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ORIGINAL ARTICLE

Hydrogeochemical properties of CO,-rich
thermal-mineral waters in Kayseri (Central

Anatolia), Turkey

Abstract The present study high-
lights the hydrogeological and hy-
drogeochemical characteristics of
the CO,-rich thermal-mineral wa-
ters in Kayseri, Turkey. These wa-
ters of Dokuzpinar cold spring
(DPS) (12-13°C), Yesilhisar mineral
spring (YMS) (13-16°C), Acisu
mineral spring (ACMS) (20—
22.5°C), Tekgoz thermal spring
(TGS) (4041°C), and Bayramhaci
thermal-mineral spring (BTMS)
(45-46.5°C) have different physical
and chemical compositions. The
waters are located within the Erci-
yes basin in the Central Anatolian
Crystalline complex consisting of
three main rock units. Metamor-
phic/crystalline rocks occur as the
basement, sedimentary rocks of
Upper Cretaceous-Quaternary age
form the cover, and volcanosedi-
mentary rocks Miocene-Quaternary
in age represent the extrusive
products of magmatism acting in
that period. All these units are
covered unconformably by terrace
and alluvial deposits, and travertine
occurrences have variable perme-
ability. Dokuzpinar cold spring,
YMS and ACMS localized mainly
along the faults within the region
have higher Na™ and CI~ contents
whereas TGS and BTMS have

higher amounts of Ca’>" and
HCO3. The high concentrations of
Ca’" and HCOj5 are mainly related
to the high CO, contents resulting
from interactions with carbonate
rocks. Whereas the high Na™® con-
tent is derived from the alkaline
rocks, such as syenite, tuff and
basalts, the CI™ is generally con-
nected to the dissolution of the
evaporitic sequences. These waters
are of meteoric-type. BTMS devi-
ates from meteoric water line. The
content is related to the increases in
the 6'%0 compositions due to min-
eral-water interaction (re-equilib-
rium) process. CO,-dominated
YMS and ACMS with low tem-
peratures have higher mineraliza-
tions. Yesilhisar mineral spring,
ACMS, TGS and BTMS are over-
saturated in terms of calcite, ara-
gonite, dolomite, goethite and
hematite, and undersaturated with
respect to gypsum, halite and
anhydrite. Yesilhisar mineral spring,
ACMS and BTMS are also char-
acterized by recent travertine pre-
cipitation. Dokuzpinar cold spring
is undersaturated in terms of the
above minerals. The higher ratios of
Ca/Mg and CI/HCO3;, and lower
ratios of SO4/CI in BTMS than
TGS suggest that TGS has shallow
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circulation compared to BTMS,
and/or has much more heat-loss
enroute the surface. The sequence
of hydrogeochemical and isotopic

compositions of the waters is in an  path.

Introduction

Kayseri region and Sultansazligi depression is not only
one of the main wetlands but also a significant geo-
thermal field possessing several thermal and mineralized
waters. The objective of this study is to correlate and
compare Acisu mineral spring (ACMS), Yesilhisar
mineral spring (YMS), Tekgoz thermal spring (TGS)
and Bayramhaci thermal-mineral spring (BTMS) with
Dokuzpinar cold spring (DPS). The springs are located
at the western and eastern margins of the Sultansazligi
basin (Fig. 1). The thermal and mineral waters lie at the
central (ACMS and YMS) and western margin (BTMS
and TGS), whereas cold waters are at the eastern margin
of the basin. The diversity in the geographical distribu-
tion of the waters is also worthy of interest in terms of
the hydrogeological properties. The thermal-mineral
waters are associated with the lacustrine sediments as the
dominant constituent of the basin. Others are associated
with meta-carbonates (ACMS, BTMS and TGS) which
constitute the western outline of the basin. However, the
cold waters are associated with basaltic flows forming
the western margin (DPS), or are confined to the fault
zones outlining the soutwestern margin of the basin
(YMS) (Fig. 1). A study of the hydrogeochemistry and
isotope compositions of the waters and the properties
and structure of the circulation of the ground water
systems with compositional variation in the waters will
help to define briefly the geothermal system.

