GEOLOGICAL, HYDROGEOLOGICAL AND GEOCHEMICAL ANALYSES OF
THE GEOTHERMAL SYSTEMS IN THE BUYUK MENDERES GRABEN

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

HATICE GUDUCU

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
GEOLOGICAL ENGINEERING

SEPTEMBER 2012



Approval of the thesis

GEOLOGICAL, HYDROGEOLOGICAL AND GEOCHEMICAL ANALYSES
OF THE GEOTHERMAL SYSTEMS IN THE BUYUK MENDERES
GRABEN

submitted by HATICE GUDUCU in partial fulfillment of the requirements for the
degree of Master of Science in Geological Engineering, Middle East Technical
University by,

Prof. Dr. Canan Ozgen
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Erdin Bozkurt
Head of Department, Geological Engineering

Prof. Dr. Nurkan Karahanoglu
Supervisor, Geological Engineering, METU

Examining Committee Members:

Prof. Dr. Mahmut Parlaktuna
Petroleum and Natural Gas Engineering, METU

Prof. Dr. Nurkan Karahanoglu
Geological Engineering Dept., METU

Prof. Dr. Nilglin Giileg
Geological Engineering Dept., METU

Prof. Dr. Erdin Bozkurt
Geological Engineering Dept., METU

Assoc. Prof. Dr. Bora Rojay
Geological Engineering Dept., METU

Date: 28.09.2012



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, | have fully cited and referenced

all material and results that are not original to this work.

Name, Last name: Hatice Glidiici

Signature



ABSTRACT

GEOLOGICAL, HYDROGEOLOGICAL AND
GEOCHEMICAL ANALYSES OF THE GEOTHERMAL
SYSTEMS IN THE BUYUK MENDERES GRABEN

Gudiic, Hatice
M.Sc., Department of Geological Engineering

Supervisor: Prof. Dr. Nurkan Karahanoglu

September 2012, 118 Pages

Geothermal reservoirs have become very popular in the last decades due to their
renewable energy contents. Turkey has a high geothermal energy potential;
especially Western Anatolia is a promising region in terms of its highest energy.
Buyuk Menderes Graben system is a tectonically active extensional region and is
undergoing a N-S extension leading to form geothermal fields in the graben. In the
last decade, geothermal exploration, investigations and investments have been

increased rapidly through the law related to geothermal energy assigned.

The aim of this study is to analyze the geothermal fields located in the graben system
in order to investigate their geological, hydrogeological and geochemical features
and reservoir characteristics. A data set is compiled from the accessible archives,
published papers and documents and several variables have been searched at every
field in the graben. The variables include the fluid temperature, the distance to sea,
the depth to the reservoir, the reservoir lithology, the chemical constituents, etc. In
view of these variables the fields are compared and constrasted and their common
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characterisrics have been noted. Interpretation of the data set reveals that the fields

have some common features and characters however some fields have got notable
differences.

Keywords: Buyik Menderes Graben, Geology, Hydrogeology, Hydrogeochemistry,
Well Data
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BUYUK MENDERES GRABEN SISTEMINDEKI
JEOTERMAL SAHALARIN JEOLOJIK, HIDROJEOLOJIK
VE JEOKIMYASAL ANALIZI

Guddcu, Hatice
Yuksek Lisans, Jeoloji Miihendisligi Bolimii

Tez Yoneticisi: Prof. Dr. Nurkan Karahanoglu

Eylul 2012, 118 sayfa

Jeotermal rezervuarlar yenilenebilir enerji iceriklerinden dolayi, son yillarda ¢ok
popiiler olmustur. Tirkiye biiylik bir potansiyele sahiptir; 6zellikle Batt Anadolu,
Tiirkiye’de en yiiksek potansiyele sahip olmasi agisindan gelecek vadeden bir
bolgedir. Bliyik Menderes Graben sistemi tektonik olarak aktif bir agilma bolgesidir
ve jeotermal sahalarin olusmasini saglayan K-G dogrultusunda agilma gegirmektedir.
Son on yilda, jeotermalle ilgili kanunun yiiriirliige jeotermal aramalar, incelemeler ve

yatirimlar ¢ok hizli yiikselmistir.

Bu c¢aligmanin amaci, graben sisteminde yeralan jeotermal alanlari jeolojik,
hidrojeolojik ve hidrojeokimyasal 6zellikleri ve rezervuar karakteristikleri ag¢isindan
analiz etmektir. Ulasilabilen arsivlerden, yayinlan makalelerden ve dokliimanlardan
bir veri grubu olusturulmustur ve bircok degisken, grabende bulunan her sahada
arastirllmistir.  Degiskenler, akigkan sicakligi, denize olan uzaklik, rezervuar
derinligi, rezervuar litolojisi, kimyasal bilesenler ve benzeri gibi parametreleri
icermektedir. Bu degiskenler gz oniinde tutularak sahalar arasindaki benzerlikler ve
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farkliliklar karsilagtirilmis ve genel karakteristikleri belirtilmistir. Veri grubunun
yorumlanmasi gostermektedir ki, sahalar bir takim ortak 6zellik ve karaktere sahiptir

fakat bazi sahalar dikkate deger farkliliklara sahiptir.

Anahtar  Sozcukler: Blyiuk Menderes Grabeni, Jeoloji, Hidrojeoloji,

Hidrojeokimya, Veri Grubu
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CHAPTER 1

INTRODUCTION

“Geothermal” comes from the Greek words of geo (earth) and thermal (heat).
Geothermal energy is basically interior heat of the earth. The volcanoes, hot springs,
and other thermal phenomena were revealed that the interior of the Earth is hot.
When the first mines were excavated to a few hundred meters below ground level in
the sixteenth and seventeenth century, it was concluded that the Earth’s temperature
increased with depth (Armstead, 1983). Moreover, a geothermal system can be
described as ‘convecting water in the upper crust of the Earth, which, in a confined
space, transfers heat from a heat source to a heat sink, usually the free surface
(Hochstein, 1990).

Geothermal energy has been produced commercially for nearly a century and on
scale of hundreds of MW for over four decades both for electricity generation and
direct use. Geothermal resources have been identified in over 80 countries and there
are quantified records of geothermal utilization in 58 countries in the world in 2000
(Cakin, 2003).

Geothermal energy is a renewable, sustainable and environmentally friendly.
Moreover, it is a cheap energy type compared to fossil fuels and other renewable
energy sources. Although the long-term effects are not known, it is very pleasurable
energy in short-term. It is very popular at several countries and Turkey in recent
years. Turkey has a great potential of geothermal energy. As it is a promising energy
type, the utilization rate is accelerating.



The temperature increases with respect to increasing depth. As the depth increases
about 100 m, the temperature increases about 10 °C. This is the first source of heat in
earth. Other than that, geothermal energy utilized is mainly fed on hydrothermal
sources. Hydrothermal sourced geothermal energy system can be comprehensively
defined as a system with components, a heat source, a mobile carrier, a cap rock and
a reservoir. A heat source can be volcanoes, magma or radioactive decay. The carrier
is generally water through a fault zone or fractures and also the carrier can be steam.
Cap rock is generally impervious rocks or layers. Reservoir is an aquifer which is
porous and permeable and bearing water and steam. On the other hand, hot dry rock
is a newly discovered geothermal energy source type. There is no carrier or path for
the liquid in these type geothermal energy systems. The path of liquid is made

artificially and the water is sent to depths more than 5 km.

Buyuk Menderes graben is an E-W trending depression, over 150 km long and 10-20
km wide, bounded by active normal faults. The graben changes its direction in
Ortaklar, extends NE-SW through Soke, it also intersects with Gediz graben in the
east of Buldan and turns to Denizli basin from Saraykdy (Ozgir, 2003). In Aydin and
Denizli provinces, which are located in the Aegean Region and within the borders of
Buyuk Menderes graben, many geothermal fields were discovered. These are
Kizildere, Tekkehamam, Golemezli, Yenice, Buldan areas in Denizli and Hidirbeyli,
Omerbeyli, Bozkdy, Yilmazkdy, Imamkoy, Salavatl, Ilicabasi, Umurlu, Atca and
Pamukéren areas in Aydin (Karamanderesi & Olgenoglu, 2005).

1.1 Purpose and Scope of the Thesis

The Western Anatolia region has the greatest potential geothermal energy in Turkey.
The General Directorate of Mineral Research and Exploration had started the
exploration in 1960s. Countless geothermal wells had been drilled in the Buyuk
Menderes Graben. Several scientific researches had been done about this region for
long years. After the admission of Law on Geothermal Resources and Natural
Mineral Water in 2007, several companies started to explore and produce energy in
Blylk Menderes Graben.



The purpose of this thesis is to compile the studies and works done about geothermal
energy regions in the Buylk Menderes Graben and investigate the relationships
between the fields based on their geological, hydrogeological and hydrogeochemical

features.

This thesis is comprised of six chapters. Chapter 1 comprises introduction part
involving purpose and scope, location of study area and a brief history of studies
conducted in Bilyuk Menderes Graben geothermal system. Geology and tectonic
evolution of Buyuk Menderes Graben are described in Chapter 2. Chapter 3 presents
methodology of study that involves the brief information about geothermal
parameters and used parameters in this thesis. Moreover, the resource of data
analyzed is mentioned in third chapter. Geological, hydrogeological,
hydrogeochemical and other data are analyzed in Chapter 4. In Chapter 5, analyzed
data is interpreted, different location data are compared and contrasted. Lastly, the

conclusion part covers the assessment of the study and results are stated.

1.2 Geographical Setting of Study Area

The Blyiik Menderes Graben System lies within Aegean Region. Graben system
begins with Pamukkale — Karahayit geothermal field at the east and ends with Soke —
Davutlar geothermal field at the east. It comprises two cities, Denizli and Aydin
which have several geothermal fields. The location map of Denizli and Aydin is

shown in Figure 1-1.
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Figure 1-1: The location map of the study area.

1.3 A Brief History and Present Status of Study Area

As mentioned before, Turkey has an important geothermal energy potential. 187
geothermal fields that contain geothermal fluid with more than 40°C temperature

were discovered by investigations in Turkey (Mertoglu et al., 2010).

Between 2005 and 2009, a total of about 256 geothermal explorations and production
wells were drilled for electricity production and direct use purposes (Mertoglu et al.,
2010). Especially in the Buyiuk Menderes Graben and Gediz Graben geothermal
systems, new geothermal fields have been explored by MTA. The total geothermal
potential in Turkey is estimated to be about 31,500 MWt (Dagistan et al., 2010).

Western Anatolia has the greatest potential energy in Turkey. Buyiuk Menderes
geothermal systems have high enthalpy reservoirs with temperature range of 120-240
°C (Ongiir, 2010).

Mineral Research and Exploration Institute of Turkey defines eighteen geothermal
fields and anomalies along the Buyik Menderes graben (Serpen et al., 2010). Except
for one field (Tekkehamam) which is located in the southern margin of the graben,
most fields and anomalies occur at the northern margin, and distributed along E-W-

trending margin-boundary normal fault systems.
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There are several hot springs from its eastern end (from Pamukkale-Karahayit
systems) to Soke at the western end; extensive engineering investigation and
resource development works have been performed at these geothermal fields up to
now (Onglir, 2010). The most important fields with high temperatures are Kizildere,

Omerbeyli — Alangiillii, Salavatli — Sultanhisar and Pamukoren.

Geothermal explorations and investigations in Turkey started at Balgova, Izmir by
General Directorate of Mineral Research and Exploration (MTA) in Turkey in 1962.
The first well was drilled in 1963 and geothermal fluid at a temperature of 124 °C
was obtained (Aksoy & Serpen, 2005).

In 1965, Kizildere geothermal field in the Blyuk Menderes Graben system was
discovered by MTA. Kizildere field is the first geothermal field that was discovered
with highest temperatures obtained. Moreover, electricity generation from
geothermal energy was firstly accomplished in Kizildere field with an installed
capacity of 0.5 MWe. The capacity of Kizildere Geothermal Power Plant was
increased to 17.4 MWe in 1984 (Kindap et al., 2010). The reservoir has a
temperature of 242 °C and contains % 1.5 noncondensable gases. A liquid CO, and
dry ice production factory is integrated to this power plant which produces 120,000
tons of liquid carbon dioxide and dry ice annually. After 2008, the Kizildere field
was privatized. According to company’s research studies, the possibility of an
undiscovered reservoir with a temperature varying between 250 — 260 °C is very high
and the target of the company is to reach the capacity of a 60 MWe power plant in
the near future (Kindap et al., 2010).

After the Kizildere field, MTA discovered Germencik geothermal field. The first
geothermal research on Germencik field was done in 1967 and continued with deep
well drilling in 1982-1986 (Hamendi, 2009). In 2007 Germencik Field was assigned
to GURMAT A.S. The construction of power plant had been completed at the end of
2008 after drilling new production wells and completing production tests (Tekin,
2010). According to 2009 data, the temperature of the reservoir is 232 °C and the
capacity of power plant is 47.4 MWe. The Glrmat plant has been running since 2009
and the total installed capacity is aimed to reach 100 MWe.
5



Discovery of the Salavatl field followed Kizildere and Germencik fields. A couple
of deep wells were drilled by MTA in 1987 and 1988. Nearly 7.35 MWe installed
capacity Binary Cycle Power Plant, which is the first private owned plant, has been
running since May 2006 (Serpen & Aksoy, 2010). The temperature of geothermal
water is 167 °C. A second 9.7 MWe capacity power plant was constructed in 2010
and is producing electricity.

Exploration wells were drilled in 1989 to a depth of 200 — 471 m on Aydin —
Ilicabas1 geothermal field which is located in the city center of Aydin (Simsek,
2003a). Moreover, Yilmazkoy — Imamkoy geothermal field is located at 5 km east of

city center and an exploration well was drilled at Yilmazkoy in 1999 at a depth of
1500 m (Toksoy & Aksoy, 2003).

After 2005, the geothermal investigations gained speed and Aydin — Umurlu (150
°C), Aydin — Sultanhisar (146 °C ), Aydin — Bozkdy (143 °C), Aydin — Atca (124
°C) and Aydin — Pamukoéren (188 °C) geothermal fields which are suitable for
electricity generation are discovered (Dagistan et al., 2010).

Through the law assigned in 2007, privatization of the fields was undertaken.
Moreover, a lot of companies started to research and working in Blyik Menderes

Graben geothermal fields.



CHAPTER 2

GEOLOGY

2.1 Tectonic Setting of Buyuk Menderes Graben

The Aegean region is one of the most active extensional regions in the world and is
undergoing a current N-S extension (Dewey & Sengor, 1979). The origin and age of
extensional activity in the Aegean have been subjects of discussions for many years.
There are four models suggested to explain the origin of extension. They are the
tectonic escape model, the back-arc spreading model, the orogenic collapse model
and episodic, two-stage graben model (Kogyigit et al., 1999; Bozkurt, 2000; Bozkurt
& Sozbilir, 2004; Bozkurt & Rojay, 2005; Rojay et al., 2005; Gdrer et al., 2009).

1) The tectonic escape model is the westward escape of the Anatolian block
along its boundary structures, the dextral North and sinistral East Anatolian
faults, since the Late Serravalian (12 Ma) (e.g. Dewey & Sengér, 1979).

2) The back-arc spreading model is the back-arc extension caused by inception
of subduction rollback process and consequent southwestward migration of
the southern Aegean Arc (Mckenzie, 1978; Avigad et al., 1997).

3) The orogenic collapse model is localized extension is caused by the spreading
and thinning of over-thickened crust after the latest Paleocene collision across
Neotethys along the izmir-Ankara-Erzincan Suture Zone during the Late
Oligocene—Early Miocene (Seyitoglu & Scott, 1992; Mcclusky et al., 2000).

4) The episodic, two-stage graben model, which involves westward escape of

the Anatolian block following orogenic collapse (Kogyigit et al., 1999;



Yilmaz et al., 2000; Bozkurt & Oberhansli, 2001; Bozkurt & Sozbilir, 2004;
Bozkurt, 2004; Bozkurt & Rojay, 2005).

The active N-S extension in the Aegean region including western Anatolia is defined
by two tectonic phenomena: the roll-back of the subducting African plate and the
west-southwestward escape of the Anatolian block along its boundary faults, North
Anatolian and East Anatolian fault systems (Taymaz, Jackson & McKenzie, 1991;
Okay & Satir, 2000; Flerit et al. 2004).

In the region, different tectonic processes during Neogene-Quaternary times
produced a network of fault systems dominated by an array dominant E to NE and
NW tendency normal fault (Grer et al., 2009).

There are two systems of faults recognized: (1) approximately NE- and NW-
trending subvertical oblique faults adjacent to Unit A; (2) E-W faults adjacent to
units B and C (Gurer et al., 2009). The second system can be subdivided into: (a) a
major E trending low-angle fault, the Blyuk Menderes detachment fault, and (b)
secondary listric high-angle faults, segmented for distances over 10 km (Gdrer et al.,
2009).

NE- and NW- trending oblique fault systems are responsible for the development of
the Early—Middle Miocene deposits of Unit A (Gdrer et al., 2009) consists of clastic
sediments which uncormably rest on Menderes Massif metamorphics (Bozkurt,
2000).

