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ABSTRACT

EVALUATION OF A CENOZOIC LACUSTRINE BASIN — HANCILI FORMATION
(KALECIK-ANKARA) AND ITS PALEOENVIRONMENT AND PALEOCLIMATE ANALYSIS
BASED ON MINERAL FACIES

Aker, Serdar
Ph.D., Department of Geological Engineering
Supervisor: Prof. Dr. Asuman Gunal Turkmenoglu
January 2013, 95 pages

The major purpose of this study is to evaluate the paleoenvironmental and
paleoclimatological conditions during the Middle Miocene-Early Pliocene in Kalecik-Ankara
by using mineralogical and geochemical proxies from Hangili Formation.

To achieve a high-resolution paleoclimate data, 2 stratigraphic sectioning and 1 continous
core drilling were examined. Field studies were followed by analytical techniques on the
selected representative samples. The mineralogical compositions of the bulk samples and
the minerals of the clay fractions were determined by X-ray diffractometer. Scanning
electron microscopic analyses were also carried on the specific samples which have the
potential to define the important microstructural units. The major and trace elemental
compositions were determined by X-ray fluoresence spectrometer. Additionally, the stable
isotope compositions of the samples selected from the continous core drilling on Hangil
formation were among the major proxies to gather a paleoenvironmental and
paleoclimatrological approach.

All the proxies employed for this study clearly indicate that mineralogical and geochemical
signatures are consistent with each other and can be used for paleoclimatic interpretations.
The stable isotope values point that C4 plants were dominant during the deposition of
Hancili Formation, while evaporation caused the development of alkaline environment which
is seasonally dry with depositional temperature approximately between 25-30°C. During
deposition, lava flowand tuff were deposited due to the volcanic activity in the vicinity of the
lake. Based on this volcanism, economical bentonite deposits were originated. The lake at
which the Hangili formation was deposited, completed its development in a time to time
silicate rich and salty-alkaline anvironment.

Key Words:

Kalecik-Hasayaz basin, paleo-climate, paleo-environment, lake, clay minerals,
Pliocene, Hangili formation, lake sediments drilling sections.
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SENOZOYIK YASLI G_OLSEL HAVZANIN DEGERLEN_DiRiI__MESi — HANCILI
FORMASYONU (KALECIK-ANKARA) VE MINERAL FASIYESINE BAGLI OLARAK
FORMASYONUN PALEOGEVRE VE PALEOIKLIM ANALIZI

Aker, Serdar
Doktora, Jeoloji MUhendisligi Bélimu
Danisman: Prof. Dr. Asuman Gunal Tdrkmenoglu
Ocak 2013, 95 pages

Bu calisma ile Kalecik — Hasayaz havzasinin Orta Miyosen —Erken Pliyosen evresinde
gllsel Hancih  Formasyonunun mineralojik ve jeokimyasal yodntemler kullanilarak
paleoiklimsel ve paleo-ortamsal 6zelliklerinin belilenmesi amaclanmistir.

Yuksek ¢o6zundrlukli veri elde etmek icin 2 stratigrafik kesit ve 1 adet 60 m derinliginde
devamli karotlu sondaj c¢alismasi yapilmistir. Arazi ¢alismalarini, sahayl temsil eden
ornekler Uzerinde yapilan analitik teknikler takip etmigtir.

Tdm kaya¢ O6rneklerinin mineralojik kompozisyonlari ve kil mineralleri X-iginlari toz
difraksiyon metodu ile tayin edilmistir. Olasi mikro-yapisal birimleri tesbit edebilmek icin
secilmis Ornekler taramali electron mikroskobu ile incelenmistir. Major ve iz element
kompozisyonlari X-isini floresans spektrometresi ile incelenmistir. Biitin bunlara ek olarak,
paleo-ortam ve paleo-iklim yaklasimi elde edebilmel igin Hancili Formasyonunda agilan
karotlu sondajdan alinan érnekler tizerinde durayli izotop kompozisyonlari tayin edilmistir.

Mineralojik ve jeokimyasal yaklasimlardan elde edilen bitin veriler birbiri ile uyumlu ve
paleo-ortam paleo-iklim yorumlar igin kullanilabilir niteliktedir. Durayli izotop degerleri
ispatlamistir ki C4 bitkileri Hangili Formasyonunun ¢dkelimi sirasinda oldukga yodundur.
Buna mukabil buharlasma, mevsimsel olarak kuru ve yaklasik olarak 25-30°C sicaklikta
olan alkalin ¢evrenin gelismesi sonucu olusmustur. Cokelme esnasinda volkanik hareketlilik
golin gelismesinde ortama lav akintisi ve tiuf katmanlanmasi ile katki saglamistir. Bu
sayede birim icinde ekonomik degere sahip oldugu dustnulen bentonitik kiltas! istiflenmistir.
Hangili Formasyonunun gelistigi gél olusumu yine zaman zaman silikatca zengin tuzlu-alkali
ve nemli ortamda tamamlanmistir.

Anahtar Kelimeler:

Kalecik-Hasayaz havzasi, paleo-iklim, paleo-gevre, gol, kil mineralleri, Pliyosen,
Hancili formasyonu, gol sedimani sondaj kesiti.
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CHAPTER 1

INTRODUCTION

1.1. Purpose

Due to the visible negative feedbacks of the modern climate change, paleoenvironment and
paleoclimate studies have been recently much more popular in all over the world. As the
name implies, paleoclimatology is the study of the past climates. To reconstruct the
paleoclimates of a region, first of all the climate-dependent parameters (proxy data) should
be evaluated. Bradley (1999) listed the most important proxies for the past climate
reconstructions. Among them, lake sediments with their faunal and floral abundances,
oxygen and carbon isotope compositions, clay mineralogies and pedological features are
very important and can provide considerable data for determining processes of previous
climatic changes and geological evolution of a region (Chamley, 1989).