The geological characteristics of the regions around
the springs were studied. The water samples were col-
lected into double capped 1,000 mL polyethylene bot-
tles, acid (pure HNO3) was added for cation analysis and
the samples unacidified for anions. On the other hand,
water samples for pollution analyses were collected by
adding H,SO4. All analyses were carried out at the
International Research and Application Center for
Karst Water Resources (UKAM) water chemistry lab-
oratories at the Hacettepe University (Ankara). The
isotopic analyses of the samples taken from November
1999 to May 2000 were done at the isotope laboratories
of the Technical Research-Quality Control (TAKK)
Directorate of the State Hydraulic Works (DSI) (An-
kara). The geochemical analyses of the rock samples
collected at the vicinities of the spring sites were per-
formed by atomic absorption spectrometric (AAS)
methods at the chemical laboratories of Kale Seramik
Ltd. (Canakkale, Turkey).

order of DPS>YMS > ACMS >
TGS >BTMS and this suggests a
transition period from a shallow
circulation to a deep circulation

Keywords Erciyes volcanism -
CO, gas - Thermal-mineral
waters - Hydrogeochemistry -
Shallow and deep circulation -
Kayseri-Turkey

The hydrochemical analyses were done according to
APHA, AWWA and WPCF (1989) standards. Ca>",
Mg?*, Na™ and K, pollution parameteres and heavy
metals were analyzed by AAS. SO3 content was de-
tected spectrophotometrically along with alkalinity
standard titrimetry. CI™ anion was analyzed by AgNO;
titrimetric methods; while the B ion was analyzed by
spectrophotometer. Some of the chemical and physical
characteristics of the waters were measured in situ.
Temperature measurements were done by thermometer,
pH measurements by pH meter with 0.01 precision, free
CO, content was measured by CA-23 HACH-CO, test
kit, disssolved oxygen (DO) by oxygenmeter (model
YSI-55), and oxygen 18 and deuterium by mass spec-
trometry. For natural tritium abundance, liquid scintil-
lation technique was applied. Analytical error of §'%0
and 6*H measurements were typically in the order of 0.1
and 0.01 based upon the Vienna Standard Mean Ocean
Water (VSMOW) standard, respectively.

The saturation indices of some minerals presumed to
exist in the depositional environments, which have a
vital importance for the hydrochemical interpretations
were calculated by using the PhreeqCi (a computer-co-
ded chemical equilibrium software) (Parkhurst and
Appelo 1999). The evaporation ratio, together with the
relative fit to meteoric water line, were determined
referring to the relationship between 6'%0 and 6°H iso-
topes.

Hydrogeological and hydrochemical properties
of the waters

The springs investigated in this paper are mainly located
to the southeasternmost edge of a triangularly-shaped
unit termed as the Central Anatolian Crystalline Com-
plex (CACC) (Génctioglu et al. 1991, 1993) (Fig. 1). In
the regional context, this unit consists of three main rock
formations. Of these, metamorphic/crystalline rocks
occurring at the basement, the sedimentary units of
Upper Cretaceous-Quaternary age form the cover, and
finally volcanics and volcanosedimentary rocks Mio-
cene-Quaternary in age represent the extrusive products
of magmatism. All these units are covered unconform-
ably by terrace and alluvial deposits, and travertine
occurrences around the thermal and mineral waters. The
rock units exposed at the spring sites have different hy-
drogeological properties. The massive and foliated levels
of the metacarbonates forming the basement are
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Fig. 1 Location and geological map of the study area (A, B
Dokuzpmar cold and Acisu mineral waters; C Yesilhisar mineral
waters; D Tekgoz thermal waters; E Bayramhaci thermal-mineral
waters. TFZ Tuzgolu fault zone, CAFZ Central Anatolian fault
zone, DTFZ Deadsea transformation fault zone, SFZ Salanda fault

impervious, whereas the fractured, joined and karstic
parts are permeable. Although the granitic and syenitic
rocks are impervious in general, the upper and marginal
levels that were subjected to alteration and fracturing are
permeable. The loosely cemented conglomeratic and
sandy levels are permeable. Siltstones are semiperme-
able; however, all other lithologies of continental clastic
rocks (Late Cretaceous-Paleocene age) are impermeable.
The alluvial fan and shallow marine sedimentary rocks
are permeable; the flysch Paleocene rocks are impervi-
ous. The blocky, loosely cemented and well-rounded
conglomeratic and sandy levels are permeable; whereas
marl, gypsum and coal bearing levels of fluvial sequences
(Oligo-Miocene in age) are impervious. Of the Miocene—
Pliocene aged volcanic-volcanosedimentary rocks, the
agglomerates, basalts with columnar jointing, disinte-
grated andesites, and cross-bedded, loosely-cemented

zone, HF Hirka fault zone, EAFZ: Eastern Anatolian fault zone,
NATFZ North Anatolian transformation fault zone, ES Erkilet
segment, DS Develi segment, YS Yegilhisar segment, BSB Bitlis
suture belt

conglomerates are permeable, but the tuffs are impervi-
ous. The loosely-cemented conglomerate and sand-
stones, lacustrine limestone and ignimbrite-bearing
levels, alluvial fan and talus deposits are generally per-
meable. Tuff, claystone and marl-bearing levels of the
sequences Plio-Quaternary in age, are impervious. The
conglomeratic and sandy levels are permeable. The clay-
bearing levels of talus, alluvial and terrace deposits
along the course of the Kizilirmak river are impervious.

