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Abstract

The reservoir temperature and conceptual model of the Pasinler geothermal area, which is one of the most important geothermal
areas in Eastern Anatolia, are determined by considering its hydrogeochemical and isotope properties. The geothermal waters
have a temperature of 51 °C in the geothermal wells and are of Na—Cl-HCOj type. The isotope contents of geothermal waters
indicate that they are of meteoric origin and that they recharge on higher elevations than cold waters. The geothermal waters are of
immature water class and their reservoir temperatures are calculated as 122155 °C, and their cold water mixture rate is calculated
as 32%. According to the 5"Cyppg values, the carbon in the geothermal waters originated from the dissolved carbon in the
groundwaters and mantle-based CO, gases. According to the 5**S¢pr values, the sources of sulfur in the geothermal waters are
volcanic sulfur, oil and coal, and limestones. The sources of the major ions (Na*, Ca**, Mg2+, CI', and HCOj3") in the geothermal
waters are ion exchange and plagioclase and silicate weathering. It is determined that the volcanic rocks in the area have effects on
the water chemistry and elements like Zn, Rb, Sr, and Ba originated from the rhyolite, rhyolitic tuff, and basalts. The rare earth
element (REE) content of the geothermal waters is low, and according to the normalized REE diagrams, the light REE are getting
depleted and heavy REE are getting enriched. The positive Eu and negative Ce anomalies of waters indicate oxygen-rich
environments.

Keywords Pasinler geothermal area - Hydrogeochemistry - Isotope geochemistry - Water—rock interaction - Conceptual model -
Erzurum, Turkey

Introduction

Turkey is located in volcanic regions and active earthquake
lines; thus, it is very rich in geothermal waters. The number of
thermal sources is more than 1500, but about 200 of them are
operated as spas. Despite the high potential of the sources, the
spa tourism in Turkey is only regional.

Geothermal areas in Turkey are investigated intensively
along the grabens at Western Anatolia (Filiz 1982; Simsek
1982; Giilec 1988; Simsek 1997; Gemici and Filiz 2001;
Yilmazer 2001; Tarcan 2002; Tarcan and Gemici 2003;
Tarcan 2005; Magri et al. 2010; Karakus and Simsek 2013;
Bundschuh et al. 2013), the Northern Anatolian fault zone,
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and Central (Gultekin et al. 2011; Baba and Sanliyuksel
2011; Pasvanoglu and Gultekin 2012). But, there are very
few geothermal studies in the Eastern Anatolian volcanic re-
gion (Pasvanoglu 2013; Yiice and Taskiran 2013; Firat Ersoy
and Calik S6nmez 2014).

Pasinler, located 40 km to the east of Erzurum City, is one
of the geothermal fields in Eastern Anatolia, which is a volca-
nic and neotectonic province of Turkey (Fig. 1). The study
area has a semiarid climate and annual mean air temperature
is 5.5 °C. The average annual precipitation is 474.6 mm, and
the mean evapotranspiration is 543.9 mm in the region. The
main surface waters in the study area are the Hasankale River
(HC) and the Hamam Stream (HD). Jandarma spring (JK) is
the most important cold spring in the basin (Fig. 2).

Many geothermal springs are present and seven geothermal
wells having depths of 200—750 m have been drilled by MTA
(General Directorate of Mineral Research and Exploration of
Turkey) to develop the geothermal energy production in the
Pasinler geothermal field. Although the geothermal wells
(PS1-A, PS-2, PS-3, PS-4, PS-5, EHD-1, OZ) have a
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temperature 22.5 to 51 °C, people have been using the thermal
waters in this area only for balneotherapy and bathing pur-
poses. Because of their temperature, however, most of these
waters can also be used for different purposes such as green-
house irrigation, barn and poultry heating, mushroom cultiva-
tion, soil heating, swimming pools, and fish farms (Lund et al.
2010).

Geochemical studies of geothermal systems provide a frame-
work to understand the physiochemical processes responsible for
their origin and evolution. In addition, hydrogeochemical studies
have a great importance in determining the intended use of water.
The aims of this study are to investigate the hydrochemical prop-
erties and the source of hot waters in the Pasinler geothermal

Fig. 1 Location map of the
Pasinler geothermal field
(Erzurum, Turkey)
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area, define the hot water transportation system, and determine
the reservoir temperatures. As can be seen from the above expla-
nations, in the Pasinler geothermal field, detailed hydrogeochem-
ical studies have not been done yet. These deficiencies will be
eliminated with this study.

Materials and methods

Between 2011 and 2012, fieldwork was carried out four times
in the surroundings of Pasinler (Erzurum) in order to collect
water samples from boreholes, springs, streams, and shallow
cold groundwater systems, for chemical and isotopic (5'%0,
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Fig. 2 Geological map of the Pasinler geothermal field (revised from Yilmaz et al. 1989) and geological cross section of the Pasinler geothermal field

52H, tritium, 5'°C, 5°*S) analyses. Total dissolved solids
(TDS), electrical conductivity (EC), pH, and water tempera-
ture (7) were measured in situ by using a portable multipa-
rameter (YSI). Samples were collected in 250- and 100-mL
polyethylene bottles which had been rinsed with distilled wa-
ter twice before sampling for anion—cation and trace element
analyses respectively. Double-capped polyethylene bottles
with 100 mL (5'%0, 8°H, 5"°C) and 500 mL (’H and 5**S)
volume were used for isotope samples. Major anion and cation
compositions of the water samples were determined at the
Water Chemistry Laboratory at Hacettepe University
(Turkey), using the following methods: Major cations (Ca*",
Mg®*, Na*, and K*) were analyzed by ion chromatography
system. Cl” was analyzed using an AgNOj titrimetric method.
Sulfate concentrations were determined by spectrophotometry
together with alkalinity standard titration methods, whereas B
and SiO, were analyzed with the spectrophotometric method.
The major ion balance error of analyses is less than 5%. Heavy

