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ABSTRACT

STRUCTURAL CONTROLS ON KIZILDERE GEOTHER MAL FIELD,
D E N K ZTURKEY

Aksu, Baykan
Master of Sciengeéseological Engineering
SupervisorProf. DrrNur et di n Kaymak- €
Co-SupervisorAssoc. Prof. DrBora Uzel

August 201987 pages

K é z é gedteermal fields one of thdottestieldslocatedn southwestern Anatolia
and electricity has beemrodwed from geothermal sourcsince 1984.This high
enthalpy geothermdield is located athe eastern edge &uyuk Menderegraben
which is one of the most active extensional structure belongintpetowestern
Anatolian grabethorst system Blyik Menderes graben, which hosts numerous
geothermal fields, is a-330 km wide, 170 km long, nearly& trending depression
developedunder the NS directed crustal strain. The study aredudes fourdifferent
continental sedimentary packageparated byegionalunconformites.

Pl ay type of Kezél dere geot her mal field
where heat is suppliegIthe percolation of cold meteoric water that heated up at depth

and recharges the system. In order to identify structural control of this field, geological
mapping and characterization of the faults were performed. Three types of faults,
which played a re on the geothermal system were identified. These are
approximately EW striking high angle normal faults,-8 striking subvertical faults

and a low angle old detachment fault developed possibly prior to the development of
preceding faults. In order to darstand the geology and geometry of the system, in

addition to field data, 76 wetlata were used to develop the 3D solid model of the



Kéezél dere geothermal field. I nterpretations
of N-S trending subvertical trafer faults with the BV striking normal faults played
an i mportant role in the devel opment of the

geothermal field.

Keywords: Southwestern Anatolia, Geothermal systems, Extensional domains,

Blyuk Menderes graben, 3D modeling

Vi
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KI ZI LDERE JEOTERMAL SAHASININ YAPI-SAL KO
T! RKKYE

Aksu, Baykan
Yuksek LisansJ e ol o i M¢hendi sl i Ji
Tez DanFof braNué et din Kaymak- é
Ort ak Te z:D@xaDnBokarwaeh é

Aj ust o87s&fal9

Kezél dere jeoter mal sahasée g¢neybate Ana
19846den beri jeotermal kaynaktan el ektri
jeoter mal saha Batrst Asaddodlemi gr ameémkt ur al
yapeédan emi r i olan B¢yée¢k Menderes grabeni
l'zerinde bir -ok jeoter mal sah-a30 brar éndeé|
geni kKl ijJinde, 170 kByonllzneotektanikkGn ¢ @ nl yalal & k @
sonucu ol ukmuké d@ il é-k°nka; bddeselnsaimadaukliaa

ayrel mek d°rt farkl é& karasal sedi menter |

Kezél dere j,écE@eEémaly,kakbea ésé akbrséndan
geni Kl eme al ané ol ar ak s m@aylaé sidteminbdsteyer | a b i |
sojuk meteorik sularén yeralténda dol aneé
kontrol eder. Bu al € Kk ma ksagphsaanmeemn dyaa p € s a | kontrol ¢n
sahanéen jeolojik harital amaieétemalsibtany | ar €
i -1 n ©°nemi ol anmé&xkt éBupl drayy daiBlyégaehthla no | ar
yée¢ksek a-él ée-Gnormell ifmdy | adri,kelge yakeén f a\
séyr él ma f geolgjidre&geometr&ini artlagabilmek icisaha verilerine ek

ol ar ak 76 adet Kuyu veri si K madeélihird e r e ]

vii



ol ukt ur ul mas é nTtbplanak wimlverile&IGmeéyk°tnélre, di keye yak:
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CHAPTER 1

INTRODUCTION

1.1.Purpose and Scope

Turkeyis located withinthe AlpineHimalayan Orogenic Belt, a tectonically active

belt with rich geothermal energyesources that arenainly used for electricity
production, heating of greenhouses and residences, industry, thermal and health
tourism. Electricity production frongeothermal energin 2018 had reached 1144

MW and 78% ofthe geothermal fields are centeredwestern Anatolia (Republic of
Turkey Ministry of Energy and Natur al Re.
is one of thenost productivdieldslocated inwestern Anatolia and the first electricity
production from geothermal energy in Turkey started with 8¥% power plant by
TEAK (the Turkish Electricity Authority) in 1984. After the privatization in 2008, this
field was transferred to the Zorlu Energy andrently 3 power plants with a total
capacity of 260 NV is operatedn this field. In addition, 60 MV power plant project

is planned to be finished by Zorlu Energy in 2021.

Development of @ efficient geothermal system requiredmponents such a&)
tectonically active ared) activestructuresc) heat sourced) reservoir rock with high
porosity and permeability that allowpercolation of geothermal fluids e)
impermeable caprock that forms a barrier above and below theorserck that
confines the geothermfliids, f) geothermal fluidhatcan be meteoric, hydrothermal
or a mixture ofboth The exact heat source of western Anatolia lisghly debated
subject Magmatism in the upper crustere proposedasthe source of katfor the
geothermal systesnkimsek 1985; Filiz et al. 2000; Karamanderesi and Helvaci
2003; Yeél n@meBilbukdt a).2011; Ozen et gl.2012; Ozgiur and
Karamanderesj 2015; Ozdemir et al. 2017; Alcicek et al.2018). However, recent



magmatism in the ares rareor local Only significantvolcanic activity occurreth

the regionduring Quaternary is the Kula volcanic fiefdn the other hand deeper

heat source caused by slab dynamics (asthenaspiaantle uplift due to slab rollback

and backarc spreading) were also proposed (K&@L5;Ko - yi |J i Roche &0 15 ;
al., 2015, 2016, 2018; Gessner ef 2017).Geothermal system present in the western
Anatolia can be classified as an extensional domain where magmatism is absent or
little in terms of heat source and heat is mainly supplied by extensional or
transtensional tectonics (Moeck, 201@justal thinning ad upwelling asthenosphere

are themain reasons for elevated heat flow valed400 mwW n¥) experienced at
shallow depthshroughouthe Aegean domain (Erka2014, 2015).

Kézeéel der e i s o resthalpyf structhrally cordgrolledwgeotherrhaldg h
located inthe western part oBlyluk Mendereggraben. EW trendinglow angle
detachment fault\-E striking subverticaimainly strikeslip faults ande-W trending

high angle normdhults are the major structures that pkakey role in this geothernma
field. The region has a long history of compressional and extensional deformation
which reactivated some of the older faults with new characteristicse n 187}

This resulted ina complexinteraction and development histooy the faults in the
regon which requires very meticulous analysis of shefaceand subsurface data
unravel thecharacteristics diaults that playeé role in theundergroungercolation

of geothermal fluids.

In this study, we have followed and integrated approach that combines detailed field
observations witlthewell-data. All of this informationvereused to develop 3D solid

models of the study area, which helped to better understand the geometry and
relationships between various lithologies and structures observed iK éhe €1 der e
geothermafield.



1.2. Method of Study

The studyis carried outn four stagesnamelypreviousworks, fieldwork, analysis of
borehole datsand office works.Previousworks consist & reviewing available
literatureand initial analysis of the study area.

Field workpart of the studgtarted withthe 1/25000 scale geologicailagping of the
study areaThis partwas performed to understastitatigraphicand tectonic contacts,
reservoirand caprock propertieBuring the mapping aultswereidentifiedandany
slickenline measurements were recordeédult plane data, whichonsists ofdip,
strike, rakeanglesand sense of movement, wdeger analyzed with WiATensor
softwaredeveloped by Delvaux and Sperner (2003) and the paleostress configurations
were reconstructedraultswithout any kinematic indicateron the fault plane were
also recorded andheir offset senses werglentified by using geological and
geomorphologicabff-set features Additionally, alteration zones, hot springs and
fumaroles whiclcouldindicate geothermal activity were mapped and documeatted
the field.