The majority of the springs in the study area are lo-
cated along the major strike-slip faults and/or minor
parallel faults (Fig. 1) which indicate that the exposure is
controlled by structural features. Dokuzpmar, for
example, discharges at several locations at the surface
along the NE-SW trending Erkilet Segment; Yesilhisar
is localized along the NW-SE trending Yesilhisar Seg-
ment; and ACMS emerges along the NE-SW trending
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Erkilet Segment of the Ecemis Fault zone. TGS is lo-
cated on one of the NE-SW trending faults parallel or
sub-parallel to the Hirka fault zone. The BTMS is
confined mainly to faults trending in NNW-ENE.

The waters in the region have different physical
properties regarding the temperature, pH, and electri-
cal conductivity (EC). For example, the temperature
(°C) values change between 12 and 13 in DPS, 13 and
22.5 in YMS and ACMS, and 40 and 46.5 in TGS and
BTMS. The pH values (as pH unit) are in the region
7.3-8.1 in DPS, 6.3-6.8 in YMS and ACMS, and 6.5-
7.3 in TGS and BTMS. The EC values (in pS/cm) are
in the range 300-537 in DPS, 5,600-14,600 in YMS
and ACMS, and 452-1,640 in TGS and BTMS. The
DPS emerges at nine points in a comparatively wide
areca and has a total discharge of about 100 L/s. The
discharge of the other waters ranges from 1.0 to 1.5 L/
s (YMS=25, ACMS=10, TGS=1.5, BTMS: old
bath=1, pool bath=15). The DPS is used as drinking
and irrigation purposes and is comparable to TSE
(1997) and WHO (1993) standards. However, the TGS
and BTMS are used as spa. About 11 CO,-supplying
wells (about 200 m in depth) penetrate the area of the
ACMS.

In addition to mixing with diverse water types and
water—rock interactions along the flow path, the
parameters such as chemical interaction, processes of
dissolution, hydration, hydrolysis, oxidation—reduction,
attack by acids, chemical precipitation, base exchange,
sulfate reduction, concentration, and ultra infiltration or
osmosis (Holysh and Toth 1996; Téth 1999) play
important roles in the variable hydrogeochemical and
isotopic characteristics (pH, temperature, flow rate, etc.)
of the waters.

Hydrogeochemical features of the waters are pre-
sented in Table 1. The parameters which are presumed
to affect these characteristics were plotted on several
diagrams showing the ion ratios and major ion ex-
changes. The water types have been defined according to
IAH (1979) based on the cation and anion values
exceeding the 20% meq/L. Five hydrochemical facies
have been identified through the interaction between
rock and water (Table 1). The hydrochemical facies of
the waters were defined on the basis of DO and bei (base
exchange index) values. The DPS has lower bei and EC,
and higher DO values. The DO values of the waters
flowing in unconfined aquifer conditions are high;
whereas, the waters emerging from magmatic and
metamorphic rocks have negative bei values caused by
contribution from the alkaline ions due to alteration and
decomposition of silicate minerals (Sahinci 1991). Do-
kuzpinar with notable Na-Mg-Ca—Cl-HCO; hydro-
chemical facies may occur during rapid flow-through
times, which results in low ionic concentrations during
high recharge in shallow zones unconfined volcanic
aquifer conditions (Afsin 1997).