metal and rare earth element (REE) concentrations were ana-
lyzed at the ACME Laboratory (Canada) using inductively
coupled plasma mass spectrometry (ICP/MS). In this study,
the geothermal water analyses of the MTA (Akkus et al. 2005)
were utilized for water chemistry study. Water chemistry anal-
yses were applied according to the American Public Health
Association (APHA 1995), American Water Works
Association (AWWA 1995), and Water Pollution Control
Federation (WPCF 1995) standards. 6180, 62H, 613C, and
5**S isotopic analyses were done at the ISO Analytical
Laboratory in the UK using equilibration IRMS (isotope ratio
mass spectrometry) and acid-CF-IRMS methods. Results are
reported in per mille vs. V-SMOW (Vienna-Standard Mean
Ocean Water), V-PDB (Vienna—Peedee Belemnite), and V-
CDT (Vienna Canyon Diablo Troilite) standards. *H was an-
alyzed by a liquid scintillation water chemistry laboratory at
Hacettepe University (Ankara). Tritium is reported in tritium
units (TU) with a total analytical error of 0.1 to 0.3 TU.

Table 1 Lithostratigraphic relations of the geologic units and hydrogeological properties
Age Formation Lithology Hydrogeological properties
Quaternary Alluvium Permeable

Pliocene—Pleistocene Horosan formation

Conglomerate, sandstone, marl,

Semipermeable

siltstone claystone

Upper Miocene Erzurum-Kars plateau volcanics

Andesite, basalt, dacite, rhyodacites, rhyolite,
and pyroclastics

Permeable (pyroclastics), semipermeable
(volcanic rocks)

Lower Miocene Hanesdiizii formation Reef limestones, sandstone, claystone conglomerate Semipermeable

Eocene Alibaba volcanics Andesite, basalt, pyroclastics Impermeable

Eocene Yaylasirt1 gabbros Gabbros Impermeable

Eocene Dervig Halit formation Shale, claystone, marl, sandstone, and sandy limestones Impermeable (shale, claystone, marl),
permeable (sandstone)

Upper Cretaceous Sahvelet ophiolites Serpentinite, peridotite, gabbro, and diabase Impermeable
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Fig. 3 Piper (a) and Schoeller (b) diagrams of the water samples

Saturation indexes of minerals were calculated by using the
PHREEQC chemical equilibrium software WATEQA4F data-
base (Parkhurst and Appelo 1999). The software AquaChem
(Calmbach 1997) computer code was used to determine the
hydrochemical properties of thermal and cold waters. Silica
geothermometers were applied for reservoir temperature
estimations to Pasinler geothermal waters. These methods
are referred to Fournier (1977) and Arnorsson (1983)
formulations.

Geological and hydrogeological settings

The dominant rock types in the Pasinler (Erzurum) geothermal
area are volcanics that are formed at different times. These
volcanics are overlain by young sediments and alluvium at
the center of the area (Fig. 2). The basement rocks of the study
area are Upper Cretaceous age Sahvelet ophiolites including
serpentinite, peridotite, gabbro, and diabase (Yilmaz et al.
1989).The Sahvelet ophiolites are unconformably overlain
by the Dervis Halit formation and Tertiary units (Fig. 2).
The Dervis Halit formation comprises shale, claystone, marl,
sandstone, and sandy limestones. Yaylasirtt gabbros of the
Eocene age (Sungurlu 1971) are massive and display a frac-
tured structure. Andesite, basalt, pyroclastics of Alibaba vol-
canics are (Sungurlu 1971) conformably overlain by Late
Oligocene Early Miocene units. The Hanesdiizii formation
of Lower Miocene age consists of reef limestones. Erzurum-
Kars plateau volcanics of Upper Miocene age is formed an-
desite, basalt, dacite, rhyodacites, rhyolite, and pyroclastics.
The Horosan formation (conglomerate, sandstone, marl, silt-
stone claystone) and Quaternary alluvium are the youngest
units in the field.
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In the study area which is one of the most neotectonic
provinces of Turkey, strike—slip faults and intense fracture
networks formed by the compressional tectonic regime are
the basic structural elements (Sengor 1980). These structural
elements have enhanced the development of the geothermal
system and the circulation of the thermal waters.

The stratigraphic units are classified according to the
hydrogeological characteristics of the rocks. According to
the Bureau of Reclamation (1995) classification, alluviums
and Erzurum-Kars plateau volcanics with a hydraulic conduc-
tivity value of 10~ m/s (Dilek, 1973; Freeze and Cherry,
1979) are permeable units. The semipermeable units are
Horosan formation and Hanesdiizii formation with 10~ m/s
(Dilek, 1973) hydraulic conductivity. The Sahvelet ophiolites,
Dervis Halit formation, and Alibaba volcanics with perme-
ability of about 10'° m/s (Freeze and Cherry, 1979) are im-
permeable units (Table 1). A total of six geothermal wells
(OZ, PS-2, PS-3, PS-4, PS-5, EHD-1), one geothermal spring
(HDK), one cold water spring (JK), three surface waters (HD,
HDE, HC), and five groundwater wells (3205, 11216, 12571,
27335, 54324) are evaluated in this study.