In the third stage, data from 76 wells, ranging from 500 to 4@08epth, were
includedin the study. Weldata includslithology, drilling mud loss values and static
temperature readings with respect to depth. Cuttings collected during drilling were

analyzed with atereomicroscopfor lithologic determinations.

As afinal stage the fieldvork andthe boreholedatawereintegrated and analyzed
together Results of the integration were used to develep Bthological (solid
model), structural and thermal model of the study area by using Seequent Leapfrog
Geo v.4.4.2 sftware. In this stageseismic sections, which could not be presented
here due teonfidentiality, interpreted by Zorlu Energy Company were used to verify
the 3-D structural model of the field. Finally, these models were used to interpret
structural conwl of the geothermal field and identify favorable spots for geothermal

exploration.



1.3.Location of the Study Area

The dudy area is located in the eastern end of Blyiuk Menderes graben betviiden 37
N - 37.54 N latitudes and 2844E - 28.53 E longitudes (Figure-1). It is placedon
M21blandM21b2codedl/25000 topographical maps and covers an area afdid
km?. Study area shows typical grabkearst topography where stéige morphology

can be observed along the northern and southernm@rguyik Menderegraben
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Figurel-1. a) Simplified tectonic map of Turkey (Barka, 1992). NAFS: North Anatolian Fault
System, EAFS: East Anatolian Fault System, DSFS: Dead Sea Fault Sys@®oldgical map of
western Turkey (Bozkurt, 2000). CMM: Central Menderes Massif, SMM: Southern Menderes
Massif, NMM: Northern Menderes Massif.



1.4.Previous Works

Western Anatolia has been one of the most broadly studied segidarkey due to
its unique extasional tectonic characteristics. After tnmencemerdf guaranteed
feedin tariff for renewable energygeothermal studies increased dramaticatly
Turkey. Geothermal exploration requires mudisciplinary knowledge which
includes basin analysis, teaics, structural geologystratigraphy, geophysics,
geochemistryand hydrogeology. Previous works carried ontthe vicinity of the
K & z & pedteermal field were summarized in this section.

Rock units exposed i n t herstiKgdgudiédlinddetalen ge ot her m
a scale of 1/25000 by kimkek (1984), who wor
bl-b2b 4 and 4% edkmaps2ctions. His study investigated the geothermal

potenti al of the field and alrematiotseast i fi ed K.
caprock while SazakFormation andrittle rocksof the MenderebMassifas reservoir

rocks. He reported that youngest and major faults wel® Bnd NWSE trending

graben faults that control the geothermal syst®®mthe other handN-S directional

normal faults were also identified as older faults that are cut and displaced by these

graben faults.

Sun (1990) wupdated the geol ogi cdignitemap of Ki
potential of the region between Ukak and Den

SazakFormatiors as Late Miocene.

Westaway (1993) studied the Neogene evolution of the Denizli region and claimed
that Miocene aged red conglomerates were degmbbifore the Ns extension began.
He also proposed the main active faulting in Blyuk Menderes graben migrated from

south to north betweenzMa.

Cohen et al(1995) suggested that the Neogene sediments in the Blyuk Menderes and
Gediz grabens are syacbonic and these grabens developed as agnalien.



Bozkurt (2000) studied the timing of extension in Blyik Menderes graben and
proposed that Biyluk Mendergsaben exhibits twestage extension. Age of the
second NS extension was initiated during Pliocengeh also coincides with the start

of theslip on the North Anatolian Fault.

Kaymak-é& (2006) studied the kinematic de
two extension directions; NEW and NWSE. Based on paleostress data he suggested
that these two @gnsion directions are active from Late Miocene to recent and they

interchange frequently through time.

Alcicek et al (2007) investigated the Neogene sedimentary rocks around Denizli and

made detailed facies analysis. Graben fill of Denizli Bagas initiated by the
Babadaj fault | ocated at the southern p.
i sot ope ge ot theyiclainmed that Bafly - Middle Miocene aged

K é z & | Fermationrdepositednderhumid climaic conditionsin an alluvial dista}

mid fan environment. Depositional environment of Middle Miocehate Miocene

aged Sazalkrormation wasmuch more aridand saline which represents a lake
environmentThe depositional environment changed into a deep brackish lake during

the deposition of Late Mcene- Late Pliocene aged Kolankaya Formation.

Gurer et al(2009) studied the development of Buyik Mendegraben. In this study

two set of faults were measured: 1) NE and NW trending subvertical oblique faults
and2) E-W direced normal faults. Theyreported that NE and NW trending faults
both limit the extension of LateMiddle Miocene and control the deposition. On the
other hand, BN trending faults were found adjacent to strata deposited in current
graben configuration. Upper Pliocentpper Pleistocene rocks both cover Miocene
units andmetamorphic rocks with angulamconformity suggesting that Miocene

rocks were not deposited in theVEEtrendinggraben.

Faulds et al(2009) compared and characterized the geothermal fielagestern
Turkey including Kézel der ethgy8A TWwoeypemmal f i
off aults that contr ol Kéezél d\estrilking goetb t h e r me



dipping normal faults and NE striking subvertical transverse faults. They also reported
t hat Kézeéel der e ¢ e o easterredgadf Buyik Mendkressgtaben ds on t h
wher normal faults lose displacement arithngeinto splays further enhancing

permeability and porositgf the rocks.

Cifci et al (2011) worked orthe seismic sectionsocatedw e s t o f the Kézeld
geothermal field near Nazilli and claimed that Blyuk Menslegeaben is a
supradetachment basin wheleposition of théVliocene unitsvascontrolled by EW

striking BUyuk Menderes detachment fault. Seismic data also showedhibat

detachment fault has a listric geometry andstwrizontal at 10 km depth. Theisa

recognized NS striking strikeslip faults in the area and proposed that they evolved

after thedevelopment of thBlyuk Menderegraben.

Ko-yijJit (2015) st udheBilyiuk iylendereb and ofesdifieds y st e ms
them as faulcontrollednon-magmaic systemsThe heat source fothesesystensare

zones of shallow curie points at depths e18.5 km where crustal extension and rise

of asthenosphere occurred. Most of the hot water springs are located in the Buyuk
Menderesdetachment zone which impB that it is still being used for e

geothermal systesnSecondly, high angle normal faults ticatthe detachment fault

share the circulation of meteoric water and upwelling geothdhamdsé. He proposed

that wellaimed drilling at the intersectiorof high angle normal faults and the

detachment fault would yield higher potential in terms of geothermal exploration.

Kaya (2015) i nvestigated the Ortak-e& and K
Menderes graben. He reported that main structures controfisndgneat and flow

transfer are: 1) Relay ramp areas of normal faR)tstersection of NStrendingcross

faults and high angle normal faylt8) termination of major normal faults with

horsetail structured) nearly parallel extensional craattevelopedn front of major

faults. In addition, knematic analysis of faults showed an NNESW extension

direction.



Roche et al(2018) reported thasotopic studies of hot spring waters located in Buyuk
Menderes detachment zone shammtents omantle volatiles. Detachment fault plays
the first-order control on geothermal systems with their desyis Fluids migrate
from the deep crust by both thermbuoyancy mechanism and deformation

mechanism, where the heat is generated by techotiaty.

1.5.Regional Tectonic Setting

Turkey is located in the Alpinklimalayan belt, which formed during the closure of
the Tethys Oceafiom Mesozoic to Cenozoic, andvolved the collision of African,
Arabian, Anatolian and Eurasiarmplates (Bozkurt and Mittwede, 2001). Plate
boundariespanninglrurkey are South AegearCyprian subduction zone, the sinistral
Dead SeaFault East Anatolian and North Anatolian transfoffiawlt systems.
According toEurasiafixed Global Positioning System (GPS) velocitigge Arabian

plate moves north at a rate of 8 mm/yr near South Ae@ganus Arc while western
Anatolia moves southwestward at a rate of 35 mrjeClusky et al., 2000)The
relative motion between these plates indicates the seestward retreat dhetrench

which was caused by reflack of the slab beneath Anatalize Pichon and Angelier,
1979; Moores et al., 1984; Royden, 1993; Govers and Fichtner, 205¢ollison
betweenthe Arabian plate and Eurasia occurs from the 15 mm/yr northward
movement ofheArabian plate relative to Euradiidahle et al., 1998)Anatolian plate
escapes towards southwest from this collision at a rate of 20 mm/yr through North
Anatolian and East Anatolian fault system& eng®°r , 1979; Or al et
et al., 1997; McClusky et al., 2000).