Waters flowing throughout the confined aquifer in
closed system show lower DO, EC, CI™ values with the
Na-Mg-CI-HCO; water type in YMS, and Na-Cl-
HCO; water type in ACMS. Water type of TGS is
mainly of the Ca—Mg-HCO;. The Ca—Na-HCO;—ClI
water type of BTMS showed that ACMS and BTMS are
older waters, and have longer circulation paths than
YMS and TGS, respectively (Table 1, Fig. 2) The pre-
dominant ions in the waters have diverse origin. The
Ca’" in the DPS is mainly related to the alteration of
the anorthites; whereas, Ca>" and HCOj3 contents in
thermal and mineral waters are attributed to the CO,
contents of the waters flowing throughout the carbonate
rocks, which constitute the main aquifer in this part of
the study area. The high Ca>" and HCO3 values and the
same sequential order of CO, contents of the waters as
ACMS>YMS>BTMS >TGS confirm this pattern.
Furthermore, the higher CO, contents cause lower pH,
while HCO3 contents increase due to reduction of sul-
phates. The source of the CO, in the waters may well be
coal-bearing organic clays within the lacustrine sedi-
ments exposed widely at the discharge area of ACMS, as
well as the Erciyes volcanics. High temperature is the
dominant factor in water-rock interaction in many
geothermal systems because the solubility of most min-
erals (except for alkaline earth metals) increases with
rising temperatures. This is not the case in CO,-domi-
nated systems. Since, the solubility of CO, in water in-
creases with decreasing temperature, water—rock
interaction is favored by low temperatures in a CO,-
dominated system (Greber 1994). Likewise, CO,-domi-
nated ACMS and YMS with low temperatures (13—
22.5°C) have much higher mineralization. The Na " ion
occurs as the first predominant ion DPS, YMS and
ACMS and as the second predominant ion in BTMS.
The origin of the Na™ is attributed to albite-rich syenitic
rocks with strong alkaline nature around the discharge
area. This, in turn, is related to the solubility of albite
that increases considerably with rising partial pressure of
CO, (Stumm and Morgan 1981), and is also related to
the ion exchange process between Ca?" and Mg?" and
Na™ (Fig. 2) during the interactions of water with tuff,
clay and sandstone-bearing sequences. The higher
abundances of SiO,, Al,O3;, Fe,O3; and Na,O in the
argillitized (kaolinized) tuff and basaltic units. Higher
abundances of CaO, SiO, and Al,O; in the travertine
and limestones around the TGS and BTMS show that
the dissolution is predominant in the waters flowing
through these rocks (Table 2).

The analyses of the precipitates formed at the
dumping site of the CO,-separating plants around the
ACMS show that Fe,O3 abundance is between 25-30%
and CaO between 9-16%. Iron content ranges between
14.03 and 18.95 mg/L (Tables 1, 2) in ACMS. Iron is
leached from the minerals, such as biotite, pyroxene, and
pyrite during water—rock interactions. The abundance of
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Mg>" is the highest in YMS comparing to ACMS,
BTMS, TGS and DPS, respectively (Fig. 2). The origin
of Mg?" is mainly due to the Mg*"-rich olivine,
pyroxene and amphiboles within the basalts, which are
exposed widely around the discharge area of YMS. In
addition to the widespread ophiolitic rocks, isotropic
gabbros and spillitic basalts are exposed along deeply
eroded valleys to the west of Yesilhisar. The abundance
of Mg?* at samples collected from the carbonate-ce-
mented conglomerate is higher than the basalts at YMS;
and is very low at TGS with the tuffaceous wall rocks.
The lower abundance of Mg?" of the waters emerging
from the Mg -rich mineral bearing basalts than tuffa-
ceous and conglomeratic-agglomeratic rocks rich in sil-
ica, may be due to the fact that YMS and ACMS are
more acidic and have relatively lower temperatures
compared to DPS. This may well result in dissolution of
Mg? " -bearing minerals at higher ratios, and subsequent
leaching of magnesium.

The main contribution of SO3™ in the waters may be
dissolution of gypsum, oxidation of pyrite and coal-
bearing levels of volcanosedimentary sequences in the
area. However, the exact origin of the SO3™ ion in the
waters could be obtained by 6°*S compositions. There-
fore, the samples should also be analyzed in terms of
534S isotope.

For the origin and reservoir characteristics of geo-
thermal systems, CI™ is usually considered to be one of
the most useful tracers owing to its relatively ‘conser-
vative’ nature (Glileg 1994). Moreover, it is accepted
that C1™ ion is considered to be conservative only if it is