E-W faults are dominant structural features of the region and confined mostly to the
northern margin, which is defined by a S-dipping detachment fault, the Blylk
Menderes detachment fault, and high-angle normal faults. The Buyuk Menderes
detachment fault runs along the northern sector of the graben and can be traced in an
E-W direction for several tens of kilometres (Gurer et al., 2009). The subunit B1 and
part of subunit B2, which overlie Unit A with an angular unconformity, are bounded
by the Blylk Menderes Detachment Fault (Gurer et al., 2009). The high-angle
normal faults occur in a step-like pattern and this fault system consists of S-dipping
8



sub-parallel faults that systematically tilt the beds to the north with roll-over
deformation along the northern margin (Gdurer et al., 2009). These faults, most of
which are active, controlled the deposition of the mostly Unit C and partly subunit
B2 and they initiated the elevation of the southern margin and created the steep

topography of the northern margin (Gurer et al., 2009).

2.2 Geology of the Blytk Menderes Graben

The Buyiik Menderes Graben is a structure with dimensions of about 160 km long
and 8-12 km wide and one of the major east-west grabens in western Anatolia.
Menderes Massif metamorphic rocks which comprise most of the western part of
Turkey are the oldest rocks host as basement rock in the graben (Bozkurt, 2000).
Menderes Massif has been separated into three submassifs, Northern Menderes
Massif, Central Menderes Massif and Southern Menderes Massif involving active
Buyuk Menderes graben (Yilmaz et al., 2000; Bozkurt, 2001). Menderes Massif is a
dome-like structure, interpreted as an “onion-shaped” structure, with a Precambrian
‘augen gneiss core’ at the base, a Paleozoic ‘schist envelope’ covering the gneiss
core, and a Mesozoic-Cenozoic ‘marble envelope’ overlying both, with
metamorphism increasing towards the core (Bozkurt & Oberhansli., 2001; Glrer et
al., 2009). The core rocks are composed of augen gneisses, metagranites, schists,
paragneisses and metagabbros (Glrer et al., 2009). “Cover” is represented by a
Palaeozoic schist envelope and a Mesozoic to Cenozoic marble envelope. The
Palaeozoic schist envelope comprises garnet, kyanite, staurolite-bearing micaschists,
graphite-rich quartzitic phyllite schists, garnet amphibolites, and marble
intercalations while the thick marble envelope of the cover series overlie the schist

sequence (Suer, 2010 and references therein).

Hovewer, the age of the core has been the subject of considerable debate during the
last decade. There are two interpretations about the age of core series of Southern
Menderes massif metamorphics. The first interpretation is that the protolith of the
augen gneisses intruded as granitoids into the metasediments during the Tertiary time
(Bozkurt & Oberhansli, 2001; Whitney & Bozkurt, 2002; Erdogan & Gilingor, 2004;
Bozkurt, 2004, 2007). The second interpretation suggests that the granitic protolith
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intruded during Late Precambrian and Early Cambrian times based on
geochronological data (Gessner et al., 2001).

Moreover, recent field studies in the southern Menderes Massif revealed that the
‘core’ of the massif comprises two distinct types of granitoid rocks: an orthogneiss
(traditionally known as augen gneisses) and leucocratic metagranite, where the latter
is intrusive into the former and the structurally overlying ‘cover’ schists (Bozkurt,
2004, 2007). The orthogneisses, widely known as ‘augen gneisses’, in the study area
are typical L-S tectonites characterized by a well-developed, penetrative mylonitic
foliation and pronounced NE-trending mineral stretching lineation (Bozkurt, 2004).
The leucocratic metagranite is a greyish to white colour fine-grained, equigranular
rock which composed of feldspars, quartz, muscovite and biotite as essential
minerals, whereas tourmaline, zircon, rutile, monozite and opaques comprise the

accessories (Bozkurt, 2004).

The contact between the orthogneisses and overlying schists is a major structural
discontinuity named the ‘southern Menderes shear zone; the origin and nature of
shear zone have been a controversy for over a decade. Some suggest that the contact
is a S-facing high-angle Alpine extensional shear zone (Whitney & Bozkurt, 2002;
Bozkurt, 2004, 2007; Seyitoglu, Isik & Cemen, 2004). Some stand up for a S-facing
thrust fault (Gessner et al., 2001).

Menderes Massif rocks are unconformably overlain by Neogene sediments. Fluvio-
lacustrine sediments are exposed in a wide zone in the Blyik Menderes Graben.
There are three main lithostratigraphic units based on their distinct structure in the
graben (Bozkurt, 2000; Girer et al., 2009). They are northwards tilted sediments
(unit A); almost flat-lying, terraced sediments (unit B); and marginal alluvial fans

and present-day graben-floor sediments (unit C) (Bozkurt, 2000).

Unit A can be subdivided into the Lower subunit (Al) and Upper subunit (A2)

(Gdrer et al., 2009). Unit A consists mainly of northwards tilted continental clastic

sediments delimited by NNW- and NW-trending faults (Bozkurt, 2000; Gurer et al.,

2009). Lower subunit (A1) consist of coarse-grained, well cemented conglomerate at
10



the basement Above the conglomerates (Al), Upper subunit (A2) passes upward into
inter-fingering sandstone, mudstone, shale and marls; locally they contain thin coal
seams (Gdrer et al., 2009). Unit A is dated as Late Early Miocene—Late Middle
Miocene, based on the small mammal associations and is overlain by Unit B with an

angular unconformity (Gdrer et al., 2009).

Unit B comprises cobble to boulder conglomerates with alternations of sandstone,
siltstone, mudstone and claystone which are delimited in the north by the Buyik
Menderes Detachment Fault (Bozkurt, 2000; Gurer et al., 2009). Unit B is
subdivided into two subunits which are subunit Bland subunit B2. Subunit B1 is
composed mostly of fluvial orange-red conglomerates, grey to greenish grey
sandstones and subordinate mudstones and marls while subunit B2 light yellow-
coloured cobble to pebble conglomerates with alternations of sandstone, siltstone and
mudstone (Gurer et al., 2009). Subunit B2 rests on the metamorphic rocks, Unit A
and locally on subunit B1 with an unconformity (Gurer et al., 2009). It is overlain
unconformably by the present-day grabenfloor deposits (unit C) and bounded either

by the detachment fault or high-angle faults (Gurer et al., 2009).

Unit C is composed mainly of marginal alluvial fan and graben-floor sediments
(Bozkurt, 2000). Unit C sediments developed by the active normal faults are
represented by fan deposits and fluvial deposits (Gurer et al., 2009).The alluvial fans
grade into fine-grained basin-floor sediments along the Buyik Menderes River
(Bozkurt, 2000).

The general geology of Western Anatolia and Blyik Menderes Graben is shown in

Figure 2-1 while generalized stratigraphic columnar section of the Biylk Menderes
Graben is shown in Figure 2.2.
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Figure 2-1: Geological map of Western Anatolia and Billyiik Menderes Graben (Bozkurt, 2007). BG —
Bakirgay Graben; DB — Demirci Basin; GB — Gordes Basin; GG — Gediz Graben; KG — Kitahya
Graben; SB — Selendi Basin; SG — Simav Graben; BMG — Bilyiik Menderes Graben; CMM — Central
Menderes Massif; KMG — Kigiik Menderes Graben; NMM — Northern Menderes Massif; SMM —
Southern Menderes Massif; UGB — Usak-Gire Basin.
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Figure 2-2: Generalized stratigraphic columnar section of the Blyuk Menderes Graben (Gurer et. al,
2009).
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CHAPTER 3

METHODOLOGY

3.1 Methodology Description

The literature, the scientific papers, well reports, etc., about Blylk Menderes Graben
system was compiled during long months. The major part of the data was provided
from MTA explored most of the geothermal fields in the region. The well reports
inform about geology, hydrogeology and geochemistry were obtained and studied.
Moreover, thesis, articles, bulletins, annual reports of public institutions are compiled

and examined.

Furthermore, it should be indicated that the most of the geothermal fields in the
graben have been transferred to private companies. During to data collection, it was a
complication to reach to data due to ownership of the fields. So, only the public data

could be used in this thesis.

Geological and tectonic setting, hydrogeology, geochemistry and wellbore data of
each geothermal field were examined in detail as far as possible. Stratigraphy and
faults cut were compiled for a specific wellbore in a specific gothermal field. In

addition, the trends of faults for each field were examined.
Reservoir number, reservoir and cap-rock formations, wellbore depth were analyzed.

Furthermore, the distance of the wells to the sea assumed as a reference point to
consider the relations of the fields. The depth to the thermal water (the reservoir
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depth) and production zone were noted. Besides, temperature values of the reservoir,
geothermal water type, water origin and chemical compounds were studied.

Some geothermal parameters were chosen through the accessible data to be analyzed.
Geothermal parameters used are listed below in Table 3-1. Each geothermal field

was studied as much as possible basen on the available data.

Table 3-1: Geothermal parameters used in the study.
Well depth (m)

Well temperature (°C)

Well distance to sea (m)

Presence of fault cut

Reservoir unit

Cap rock

Water ion (anion, cation) content (mg/l)
Mineral content (mg/l)

Total dissolved solids (mg/l)
Geothermal water type

Water origin

pH

Electrical conductivity (umho/cm)

3.2 Geothermal Parameter Definitions

Geological features, lithology, tectonic activity, faults and their relationships with
geothermal energy are used in this study. The lithology of a rock unit is a description
of its physical characteristics visible at outcrop, in hand or core samples or with low
magnification microscopy, such as colour, texture, grain size, or composition (Bates
& Jackson, 1984). Tectonic activity is the process of global forces that cause folding
and faulting of the Earth's crust; the fault is a result of driving mechanism of tectonic
activity and is basically the fracture in the rock that makes movement. The tectonic
activity which triggers the heat exposure and the fault which provides circulation and

paths carrying fluid are essential for a geothermal system.

Hydrogeological features such as reservoir, production zone and surface
manifestations were analyzed and contrasted in the thesis. Geothermal reservoir
includes heated and pressurized water and/or vapor accumulations, with defined
boundary conditions, from which heat can be extracted from the underground to the
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surface (Ledru & Frottier 2010). Reservoir has two main members, aquifer and cap-
rock. Aquifer is the medium which is generally composed of sedimentary formations
with high porosity and permeability. Cap rock can be defined as a holder that formed
from impermeable rocks overlying the permeable rock, generally the sediments.
Production zone is the fractured zone in the reservoir where the hot water can be
stored and extracted. Geological surface manifestations include hot springs,
fumaroles, geysers, travertine deposits, chemically altered rocks, or sometimes, no
surface manifestations (a blind resource) (Lund, 2007). Surface manifestations can
be the indicators of geothermal reservoirs and can delineate reservoirs. They can be
correlated with other geologic features (e.g. whether the concentration of hot-springs
occurs where the faults are concentrated). Temperatures and flow rate amounts of
surface waters like fumaroles, geysers, springs can give an idea about the reservoir
water temperature and discharge amounts. Reservoir pressure is the water pressure of
reservoir and is generally measured in Bar. The high pressure rates mean the high

discharge amounts. So the high pressured reservoir systems are more efficient.

Hydrogeochemical characteristics have the features related to water chemistry such
as chemical compounds and chemical amount, geothermal water type, water origin,
thermal water temperature and pressure and geothermal alteration-alteration
minerals. The geochemistry involves study of the chemical composition of the Earth,
chemical processes and reactions that govern the composition of rocks, water, and
soils. Geochemistry is used to evaluate the origin and type of the water, to estimate
underground temperature, characterize the reservoir chemistry (Gunnlaugsson,
2008). Chemical compounds are the minerals found in the geothermal liquid. The
chemical components of geothermal fluids are determined by their source, the rock
types with which they have reacted along their flowpath, the temperature of those
interactions, and the chemistry of the fluid. The main chemical components in
geothermal water are silica (SiO;), sodium (Na), potassium (K), calcium (Ca),
magnesium (Mg), carbonate (total CO,), hydrogen sulphide (H.S), sulphate (SOy),
chloride (CI) and fluoride (F) (Gunnlaugsson, 2008). Fluid composition in many
geothermal fields worldwide appears to closely approach chemical equilibrium with
secondary minerals for all major aqueous components except Cl and B (Giggenbach,
1980; Michard, 1991). Hydrothermal alteration is a change in the mineralogy as a
16



result of interaction of the rock with hot water fluids, called “hydrothermal fluids”
(Lagat, 2010). Primary minerals usually tend to alter to secondary (hydrothermal
alteration) minerals that are stable. The temperature, permeability, pressure, fluid
composition, initial composition of the rock and the duration of the hydrothermal
activity specify the formation of hydrothermal alteration minerals; the main
hydrothermal minerals in the geothermal field are albite, amphibole (actinolite),
biotite, calcite, chlorite, chalcedony, epidote, fluorite, garnet, illite, K-feldspar
(adularia), mordenite, secondary Fe-Ti oxides, sulfides (pyrite), titanite (sphene) and
quartz (Lagat, 2010). Water origin is inception of reservoir water source. Water
origin can be generally meteoric, and magmatic, connate or oceanic. Reservoir
temperature is the fluid temperature of reservoir and is generally measured in
Celsius. According to reservoir temperature, the types of reservoir are identified.
During the exploration phase, geothermometry is used to estimate the subsurface
temperatures expected to be encountered by drilling, using the chemical and isotopic

composition of hot spring or shallow well discharges (Gileg, 2005).

Geological, geochemical and hydrogeolocical informations about the field can be
provided by a wellbore data. In other words, wellbore data help to distinguish the
field through output of drilling year, well depth, well formations, formation
thicknesses and reservoir type, reservoir units, temperature and pressure, mineral

content, faults cut.

3.3 Literature Utilized as Data Source

The investigations, exploration workouts, researches, studies, experimental or pilot
workings done by governmental institutions, universities or/and companies are the
resource of this study. General Directorate of Mineral Research and Exploration
(MTA) is the most competent unit at geothermal systems and investigations in
Turkey. So, most of the geothermal field were explored by MTA. The literature of
MTA was frequently used in this study. MTA has worked in the Blyuk Menderes
Graben for years; a lot of fields were investigated and several boreholes were drilled
by MTA. Besides, the researches done by universities for thesis’ works or some
projects were utilized. Another resource involved in this study was that the private
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sector investigations, field works, research studies which are not confidential, open
to public.

3.4 Geothermal Fields Studied

In this study, geothermal fields located at Aydin and Denizli provinces were
examined (Figure 3-1). Geothermal fields located on the eastern segment of the
graben are Pamukkale, Karahayit, Golemezli, Yenice, Tekkehamam, Gerali and
Kizildere. The others are Pamukéren, Nazilli, Sultanhisar, Salavatli, Imamkdy-
Yilmazkdy, Ilicabasi, Bozkdy, Omerbeyli, Hidirbeyli and Giimiiskdy from east to
west. Apart from these, westernmost segment of the graben, which trend in NE-SW,
comprises Davutlar-Soke field. Gerali and Tekkehamam fields are located on the

southern margin of the graben. All other fields occur on the northern margin.

Figure 3-1: Geothermal fields located at Aydin and Denizli provinces. 1-Pamukkale, 2-Karahayit, 3-
Golémezli, 4-Gerali, 5-Kizildere, 6-Tekkehamam, 7-Buharkent-Ortak¢i, 8-Pamukoren, 9-Glizelkdy,
10-Nazilli, 11-isabeyli, 12-Atca, 13-Bozyurt, 14-Sultanhisar, 15-Salavatli, 16-Umurlu, 17-Y1lmazkoy-
Imamkoy, 18-Kalfakdy, 19-Omerbeyli, 20-Alangulli, 21-Bozkdy, 22-Hidirbeyli, 23-Ortaklar, 24-
Gimiiskoy, 25-Soke, 26-Davutlar.

Pamukkale, famous for snow white travertines in the world and Karahayit
geothermal fields are available on the easternmost part of the study area;
geographically they are in the border of Denizli province. There a lot of hot springs
around Pamukkale and Karahayit but the temperatures are generally low. The waters
emerge as springs reaching throughout the normal faults have about 35 °C
temperatures. The drilled wells are KH1, KH2 and KH3, production wells, at about
500 m in Karahayit field with about 60 °C reservuar temperatures (Gokgoz et al.,
2010).
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Golemezli and Yenice fields are also in the borders of Denizli. Five wells, DG 1, DG
2, DG 3, DG 4, DG 5, with depths changing between 549 m and 1289 m were drilled
in Golemezli field at the beginning of 2000s (Kahraman, 2003; Tamgag, 2010). The
reservoir temperatures are variable between 62 °C and 95 °C (Kahraman, 2003;
Tamgag, 2010). There are three production wells in Yenice geothermal field with
reservoir temperatures of 53 °C, 63 °C and 38 °C (Simsek, 2003b). The reservoir

units of Golemezli and Yenice geothermal fields are Menderes metamorphics.

Gerali geothermal field located on the southern margin of the graben close to
Tekkehamam is one of the exceptions in Buyuk Menderes Graben system. There is
only one well for which the data could be obtained. It has a depth of 1143 m and a

reservoir temperature of 125 °C (Karamanderesi & Olgenoglu, 2005).