Neotectonics othe wesern Anatdian extensional province is mainly characterized
by the NS extension and-BV trending grabetorst systemsitervened with NESW
grabens. Origin of the grabens and the mechanism axtemsionand ageof this

extensionin western Anatolia ha®ng beensubjecedto debate Four main models



were proposedl) Westward escape of the Anatolian PldgBackarc spreading

mode| 3) Orogenic collapse model) Episodic twestage graben model.

Westward escape of the Anatoliglate model suggests that thethwardmovement
of the Arabian Plateand collision along the BitliZZagros suturetriggered the
westward movement dhe Anatolian plate Kengor, 1979kengér and Kidd, 1979).
Oceanic lithosphere of the African plaseibducts into Anatoliadegean plate.
Initiation age of this subduction is still debated aady from aboutl2 my (Dewey
andkengor, 1979kengo6r, 1979) t&@ my (Westaway, 2003, 20045 my (Barka and
KandinskyLCade, 1988; Armijo et al., 1999; Barka, 1992; Westaway, 1994a and b),

and4 my,end ofPliocenekargl u and Yél maz, 1991).

Backarc spreading model is based on the southwkatopull on the Anatolia Plate
from the subduction ofthe easternMediterranean oceanic lithosphere under the
AegearZAnatolianplate. Southward migration of the Hellenmolcanicarc initiated
and backarc extensiorcommencedn the overlying platdMcKenzie, 1970, 1972,
1978; Jackson and McKenzie, 1988; Le Pichon andeher, 1981; Meijer and
Wortel, 1997; Jolivet et al., 2003, 2013; Philippon et al., 20Répeated rollbacks
wereidentified alongwith the downgoing slab, anblerate of the rollback isstimated

to be up to 3 cm/yRhilippon et al., 2014

Orogeniccollapse model proposes that the cause of the spreading and thinning of
overthickened crust is the collision aodgoingtectonic uplift (Dewey, 1988). As a
consequence dhis collision andN-S shortening, the crust reached to a thickness of
more than 565 kmat the end of the Eocen@&engor et al., 1985; Rimmele et al.,
2003. This resukd in the upliftof the crustand dter the convergence stopped the
thick crustbegan tospread and thimesultingin the orogento collapse This was
followed by a regnal norttsouth extension artéctonicuplift (Dewey andkengor,
1979;kengor, 1979; Dewey, 1988; Dewey et al., 1989

Episodic twestage graben model suggested two different episodes of extension and a
shortlived compression (Bozkurt and Park, 19%dp - y i J i t et al ., 1999;

10



200 2; Yél maz et al ., 2000; Ko-yijit and
Purvis and Robertson, 2004, 200;5;YéBonzakzu,r t
2017) The frst extension in the Aegeamestern Anatoliabccurs after the orogenic

collapse (Burchfiel et al., 2302008) and this was followed by a compressional phase
presumed to be initiated by a change in the kinematics of Eurasian and Arabian plates.

The second M6 extensional periodvas started bythe wes$ward escape othe

Anatolian platedue toseafloor spreading dhe RedSea (Hempton, 1987).

Evolution of the Western Anatolia andW trending grabens from Late Cretaceous

to Quaternary can be summarizediatagesKigure 12).

Subduction acreation complex
Sakarya
Izmir-Ankara | continent

Taurides
S Ocean

E Late Cret.

Late Olig-Early Mioc.

Obducted
ophiolitic slab

Late Mioc-Early Plioc.

L Late Cret.

Ophiolitic
Melange [7pr-Ankara
Suture

N S
)
F Quaternary

Anatolides
Lycian nappes

N

C

Late Cret-Eocene

Figurel-2. Schematic crossections illustrating consecutive stages of the tectonic evolution of
western Anatolia (Y&l maz, 2017).
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a) The closure othe rorthernbranch ofthe Tethys Ocear{ K z-Amkara Ocean)

statedthe convergence period between Taurides and Sakarya cosimEatly Late
CretaceougkengorandY é | ma z , 1981; YéIl maz,; YeB8Bihapz Yél ma.
2017).

b) Thrustingand emplacement of ophiolitic slabs metamogw@dthe subducting
Tauride/Anatolide platand formedhe future Menderes Msif ( Y&l maz, 1981) .

c) Movement of giant nappe packages and ophiolitic siadms north to south by

thrust tectonicsontinued between Late CretacetmEoceneforming/deforming the

metamorphic rocks ofMenderesMa s s i f (Yel maz, 2017) . Afte
metamorphic rocks were started to uplifttia¢ Late Eocene Oligocene Y € | ma z

1997; Burchfiel et al., 2003.acassin et al., 2007).

d) Western Anatolia andMenderes Mssif suffered anorth-south compressional
deformationbetweerLate OligoceneEar | y Mi oceneAs(@Yesultoiaz, 2017)
this high-grademetamorphicocks wereahrust and emplacesbove thenetamorphic

cover rocks Compression stage ended due to the collapse of the orogeny and a new

extensional phase began. During this extension approximatels\WHErending

grabens formed and Lower Miocene terrestrial sediments deposited directly on
metamorphic and ophioliticrockKsY él maz, 2017) .

e) A regionalerosionoccurred duringhe LateMiocene- Early Pliocene periodoth

metamorphic rocks and N&W trending graben fills were covered by interconnected

lakes that actssaar egi on al caprock. BozdapmenDodb me uplift
Bozdaj detachment fault (Yélmaz, 2017).

f) As a result of the current-8 extension in the Western Anatolia, during Pliocene
Quaternaryperiod E-W trending grabens superimposed on th&VEnd NE-SW
Miocene basinsesulting intthe current morptlogy (Yazman et a).1998; Temel et
al., 2004; Uzel et a).2012)

12



CHAPTER 2

STRATIGRAPHY

The iock unitscropoutn ear Keéz él der e g e o tpredausiybyl fiel
various researcher§ ki mk e k , 1984, SunKaym®@&k-:€,BozB&W
Alcicek et al., 2007 Gurer et al.,, 2009K o - y i ] i.tHpwev2rOtlete )is no
agreemenbn the namin@ndages of theunitsin the region(Figure 2-1).

Simsek Sun Bozkurt Kaymakgi Algigek et al. Giirer et al. Kogyigit :
Age (1984) (1990) (2000) (2006) (2007) (2009) (2015) This Study
Alluvium, Unit C Alluvium, UnitC Alluvium,
L ATRYIOR A ni Travertine -~ Feslek Fm. | Alluvial Fan
CAAANANNAARANAN NAAANAN
Alluvium,
Travertine
Pleistocene Asartepe Quaternary
a3 Fm. Units Tosunlar Fm. Subunit B1 | Tosunlar Fm. | Tosunlar Fm.
NANANANNN
NMANANNN . NMANANANNN
° Gelasian Tosunlar Fm. Ulubey Unit B AMNANANANNNRNANANNNRNNANNNN RNANANANNAN
g S |Piacenzian Fm.
\NANANANNAN
_§ - Kolankaya Fm. Pliocene
o) £ |zanclean Sazak Fm. Kol:::(aya Units
w Kizilburun Fm. ' Kolankaya Kolankaya
Fm. Fm.
’ | Stratigraphic
s Sazak Stratigraphic Gap
Messinian Fm. Late Miocene Gap
® Units
© Stratigraphic
A Gap AAANANAN/
" Kizilburun [N
Tortonian Em.
Sazak RAAAANAARAAAAAA - Sazak
Fm. Fm.
g Serravalian
o
o
9T :
= Langhian Subunit A2 Kizilburun
Early -Middle Group
i Miocene Kizilburun Kizilburun
UnitA Units Fm. Fm.
Burdigalian
>
=
©
w Subunit A1
Aquitanian
Pre-Miocene

Figure2-1. Stratigraphic comparison of the present study and previous studies complied near
Kezéldere geothermal field.
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In this thesis, we have not conducted deyailedstratigraphical or sedimentological
studyin the areasincethey areoutside the scope of this work, but in order to et
better understanding of the stratigraphic contacts, resemvdicapock properties and
petrologic description of cutting samplield geology was essential. geological
mapof the study area alhe 1/25000 scalevascreated (Figure-2).
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Stratigraphy of the study area from oldest to younigetidesthe Menderes Massif,

Kezél

and Quaternary aged alluvium deposits (Figu® 2 .

bur un

For mat

Sazak
Rock

on,

For mat i

S

on

exposed

geothermal field are subdivided intavo basic categories: (1) Menderes Massif, (2)

Neogene Basin Hrill.