With this perspective, the purpose of this study is to evaluate the mineralogical and
geochemical compositions of the Hancili Formation to constrain a paleoclimate history for
the Mio-Pliocene in Central Anatolia. Although there have been many studies regarding the
Miocene climate of the western and southwestern Turkey, unfortunately very few
contibutions have been made to the paleoclimate of Central Anatolia. For this reason, this
thesis study will provide compareable proxies for the region to reconstruct the Mio-Pliocene
climates.

The scope of this work is to evaluate and discuss the worldwide literature regarding
mineralogical and geochemical proxies of the lake deposits, to describe the mineralogical
phases and geochemical characteristics of the Mio-Pliocene sedimentary units in the region
and to construct both Mio-Pliocene paleoenvironmental and paleoclimatic model for the
region.

1.2. Location Of The Study Area

The study area is at Kalecik-Hasayaz basin which is nearly 100 km north-east of the
Ankara, Central Anatolia (Figure 1.1). Sampling studies were carried around Hangcili Village,
specifically at Koyunbaba and Hoyukla Hills as stratigraphic sectioning and at Tepetarla
location as borehole coring (Figure 1.1).
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Figure 1.1. Location of the study area.

1.3. Importance Of Lake Deposits On Paleoenvironmental And Paleoclimatological
Studies

As Bradley (1999) described, paleoclimatology is known as a study of the climate prior to
the period of instrumental measurements. In this respect, the proxy data, which is the best
for the geological point of view, is climate-dependent parameters used to understand the
past climates. Bradley (1999) also listed the major proxies used in such studies and pointed
the importance of the lake deposits with their mineralogical, geochemical, faunal and floral
compositions and with specific clay minerals, erosional features, pedological structures,
pollen concentrations, diatoms, ostracods and other biota assemblages. In this list, other
than geological proxies, additionally glaciological, biological and histrocial ones are also
described.

Bradley (1999) defined the importance of lake sediments in climate studies and stated that
since lakes accumulate sediments from their surrounding region, they provide a record of
the environmental change. Moreover it is mentioned that due to high accumulation rate in
lakes, they may provide high-resultion records of the past climates. Continental deposits,
especially lacustrine deposits are also sensitive to astronomically induced climate change in
the continental realm (Aziz et al. 2003).



It is known that there are two types of sediments composing the lake deposits.
Allochthonous material is transported to lakes by rivers and streams. The other one is
autochthonous sediments are either biogenic in origin or it may result from inorganic
precipitation within the water column (Bradley, 1999). Both of them can be used for
paleoclimatic reconstructions. Pollens are also very common proxy providers in
paleoclimate studies and usually studied in lake deposits.

Inorganic precipitation within carbonate-rich lakes can provide an isotopic record that may
reflect the varying composition of the meteoric waters entering the drainage basin over time
(Bradley, 1999).

The mineralogical and chemical compositions of the clay minerals are controlled by the
chemical activity of the soil solution, which is definitely influenced by the amount of the
seasonality of the rainfall (Buol et al., 1997; Tabor, 2002). This relation shows that the clay
minerals are sensitive to the climatic changes. Therefore, they are used as good proxies to
estimate the long-term climatic fluctuations. However, there are some limitations to use the
clay minerals in such studies. First of all, the origin of the clay minerals should be known
before proceeding. If it is authigenic in origin, then it is definitely correct to use for the
climatic reconstruction. However, if it is not, the climatic signals may be deformed or even
obliterated (Chamley, 1989). Diagenetic changes also can cause such effects and alter the
climatic signals.

The geochemical signatures of the lake deposits are also very important in such studies.
Especially the stable isotope compostions of the carbonates and pyhllosilicates are used
widely to estimate the local meteoric conditions.

1.4. A Review On Miocene-Early Pliocene Climate Of Mediterrannean

As Yao et al. (2011) emphasized, the Neogene climate system is a transitional stage from
the greenhouse climate of the Palaeogene to the icehouse climate of the Quaternary, since
very dramatic climatic, tectonic and biotic key events occurred on the globe during this
phase. Therefore, it is very important to understand the long-term climatic changes in
Eurasia, and globally (e.g., Mosbrugger et al., 2005).

Ivanov et al. (2011) documented that the Miocene was the last warm episode prior to the
establishment of the large Northern Hemisphere ice sheets. Harzhauser et al. (2011)
pointed the major two climatic events as Miocene Climate Optimum (MCO; Zachos et al.,
1994; Béhme, 2003; Sun and Zhang, 2008) and the Middle Miocene Climate Transition
(MCT; Shevenell et al., 2004; Lewis et al., 2007). In the same study, it was also mentioned
that in Eurasia, this climate change is accompanied by an increase of seasonality and aridity
(Eronen et al., 2009; Bruch et al., 2010) and a replacement of Early to Middle Miocene
broad-leaved evergreen forests by deciduous forests during the late Middle and Late
Miocene (Eder-Kovar et al., 2008).