Kizildere and Tekkehamam geothermal fields in the Denizli province are located on
the northern and southern margins of the graben, respectively. Kizildere geothermal
has the highest reservoir temperature explored in Turkey till now. There are 22 wells
drilled since 1965 (Ozkaya, 2007; Siier, 2010). Five are observation wells and one is
for reinjection. The depths of the wells vary between 370 m and 2260 m and the
temperature of the water varies between 157 °C and 242 °C (Yeltekin & Akin, 2006;
Demirel et al., 2007; Ozkaya, 2007; Kaya & Kindap, 2009; Kindap et al., 2010; Siier,
2010). There are two reservoir units and a possible third one. First reservoir occurs
with a limestone unit of Pliocene Sazak Formation while the deeper reservoir is
located within Menderes metamorhics such as marble, quartzite and schist. Normal
faults are penetrated by many well bores in the Kizildere geothermal field. Moreover,
Tekkehamam geothermal field occurs on the southern margin of the graben. There
are six wells drilled in the Tekkehamam field with a maximum bottom hole
temperature of 170 °C (Suer, 2010). The depths of the wells range between 115 m
and 2001 m (Sder, 2010). All of them are production wells. The reservoir units are
the same as Kizildere field. The power plant constructed in 1984 has been operating
with a generator output of 15 MWe in Kizildere (Kindap et al., 2010). Furthermore,

another plant construction with a capacity of 75 MWe is in progress.
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Pamukoren geothermal field is in Aydin province. The explorations and drillings
have been done in very recent years. There are 3 wells drilled by MTA (Atmaca,
2010). Moreover, private companies have been working in the Pamukdren field. As
these studies showed, the Pamukdren geothermal field is a promising one. The

reservoir temperature of the field is more than 180 °C.

The city of Nazilli is located somewhere between Aydin and Denizli (almost same
distance to both cities) and has a number of geothermal wells around. Some hot
springs exist in Isabeyli, Bozyurt and Atca towns and environs. A number of
geothermal fields were drilled in Atca, Isabeyli and Nazilli by MTA. The depth of
wells range from about 1000 m to 2000 m while the reservoir temperatures are
between about 80 °C and 140 °C (Guduicii, 2008; Karahan, 2010a; Karahan, 2010b;
Purtul, 2010).

Salavatli geothermal field has, apart from Kizildere and Omerbeyli fields, the highest
reservoir temperature explored in third order in the Blyuk Menderes Graben. There
are 6 production wells and 3 reinjection wells in the field (Serpen & Aksoy, 2010).
Power plants, DORA 1 and DORA 2, are running with a capacity of 7.36 and 9.7
MWe (Ozdemir et al., 2012). The reservoir temperatures of the production wells are
about 160 °C and 180 °C while the depths range between about 900 m and 1500 m,
reaching the reservoir rocks of the Menderes metamorphics (Karamanderesi, 1987,
Demirel, 2005; Bulbil, 2008; Serpen & Aksoy, 2010). In Sultanhisar, there have
been two production wells drilled very recently where reservoir temperature is 145
°C and the depths of wells are about 1000 m (Karahan, 2007).

Imamkdy, Yilmazkoy and Ilicabasi locations are very close to Aydin province. There
are some hot springs at temperatures of about 35 °C. Two wells in Y1lmazkdy, one
well in Imamkdy and four wells in Ilicabasi areas are present (Simsek, 2003b;
Toksoy & Aksoy, 2003; Yurttas, 2008). The depths of the wells vary between 200 m
and 1500 m (Candas, 2002; Yolal & Karahan, 2010).

Omerbeyli geothermal field has the highest capacity, 47.4 MWe, of geothermal
power plant in Turkey. In 1980s, MTA drilled nine production wells in Omerbeyli.
In addition, the company running the prospect, drilled nine production and
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reinjection wells in 2007-2008. The highest temperature is 232 °C; and they form the
highest temperatures reached in the Menderes metamorphics (Ozgiir at al., 1998;
Filiz et al., 1999, 2000; Simsek, 2003b; Karakus, 2010; Tekin, 2010). Alangulli
geothermal field is included in Omerbeyli prospect. One production well was drilled
by MTA in Alangilli at a depth of 962 m and the hot water temperature is 172 °C; it
was reached in marble units (Ceyhan, 2000). Moreover, the company drilled new

wells in Omerbeyli and Alangulli.

Hidirbeyli geothermal field has been also running by private sector. After the two
production wells were drilled by MTA, several production and reinjection wells were
drilled by the company. The downhole temperatures are over 120 °C, even reaching
170 °C in wells (Karahan, 2008; Ségiit, 2011). The depths of the wells are generally
over 2000 meters. An operating power plant with a capacity of 18 MWe was built in
2011 (Ozdemir et al., 2012).

Gumiiskoy—Ortaklar geothermal field has been managed by a company. There are
three wells known. The reservoir temperatures are about 130 °C and 170 °C. The
depths of the wells are over the 2000 meters (Caglayan & Diinya, 2012).

Davutlar—Kusadas1 geothermal field has still been under consideration and research

still continues. There are two wells known. The reservoir temperatures are about 50
°C (Keskin, 1972; Tarcan et al., 2000; Uysal, 2002; Karaca & Destur, 2012).

21



CHAPTER 4

INPUT DATA AND ANALYSES

In this Chapter, the data acquired according to parameters which will be studied will
be analyzed. General assessment of the Biliyik Menderes Graben geothermal system
will be performed based on the main parameters, like well depth, temperature, fault

cut, ion and mineral concentration, geothermal water type and water origin.

As mentinoned in the previous Chapters, geothermal fields occur all along the Blyiik
Menderes Graben. MTA have studied long years in Aydin and Denizli provinces.
Especially, the explorations and workings have accelerated in recent years.
Prognosticatively, so many wells have been drilled. Mineral Research and
Exploration Institute of Turkey defines eighteen geothermal fields and anomalies
along the Biyiik Menderes graben (Serpen et al, 2000). In this thesis, the study area
Is examined in 17 distinct fields according to their locations and explicit similarities.
During the data collection, more than 100 wells drilled in the fields have been

counted. The geothermal fields and the well names are shown in Table 4-1.

The data used in this thesis, well depth, well temperature, geochemical compounds,
etc., are given in the appendices.
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Table 4-1: Geothermal fields and well names attained in the Buylk Menderes Graben.

Field no | Geothermal Field Name Well Names

1 Pamukkale—Karahayt KH1, KH2, KH3

2 Golemezli DG1, DG2, DG3, DG4, DG5, G1

3 Yenice Yenice 1, Yenice 2, Yenice 3

4 Gerali MDO1, DSG4

5 Kizildere KD1”, KD1IA™, KD2", KD3, KD4, KD6, KD7 ",
KD8, KD9™, KD111, KD12, KD13, KD14, KD15,
KD16, KD17,KD20, KD21, KD22, R1, R2", R3

6 Tekkehamam TH1, TH2, TH3, TH4, TH6, TH7, KB1(private
company), KB2, KB3, KB4, KB5, Tekke 1, DST19

7 Buharkent-Ortake1 AO1, KB1(MTA)

8 Pamukdren AP1, AP2, AP3

9 Nazilli-Bozyurt-Giizelkdy | NK1, NG1, NB1

10 Atca—isabeyli AT1, AT2,iS1

11 Salavatli—Sultanhisar AS1, AS2", AS3, AS4, ASR1, ASR2, ASR3, ASR4’,
ASR5", SH1, SH2, ASMM5

12 Umurlu AU1, AU2, ASK1

13 imamkéy—Yllmazkéy— AY1, AY2, AMK12, 1mamk6y, Yilmazkdoy, Ayter 1,

Ilicabasi—Kalfakoy Ayter 2, DSIi1, DSi2

14 Omerbeyli-Alangilli OB1, OB2, OB3, OB4, OB5, OB6, OB7, OBS, OB9,
0B10, OB11, OB14, OB17, OB19, Al, A2, AG20,
AG22", AG24", AG25", AG26 , AG2

15 Hidirbeyli-Bozkoy HB1, HB2, HB3, HB4, HB5, HB6, HB7, HB8, HBR1,
GM1, GM2, GM3, GD1, GD2

16 Ortaklar-Giimiiskdy GKS5, GS1, GK3, KG4, R-GK1", AOG1, AGG16,
ORT4, GK1, GK3A

17 Soke—Davutlar Davutlar, AKD2

4.1 Data Analyses Based on Lithology

Buyuk Menderes geothermal field lithologies are Paleozoic, Tertiary and Quaternary
rocks and sediments. Paleozoic mainly consists of metamorphic rocks of the
Menderes Massif which are the basement rocks such as gneisses, types of schists and
marbles. Tertiary rocks are commonly composed of Miocene and Pliocene lacustrine
and marine sediments like limestone, sandstone, siltstone, claystone and marn. The

youngest lithologies are Quaternary deposits such as terrace deposits, slope debris,

uncemented sediments and alluviums.

In this part of the thesis, the lithologies of the defined 17 geothermal fields in the

study area are examined, explained, compared and contrasted.

™ observation well
: reinjection well
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4.1.1 Lithologies of Denizli Geothermal Fields

Buylk Menderes Graben consists of six geothermal fields in the Denizli province.
They, from east to west, are Pamukkale—Karahayit, G6lomezli, Yenice, Gerali,

Tekkehamam and Kizildere (Figure 3-1). These fields were examined separately.

Generally, the geothermal fields’ stratification in Denizli province is similar to each
others. Paleozoic Menderes metamorphics such as gneiss, marble, schist; and
limestones, marbles and ophiolitic mélange of Lycian nappes form the basement
rocks. Above the metamorphics, a sequence of Kizilburun formation, Sazak
formation, Kolonkaya formation and Tosunlar formation occur. These sedimentary
rocks have fluvial and lacustrine character. The youngest units are Quaternary
deposits which are alluvium, alluvial fan, terrace deposits, slope debris and

travertines occur at the top (Figure 4-1).
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Figure 4-1: Generalized columnar sequence of Denizli basin-fill succession (Algigek et al., 2007 and
references there in).
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4.1.1.1. Lithology of Pamukkale-Karahayit Geothermal Field

Pamukkale—Karahayit lithological units consist of sedimentary and metamorphic
rocks. Their ages range from Paleozoic to Quaternary. The Paleozoic basement rocks
are gneiss, schist, marble, limestone, Mentese ophiolites and Bozkaya mélange
(Ozler, 2000). Tertiary sediments are continental and lacustrine deposits. They are
Dagdere formation, block gravel, graveled mudstone, graveled sandstone and
sandstone; Kizildere formation, alternation of conglomerate, sandstone, claystone
and lignite strata; Sazak formation, limestone, marl, siltstone and travertine; Acidere
formation, marl, clayey limestone, mudstone, sandstone and travertine; Gokpinar
formation, alternating units of conglomerate, sandstone and mudstone (Ozler, 2000).
The Quaternary is composed of terrace deposits, alluvium, slope debris, alluvial fans

and travertine.

4.1.1.2. Lithology of Golémezli Geothermal Field

Golomezli geothermal field is composed of Paleozoic Menderes Massif rocks, such
as gneiss, quartzite, calcschist, micaschist and marble; Upper Miocene and Pliocene
Kizilburun, Sazak, Kolonkaya ve Tosunlar formations and Quaternary units, which
contains terrace deposits, alluvium, slope debris, alluvial fans and travertines
(Tamgag, 2010). Kizilburun, Sazak, Kolonkaya ve Tosunlar formations generally
consist of claystone, siltstone, sandstone, conglomerate, marl, clayey limestone,

sandy limestone and limestone.

4.1.1.3. Lithology of Gerali Geothermal Field

Gerali geothermal field is also composed of Paleozoic to Quaternary rocks. Paleozoic
basement rocks consist of schist of Menderes Massif metamorphics. Above
Menderes Massives, marbles of Igdecik formation, limestone, sandstone,
conglomerate and siltstone of Kizilburun formation, limestone of Sazak formation
and clay strata occur from bottom to top (Karamanderesi & Olcenoglu, 2005).
Quaternary sediments are uncemented old terrace deposits, slope debris, and

alluvium.
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4.1.1.4. Lithology of Tekkehamam Geothermal Field

Tekkehamam geothermal field stratification is very similar to Kizildere geothermal
field. Basement rock is Paleozoic Menderes Massif. The Massif are comprised, from
bottom to top, of gneisses, quartzite-gneiss-schist alternations, schists, and
alternation of quartzites, micaschists and marbles known as the Igdecik formation
(Simsek, 1984). The Neogene sedimentary rocks are represented, from bottom to top,
by the Kizilburun formation consisting of conglomerate and sandstone; the Sazak
formation, which consists of limestone and marl; and the Kolonkaya formation,
consisting of marl and sandstone (Simsek, 1984). The Upper Pliocene Tosunlar
formation is represented by poorly consolidated conglomerates, sandstone and
mudstone. The Quaternary deposits are alluvium, terrace deposits, slope debris and

travertine.

4.1.1.5. Lithology of Kizildere Geothermal Field

In the Kazildere geothermal field, the basement is made up of Paleozoic metamorphic
rocks that consist of gneiss, schist, and the igdecik formation, which is represented
by alternating with quartzites, mica schists, and marbles (Simsek, 1984). The
basement rocks are overlain by Pliocene sediments of fluvial and lacustrine
character, which consist of Kizilburun formation, Sazak formation, Kolonkaya
formation and Tosunlar formation (Simsek, 1984). The Kizilburun formation is an
alternation of red and brown conglomerates, sandstones, shales, and lignites. The
Sazak formation is composed of intercalated gray limestones, marls, and siltstones.
The Kolonkaya formation contains yellowish green marls, siltstones, and sandstones.
The Tosunlar formation is composed of alternating conglomerates, sandstones, and
mudstones with fossiliferous clayey units. Quaternary unit is alluvium which overlies

all of the units

4.1.2 Lithologies of Aydin Geothermal Fields

Aydin province has the most geothermal fields in Turkey. The geothermal fields are
divided into eleven seperate geothermal fields. They are Buharkent—Ortakgi,
Pamukoren,  Nazilli-Bozyurt-Giizelkdy, Atca—Isabeyli, Salavathi-Sultanhisar,

Umurlu, Imamk&y—Y1lmazkdy-Ilicabasi—Kalfakoy, Omerbeyli-Alangullg,
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Hidirbeyli-Bozkdy, Ortaklar—-Giimiiskoy and Soke—Davutlar geothermal fields from
east to west (Figure 3-1).

Broadly speaking the region between Buharkent-Ortak¢i and Soke—Davutlar
geothermal fields has similar stratigraphy with Denizli geothermal fields. Basement
rocks are Menderes metamorphics. Neogene sedimentary units occur above
metamorphics. Soke—Davutlar geothermal field has Davutlar volcanics which can be

considered as a difference (Figure 4-2).
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Figure 4-2: Generalized columnar sequence of Aydin basin-fill succession (Karahan & Biilbiil, 2007)

4.1.2.1 Lithology of Buharkent-Ortak¢1 Geothermal Field

Buharkent-Ortak¢1 geothermal field has Paleozoic augen gneisses, schists, quartzites,
and amphibolites as basement rock. Sedimentary deposits of Pliocene age overlie the

basement rock. They are claystone, clayey limestone and sandstone of Kolonkaya
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formation and conglomerate, sandstone, siltstone and mudstone of Asartepe
formation (Kaya & Gokgoz, 2005). Alluvium and alluvial fans of Quaternary period

overlie all of the formations.

4.1.2.2 Lithology of Pamukdren Geothermal Field

Pamukoren geothermal field has Paleozoic rocks and Tertiary to Quaternary
sedimentary formations. The basement units are represented by Menderes massif
metamorphics and are composed of gneisses, chloride-schist, mica-schist, quartz-
schist, quartzite, phyllites and intercalating marble layers (Atmaca, 2010). Tertiary
sediments belong to Miocene and Pliocene. Miocene sedimentary deposits are
conglomerate, sandstone, claystone, siltstone and marl. Pliocene sedimentary rocks
are sandstone, claystone, and siltstone. The Quaternary deposits are alluvium, terrace

deposits, slope debris and travertine.

4.1.2.3 Lithology of Nazilli-Bozyurt-Guzelkdy Geothermal Field

Nazilli-Bozyurt-Guzelkéy geothermal field stratification is very similar to
Pamukaren geothermal field. Menderes Massif metamorphics represent the Paleozoic
as a basement rock. The metamorphics are gneisses, schists and marbles. Tertiary
units are conglomerate, sandstone, claystone, siltstone and marl which are Miocene
in age. Moreover, Pliocene sedimentary rocks are sandstone, claystone, and siltstone.
The Quaternary deposits are alluvium, terrace deposits, slope debris and travertine
(Karahan, 2010a; Purtul, 2010).

4.1.2.4 Lithology of Atca—Isabeyli Geothermal Field

Atca—Isabeyli geothermal field has also Menderes massif metamorphics as the
basement rock which are augen gneisses, chloride-schist, mica-schist, quartz-schist,
calc-schist, phyllites and intercalating marble layers. Tertiary sediments are
represented by conglomerate, sandstone, claystone, siltstone and marl. The
Quaternary units are Pleistocene and Holocene pebbly, clayey series and alluvium,
terrace deposits, alluvial fans and travertine (Karahan & Guducu, 2008; Turali &
Karahan, 2009; Karahan, 2010).
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4.1.2.5 Lithology of Salavath—Sultanhisar Geothermal Field

Salavatli-Sultanhisar geothermal field has the basement rocks comprising
orthogneiss, paragneiss, fine-grained schists, coarse-grained augen gneiss, mica
schist, quartz schist, metaquartzite and marble. Neogene sedimentary rocks include
coarse- and fine-grained sandstones, siltstones, and well-cemented conglomerates,
and are a thin lignite layer at the base of the sequence. The Quaternary deposits are
alluvium and slope debris (Karamanderesi, 1987; Demirel & Beker, 2005; Karahan,
2007; Bulbul, 2008; Serpen & Aksoy, 2010).