Q
o . . " €3
o Unit/Thickness| Lithology Description g2
O 0O
2
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% NARARAANANAA Angular Unconformity
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Figure2-3. The generalized tectonstratigraphic column of the study area.
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2.1.Menderes Massif

The Menderes Massif, first identified and namedPtylipson (1918)is the largest
tectonicunit of western Anatolia. Thisnetamorphic massif is locatdzetween the
IzmirZAnkara suture in the north and the Taurides in the southur@i4). The

Menderes Massi€onsists oftwo different metamorphic rock assemblag@s core
rocks b) cover rockgBozkurt and Oberhansli, 2001; Candan et al., 2011).

Marmara
40
Gulf of
39
38
©
-
7]
c
(]
o
o
)
<
37
0 20 40 ©@am
36
Metamorphic basement i 2 Cretaceous flysch and
- of Sakarya Continent - Tauride tectonic unit olistostrome assoc.
Jurassic to Cretaceous
Metamorphic nocks I:J Eoae
- of Menderes massif :L'::,?tztl""::"d - Ophiotic melange
- Ophiolite (Cret.) Peleocene-Eocene - Eocene detrial
detrial rocks rocks
Granitic plutons = Neogene volcanic Neogene to recent
(Upp. Olig.-Low Mio.) ’ﬂ_\ | rocks sedimentart rocks
Figure2-4. Geology map of westethn at ol i a showing its main tectoni

DG = Demirci graben; GG = Goérdes graben; SG = Selendi graben; U@ kU Ul ubey graben;
= Bergama graben; GDG = Gediz graben; BMG = Biyik Menderes graben SOG = Soma graben; DP

= Dilek Peninsla; S6 G = Stke graben; BH = Bogdworst; OG; Oren Graben, YG; Yatn
Graben, KT; The Kaldavas basin, LN; Lycian Nappes, LNF; Lycian nappe front , A, C, D, Iz and

M; cities of Aydén, ¢anakklal e, Deni zli, K
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2.1.1.Core Rocks

Core rocls of theMenderes MassHregenerally composeaf augen gneissjuartzite,
metagraniteand other high pressure/high temperature metamorphic rocks ef Pan
African basement (550520 Ma) kengor et al., 1984; Candan et al., 2001, 2011;
Erdg an and Ging612004; Bozkurt and Oberhansli, 20@berhansli et al., 20}0

In the study area and throughout Blylik Menderes graben thegdrjam basement

rocks are observed as tectonic slices that thrust over cover rocks.

In the study area, core rocks expose talsditewe st of t he [Kigureél der e Vi |
2-2). In addition, cutting samples and cores showed that these flighdks thicken

toward west and range between 30000 metersStudied augen gneiss are generally

very coarsegrained, brittle, highly fractured extensively weatherednd sheared

(Figure 25). Porosity and permeabilityof these rocks ar@igh due tomultiple
deformationoccurredand they are one of the suitable reservoir rockgdothermal

fluid accumulation n t he Kthemalfilder e ge

Figure2-5.Closeup vi ew of <core rocks neafor@sllodatichavcéel é Vill a
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2.1.2.Cover Rocks

The second major rock assemblagjethe Menderes Massif consists of lgrade
variousschists, phyllitesquartzite and marbleSchists include garnéearing mica
schist, caleschist, quartanuscoviteschist and chloriteschist. Two marble bearing
rock assemblagesvere identified. Theseare observed either as schisarble
intercalation or massive. Age tis massive marble was determined as Mesozoic
while the other cover rocks were aged as mostly Paled2oray, 1982; Konak, 2002;
Konak andkenel, 2002kengor et al., 1984; Bozkuaind Oberhansl2001; Gessner

et al.,, 2011; Candan et al., 201The aiginal succession of Menderes Massif was

disturbed due to multiple deformations and metamorphisnthieueconstruction of

Menderes Massif can be displayedrigure 26.

Allochthonous units: Ophiolitic

units

Transitional zone- Phyllite
marble, Schist, Phyllite-marble
envelopes

Schist cover-Paleozoic

Pan-African Basement

nappes and para-autochthonous 1

| Camp-Maast
o Upper. Cret.

Is
N

| § Jura-Cret.
@

1=

Triassic

Paleozoic

Early Paleozoic

Paleozoic

Cambrian-
Pre-Cambrian

-

] magmatic rocks

Lithology I  Event

|
Olistostrome-bearing flysch z
Fiyschiike sq, Olistostromes > Flex.ural Foreland basin dewelt?pment )
Red. Pleag. Its. Rapid subsidence of t.hel Passive margin,
t ’ Approach of the Ophiolite nappes
|

Marble —‘-> Passive cont.margin

Schists-phyllite-marble allemalionl Tethyan
Metaconglomerate and felsic—}-3» Rifting sq.

Black marble
Schists-phyliites

Quartzile
Metaconglomerate-sandstone

New transgress.

Metagabbro

.Metagranite

Schists of sediment protolith
Para and orthogneiss and
metagranite (613-2550 m.y)

Pan-African Core

N .

Figure2-6. Generalized stratigraphic section of the Menderes Massif prior to the metamorphism and

def or mat.

In the study area, cover rocks excluding the massive maxgeses within the

footwall of Gokdere FaultHigure2-2). Borehole data suggestealuableinformation

on (Candan et al ., 2011;

Yél

about the cover rocks. Thrusting was highly active within these rocks and it is almost
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Impossible to correlate cover rocks from the drilling cuttings tb this extensive
thrusting. For this reason, Menderes Massif should be viewed as a combination of

different tectonic slices.

2.2.Neogene Basin IFill

In the study areathe basiHill rocks are represented bhhe Keé z €1l bur un, Sazak

Kolankaya,Tosunlar formations and Quaternary alluvium deposits.

221Kézél burun Formati on

Kézeéel bur umad ofrimagti odhef i ned and named by ki mk
i's the Keézél bouahafthe stddy larea. HadydVidoterédhrly Middle

Miocene @ged (Algicek et al, 2007)K € z € | Foumatiom rests withan angular

unconformity on cover and core rocks of Mendekéassit The lbwer part of

Kézél bur un carF e chardcterzed as matrix-supported, unsorted,

polygeneti¢ boulderblock conglomeras with redorown colored mudstone and
sandstonentercalations The gain size of the conglomerate ranges betwaéew

millimeters to several meters and shoavgradual decrease towards the top of the
formation(Figure 27).
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Figure2-7. Closeup view of bouldeb | ock congl omer ates of Keézel
Cankurtaran Hill (see Figure2 for its location).

Clastsare generally angular and consist of metamorpiok piecesBedding planes
are hardly visibleand thicknessanges up to 2meters Conglomerategiradually pass
into sandstone and mudstone alternati®andstones are pale yelloed colored,
mediumbedded, poorly sorted, mediutoarse grainedndwith no visible grading.
Mudstonesare redbrown coloredmediumbeddedandwith silty levels. Sedimentary
depositsi n t he | ower pamation iodicateKachiglke enkrgyr faulh

controlled environment depositedagsroximatmid alluvial fan (Algiceket al, 2007).

