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Abstract: Bademli geothermal area (BGA) is located on the coastline of Dikili-Izmir province and consists of Bademli spring and Hayith
areas with 36.8-51°C discharge temperatures, respectively. The waters of Hayith borehole have remarkable seawater mixing ratios like
Bademli spring and have Na-Cl water type. Dikili group pyroclastic volcanic units constitute the reservoir rock in the entire geothermal
area. The heat source is relatively elevated geothermal gradient caused by extensional tectonics forming E-W trending grabens. Bademli
thermal water is plotted in the “immature waters” area in the Na-K-Mg triangular diagram with a calculated seawater contribution of
18%. Therefore, some cation geothermometers are considered unreliable. On the other hand, the silica-enthalpy diagram showed an
anticipated reservoir temperature of approximately 240 °C. Hayitl borehole water sample is plotted on the “partially equilibrated waters”
area in the same triangular diagram and shows a reservoir temperature of 208 °C. The seawater contribution in the Hayitli area (16%)
is less than the Bademli spring. On the other hand, based on the K/Mg geothermometry, the reservoir temperatures for Bademli spring
and Hayitli borehole waters are 129 °C and 138 °C, respectively. B, Fe, Mn, and Sb concentrations exceed the tolerance limits of the EPA
and Turkish drinking water standards in the area. In addition, due to silica-rich volcanic rocks, Ge solubility increased with temperature
in thermal waters and reached 34-45 pg/L. Enrichment of 80 and &°D values can be observed in Bademli spring and Hayith with
-3.70%0 and -4.63%o, and —34.5%o and -37.9%o, respectively. From the chemical and isotopic results, it can be clearly said that this
coastal geothermal area is high enthalpy, as evident from the equilibrium temperatures. However, when the thermal water rises to the
surface, it mixes with both cold groundwater and modern seawater resulting in a decrease of the discharge temperatures of the springs.
Moreover, according to the isotopic and hydrogeochemical data, the area has a high potential for thermal heating of the settlements in
the area.
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1. Introduction Western Anatolia is where 78% of Turkey’s

Geothermal energy is a sustainable and renewable energy
source that uses the heat of the earth’s crust. Water and/
or steam carry geothermal energy as thermal fluids to
the earth’s surface. These fluids contain more dissolved
minerals, salts, and gases than the groundwater have
temperatures above those of the regional atmospheric
temperatures. Since the waters forming the geothermal
fluid are generally of meteoric origin, geothermal
resources are renewed as long as the atmospheric
conditions continue. Geothermal energy does not create
air pollution with its low carbon dioxide emission rate
and is a renewable alternative energy source. Geothermal
energy is a clean, inexpensive, and environmentally
friendly resource (Yang et al., 2017; Cetin et al., 2021).
It does not cause carbon emissions and air pollution in
the atmosphere. Hot dry rocks without water are also
geothermal energy sources.

* Correspondence: melis.somay@deu.edu.tr

geothermal potential is found. The remaining 9% is in
Central Anatolia, 7% in Marmara, and 6% in Eastern
Anatolia. According to Ministry of Energy and Natural
Resources of Turkey data, 90% of geothermal resources
are suitable for direct applications (low and medium
temperature) such as various industrial applications,
thermal tourism, and heating, etc. while the remaining
10% 1is suitable for indirect applications such as
electricity generation (high temperature) (MAGEG,
2022). Investigation of the geothermal system in
Turkey, development, exploitation, and conservation
is of great importance. It should never be forgotten
that, if geothermal energy is not protected, it will not
have the same efficiency in the future and may even
disappear completely. Since these waters are healing in
terms of health, it is of particular importance that their
hydrogeochemical properties remain intact.
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The geothermal activity is thought to have been
enriched by the behavior of Western Anatolia during the
Neogene and by the extensional tectonics in the region
that caused the formation of the grabens (Simsek, 2003).
These grabens are Bakir¢ay, Gediz, Kii¢iitk Menderes, and
Bityitk Menderes grabens from north to south. Many
researchers have been studying the hydrogeology and
hydrogeochemistry of these grabens for many years (Esder
and Simgek, 1977; Filiz, 1982; Yilmazer, 1984; Gtileg, 1988;
Balderer and Synal, 1996; Karamanderesi, 1997; Ozgiir,
2002; Vengosh et al., 2002; Gemici and Tarcan 2002; Baba
et al, 2006; Mutlu et al, 2008; Magri et al., 2011; Bilbiil et
al., 2011; Ozen et al, 2012; Alcicek et al., 2018; Tut-Haklidir
and Ozen-Balaban; 2019; Akar et al, 2021).