ACMS (W.1)**
ACMS (W.11)***

added to solution by means of reactions due to water—
rock interaction, and remains in the solution. Thus, the
concentrations of the major ions of the studied waters
are plotted against CI™ (Fig. 3a). The CI™ content in
ACMS is higher than that of YMS, BTMS, DPS and
TGS, respectively. Most of the major ions are positively
correlated with CI™. Ca’"—Cl~ and Mg?"—Cl~ show
strong positive correlation (0.84) (Table 3). This relation
denotes that the waters having different mixing ratios
contain significantly high levels of Ca>" and Mg>™.
The plot of the samples in the HCO3-CI™ (0.92)
diagram generally resembles the Ca?"—~CI~ diagram in
all waters. Ca/Mg ratios that are about 1.0 in DPS and
ACMS, reach a minimum in YMS (0.3-0.5) and a
maximum in TGS and BTMS (1.3-4.3) (Table 4,
Fig. 3b). Ca/Na ratios are lower than 1.0 in DPS,
ACMS and YMS due to the high Na™ values, and are
about 2.0 and 5.5 in BTMS and TGS, respectively. The
decrease of Ca/Na ratios of the waters with high Ca/Mg
values confirms the presence of the ion exchange process
in these waters. While CI/HCOj; ratios increase from
DPS to ACMS with a strong association with salt-
bearing rocks, it decreases in TGS and BTMS with
higher HCOj; values. Therefore, DPS, ACMS, YMS and
BTMS have high CI™ values, and their Na/Cl and SO,/
Cl ratios are similar. The Na/Cl values are about 1.0 and
SO4/Cl values are low (0.033-0.44). However, Na/Cl and
SO4/Cl values in TGS having low CI™ values, are rela-
tively higher, 1.4-2.0 and 0.71-1.09, respectively. Cl~ ion
is a significant indicator for mixing and dilution pro-
cesses in most crystalline media (Frape and Fritz 1987).
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Table 2 Results of chemical analysis of rock samples in the spring areas

Loss in
fire (%)
5.69
1.72
11.67
42.37
43.69
2.01
43.29
39.57
1.32
19.97
23.24
6.31

43.59
22.13
12.51

ZI'OZ
(%)
0.014
0.052
0.032
ND
0.055
ND
0.004
ND
0.014
0.007
0.025
ND
0.015
0.012

ND

CuO
(%)
ND
ND
ND
0.002
ND
ND
ND
0.002
0.07
ND
ND
ND
ND
ND
ND

ZnO
0.010
0.012
0.007
0.019
0.018
0.012
ND
0.001
n
0.008
0.003
0.008
ND
0.004
0.004

(%)

P,0s
(%)
0.035
0.393
0.24
0.024
0.018
0.40
ND
0.089
0.019
0.115
1.18
0.23
1.95
0.083
0.039

MnO
(%)

0.028
0.030
0.098
0.035
ND

0.031
0.043
0.103
0.105
0.082
0.060
0.084
0.074
0.061
0.055

(%0)

0.006
0.007
0.008
0.003
ND

0.005
0.002
0.003
0.002
0.005
0.006
0.005
0.006
0.003
0.009

(%)
0.43
3.35
1.99
0.04
0.02
3.38
0.05
0.27
0.02
0.63
1.35
1.94
0.20
1.58

(%)
0.13
5.38
3.27
0.02
0.02
5.00
0.04
0.25
0.07
1.42
2.76
4.30
1.06

MgO Na, 0O K,O Au

(o)
1.32
0.31
0.40
0.39
0.54
0.49
0.37
0.75
0.61
3.80
1.17
2.69
1.72
1.15
2.19

1.53
3.76
2.56
52.83
54.04
3.15

53.31

47.88
53.64

CaO
23.64
9.86
5.17
16.54
25.06
1.86

(%)

F6203
9.94
3.98

10.48
1.33
0.06
5.30
0.17
0.78
0.17
6.23
5.14

30.63
1.77
1.51

(%)
25.04

TiO,
(%)
0.34
1.00
0.59
0.02
0.01
1.00
0.01
0.10
0.01
0.59
0.21
0.77
0.03
0.20
0.18

AlLO4
(7o)
9.10
20.20
12.64
0.75
0.45
20.27
0.75
2.62
0.26
8.13
8.54
18.68
0.92
16.88

10.13

SiO,
(o)
59.64
55.90
2.02
1.02
58.74
1.67
7.38
0.84
32.95
36.32
59.53
25.42
34.66
65.86

71.31

Pervasively altered basalt (TGS-1C)

Travertine-like limestone (C-1)
Travertine-like limestone (C-2)
Basalt (C-3)

Travertine (Pool) (BTMS-3)
Conglomerate with carbonate

cement (YMS)
Kaolenized tuff (ignimbrite)

Precipitate from waste water
(TGS-3)

(ACMS-W.11)

Basalt (altered) (TGS-1A)
Vesicular basalt (TGS-1B)
Travertine (BTMS-1))
Travertine (BTMS-2)
Precipitate from waste water
(ACMS-W.1)
Vesicular basalt (DPS-1)
Ignimbrite (Tuff) (TGS-2)