The studies regarding the Miocene climates show that this period was characterized by
tremendous geological events like large scale transgressions and pronounced regressions,
e.g. opening and closure of marine corridors, appearance and disappearance of lakes and
swamps in Europe (Kojumdgieva and Popov, 1989; Meulenkamp et al., 1996; Rogl, 1998,
1999, 2001; Meulenkamp and Sissingh, 2003; llyina et al., 2004a,b; Harzhauser and Piller,
2007; Harzhauser et al., 2007; Harzhauser and Mandic, 2008).

As a very important event, Messinian salinity crisis happenned during the Miocene. The sea
level sharply fell and this affected the physiography of the Mediterranean Region. In Zachos
et al. (2001), the compilation data from more than 40 DSDP (Deep Sea Drilling Project) and
ODP (Ocean Dirilling Project) sites were compared their global deep-sea oxygen and carbon
isotope compositions. That study pointed that the warming starting from Mid-Miocene
Climatic Optimum caused the C4 grasses to expand, aridity became seasonally dominant.



1.5. Methodology

After proposing the study area, five field studies were performed to select the best places to
sample. The studies on field sampling were carried as stratigraphic sectioning and borehole
coring. Along two stratigraphic sections belonging to Hangili formation, the sampling study
was performed in Koyunbaba village and HoyUklG hill. To have a high resolution proxy data
on continous lake sediments, 60m deep borehole was opened by Petra Eng. Con. and
Const. Ltd. Company at the Tepetarla location, western part of the Hancili village and
named as SSK-1. On SSK-1, continuous core samples were taken to analyse (Figure 1.2).

Figure 1.2. SSK-1 borehole drilling in the field.

After field studies, the analytical techniques were performed on the selected samples. The
laboratory works were composed of mineralogical, petrographical, geochemical studies.
Thin sections of the selected samples were prepared at the Middle East Technical
University, Department of Geological Engineering, in Thin Section Preparation Laboratory.
Mineralogical compositions and the textural relations of the minerals were analysed by the
optical microscope. X-Ray Diffraction analyses were performed at the General Directorate of
Mineral Research and Exploration (MTA), Department of Mineral Analysis and Technology
in XRD Laboratory. For the determination of non-clay minerals, beside the thin section
analyses, X-Ray Diffraction was also used as a complemantary method and it is called as
“bulk analysis”. The sample preparation procedure for the XRD analyses was done at the
Middle East Technical University, Department of Geological Engineering. After grinding the
rock samples, they were sieved with the 170 mesh sieve. For the determination of clay
minerals, oriented samples are prepared at the Middle East Technical University,
Department of Geological Engineering, Clay Mineralogy Laboratory. After grinding the
samples by an agat mortar, size fraction less than 2 um was separated by sedimentation
method according to “Stoke’s Law”. XRD spectrums were gathered as air dried, ethylen
glycolized, heated at 300°C and 550°C.



The micromorphological properties of zeolit and clay minerals which were selected at the
end of the thin section analyses were determined by SEM analyses at the METU
Department of Metalurgical and Material Engineering SEM Laboratory. EDX analyses were
also performed to determine chemical compositions of the minerals.

The major and trace element compositions of the some of the selected samples were
analysed at Leeds University, London by X-Ray floresence spectrometer. SiO,, TiO;, Al,Og,
Fe,0O3;, MnO, MgO, CaO, NayO, K0, P,0s, loss on ignition (LOI) were measured as %
weight ; Sc, V, Cr, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Ba, Pb, Th and U were measured as
ppm. The geochemical analyses of the rest were determined at LABDAN Laboratory Tests
Consulting Ltd. Company (Ankara) by implementing spectrophotometric titration method
which obeys new Europe Standarts (TS EN) accepted by Turkish Standarts Instutitute
(TSE). SiO,, Al,O3, Fe,03, MgO, CaO, Na,0, K,0, SO; and LOI ratios were measured as
weight percentages (%6).

To provide an independent check on the interpretations, the 5'%0 compositions of 11
samples that were selected from the continous borehole samples were determined at METU
Central Laboratory by Thermofinnagan DELTA PlusXP Stable Isotope Ratio Mass
Spectrometer. To prepare the samples for the isotope analysis, rock surfaces were
smoothened firstly and then polished powder samples were prepared by using auger. The
organic matter was removed from the samples by washing the samples with Sodium
HypoChlorite (NaOCI) and by distilled water three times.

Because of the budget limitations, the geochronological determinations were once tried on
the pollen data, however unfortunately the samples from the borehole SSK-1 were all steryl.






CHAPTER 2

LITERATURE REVIEW

2.1. Previous Works On The Study Area

Tekkaya et al. (1975) carried a biostratigraphic research about terrestrial Neogene deposits
at Kalecik region. According to vertebrate fossils that found in red colored terrestrial
sedimentary unit (Candir formation) which is located at North of the Candir town, the age of
formation is determined as Middle Miocene. Over that formation, Lower Pliocene lacustrine
deposits are located.

Ozogul (1976) stated that generally terrestrial and lacustrine regimes were dominated
during the Neogene in the region. In this study it was also stated that at the west of the
study area, in and around Gundodmus location, the Pliocene sediments lie over the
andesite and basalt which are the productions of the increasing volcanic activity of the
region after the Miocene. The bentonites that belongs to Early Pliocene units, also contains
andesitic tuff levels.

Akytrek et al. (1980) studied on geological properties of Sabandzi-Hasayaz-Candir-Kalecik
region and determined units that forms both base and fills of the basin.