Izmir province is quite rich in terms of geothermal
fields (IZKA, 2022). There are the Cesme geothermal area
(62 °C- Gemici and Filiz,2001), Seferihisar geothermal
area (153 °C- Tarcan and Gemici, 2003), Aliaga geothermal
area ( 51 °C- Filiz et al. 1997; Ozkan et al, 2011), Dikili-
Kaynarca geothermal area (150-200 °C- Ozen and Tarcan,
2005), Bergama geothermal area (25-58 °C- Filiz et al.
1998), Bayindir geothermal area in the (42-46 °C- Bulut

and Filiz, 2005), Urla-Giilbahge geothermal area ( 37 °C-
Filiz and Tarcan, 1990), and in the city Balgova-Narlidere
geothermal area (95-140 °C-Tarcan et al. 2009).

Geothermal energy sources are used in Izmir city
for thermal tourism and regional heating. Most of the
geothermal energy used in Izmir province is used in
residential heating. Residential heating consumes 59% of
the total energy, greenhouse heating consumes 36%, and
thermal tourism uses the final 5%. (Aksoy, 2014; IZKA,
2022).

Dikili-Bergama geothermal fields located northern
part of Bakircay Basin is one of Turkey’s major geothermal
fields. Bademli geothermal area (BGA) is located northern
part of Izmir city which is the third biggest city in Turkey
(Figure 1). Another important geothermal area (Dikili
Geothermal Area) is used for thermal production eastern
part of BGA. Agriculture, green housing, and tourism are
the main sources of income in Dikili, Izmir (Ataberk and
Baykal, 2011). Bademli village is one of the most important
tourist locations in Dikili. Especially thermal tourism has
a very important position in the region. There are hotels
with a bed capacity of approximately 1700. Geothermal

30° 36°
Black Sea

Ankara

t}

-
“El Il=|l'

Sedimentary
Association

Andesite
Dacite
Basaltic
Andesite
o HD: Lahar

4 4 |Flow Breccia

Lower-Middle Miocene
i3]
b
8}

Pyroclastic
Flow Deposits
Pyroclastic
% Fall Deposits
—— Oblique-Slip Fault
—— Normal Fault
_ Possible Fault

A |Thermal Spring

_’_ Thermal Well
" ——— | Cross-section

Figure 1. Location and geological maps of the study area (Karacik et al., 2007).
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research is being carried out for new tourism opportunities
both in this area and in the two nearby islands (Kalem and
Garip Islands).

There is a limited detailed hydrogeochemical study in
BGA. The purpose of this investigation is to evaluate the
hydrogeological and hydrogeochemical properties of BGA
thermal waters, their relations with groundwater, and the
application of chemical geothermometers. In addition,
an investigation of the heavy metals as boron contents of
water was done to determine the environmental problems.