Results and discussion
Hydrogeochemistry

In order to conduct chemical analyses, samples were gathered
from the geothermal wells and hot and cold water springs in
the area. Also, the results of the analyses that were carried out
by MTA on geothermal waters and by DSI (State Hydraulic
Works) on cold waters were also assessed. The physicochem-
ical characteristics and types of all waters are presented in
Table 2. In the study area, the water temperature of hot spring

@ Springer
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Table 3  Trace element compositions of the waters from the study area (ng/L)

PS-2 PS-3 PS-4 HDK (074 JK HC HD HDE
Al 10 23 10 20 2 1 20 24 10
As 20 22 17 20 0.5 6.7 6.3 23 5
B 9998 10,364 9042 14,700 1075 50 110 14,707 40
Ba 899 889 832 520 9.14 445 81.4 527 20
Br 1799 1726 1646 1700 175 10 10 1729 10
Cd 0.05 0.05 0.05 <0.05 0.05 0.05 0.13 0.2 <0.05
Co 0.02 0.02 0.02 0.02 0.02 0.11 0.29
Cs 12.3 12.8 10.6 0.35 0.01 0.03 3.7
Cu 1 1 1 0.5 0.3 0.2 2.6 32 0.5
Fe 4081 4257 3837 4300 4845 <0.01 <0.01 4305 <0.01
Ga 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Ge 3 42 3 3 0.9 0.5 0.5 0.3 0.5
Hf 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Hg <1 <1 <1 0.2 0.1 0.1 0.2
Li 1209 1227 1092 300 67.6 2 5 310 30
Mn 476 494 440 100 103 <0.05 <0.05 141 <0.05
Mo <0.1 <0.1 <0.1 0.3 0.9 5.6 1.1
Nb 0.2 0.2 0.2 0.01 0.01 0.02 0.01
Ni 0.2 4 0.2 5 0.2 0.7 3.7 5 <0.02
Pb 1 1 1 1 0.5 0.1 04 0.7 0.3
Rb 140 147 131 80 11.5 2.71 6.6 82.8 2
Sb 0.05 0.05 0.05 0.05 0.08 0.21 0.22
Sc 21 22 20 20 15 2 2 22 5
Se 6 5 5 0.7 0.5 1.2 5
Si 80,803 80,103 73,522 89,100 58,941 10,000 12,600 89,130 21,800
Sn 0.05 0.05 0.05 0.13 0.05 0.07 0.08
Sr 2366 2578 2370 2500 367 492 695 2520 300
Ta 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Th 0.05 0.05 0.05 0.09 0.05 0.05 0.05
Tl 0.1 0.1 0.1 0.01 0.01 0.04 0.08
U 0.02 0.02 0.02 0.02 0.6 2.16 0.57
W 0.2 0.2 0.2 0.08 0.10 0.22 0.25
Y 0.6 0.6 0.6 0.02 0.01 0.03 0.3
Zn 7 10 5 1.9 4 15.5 10
Zr 1.7 22 2.9 0.2 0.03 0.02 0.04 0.05 0.2

waters ranges from 22.5 to 51 °C, and the pH values range
from 5.7 to 7.6. The electrical conductivity (EC) values are in
the range of 970-6233 uS/cm. The total dissolved solids
(TDS) are between 2538 and 4392 mg/L. In contrast, the water
temperatures of cold spring and river waters are ranging from
9.7t023.1 °C, and the pH values range from 6.15 to 8.6. Their
TDS concentrations between 123 and 785 mg/L and EC
ranged from 200 to 1142 uS/cm. Based on the International
Association of Hydrogeologists (IAH 1979) classification,
three different groundwater facies were determined
(Table 2). Generally, geothermal wells are of Na—Cl-HCO;

@ Springer

facies, geothermal springs are of Na—Ca—Mg-HCO;—Cl fa-
cies, and cold waters are of Mg—Ca—HCO; facies. The main
chemical characteristics of the studied waters are summarized
in the Piper diagram in Fig. 3 (Piper 1944). The cold water and
thermal well waters clearly plot in distinct fields. Hot spring
waters are located between them. This situation indicates that
the hot waters are mixed with shallow ground waters.
According to the piper diagram, in the study area Ca—Mg—
HCO; (stream waters, cold wells, cold spring and geothermal
spring) and Na—Cl-HCO; (geothermal wells) the dominant
water types were observed (Fig. 3a). The Schoeller diagram
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shows the total concentration of major ions in semi log-scale
(Fig. 3b). As can be seen from this figure, thermal waters have
different chemical characteristics to cold waters. While Na +
K and CI concentrations are high in the thermal waters, these
values are low in cold waters. But the SO, concentration is
low in all waters because of sulfate reduction. Sulfate is typ-
ically the first or second most abundant anion in natural waters
(Hem, 1970). Sulfate is the completely oxidized form of sul-
fur, which is stable under aerobic conditions. Sulfate reduction
occurs intensively in natural groundwater systems. In the stud-
ies on sulfate reduction, it has been stated that sulfate reduc-
tion makes a significant amount of H* consumption and HS™
production (Miao et al., 2012). In addition, sulfate reduction
under natural conditions is conducted by prokaryotic bacteria
through chemical reactions in which organic carbon or H; is
oxidized while sulfate is reduced (Canfield 2001); sulfate-
reducing bacteria are effective on the subsurface sulfate reduc-
tion (Berner et al., 2002; Aravena and Mayer, 2009). The most
significant indicator of sulfate reduction is H,S production
(Miao et al., 2012). In the study area, an intense odor of rotten
eggs around geothermal wells and thermal springs is an indi-
cation of H,S production and sulfate reduction. The measured
low pH and relatively high Fe concentration in the thermal
water support this subject.

Trace element contents of waters

Trace elements like Li, B, Co, Ni, Ga, Rb, Cs, Sr, and Ba remain
unaffected in the thermal waters due to secondary processes
(Giggenbach 1991) and hence play a significant role in
understating the evolution of the thermal waters. Plenty of trace
elements in geothermal waters indicates that thermal waters have
a greater reactivity leading to increased leaching of the minor
elements from the host rock during deep circulation (Ma et al.