Eroglu and Farsakoglu (1982) examined the geological structure of the region that is located
between Hancili and Demirtagh villages (Cankiri H30b2, b3 plates) which are in border of
Ankara - Kalecik town and they specified the genesis of the Hangili bentonite deposits
(region between Tepetarla- Baglarbasi hill- Tuarbebasi hill), usage fields and reserve of
bentonite. The region which was the Neogene lake, joins to Cankiri basin by thresholds.
The lithological units of the region are the Lower Crateceous ophiolitic series (serpentinite,
spilite and limestone), Tertiary (Upper Miocene) deposits (bentonite, tuff, green-blue-grey
colored claystone, marl, sandy and pebbly series and limestone) and Quaternary deposits
(alluvium, colluvium, breccia series).

Akyurek et al. (1984) studied fundamental geologic characteristics of Ankara-Elmadag-
Kalecik region. Under the light of the field data they suggested a tectonic evolution model for
Central Anatolia. During the Oligocene, the region was transformed into an intermountain
basin. Alluvial fans, the evaporatic lake and the meandering river deposits (Kavakli
formation) were formed parallel to aridity. The lake was broad and prolonged finally whole
basin gained lacustrine characteristics.

The study area which is exposed to compression tectonics after the Oligocene, the trust
faulting which the most intensive one is at Upper Miocene were formed from the North to the
South. During the deposition of Kavakli formation at the west part of the region volcanism
(Tekke volcanics) was activated and the lakes were filled with aglomerate extensively.
Upper Miocene-Pliocene aged Kavakli formation which is composed of clayey limestone,
marl, claystone, conglomerate, sandstone and tuffite alternation is correlated with Hangih
formation (Akyurek et.al., 1980). In that formation andesite sills are also observed.

Tarkmenoglu et.al. (1987) examined mineralogy, petrography and formation of Hancili
(Kalecik), Kuglukhacibey and Biylkhacibey villiages's bentonites. Bentonites include
detrital-originated feldspar, montmorillonite, volcanic and metamorphic rock fragments, and
authigenic clay minerals which have pyrite and mixed layer illite-smectite. On the basis of
bentonite mineralogy, they reached to that the lake environment had alkaline characteristics.



Ozalp et al. (1991) showed existence of analcime-calcite/dolomite-feldspar and quartz
minerals in the claystones of Hangili formation which is exposed at Hangil village, Killik
location. Common presence of analcime and dolomite indicates that salty-alkaline

characteristics of Miocene aged “Hancili Lake”. They also stated that bentonite is formed
during sedimentary processes and smectite minerals have detrital origin.

Tarkmenoglu et al. (1991), studied on clay mineralogy and chemical characteristics of
Hangili bentonites. Dioctahedral smectite is in composition of montmorillonite. Researchers
emphasized that montmorillonite were formed due to decaying of pyroclastic rocks at
atmospsheric conditions and this result indicates the sedimentary origin of Hangili bentonite.

Tdrkmenoglu et al. (1994) worked on geological evolution and economic potential of
Southwest Cankiri basin by field studies, mineralogical-petrographic analysis and method of
remote sensing. They selected 8 main types of study areas. Kalecik-Hasayaz basin had
been transformed to a molass depression at Oligocene by separating from the other parts of
Cankiri basin by a threshold which was NW-SE oriented. Upper Miocene aged Aslantas
formation and Early Pliocene aged Hangili formation includes fluvial and lacustrine facies.
To that deposition, the products of Galatya volcanism also contributed. At the end of the
Early Pliocene it was divided into 4 limited depressions (Candir-Hangili-Hasayaz-Kalecik) by
Kalecik-Hasayaz basin thrust faults. The results of mineralogical examination indicated that
detrital illite and chlorites which were transported to basin during the deposition reflects
active tectonics and also smectite, calcite-dolomite-analcime formations symbolized the
dry/semi-dry climatic conditions.

Kogyigit et al. (1995) mentioned about end of collision tectonic regime of study area which is
located Eskisehir-Ankara-Cankiri part of IAESZ and gathered data about that a regime by
examining Upper Miocene-Lower Pliocene aged fluvial-lacustrine units (molas depression
sedimentary deposit). For the research 3 type locations (Hancili-Yurtyenice, Blytkhacibey
ve Yesiloz) were selected and the stratigraphic properties- deposition environments of the
units were determined. At the stratigraphic section of type location that is located 1.2 km
NNW of Yurtyenice village Early Pliocene aged and nearly 700 m in thickness Hangcili
formatin lies over the Late Laghian-Tortonian aged Aslantas formation (Kumartas Fm.). The
Hangili formation which includes yellow colored porous limestone levels and grey-green
marl, yellow-brown-black colored marl which includes coal seams, yellow lacustrine
limestone levels and green mudstone interlayers, cherty limestone interlayers and green-
blue-grey colored mudstone from bottom to top, deposited at mud plain-swampy-back
swampy-lacustrine environments at the paleotectonic period. That formation overlay Late
Cretaceous aged ophiolitic mélange with a tectonic boundry or underlay unconformably by
Klgukhacibey formation which advanced as alluvium fan at neotectonic period. At the North
limb of Ekinbayiri syncline, the lower levels of Hancili formation are observed and it is
mentioned that the regressive-transgressive changes took place at lake level due to climatic
changes.

At the west of study area, around the Kinik and Odek villages, Hangili formation contains
andesitic tuffite and bentonitic interlayers.

Tarkmenoglu et al. (1995) worked on geology and clay mineralogy of Tertiary lake
sediments at Kalecik-Hasayaz basin. At the west of the Demirtas village, at the sedimentary
deposits that presents the deep part of the lake, sandstone lenses and laminated-thin
bedded limestone alternation and biotite, plagioclase, quartz, volcanic-metamorphic rock
fragments and calcite-analcime-dolomite group are characteristic. Smectite has
detritalorigin. Chlorite and ilite indicates active tectonism. The available data shows salty-
alkali lake water and dry/semi-dry climatic conditions.