2. Material and methods

Studies can be divided into two groups: field and laboratory
studies. The cold groundwater and thermal waters were
sampled in 2015 in the study area. The pH, electrical
conductivity (EC), and temperature measurements of the
waters were made in situ with a WTW multimeter. The
HCO, values of the waters were determined in the field
by in situ titration method. Water samples for chemical
analysis were filtered through 0.2-p permeable filter paper
with the help of a water filtration set into 50 mL and 500
mL polyethylene bottles. Water samples were acidified to
a pH of 2 by adding 0.2 mL of concentrated HNO, to the
sample bottles (50 mL) in which cation analyzes would
be made. The waters were stored at +4 °C as specified in
the standards and sent to ACTLab in Canada for cation
analyses. Anion analyzes were performed in the Dokuz
Eylil University Geological Engineering Geochemistry
Laboratory. HCO, and Cl ions were done with the
volumetric, and SO, was done with the gravimetric
method according to APHA-AWWA-WCPE, 1992. One 50
mL water sample bottle was used for 6'*0 and §D analyzes
of water. 80 and §”°D analyzes were performed at the
University of California, Davis Laboratory in the USA.
AquaChem 5.1 (Calmbach, 1997) computer code was used
to evaluate hydrogeochemical and PhreeqC (Parkhurst
and Appelo 1999) chemical speciation programs.

3. Geology and hydrogeology

At the basement of the study area, there are Early-Middle
Miocene aged pyroclastic rocks called both Yuntdag:
Volcanic Units (Akytirek and Soysal, 1983) and Dikili
group (Karacik et al., 2007), andesitic, dacitic lavas,
lava breccias and lahar flows (Figure 1). It crops out
in an area of approximately 45 km? in the study area. It
often has flowing lava structures that present a layering
appearance. Andesite units in the region have cracks and
fracture systems that allow their circulation and storage.
The shallow water wells drilled in the andesite unit are for
drinking, and irrigation purposes; and their depths vary
between 4-20 m. In addition, recharge rates change from
0.1 to 0.4 1/s (Demirel, 1993). The Dikili group forms the
reservoir rock of the Bademli geothermal system.

Middle Miocene-Lower Pliocene age Soma Formation,
which overlies the rocks of the Dikili group, covers
approximately 8 km? of the study area. At the bottom of the
Soma formation, large blocks, gravel, and clays belonging
to the foundation are dominant. Clay-sand-sandstones are
dominant towards the upper parts, and greenish plastic
clay level is dominant in the uppermost parts. Marl is
dominant in the upper levels of the formation. In addition,
it is possible to observe transition units between limestone
bands and marl-limestone (Akyiirek and Soysal, 1983).
Marl is of medium hardness and is bluish-gray in color. It
shows very well bedding; the layers can reach 1-2 m thick
from the lamina. Because of the predominance of clayey
impermeable layers, the Soma formation forms the cover
rock of the BGA.

Quaternary alluvium covers all units in the region
uncomfortably. It covers approximately 2.5 km?* in area.
The thickness of the alluvium varies between 2-4 m near
the coast and 15-20 m on the land (Demirel, 1993).

4. Results

4.1. Hydrogeochemistry

The chemical analysis results of three water samples taken
from three different water points were determined in the
study area (Table 1). The surface temperature and pH
values of Bademli geothermal spring (sample 1) and Hayith
borehole (sample 2) are between 36.8 and 51.0 °C and 6.58
and 6.81, respectively. The well bottom temperatures were
measured at 96 °C at 160 m. The EC value of the geothermal
fluid is between 11,090 and 10,420 uS/cm, and its average
value is 10,755 puS/cm. The cold groundwater sample taken
from Bademli Village (sample 3) was measured at 22 °C,
pH value of 7.12, and an electrical conductivity value of
515 pS/cm.

The analysis results obtained by determining the
chemical characteristics of the geothermal fluid provide
information about the relations of the geothermal fluid
with lithology and the hydrogeochemical processes that
occur throughout the circulation systems. Thermal waters
have total dissolved solids (TDS) values of 7000-7400
mg/L. The major cation sequence of the geothermal fluid
is Na*> Ca**> K*> Mg*?, and the anion sequence is CI”
> HCO,” > SO,” Although the Mg concentration in
seawater is high, the concentration of Mg in geothermal
water, which is a seawater additive, is lower than that of
calcium. This situation can be explained by ion exchange
reactions that cause the magnesium value to decrease in
the mixture between magnesium, calcium, and sodium.

