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Sandıklı-Hüdai geothermal ﬁeld is one of the geothermal systems in Afyon and environ, located approximately 40 km southwest of Afyon. The study area consists of volcanic, sedimentary and metamorphic
rocks. Kestel greenschist formation of Paleozoic age forms the basement rock in the area while quartzite
which is a member of the Kestel greenschist formation serves as the reservoir rock of Sandıklı-Hüdai
geothermal system. Geothermal waters from the study area are classiﬁed as Na–SO4 –HCO3 type waters.
The waters plot along SO4 –HCO3 end of the Cl–SO4 –HCO3 triangle diagram suggesting same origin
for the geothermal waters. δ 18 O and δD isotope ratios of the Sandıklı waters plot along the continental
meteoric water line, indicating meteoric waters that were unaﬀected by evaporation. The tritium values
imply that the ﬂuids were deep circulating and recharged from older waters. Furthermore, oversaturation of the geothermal ﬂuids with quartz conﬁrms these ﬁndings showing long time residence of these
groundwaters.

1. Introduction
The growth and development of countries is
directly proportional to their energy needs and
consumption. With approximately 90% of world’s
energy consumption being supplied by fossil fuels,
ﬁnding alternative energy sources have become
indispensable due to possible depletion of fossil
energy sources in the nearest future as well as
expensive exploration of new reserves and environmental pollution resulting from these sources.
Geothermal energy is an important alternative
energy source because it is renewable and environmental friendly considering its low carbon
dioxide emission rate while not counting its cost
eﬀectiveness in the long term.

There are four geothermal ﬁelds within Afyon
province namely, Ömer-Gecek, Gazlıgöl, HeybeliKaraburun geothermal ﬁelds and Sandıklı geothermal ﬁeld, which is the investigated area for this
study. Sandıklı-Hüdai geothermal ﬁeld is located
approximately 40 km southwest of Afyon, and typically used in direct-use applications such as in
health, greenhouse activities and district heating.
Several studies on geology, hydrogeology along
with hydrogeochemical properties for geothermal exploration and exploitation of the region
have been conducted by many researchers including Karamanderesi (1972); Öngür (1973); Öztaş
(1989); Afşin (1991); Mutlu (1996); Gürsu and
Göncüoğlu (2005); Karamanderesi (2008); Özpınar
(2008). However, this investigation examined
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hydrogeochemical properties of geothermal ﬂuids
using hydrogeochemical and isotopic data while
taking previous studies into consideration.
2. Materials and methods
General Directorate of Mineral Research and
Exploration (MTA) and private organizations
drilled 12 boreholes in the study area with the
depth of these wells ranging from 50–750 m. During
the ﬁeld exercise, about 5 samples from geothermal
wells were collected for further analysis in the laboratory and the sampling points were selected to
represent the overall physical and chemical properties of the waters in the area. The sample points are
used in balneological purposes, greenhouse activities and district heating in Sandıklı-Hüdai geothermal ﬁeld. The anion and cation samples were
ﬁltered using 0.45 μm ﬁlter papers while polypropylene bottles were used to collect samples for
anion, cation and isotope analysis. The samples
for cation analysis were acidiﬁed with suprapure
HNO3 but that of anion were not and later sent to
the laboratory preserved at +4◦ C.
In situ parameters such as temperature (T),
hydrogen ion activity (pH) and electrical conductivity (EC) were measured on the ﬁeld using
portable devices while alkalinity measurement was
done by titrimetric method. Hydrogeochemical
analysis of the samples was carried out using
standard method (APHA-AWWA-WEF 2005) at
Suleyman Demirel University, Research and Application Center for Geothermal Energy, Groundwater and Mineral Resources by ICP-OES and ion
chromatography. Although no precision and accuracy tests were carried out for the analyzed results,
the results are considered reliable owing to the
fact that load-balance rate of the analyzed waters
are generally less than 5% (table 1). Stable isotope analysis (δ 2 H and δ 18 O) by mass spectrometer and tritium (3 H) analysis were determined
using liquid scintillation counting method at the
Neuherberg Hydrology Institute, Germany. Hydrogeochemical analysis results were evaluated by
utilizing AquaChem v.3.7 (Calmbach 1999) and
SOLMINEQ.88 PC/SHELL (Kharaka et al. 1988)
computer programs.
3. Geological settings
The study area is characterized with intense
hydrothermal alteration and the geothermal system can be associated with neo-tectonic period
tectonism and active volcanism. Miocene aged
Sandıklı volcanism serves as the source of heat for
the Hüdai geothermal system. Trachyte, andesite,