Rock sample point
ND Not determined

A linear positive correlation is determined between
Na " —Cl~ (0.99) and CI™—EC (0.96) (Table 3). The YMS
and ACMS ascending through the carbonate aquifer to
the surface have interacted with the evaporites under a
relatively high solubility (10-30 times higher than car-
bonates) (Bogli 1980; Kagaroglu et al. 2001), and en-
riched in terms of Na® and CI™ ions (Fig. 3a).
Moreover, high salt concentration in these waters is
likely to be the result of mixing between older waters that
were preserved deep below the surface during the closure
of the Tertiary Central Kizilirmak Basin and mineral
waters (Afsin 2002). Lower EC and temperature values
in TGS compared to BTMS and YMS relative to ACMS
is likely to be the result of dilution due to mixing with
cold groundwaters caused by hyperfiltration. Potassium
occurs as a major element within K-feldspars, mica
group and some clay group minerals. The K™ and CI~
relationship show linear positive correlation of 0.96.
Except for a few samples, K" concentrations of the
waters were derived from a single source. The increase in
K™ concentrations in ACMS and YMS compared with
other waters, suggests that an alteration effect may take
place in ACMS and YMS sampling points, and K™
content in rocks is directly added to the waters. The
Yesilhisar samples are also enriched in Mg” " due to the
chloritic alterations, so the high K" values in ACMS
could also be related from the derivation of K™ by the
same alteration and addition to the waters. The ions
other than SOj~ have positive correlation coefficient.
The poor correlation between SO3~ and CI~ (0.45) shows
that the SO3™ ion in these waters has a different origin.

According to saturation indice calculations based on
minerals presumed to precipitate with respect to the ex-
posed rocks, DPS is undersaturated with respect to cal-
cite, dolomite, aragonite, gypsum, anhydrite and halite
minerals, and is capable of dissolving these minerals
(Table 4). Yesilhisar mineral spring, ACMS, TGS and
BTMS are generally oversaturated by calcite, aragonite,
goethite and hematite, and may precipitate these min-
erals; but are undersaturated by gypsum, anhydrite and
halite, and may dissolve these minerals. High saturation
indices, particularly for calcite, may be related to the
residence time during low recharge (Scanlon 1989) which
gives rise to high ionic concentration along the ground-
water flow path (Afsin 1997). For this reason, travertine-
depositing thermal-mineral waters which have high ionic
concentrations may also have long circulation time. As
mentioned before, apart from the ancient travertine
occurrences, recent travertine deposition occurs in
ACMS, YMS and BTMS rich in CO,. This is caused by
CO, loss, evaporation and probably algal activity (Emeis
et al. 1987; Bayar1 and Kurttag 1997) along groundwater
flowpaths (Afsin et al. 2002). Besides, the increase of
travertine deposition in the mineral waters rich in Ca*”"
and HCO;—, is related to the consequences of Na ™ and
CI™ as exotic ions (Figs. 2, 3a).
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Table 3 Correlation coefficients between major ions in the waters
EC T (°C) pH Ca Mg Na K Cl SO, HCO; Na/Cl
-0.30 -0.37 0.83 0.85 0.96 0.93 0.96 0.52 0.92 -0.50
-0.19 -0.09 —-0.41 -0.29 -0.23 -0.30 -0.39 -0.22 0.84
—-0.63 -0.41 —-0.46 -0.31 —-0.44 —-0.21 —-0.58 -0.11
0.83 0.85 0.72 0.84 0.58 0.97 -0.37
0.84 0.69 0.84 0.86 0.91 —-0.51
0.96 0.99 0.45 0.93 -0.49
0.96 0.26 0.81 —0.46
0.45 0.92 -0.50
0.63 —-0.42
—0.437
Bold values show the positive good correlations
Table 4 Ionic ratios (values are meq/L) and saturation indices (SI) in the waters
Ca/Mg Ca/Na Na/Cl SO4/Cl CI/HCO; bei Slca  Slpo  SIar  Slgy  SIya SIan  Slgo  Slye
DPS* 0.95 0.50 0.89 0.123 1.17 0.038 -095 -194 -1.10 -297 -7.06 -322 - -
DPS® 0.905  0.49 1.00 0.111 1.125 -.056 -096 -1.82 -0.81 -2.80 -6.77 -3.06 12.88 5.46
DPS¢ 0.835  0.357 1.00 0.100 1.31 0.056 -0.19 -0.42 -0.04 -2.78 -6.57 -3.03 8.06 18.07
ACMS? 0.636  0.146 092 0.035  3.59 0.0368 2.13 423 198 1.61 -4.02 -1.84 - -
ACMS® (W.1) 0939 0.185 0.033 0978 277 0.008 027 066 013 130 -3.61 -1.54 13.14 5.58
ACMS® (W.11) 0.902 0214 0.037 0979 23 0.013 08 173 065 137 -3.85 -1.60 4.88 11.75
ACMS (W.11)° 0.845 0202 0949 0.033 243 0.0186 040 1.00 026 145 -384 -1.67 6.24 14.48
YMS? 0.361 0252 0916 0.252 1.699 0.046 150 341 134 1.04 -471 -129 - -
YMSP 0.61 0.332  0.962 0.225 1.577 0.021 063 148 048 0382 -432 -1.07 4.26 10.48
YMS® 0.58 0.018 0978 0.238 1.681 0.0026 028 081 0.13 0.83 —-433 -1.08 4.12 10.20
TGS?* 1.36 3.02 2.00 0.895  0.089 1.22 -0.56 -098 -0.69 -2.52 -8.19 -2.66 - -
TGS® 2.36 5.56 1.4 0.712  0.087 0.63 076 141 062 236 -8.16 -2.50 7.20 16.47
TGS 243 5.46 2.03 1.09 0.061 1.22 082 153 068 234 -831 -247 736 16.80
BTMSP 4.13 2.11 1.236  0.32 0.299 0.28 137 174 124 154 -643 -1.64 3.83 9.76
BTMS® 4.37 2.08 0.445 1.33 0.292 0.376 128 221 115 145 -641 -1.56 7.28 16.65