The upper p a Formatohcongisisofemadsiver rathioredmudstones,
laminated siltstonsandstone, conglomerates and thin limestones alternating with
coal Compared to the lower part, grain sigegenerallyfiner in the upper part,
beddingsbecome clearer and show a fining upward grading. Limestones are beige
brown colored, thirthick bedded, micritic and alternate with c@aigure 28). Coals

are blackdark brown colored, thickery thickbedded (up to 3 me®rwith organic

21
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plantremains.The wpper part otheK & z é | AFomatianndeposited asdistal fan

where fluvial deposition is much more dominant (Alcieglal, 2007).

Figure2-8. Closeup view of imestone o al al ternation of ®Hé&zél burun Forn
Gokdere Fault (see Figure2 for its location).

K & z € | Hormatianexposes on the northern flanktbe Blylik Menderes graben
towards the south ahe GokdereFault (Figure 2-2). Borehole data show similar
lithologiesand most of the facies were identifidad.cording tobothfield observations
and borehole dat#his formationwaslimited by the Pelitliaddault and it is absent
towardswest oftheK € z & VilkhgerKee z €1l bur un For mati on i s a goao

geothermal system because of the low permeable mudstone levels.
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2.2.2.Sazak Formation

This unit was first def.ltntgpd localityds thDddme d by
Sazak Villagelocated northeast of the ¢udy area.Age of this formation was
determined as MiddI®liocene- Early Late Miocene (Alciceket al, 2007)and Sazak

Formationrestadforma b | vy o n K#énatend Agure 20n F

Figure2-9.Closeup vi ew of gradual contact between the 1
Formation and clayey limestones of SafFakmationnortheast of Cankurtaran Hill (see Figur@.2
for its location).

The bwer part ofSazakFormationcan becharacterized bgrey-green colored marl,
brown-colored claystone and clayey limestone alternations. Marls are generally thin
medium bedded and parallel laminated. Clayey limestones are ywhae colored,
medium to thickbedded with occaonal fossil content while claystones are thin

bedded, with silty and organieh levels (Figure 2.0).
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Figure2-10. Closeup view of yellowwhite colored clayey limestone and browoloredclaystone
alternation of Sazak Formation near Orenli (see Figt2ef@r its location).

The mddle part of Sazak Formation consists of massive limestones alternating with
sandstones. Limestones are generally light browlared, very thickbedded,
massie, karstic, partially dolomitized and contain tlgchert andgypsum layers
(Figure 211). Gypsumcontent generally increases towards the top of this formation
which indicates an increase in evaporative conditions. Sandstones aregnsfiite
colored, mediunbedded, medium to firgrained, weHlsorted and consolidated with

carbonate cement.
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Figure2-11. General view of massive limestones of Sazak Formation near Orenli (see FRjdoe 2
its location).

The pper part of this formation is composed of clayey limestones and ongemic
calcareous shale facies. Carbonate shales are-bgige colored, very thin laminated

and with organigich intervals. Rocks observed on the lower part of Skpakation

indicate a deep lake environment while through the upper part anhydrite content and

limestone advance indicaadow energyyeryarid, shallower lacustrine environment.

Distribution of Sazakormation is wide and exposes both in north and sibank of

the Blyuk Menderes grabeRigure2-2). Borehole data show similkthologiesand

mo st of the facies were identified.
Formation is also limited towards the westlgK & z & VilkagerwehthePelitliada
Fault. In terms ofthe geothermal system, this formation provides an excellent
reservar because of its karstic nature and brittle rheology. Hot springfuamatoles
were identified on limestone units thie Sazak Formation in the study area (Figure 2
2, 212).
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Figure2-12. View of fumaroles on limestone units of Sazak Formation in Gebeler Valley (see Figure
2-2. for its location).

2.2.3.Kolankaya Formation

This wuni't was first def i.ftsetype lacality isthe med by k-
Kolankaya Hilllocatedeastof the study areage of this formation was determined

as MiddleLate Miocene- Late PliocendAlgicek et al, 2007) Kolankaya Formation
restsunconformablyon both MendereMassif and Sazak Formatiohhis formation

can be characterized by laminated marl and rare occasions of sandstone and bioclastic

limestone intercalations. Marls are generally gndyte colored, parallel laminated to

thick-bedded withgypsumlayers and occasional fossil content (Fg213). On the

other hand, bioclastic limestones are light gyellow colored and composed of

abundant fossil fragments with carbonate cement.
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Figure2-13. Closeup view of bioclastidimestones oKolankaya Formation near Orta Hill (see
Figure 22. for its location).

Marl deposits indicate a much deeper, low energy lacustrine environmgnt
brackish water conditions compared to S&zak Formation (Algicek et al., 2007).
Kolankaya ermation outcrops both thenorthern and southern margin of the Blyuk
Menderes grabenF{gure 2-2). Borehole data is slightly different than field
observations. Generally, the thickness of this marl dominated formation is around 400
meters (up to 774 misome wells). However, durirthe field study no such thick

marl outcrop was found. Probably, this formation was extensively weathered due to
I ts high susceptibility to weathering.
KolankayaFormation passes througfhewest oftheK e z é1 der e Vi |l | age
unconformity on core rocks dhe Menderes Massif. In terms dlfie geothermal
system, this formation is an excellent caprock because of its high thickness, lateral

continuity and lowpermeability.
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2.2.4. Tosunlar Formation

This unit was first def i.ftsetype lacality isnthemed by k|
Tosunlar Villagdocatednortheasiof the study areaige of this formation was defined

as Early Quaternar(gSar é c a, 2000; 1S9%Z0;i | Kay nmankd- éE mr2e0,0 6
Tosunlar Formation covers all of the oldeckswith a regionalnconformity (Figure

2-14).

Figure2-14. Closeup view of unconformity surface between Kolank&gamation and Tosunlar
Formation near Orta Hill (see Figure22for its location).

Tosunlar Formation consists géllow-brown colored, polygenetic, poorly sorted,
pebbleboulder conglomerate and occasional mudstone intercalations (Fidibe 2
Generaly, grain size ranges from pebble to boulder while the clasts are subrounded

and composed of metamorphic roakisMenderes Massif and limestone clasts
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Neogene basin ifill units. Beddings are weakly developed with erosional bases and

rock ispoorly conslidated with a sandy matrix.

Figure2-15. Closeup view of pebbldb oul der congl omer ates of Tosunl ar
Village (see Figure-2. for its location).

Tosunlar Formatiordeposited as a fawttontrolled high energy debris flow on
mountain fronts. In the study area, Tosunlar Formation exposes on both flanks of
Blyuk Menderegraben, in front of NESW and EW trending normal faultsHigure

2-2). Borehole data show simillirhologieswith field observations.

2.2.5.Quaternary Deposits

Generally, these Holocene units consist of loose, poorly sorted, pebbles, sands, muds
of alluvial fan and fluvial deposits. Alluvial fan deposits are found near the margins
of the basin whildluvial alluvium deposits are found at the center of the basin.

29






CHAPTER 3

STRUCTURAL GEOLOGY

Faults are one of the main components of an extensional domain type geothermal
system (Moeck, 2014). They have two important tasks: 1) Faults are the pathways of
hot geothermal fluid andcold meteoric water that recharges the syst2jiaulting

and bittle deformation further enhance the reservoir characteristics of rocks by

creating secondary porosity and permeability.