2011).Trace element analyses have been carried out on the sam-
ples taken from geothermal wells, hot—cold springs, and surface
waters. Trace element concentrations of the Pasinler waters are
presented in Table 3. The lithophile elements such as Li, Rb, and
Cs, which are useful in understanding the deep processes
(Giggenbach 1991), are plotted in the trilinear diagram (Fig. 4).
All of the samples indicate uptake of Cs in zeolites at tempera-
tures lower than 300 °C. The concentrations of these lithophile
elements were in the range of 67.6-1227 ppb for Li, 0.35—
12.8 ppb for Cs, and 11.5-147 ppb for Rb. Among the other
lithophile elements, the concentrations of Sr and Ba in thermal
waters are 367-2578 and 9.14-899 ppb, respectively. Sr, with
higher concentrations than the other trace elements in the thermal
water, reflects the interaction between the ascending thermal wa-
ters and volcanic rocks (Delalande et al. 2011). The boron con-
centration of the thermal waters varied from 1075 to 10,364 ppb.
While the B concentration values in cold and surface waters are
low (40-100 ppb), in the hot springs (HDK) discharging along
the Hamam stream and stream water (HD), these values are high
(14,700 ppb). The maximum Al and Mn abundances are 23 and
494.3 ppb, respectively, in the geothermal waters (Table 3). The
chalcophile elements such as As, Cu, Pb, Se, and Zn are gener-
ally dominant in the sulfate waters. The concentration of these
elements ranges in the Pasinler waters from 0.5 to 23 ppb for As,
0.3 to 1 ppb for Cu, 0.5 to 1 ppb for Pb, 0.7 to 6 ppb for Se, and
1.9 to 10 ppb for Zn. In the presence of sulfur species, the solu-
bility of minerals containing chalcophile elements is lower in
reducing conditions than in oxidizing conditions (Hem 1970).
The concentrations of chalcophile elements are low in the inves-
tigated water due to sulfate reduction. Among the siderophile
elements, the concentrations of Fe, Ni, and Ge in the waters are
3837-4845, 0.2-4, and 0.9-4.2 ppb, respectively. The concen-
trations of Hg and Mo ranged from below detection limit to
1 ppb Hg and 0.1 ppb Mo (except sample OZ). It was observed
that thermal water had a good correlation between lithophile
elements and chloride concentrations. Correlation coefficients
computed for Cl-Li, CI-Rb, CI-Cs, CI-Br, and CI-B pairs are
0.939, 0.997, 0.961, 0.763, and 0.343, respectively (Fig. 5). A
positive correlation was also observed between Rb, Li, and Cs
themselves. Correlation coefficients calculated for these elements
are 0.910 for Rb—Li, 0.939 for Rb—Cs, and 0.994 for Li—Cs.
Strong correlations observed between K and Rb—Li—Cs (K—Rb
0.999, K—Cs 0.934, and K-Li 0.903) may indicate that these
elements substitute for potassium in clay minerals (Mutlu 2007).

Geothermometers

Various chemical geothermometers have been developed to esti-
mate the reservoir temperatures in the geothermal system
(Arnorsson 1983; Fournier 1977, 1979; Giggenbach 1988;
Kharaka and Mariner 1989; Truesdell and Fournier 1977;
Verma and Santoyo 1997). Among these, the cation (Na—K,
Na-Li, Na—K-Ca, etc.) and silica (quartz, chalcedony,
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Fig.5 Plots of Clvs. Li, Clvs. Rb, Clvs. Cs, Cl vs. Br, Cl vs. B, Rb vs. Li, Rb vs. Cs, Li vs. Cs, K vs. Rb, K vs. Cs, and K vs. Li of all geothermal water

samples (symbol is as in Fig. 3b)

amorphous silica, etc.) geothermometers are the most widely
used. In this study, silica geothermometers were applied to cal-
culate the reservoir temperatures of the thermal waters. The re-
sults of geothermometric calculations are given in Table 4, and
the calculated reservoir temperature varies from 46 to 176.7 °C.
Geothermometer results give a wide range for reservoir temper-
ature. The reservoir temperatures of about 40-60 °C, calculated

@ Springer

with amorphous silica and cristobalite thermometers, do not re-
flect the reality. Quartz geothermometers are not suitable for low
temperatures (Fournier 1977). Therefore, the most reliable reser-
voir temperature for the Pasinler geothermal field is the temper-
atures of approximately 122—155 °C calculated by a chalcedony
geothermometer. According to the Na—K-Mg diagram
(Giggenbach 1988), Pasinler waters are located in the “immature
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Table 4 Silica geothermometry
temperatures for Pasinler thermal

waters (°C)

Geothermometers PSIA PS-2 PS-3 PS-4 HDK (074
Surface temperature (°C) 42 37 36.9 36.1 344 23.03
1. SiO, (amorphous silica)® 46.1 47.1 46.6 41.5 53.2 289
2. Si0, (& Kristobalit)* 119.1 120.2 119.6 113.9 126.8 100
3. SiO, (B Kristobalit)* 69.5 70.5 70 64.4 77.1 50.9
4. SiO, (chalcedony)® 146.4 147.7 147 140.7 155 1253
5. SiO, (quartz)* 169.1 170.2 169.6 164.1 176.7 150.5
6. SiO; (quartz steam loss)* 159.3 160.2 159.7 155.2 165.5 143.8
7. SiO, (chalcedony conductive cooling)b 141.8 142.9 142.4 136.6 149.6 122.6
8. SiO; (quartz steam loss)” 1373 138.2 137.7 132.8 144 120.6
9. SiO, (quartz steam loss)® 142 143.2 142.5 136.3 150.5 121.1
10. SiO, (quartz steam loss)” 162.9 164 163.4 157.4 171.1 142.6
11. SiO, (quartz steam loss)® 158.6 159.5 159 154.4 164.8 143

4 Fournier (1977)
® Arnorsson et al. (1983)

waters” which indicates that these waters are shallow or mixed
and, thus, have not yet reached the water rock equilibrium in the
region (Fig. 6). For this reason, cation geothermometers give
higher results and according to Giggenbach (1988) cannot be
applied reliably.

