SiO2 (mg/L) Qa Qb Qc Cb Cd

K1

Mutzenberg (1997)

139.3 156 156 156 132 128
115.7 145 145 144 119 117

K2
124.3 149 149 148 124 121
109.3 142 142 140 116 114

K3
132.9 153 153 153 128 125
109.3 141 141 140 115 113

K1 Baba and Ertekin (2007)
143.75 158 158 158 134 130
115.52 145 145 144 119 117

K1 Tokcaer (2007) 105.03 140 139 138 113 111

Note: Q: quartz, C: chalcedony, a: Fournier and Potter (1982), b: Fournier (1977), c: Verma (2000), d: Arnórsson et al. (1983).
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comparison with the Global Meteoric Water Line (GMWL, 
δ2H‰ = 8 × δ18O‰ + 10; Craig, 1961) and the Marmara 
Meteoric Water Line (MMWL, δ2H‰ = 8 × δ18O‰ + 15; 
Eisenlohr, 1997). Mutzenberg (1997) stated that Tuzla (20 
km south of Kestanbol) and Kestanbol geothermal waters 
probably have the same origin, since a similar chemical 
composition is observed in both geothermal systems. The 
isotopic values published from deep wells in Tuzla and 
Nisyros Island (15 km from the Turkish coast, Greece) were 
plotted into the δ2H-δ18O diagram. Mutzenberg (1997) 
reported that δ2H and δ18O values of the Tuzla geothermal 
well was –1.7 and –22.6‰ at 174 °C, respectively. The 
samples collected from the NIS2 deep well yielded isotopic 
compositions of –2.1 and 4.1%, for δ2H and δ18O, respectively, 
for the liquid phase, and –0.9 and 1.7% for δ2H and δ18O, 
respectively, for the separated steam (Dotsika, 1991). Deep 
brine at 330 °C was calculated to be –4.25 and 3.3%, for 
δ2H and δ18O, respectively by Kavouridis et al. (1999). The 
low mineralized cold waters plotted between GMWL and 
MMWL, indicating meteoric origin. The cold waters have 
the same recharge area, shallow circulation, and are also 
affected by seasonal variations depicted by their δ18O and 
δ2H data. The δ18O and δ2H values of geothermal waters are 
more positive with respect to the cold waters. The geothermal 
waters are slightly shifted to the right of the GMWL and 
fall to the line that represents mixing and dilution between 
brines of the Nisyros and local groundwater. The plotted 
δ18O and δ2H values of meteoric waters, Kestanbol and Tuzla 
geothermal waters are positively correlated with the NIS2 

geothermal well (R2 = 0.95). Yalcin (2007) explained the 
origin of Kestanbol geothermal water is a deep-seated hot 
fossil seawater that is diluted and cooled during movement 
and flushing of infiltrating meteoric water. 

The 3H is a radioactive isotope of hydrogen with 
a relatively short half-life of 4500 ± 8 days (Lucas and 
Unterweger, 2000), and 3H is used as a natural tracer to 
estimate the residence time of water in the ground (Michel, 
2005; Kralik, 2015). The 3H concentration measurements 
at nine monitoring stations (Adana, Ankara, Antalya, 
Diyarbakır, Edirne, Erzurum, İzmir, Sinop and Rize) were 
carried out for 345 precipitation samples during 2012–2016 
in Turkey (Dilaver et al., 2018). The results showed that the 
concentrations of 3H varied from 1.42 to 15.54 TU with a 
mean of 6.22 TU. The 3H content of precipitation increases 
in the winter months to the beginning of summer, with 
the maximum 3H values measured during May and June 
in Turkey. This increase is controlled by the transition of 
3H from the stratosphere-troposphere boundary to the 
troposphere where weather events occur (Dilaver et al., 
2018). 

The 3H contents of cold waters varied from 0.5 to 0.51 
TU in October 2018 and 3.35 to 4.91 TU in April 2019. The 
observed variability for the cold waters from 0.5 to 4.91 TU 
for 3H reflects seasonal variations affecting the meteoric 
waters. Baba and Ertekin (2007) reported that 3H content 
of K1 was measured as 0.22 and 0.25 TU. The 3H content 
of geothermal waters varied from 0 to 0.18 TU in October 
2018 and 0 to 0.46 TU in April 2019. The amount of 3H 
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in water can be used to qualitatively determine whether 
the groundwater is modern or not (Barbier et al., 1983; 
Clark and Fritz, 1997; Temizel and Gultekin, 2018). The 
3H values equal to or greater than 1 TU are accepted as 
modern water; moreover, 3H concentrations below 1 
TU show that groundwater was recharged prior to the 
period of atmospheric testing of thermonuclear weapons 
(Ravikumar and Somashekar, 2011). The 3H values of 
geothermal waters were below 0.46 TU indicating the 
system was recharged before the 1950s. The low 3H contents 
of the geothermal waters suggest that these geothermal 
waters have deeper circulation and longer residence times 
than the cold waters. 
3.4. The effect of active tectonics on the hydrogeochemistry 
In the literature, many different researchers stated that there 
are temporary or permanent hydrogeochemical changes in 
geothermal waters prior to and/or after earthquakes with 
Mw ≥ 5 (Song et al., 2005; Italiano et al., 2010; Du et al., 
2010; Chen et al., 2014). Within the scope of this study, 
the K1 geothermal well drilled by MTA and independent 
of atmospheric conditions was chosen to determine the 
effect of the active tectonic regime on hydrogeochemical 
changes in Kestanbol geothermal water. In 6 different 
sampling periods from July 14, 2018 to July 17, 2019, 
the hydrogeochemical characterization of geothermal 
water was investigated before and after earthquakes. 