Bold values show the oversaturated indices

Ca Calcite, Do dolomite, Ar aragonite, Gy gypsum, Ha halite, An anhydrite, Go goethite, He hematite; bei =[Cl-(Na + K)/Cl]; sampling

dates and the other abbreviations are as in Table 1

Evaluation of isotopic data

The isotopic data of the waters were evaluated com-
pared with the global meteoric water line (GMWL)
“(0"H=8x0'"*0+10)" (Yurtsever and Gat 1981) and
Ankara meteoric water line (AMWL) “(5°H=
8x0'8 0+ 14.5)” (Giiven 1996) (Fig. 4a). The plots
showed that all the waters are of meteoric origin, and are
less affected by evaporation. The increase in 8'°O values
of BTMS deviating from the meteoric water line is
mainly due to the intense water—rock interaction at rel-
atively high temperature.

On this diagram, the isotopic values of the waters in
dry season (13.11.1999) are between AMWL and
GMWL, and it is below GMWL in the rainy season
(13.05.2000). The waters are affected by high precipita-
tion rates in the rainy season. If the excess deuterium (d)
on GMWL is accepted as base line, d values of all the
waters in the dry season are higher than 10 (Table 5).

There are many causes of variations of the d values such
as the source of evaporation and factors affecting pre-
cipitation elevation of the recharge area (Gat 1980).
During the dry season, the waters are of atmospheric
water vapour-type due to rapid evaporation. During the
rainy season, the d values of all the waters are lower than
10. These waters are of groundwater-type due to evap-
oration.

Furthermore, BTMS with minimum d values verify
that the waters are affected by evaporation as a result of
water—rock interaction. The most negative values of
880 occur due to the dilution by heavy isotopes, as the
recharge altitudes of the waters increase. Therefore, the
TGS and DPS with maximum d'*O values are recharged
by precipitation at higher elevations. The BTMS, YMS
and ACMS with minimum 6'%0 values are recharged by
precipitations at lower elevations. According to the
0'®*0—H diagram, which illustrates the relation-
ships between the elevation of the recharge areas and
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the residence time within the aquifer, the DPS has
4.95-7.15 TU (Tritium Unit); ACMS and YMS have
3.65-6.4 TU, TGS has 4.2-4.4 TU and BTMS has 0.00—
1.80 TU. The waters of TGS (13.11.1999) and DPS
(13.05.2000) are recharged from the highest elevations,
whereas BTMS is recharged from lower elevations
(Fig. 4b, Table 5). The tritium values are depleted due to

the radioactive decay of tritium isotope representing the
increases of the residence time of meteoric originated
waters. During the dry season, the ACMS and DPS have
the same tritium values. The values are about 3-5 TU in
DPS, ACMS, YMS and TGS in rainy season. The wa-
ters are of meteoric type and are recharged by precipi-
tations at the same elevations. Therefore, DPS is
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Table 5 Results of isotope

analysis of the waters Sample Symbol ~ Sampling date o180 (%,)  O°H (%, H (TU) + d (Excess
analysis error  deuterium)
DPSP 13.11.1999 -12.25 —84.54 7.15+1.20 13.46
DPS* 13.05.2000 -12.03 —-87.55 4.95+1.00 8.69
ACMSP 13.11.1999 -11.7 —-80.26 6.40+1.15 13.34
ACMS*® 13.05.2000 -11.77 —-89.39 3.65+0.85 4.77
YMSP 13.11.1999 -11.55 -78.69 5.00+1.15 13.71
YMS® 13.05.2000 -11.75 —-89.96 3.80+1.00 4.04
TGS 13.11.1999 -11.85 -81.94 440=+1.15 12.86
TGS® 13.05.2000 -12.32 -90.69 4.20+£1.00 7.87
BTMS" 13.11.1999 -11.74 —-81.81 - 12.11
BTMS*® 13.05.2000 -11.27 —-89.50 1.80+£0.95 0.66
BTMS* 28.06.1998 (Afsin 1999)  —10.2 —-78.35 0.0£0.8 3.25