trachyandesite, latite basalt, phonolite, tephrite
type alkaline and calc-alkaline lavas, tuﬀs and ignimbrites were formed in diﬀerent phases during
Miocene volcanism in Sandıklı region (Karamanderesi 2008). Sandıklı formation consists of Upper
Miocene aged Akin tuﬀ, Sandıklı and Pliocene aged
Hamamçayı members (Afşin 1991). Koçgazi phyllite member, which constitutes impermeable basement rock of Afyon-Sandıklı geothermal system, is
composed of beige, brownish coloured beige, ﬁne
grained sandstone with very low metamorphism,
black and brown-purple coloured siltstone and
metabasic sills intercalated with these in patches.
Lower Cambrian aged Hüdai formation consists
mostly of quartzites and are in places intercalated with schists. The quartzites are medium-thick
and cross bedded, light grey, rust and pink coloured
and laminated. Approximate thickness of a unit
is about 400–600 m. Hüdai formation which serves
as the reservoir rocks of Afyon-Sandıklı geothermal system is characterized mainly by synclinal
type folds and secondary porosity. The Hüdai formation is mostly conformable over phyllites and
has a transitional contact relation with overlying Çaltepe formation. Seydişehir formation, which
forms the cover rock of geothermal system, is
composed of shale and quartz sandstone intercalations. Thin, variegated and nodular limestone
bands are observed at the lower most part of the
sequence (Afşin 1991; Özgül et al. 1991; Günay
et al. 1995; Gürsu and Göncüoğlu 2005). Upper
Triassic–Lower Jurassic aged Karatepe formation
consists mainly of conglomerate, sandstone and
siltstones. Lower Jurassic aged Derealanı formation
starts with marly sandstone and passes upward
to sandy, silty and argillaceous limestones with
sandy limestone intercalation. Upper Jurassic–
Lower Cretaceous aged Akdağ formation is made
up of nearly massive brachiated limestone and
passes upward to limestone and dolomitic limestone with an increase in chert layers (Afşin 1991;
Özpınar 2008; ﬁgure 1).

4. Hydrogeochemistry
Hydrogeochemistry is an indispensable unit of
hydrogeological studies because it aids in the determination of chemical properties as well as the overall qualities of groundwater, including their genesis
and relationship with surface and rain waters.
Therefore, it is an important part of geothermal research program (Tarcan 2002). Five geothermal
ﬂuid samples were taken from Sandıklı geothermal
ﬁeld. In situ and hydrogeochemical analysis of the
water samples from the study area are given in
table 1.
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Table 1. Results of in situ measurements and hydrogeochemical analyses of the water samples from the SandıklıHüdai geothermal ﬁeld (Memiş 2010; Demer et al. 2011).
Sample

AFS-6

AFS-9

AFS-11

AFS-12

AFS-15 WHO 2006 EPA 2003 TS266 2005

T (◦ C)
pH
EC (μS/cm)
O2 (mg/l)
Na+ (mg/l)
K+ (mg/l)
Mg++ (mg/l)
Ca++ (mg/l)
SiO2 (mg/l)
Li (mg/l)
Pb (mg/l)
Zn (mg/l)
Cu (mg/l)
Al (mg/l)
Fe (mg/l)
Mn (mg/l)
Sr (mg/l)
Sb (mg/l)
As (mg/l)
B (mg/l)
Ba (mg/l)
Tl (mg/l)
NO−
3 (mg/l)
NO−
2 (mg/l)
HCO−
3 (mg/l)
PO4 (mg/l)
Cl− (mg/l)
SO2−
4 (mg/l)
F− (mg/l)
% ion balance
SIc (calcite)
SId (dolomite)
SIq (quartz)
δ 18 O
δD
3
H

69.0
6.45
1943
5.0
208.30
30.14
21.26
135.20
63.32
0.23
< 0.01
< 0.01
< 0.01
< 0.01
0.34
0.15
0.56
< 0.01
0.45
0.42
0.07
0.03
23.08
< 0.01
518.5
< 0.01
84.83
441.86
3.83
4.6
0.193
1.451
0.436
−10.34
−72.15
–