Sen et al. (1998) made biochronological and lithostratigraphic correlations of mammalian
fossil groups at 17 locations which include Kilgak, Semsettin, Tiney, Candir, Karagay,
Corak Yerler, Akkasdagi, Yarmatepe, Sileymanli and Kavurca at Cankiri-Corum basin. It is



determined that Kumartas (=Aslantas) formation which is located under the Hangili
formation is Early-Middle Miocene in age and Kilgak stratigraphic unit should be Early
Miocene in age due to its location under the Kumartas formation. Semsettin fossil group is
matched with lower levels of Kumartas formation.

Karadenizli (2011) studied the same region. In his study, Oligocene to Pliocene
palaeogeographic evolution of the Cankiri-Corum Basin (CCB), central Anatolia, Turkey was
the subject. To achieve the palaeogeographic analysis of the CCB, a geological map of a
large area was prepared using revisions of previous works. The upper half of the basin-fill,
ca. 4000 m, was analyzed measuring sixteen stratigraphic sections. This study suggests
that during Late Miocene, there were different types of lacustrine environments in the
northern and southern parts of the basin: a hypersaline lake characterized by evaporitic
deposits in the north and carbonate-rich shallow lakes and swamps in the south. A younger
evaporitic lake formed in Early Pliocene in the northern part of the basin and covered vast
areas. Its deposits are as thick as 400 m. From Late Pliocene, the thick sedimentary
sequences deposited during the Oligocene—Early Pliocene interval become fragmented and
deformed by a tectonic wedge bounded by a normal fault in the west and a thrust in the
east.

2.2. Previous Works About The Subject Of The Thesis Study

Lewis and Weibezahn (1981) performed chemical and mineralogical characterization of 7.5
m (latest 13,000 years) core sample which belongs to Valencia Lake (Venezuela). The
basins started to its evolution under dry climatic conditions and then it transformed to very
salty lake environment. That environment was continued until 9000 B.P. and that period was
determined by high Mg:Ca ratio at aragonites and carbonates. At later periods the lake
evolution was continued by fluctuations at salt ratio. At that study also the total mineral
ingredients and main element ratios of samples were used as valuable data source.

Cosby and Brigham-Grette (2001) studied on Late Cenozoic paleoclimatological records of
300 metered sedimentary deposits of EI'gygytgyn Lake (Russia). In that research grain size
analyses and clay mineralogy determinatation were performed. Along the core samples it is
determined that illite, mixed layered illite-smectite (I-S) and chlorite ratios and degree of
crystallization show variability along the stratigraphic sequence. As a result, 1) at warm
climatic conditions ratio of mixed layered illite-smectite (I-S) is raised and on the contrary
percentage of illite is decreased inversely, 2) chlorite crystallization degree and chlorite ratio
are increased with cold climatic conditions.

Deocampo (2002) stated that chemical properties of clay minerals of lake sediments which
are sampled along the stratigraphic sections and by boreholes, are very important in terms
of defining paleochemical changes especially cases that absence of microfossils in silica
and carbonate composition. The octahedric layer compositions of illite and smectite which
are < 0.1 micrometre in grain size in the sediments of East Africa lakes (Olorgesailie,
Amboseli, Natron, Ngorongoro, Olduvai and Eyasi lakes) were determined as (Mg/(Al+Fe)
ratio and by microprobe analysis method. The water level changes of lake are determined
as using that ratio as paleo-saltness/alkalinity index. It is also stated that changes can be
controlled by Milankovich cycle, by tectonism, volcanic activity, diagenesis and paleo-
hydrogeological factors.

Gierlowski-Kordesch (2002) summarized the development of “Lake Basin Models” over the
time. During 20. Century limnogeological studies were started and further years paleo-
environmental analysis which were based on geochemical indicators and stable isotope
analyses performed and by combining sedimentological, lithological and tectonic data 3-D
modeling of lake basins were formed. Today magnetic measurements, radiometric age
determination and geochemical analyses come into prominence in order to examining
lacustrine sedimentary sequences in a detailed way.



Morrill et. al. (2002) used the radiocarbon ages and oxygen isotope values at the study
which is on Ahung Co Lake (Tibet). At older sediments presence of higher percentage of
detrital material, lower 3'°0 values, biological data show deep and dispersal lake water
level, at younger sediments, higher 5'®0 and 5"°C values mark dry climatic conditions to
lake water.

Yuretic (2002) examined 35 metered borehole samples of Thomson Lake sediments which
is at Majove Desert (USA) and searched about paleo-environment evolutions of the lake. At
top, sandy sediments show Pleistocene coast and Holocene sand dune and playa
environments. Under that unit silty clay and laminated clays which were deposited at deep
lake environment are located with an unconformity. Smectite and illite are major minerals.
CaCO; amount is determined as inversely proportional to clay mineral percentages.
Analcime is abundant and it was formed due to alteration of smectite under effects of
alkaline liquids.