Enthalpy-chloride mixing model

The enthalpy—chloride mixing model of Fournier (1977) was
used to predict the underground temperature for the Pasinler
mixed geothermal water. This mixing model takes into account
both mixing and boiling processes (Magana 1999). Its applica-
tion basically involves relating analyzed chloride levels to water

Na/1000

K/100 80 60 40 20  Sqr(Mg)

Fig. 6 Na, K, Mg trilinear equilibrium diagram (based on Giggenbach,
1988) for the geothermal water samples (symbols are as in Fig. 3b)

enthalpy, which can be derived from measured discharge tem-
perature, geothermometry temperature, and silica—enthalpy
mixing model temperature (Magana 1999). Enthalpy—chloride
and silica—enthalpy mixture models were applied to the
Pasinler geothermal area, and reservoir temperatures are deter-
mined as 160-235 and 220-250 °C, respectively. But, when the
geological properties of the basin are taken into account, it is
considered that the temperature values that were calculated using
the silica—enthalpy model are unrealistic. Thus, the reservoir tem-
peratures that were calculated via the enthalpy—chloride model
are accepted (Fig. 7). Moreover, the mixing ratio of hot water to
the cold water supply was calculated as 32%. The thermal waters
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Fig. 7 Enthalpy-chloride mixing model for the Pasinler thermal waters
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Table 5 Saturation index (SI) values of the waters in the study area

PSI-A PS-2 PS-3 PS-4 HDK (0Y4 JK
Anhydrite -2.75 -3.07 —3.28 -321 -3.72 -3.77 -3.19
Aragonite 1.06 -0.89 -0.62 -1.01 0.31 -0.68 —2.49
Barite - -0.64 -0.95 -0.75 -1.59 -2.68 -0.80
Calcite 1.20 -0.75 -0.49 -0.87 0.45 -0.53 -2.34
Dolomite 2.75 —1.40 -0.92 -1.65 1.19 -0.94 —4.65
Gypsum -2.62 -2.92 -3.12 -3.05 -3.55 -3.55 -2.94
Halite -5.14 -4.71 —4.73 —4.69 -538 —7.45 -9.17
Magnesite 0.96 -1.24 —1.03 -1.38 0.15 -0.99 -2.85
Quartz - 0.95 0.95 0.93 1.03 1.00 0.41
Talc - -821 -7.11 -9.41 -1.02 -4.85 —14.90

HD HDE HC 3205 12,571 27,335 54,324
Anhydrite -3.22 —3.06 -3.12 -5.17 —3.14 -2.71 -3.32
Aragonite -0.74 -1.25 —245 0.13 -0.24 0.15¢ 0
Barite -1.65 -1.27 -1.05 - - - -
Calcite -0.59 -1.09 -2.30 0.28 -0.08 0.30 0.15
Dolomite -1.17 =231 —4.69 0.62 -0.15 0.70 0.24
Gypsum -298 -2.81 -2.88 -4.92 -2.89 —2.46 -3.07
Halite -7.86 -8.62 -8.94 -17.30 —8.60 -822 -9.13
Magnesite -1.14 -1.75 -2.95 =021 -0.61 -0.15 -0.45
Quartz 0.79 0.75 0.40 - - - -
Talc =592 -8.84 —14.89 - - - -

in the vicinity and the cold spring (JK) are close to the tritium
values (0.03-0.57 TU). Therefore, the mixture is not with surface
waters but with cold waters which are partly deep circulation.

Saturation indices

By using the saturation index approach, it is possible to
predict reactive minerals in the subsurface from the
groundwater chemical data without examining samples
of the solid phases (Deutsch 1997).

Table 5 shows the saturation indices (SI) of the geothermal
water from Pasinler calculated with the software PHREEQC
Interactive 2.8 computer code WATEQA4F database (Parkhurst

and Appelo 1999) on the basis of outlet temperature and pH.
Results indicate that the studied geothermal wells (except the
PS1-A) are supersaturated (SI > 0) with respect to quartz while
they are undersaturated (SI < 0) with respect to anhydrite, ara-
gonite, barite, calcite, dolomite, gypsum, halite, magnesite,
and talc. The HDK hot spring is supersaturated with aragonite,
calcite, dolomite, and quartz whereas it is undersaturated with
anhydrite, barite, gypsum, halite, and talc (Fig. 8).

Isotopic characteristics

Isotope compositions of the waters have become important
tools in hydrogeology and have been widely used as natural

Fig. 8 Mineral equilibrium 4
diagram for Pasinler thermal B Anhydrite
spring _ m Aragonite
(723 m Barite
x
5 m Calcite
[=
= = Dolomite
o
s -8 1 1 — |1 mGypsum
5 .
§ -10 Halite
-12 Magnesite
-14 Quartz
16 Talc
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Table 6 Isotopic analysis results
of the water samples in the
Pasinler geothermal area

Fig. 9 Plot of 5D vs. 5'%0 of all
water samples in the study area.
The Mediterranean meteoric
water line and the Van (Eastern
Turkey) meteoric line are
calculated from Gat and Carmi
(1970) and Aydin et al. (2009),
respectively