The salinization of groundwater with the addition of
seawater is essentially the mixing of fresh groundwater
(unsalted) with seawater. In hydrogeological studies,
mixture amounts are calculated using physically or
chemically nonreactive components (e.g., Cl, EC). The
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determination of components that provide this mixture,
the result of the hydrogeochemical mixture of the two end
components, can be determined by using the volumetric
ratios of the end components in water with the following
equation:

Clsample_afresh

Contribution of end component (%) =
Clsea—Clfresn

Equation (1)

According to equation 1, mixing ratios of thermal
waters are calculated with Cl, Na, Mg, and EC values of the
samples. The cold-water sample was used as a “freshwater
end component”. As a result, the mixture ratios calculated
according to all these values were found 18% for Bademli
spring and 16% for Hayitli borehole. In support of all these
results, the water type of geothermal water is Na-Cl, while
the cold groundwater is Ca-Mg-Na-HCO,-Cl according to
TIAH’s (1979) classification.

The chemical analysis results were plotted on the Piper
diagram to determine the hydrogeochemical facies of the
waters in the study area (Figure 2).

According to this diagram, geothermal waters are
located in the Na-K-Cl type waters type (noncarbonate
alkali-primary salinity exceeds 50%). Cold groundwater is
Ca-Mg-Na-HCO, water type (carbonate hardness exceeds
50%). Na is the dominant cation for thermal waters
in BGA according to Piper Diagram and IAH (1979)
classification. Na concentration is on average 2100 mg/L
for thermal waters. However, the Na value is much lower
for cold groundwater (28 mg/L). Na-rich thermal waters
are produced by seawater intrusion in the area.

According to the Schoeller semilog diagram, the
parallelism of the lines shows that the fluid has a similar
ion to the recharge area and reservoir. As shown in
the Schoeller semilog diagram (Figure 3) geothermal

Table 1. Chemical analyses of the waters (EC = Electrical conductivity; T = Temperature; major ions units are mg/L* Somay et al. 2008).

. EC T . . I 2l o1 i 2l e | Water Type |§D |80
# | Location (usjem) | oy PH N7 K G Mg €L HEOSOSST 1 1979) | (90) | (90)
1 |Bademli thermal spring | 11,090 |36.8|6.58 |2,263 |189.90 |184 |38 |3,850 |683 |298 |89.8 |Na-Cl -345(-3.70
2 | Hayitli thermal borehole [ 10,420 |51.0|6.81 {2,138 [187.40 |177 |21 |3,725 |537 [252 |93.1 |Na-Cl -37.9|-4.63
3 | Bademli cold GRW 515 20(712 (27 ooz |39 |16 |34 |13 |4 |a97 |G MENa | 0 666
HCO,-Cl
SW* | Seawater 58,800 |17.0]8.28 |12,720|399.00 |413 |1,381|21,702| 156 |2,379/0.5 |Na-Cl 84 |161
@® Thermal Water
B Cold Groundwater

X Sea Water

Figure 2. Distribution of thermal waters in Piper diagram.
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Figure 3. Distribution of waters in Schoeller semilog diagram.

borehole and spring are in a parallel sequence and show
the seawater effect in the BGA. According to the Schoeller
semilogarithmic diagram, the dominant ion distribution
in geothermal waters is Na+K>Ca>Mg for cations and Cl
>HCO,> SO, for anions. The dominant ion distribution
in cold groundwater is Ca>Mg>Na+K for cations and
HCO,>CI>SO, for anions.

Thermal waters can be distinguished on the CI-SO,
-HCO, ternary diagram of Giggenbach’s (1991) diagram
(Figure 4). This diagram shows that the thermal waters in
the region are classified as “deep Cl waters”

Boron concentrations in thermal waters reach 45.7
mg/L (Table 2). Mixing of thermal waters with groundwater
and surface waters may cause some environmental
problems. Although boron is the basic element for the
growth of plants, if the limit value is exceeded, the plants
die and accumulate causing the soil to become barren. If
the boron concentration in groundwater exceeds 1 mg/L,
it is harmful to plants (Richards, 1954). More amounts of

Steam Heated Waters

| | | |
SO, 20 40 60 80

Figure 4. CI-SO,-HCO, ternary diagram.