69.0
6.52
1982
4.4
205.90
34.89
20.56
130.30
64.77
0.19
< 0.01
< 0.01
0.06
< 0.01
0.14
0.16
0.64
< 0.01
0.24
1.25
0.04
0.06
1.11
< 0.01
561.20
< 0.01
101.15
506.53
3.91
5.1
0.201
1.399
0.513
−10.47
−73.90
< 1.00

73.6
6.48
2300
2.5
276.00
57.92
26.82
150.82
68.62
0.30
0.05
0.05
0.04
< 0.01
0.22
0.06
0.65
< 0.01
0.58
0.72
0.03
0.06
11.30
< 0.01
579.50
< 0.01
100.88
533.88
3.77
0.6
0.272
1.648
0.487
–
–
–

73.5
6.47
2250
3.1
249.80
46.36
26.92
155.48
68.32
0.28
0.05
0.06
0.04
< 0.01
0.35
0.19
0.65
< 0.01
0.54
0.60
0.03
0.06
1.23
< 0.01
573.40
< 0.01
93.60
517.88
3.35
1.5
0.275
1.642
0.486
–
–
–

75.0
7.26
2020
4.3
245.40
47.97
27.45
150.10
76.80
0.30
< 0.01
< 0.01
0.06
0.44
0.62
0.14
0.78
< 0.01
0.60
0.72
0.07
0.02
0.98
< 0.01
481.90
< 0.01
109.51
629.49
4.85
4.5
0.951
3.031
0.504
−10.66
−74.30
< 0.70

Temperature measurements of the geothermal
ﬂuid samples are between 69◦ and 75◦ C, and EC
values are between 1943 and 2300 μS/cm. pH
values of the ﬂuids vary between 6.45 and 7.26
and generally show an acidic characteristic. Hydrogeochemical facies of the waters was evaluated by
plotting the analyzed result on Piper’s diagram.
According to this diagram, the geothermal ﬂuids
are estimated to be Na–SO4 –HCO3 type exchange
waters (ﬁgure 2). The Schoeller diagram suggests
that the array of dominant ions of the geothermal
ﬂuids are Na + K > Ca > Mg for the cations and
SO4 > HCO3 > Cl for the anions (ﬁgure 3).
The main potential pollutants in geothermal
waters are hydrogen sulphide (H2 S), arsenic (As),

–
6.5–8.5
–
–
200
–
–
–
–
–
0.01
3
2
0.2
0.3
0.4
–
0.005
0.01
0.5
0.7
–
50
0.2
–
–
250
250
1.5

–
6.5–8.5
–
–
–
–
–
–
–
–
–
5
1.3
0.2
0.3
0.05
–
–
0.01
1
2
–
–
–
–
–
250
250
2

–
6.5–9.5
–
–
200
–
–
–
–
–
0.01
5
2
0.2
0.2
0.05
–
0.005
0.01
1
–
–
50
0.5
–
–
250
250
1.5

boron (B), mercury (Hg) and other trace metals
(e.g., lead (Pb), cadmium (Cd), iron (Fe), zinc
(Zn) and manganese (Mn) (Kristmannsdottir and
Armannsson 2003; Baba 2004; Baba and Armannsson
2006). As, B and F contents are relatively high
in Sandıklı-Hüdai geothermal waters. Arsenic is a
common constituent in groundwater that aﬀects
human health adversely even at level as low as
10 μg/l (WHO 1993; Bhattacharya et al. 2002).
Wide varieties of adverse health eﬀects, including
skin and internal cancers, cardiovascular and neurological eﬀects, have been attributed to chronic
Arsenic exposure, primarily from drinking water
(NRC 1999). Arsenic concentrations of thermal
waters from the study area vary between 0.24 and
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Figure 1. Geological map of Afyon-Sandıklı Hüdai geothermal ﬁeld and environs (compiled from Öngür 1973; Afşin 1991;
Memiş 2010) and sampling locations.

0.60 mg/l. These values for all the water samples
exceeded the limit of 10 μg/l (EPA 2003; TS266
2005; WHO 2006) proposed for human consumption. Boron is important in very small concentration for normal growth of plants, but in high
concentration it becomes toxic. As a general classiﬁcation, boron concentrations of groundwater
exceeding 1 mg/l are harmful for plants (Richards
1954). Boron concentrations of thermal waters in
the study area are from 0.42 to 1.25 mg/l. These
values are higher than the safe levels required for
drinking and irrigation purposes. Fluorine concentrations of Sandıklı-Hüdai thermal waters vary
between 3.35 and 4.85 mg/l, and these exceed the