Additionally, 2 days after the Tartışık-Ayvacık earthquake 
(Mw = 5.0), physicochemical parameter measurements 
and water sampling were performed from K1.

Variations were observed in the temperature, EC 
and pH values of geothermal water before and after 
earthquakes (Figure 8). After the Tartışık-Ayvacık 
earthquake, the temperature of the geothermal water 
reduced by 0.7 °C and EC reduced by 900 µS/cm, while 
the pH value increased by 0.05. After the Tartışık-Ayvacık 
earthquake, the concentrations of Na+, K+, Ca2+, Mg2+ and 
Cl- reduced, and concentrations of SO4

2-, HCO3
-, B, Ba, Fe 

and Mn were identified to increase in geothermal water 
(Figure 9). The most probable reasons for these variations 
are the nature and dynamics of the thermal circulation 
system, atmospheric conditions, weathering processes, 
and groundwater regimes (Yalcin et al., 2003). Shallow 
circulation and deep circulation create different favorable 
conditions for element migrations (Belin et al., 2002). As 
Cl- is considered to be a conservative constituent of the 
geothermal waters, the decrease in the Cl- concentration 
points to a geothermal-cold water mixing process and 
seems to be related to the increased seismic activity. The 
decrease in the temperature and EC of geothermal water 
after the Tartışık-Ayvacık earthquake also supports 
these data. The levels of variations from the original 
concentrations became less noticeable with time.
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Mutzenberg (1997) identified the δ18O value of K1 as 
–5.09‰ in March 1988, while the δ18O value was identified 
as –5.41‰ in April 2019 in this study. In the last 31 years, 
the δ18O value in the geothermal water was identified to 
reduce by 0.32‰. The increasing water-rock interaction 
at high temperatures over time is expected to increase 
the δ18O content of geothermal water. The reduction in 
δ18O values linked to time is thought to be the result of 
groundwater with shallow origin mixing with geothermal 
water through the fault and fracture zones related to 
regional seismic activity. Furthermore, the decrease 
in temperature of geothermal water after the Tartışık-
Ayvacık earthquake probably confirms this interpretation. 
Long-term, regular, and more frequent monitoring of the 
δ18O, δ2H and 3H contents, in addition to identifying the 
chemical characteristics of geothermal waters, will lead 
to a better understanding of their relationship to seismic 
activities in the Kestanbol geothermal field.

4. Conclusion
Three principal processes determine the hydrogeochemical 
and isotopic characterization of the Kestanbol geothermal 
waters: meteoric water-fossil seawater mixing, prolonged 

water-rock interaction, and active tectonic. The Kaplıca 
fault extends NE–SW direction consistently and deeply 
and mainly controls the tectonic evolution and geothermal 
water movement in the Kestanbol geothermal field. 
Meteoric water undergoes deep circulation and is heated 
by the Kestanbol Pluton and high geothermal gradient and 
interacts with the reservoir rocks at higher temperatures 
mixing with deep-seated hot fossil seawater before rising 
along the permeable Kaplıca fault and fracture zones and 
emerging in the form of Kestanbol geothermal water. 

The maximum discharge temperature of the 
geothermal well was measured as 74.6 °C; however, the 
reservoir temperature was about 120 °C calculated with 
the chalcedony geothermometer. A detailed geophysical 
survey is required to develop the geothermal energy 
potential of Kestanbol geothermal field, and new 
drillings must be performed to increase the flow rate and 
temperature of water. Furthermore, new drillings will 
provide detailed information about the hydrogeological 
conditions at depth. Due to the significant development 
of geothermal energy in the last decades, new utilization 
possibilities for Kestanbol geothermal waters must be 
evaluated.
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The monitoring studies covering a total of six sampling 
periods over one year revealed temporal variations in 
physicochemical parameters and chemical composition 
of the geothermal waters related to seismic activity. It is 
recommended that long-term monitoring of chemical 
and isotopic composition of geothermal waters with more 
frequent sampling intervals be completed in future studies 
to determine the effect of seismic activities on the chemical 
and isotopic variations in Kestanbol geothermal waters. 
The variations in chemical composition of geothermal 
waters may be considered to be one of the probable 

precursor parameters to forecast impending earthquakes 
in this region.
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