Dean et.al. (2002) examined Holocene sedimentary sequence last 26,000 year) of Bear
Lake (USA). Sediments that were deposited at last glacial period contain carbonates, poor
in organic material and are red colored silty clay. Those glacial sediments probably were
transportated by Bear River which was active in that period. At Holocene as a result of
disconnection of the river with lake, carbonate deposition was started and increasing in salt
percentage of water causes firstly calcite then aragonite formation. Borehole samples (120
m section) that represent sedimentary sequence which deposited during last 250,000 years,
include carbonated, grey-black colored silty clay in which calcite is major mineral. They
explained that abundance of silisiclastic material shows river was connected to lake
however red colored sediments were not deposited or sediments that were rich in organic
material turns to grey-black color from the red. Before the Holocene aragonite formation, at
two different period aragonite formations which were occured interglacial and warm climate,
were discovered.

Kidder and Gierlowski-Kordesch (2002) indicated that improvement of two different well
developed grasslands at Miocene increased lacustrine diatomite deposition. They stated
that alhough volcanic silica was active in formation of diatomite; grassland distribution was
more effective mechanism as a resource of silicate for lake. For “Opaline phytolith”
mobilization of soil silicates by herbal assimilation is much more effective than other
biochemical processes.

Fagel (2003) searched about Late Qartenary paleoclimatic changes by help of climatological
archive of hemipelagic continuous sediment sequence of Baikal Lake. The alternated layers
which were rich in diatom and clay were studied by using biological factors (diatom, pollen,
spor etc.) in previous studies. In that study detrital clay minerals were used as a tool for
climatic reconstruction. In the borehole samples it is observed in the diatoms rich sediments,
smectite ratio increases systematically and this is a climatic footprint. These findings match
with warm climatic conditions in which active hydraulic activity was dominant at drainage
basin and melted glaciers.

Aziz et al. (2003) studied the middle Miocene sedimentary fill of the Calatayud Basin in
north-eastern Spain. This paper presents the results of detailed sedimentological analysis of
the various sedimentary facies deposited in the study area. The geometrical relationships
between cyclically bedded deposits and lake margin and alluvial fan sediments provide the
basis for a palaeoenvironmental reconstruction of the area during the middle Miocene. The
basic mudstone — carbonate units of the small-scale cycles in the central parts of the lake
basin are interpreted in terms of depositional environment, lake level and climate changes.

Spain Deocampo (2004) examined chemical properties of < 0.1 micrometer grain size of
East African sediments. He defined Mg/(Al+Fe) ratio as octahedric cation index (OCI). That
ratio has a range between OCI<0.1 at detrital dioctahedric clay minerals and OCI>4 at salty-
alkaline lacustrine originated trioctahedric clay minerals. Octahedric layer composition of
mid-basin clay minerals of paloe-lake Olduvai shows that lake was widen twice previously.
Those expansion periods correlated with rainy periods which were stated as marine
depositions of Africa. Chemical properties of clay minerals have an important role on
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gathering paleoclimatic data in the case that absence of pollen and microfossils which
contain carbonates-silicates.

Ivanov et al. (2011) presented the Miocene vegetation and climate dynamics in Eastern and
Central Paratethys (Southeastern Europe). This study suggests that the Middle Miocene
was the warmest period with mean annual tempretaure (MAT) of 17 °C to 19 °C and winter
temperatures from 7 °C to 12.5 °C. It is also mentioned that climatic changes after the
Miocene climatic optimum caused changes in floristic composition and vegetation structure.
The vegetation shows a decreasing trend in abundance of palaeotropic and thermophilous
elements, reduction of macrothermic elements, and disappearance of evergreen laurel
forests. The available data indicate that major vegetation changes occur in the late Miocene.
This period is characterized by more diverse climatic conditions, which were directed by
global climatic changes and probably complicated by regional palaeogeographic
reorganizations and tectonic processes.
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CHAPTER 3

DESCRIPTION OF THE STUDY AREA

3.1. Geology Of The Region

Two major references, Akyurek et al. (1988) and Doénmez and Akgay, (2010), are
referenced in this chapter. The following stratigraphical summary is generalized from them.
The geological map of the study area (Figure 3.1) is from Dénmez and Akgay (2010). The
generalized stratigraphical section is from Kaymakgi (2000) (Figure 3.2).

The oldest unit in the study area is Eldivan Ophiolite Complex (Ke) belonging to the izmir-
Ankara-Erzincan Suture Zone. It was defined as a complex of ultramafics, serpentinized
ultramafics, gabbro-diabase, splite, radiolarian mudstone, chert limestone slices and
plagiogranites by Akylrek et al. (1979, 1980, and 1981). Due to the tectono-stratigraphic
relation between the Eldivan Ophiolite Complex and Karadag Formation (Kk), the age of the
complex was accepted as Senomanian-Campanian in these two major references.
Serpentinite, peridotite and pyroxenite (Kesp) form the the bottom unit of the ophiolite in the
region. Towards the upper units in the ophiolite, splite and spilitic basalt (Kes) are found.
The upper most part is composed of radiolarite-mudstone (Ker) and cherty limestone (Keg).

The other major unit in the region is Derekdy Ophiolitic Melange (Kd) (Akytrek et al., 1997).
It consists of basic, ultrabasic, volcanic, ophiolitic and sedimentary rocks. Hisarkdy
formation is one of the units found in the ophiolitic melange. It is composed of olistoliths and
olistostroms derived from the ophiolite. Limestone blocks (K) observed in the mélange is
also found in the study area.

Karadag formation (Kk) is observed in the study area. It is an alternation of volcanoclastic
conglomerate, sandstone, mudstone and pelagic clayey limestone (Akylrek et al., 1982,
1984). This formation was dated by its fossil contents and so the age was reported as
Senomanian-Campanian by Akyidrek et al. (1997). Kursunludiz Unit (Kkk) belongs to
Karadag formation and is formed from clayey limestones.