standard values proposed by WHO (2006); EPA
(2003); TS266 (2005). Consequently, the geothermal water in the region is harmful to both plants
and animals, hence cannot be used for domestic
purpose. In accordance with the result of the analysis, Na, Mn concentrations exceeded the tolerance
limit. Sulfate concentration exceeds the tolerance
limits (250 mg/l for WHO 2006; EPA 2003 and
TS266 2005) in all samples. Fe ranges from 0.14
and 0.62 mg/l and slightly exceeds the drinking
standard (table 1).
The distribution of the Sandıklı geothermal
waters on Cl–SO4 –HCO3 triangle diagram along
SO4 –HCO3 zone (ﬁgure 4) indicates that they are
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Figure 4. Distribution of the geothermal waters from the
study area in Cl–SO4 –HCO3 triangular diagram (Giggenbach 1988).
Figure 2. Distribution of the geothermal waters from
Sandıklı-Hüdai geothermal ﬁeld in Piper diagram.

surface and/or from the oxidation of pyrite (FeS2 )
nodules in Seydişehir formation (equation 2).
+
−
H2 S + 4H2 O → SO−2
4 + 10H + 8e

(1)

+
(2)
FeS2 + 7/2O2 + H2 O => Fe+2 + 2SO−2
4 + 2H

Figure 3. Distribution of the geothermal waters from
Sandıklı-Hüdai geothermal field in Schoeller semi-logarithmic
diagram.

of same origin and similar water. High sulfate content and low pH values in geothermal ﬂuids could
be from the oxidation of H2 S (equation 1) near

The reservoir temperature of the geothermal
waters in the study area was calculated using silica geothermometers and cation geothermometers.
The quartz geothermometer produced reservoir
temperature of about 110◦ –120◦ C while chalcedony
geothermometer gave an approximate temperature between 85◦ and 100◦ C. Based on chalcedony
and quartz geothermometers, enthalpy-silica and
enthalpy-chloride mixing models suggest that
reservoir temperature of the geothermal ﬂuids is
between 108◦ –134◦ C and 98◦ –120◦ C respectively.
However, the obtained reservoir temperature for
Hüdai geothermal ﬁeld is around 110◦ C (Memiş
et al. 2010).
According to the simpliﬁed schematic model
of Hüdai geothermal system (ﬁgure 5), Upper
Cambrian–Middle Ordovician aged Seydişehir formation comprises of impermeable cover rocks.
Lower Cambrian–Middle Ordovician aged Hüdai
member which belongs to Paleozoic Kestel
Greenschist formation makes up the hot water
reservoirs and Koçgazi phyllite member of the same
formation forms the impermeable basement rocks.
In Hüdai geothermal ﬁeld, meteoric waters percolate the fault zones and the permeable units to be
heated by the deep magma chamber. Besang et al.
(1977) and Ercan (1986) suggested that Sandıklı
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Figure 5. Simpliﬁed model of Sandıklı-Hüdai geothermal system (from Memiş 2010).

volcanics considered as the source of heat vary in
composition from calc-alkaline to alkaline and their
minimum K/Ar age was determined as 14.75 ±
0.3 my and 8.0 ± 0.6 my. The percolated waters
reacted with the heated rocks resulting in water–
rock interactions. Meteoric ﬂuids are heated by
the cooling magmatic melt and ascend to the surface due to their lower density, caused by convection cells. The magmatic volatiles such as CO2 ,
SO2 , HCl and H2 S reach the geothermal water
reservoir making equilibrium to be established
among altered rocks, gas components, and ﬂuids
(Hedenquist and Lowenstern 1994). The ascending
ﬂuids mostly contain CO2 , H2 S and HCl, thus
the geothermal waters travel through the tectonic
zones reaching the surface in the form of hot water
springs with gases and vapours.

(Stumm and Morgan 1981). Mineral saturation
indices of hydrothermal minerals present in the
reservoir of the geothermal system were calculated with SOLMINEQ.88 PC/SHELL (Kharaka
et al. 1988) computer code. According to the
results of equilibrium calculations, quartz, calcite
and dolomite show saturation trends with increasing temperature (table 1). The geothermal ﬂuid
is saturated with quartz, because of the quartzitic
reservoir rocks and long residence time within
this reservoir. The ﬂuid is saturated with calcite
and dolomite due to its interaction with limestones and dolomitic formations en route to the
surface.