In order to understanthe structuralcontrolsof t he Kézél dere geot
characteristics of faults were studied in termg®dlogical mapping ahe 1/25000

scale in the study ard&igure 31). Fault plane data, which include dip, strike, rake

and sense of movement, were analyzed with-Wénsor software elvaux and

Sperner, 2008 At least 5 different samples were measwaledg the same fault plane

in a short distance in order tweate a reliable paleostress reconstructiorthese

geothermal systemsthe importance of the low angle detachment fault was
emphasi zed by many researcher Kaya(®Wul ds e
Roche et al., 2018). We recognize this fault as part of the system but further

investigation of the detachment fault was out of the scope of this study.

According to field mapping and observatiofailtscan bedivided into two categories
basel ontheirtrend: 1) N-S trending subvertical fault®) E-W trendinghigh angle

normal aults.
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Figure3-1. Structural map of the study area draped ¢tlebDigital Elevation Model (DEM).
Paleostress locations and plots are also included
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3.1.N-S Trending Faults

In the study aredhesefaults are NNW and NNE trendingybverticaktrike-slip and
oblique faults. @nerally thesewerecut and displaced bl-W trendingfaults. Best
criteria to recognize these structures in the feglelslickenlines, steep fault scarps,
suddenchangs in slope, highly deformed armlecciatedocks. These faults can be
easilyobserved in the field by 1$ directional incised valjs. Amongthesevalleys
slickenline data were obtained and photographed. In terms of geothermal activity hot
springs, fumaroles, hydrothermally altered rocks were commirS trending faults
(Figure 22). These incised valleys have their own draintogé supplies the syem

with cold meteoric watemyhich is transverse to the Blyik Menderes Riweich as
Kavak Stream, Acékuyu Stream, Cankurtarar
andS ¢ t | e] e n(Figure $1).rNeSatmandingfaults are a major part of this
geothemal system since theyct as a condufor both hot geothermal fluids and cold
meteoric water that feeds the systérhe ativity of these faultgs evidenced bya
number of fumaroles and weliscated on thenwhich indicate these faults are used
extensivelyas a conduitor geothermal fluidgFigure 22, 2-12).

3.1.1.Gebeler Fault

Gebeler Fault is a 3km long, high angleg(*-86°) fault that dips towards west. It
starts near Kézéldere geot her mal power p
Gebelerstream with NNW trend along the northern marginh&fBuyik Menderes

graben. It cieand deforrs Menderes Massif, Middle Miocend.ate Miocene Sazak

Formation and Late MiocenelLate Pliocene Kolankaya Formation. On the other

hand, this fault was cut drdisplaced by most of the\® trending faultsresultingin

a change in its trend. One of significantdisplacements occurs along the intersection

of GokdereFault, which is one of the major-® trending faults, where the Gebeler
Faultwasdisplaced vdically and laterally(Figure 3-1). Steep fault scarpdineated

hot springs and fumarolesuddenchangs in slope,deeply incised valleysand
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slickenlines on fault planes wensed to recognize this fauRault slicketines with
two overprinted sets was observed along the Gebaldt (Figure 32). Older set of
slickenlines (R1), which show dextral strikkp faulting, was crossed by normal
faulting (R2).

Figure3-2. A) General view othe surface of Gebeler Fault; B) Cloesg view of two overprinting
set of slickenlines in Gebeler Vallefgee Figure3-1 for its location) R1: Older set showing dextral
strike-slip faulting; R2: Youngeset showing normal faulting.

Paleostress reconstructishowedthatR1 set was dextral strikeslip fault while R2
was a normal fault with NEERNWW extension (Figure -3). This fault formed

originally asa dextral strikeslip faultand lateiit reactivated to be a normal fault.
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R1 Slickenline Data
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©ol: 33382
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2 N45W | 75SW | 35N | Dextral | [[elos: ceror
3 N47W | 66SW | 38N | Dextral ||2wo awe o
4 N45W | 60 SW 12N | Dextral ||*
5 N42W 81 SW 15N Dextral | |s
6 N36W 82 SW 12N Dextral
7 N38W 80 SW 15N Dextral 0 Sum of Weights 2

R. Optim. F5 ‘ N

Schmidt Lower
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R2 Slickenline Data
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Figure3-3. Two ses of slickenlines measured from Gebeler Fault and paleostress reconstruction
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Apart from slickenlines3 fumaroles were found along Gebelault on limestones

of Sazak Formation, which indicates this fduds a significant role ahis geothermal

system (Figur@-2, 2-12).

3.12Kar at ak

Kar at ak

west.ltst art s

Faul t

Faul t

from Karat ak

Vi

age

Wi

I B6°-88°) déxtreb strikestip fault thay dips ®waede p

t h

stream with NNW to NS trend along the northern margintbé Buyiuk Menderes

graben. It cigand juxtaposeMiddle Miocene- Late Miocene Sazak Formation and

Late Miocene Late Plbcene Kolankaya Formation. Similar to the GebEéaiit, this

fault wasalso cut and displaced by most of thé\Etrending faults resultingin a

change in its trendteep fault scarps, suddehangs in slopegdeeply incised valleys

and slickenlines weresed to recognize this faFigure 34).
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Figure3-4. A) General view ofhe surface f Kar at a kK -Gpaiaw of slickeBlnes6rl o s e
Karatak Fault ¢seeFiguwe-1fa fisdoaation) Val | ey

Pal eostress r econst Faultidadexial striksbpvaaldvittt hat Kar at
high (02 values (Figure-5).

No Strike | Dip(°) | Rake(°) | Sense R OpSmeEs N S Wy
1 N14W | 86SW 8N Dextral | ("
2 N26W | 76 SW 12N Dextral
3 N25W 86 SW 16N Dextral ©ol: 18/025
4 N12W | 82SwW 15N | Dextral %:ﬁj e
5 N20W | 80SW | 13N | Dextral | |585 Eee
gnmonFS
30
* 0 Sum of Weights 20 '
Figure3-5. Sl i ckenl i nes rRaulasrud epda Iferoosnt rKeasrsatraekconstructi on
direct inversion method on Schmidtés | ower hemispher
arrow: 01; Black dot: @1 vertical; Grey dot

Seismic settons showed that this fault continues along the southern margin through

Kavak Stream.
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3.13Demirtak Fault

D e mi Faulaixa2 km long, steep?d7°-85°) sinistralstrike-slip fault with a strong
normal componerthat dips towardsast It outcropsnearkK € z é Vilthge wigh NNE
trend and continues alohga v asttelan® with NNE to N-S trend along the northern
margin ofthe Blyuk Menderes graben. It cuanddeformsMiddle Miocene- Late
Miocene Sazak Formatio Similar to theother NS trending faultsthis wasalso cut
and displaced by most of the\W trending faultsresultingin a change in its trend.
Steepfault scarps, sudderhangs in slopedeeply incised valleyand slickenlines on

fault planes weresed to recognize this fafigure 36).

Figure3-6. A) General view othes ur f ac e d&dult; B)and iCy Qlosew view of
sl ickenl i n é&altan Kavdk ¥atiey (seed-kuBel for its location).

Paleostress reconstruction showed tBae mi rFauk ks a normal fault with

approximately NESW extensiorf{Figure 37).
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Figure3-7. Sl i ckenl i nes mEaaltandpaledstrdsgconsirudian nsing t a K
Angelierbés direct inversion method on Schmidtds | owe
62; Black arrow: 01; Black dot: @1 vertical;

3.1.4.Pelitliada Fault

PelitliadaFault isanother steep NNE trending faldtated in the Kavak Valley. It is

a2km long, steep (8) normalfault with asmall dextral componethat dips towards

east FaultoutcropsnearK & z & NVillagerweth NNE trend and continue alorige

western flank of Kavakalley with NNE to N-S trendin the northern margin dahe

Blyuk Menderes grabenThis structure is one of the major componentsthaf

Kézéel dere geothermal field based on two reas:c
core rocks oMenderesMassif and Miocene rocks; 2) it marks twestern edge of

pal eo basin (Kézél buSimilar toadheatherN& zrendingFor mat i on
faults thiswascut and displaced by most of theVi trending faultsresultingin a

change in its trendteepfault scarps, sudderhangs in slopegdeeply incised valleys

were used to recognize this faulnfortunately,the number of slickenline data is

limited to this fault because of extensive deformation on the fault plane. Measured

slickenlines indicate that this normal fault has a trend of NA&dEdips at 80with

75° rake to the south (Figure8.
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Figure3-8. A) General view ofhesurface of Pelitliad&ault; B) Closeup view of slickenlines on
PelitliadaFault on Kavak Valley (see Figul for its location).