The study are also comprises of the cover units of Tertiary and Quaternary age which
unconformably overlie the older units. One of them is Kumartas Formation (Tmku) which
consists of the alternation of red-gray colored conglomerates, sandstones, siltsontes, marl,
tuff and clayey limestone (Akyurek et al., 1997). This formation is transitional vertically and
horizontally with Hangili Formation.

The age of Kumartas Formation is accepted as Early-Late Miocene with its mammalian
fossil content by Karadenizli et al. (2004). On the other hand, Donmez et al. (2009a) gave
Early Miocene age for Kumartas Formation due to the coeval Aydos volcanics the age of
which was assigned as Early Miocene.

Kumartas Formation (Tmku) is vertically transitional to Hancili Formation (Tmh). Hangih
Formation is composed of fluvio-lacustrine units of conglomerates, sandtones, siltstones,
marl, clayey limestones, tuffs, gypsum and bituminous shales (Akytrek et al., 1980). It is
mostly seen around Giindogmus, Odek, Hangili, Beykavagi, Satilarkdy, Cankaya, Hacllar,
Keklicek and Kalecik. Mostly it is overlain by Gélbasi Formation (Tg).
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The age of this unit is considered as Early Miocene since it is vertically and horizontally
transitional with the Kumartas Formation and Aydos volcanics. Turkecan et al. (1991) gave
an age of Early Miocene due to some micro-mammallian fossil content, on the other hand,
Akylrek et al. (1997) found some other fossils and gave an age range of Serravalian-
Tortonian. Dénmez and Akgay (2010) accepts the age of Hangili Formation as Early-Middle
Miocene. Differently, the age of the Hangili Formation is determined as Early Pliocene by
Tlarkmenoglu et.al. (1994).

Karakocas Formation (Tmka) is mostly seen on the road of Sabandzu-Eldivan. It is formed
from red-gray colored conglomerates and mudstones (Akylrek et al., 1988). Due to
intercalation with Aydos volcanics, the age of this unit is accepted as Early-Middle Miocene
(Dénmez and Akcgay, 2010).

Stratigraphically the younger unit than Karakogas Formation is Bozkir Formation (Tplb)
which is comprised of gypsum, mudstones, sandstones and tuffs. The literature regarding
the study area, unfortunately, do not put any age for this unit by fossil content, however,
Karadenizli et al. (2004) accepted Pliocene age for Bozkir Formation.

The youngest unit in the region is the alluvium (Qeal, Qal). It consists of both the oldest and

the youngest Quaternary fluvial sediments which are unconsolidated sand, clay and gravles
(Dénmez and Akgay, 2010).
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Figure 3.2. Generalised stratigraphical section of the study area (Kaymakgi, 2000).
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3.2. Description Of The Sampling Locations
3.2.1. Koyunbaba (Kalkan Tepe) Section

The first sampling site was Koyunbaba Viliage where the Hangili Formation is well-
exposed. It was a 75 m deep section from which 15 samples were taken along (Figure 3.3).
The section generally composed of fine to medium grained clastic sedimentary rocks. The
explanation of lithological facies is given from bottom to top of the section. The bottom-most
part of the unit is occupied by massive, gray-blue colored mudstone of 5.5. m thickness. The
sample taken from this level is named as KB-1. Above KB-1, light-brown colored sily
sandtone was found. It is a 0.5m thick unit of the sample KB-2. Fissile-shale with sandy
bottem part was found up to the section. It has a 4 m thickness. KB-3 sample were taken
from this unit.

Above KB-3 sample level, conglomeratic sandstone unit was found. It is a 9.5m thick unit
and the sample from this unit is called as KB-4. KB-5 sample was taken from almost the
middle part of the section where 0.5m thick sandstone unit was occupied. The following unit
is a marl with 2m thickness and the sample from this unit is named as KB-6. At the middle of
the section, there was an alternation of marl and sandtone. This unit is the thickest one (17
m thickness). The sample taken from the middle part of this alternation was called as KB-7.

A very thin shale level was found above KB-7 unit. This unit was 0.5m thick and the sample
taken form there was named as KB-8. 9.5 m thick sandstone unit following the KB-7 sample
level was not sampled but measured through the section. Above this, 1.5m thick marl unit
was sampled and the sample was called as KB-9. A very thin unit of fissile shale (0.5m
thick) followed the KB-9 level. It was named as KB-10. 9m thick alternation of sandstone
and shale is observed through the upper parts of the section. KB-11 sample was taken from
this unit. It is followed by 6m thick shale unit from which KB-12 sample was taken. The
upper units which have 3 m total thickness show alternations of mudstone (KB-13), shale
(KB-14) and sandstone (KB-15). The uppermost unit was rippelled sandstone with 6 m
thickness. This unit was only measured but not sampled.
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Figure 3.3. Columnar section of the Koyunbaba Section.
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3.2.2. Hangili (Killik Location) Section

Hangcili section (Figure 3.4) which is exposed at Hangll village, Killik location, measured as
16.5 m stratigraphic section through Hancili Formation (Figure 3.5). Lithological units were
explained in this section from bottom to top.