6. Isotope geochemistry
5. Mineral saturation state
Mineral equilibrium calculations are important in
predicting precipitation processes during extraction and use of geothermal ﬂuids. Therefore, the
degree of mineral saturation in groundwater should
be investigated. Saturation index (SI) indicates
numerical deviation of equilibrium state in terms of
dissolved minerals in water (Appello and Postma
1996; Drever 1996; Langmuir 1997). The saturation condition of a solution with respect to any
mineral is classiﬁed as undersaturated when the
saturation index is less than 0 (SI < 0), saturated
when SI = 0 and supersaturated when SI > 0

In geothermal studies, natural isotopes of water
such as δ 18 O, δ 2 H are used in determining drainage
basin and the origin of springs, water–reservoir
rock relations, the temperature of reservoir rocks,
relative age of water, and the degree of mixing of
cold water with hot water (Bayram and Şimşek
2005). The biggest source of the groundwater in
isotope cycle is from the oceans and its stable isotope concentration is constant. Isotope values of
all other waters are measured with reference to
SMOW (Standard Mean Ocean Water) whose δ
value is assumed to be zero. Tritium atoms exist
in nature in 1.10−15 ratios and its concentration in
water is given as tritium unit (TU). One Tritium
Unit (TU) is deﬁned as the ratio of one tritium
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1087

Figure 6. δD vs. δ 18 O plot of the groundwaters and geothermal waters in Sandıklı-Hüdai geothermal ﬁeld (from Memiş
2010 and Demer et al. 2011).

atom to 1018 hydrogen atoms. Tritium are used
in reservoir monitoring studies because an increase
in the 3 H of geothermal discharges are indication
of increasing dilution or of a rapid recharge by
meteoric waters. The activity of tritium (3 H, halflife 12.43 years) in thermal waters provides a useful tracer to understand underground residence
times. According to a compilation by Gat (1980),
the tritium content of meteoric precipitation
in the northern hemisphere has ﬂuctuated widely
from values less than 25 TU before 1953 up to
more than 2200 TU in 1964 following the extensive testing of nuclear devices in the atmosphere.
If a groundwater contains 1.1 TU, this indicates
that it was recharged before the testing of nuclear
devices in the atmosphere. To wit, it may be
older than 1953 (Güleç and Mutlu 2002). Low
tritium concentration in the geothermal waters
(<1 TU) suggests that the thermal aquifer is
recharged by groundwaters with relatively long residence time (>55 years), showing a deep groundwater circulation system in the area. The cold water
aquifers, on the other hand, appear to have been
recharged with a component of relatively younger
precipitation.
Samples for isotope analysis were collected from
the geothermal waters in the study area and
Deuterium (D), Oxygen-18 (18 O) and Tritium (3 H)
analyses were carried out on the samples. Results
obtained from the analyses are presented in table 1.
δ 18 O and δD isotope ratios of the waters generally
plot along the continental meteoric water line and
represent meteoric waters that were unaﬀected by
evaporation (ﬁgure 6). Low tritium values (table 1)
of the geothermal ﬂuid in the study area show

that these waters were recharged by precipitations
before nuclear bomb tests.

7. Results
Geothermal waters from Sandıklı-Hüdai geothermal area are suitable for greenhouse activities,
space heating, and balneological purposes. However, some major (Na and SO4 , etc.) and secondary ion concentrations especially As, B and
F exceed the tolerance limits in Sandıklı-Hüdai
geothermal waters. Therefore, using the thermal
waters as drinking and mineral water for curative
purpose may have adverse eﬀects on human health.
All possible environmental eﬀects of these trace
elements should be identiﬁed and also minimized
in order to reduce their impacts. The geothermal
waters in the study area can be classiﬁed as Na–
SO4 –HCO3 type waters. High sulfate content in
the geothermal ﬂuid emanates from the oxidation
of H2 S near the surface and/or from the oxidation of pyrite (FeS2 ) nodules in Seydişehir formation. Reservoir temperature measured with several
geothermometer methods is estimated to be 110◦ C
in Hüdai geothermal ﬁeld. The geothermal ﬂuid
is saturated with quartz according to saturation
index calculations. This has, most likely, resulted
from the fact that the reservoir rock is quartzite
and the residence time in the reservoir is long. The
ratio of δ 18 O and δD shows that the samples in
the investigated area generally correspond with
continental meteoric water line and represent meteoric waters that were unaﬀected by evaporation.
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Low tritium values of the geothermal ﬂuid reveal
that it is deep circulated water and recharged by
old water.
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