HCO,

boron in thermal waters are caused boric acid dissolution
so fast and affect living things negatively.

High concentrations of iron, manganese, and antimony
are related to geothermal activity in the area. An increase in
germanium content is observed in thermal groundwaters
inbedrocks made of reactive silicate minerals. These silicate
minerals are especially found in active volcanic regions
and/or in young igneous rocks (Dobrzynski et al. 2018).
Mineralogy, geochemistry, and temperature of reservoir
rock can be affected by the germanium concentration
in thermal waters. With the increase in temperature, the
total solubility of GeO, and silica also increases (Wood
and Samson, 2006). Some measured Ge concentrations in
thermal waters are shown in Table 3.

Since the silica-rich acidic volcanic formations, which
are common in the Dikili-Candarli region, form the
reservoir rock of the geothermal area, it is normal for the
germanium solubility to increase in the waters.

4.2. Environmental isotope hydrology

Effective and beneficial use of water resources is possible
by determining recharge areas and understanding their
circulation. Stable Oxygen (§'*0) and Deuterium (§°D)
isotopes are generally used to determine the geothermal
fluid origins (meteoric, fossil, etc.), recharge areas, and the
temperature of the fluid in the aquifer. The isotope values of
all other waters are measured according to Standard Mean
Ocean Water (SMOW), where the § value is assumed to
be zero. Environmental isotope analyzes of water samples
in the study area are presented in Table 1. The stable §**O
and 8D isotopes are generally used to determine the
origin of the waters, the recharge level and area, and the
temperature in the aquifer. The linear relationship between
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Table 2. Some minor ions of waters (underlined values exceed standards).

# Location Al B Fe Ge Mn Sb Zn
(ug/L) | (ug/L) | (ug/L) | (ng/L) | (ng/L) | (ng/L) |(ng/L)
1 Bademli thermal spring | 10 44,700 | 600 34.20 141.0 22.8 459
2 Hayith thermal borehole |8 45,700 500 45.20 260.0 115.0 427.0
Bademli cold GRW 5 nm 20 0.33 0.3 0.1 29.9
EPA standards (2014) 50-200 |2000 300 - 50 6 5000
TSE-266 (2005) 200 2000 300 50 5 -

Table 3. Some measured Ge concentrations in thermal waters.

Unit
ug/L

France-Vichy thermal area 25

Area Reference

Bardet, 1914

Kuroda, 1939

Koga, 1967
Dobrzynski et al. 2018
Pasvanoglu, 2020

This study

Japan-Senami thermal area |30

New Zealand thermal areas 52

Poland thermal areas 1.01

Eastern Turkey thermal areas |24

34-45

Bademli geothermal area

values of precipitation isotopes depends on mainly
climatic conditions and is expressed by the relation §°D =
a8'"*0+d. These values, throughout the hydrological cycle;
vary depending on evaporation, humidity, precipitation,
climatic conditions, and geographical location. For this
reason, local meteoric water lines are available for many
regions based on regional precipitation. These meteoric
water lines are used to determine the origin of groundwater.
Dilaver et al., 2018 data was used as a local meteoric line
with §°D = 88'%0+12 for the study region (Figure 5).

According to the isotope analysis results made at the
thermal and cold-water sample points in the study area,
the 8'80 and &°D values in the waters vary between -3.70
%o and —6.66 %o and —35.5 %o and -37.9 %o, respectively.
In Figure 5, according to the §"*O and &°D isotope results,
it is seen that the thermal waters are displaced to higher
oxygen isotope ratios due to water-rock interaction. In
the diagram, it is clearly seen that the waters in BGA are
located to the right of the meteoric water line and on an
approximately linear line, in a position that gradually
moves away from the line, depending on the water-rock
interaction. While the cold-water sample plots on the
meteoric line, §'°0 enrichment (positive shift) is observed
for thermal waters. This situation is interpreted as the
8”0 change caused by water-rock interactions at long-
term and high temperatures. Reservoir temperature, rock
composition, and residence time affect the amount of
oxygen exchange (Truesdell and Hulston, 1980).