3.155Payaml ek Faul't

P a y a Rdul&isa steep NNE to NNW trending fault located in the Arap Vadleyng
the southerrmargin ofthe Blytk Menderes graberit is a 1.6 km long, steep (~8)
normalfault that dips towardseast Faultoutcropswell atArap Valley withNNE trend
and continues owar ds P awitla NNWetkerd. Kbimllat to theother NS
trending faultsthiswasalso cut and dplaced by most of the youngeiV trending
faults resultingin a change in its tren&teepfault scarps, sudderhangs in slope,
deeply incised valleywereused to recognize this fafigure 39).
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Figure3-9. Gener al viFewl tofs Paypmhé&&r Palfoaitalo@ton)Hi | | (see

3.1.6.Minor Faults

OtherN-S trendingfaults studied from west to east algown as Fault AFault B,
Fault C, Fault D and Fault E on theological and structural map givenragure 22
and 31. These minor structures are generally secondary faults developed as synthetic

or antithetic tahemain fault.

Fault A, located on the northern margintbé Blyik Menderes grabers NNE to
NNW trending, 18 km longsteep(~75°) normal fault that dips towards eastciits
andjuxtaposedMiddle Miocene- Late MioceneSazak Formation arichte Miocene
Late Pliocene&kolankaya Formation. Although slickenlimista is scarcesteepfault
scarps, suddechangs in slopedeeply incised valleysere used to recognize this

fault. Probably this fault was developed as an antithetic to the Gebeler Fault.

Fault B, located on the northern margintioé Buyik Menderes gram, is another
antithetically developed fault to the Gebekault with trend nearly parallel to the

Fault A It is a2 km steep(~75°) normal faultdipping east andieforming Early
Miocene-Mi ddl e Mi ocene K anméd Miocene: bate Mmcemea t i o n ,
Sazak Formation aricate Miocene Late Pliocend&olankayaFormation.Steep fault

scarps, sudden changes in the slopé&mhationsurfacesgeothermal alteratioand

sudden changes inogewerecommonlyobserved along the fault zareis possible
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to track this fault fr omadeeplyiacmed narréew t o
valley (Figure 310).

Figure3-10. General view of Fault B surface near Cankurtaran Valley (see Rgufer its
location).

Fault C, located on the northern margin tbe Blylk Menderes grabens a
syntheticallydeveloped fault to the GebelBault with trend nearly parallel to the
Gebeler Fault It is al1.6 km steep(~70°) normal faultdipping west andleforming
Middle Miocene- Late MioceneSazak Formation arldate Miocene Late Pliocene
KolankayaFormation.Steep fault scarps, sudden changes in the slope and sudden
changes in slop@erecommonlyobserved along the fault zarieis possible to track

this fault fromK ma m aitlio theé east o€ankurtaran Hill aadeeply incised narrow

valley.

Fault D locatd east of Gebeleralley is a steep (~7pbnormal fault with NNE to
NNW trend that dips towards west. Fault D cuts Béitidle Miocene- Late Miocene
Sazak Formation aridcate Miocene Late Pliocen&olankayaFormation This 2 km
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long fault starts from# Kmam Hi | | and continues along ac
towardsthe north until it fades south of GokdeFault. Most probably this structure

was developed as a synthetic to the Gebeler fault.

East dipping Fault E was recognized asmatitleeticfault of thewestd i ppi ng Kar at ack
Fault. Fault E cuts and juxtaposes bdtliddle Miocene- Late MioceneSazak

Formation and_ate Miocene Late Pliocené&olankayaFormation Outcrop of this

25kml ong fault starts fr omtowards northalong Vi | | age

CinlisuValley. This normal antithetic fault has a dip amount &f 85

3.2.E-W Trending Faults

In the study areahesefaults are BV and WNWESE trending, high angle normal
and obliquefaults developedunderN-S extensionahedectonics. Neotectonic faults
consist of set of parallel active faults including the northern and southern margin
boundary fauk of Buytik Menderes graben. Generally, these faults become younger
closer to the margiof theBlyuk Menderegraben and they cut amlisplacel most

of the N'S trendingfaults mentionedn section 3.1Best criteria to recognize these
structures in the field are slickenlines, slié&ge morphology, steep fault scarps,
displacement along sams, sudderhangs in slope, deeply incised valleys, fault
controlled alluvial fan deposits, highly deformed abdecciatedrocks. Any

slickenline datdound on the fault planeseremeasurednd photographed.

It is known that active extensional domains and related normal faults are suitable areas
for geothermalexploration. In terms of geothermal activity, younger faults are
preferred because dheir fault sealing behaviosince younger faults have lew
contens of fault gouge. On the other hand, older faults with their high amount of fault

gouge can retarfiuid flow.
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3.2.1.Gokdere Fault

Gokdere fault, which is located on the northern flank of Blyilk Menderes graben, has
a length of 7.5 km and an\& to NNW-ESE trend. It is an obliqueslip fault dipping
southto southwest with varying amounts. Diperemeasure@s 60 tothe southeast

near Orenli on limestones while in Gebelalley it was measured betweerP-4&0°

on metamorphic rocks. This fault starts from (ireand continues westo the

De mi FaulaFowards nortreast of Orenli t hi's fault juxtapos
Sazak Formations whiléo the west it juxtaposesnetamorphic rocksand paleo
formationg Ké z el bur un a n dSteSpefaulaskarpk, displacementalong )
streams, highly deformed and brecciated rocks, sudtangs in slope, deeply
incised valleys and wepreserved slickenlines were used to trace GOké&argt
(Figure 311).

Figure3-11. A) General view othe surface oGokdereFault; B) Closeup view of slickenlines on
GokdereFault; C) Closeup view of brecciated surfaces on Gokdeaalt (see Figur8-1 for its
location).
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Paleostress reconstructiofslickenlines obtained from Gokddrault showed thait

is an obliqueslip faultwith approximately NS extension (Figure-32).
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Fault 1 is the youngest fault recognized on the northern flatile@lytk Menderes

grabensince it controls the deposition of Quaternary aged Tosunlar Formbtias

a length ofL0 km and has an-8/ to NNW-ESE trend. This normal fault dips south

to the southeast with a dip of 865U .
along Haman Mountain and Akyaka in the west. It cut and dispaest of the NS

Faul

t

1

outcrops

near

trending faults irthe vertical and lateral direction. This fault juxtaposes Quaternary

aged Tosunlar Formation, Kolankaya Formatiand metamorphic rocks. Although

thefault plane d&acould notbe foundsteep fault scarps, displacement along streams,

suddenchangs in slope, stefike morphology and fauitontrolled alluvial fan

deposits were used to trace this fault (FiguS3
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Figure3-13. Panoramic view of the Faul t31foriscarp near
location).

3.2.3.Fault 2

Fault 2, located on the northern flanklo¢ Blyik Menderes graben, is a 6.5 km long,

E-W trendingsteepnormal fault dipjng south with65°-850 . 't starts nort
Vil l age and continues west t hgloufpes Dol om
near Maden Streatout the trace of this faultowardsthe westwas lost. It cug and

displace most of the NS trending faults itheverticaland lateradirection. This fault

juxtaposes Kolankaya Formation and Sazak Formation forming a tectonic boundary
between them. t8ep fault scarps, displacement along streams, sucltimgs in

slope, stegike morphologyand slickenlinavereused to recognize this faffigure

3-14).
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Figure3-14. A) General view of the Fault 2 scarp; B) Clageview of slickenlines on Fault&ong
the Cankurtaran Stream (see Fig@®4 for its location).