4.1.2.6 Lithology of Umurlu Geothermal Field

Umurlu geothermal field has Paleozoic basement and Neogene sedimentary deposits.
Gneiss units are represented by alternation of quartzite, quartz-schist and phyllite. In
addition to quartz-schist, mica-schists are present above the marble units which are
massive and alternate with phyllite. Neogene sediments are conglomerate, claystone,
siltstone and sandstone which belong to Miocene and Pliocene. Uncemented
gravelly, sandy, clayey units which represent Pleistocene overlie the Neogene
sediments. Alluvial fans of Holocene age reserve large areas in Umurlu geothermal
field (Karahan & Gudiicu, 2008; Karahan & Ddnmez, 2009; Karahan et al., 2009).

4.1.2.7 Lithology of imamkoy—Yilmazkoéy-Ihcabasi-Kalfakoy Geothermal
Field

Imamkoy-Yilmazkdy—Ilicabasi—Kalfakdy geothermal field has the augen gneisses,
schists, metaquartzites and marble units of Paleozoic basement rocks. Upper
Miocene units are reddish sandy, clayey units while Pliocene layers are yellowish
pebbly conglomerates and sandstones. The Quaternary units are terrace deposits,
slope debris and alluviums (Candas, 2002; Toksoy & Aksoy, 2003; Yolal &
Karahan, 2010).

4.1.2.8 Lithology of Omerbeyli-Alangulli Geothermal Field

Omerbeyli-Alangullii  geothermal field has Paleozoic Menderes Massif
metamorphics as the oldest units. These units, from bottom to top, are gneiss, mica-

schist, dolomitic marble, quartz-schist and again marble. Miocene aged units are
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sandstone, conglomerate and clayey limestone. Early Pliocene units are, from bottom
to top, conglomerate, sandstone, clayey limestone, siltstone, shale and marl. The
Quaternary deposits are young alluviums (Filiz et al., 2000; Karakus, 2010 and

references there in).

4.1.2.9 Lithology of Hidirbeyli-Bozkdy Geothermal Field

Hidirbeyli-Bozkdy geothermal field, Menderes metamorphics occur as basement
rocks. Augen gneiss, migmatitic gneiss and granitic gneiss are common. Gneiss units
alternate with quartzite, quartz-schist and phyllite. Moreover, quartz-schist, phyllite,
mica-schist and muscovite-schist, marble above gneisses and schists represent the
Menderes metamorphics. Marble and phyllite alternation is exposed in the
geothermal field. Above Menderes metamorphics, Lower Miocene units overlie.
They are reddish conglomerate, sandstone and claystone. Pliocene units above
Miocene deposits are sandstone, claystone, siltstone and clayey units.The youngest
units are Pliocene loose conglomerate and sandstone, Holocene alluvium, alluvial

fan, talus and terraces (Karahan, 2008; Sogiit, 2011).

4.1.2.10 Lithology of Soke-Davutlar Geothermal Field

Paleozoic rocks of S6ke—Davutlar geothermal field are schists and marbles which
form the basement. Schists are mica-schist, quartz-schist and calc-schist. Neogene
Kusadas1 formation has conglomerate, sandstone, claystone, marl and clayey
limestone which overlie the metamorphics. Another Neogene deposits are Davutlar
Volcanics which have a thin layer of tufite at the bottom and are basaltic lawa flows.

The youngest units are Quaternary alluviums (Tarcan et al., 2000; Uysal, 2002).

4.2 Data Analyses Based on Reservoir Characteristics

The geothermal fields in the study area are generally being fed by meteoric waters.
Meteoric waters recharge the reservoir rock and are heated at depth and move up to
the surface through the active faults by convection currents. Biyilk Menderes Graben
system has mainly Paleozoic metamorphics and Neogene sedimentary rocks as

reservoir rocks while the cap rocks are impermeable units of sedimentary deposits.
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In this part of the thesis, the reservoir features, aquifer and cap rock, age of the
reservoir units, tectonic components and fault cuttings in the wellbores, of the
defined 17 geothermal fields in the study area are examined, explained, compared

and contrasted.

Pamukkale—Karahayit and Golomezli geothermal fields have a primary reservoir
rocks which are quartzite, and marble with secondary permeability represented by a
network of joints, fractures, faults and karstic features (Ozler, 2000; Tamgag, 2010).
These rocks represent Paleozoic basement rocks. Moreover a second reservoir unit,
Sazak formation, is Miocene and Pliocene limestone and travertine. Cap rock of the
primary reservoir is Kizilburun formation composed of clay, silt, marl, sandstone and

gravel (Ozler, 2000).

The main reservoir of Gerali geothermal field is sandstone and limestone of
Kizilburun formation and Menderes Massif marbles with a temperature measured at
125 °C degrees maximum. In the second reservoir, limestone of Sazak formation, the
temperature was measured as 96-100 °C degrees. Cap rocks of the Gerali geothermal
field are schist of Menderes Massif metamorphics, clay levels of Kizilburun
formation and clay strata of Pleistocene age from bottom to top. The main fault lines
are in the direction of E-W; secondary fault lines are in the direction of N-S, and NE-
SW. Fault lines cut with drilling MDO-1, are E-W directed (Karamanderesi &
Olgenoglu, 2005).

Tekkehamam and Kizildere geothermal fields have three productive zones according
to drilling studies until now. The upper reservoir rock is composed of limestones of
the Pliocene Sazak formation, which are intensely faulted and fractured. Sazak
formation shows both lateral and vertical gradations to marl and sandstone. The
lateral facies changes of Sazak formation limit the continuity of the reservoir, and
therefore reduce its reservoir rock characteristics (Simsek, 1984). This reservoir is
water dominated. The second reservoir below the upper one is the metamorphic
basement of igdecik formation, and composed of alternations of marble-quartzite-
schist, which has high fracture permeability. The second reservoir exhibits a lateral
continuity over a large area, has relatively high secondary porosity and permeability,
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and higher temperatures (Simsek et al., 2005). The third reservoir is the deepest one
which constitutes the Paleozoic gneisses and quartzites. This reservoir is associated
with the main graben boundary fault line at depth. The first cap rocks are siltstone
and sandstone alternations of the Tosunlar formation, and alternations of sandstone,
marl and siltstone of Kolankaya formation which is the upper one. The second one is
the well-consolidated conglomerates, sandstone and claystone alternations of the
Kizilburun formation which act as the second cap rock. The marl and claystone
alternations of the Sazak formation act also as a second cap rock. The micashists act

as cap rock for the third deep reservoir.

The Kizildere geothermal field is located on the northern boundary fault of the
graben, and is roughly bounded by the geothermally inactive listric-type Gokdere
fault from the north and by the geothermally active, nearly E-W trending, Kizildere
fault from the south (Esder et al., 1994). The Tekkehamam geothermal field, on the
other hand, is located on the southern boundary fault of the Buylik Menderes Graben.
The young tectonism in the field is the major source for the occurrence of geothermal
resources. Due to the intense tectonic activities in the field, the hard and fragile
lithologies in the stratigraphy gained secondary permeability, which resulted in the

occurrence of reservoir rocks for the geothermal fluids (Simsek, 1984).

In Pamukdren geothermal field, the East-West trending Graben was formed by step-
like normal fault systems as a result of uplifting of Menderes Massif in a north-south
direction extensional tectonics (Atmaca, 2010). In the region, the deeper reservoir
rocks are gneisses and marbles of Menderes Massif which have secondary
permeability due to tectonic activities. Sandy and pebbly levels of Neogene rocks
form the shallow geothermal reservoir. The clayey and silty levels of Tertiary units
and schist of the Menderes Massif have cap rock properties (Yolal, 2010).

Nazilli-Bozyurt-Giizelkdy, Atca—isabeyli and Umurlu geothermal fields have

reservoir and cap rocks same with Pamukéren geothermal field. Gneisses and

marbles of the Menderes Massif and Neogene sedimentary units, sandstones, and

huge sized sedimentary deposits form the reservoir rocks while clayey and silty parts

of Tertiary sediments and schists of the Menderes Massif compose the cap rocks
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(Karahan & Guduct, 2008; Karahan & Donmez, 2009; Karahan et al., 20009,
Karahan, 2010a; Purtul, 2010). Intersection areas of the East-West trending graben
faults and North—South strike slip faults are the weakness points of all these regions.

This weakness zones are the most active geothermal regions in the fields.

Salavatli-Sultanhisar geothermal field has Menderes metamorphic units as reservoir
rock composed of gneisses, several types of schists and marbles. Neogene rocks form
the shallow geothermal reservoir. Sedimentary units consist of clayey sediments, silts
and gravels which serve as cap rock for the geothermal reservoir. Tectonically,
SWW-NEE oriented two major faults that can be related to the formation of graben
in the north of the field and an older major inferred fault with NWW-SEE orientation
crossing through the center of the field control geothermal system (Serpen et al.,
2006).

Imamkdy-Yilmazkdy—Ilicabasi—Kalfakdy geothermal field has reservoir rock
composed of gneiss and marble. Neogene units, sandy and pebbly sediments, also
form the shallow reservoir. Metamorphic schists and clayey units of Neogene age
constitute the cap rocks of geothermal field (Yurttas, 2008).

Omerbeyli-Alangillii geothermal field consists of two reservoirs and generally the
deepest reservoir is composed of Paleozoic fractured gneiss, quartz schist, and karstic
marbles of the Menderes Massif metamorphics, whereas the shallow reservoir is
composed of Miocene to Pliocene sandstones and conglomerates.The cap rocks are
Neogene impermeable claystone and mudstone (Filiz et al., 2000). The Germencik

geothermal fields are controlled by E-W-trending faults.

The suitable reservoir rocks of Hidirbeyli-Bozkdy geothermal field are altered
gneisses and marbles of the Menderes metamorphics. In addition to this, sandy and
pebble bearing Neogene formations can account for shallow geothermal reservoirs.
The clay and silty sediments of Neogene units and schists of the Menderes Massif
are the main cap rocks in the region (Sogiit, 2011). Geothermal system is effective in

the formation of faults in the north-south direction, extending to east-west-trending
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graben-bounding normal faults, depending on the geothermal sites which also form
geological boundaries (Sogiit, 2011).

Soke-Davutlar geothermal field has impermeable schists of metamorphics as
basement. Karstic marbles are the deeper reservoir rocks of the geothermal fluid.
Basaltic volcanics which are fractured have also aquifer characteristics. Kusadasi
Formation constituting clayey levels forms the cap rock of the geothermal feld.
Active faults in the region trend in west—east and north east-south west directions
and west—east-trending Davutlar fault controls the geothermal activity in Soke—
Davutlar geothermal field (Tarcan et al., 2000).

In this thesis, the stratigraphies of geothermal wells were studied in detail. According
accessed well datais expressed in Table 4-2. The table shows the main reservoir units
which produce geothermal liquid with highest temperature for each field. The main
reservoir units of the studied geothermal fields are Paleozoic metamorphic units.
These units are generally karstic marbles, fractured gneisses and rarely some types of
schists. In addition to main reservoir units, most of the geothermal fields have
shallower and cooler reservoir units. These secondary reservoir rocks are younger
Neogene sedimentary deposits like largely limestone and sandstone, conglomerate

and sandy, pebbly units.

The reservoir units which compose highest temperature geothermal fluid are shown
in the table below. There are 61 wells with fault existence data. Moreover, the
numbers “1” and “0” represent the fault cut and absence of the fault cut in the
wellbore, respectively. The average temperature of the wells cut by a fault is about
162 °C while the average temperature of the wells without a fault cut is about 125 °C.
So, higher temperatures were obtained from the wells which a fault is cut. Most
geothermal fields are controlled by extension of graben-bounding normal faults.
There are mainly two faults type trending in North—South and East—West directions.
The junction points of these faults are the weakness zones where the high
temperature fluid can be reached. Moreover, East-West trending faults control the

Buyuk Menderes Graben geothermal system.
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Table 4-2: Main reservoir units of the fields and fault cut relations.

Well Name | Depths (m) | T (°C) | Dist. to sea (km) Fault | Reservoir units

KH1 452,00 58,00 165,00 0,00° | marble-limestone

KH 2 468,00 58,50 164,33 1,00 | marble-limestone

KH 3 570,00 61,50 163,67 1,00 marble—limestone

DG 1 128900 | 9548 | 156,67 0,00 | guartzite-marble,
limestone

DG 3 549,00 66,00 | 157,80 100 | Quartzite-marble,
limestone

DG 4 750,00 70,00 | 157,83 0,00 ﬂ‘;ferggﬁ;marb'e’

DG 5 75000 | 6200 | 157,77 1,00 | duartzite-marble,
limestone

MDO-1 814,00 96,00 148,33 1,00 limestone

MDO-la | 114300 | 12500 | 148,33 1,00 | Sandstone-limestone-
marble

DSG 4 2171,00 | 117,98 | 146,67 (’j;"i‘;ts"c‘;gt“artz'te‘

TH1 615,50 116,00 | 136,67 1,00 limestone

TH2 2001,00 170,00 | 137,00 1,00

KD-1 540,00 203,00 | 137,18 1,00 limestone

KD-2 706,50 175,00 | 136,87 1,00 limestone

KD-3 370,00 158,00 | 136,83 1,00 limestone

KD-4 486,00 166,00 | 138,19 1,00 limestone

KD-111 504,85 164,00 | 137,19 1,00 marble—quartzite—schists

KD-6 851,00 196,00 | 137,20 1,00 marble—quartzite—schists

KD-7 667,00 204,00 | 137,20 1,00 marble—quartzite—schists

KD-8 576,50 193,00 | 137,22 1,00 limestone

KD-9 1241,00 170,00 | 137,17 1,00 marble—quartzite—schists

KD-12 404,70 160,00 | 138,17 0,00 limestone

KD-13 763,00 195,00 | 137,20 1,00 marble—quartzite—schists

KD-14 597,00 207,00 | 137,21 1,00 marble—quartzite—schists

KD-15 510,00 205,00 | 137,22 1,00 marble—quartzite—schists

KD-16 666,00 207,00 | 137,21 1,00 marble—quartzite—schists

KD-21 898,00 202,00 | 137,21 1,00 marble—schist

R1 2260,00 242,00 | 137,00 1,00 gneiss—quartzite

R-2 1371,89 204,00 | 137,20 gneiss—quartzite

R3 2250,00 241,00 | 137,20 0,00 marble—schist-gneiss

* : absence of fault cut

*: fault cut
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Table 4-2: Continued.

Well Name | Depths (m) | T (°C) | Dist. to sea (km) Fault | Reservoir units

AP 2 1090,00 182,41 | 112,60 1,00 gneiss—marble
AP 3 925,00 182,79 | 112,67 1,00 gneiss—marble
NG 1 2152,00 127,36 | 102,67 1,00 gneiss—marble
gneiss—marble—schist—
NB 1 1829,00 140,31 | 99,33 1,00 .
phillite
marble—phillite—
AT1 1186,00 123,64 | 88,33 1,00 ) )
micaschist
marble—phillite—
AT 2 700,00 122,90 | 88,33 0,00

micaschist—gneiss

Is1 1150,00 88,30 88,67 0,00 gneiss—schist—phillite

gneiss—micaschists—

SH1 988,00 145,00 | 80,00 1,00 quartzschist_marble

SH 2 986,00 146,00 | 81,33 1,00 gnelss-micaschists-
quartzschist-marble

ASR 1 1430,00 150,00 | 71,67 1,00 gneiss—schist

ASR 2 900,00 165,00 | 71,33 0,00 marble

ASR 3 900,00 169,42 | 73,67 1,00 gneiss—schist-marble

AS1 850,00 169,77 | 73,00 1,00 marble

AS?2 962,00 175,50 | 70,33 1,00 marble

AU 1 1211,00 154,39 | 66,17 1,00 marble—phillite

AU 2 1582,00 149,58 | 66,33 0,00 marble—phillite

ASK 1 2000,00 154,48 | 66,00 1,00 marble—phillite

Imamkoy 1300,00 160,00 | 61,67 1,00

Yilmazkoy 1100,00 160,00 | 60,00 1,00 marble—schist

AY 1 1501,00 142,00 | 60,67 1,00 marble—schist

AY 2 2500,00 190,00 | 61,00

Ayter 1 471,00 84,50 60,00 1,00 conglomerate

Ayter 2 355,00 101,50 | 60,33 1,00 conglomerate
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Table 4-2: Continued.