Sample  Sampling  &Dy. 5'%0\. T 5"Cypps  8'%0(SOyy. 5**S(SO)y-
date smow (%0)  smow (%o) (TU)  (%o) smow (%o) cor (%)
(074 May 11 —94.68 —13.54 0.18
(074 May 12 -92.15 —13.32 0.0 9.18
(074 Aug. 12 -92.16 —13.35 0.61 9.34 -2.7 36.18
(Y4 Nov. 12 -90.12 —13.24 0.0
PS-2 May 11 —94.2 -13.37 0.33
PS-3 May 11 -92.16 -13.4 0.0
PS-3 May 12 —94.71 -13.3 0.57 8.8
PS-3 Aug. 12 —93.44 —13.34 027 9.54 1.9 18.64
PS-3 Nowv. 12 -96.05 -13.1 0.39
HDK May 12 —92.94 —13.01 0.28 8.13
HDK Aug. 12 —99.68 -12.95 0.75 9 6.1 31.35
HDK Now. 12 -91.2 -12.57 0.17
JK May 12 —84.87 -12.55 0.03 —-999
JK Aug. 12 —86.71 -12.03 0.0 —17.14 54 1.94
JK Nov. 12 —83.84 —-12.19 0.0
HD May 12 —87.71 —12.65 249 322
HD Aug. 12 -94.1 —12.89 1.59  6.19 8 14.4
HD Nov. 12 —88.95 —12.67 1.43
HDE May 12 —86.66 -12.34 376 —9.61
HDE Aug. 12 -90.73 —-12.52 464 —793 3.8 13.44
HDE Nowv. 12 —87.15 -12.6 2.84
HC Aug. 12 —73.6 —11.55 546 —752
HC Nov. 12 -81.9 —11.64 6.83
5180 (%0 SMOW)
-14 -13.5 -13 -12.5 -12 -11.5 -1 -10.5 -10
_70 1 1 1 1 1 | \b( 1 1
%O@” Y N 4 May-2011
] Cb% HC ’% 1Y) oz A May-2012
& ./%° 52 ® August-2012
757 3 W 7 J
° < < I November-2012
| Cold waters PS-2 == May-2011
4= May-2011
-80 - PS-3 A May-2012
HC @ August-2012
- B JK [l November-2012
; J
-85 A May-2012
g Geotherpfal AEFRE J HDK | @ August-2012
) | water; ﬁ [l November-2012
= [¢) A May-2012
o 907 P JK | @ August-2012
o | HD B November-2012
0%3 A May-2012
95 P33 HD | @ August-2012
) B November-2012
| HDK Wator Line- " A May-2012
-100 4 Van (Eastern Turkey) HDE = August-2012
Meteoric Water Line November-2012
1 Mediterranean Meteoric HC @ August-2012
Water Line [l November-2012
-105
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Fig. 10 Oxygen-18 (5'30)—temperature diagram of the waters in the
study area (symbols are as in Fig. 9)

tracers (Clark and Fritz 1997). All water samples were ana-
lyzed for 5'%0, §?H, and *H. Moreover, §'3C, §°*S, and
5'"80g04 in DIC and dissolved sulfate have been performed
on selected samples (Table 6). For thermal waters (spring and
boreholes), the values of 5'*0 range from —13.54 to —
12.57%o and those of 6?H from —99.68 to —91.2%0. The
8°H and 5'0 values of cold springs and river water samples

@
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Fig. 12 HCO5-5' 3C relation for the thermal and cold waters (symbols are
as in Fig. 9)

vary from —90.73 to —73.6%0 and —12.89 to —11.55 %eo,
respectively, and are similar to those for hot spring water sam-
ples. The stable isotopic composition (§°H versus §'*0) of the
waters, both cold and thermal, is shown in Fig. 9. According
to this diagram, the isotopic composition all of the waters in
the study area is located between the Global Meteoric Water
Line (GMWL) (Craig 1961) and the Mediterranean Meteoric

%)
o
o
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Fig. 11 Tritium—electrical conductivity (a) and tritium—temperature (b) relations for the thermal and cold waters (symbols are as in Fig. 9)
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Fig. 13 348 -y values of sulfur in
different material and -50 -40 -30 20 10 0 10 20 30 40
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Water Line (Gat and Carmi 1970), and on the Van (East
Turkey) Meteoric Line (5°H = 86'%0 + 16.4; Aydin et al.
2009). This result indicates that the precipitations which feed
the water sources are occurring in a more arid area than the
world average (Fontes 1980). According to the Oxygen-18 vs.
temperature diagram, thermal water samples were recharged
at the same elevation in the basin (Fig. 10). Thermal waters in

the field have more negative 5°H and §'®0 values than cold
waters. These low values indicate that thermal waters
recharged at the higher altitude than cold waters.

Tritium contents of thermal waters and cold waters vary
from 0.01 £ 0.50 TU to 6.83 £0.45 TU (Table 6). The amount
of tritium in water can be used to qualitatively determine
whether groundwater is modern or not (Clark and Fritz 1997;
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Fig. 14 Conceptual model of the Pasinler (Erzurum) geothermal field
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Table 7  Chemistry of rocks in the study area (values are given as %)

Sample no. R1 R2 ZBl1 BBI1 RTI
Lithology Rhyolite Rhyolite Basalt Basalt Rhyolitic tuff
Formation name Erz.-Kars Plt. Volc. Erz.-Kars Plt. Volc. Erz.-Kars Plt. Vole Erz.-Kars Plt. Volc Erz.-Kars Plt. Vole
Na,O 5.35 5.32 3.53 344 4.71

MgO 0.23 0.09 5.57 5.70 0.41

ALOs 15.21 15.18 16.98 18.01 15.38

SiO, 69.65 70.59 54.17 52.49 67.25

P,0s 0.06 0.03 0.16 0.19 0.07

K,O 5.01 5.04 1.52 0.99 492

CaO 0.62 0.45 8.33 8.65 1.52

TiO, 0.24 0.15 1.07 1.12 0.40

Cr,04 <0.002 <0.002 0.020 0.021 <0.002

MnO 0.04 0.04 0.13 0.15 0.07

Fe,04 2.58 2.09 7.40 7.59 1.91

LOI 0.8 0.8 0.8 1.3 3.1

Zouari et al. 2003; Goff and McMurtry 2010). Tritium values
equal to or greater than 1 TU are acceptable as modern water;
moreover, tritium concentrations below 1 TU show that
groundwater is at least 50 years old. The tritium values below
0.8 TU indicate the system was recharged before the 1950s. In
Fig. 1la, b, the trittum concentrations for all waters from
Pasinler are plotted against EC and T values, respectively.
The low TU high EC and T contents of the thermal waters
indicate that these thermal waters have deeper circulating and
longer residence times than the cold waters (except for JK cold
spring). The low tritium value of the JK cold spring can be
explained by deep circulation.