Paleostress reconstructioh data obtained from Fault showed thatt is a normal
fault with approximatet N-S extension (Figure-35).
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3.2.4.Fault 3

It is an 11 km long, EW to NNW-ESE trending normal fault dipping south to
southwest witt60°-8C°. It starts from south of Orenparallel toFault 2 and continues
towards Wiageahde Ot dIt &isand displace most of the NS

trending faults irthe vertical direction. Towardthewe st o f ViHagebdthder e
metamorphidasemenand TosunlaFormationwerecut and juxtaposed.t&p fault

scarps, displacement along streams, sudden changes in slogiesteprphology
wereusedin therecogntion of this fault.

3.25.Fault4

Itis a 10 km long, BV to NNW-ESE trending normal fault dipping south to southwest

with 60°-78°. Similar to Fault 3 and 2, it starts south of Orenli and continues towards

K é z & Villhgerared Dela Mountainlt cuts and displacemost of the NS trending

faults inthever ti cal direction. Near Kézeéel der e
Formaton and Sazak Formation. Towatdiewe st o f Vikageznetandoephie
rocksweredeformed Seep fault scarps, displacement along streams, sudden changes

in slope, stepike morphology and slickenlines were used to recognize this fault
(Figure 316).
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Figure3-16. A) General view ofhe surface oFault 4; B) Closeup view of slickenlines on Fault 4
near Orenli (see Figu®1 for its location).

Paleostress reconstructioh data obtained from Fault ghowed thatt is a normal
fault with approximately NS extension (Figure-37).

No Strike | Dip (°) | Rake () | Sense R. Optim. F5 N e
1 N70W 60 SW 75W |[NORMAL 2
2 E-W 68 S 70 W [ NORMAL l
3 N85W 70 SW 75W |[NORMAL
4 N8SE | 65SE | 70W |NORMAL| (@el: ex3:0
5 N70E | 75SE | 78W |NORMAL %ﬁ; e
6 N8OW 70 SW 70W | NORMAL n;‘:,.zso QTL’E’
7 N70W | 78SW | 75W |[NORMAL E.émé.om'
30
o
0 Sum of Weights 28
Figure3-17. Slickenlines measured from Fault 4 and paleostress reconstructiorAusigge | i er 6 s
direct inversion method on Schmidtés | ower hemispher

arrow: 01; Black dot: @1 vertical; Grey dot
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3.2.6.South Margin Faults

Most of the faults located on the southern margtheBuyik Mendees graben show
similar characteristics to the-W trending normal faults located on the northern
margin These are usually NVSE to EW trending normal faults that dip towarte
north. Dip angles range betweerf & 75. They cut and displace most of theSN
trending fault.Neogene basin #ill deposited during the neotectonic period were
controlled by these fault$Steep fault scarps, displacement along streams, sudden
changs in slope, stefike morphologywere usedo recognize these faults (Figure 3
18). These faults are named as-$,5.F2 and S.F3.

NW

Figure3-18. Steplike morphology observed in the southern margitheBiyik Menderes graben
(see Figures-1 for its location
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CHAPTER 4

3D STRUCTURAL-GEOLOG ICAL MODELING

Geothermal exploration requires a good knowledgbexindergroundyeology This
includes caprockeservoir rockrelation, basin analysis and structural network of
faults which support the geothermal fluid flofor this purpose, 3D structural and
geological model otheKéz él der e geot her matesemadesl d was
include both field observation (chapand 3) andvell-data. Data from a total of 76

wells were used to design stratigraphic horizons and geometry of faults. Field
observations used durirggologicalmapping was the basis for the interpretation of
well-data and stratigraphic horizons. Mud des occurred during drilling could
provide some information regarding faulBoth partial mud loss and total loss of
drilling mud can occur when the drill bit encounters emjatigls in the rock These

voids could be fissures, caverns or fractures. A péweool, which can be used to
interpret the existence of faults, could be created by combining mud loss values and
field observations. In this studsurface expression of faukgscorrelated with mud
lossesencounteredh wells. Mud loss values in a Weould be partial or total where

the circulation is completely lost. During the interpretation, faults were assigned to the
highest mud loss intervals. On the other hand, for constant high mud loss values faults
were appointed to the interval where thstfmud loss occurred.

Leapfrog Geothermal, which is[3 modeling and visualizing software developed by

Aranz Geo, was used to creat8D structural and geological modeltbeK € z € | der e
geothermal field.The focus of this model is on major faults debed in earlier

chapters and important stratigraphic horizons. Tosunlar Formation and overlying
recent deposits were not separated since they have little significance in temms of

geothermal system.
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4.1.3D Lithological Model

The ithological model was creatéal two steps: 1)ntroducing weHldata and creating
the first output volumes; 2) Editing these volumes whégeological mao develop
a realistic geological model.

4.1.1.Modeling Metamorphic Rocks

In this model cover rocks and coere separated as metamorphic rocks and gneiss.

Field observationand weltdata show that metamorphic rocks have two contacts
which are Kézél burtowardsthewesnaf the study ar@an deptg ne i s s
of metamorphic basement is deepest at theecehgraben and towards both maggin

basement rocks elevate (Figurd}4 Metamorphic rocks outcrop towartte north

near Gokdere Fault atidis model was edited to show this relation. Also, towards east

basement depth increases rapidly upli@b0 meer.

2 leapfrog

Figure4-1. The autput volume othe metamorphic rocks. (Looking northeast, 25@ter contour
spacing).The yellow-coloredline is the boundary between gneiss atttermetamorphic rocks.
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There is a depression towards the west of the model and a sharp boundary surface.
Allochthonougyneiss rocks were thrust in this empty afdee bundary was created

by using borehole da(gellow-coloredline in Figure 41).

Gneisshastwo overlyingc ont act s whi c h ar tethdeasizoétheb ur un
PelitliadaFault and Kolankaya Formation west of the Pelitligdalt. These high P/T

rocks outcrop at both margin of the grabEne hickness of gneiss increases towards
thewestof the PelitliadaFault (Figure 42).

2 leapfrog

Figure4-2. The aitput volumes of metamorphic rocks agrikiss The Hack-coloredsurface
represents the Pelitliada Fault. (Looking North, -2&€er contour spacing)

412Model ing Kézél burun and Sazak Formati o

Field observations showed thhiee x t e nt of Kézél burun and
limited in thewest. This was also confirmed by wdlta (Figure 48). There is a sharp
N-S trending boundary whetbel at er al extent of Kéezél bur:

are limited.The tickness of these deposits incresasmvards west until they meet
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with this boundey and cease to exist. This boundary mentioned here was indeed the
Pelitliada Fault. Both Keé&zeltbctomcaunfiaceand Sazak

Z< leapfrog

Figure4-3. Well-data showinghelaterale x t ent of Kéz &l burun and Sazak For
northeast, 25@neter contour spacing)

Kézél burun For mahnortbennand sotititermaangis oftberBluytk
Menderes graben. Depth of this formation increases towardsaerdssoutheast
(Figure 44). As mentioned in section 2 this formation provides good caprock
properties. Although it is bounded to the west by Pelitlaldt this formationcovers
most of the basemeint the eastern part afiethaves as a caprock for tleservoirs in

metamorphic rockkcated to the east of Pelitliada Fault

Sazak Formatiowas edited t@how exposures both alotfge northern and southern

margin oftheBuyuk Menderes grabeBi mi | ar t o t he Keézeéel burun Foc
this formation incrases towards east and southébksjure 45). Sazak Formation

consists of limestones with karstic nature and forms the second reservoir unit located

at the eastern part in this geothermal system.
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2 leapfrog

Figure4-4. Theart put v ol ume of TKhe Haékicdlovedsurface Fepresemtsthe o n .
Pelitliada Fault. (Looking north, 25@eter counter spacing)

Figure4-5. The autput volume of Sazak Formatiohhe Hack-coloredsurface represents the
Pelitliada Fault. (Looking north, 25@eter counter spacing)
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