Well Name | Depths (m) | T (°C) | Dist. to sea (km) Fault | Reservoir units

A2 480,00 102,80 | 38,33 0,00 marble—calcschist
gneiss—schists—

0oB2 975,50 231,00 | 37,00 1,00 ]
metaquartzite—marbles
gneiss—schists—

OB3 1196,70 230,00 | 36,33 1,00 .
metaquartzite—marbles
gneiss—schists—

OoB4 285,00 213,00 | 37,33 1,00 )
metaquartzite—marbles
gneiss—schists—

OB5 1302,00 221,00 | 37,67 1,00 )
metaquartzite—marbles
gneiss—schists—

OB6 1100,00 221,00 | 36,60 1,00 )
metaquartzite—marbles
gneiss—schists—

OoB7 2398,00 232,00 | 36,20 1,00 )
metaquartzite—marbles

HB 1 873,00 120,54 | 27,00 1,00 gneiss—schist

HB 2 280,00 141,78 | 26,67 1,00 gneiss—marble—schist

AGG 16 1180,00 66,15 | 8,33 0,00 marble, gneiss

Davutlar 203,00 43,00 6,67 marble

AKD 2 785,00 58,00 | 6,67

4.3 Data Analyses Based on Temperature

Buyuk Menderes Graben geothermal fields have the highest reservoir temperature
measurements in Turkey. The temperature values are acquired from 102 wells in 17
fields. The minimum, maximum and average temperatures of the fields are shown in
Table 4-3 (see also Appendix A). The three highest average temperature values were
gathered from Kizildere, Omerbeyli-Alangiilli and Pamukoéren fields. Soke—
Davutlar, Yenice and Pamukkale—Karahayit fields have the lowest average
temperatures in the Blyik Menderes Graben. Moreover, it was recognized that there
is not any gradual increase or decrease of average temperature values according to
distance to sea which is assumed as a constant point to analyse the fields according to

their locations in the graben.
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Table 4-3: Minimum, maximum and average temperature values of the 17 fields.

Fields Well Number Max. T (°C) | Min. T (°C) | Ave. T (°C)
Pamukkale—Karahay1t 3 61,50 58,00 59,00
Golemezli 5 95,48 62,00 73,30
Yenice 3 63,00 38,00 51,00
Gerali 2 125,00 114,00 119,50
Kizildere 22 242,00 157,00 193,14
Tekkehamam 8 170,00 100,00 123,25
Buharkent-Ortakg1 2 147,00 56,70 101,85
Pamukdren 2 182,79 182,41 182,60
Nazilli-Bozyurt-Glizelkdy 2 140,31 127,36 133,84
Atca—isabeyli 3 123,64 88,3 111,61
Salavatli—Sultanhisar 8 175,50 128,00 156,09
Umurlu 3 154,48 149,58 152,82
E;iﬁa;ffﬁaﬁ?;akg‘oy 9 190,00 84,50 132,17
Omerbeyli-Alangullii 19 232,00 102,80 210,60
Hidirbeyli-Bozkdy 5 174,00 120,54 154,63
Ortaklar-Giimiigkoy 4 178,00 66,15 155,33
Sokes—Davutlar 58,00 43,00 50,50

The temperature values of 98 wells analyzed according to well depths and the
distance of well locations to the sea. The change of temperature with depth is shown
below in Figure 4-3. Moreover the change of temperature with well distance to sea is
shown in Figure 4-4.

According to analysis of temperature change with well depth, the temperature

increases as the well depth increases. Moreover, there is no relationship between the
location of a geothermal field and temperature according to analysis.
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Figure 4-3: The change of temperature with depth in the Bliyik Menderes Graben.
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Figure 4-4: The change of temperature with distance of the well locations to the sea.

4.4 Data Analyses Based on Geochemistry

The chemical studies done in the fields were researched. The ion contents, mineral

contents, SiO, (Silisium dioxide) and trace element B (Boron), TDS (Total Dissolved

Solids), water type, water origin, pH and electrical conductivity (EC) of 60 wells in
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the graben were examined. The major cations, Na* (Sodium), Ca?* (Calcium), K*
(Potassium), NH," (Ammonium), Mg?* (Magnesium) and major anions, CI
(Chloride), HCO4 (Bicarbonate), SO4> (Sulfate) were the analyzed ion types.

The chemical parameters studied were analyzed based on temperature, well depths
and well distance to sea. In addition to diffuculty of chemical data acquisition, the
ion and mineral contents and TDS values of water samples taken from different well
depths and different temperatures had been used due to lack of data. 60 wells have
been examined based on studied chemical parameters. Moreover, geothermal water

types of geothermal fields have been examined.

4.4.1 Analyses Based on Chemical Compounds

4.4.1.1 Analyses Based on Some Major Cation Compounds

The major cations, Na*, Ca?*, K*, NH,*, Mg®*, were analyzed at first. The change of
cation values with temperature is shown in Figure 4.5 to Figure 4.9. It is seen that
Na* and K* amounts increase while Ca®* and Mg®* amounts decrese as the

temperature rises.

As a known fact, Na* concentration increases as the temperature rises. There is a
slight increase in Na" concentrations as the temperature rises according to the result
of analysis. Moreover, AGG 16 (Ortaklar—Giimiiskoy) and Davutlar wells which are
close to sea have very high Na* values, although their temperatures are low about 60
°C. Besides, GK 1 well in Giimiiskdy has low Na" concentration unexpectedly with

high temperature (Figure 4-5.).

In general, the solubility of Ca** decreases with increasing temperature. The analysis
shows an expected result. However, Ca" values in AGG 16 well are very low
although it is expected to be high in concentration due its lower temperature. GK 1
well in Giimiiskdy is close to sea and has unexpectedly high Ca” concentration with a

very high temperature (Figure 4-7.).
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Mg?®* concentration is generally low in geothermal water while its concentration is
high in cold water (Gunnlaugsson, 2008). So, as the temperature increases, the
decrease of Mg?* amount is an expected result. Furthermore, Mg?* ions have some
unexpected results in some wells. AY 1 and AY 2 wells in Aydin, Davutlar well
close to sea and GK 1 well have very high Mg?* concentrations though Mg** value is

generally low in geothermal water (Figure 4-8.).

Increase in K™ concentrations when the temperature rises is an ignorable result of
K*—temperature analyses because of the change of K® concentrations is not
significant. K* concentrations in OB1 and OB8 wells in Omerbeyli geothermal field
are low contrary to general trend analyzed. Besides, K* concentration is very high

incongruously in AGG 16 well which has low temperature (Figure 4-6.).

There is no relation between temperature and NH," ions. In other words, NH,"
concentrations are very unsteady in relation with temperature. In addition, NH,"
concentrations are very low in the wells with respect to other NH4" ions except for
the NH,4" concentration of OB 4 well in Omerbeyli and Ayter 1 well in Aydin (Figure
4-9)).
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Figure 4-5: The change of Na values with temperature.
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Figure 4-9: The change of NH, values with temperature.

The change of cation values with respect to well depths are shown in Figure 4.10 to
Figure 4.14. The cation values examined are very changeable with respect to well
depth. That means there is no good relation between cation amounts and well depth.
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Na" ion variance analyses according to well depth shows that Na* concentration does
not depend on well depth. The Na® concentrations have more or less relatively
adjacent values to each other except AGG 16, GK 1, IS 1 and Davutlar wells (Figure
4-10.).

Moreover, K* values do not depent on well depth. The concentrations are scattered
between about 50 mg/l and 200 mg/l. However, there are some exceptions such as
wells, R 1, GK 1, OB 8 and IS 1 from Kizildere, Ortaklar-Giimiiskdy, Omerbeyli-
Alangillii and Atga-isabeyli geothermal fields respectively (Figure 4-11.).

Ca* concentrations are about 50 mg/l in the wells and there is no regular range
according to well depth. Some concentrations are very high like in Davutlar well,

differing from the general trend (Figure 4-12.).

Mg" and NH," ion analyses based on well depth are more or less similar. As seen in

the Figure 4.13 and Figure 4.14, the concentrations are very scattered and indepently

changing.
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Figure 4-10: The change of Na values with well depth.
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K vs. Well Depth
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Figure 4-11: The change of K values with well depth.
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Mg vs. Well Depth
160 *
12 ¢
100 & o3
@ L 4 L 4
£ o M
*e
4
40 * * * ¢
20
0 —O—MOMM * ey
250 750 1000 1250 1500 1750 2000 2250 2500
Well depth (m)
Figure 4-13: The change of Mg values with well depth.
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Figure 4-14: The change of NH, values with well depth.

The relation between cation values and well distance to sea is more or less parallel to
well depth—cation relation. The relations between cations and well distances to sea

are shown in Figure 4.15 to Figure 4.19.
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Na" concentrations slightly increase in the wells close to sea as the well locations get
closer to sea. This slight increase in the well close to sea can be due to mixing of sea
water and meteoric water. Apart from this, Davutlar and AGG 16 wells have very
high Na* concentrations. Furthermore, Na* concentrations of GK1 and IS 1 wells are

very low differing from the general trend (Figure 4-15.).

K" concentrations are distributed in a wide range undepently based on well distance
to sea. Ca" and Mg" concentration distributions according to well distance to sea are
similar to each other. The results of the Ca* and Mg" analyses show that there is no
relationship between Ca® and Mg® concentrations and well distance to sea. In
addition, Davutlar well has high Ca" and Mg" concentrations different from the

general trend.

Additionaly, NH;" ion analysis based on the well distance to sea does not present
good results. NH," ions change indepently of well locations with respect to sea.
Besides, OB 4 well in Omerbeyli geothermal field has very high NH," concentration
(Figure 4-19.).
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Figure 4-15: The change of Na values with well distance to sea.
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Mg vs. Well Distance to Sea
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Figure 4-19: The change of NH, values with well distance to sea.

4.4.1.2 Analyses Based on Some Major Anion Compounds

The major anions, CI, HCOs and SO,* were the other analyzed ion types. The
change of anion values with temperature is shown in Figure 4.20 to Figure 4.22. It is

seen from the analyses that there is no correlation between temperature and anions.

All examined anion values are variable independently.
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The relation inbetween CI" and temperature is not a significant relation that the
values are scattered indepently. Moreover, it seen that Davutlar and GM 2,
Hidirbeyli, wells have very high CI" concentrations. This can be due to closeness of

these two wells to the sea and mixing of sea water (Figure 4-20.).

The relation between HCOj3 and temperature is also similar to Cl'—temperature
relation with having no dependency. AGG 16, Ortaklar-Giimiiskoy, well has high
HCOj concentration (Figure 4-21.).

Furthermore, SO,*—temperature relation has not good results with having no
dependency on temperature. It can be remarkable that TH1, Tekkehamam, and KD 9,
Kizildere, wells have high SO4* concentration while AGG 16, Ortaklar—Giimiiskdy,

well has low SO,* concentration (Figure 4-22.).
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Figure 4-20: The change of Cl values with temperature.
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Figure 4-22: The change of SO, values with temperature.

Figure 4.23 to Figure 4.25 show the distribution of anions with well depth. It is
clearly seen that the relation inbetween well depth and anions is very changeable.
The anion values have scattered in a wide range for CI" and SO,* analyses. HCOs’
analysis has relatively in a narrow range based on well depth. However, AGG 16

well has very high HCOj3 concentration. Moreover, Davutlar and GM 2 wells have
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high CI" concentrations while, TH 1, Tekkehamam field,

have very high SO4* concentrations.

and KD 9, Kizildere field,
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Figure 4-23: The change of Cl values with well depth.
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Figure 4-24: The change of HCO; values with well depth.
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SO, vs. Well Depth
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Figure 4-25: The change of SO, values with well depth.

Moreover, the relations between well distance to sea and anions are analyzed and
shown in Figure 4.26 to Figure 4.28. CI" and SO,* values change with well distance
to sea significantly. CI" amounts increase and SO,* amounts decrease as the well
distance to sea decreases. However, HCO3 does not change in a regular range.
Besides, although CI" amounts change regularly, some values show differencies.
Davutlar and GM 2 wells have high CI" concentrations, while GK 1 and AGG 16
wells have very low CI" concentrations with respect to CI" concentrations of other
wells which are close to sea. SO,* concentrations decrease as the distance of well
locations to sea decrease. TH 1, Tekkehamam field, and KD 9, Kizildere field, have
very high SO4* concentrations. Moreover, HCO5;™ amounts change between about
500 mg/l and 4000 mg/l. But, AGG 16 well has the value of 7320 mg/l of HCO3

ions.
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Figure 4-26: The change of CI values with well distance to sea.
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SO, vs. Well Distance to Sea
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Figure 4-28: The change of SO, values with well distance to sea.

4.4.1.3 Analyses Based on SiOy, B, TDS, EC and pH Values

The results of SiO,, TDS, B, pH and EC and temperature correlations are shown in
Figure 4.29 to 4.33. SiO; and pH values show good relation with temperature values.
Si0O, concentrations increase as the temperature of the water increases. DG 4 and R1
wells have high SiO, values with respect to SiO, values of other wells. pH values
also increases with temperature. Moreover, the other parameters, B and EC, show
more or less linear correlation with temperature. AGG 16 and Davutlar wells have
very high EC values with respect to othwer wells’. This can be related to sea water
mixing and salinity. TDS amounts slightly increase with temperature although most
of the ion solubilities increase with increasing temperature. KH 3, AGG 16 and

Davutlar wells have very high TDS amounts.
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SiO, vs. T
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Figure 4-29: The change of SiO, values with temperature.
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Figure 4-30: The change of TDS values with temperature.
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Figure 4-31: The change of Boron values with temperature.
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Figure 4-32: The change of pH values with temperature.
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Figure 4-33: The change of EC values with temperature.

Moreover, the other analyses are the variance of SiO,, TDS, B, pH and EC studied
according to well depth. The results of analyses do not have a linear correlation. The
results are shown in Figure 4.34 to 4.38. SiO,, TDS and EC amounts do virtually not
change with well depth. Additionally, B and pH values negligently increase with

well depth.
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SiO, vs. Well Depth
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Figure 4-34: The change of SiO, values with well depth.
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Figure 4-35: The change of TDS values with well depth.
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B vs. Well Depth
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Figure 4-36: The change of B values with well depth.
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Figure 4-37: The change of pH values with well depth.
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EC vs. Well Depth
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Figure 4-38: The change of EC values with well depth.

The change of SiO,, TDS, B, pH and EC values with respect to well distance to sea
is also examined. The outcomes can be observed in Figure 4.39 to 4.43. B values
show good correlation with well distance to sea. B values increase as the distance
decreases. EC values are higher in the wells close to sea with respect to others. High
EC values can be related to salinity, in other words mixing of sea water. Others do

not have any correlations with respect to well distance to sea as seen in the graphs.
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SiO, vs. Well Distance to Sea
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Figure 4-39: The change of SiO, values with well distance to sea.
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Figure 4-40: The change of TDS values with well distance to sea.
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B vs. Well Distance to Sea
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Figure 4-41: The change of B values with well distance to sea.

pH

pH vs. Well Distance to Sea

*

;4: 3% e ®

g
o ¢

0 20 40 60 80 100 120
Well Distance to Sea (km)

140

160

¢ pH

Figure 4-42: The change of pH values with well distance to sea.
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Figure 4-43: The change of EC values with well distance to sea.

4.4.2 Analyses of Average Chemical Compounds

The Blyluk Menderes Graben System has identified 17 different geothermal fields.
However, all of the data for these fields could not be reached. So, the average values
of cations, anions, trace element, B and SiO,, TDS, pH and EC were calculated for
each attained at 15 geothermal fields. Each value was compared with temperature,

well depth and distance of well location to sea.

The variation of the mean values (of the investigated parameters) with respect to
average temperature of each field is observed to be more meaningful than those of
the individual values. This was an expected result since we implicitly minimize the
error in the data set by simply taking the average of the values. In addition, analyses
of average values provided possibility of the examination on the basis of field instead

of individual well.

4.4.2.1 Analyses of Average Chemical Compounds with Temperature

According to temperature analyses, Na* and K" average values increase as the
average temperature rises. Although the fluid temperature of Séke-Davutlar
geothermal field is low, average values of Na* ions are uxnexpectedly high. This

high concentration of Na" can be related to sea water composition. Furthermore,
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average of NH," ions does not show a clear change. It can be said that there is a
slight increase in NH," values with respect to average temperature increase.
Moreover, average Mg* and Ca’ concentrations decrease clearly as the average
temperature increases. The changes of average cations with respect to average

temperature are shown in Figure 4.44 to 4.48.
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Figure 4-44: The change of average Na in geothermal fields with average temperature.
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Figure 4-45: The change of average K in geothermal fields with average temperature.
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Figure 4-46: The change of average Ca in geothermal fields with average temperature.
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Figure 4-47: The change of average Mg in geothermal fields with average temperature.
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Figure 4-48: The change of average NH, in geothermal fields with average temperature.

Furthermore, the avarege concentrations of anions do not show significant variance
with average temperature change. The change of average anion concentrations are

shown in Figure 4.49 to Figure 4.51.
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Figure 4-49: The change of average Cl in geothermal fields with average temperature.
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Figure 4-50: The change of average HCOj; in geothermal fields with temperature.
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Figure 4-51: The change of average SO, in geothermal fields with temperature.

Average SiO, and pH values increase distinctively, as the temperature rises.
Moreover, average Boron concentrations and EC values increase as the temperature
rises. The results of SiO,, EC pH and Boron values are expected. Although Soke-
Davutlar field has low temperature values, average TDS and EC values are very high
with respect to other wells with low temperature. This can be due to mixing of sea
water and salinity. The changes of average SiO, and B concentrations and average

pH, TDS and EC values with respect to average temperature change are presented in

Figure 4.52 to Figure 4.56.
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Figure 4-52: The change of average B in geothermal fields with average temperature.
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Figure 4-53: The change of average SiO; in geothermal fields with average temperature.
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Figure 4-54: The change of average TDS in geothermal fields with average temperature.
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Figure 4-55: The change of average pH in geothermal fields with average temperature.
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Figure 4-56: The change of average EC in geothermal fields with average temperature.