To determine the source of carbon and sulfur (SO,) in the
Pasinler waters, all water samples were analyzed for their
83Cyppp (Versus Pee Dee Belemnite) and 8**Scpr (Canyon
Diablo Troilite). The 5'C (DIC) contents for Pasinler waters
range from 8.13 to 9.54%o for thermal waters, from —7.14 to
—9.99%0 for cold spring, and from — 9.61 to +6.19%. for surface
waters (Table 6). These results indicate that carbon in the thermal
waters originates from mainly groundwater DIC. Also, young
volcanic rocks outcropping around the study area suggest that
carbon in the waters originates from volcanic (mantle) CO,.
Carbon in the surface waters and cold spring (except for HD)
has a negative carbon content. HD (surface water), which has
thermal water discharges, has positive carbon values which are
controlled by CO, in the soil and groundwater DIC (Clark and
Fritz 1997). The 5">C (DIC) contents are plotted vs. alkalinity for
all water samples in Fig. 12. As a result, HCO; values of the
geothermal waters show an enriched value of §'°C with respect
to the cold water spring.

5**S %oVCDT values of SO, are in range 18.64 to 36.18%0 in
geothermal waters (OZ, PS3 and HDK), 1.94%o in cold water
spring (JK), and 13.44 to 14.4%o in surface waters (HD and
HDE). These results are evaluated according to the diagram

@ Springer

(Krouse 1980). The sources of the sulfur are volcanic origin
sulfur, oil, coal, and limestone according to the data obtained
from the PS3 geothermal well (Fig. 13). The economically im-
portant coal in the lower levels of the Horosan formation and oil
that seeps around the geothermal springs and Erzurum-Kars pla-
teau volcanics outcropping in a vast area also confirm the source
of the sulfur in the Pasinler basin. According to the diagram of
sulfur isotope distribution in nature (Krouse 1980), the sources of
the sulfur are limestone, volcanic rocks, oil-coal, and cold and
surface waters (JK, HD, HDE) too.

Conceptual model of the Pasinler geothermal field

The conceptual model of the Pasinler geothermal system has
been evaluated using hydrogeology, hydrochemistry, and envi-
ronmental isotope studies together with regional geological
structure (Fig. 14). According to the deep drills (Pelin 1970,
1981), it is clear that there are metamorphic rocks at the base-
ment, which are overlain by Upper Cretaceous sedimentary
rocks (Dervis Halit formation). Sedimentary rocks at some areas
are cut off by Upper Miocene young volcanic rocks (Erzurum-
Kars plateau volcanics). Conglomerate and sandstone intercalat-
ed with marl (Horosan formation) and alluvium form the cap
rock in the basin. The compression regime along the N—S direc-
tion (Y1lmaz et al. 1989) and strike—slip faults have caused vol-
canic activities north of the basin (Aynali and Bulut 2002). At the
north of the basin, dome structures of different rock types and
fissure-type volcanism have occurred (Keskin et al. 1998). These
volcanic rocks in the basin are basalt, andesite, dacite,
rhyodacite, rhyolite, and ignimbrite. The geothermal boreholes
drilled by MTA indicate that the reservoir rock is basalt and
basaltic tuff at deep, and rhyolite and rhyolitic tuff at upper
levels. Geothermometer calculations and isotope geochemistry
studies indicate that a low temperature and meteoric origin
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Table 8 Trace element compositions of the rocks from the study area (pg/L)
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Fig. 15 Distribution of trace element for rocks and waters (a),
chondrite-normalized REE patterns of rocks (Haskin et al., 1968)
(b), and waters (Evens et al., 1978) from the Pasinler (Erzurum)
geothermal field in Turkey (c)

geothermal system. Precipitation in the basin is filtered to depth
along the faults and fractures and it is heated in the temperature
anomaly field. The magma that formed the young volcanics
(Erzurum-Kars plateau volcanics) is the main heat source of
the geothermal system in the Pasinler geothermal field.
Hydrochemical and isotope contents in the geothermal waters
show different degrees of mixing with cold groundwater before
rising to the surface. Silty and marl levels of the Horosan forma-
tion and clayey levels of alluvium are the cap rock of the system.
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Table 9  REE analytical results of spring and rock samples (concentration in ppb for springs and ppm for rock samples)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

R1 68.0 114.7 11.95 44.0 7.70 0.98 7.12 1.23 7.46 1.55 4.94 0.77 4.89 0.85
Rock R2 82.1 133.8 14.83 533 9.20 0.67 8.20 1.42 7.61 1.74 543 0.84 5.60 0.84
ZB1 26.2 49.8 5.13 21.7 4.12 1.29 4.27 0.73 4.10 0.87 2.68 0.38 2.35 0.38

BBI1 35.0 56.1 6.27 235 4.87 1.49 5.02 0.83 4.96 0.95 3.00 0.41 2.32 0.41

RT1 54.8 93.2 8.58 31.6 5.13 1.21 5.03 0.82 5.00 1.08 3.08 0.53 3.37 0.54

(074 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Waters HD 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.01 0.1 0.1 0.1
HDE 0.03 0.04 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