Abbreviations are as in Table 1

considered to be the youngest water with shallow and
relatively rapid circulations; BTMS should be the oldest
water with deep and relatively slow circulations. Others
have shallow-intermediate circulations. The §'*0-CI~
diagram is evaluated to outline the effects of evaporation
in waters (Fig. 4c). There is no contribution from CI~
values to isotopic exchange reactions in ACMS and
YMS with higher CO, contents. Hence, it is argued that
the isotopic exchange is driven by precipitation (Mah-
lknecht et al. 2004), whereas the salinity is driven by
dissolution of evaporates due to the interactions with
evaporitic rocks.

Discussion and conclusion

The waters in the study area are hosted by several rock
types. Metamorphic/crystalline rocks in the area
occurring as the basement, sedimentary units of Upper
Cretaceous-Quaternary age form the cover. Volca-
nosedimentary rocks Miocene-Quaternary in age rep-
resent the extrusive products of magmatism activity.
Terrace and alluvial deposits, and travertine occur-
rences around the vicinities of the thermal-mineral
waters cover all these units unconformably. The waters
DPS (12-13°C), YMS (13-16°C), ACMS (20-22.5°C),
TGS (40-41°C) and BTMS (45-46.5°C), have a close
association with the structural elements in the region.
These are also characterized by different hydrochemical
facies, such as Na—Mg—Ca—CI-HCO; (DPS), Na-Mg—
CI-HCO; (YMS), Na-CI-HCO; (ACMS), Ca-Mg-
HCO; (TGS) and Ca—Na-HCOs;—Cl (BTMS). The
basalts act as unconfined aquifers for DPS; metacar-
bonates are of primary confined aquifers for YMS,
ACMS, TGS and BTMS; the other permeable units are
from secondary aquifers. The cover rocks represent the
impermeable units. Granites and syenites are presumed
to be the heat source for the thermal waters. Different
water types and/or hydrochemical facies resulted from
factors such as alteration, dissolution, ion exchange,

mixing with cold waters, oxidation—reduction and pre-
cipitation.

The calculations and hydrochemical interpretations
show that the high concentrations of Ca?* and HCO53 as
predominant ions in the waters are mainly attributed to
carbonate rocks, and high CO, contents. High Na™ con-
centration is mainly related to syenite, tuff, basalts, and
clayey units. The CI™ values are driven by the interactions
with evaporites. All the waters are of meteoric origin. The
deviation of BTMS from the GMWL is mainly due to the
increase in 0'%0 contents as a result of the mineral-water
interaction. The higher ion concentrations in YMS (with
high CO, values) and ACMS (with low temperatures) is
caused by the prolonged gas—mineral-water interaction,
which may result in significant oxygen changes and shifts
in equilibrium positions. Yesilhisar mineral spring, ACMS
and BTMS are oversaturated by calcite, aragonite, goe-
thite and hematite; and undersaturated by gypsum, halite
and anhydrite. DPS is undersaturated with respect to
minerals. In addition to the ancient travertine occurrences
around the springs, recent travertine deposition takes
place along the flow paths of the ACMS, YMS, TGS and
BTMS rich in CO,, due to higher rates of CO, loss and
possible algal activities. The rate of travertine precipitation
is higher in the YMS and ACMS due to the excessive
contributions of Na™ and CI~ as exotic ions. Tekgdz
thermal spring is of a shallow to intermediately circulated
thermal water with higher interactions and mixing with the
cold waters compared to BTMS. The Ca/Mg and Cl/
HCO; ratios of BTMS are higher; SO4/Cl ratio is lower
than TGS. Tekgoz thermal spring is of a shallow to
intermediately circulated thermal water with higher inter-
actions and mixing with the cold waters compared to
BTMS. Bayramhaci thermal-mineral spring is of deeply
circulated thermal-mineral water with relatively lower
heat-loss compared to TGS. The sequence of hydrogeo-
chemical and isotopic compositions of the waters is in the
order of DPS>YMS>ACMS>TGS >BTMS and this
suggests a transition period from a shallow circulation to a
deep circulation path.
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