4.4.2.2 Analyses of Average Chemical Compounds with Well Depth

Average cation concentrations are analysed with respect to average well depth of
each field. Average Ca®* and Mg?* concentrations decrease significantly as average
well depth increases. Ca?* and Mg®* concentrations change are displayed in Figure
4.59 and Figure 4.60. Moreover, Na" and K" average concentrations increase with
increasing well depth. As the well depth increases Menderes metamorphics form the
reservoir rocks which contain Na* and K" ions in high amounts. Soke-Davutlar
geothermal field also has high Na* concentrations which can be the result of mixing

of sea water. The change of other average value of anion, NH," average

concentration has no relation with average well depth.
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Figure 4-57: The change of average Na in geothermal fields with average well depth.
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Figure 4-58: The change of average K in geothermal fields with average well depth.
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Figure 4-59: The change of average Ca in geothermal fields with average well depth.
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Figure 4-60: The change of average Mg in geothermal fields with average well depth.
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Aver. NH,vs. Well Depth
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Figure 4-61: The change of average NH, in geothermal fields with average well depth.

The analyses of average anion concentrations with average well depth do not show
significant variations. The average values of well depths do not affect on average
anion concentrations. However, high CI" concentration of Soke-Davutlar geothermal
field must be related to sea water mixing. The analyses of anions according to well

depth are shown in Figure 4.62 to Figure 4.64.
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Aver. Cl vs. Well Depth
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Figure 4-62: The change of average Cl in geothermal fields with average well depth.
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Figure 4-63: The change of average HCO3 in geothermal fields with average well depth.
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Aver. SO, vs. Well Depth
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Figure 4-64: The change of average SO, in geothermal fields with average well depth.

Furthermore, average Boron and SiO; concentrations and TDS, EC and pH average
values analyses do not show good correlation with average well depths. The changes
of these values are shown in Figure 4.65 to Figure 4.69. They are very variable as the

average well depth increases.
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Figure 4-65: The change of average B geothermal fields with average well depth.
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Figure 4-66: The change of average SiO, geothermal fields with average well depth.
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Figure 4-67: The change of average TDS geothermal fields with average well depth.
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Figure 4-68: The change of average pH geothermal fields with average well depth.
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Figure 4-69: The change of average EC geothermal fields with average well depth.

4.4.2.3 Analyses of Average Chemical Compounds with Well Distance to Sea

Na" average amounts in the wells increase, as the well location gets closer to sea
while the other cation average amounts vary irregularly as the well distance to sea
increases. High concentration of Ca?* and Mg®" ions in Pamukkale-Karahayit
geothermal field can be related to water- rock (karstic units) interaction. High
concentration of Ca” in Soke-Davutlar geothermal field must be due to mixing of sea
water. Moreover, average NH;" concentrations show a slight decrease as the well

distance to sea increases.
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Figure 4-70: The change of average Na geothermal fields with average well distance to sea.
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Figure 4-71: The change of average K geothermal fields with average well distance to sea.
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Figure 4-72: The change of average Ca geothermal fields with average well distance to sea.
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Figure 4-73: The change of average Mg geothermal fields with average well distance to sea.
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Figure 4-74: The change of average NH, geothermal fields with average well distance to sea.

CI" average amounts in the wells increase as the well location gets closer to sea. High
CI" concentrations in the wells close to sea are the result of sea water mixing
Moreover SO4* average concentrations are high in amount at the east of the graben
while it decreases as the distances of the wells get closer to sea. The anayses results
of these two anions, CI" and SO.*, show good correlation while HCO3™ average
concentrations vary irregularly according to well distance to sea. The variations of
average anion values according to well distance to sea are shown in Figure 4.75 to
Figure 4.77.
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Figure 4-75: The change of average Cl geothermal fields with average well distance to sea.
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Figure 4-76: The change of average HCO3 geothermal fields with average well distance to sea.
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Figure 4-77: The change of average SO, geothermal fields with average well distance to sea.

Moreover, average Boron (B), TDS and EC contents were seen in high amounts in
the wells close to sea. Good correlation of EC analysis can be related to mixing of
sea water and salinity. Boron (B), TDS and EC analyses are shown in Figure 4.78,

4.80 and 4.82 respectively. The variabilities of average SiO, and pH values are very

high according to well distances to the sea.
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Figure 4-78: The change of average B geothermal fields with average well distance to sea.
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Figure 4-79: The change of average SiO, geothermal fields with average well distance to sea.
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Figure 4-80: The change of average TDS geothermal fields with average well distance to sea.
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Figure 4-81: The change of average pH geothermal fields with average well distance to sea.
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Figure 4-82: The change of average EC geothermal fields with average well distance to sea.

4.4.3 Analyses Based on Geothermal Water Type

The geothermal fields in the graben are fed by meteoric waters generally. The
meteoric waters in the drainage area percolate at fault zones and permeable clastic
sediments into the reaction zone where meteoric fluids are heated and ascend to the
surface due to their lower density caused by convection cells. The origins of most of
the waters are meteoric. Only, Séke—Davutlar geothermal field waters are mixed with

sea waters.

All of the geothermal fields mainly contain Na-HCO3 type geothermal waters. The
geothermal waters in the Aydin region are mainly of the Na-Ca-HCOj3; type and Na-
Ca-HCO3-SO4 type in the Denizli region (Simsek, 2003b). Moreover, some systems
have mixed compositions, like Na-CI-HCO3 (Vengosh et al., 2002).

At east of the Blylk Menderes Graben, Ca-Na-(SO4)-HCO3 type waters are
dominant. The waters are also seen in Denizli geothermal fields, from Pamukkale—
Karahayit geothermal field on the east to Kizildere geothermal field. The HCO;

nature of the Denizli area is a consequence of an interaction between waters and
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carbonate rocks inside the geothermal reservoir (Mutlu & Giileg, 1985). These waters
compose abundantly Ca?* and SO, ions. Pamukkale—Karahayit and G&lomezli

geothermal fields also contain Mg** ions.

Na-Ca-HCO; type waters are seen in the middle part of the graben in Aydin
province. But there are some exceptions like Yilmazkdy-Imamkdy-Ilicabasi—
Kalfakdy geothermal field in Aydin. The thermal waters of Yilmazkdy—Imamkdy—
Ilicabasi—Kalfakdy can be classified as Na-Ca-HCO;3 type, but these waters also

consist of SO, ions.

The geothermal waters of the fields on the west of the Aydin province can be
classified as Na-CI-HCOg3 type. These type thermal waters are seen in the regions
from Omerbeyli-Alangiilli geothermal field to Séke—Davutlar geothermal field.
Furthermore, Hidirbeyli-Bozkdy geothermal field waters are Na-CIl-Mg-HCOs3 type.
The chemical analyses show that the thermal water is of the Na-HCO3 type which
suggests water rock interaction is an important process for most of the chloride hot
springs and deep geothermal well fluids in the Germencik reservoirs (Simsek,
2003a). In addition, CI" enrichment is probably due to the presence of connate fossil
waters in the rocks (Mutlu & Gileg, 1985). Soke—Davutlar geothermal fluid of the
system is a mixture of meteoric and sea origin at different proportions. Thermal

water type of the field is Na-CI-HCO3 type.

4.4.4 Analyses Based on Non-condonsable Gas Content

The high concentration of the non-condensable gas content is a major problem
because it triggers scaling and decreases generator output. The non-condensable gas
content (mainly carbon dioxide) in well R-1 fluids (extracted from the third
reservoir) is about 3% (by weight); in other wells, producing from the first and
second reservoirs, it is about 1-1.8% in Kizildere geothermal field (Simsek et al.,
2005). The geothermal fluid in Salavatli-Sultanhisar geothermal field contains an
average of 1% of CO, (the non-condensable gas content) by weight (Serpen et al.,
2006). The geothermal fluid of Germencik-Omerbeyli geothermal field contains an

average of 2.5 % of CO, (the non-condensable gas content) (Batscha, 2011).
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CHAPTER 5

RESULTS AND DISCUSSION

In this thesis, the geothermal fields located in the Buyiuk Menderes graben system
have been examined and seventeen of them are studied to investigate their similar
and distinct features. Geological, hydrogeological and geochemical data from these
geothermal fields are analyzed to form a dataset and to characterize the fields. In this

chapter, the results of the processed data are given and the results are discussed.

The lithological units and their stratigraphic relations of the fields have been
analyzed as the geological parameters. Generally, the lithological sequences of all of
the fields are more or less similar to each other. Moreover, depositional ages of these
sequences are also similar. In addition, it can be said that the fields have formed at
the same time frame of tectonic evolution. Mainly, the basement rocks of the all the
fields are Paleozoic Menderes metamorphics, which are commonly gneiss, schist,
marble and quartzite. Neogene (Miocene and Pliocene) sedimentary rocks are
conglomerate, sandstone, siltstone, claystone, marl, and lignite layers and overlie the
basement. The Quaternary units are composed of terrace deposits, alluvium, slope
debris, alluvial fans and travertine. A different lithological sequence is exposed in
Soke—Davutlar geothermal field due to presence of volcanic units. Like the lithology,
fault and fold patterns of the fields also show similar caharacteristics. There are
mainly two fault types trending in north-south and in east-west directions. E-W-
trending graben bounding faults characterize the whole graben. Considering the
similarities of the lithology and the structural patterns, the Blyik Menderes Graben

can be thought as forming a single and a huge geothermal system.
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Reservoir characteristics, aquifer and cap rocks, well temperature, well depth and
water origin are the hydrogeological parameters analyzed. Most of the fields contain
two reservoir units. Only the Kizildere geothermal field has proven three reservoir
units. The shallowest reservoir units are Neogene sedimentary rocks for all of the
fields. Limestone layers often host as shallowest reservoir. Besides, conglomerate
and sandstone layers are the other aquifer members of the shallowest reservoirs. The
second and deeper reservoir is formed of the rocks of the Menderes Massif
metamorphics which are generally karstic marbles, quartzites and types of schists
and gneisses. These units are fractured due to active tectonism and they gain high
fracture permeability and porosity. Menderes metamorphics also serve as the third
reservoir units in the Kizildere geothermal field and are comprised of gneisses. The
cap rocks of these fields are clay and silty units of Neogene rocks and schists of the
Menderes metamorphics. To sum up, the reservoir lithologies of the fields have more
or less same aquifer and cap rock characteristics.

Moreover, presence of the fault cut in the reservoir was analyzed. The average
temperature of the wells cut by a fault is about 162 °C while the average temperature
of the wells without a fault cut is about 125 °C. So, higher temperatures were
obtained from the wells which cut a fault. Although reservoir and cap rock
characteristics of the fields and wells are similar to each other the wells with fault cut
produce fluid at higher temperatures. Hence, it can be concluded that the fault cut is
an essential parameter to obtain high enthalpy from the geothermal systems.

Study on all the temperature observations at the wells shows that fluid temperature
generally increases with depth. This is somehow following the general knowledge of
the fluid temperatures in the fields. This knowledge is verified by the temperature-

well depth analysis.

Temperature variation is also studied with respect to locations of the fields in the
graben system. In doing this the temperatures are correlated with distances of the
wells to the sea, which are taken as the reference points. Analyses of the correlations

between the temperatures and the distances to the sea indicate that the temperatures
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are not affected by the location of the fields. This means the fluid temperatures vary
independently with respect to distance to sea along E-W direction.

Chemical components of the geothermal fluids have been analysed based on fluid
temperature, well depth and well distance to sea. The results indicate that the
temperature is an important parameter affecting the chemical concentrations.
Additionally, the origin of the geothermal fluid and the host rock affect the chemical
types of the geothermal fluids.

According to temperature analyses, Ca** and Mg?* concentrations decrease
significantly as the temperature rises. Generally, Ca®* and Mg®* solubilities decrease
when the temperature increases. So, drop of Ca** and Mg®* concentrations in the
wells with high reservoir temperature are expected results. However, it must be
indicated that CO, which is a non-condensable gas affects the dissolution and
precipitation of CaCOs. The solution loses the temperature, pressure, and CO, on its
way to the surface. CO, becomes free at lower fluid temperature (degassing is more
effective at lower water temperatures) leading to precipitation of CaCOs. The fluid
temperatures of Ca?* ions used in the analyses were cooler than the actual reservoir
temperatures. So, the Ca®* concentrations in the analysis can not be reliable.
Moreover, the analyses based on average values of Ca** and Mg?* concentrations
with respect to individual ion-temperature analyses gave more promising results.
Apart from these two cation concentrations, temperature affects the Na* and K*

concentrations. Na* and K* concentrations increase with increasing temperature.

Furthermore study of the cation concentrations with respect to well depth does not
yield any relation. On the other hand the cation concentrations change independently
with respect to well location. However, the study of average cation concentrations
shows some trends with respect to well location and well depth. These trends are
seen in the analyses of average Na*, Ca*" and Mg?* concentrations. Average Na*
concentration increases as the well location gets closer to the sea. In addition,
average Ca®* and Mg?* concentrations indicate similar results based on average well

depth. Average Ca** and Mg®" concentrations decrease with average well depth
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significantly though in the analyses of all the wells, decrease of Ca** and Mg
concentrations with well depth can be considered negligible.

All of the anions, CI", HCO3, SO,%, do not present reliable results and it is found that
they are not related to temperature change. It means that the examined anions are not
affected by temperature. Moreover, inspection of the concentrations shows high Cl —
concentrations probably due to sea water intrusion in the fields located closer to the

Sea.

Furthermore, SO, —distribution in the graben indicate that the temperature has no
effect on this distribution. It can be remarkable that TH1, Tekkehamam, and KD 9,
Kizildere, wells have high SO,% concentration while AGG 16, Ortaklar—Giimiiskoy,
well has low SO,* concentration. It is known that the west of the graben have SO,*
type geochemical water while the fields close to sea have very low SO4*
concentrations. Furthermore, the avarege concentrations of anions do not show

significant variance with average temperature change.

The analyses of CI", HCOs™ and SO,* concentrations in all wells and average values
of them with respect to well depth and/or average well depth do not yield suggestive
results. It can be concluded that of CI, HCO3; and SO.> concentrations do not

depend on the well depth.

Moreover, CI" and SO,* concentrations change with well locations significantly
while HCO3™ concentration distribution is not significant according to the result of
the analyses. CI concentration increases and SO,> concentration decreases as the
well distance to sea decreases. However, HCO3 concentration does not change
regularly. The analyses of average CI', SO, and HCO3™ concentrations with respect
to average well distance to sea also support the results which are obtained based on
all of the wells’ analyses. High CI" concentrations in the wells close to sea is the

result of sea water mixing.

SiO;, concentration is another parameter that was analyzed. SiO, concentration of 60
wells and average value of the all fields were examined with respect to temperature.
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According to results, SiO, concentrations increase as the temperature increases. This
is an expected result due to fact that the concentration of SiO, increases with

increasing temperature.

Besides, analyses of pH values gave similar result with SiO, concentration. pH of all
the wells and average pH values of all the fields increase when the temperature
increases. Because the activity of the H' ions is dependent on temperature, so the

temperature influences the pH value.

Additionally, B concentration, TDS and EC values and average values of them were
analyzed with respect to temperature change. They give sensible results; these values
increase with increasing temperature. It can be assessed that B concentration, TDS

and EC values do not depend on the temperature change.

SiO, and B concentrations, TDS, EC and pH values of all wells were examined with
respect to well depth. It is observed that there is no dependency between these

parameters and well depth.

Moreover, average Boron (B), TDS and EC contents were analyzed based on well
distance of well locations to sea. These values were seen in high amounts in the
fields close to sea. Moreover high TDS and EC contents are the result of sea water
mixing and salinity. However, the variabilities of average SiO, and pH values are

very high according to well distances to the sea.
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CHAPTER 6

CONCLUSION

In this thesis study, the geothermal fields in the Blyuk Menderes Graben which is a
promising region due to the highest potential of geothermal energy in Turkey were
studied. Buylk Menderes Graben region has been studied for relatively long years by
institutions, companies and researchers. There are several and complicated
information about the graben. However, the region has not been completely handled

in terms of geology, geochemical, hygdogeological and tectonic activity variables.

In this study, the parameters of these variables has been handled and interpreted. The
temperature and pressure of reservoirs, the thermal water origin and type, water
content have analyzed. The relations among them and tectonic activity, faults and

reservoir relations have been compared and contrasted.

The following conclusions can be drawn from the results of the thesis study,

1. Geothermal fields in the Biyik Menderes Graben system have generally same
lithological sequence. Menderes Massif metamorphics, Neogene (Miocene and
Pliocene) fluvial and lacustrine sedimentary rocks and Quaternary loose and
unconsolidated units form the graben lithology.

2. All of the geothermal fields have at least two reservoir units. Menderes
metamorphics comprise the deeper reservoir which produces liquid at higher
temperature. The shallower reservoir is composed of permeable sedimentary

units.
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10.

11.