PS-2 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

PS-3 0.1 0.01 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

PS-4 0.1 0.01 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

HDK 0.01 0.01 0.01 0.2 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

HC 0.02 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Rock geochemistry (LREE) compared to heavy REE (HREE) and negative

The different rock types (basalt, rhyolite, and rhyolitic
tuff) outcropping in the Pasinler geothermal arca were
analyzed to compare with the water and rock geochem-
istry (Table 7). The chemistry of the surrounding rocks
shows that the most abundant oxides are SiO, and
Al,03, respectively. The trace element concentrations of
the sampled rocks (basalt, rhyolite, and rhyolitic tuff) in
the study area are given in Table 8. According to the
analysis results, while trace elements such as Ba, Sr,
Rb, Zr, Ce, Zn, and Ga have high concentrations, the
elements such as Se, Cd, Sn, Sb, and Hg have low con-
centrations. The samples from the water and rock are
similar in their Sr, Ba, Rb, and Zn content. Since mag-
matic—volcanic rocks have clearly the highest Ba and Sr
elements (Hem 1970), the high concentrations of Ba and
Sr in the water indicate that this element originated from
rhyolite, rhyolitic tuff and basalt and water-rock interac-
tion in the study area (Fig. 15a).

Rare earth elements and water-rock interaction

In addition to the major elements in the geothermal wa-
ters, the rare earth clements (REE) can be used in the
investigation of water—rock interaction and exploration
for geothermal resources (Smedley 1991; Lewis et al.
1997, 1998; Wood and Shannon, 2003; Sanada et al.
2006; Gammons et al. 2005, Gob et al. 2013, Shakeri
et al. 2015). REE content in the volcanic rocks and all
water samples were analyzed in the Pasinler basin and
are reported in Table 9. The chondrite-normalized
(Haskin et al. 1968) REE distribution of the rocks in
the study area shows variable enrichment in light REE

@ Springer

Eu anomalies (Fig. 15b). This is typical of the upper
continental crust (McLennan 1989). The low concentra-
tions of REE were observed in the waters (Fig. 15¢).The
chondrite-normalized (Evens et al. 1978) REE patterns of
the waters are different from those of the rocks; LREE
are slightly depleted relative to the HREE and have neg-
ative Ce anomalies and positive Eu anomalies which in-
dicate oxygen-rich environments (Constantopoulos 1988).

Water—rock interaction was evaluated according to
Hounslow (1995) and was simulated in the computer pro-
gram Aquachem 2012.2. The different ionic comparisons
of Hounslow 1995 and the calculated results in this study
are shown in Table 10. According to these results, the
(Na* + K* — CI')/(Na* + K* — CI” + Ca®") ratios of all
the water samples are >0.2 and <0.8, indicating plagio-
clase weathering is possible. The ratio of Na*/(Na* + CI")
is > 0.5 for all waters (except for HDK) and 0.5 for HDK,
indicating a sodium source other than halit-albite, ion
exchange, and halite solution, respectively (Hounslow
1995). The ratio of Mg**/(Ca** + Mg**) is <0.5 for PS-
2, PS-3, PS-4, HC, HD, and HDE; 0.5 for OZ; and > 0.5
for HDK, and JK, while the situation of HCO®7/SiO* > 10
is indicating limestone—dolomite weathering, dolomite
weathering and dolomite dissolution, and calcite precipi-
tation, respectively. The Ca®*/(Ca®* + SO,4*") ratios were
found to be >0.5, showing a calcium source other than
gypsum, carbonate, or silicate. The SiO,/(Na*™ + K* + CI")
ratio is <1 in the examined waters, indicating cation ex-
change. The source of Cl ions is weathering of the rocks
(Hounslow 1995). The HCO5; / anion ratio is <0.8 for
HDK, PS-2, PS-3, and PS-4 and >0.8 for OZ, JK, HC,
HD, and HDE, showing seawater and brine, and silicate
or carbonate weathering, respectively (Hounslow 1995).
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The decomposition reactions of kaolinite decomposition
of silicates such as albite, anorthite, and K-feldspar are
given by Egs. (1-3) (Appelo and Postma, 1994) and de-
composition reactions of carbonates are given by Eq. (4).

2NaAlSi;Og + 2H' + 9H,0—AlSi,05(OH), + 2Na™ + 4 HySiO4

Albite Kaolinite

(1)
2CaAl,Si,Og + 2H' + H20—>A12$i205(OH)4 + 2Ca** (2)
Anorthite

2KAISi;05 + 2H + 9H,0—ALSi,05(OH), + 2K ¥ + 4H,Si04 (3)
K—feldspar

CaCOs + H,CO3—Ca’" + 2HCO;~
Calcite

Conclusions

The Pasinler basin has been formed because of the compression
regime along N-S direction caused by sinistral strike—slip faults
at E-W direction. It is accepted that the volcanic domes at the
north and south of the basin have been formed because of this
regime. The geothermal system is associated with the Erzurum-
Kars Plate volcanic rocks. Na—Cl-HCO;-type geothermal lig-
uid is of meteoric origin based on isotope composition. The
heat transfer in the system occurs with convective transporta-
tion. Both hydrogeochemical properties and isotopic composi-
tion of the waters indicate that the hot waters rising from the
geothermal reservoir via faults mix with ground waters coming
from the shallow cold water aquifer before surfacing. The tem-
peratures measured at the geothermal borehole (51 °C) and the
temperatures calculated according to silica geothermometers
show that the geothermal system has a low enthalpy. The triti-
um values below 0.8 TU in geothermal waters indicate the
system was recharged before the 1950s.

Based on the trace element concentration, it is seen that the
water chemistry is affected by the chemistry of the volcanic
rocks which form the geothermal reservoir. The major ions
(Ca, K, Na) in the geothermal water originated from the
weathering of plagioclase and cation exchange.
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