118

The 6"0-Cl graph shows that there is a positive
correlation between oxygen-18 and chloride (Figure 6).
This shows us evaporative enrichment or the salinization
of groundwater in the aquifer (reservoir) system by the
effect of seawater. A slight 6O shift in the Bademli thermal
spring water sample is interpreted as the result of processes
of both evaporation and salinization. Because this spring
occurs at the sea bottom near the coast. Therefore, the
evaporation process is very common for the Bademli
thermal spring.

4.3. Geothermometry applications

Chemical geothermometers are used to estimate the
underground temperature of geothermal resources. These
geothermometers give the final equilibrium temperature
dependent on temperature (Nicholson, 1993). Of these
geothermometers, numerical chemical ones were
developed based on solubility and ion exchange. Fournier
(1979) stated that thermal waters rise at a low speed
towards the surface and change the direction of movement
of some of them at shallow depths before reaching the
surface or gaining horizontal flow, resulting in the thermal
water losing its heat conductively and being cooled by the
host rocks. Thermal waters can also cool down as a result
of boiling or mixing cold groundwater due to sudden
pressure changes at depths or when rising to the surface.
Thessilica geothermometer is prepared based on the aquifer
temperature affecting the chemical reaction or the cooling
of the hot water as it rises. Therefore, silica geothermometry
has been developed for various temperatures.

Solute geothermometry techniques were applied to
thermal water samples in the study area (Table 4).

When some cation geothermometer results are
discarded due to the seawater mixing process, it gives
reservoir temperatures between 127 °C and 240 °C for the
Bademli spring, and 130 °C and 246 °C for Hayitli region
compared to the rest of the geothermometers (Table 4).

The Na-K-Mg triangle diagram is used to determine
the origin of geothermal waters, to check whether they
have reached equilibrium or not, and to select suitable
geothermometers. With the Na-K-Mg geothermometer
developed by Giggenbach (1988), both the reservoir



SOMAY-ALTAS and GEMICI / Turkish J Earth Sci

—
=]

Seawater

(=]

8 D (%) SMOW
=

34 3 -1 0 1 2
5 O (%0) SMOW

Figure 5. §?D-8"0 diagram for study area (MMWL: Mediterranean meteoric
water line (Yurtsever, 1986); LMWL: Local meteoric water line (Dilaver et al.,
2018); GMWL: Global meteoric water line (Craig, 1961)).

& 2.00 SW
N
O 100 3 "0
% S s W
0.00 = .9 RSt
Q@ = \*,—
S g ‘3'\6\, ?:"
-1.00 &5 A %&ﬁ_,.—
22,00 > ST .
SN . R2=0.95
-3.00 ’ el
-4.00 1 .l: e
2@t~
-5.00 __,’
-6.00 @&
’Cold waters
-7.00
0 5000 10000 15000 20000 25000
Cl (mg/L)

Figure 6. §'*0O-Cl diagram for the study area.

temperature of the geothermal water is determined and
the accuracy of the cation geothermometer application
is checked. Giggenbach’s (1988) triangle diagram is a
method used to distinguish between mature waters that
have reached equilibrium with hydrothermal minerals
and immature waters that are affected by mixing and/or
rebalancing at low temperatures along circulation paths
(Tarcan and Gemici, 2003). Cold-water samples fall into
the immature field on this plot not attained mineral-rock
equilibrium. Samples 1 and 2 plot as partially equilibrated
waters but are also close to immature waters in Figure 7. It
canbe suggested that these water samples are alsonota good