Reservoir and cap rock units of the fields are similar to each other in terms of
lithology. The deeper reservoir rocks are Menderes Massif metamorphics which
are generally karstic marbles, quartzites and types of schists and gneisses. The
upper reservoir rocks are sedimentary units such as limestone, sandstone and
conglomerate. The cap rocks are schists of the Menderes metamorphics and
impermeable units of the sedimentary rocks.

The deeper reservoir rocks, Menderes Massif metamorphics, are highly fractured
and faulted which result in secondary permeability and lead to high temperature
gothermal fluid.

Although the reservoir features are more or less the same in the entire graben,
the wells with fault cut yield high temperatured fluid.

Generally, the temperature increases with increasing well depth.

Geochemical analyses show that well fluid temperature affects the Ca®*, Mg**
and SiO, concentrations and pH values while well locations affect the CI" and
SO4> concentrations. Ca** and Mg?* concentrations decrease significantly and
SiO, concentration and pH value increase as the temperature rises. High CI°
concentration is the result of sea water mixing.

The geothermal parameters cations, anions, SiO, and trace element B (Boron)
concentrations, TDS (Total Dissolved Solids), EC (electrical conductivity) do
not depend on well depth.

B, TDS and EC contents were observed in high amounts in the fields close to
sea.

It is verified that all of the geothermal fields generally constitute Na-HCO3 type
geothermal waters. Aydin region has mainly of the Na-Ca-HCOj3; type and
Denizli region has Na-Ca-HCO3-SO, type geothermal water based on their
chemical composition. Moreover, the fields on the west of Aydin province have
mixed compositions of geothermal water type which is Na-CI-HCO:s.

High concentration of CI" ion in Soke-Davutlar geothermal field is due to

mixing of seawater.
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APPENDIXA

ANALYZED DATA OF WELL DEPTH AND TEMPERATURE

Table A 1: Analyzed data of well depth and temperature.

Geothermal Fields Along the Eastern Segment of the
Biiviik Menderes Graben,

Data Compiled From Geothermal Field|City Well Name |Drilling |Well Depths (m) |Well Dist.t0  |Res. Tem. ©c) Bottomhole
Year Sea (km) Temp. (°C)

Gokgoz, et al., (2010). Hydrogeology and Environmental |Karahayit Denizli KH1 2007 452 165,00 58

Study at the Karahayit Geothermal Field (Western

Turkey).

Gokgoz, et al., (2010). Hydrogeology and Environmental |Karahayit Denizli KH?2 2007 468 164,33 58

Study at the Karahayit Geothermal Field (Western

Turkey).

Gokgoz, et al., (2010). Hydrogeology and Environmental |Karahayit Denizli KH3 2007 570 163,67 61.5

Study at the Karahayit Geothermal Field (Western

Turkey).

Tamgag,(2010). Denizli-Golemezli DG-1 Sicak Su Sondaji |Gdlemezli Denizli DG1 2001 1500 156,67 95,48 (static temp.

Kuyu Bitirme Raporu. At 1289 m)

‘Tamgag,(2010). Denizli-Golemezli DG-1 Sicak Su Sondaji |Golemezli Denizli DG2 2002 596,8 157,73 73,00

Kuyu Bitirme Raporu.

Kahraman, (2003). Denizli Golemezli Jeotermal Alan1 DG- |GSlemezli Denizli DG3 2003 549 157,80 66,00

3 ve DG-5 Sondajlan Kuyu Bitirme Raporu.

Tamgag,(2010). Denizli-Golemezli DG-1 Sicak Su Sondaji |Gdlemezli Denizli DG4 2003 750 157,83 70,00

Kuyu Bitirme Raporu.

Kahraman, (2003). Denizli Golemezli Jeotermal Alani DG- | Golemezli Denizli DG5 2003 750 157,77 62,00

3 ve DG-5 Sondajlart Kuyu Bitirme Raporu.

Simsek, (2003). Present Status and Future Development |Yenice Denizli Yenice 2002 54,00 149,00 53,00

Possibilities of Aydin-Denizli Geothermal Province.

Simsek, (2003). Present Status and Future Development |Yenice Denizli Yenice 2002 238,00 149,00 63,00

Possibilities of Aydin-Denizli Geothermal Province.

Simsek, (2003). Present Status and Future Development |Yenice Denizli Yenice 2002 250,00 149,00 38,00

Possibilities of Aydn-Denizli Geothermal Province.

Karamanderesi & Olgenoglu, (2005). Geology of the Gerali Denizli MDO-1 2003 2401 148,33 96 (1st reserwir) at| 195 0¢

Denizli Saraykdy (Gerali) Geothermal Field, Western 814 m

Anatolia, Turkey.

Karamanderesi & Olgenoglu, (2005). Geology of the Cerali Denizli MDO-1a 2003 2401 148,33 125 (2nd reserwoir) |125°c

Denizli Saraykoy (Gerali) Geothermal Field, Western at1143m

Anatolia, Turkey.

Beyazt, et al., (2010). Denizli-Saraykoy-Gerali Jeotermal |Gerali Denizli DSG4 2010 2202 146,67 117,98 (static

Sondaj Kamp1 DSG 2010/4 Kuyusu Bitirme Raporu. temp. At 2171 m)

Stier, (2010). Geochemical Monitoring of the Seismic Tekkehamam- Denizli TH1 1968 615,5 136,67 116

Activities and Noble Gas Characterization of the Saraykoy

Geothermal Fields Along the Eastern Segment of the

Biiviik Menderes Graben.

Stier, (2010). Geochemical Monitoring of the Seismic Tekkehamam- Denizli TH2 1997 2001 137,00 170

Activities and Noble Gas Characterization of the Saraykoy

Geothermal Fields Along the Eastern Segment of the

Biiviik Mend Graben.

Siier, (2010). Geochemical Monitoring of the Seismic Tekkehamam- Denizli KB1 2001

Activities anq Noble Gas Characterization of the Saraykoy 115 136,67 120

Geothermal Fields Along the Eastern Segment of the

Biiviik Mend Graben.

Sier, (2010). Geochemical Monitoring of the Seismic Tekkehamam- Denizli KB2 2001

Activities anq Noble Gas Characterization of the Saraykoy 202 136,67 100

Geothermal Fields Along the Eastern Segment of the

Biiyiik Mend. Graben.

Siier, (2010). Geochemical Monitoring of the Seismic Tekkehamam- Denizli KB3 2002

Activities anq Noble Gas Characterization of the Saraykdy 161 136,67 100

Geothermal Fields Along the Eastern Segment of the

Biiviik Mend: Graben.

Stier, (2010). Geochemical Monitoring of the Seismic Tekkehamam- Denizli KB4 2002

Activities and Noble Gas Characterization of the Saraykoy 253 136,67 100

Bold writtens are used in the analyses.
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Table A 1: Continued.

Data Compiled From

Geothermal Field

City

Well Name

Drilling
Year

‘Well Depths (m)

Well Dist. to
Sea (km)

Res. Tem. (°C)

Bottomhole
Temp. (°C)

Ozkaya, (2007). Numerical Modelling of Kizildere
Geothermal Field.

Kizildere

Denizli

KD-1

1968

540

137,18

203

a) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

b) Ozkaya, (2007). Numerical Modelling of Kizildere
Geothermal Field.

Kizildere

Denizli

KD-2

1968 (a)

7065 ()

136,87

175 (b)

Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

Kizildere

Denizli

KD-3

1969

136,83

158

a) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

b) Ozkaya, (2007). Numerical Modelling of Kizildere
Geothermal Field.

Kizildere

Denizli

KD-4

1969 (a)

486 ()

138,19

166 (b)

a) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

b) Ozl(aya, (2007). Numerical Modelling of Kizildere
Geothermal Field.

Kizildere

Denizli

KD-1A

1969 (a)

5711 ()

137,19

198 (b)

Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

Kizildere

Denizli

KD-111

1969

504,85

137,19

164

Ozkaya, (2007). Numerical Modelling of Kizildere
Geothermal Field.

Kizildere

Denizli

KD-6

1970

137,20

196

a) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

b) Ozlcaya, (2007). Numerical Modelling of Kizildere
Geothermal Field.

Kizildere

Denizli

KD-7

1971 (a)

667 (a)

137,20

204 ()

a) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

b) Ozkaya, (2007). Numerical Modelling of Kizildere
Geothermal Field.

Kizildere

Denizli

KD-8

1970 (a)

5765 (a)

137,22

193 (b)

Ozkaya, (2007). Numerical Modelling of Kizildere
Geothermal Field.

Kizildere

Denizli

KD-9

1970

1241

137,17

170

a) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

b) Ozkaya, (2007). Numerical Modelling of Kizildere
Geothermal Field.

Kizildere

Denizli

KD-12

1970 (a)

404,7 (a)

138,17

160 (b)

a) Kaya & Kindap, (2009). Kizildere — New Geothermal
Power Plant in Turkey.

b) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

Kizldere

Denizli

KD-13

1971(b)

763 (a)

137,20

195 (3)

a) Kaya & Kindap, (2009). Kizildere — New Geothermal
Power Plant in Turkey.

b) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

Kizildere

Denizli

KD-14

1970 (b)

597 (@)

137,21

207 ()

a) Kaya & Kindap, (2009). Kizildere — New Geothermal
Power Plant in Turkey.

b) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

Kizildere

Denizli

KD-15

1971(b)

510 (a)

137,22

205 (a)

a) Kaya & Kindap, (2009). Kizildere — New Geothermal
Power Plant in Turkey.

b) Ozkaya, (2007). Numerical Modelling of Kizildere
Geothermal Field.

Kizildere

Denizli

KD16

1973(b)

666 ()

137,21

207 ()

Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

Kizildere

Denizli

KD-17

1975

365,2

137,22

157

a) Kaya & Kindap, (2009). Kizildere — New Geothermal
Power Plant in Turkey.

b) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

Kizildere

Denizli

KD-20

1986(b)

810 (a)

137,20

201 ()

a) Kaya & Kindap, (2009). Kizildere — New Geothermal
Power Plant in Turkey.

b) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

Kizildere

Denizli

KD-21

1985(b)

898 (a)

137,21

202 (a)

a) Kaya & Kindap, (2009). Kizildere — New Geothermal
Power Plant in Turkey.

b) Kindap, et al., (2010). Privatization of Kizildere
Geothermal Power Plant and New Approaches for Field
and Plant.

Kizildere

Denizli

KD-22

1985(0)

888 (a)

137,20

201 (b)
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Table A 1: Continued.

Geothermil Fields, Turkey.

Data Compiled From Geothermal Field|City Well Name |Drilling |Well Depths (m) |Well Dist.to  |Res. Tem. ©c) Bottomhole
Year Sea (km) Temp. (°C)
Kindap, et al., (2010). Privatization of Kizildere Kizildere Denizli R1 1998 2260 137,00 242
Geothermal Power Plant and New Approaches for Field
and Plant.
Yeltekin & Akin, (2006). Analysis of Long Term Tracer |Kizildere Denizli R-2 1999 1371,89 137,20 204
Test in Kizildere Geothermal Field, Turkey.
Demirel, et al., (2007). Denizli Kizildere R-3 No'lu Kizildere Denizli R3 2250 137,20 241
Reenjeksion Kuyu Bitirme Raporu.
Yolal, (2010). Aydin Pamukdren AP-2 Jeotermal Sondaji |Pamukéren Aydmn AP 2 2008 1150 m 112,60 182,41 (dynamic 171,32 °C at 1000
Kuyu Bitirme Raporu. temp. At1090 m)  |m
(thermic log)
Yolal & Karahan, (2010). Aydin Pamukoren AP-3 Pamukoren Aydin AP3 2009 1052 m 112,67 182,79 (dynamic 161, 4 at 1010 m
Jeotermal Sondaji Kuyu Bitirme Raporu. temp. At 925 m) (thermic log)
Karahan, (2010). Aydin-Nazilli Giizelkoy NG-1 Jeotermal | Giizelkoy Aydmn NG1 2008 2200m 102,67 127,36 (dynamic 1225°C at 2197
Sondaji Kuyu Bitirme Raporu. temp. At2152m) [, '
(thermic log)
Purtul, (2010). Aydmn-Nazilli-Bozyurt NB-1 Sicak Su Bozyurt Aydmn NB1 2009 1900 m 99,33 140,31 (dynamic ~ [135,7°C at 1899
Sondaji Kuyu Bitirme Raporu. temp. At1829 m) |m
(thermic log)
Karahan & Gidiicii, (2008). Aydin Atga AT-1 Sicaksu  |Atga Aydin AT1 1200 88,33 123,64 at 1186 m
Sondaji Kuyu Bitirme Raporu. (static temp.)
Turali & Karahan, (2009). Aydin Atga AT-2 Sicaksu Atga Aydmn AT 2 782 88,33 122,90 at 700 m
Sondaji Kuyu Bitirme Raporu. (static temp.)
Karahan, (2010). Aydin-Isabeyli IS-1 Sicak Su Sondaji |Isabeyli Aydmn iS1 2008 1150 m 88,67 88,3at1150 m 90,2 (thermic log)
Kuyu Bitirme Raporu. (static temp.)
Karahan, (2007). Aydin Sultanhisar SH-1 ve SH-2 Sicak |Sultanhisar Aydmn SH1 2005 988,00 80,00 144,86
Su Sondajlari Kuyu Bitirme Raporu.
Karahan, (2007). Aydn Sultanhisar SH-1 ve SH-2 Sicak |Sultanhisar Aydmn SH2 2005 986,00 81,33 146,01
Su Sondajlari Kuyu Bitirme Raporu.
§erpen & Aksoy, (2_010). _Reassessment of Reinjection |Salavath Aydmn ASR1 2007 1430 7167 150
in Salavatli-Sultanhisar Field of Turkey.
(a) Serpen & Aksoy, (2010). Reassessment of Salavath Aydmn ASR2 2007 1300 (a) 71,33 165 (static Temp. at
Reinjection in Salavatli-Sultanhisar Field of Turkey. 900 m) (b)
(b) Demirel & Beker, (2005). Aydin-Salavatli ASR-2
Reenjeksiyon Kuyusu Kuyu Bitirme Raporu.
Biilbiil, (2008). Aydin-Salavath ASR-3 Reenjeksiyon Salavath Aydn/ |ASR3 2008 12505m 73,67 169,42 (static temp. [max 140
Kuyusu Bitirme Raporu. Sultanhisa At 900 m)
(a) Serpen & Aksoy, (2010). Reassessment of Salavath Aydmn AS1 1987 1500 (a) 73,00 169,77 (static temp.
Reinjection in Salavatli-Sultanhisar Field of Turkey. At 850 m) (b)
(b) Karamanderesi, (1987). Aydin Sultanhisar Salavatl
Jeotermal Sahas1 AS 1 ve AS 2 Kuyularmm Bdlgesel
Degerlendirme Raporu.
(a) Serpen & Aksoy, (2010). Reassessment of Salavath Aydm AS2 1988 960 (a) 70,33 1755 (b)
Reinjection in Salavatli-Sultanhisar Field of Turkey.
(b) Karamanderesi, (1987). Aydin Sultanhisar Salavatl
Jeotermal Sahas1 AS 1 ve AS 2 Kuyularinin Bolgesel
Degerlendirme Raporu.
Mineral Research & Exploration General Directorate, Sultanhisar Aydmn ASMM 5 2011 750 83,33 128
Department of Energy Raw Material Research and
Exploration. Annual Report of 2011.
Karahan & Doénmez, (2009). Aydin-Umurlu AU-1 Umurlu Aydmn AU1 2008 1923 66.17 154,39 (static temp.
Jeotermal Sondaji Kuyu Bitirme Raporu. ! At1211 m)
Karahan,et al., (2009). Aydin-Unurlu AU-2 Jeotermal Umurlu Aydmn AU 2 2008 1602 66,33 149,58 (dynamic 130,6 (Termik
Sondaji Kuyu Bitirme Raporu. temp. At 1582 m) _ [prob)
Karahan & Giidiicii, (2008). Aydn Sergekdy ASK-1 Umurlu Aydmn ASK 1 2008 2054 66,00 154,48 (static temp.
Sicaksu Sondaji Kuyu Bitirme Raporu. At 2000 m)
Candas, (2002.). Hydrogeochemical Study of Aydin Imamkoy Aydin Imamkdy 1300 61,67 160,00
Geothermal Fields.
Candas, (2002_). Hydrogeochemical Study of Aydin Yilmazkoy Aydin Yilmazkdy 1100 60,00 160,00
Geothermal Fields.
Toksoy & Aksoy, (2003). Aydn Jeotermal Gelisme Yilmazkoy Aydmn AY1 1999 1501 60,67 142
Projesi.
Yolal & Kamhan:_(ZOIO). A').'dm Yilmazkdy AY 2 Yilmazkoy Aydmn AY2 2009 2500 61,00 190
Jeotermal Sondaji Kuyu Bitirme Raporu.
Candas, (2002). Hydrogeochemical Study of Aydn Ihicabas1 Aydmn Ayter 1 1989 471 60,00 8450
Geothermal Fields.
Candas, (2002.). Hydrogeochemical Study of Aydin Ilicabas1 Aydmn Ayter 2 1989 355 6033 101,50
Geothermal Fields.
Candas, K. M., 2002, Hydrogeochemical Study of Aydn DSi 1 200 59,67 100
Geothermal Fields.
Candas, (2002). Hydrogeochemical Study of Aydin DSi2 200 59,33 100
Geothermal Fields.
Ceyhan, (2000). Aydmn Alangiillii Bogazkoy Sicaksu Alangiillii Aydmn A2 2000 488 m 38,33 102,8 at 480 m 102,8
Sondaji A 2 Kuyu Bitirme Raporu. (thermic log)
Filiz, et al., (2000). Geochemistry of the Germencik Omerbeyli Aydmn OBl 1982 1000 36,67 203
Geothermal Fields, Turkey.
Filiz, et al., (2000). Geochemistry of the Germencik Omerbeyli Aydmn 0B2 1982 975,5 37,00 231
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Table A 1: Continued.