representative of water-rock interactions in the reservoir.
This can explain why some of the geothermometers give
unreasonable geothermometry temperatures in Table 4.
Most of the Na-K geothermometers give much higher
than possible reservoir temperatures for the field. Because
of the contribution of seawater and rapid water circulation
in the system, the Na-K geothermometers may not reflect
the reservoir temperatures. It can be said that these waters
are not in full equilibrium with the reservoir rocks. In
addition, most cation geothermometer results can only be
considered tentative, due to the predominance of mixing
thermal waters with seawater and/or cold groundwater.
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Table 4. Results of chemical geothermometers (a-Fournier, 1977;
b- Arnorsson, 1983; c- d Fournier & Truesdell, 1973; e- Fournier,
1979; f- Fournier & Potter, 1979; g- Tonani, 1980; h- Nieva &
Nieva, 1987; i- Giggenbach, 1988; j-Giggenbach et at., 1983)

Sample Location ?;;:Iell;li ;I:::ltll;le
Discharge temperature (°C) 36.8 >1
a- SiO, (Amorphous silica) 54 56
a- Si0, (a-cristobalite) 127 130
a- SiO, (b-cristobalite) 78 80
a- SiO, (Chalcedony) 156 158
a- Si0, (Quartz) 177 180
a- Si0, (Q-max. Steam loss) 166 168
b- §iO, (Chalcedony-conductive cooling) | 150 153
b- SiO, (Quartz-steam loss) 144 147
b- SiO, (Quartz-steam loss) 151 154
b- SiO, (Quartz-steam loss) 172 174
b- SiO, (Quartz-steam loss) 165 167
b- SiO, (Chalcedony) 150 152
b- Na/K 178 182
b- Na/K 202 205
c- Na/K 164 169
d- Na/K 169 174
e- Na/K 202 206
b- Na/K 240 246
f- Na/K 221 225
g- Na/K 176 180
h- Na/K 190 193
i- Na/K 219 222
j- K/Mg 129 138

Reservoir temperatures calculated from silicaand K-Mg
geothermometers are more acceptable than other cation
geothermometers. K-Mg geothermometry (Giggenbach et
al., 1983) is useful in seawater mixing systems because Na
and Ca are not equilibrated fast enough in the seawater
mixing process (Henley et al, 1984). In this respect, the
K-Mg geothermometer gave a more reliable reservoir
temperature result since there is seawater contribution in
BGA.

In the mineral-equilibrium method, the saturation of
the minerals in the thermal water at certain temperature
values is calculated separately. The saturation index lines
corresponding to the temperature values marked on the
diagram are interpreted. If a group of mineral lines crosses
the equilibrium line (SI = 0) around a certain temperature
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value, the temperature value corresponding to the
intersection of these lines gives the best aquifer temperature
(Tarcan 2002) because the solubility equilibrium constants
of minerals are closely related to temperature. Using the
PHREEQC computer program, saturation indices (SI =
log Q / K = log AP/Kt) at various temperatures (at 1 atm
pressure condition) for each mineral were calculated
separately. According to the temperature-mineral balance
diagrams of the BGA thermal waters (Figure 8), the
temperature values between 80-140 °C, where the curves
intersect in the approximate equilibrium state, can be
interpreted as the reservoir temperatures of the region.
Mixing models can be used to determine the reservoir
temperature of a new geothermal field. Geothermal waters
can mix with other waters as they rise to the surface.
Assuming that the amount of silica is preserved as it
was at the origin of the geothermal water, mixing ratios;
maximum reservoir rock temperature can be explained
by the change of enthalpy-silica (Fournier, 1977). The
enthalpy-silica mixture model of the geothermal waters in
the study area (Figure 9) suggests reservoir temperatures of
approximately 240 °C for the Bademli spring and 208 °C for
the Hayitli borehole, according to quartz geothermometry.

5. Conclusion and recommendation

BGA, which isa promising area in terms of thermal tourism
and can be operated economically, has been evaluated in
terms of hydrogeochemical and isotopic within the scope
of this study. The reservoir rock of this geothermal area
is the Lower-Middle Miocene-aged Dikili group volcanic
rocks consisting of andesite, dacite, and basaltic andesite,
which gained secondary permeability due to the tectonics.
The N-S trending normal faults, which are important for
BGA, and the strike-slip faults with oblique components,
which cut these structures approximately perpendicularly,
serve as the heat source of the system. Upper Miocene-
Lower Pliocene aged sedimentary sequence represented by
clayey limestone, limestone, cherty limestone, clay, marl,
and siltstone with pyroclastic intercalations and chert level
forms the cover rock of the system (Figure 10).

The thermal waters in BGA are of Na-Cl water type
and their seawater contribution varies between 16%-18%.
When the §"O and §°H values of the waters in the study
area are examined, §'*O enrichment can be seen, especially
in the thermal waters. This is proof that the thermal system
is a long-term and deep circulation system.

The outlet temperature of Bademli spring was 36.8
°C, and the wellhead temperature of the Hayitli borehole
was 51 °C. According to the borehole information, the
temperature measurement at the bottom of the well at a
depth of 160 m rises up to 96 °C. According to various
geothermometer calculations, reservoir temperatures vary
between 80 and 240 °C. The Si-enthalpy graph may not



SOMAY-ALTAS and GEMICI / Turkish J Earth Sci

Na/1000

(Mg)l/Z

K/100 £

Figure 7. Distribution of the thermal waters from the BGA in a Na-K-Mg trilinear diagram.

% Mg

Bademli Spring

LogQ/K=LogIAP/KT

SE
D T T
D N - T I I SV

. .
SN

40

60

120

160

Temperature (°C)

200

# e *x N » B o

o Chalcedony | -

-

Albite
Quartz
Analcime
Anhydrite
Magnesite
Muscovite

Calcite

Coesite
Dolomite
Enstatite

Gypsum

Hayith Well

~LogIAP/KT

LogQ/K:

SI=

L L 2 o0 wwauw

&

'
-

< Anhydrite

©  Chalcedony

Albite
Quartz
Analcime

Magnesite
Muscovite

Calcite

Coesite
Dolomite
Enstatite
Gypsum

20

60

120

160
Temperature (°C)

200

Figure 8. Mineral equilibrium diagrams for fluids.

121



SOMAY-ALTAS and GEMICI / Turkish J Earth Sci

800
700 -

Maximum
Steam Loss y

SiO, (mg/L)
s 5 2 3
o | (=} (=) (=]

(208°C) (241°C)

0 50 100

150 200 250 300

Reservoir Enthalpy (cal/g)

Figure 9. Reservoir enthalpy vs. SiO, diagrams based on quartz

solubility for BGA.
EC=10420uS/cm
T=51.0°C
EC=515 uS/ B=45.7 mg/l
T2 HS/EM 5 0= 4.70%
. , T=22.0°C " a4
EC=11900uS/cm 550 6.66 % Hayith 4
T=36.8 °C Bademli Borehole
B=44.7 mg/l F' %
550=-3.70% L Cold Water

Bademli
Spring

NW

Schematic

SE

7] &

Sedimentary  Dikili Cold Thermal Seu
Association  Group Wler Water Warer

Figure 10. Hydrogeological conceptual model of BSA.

be accurate due to the seawater mixture. One of the most
reliable geothermometers is K/Mg. Accordingly, Bademli
spring gives a reservoir temperature of 129 °C and Hayith
borehole gives a reservoir temperature of 138 °C (Table 4).

Due to the high concentration of B, Fe, Mn, and Sb,
the uncontrolled release of thermal water to the receiving
medium can cause a major environmental problem.

Since this region is of great importance, especially in
terms of thermal tourism, it is also important to determine
new borehole areas. For BGA, it will be possible to get 96
°C high-temperature fluids with deep borehole wells to be
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made at the intersection points of N-S dip-slip faults and
approximately E-W directional faults that cut these faults
at an approximately right angle (Figure 10).
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