Kuyusu Kamp Bitirme Raporu.

AL 785 m)

Data Compiled From Geothermal Field|City Well Name |Drilling |Well Depths (m) |Well Dist.t0  |Res. Tem. ©c) Bottomhole
Year Sea (km) Temp. (°C)

a) Karakus, (2010), Investigation of Geothermal Systems |Omerbeyli Aydm 0OB3 1983 1196,7 (b) 36,33 232 (a)

in Biiyiik Menderes Graben by Using Geochemical and

Isotopic Techniques

b) Filiz, et al., (2000). Geochemistry of the Germencik

Geothermal Fields, Turkey.

Filiz, et al., (2000). Geochemistry of the Germencik Omerbeyli Aydmn 0OB4 1984 285 37,33 213

Geothermal Fields, Turkey.

Filiz, et al., (2000). Geochemistry of the Germencik Omerbeyli Aydm OB5 1984 1302 37,67 221

Geothermal Fields, Turkey.

Filiz, et al., (2000). Geochemistry of the Germencik Omerbeyli Aydmn OB6 1984 1100 36,60 221

Geothermal Fields, Turkey.

a) Karakus, (2010), Investigation of Geothermal Systems |Omerbeyli Aydm 0oB7 1985(b) (2398 (b) 36,20 227 (a)

in Biiyiik Menderes Graben by Using Geochemical and

Isotopic Techniques

b) Filiz, et al., (2000). Geochemistry of the Germencik

Geothermal Fields, Turkey.

a) Karakus, (2010), Investigation of Geothermal Systems |Omerbeyli Aydmn 0OB8 1986 2000 (a) 36,83 219.87 (b)

in Biiyiik Menderes Graben by Using Geochemical and

Isotopic Techniques

b) Filiz, et al., (2000). Geochemistry of the Germencik

Geothermal Fields, Turkey.

Filiz, et al., (2000). Geochemistry of the Germencik Omerbeyli Aydmn 0OB9 1986 1464,7 36,90 223.8

Geothermal Fields, Turkey.

Tekin, (2010). Estimation of the Formation Temperature |Omerbeyli Aydn 0OB-10 between

fromthe Inlet and Outlet Mud Temperatures While 2007 and |1524 36,67 224

Drilling Geothermal Formations. 2008

Tekin, (2010). Estimation of the Formation Temperature |Omerbeyli Aydin OB-11 between

fromthe Inlet and Outlet Mud Temperatures While 2007 and |965 36,00 210

Drilling Geothermal Formations. 2008

Tekin, (2010). Estimation of the Formation Temperature |Omerbeyli Aydmn OB-14 between

fromthe Inlet and Outlet Mud Temperatures While 2007 and |1205 3533 228

Drilling Geothermal Formations. 2008

Tekin, (2010). Estimation of the Formation Temperature |Omerbeyli Aydin OB-17 between

fromthe Inlet and Outlet Mud Temperatures While 2007 and [1706 34,67 228

Drilling Geothermal Formations. 2008

Tekin, (2010). Estimation of the Formation Temperature |Omerbeyli Aydin 0OB-19 between

fromthe Inlet and Outlet Mud Temperatures While 2007 and |1651 33,33 227

Drilling Geothermal Formations. 2008

Tekin, (2010). Estimation of the Formation Temperature |Alangiilli Aydmn AG22 between

fromthe Inlet and Outlet Mud Temperatures While 2007 and  [2260 31,67 205

Drilling Geothermal Formations. 2008

Tekin, (2010). Estimation of the Formation Temperature |Alangiillii Aydmn AG-24 between

fromthe Inlet and Outlet Mud Temperatures While 2007 and [1252 31,33 199

Drilling Geothermal Formations. 2008

Tekin, (2010). Estimation of the Formation Temperature |Alangiillii Aydmn AG-25 between

fromthe Inlet and Outlet Mud Temperatures While 2007 and (1838 30,33 191

Drilling Geothermal Formations. 2008

Tekin, (2010). Estimation of the Formation Temperature |Alangiilli Aydmn AG-26 between

fromthe Inlet and Outlet Mud Temperatures While 2007 and |2432 30,00 195

Drilling Geothermal Formations. 2008

Karahan, (2008). Aydmn-Hidirbeyli HB-1 ve HB-2 Sicak  |Hidirbeyli Aydmn HB1 2007 882m 27,00 120,54 at 873

Su Sondajlari Kuyu Bitirme Raporu m(dynamic temp.)

Karahan, (2008). Aydin-Hidirbeyli HB-1 ve HB-2 Sicak  |Hidirbeyli Aydmn HB2 2007 596,30 m 26,67 141,78 at 280m

Su Sondajlari Kuyu Bitirme Raporu (dynamic temp.)

Maren A.S. 2011. Personal communication. Hidirbeyli Aydm HB7 2149,39 26,83 169,10

Maren A.S. 2011. Personal communication. Giimiiskoy Aydm GM 1 1934,45 26,77 174,00

Maren A.S. 2011. Personal communication. Giimiiskdy Aydmn GM 2 2046,00 27,10 167,73

MTA report Giimiiskoy Aydmn GK 1 2100,00 24,00 178,00

Caglayan & Diinya, (2012). Aydin-Germencik- Giimiiskoy Aydmn AGG 16 2011 12525 8,33 66,15 at 1180 63,4

Giimiiskdy AGG2010/16 Jeotermal Enerji Arastirma (dynamic T)

Sondaji Kuyu Bitirme Raporu.

U‘ysalj (ZOQ?).vKusadasl ({%ydm) Cevresinin Davutlar Aydmn Davutlar 203,00 6,67 43,00

Hidrojeolojik Incelenmesi.

Bali, (2010). Aydin-Kusadasi-Davutlar AKD 2010/2 Davutlar Aydm AKD 2 2010 815m 6,67 58 (dynamic temp.
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APPENDIX B

ANALYZED DATA OF GEOCHEMICAL COMPOUNDS

Table B 1: Analyzed data of geochemical compounds.

Well NH, HCO; B Si0, ,,
Na (mg/l) [K /1) [Ca 1) [ M il Cl (mg/I SO, (mg/l TDS (mg/I H EC (uS/ \Water Ty Water origin

Name (mg/l) [K (mg/l) |Ca (mg/l) | Mg (mg/1) ) (mg/l) (mal) 4 (Mg )<mg/|) ) (mg/l) |p (uS/cm) ype 9

KH1 10800 [17.80 [48440 [10560 [389 [2690 [1329.80 [971,70 3671320 |7.00 [311000 |Ca-HCO:-SO, meteoric

KH2  |12000 [2240 |56300 [13240 [350 [2530 [130540 |837.60 3217385  |7.80 |299000 |Ca-HCO,-SO, meteoric

KH3  |11680 [2360 |50520 [11720 [100 [2450 |964400 |863,00 11602243 |7,00 273000 |Ca-50,-HCO, meteoric

DG1 75000 [14000 [6650 |71,70  |150 |3280 |200600 |63400 [680 |48.00 |3957,83  |7.22 |422725 |Na-HCO,SO, meteoric

DG2 24500 [5050 10600 |11100 |000 |5470 |54400 |651,00 [630 |73.10  |186474  |7.60 |203000 |Mg-Na-HCO;-SO, meteoric

DG3  [24000 [7260 (21900 [92,80  [296 |3140 [1361,00 [48500 |30 3900  |271983 |70 [2220,00 |Mg-Ca-Na-HCOs-SO, |meteoric

DG4 243,00 [11200 [22200 [7690  [260 [27.50 [124300 [471.00 [430 [39682 [2850,82 6,70 [69585  |Mg-Ca-Na-HCOs-SO, |meteoric

DG5  [31500 [8010 377,00 [15250 [942 [8740 [165300 63500 [650 |5350  |4033,76 660 [312000 |Mg-Ca-Na-HCOs-SO, |meteoric

MDO-1 [24000 [7260 [21900 [9280 [296 [3140 [136100 [48500 (310 [39,00 |[2556,86 7,00 [2220,00 meteoric

TH1  [53000 6400 |21700 |5300 |580 [90,00 |106800 |1070,00 19000 [3291,20 630 |260000 |Na-(SO.)-HCO, meteoric

TH2  [124000 |12000 [200 |10 11200 [133500 [727,00 [310 177,00 940  |4800,00

KDL |146800 17430 [277  |0.70 12050 |218300 |847,00 |2970 |227,00 |543647  |8.80 meteoric

KD-6  |1220,00 [11600 [120  |0,36 12400 [1586,00 |560,00 2040 [36400 |185900  [897 |5830,00

KD-9 126000 [80,00 800  |580 137,00 [1342,00 |118000 [360 277,00 880  |4810,00

KD-13 [112500 |13250 [200 _ |0.25 12800 [152500 |773,00 |2650 |364,00 426412  [889 |5940,00

KD-14 |1342,00 |143,00 [100 _ |0,00 14400 [240300 |737,00 |2440 [392,00 369800  [896  |6160,00

KD-15  |1364,00 13600 [2,00  |0,00 14000 |146400 |73000 |2460 [39300 376400  [882 |5780,00

KD-16  |140000 14800 [220 |00 360 12200 152500 |71400 |2800 |39800 [968477  [8.80 583500 meteoric

KD-20 137500 14000 |1,60 |05 14000 [115900 71000 |24.10 |367,00 892 |6180,00

KD-21 |131800 13300 |2,00  |100 14000 |122000 71000 |2460 |387,00 902 |5940,00

KD-22 _ |1296,00 [132,00 [200 _ |0,00 136,00 [1586,00 [729,00 [2500 [392,00 920  [5830,00

R1 1556,00 [24500 [267  |0.23 13400 [307400 [792,00 [30,00 [416,00 880  |5820,00

R2 129000 (110,00 [1.60  [0:80 13700 [2257,00 (810,00 [20,40 (380,00 930 [5320,00 |HCO; constituting CO, |meteoric

R3 122500 (10400 |248  [1,00 14000 [1787,00 (85000 [17,00 (227,00 |454518 (8,70 [4600,00 |Na-HCOsconstituting B |meteoric

AP2  [127200 |19600 [327  [100 770 [27600 [251900 (18000 3000 [336,00 [5041,12 850 [5100,00 Nad";COZCO"S"‘“"”gB meteoric
an

AP3  [166000 [170,00 [950  [245 730 [29300 (337800 [22200 480 [18200 [597513  [8,60 [497000 |Na-HCOsconstituting F |meteoric

NG1 101400 9430 [s88  [9,79 010 (150,00 (253100 (18000 [2400 2900  |407867 830  [3890,00 :a'Hdcgch"S"‘“"”gB' meteoric
an 1}

NB1 140000 [98,10 1540 |[831 1500 [256,00 [283000 (17600 [4030 [13300 [5079,73 830 [5120,00 ’:a'HdCS?zCO"S‘““"”QB' meteoric
an 1l

AT1  |107400 |111,00 [366  [161 1540 [190,00 [238400 (13000 [4800 [10700 [4207,12 840  [4280,00 Nad'HS'_COzCO"“““"”gB meteoric
an 1l

is1 21500 [1440 [1020 [221 110 [1670 [46300 [12500 [010 [4860  [008,90 740 (901,00  |Na-CHHCO, meteoric

sH1 113400 11700 [630  [1,00 965 (26300 (236100 [24300 5700 176,00 |4619,70 870  [4710,00 Nal;’*s?OZCO"SI"“"”gB meteoric
an 1l

sH2 115600 9600 [470  [1,00 1820 [205,00 [2111,00 (18200 [50,00 [16200 [4310,90 870  [4480,00 N:HS@zCO"S‘““"”gB meteoric
an 1l

ASR2 (142000 [109,00 [11,80 [o27 800 [23800 [270500 [19300 650 (191,00 [941510  [860 (435000 |Na-HCOs meteoric

ASR3 (104700 [180,00 [359  [214 1000 [24500 [262800 (11700 [50,00 [22300 |4505,73 830  [4390,00 Nal;’*s?OZCO"SI"“"”gB meteoric
an 1l

AS1  [115900 [144,00 [4,36  [289 590 [22800 [265800 13300 |46,90 |20300 [496694  [8,70 |3499,00 meteoric

AS2  [117500 [13300 [400  [2.20 530 [21600 [270600 130,00 |60,40 |22700 |466807 8,60 |4600,00 meteoric

AUl [160200 [131,00 [380  [1,00 500 |[7440 (373100 [10600 1540 161,00 [6086,70 850 [5610,00 Na[;g_coﬁonsmu""gB meteoric
an 1l

AU2  [125000 [9900 [410  [350 1470 [233,00 [284000 (101,00 [5250 [14400 [4758,20 820  [5000,00 ’:a"ZCS(_MD”S"w""gB’ meteoric
an |

Ask1 [112300 [13600 [202  [358 11,70 237,00 [2607,00 (10500 [66.20 [159.00 [4478,30 820  [4300,00 ’:a"fs(_mf’”s"w""ga meteoric
an 1l

Av1 (100200 [103,00 [10400 |4900 20000 [301900 [11700 [6200 |24000 |[686500 650 [515000 |NAHCOs-HCOs
constituting B and Si

AY2  |113000 |160,00 [10,00 40,00 22000 [3010,00 [10000 |4370 4610,00

Ayterl [156000 [14400 [6000 3400  [2300 [22000 |4058,00 [10400 [4500 [6400 [644100  [8,07 (600000 |Na-HCOs-SO, meteoric

Ayter2 108000 (128,00 [2200 4300  [1900 [20300 [2952,00 [117.00 [39.00 [7500 [468400  [8,20 (370000 |Na-HCOs-SO. meteoric

A2 108500 |78,00 2340 |5650  |1690 |95400 |191400 |14800 |4840 |7100 |445951  |7.71 |489400 |Na-C-HCO, meteoric

OBl _ |135500 4500 |5000 |1600  |381 [158600 117200 [37,00  |4500 |14000 |7034,40 7000,00 |Na-CHHCO, meteoric

0B2 183000 189,00 1,60 [0,00 874 |135900 [152500 [7100 71,00 |16000 |727740 900 720000 |Na-CFHCO, meteoric

OB3  [177500 [170,00 [1,60  [050 480 [181800 [134200 [7400  [68,00 [5500  [472000  [8,70 [7100,00

OB4  [142000 [13500 [1200 [170 32,10 150000 [144000 [37,00  [5500 |53,00 770 |5400,00

OB5  |138700 [128,00 [8.40  [680 960 |145400 [140900 [4600  [56,00 |209,00 840  |3000,00
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Table B 1: continued.

Well NH, HCO; B SIO; ] )
Na (mg/l) K (mg/1) |ca (mg/t) |Mg (mg/ cl (mg/l SO, (mg/l TDS (mg/l) [pH  |BC (uS/em) [Water T Water origin

Name [N (@) [ mai |Ca g/ |vig oot [0, et g [FE - [souam | G gy o #Sem) yee o

OB6  [177500 [18000 [360  [0.10 930 |188200 [120200 [6400  [74,00 [4100  [631902  [8,70 [6200,00 |Na-HCOs-CI meteoric

OB7 _ [110000 [132,00 [1900 [6.10 100 85500 |183700 [51,00  |56,00 |214,00 753 |4200,00

OB  |155000 [1500 |[8.00  |243 152800 |1317,00 |4500 28600 |4607.14  [8.80 |6600,00

OBY  |175000 |10500 [4.80  [120 1130 |1819.00 |137600 |13300 |6800 |28600 |448580  |8.60 |650000

HB1  [155400 (10400 [603 (1810  [1950 [1501.00 |169900 [4360  [56,10 [6400  [5197.47 (830 [6040,00 :ico3°°"s“‘““"gBa”d meteoric

HB2  [1369.00 [9790 (1620 |11 000 [1399.00 [154100 [2509  [50,00 [20100 [474540  [810 [5510,00 :ico3°°"s“‘““"gBa”d meteoric

HB7  [1352,00 [126.40 |633  [7.24 143680 [114000 [4400  [6284 [25330 |[462167  [s61 [6760,00

GM2  [165400 [10080 [2381 (1154 255042 |70000 5011  [6343 [25522 (542535  [813  [6930,00

oK1 [s1600 [4060 (17700 [s500 [268 [667.00 [96000 [2400 [610 6400 [243000  [680 |3568,00 2::3’;2:‘""
[seawater |

Na-HCO; constituting B

AGG16 (301400 (18500 [1640 (8,00 ps0 [57500 |132000 |1640  |2120 [200  |uizo2g0 [7e0 |1oasoo0 |V

Davutlar [2200,00 [99.00 (460,00 {99,60 300000 [1637,00 [119,80 761540  [636 [973000 |Na-Cl-HCOs 2::3’;2:‘""
lseawater |
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