The brownish bottom unit of the section which is almot 2.8 m deep was sandy-clayey
mudstone. HB10 sample was taken from this unit. It is follwed by 3.7 m deep clayey
mudstone with brownish color. HB9 sample was taken from this unit. It is overlain by 1.5 m
deep bentonitic claystone with grayish color. HB8 sample was gathered from this level. A
bentonite level with 1 m depth follows the bentonitic clayestone. It has a white — cream color
with massive structure. HB6 sample was taken from this unit. On top of it, bentonitic
mudstone layer with 3.5 m depth was found. HB4 sample belongs to this unit. Up to the
section, red mudstone unit with 2.5 m depth was found and the sample HB2 was taken. At
the top, 1.5 m deep tuff layer exists. HB1 sample was form this unit.

RED MUDSTONE

BENTONITIC MUDSTONE

BENTONITIC.

SANDY-CLAYEY MUDSTONE

Figure 3.4. The Field view of Hancili Formation at Killik Location
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Thickness Lithology Sample no.
(m)

15 e Tuff HB-1

2.5 Red Mudstone HB-2

35 Bentonitic Mudstone HB-4

1.0 = Bentonite HB-6

1.5 Bentonitic claystone HB-8
3.7 Clayey Mudstone HB-9
2.8 Sandy Mudstone HB-10

Figure 3.5. Measured stratigraphic section of Hancili Village Killik Location (non-scaled).
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3.2.3. Borehole SSK-1 Section

The borehole opened at Tepetarla location (Figure 3.6 and 3.7), Hanglili, Ankara was named
as SSK-1 borehole. The drilling was started on January 11", 2006 by gathering 1.5 m core
first. Unfortunately, due to the bad weather conditions, the borehole machine was broken
down, the operation was withdrawn to February, 2006. Under proper climatic conditions, the
borehole machine was again operated. On March 15", 2006, by taking 60 m continous core
samples which crossed the lake sequence, one of the most important part of drilling with
core, was completed. It was very important to take such a continous core from this region to
reconstruct continous climatic history. This location was the best to drill because, it is placed
at the centre of the syncline so provides the thickest point of the lake sequence (Figure 3.8).

Figure 3.6. The far view of Tepetarla location where the borehole studies are performed.

Figure 3.7. The close view of the borehole study.
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Figure 3.8. Geological map of Demirtas-Hangili region (Tlrkmenoglu et.al.,1994).

1-Upper Cretaceous Ophiolithic Melange (Anatolian Complex), 2-Aslantas Fm., 3-Hanglil
Fm., 4-Bentonite and pluvial cherty limestone, 5-Blylkhacibey Fm., 6-Quaternary deposits,
7-Measured startification location, SSK-1 — Borehole location

Borehole studies finally completed on May, 2006. The core samples which were taken
during the borehole studies are boxed (Figure 3.9) and sent to METU Geological
Engineering, Clay Mineralogy Laboratory for experimental studies and protection purposes.

' BOREHOLE NO: SSK-1

" DEPTH: 0.00 m - 6.00 m

TR N T T SRR T

Figure 3.9. A sample picture for the SSK-1 borehole cores.
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BOREHOLE NO: SSK-1

DEPTH: 10.00 m - 14.00 m
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Figure 3.9 cont'd.

BOREHOLE NO: SSK-1

DEPTH: 15.00 m - 18.00 m

Figure 3.9 cont'd.
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' BOREHOLE NO: SSK-1

' DEPTH: 18.00 m - 22.00 m

Figure 3.9 cont'd.

BOREHOLE NO: SSK-1

DEPTH: 22.00 m - 26.50 m
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Figure 3.9 cont'd.
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\
BOREHOLE NO: SSK-1

 DEPTH: 26.50 m - 31.50 m

Figure 3.9 cont'd.

BOREHOLE NO: SSK-1

- DEPTH: 31.50 m - 36.00 m

Figure 3.9 cont'd.
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BOREHOLE NO: SSK-1

DEPTH: 36.00 m - 40.00 m

Figure 3.9 cont'd.

| BOREHOLE NO: SSK-1

DEPTH: 40.00 m - 48.00 m

Figure 3.9 cont'd.
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BOREHOLE NO: SSK-1

DEPTH: 48.00 m - 55.00 m

Figure 3.9 cont'd.

BOREHOLE NO: SSK-1

DEPTH: 55.00 m - 60.00 m

Figure 3.9 cont'd.
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Core samples were examined in terms of their lithologies and the borehole stratigraphic
section was gathered. Appendix-1 shows the changes on the lithology, lake level and the
analysis done on Hangili and Aslantas Formation.

Totally 60m deep core was drilled. At the bottom of the section SSK-1, Aslantas Formation
with mudstone of gray — red colored was found. On the continous section, it has a 7.3m
depth. The literature given on the geology chapter shows that Aslantas Formation is of Late
Langhian-Tortoian and represents alluvial-fluvial environment (Ttdrkmenoglu et.al., 1994).

Hangili Formation overlies Aslantas Formation. The total depth of the Hangili Formation on
the continous SSK-1 section is 52.7m (Appendix-1). Hangili Formation started with reddish
to brown colored, fine - coarse grained sandstone unit of 2.2m depth. On top of the bottom
sandstone unit, while Lacustrine environment was dominant, limestones with grayish green
color, reddish brown-grayish colored marl and dark gray colored mudstone units were
deposited. Their total thickness is 20.5 m. Then, the deposition of the lake sediments
stopped with the mudflow most probably triggered by the volcanism (Appendix-1).

The product of this volcanism was a thin andesite band followed by a thin conglomerate
layer. The following 16.5m deep layer was a clastic Lacustrine products which were
stopped by 3 times with a 3 different tuff deposition. It points the active volcanism around
Hangili Formation. White-creme colored, clayey-, micritic limestone and marl sequence
including mudstone and siltstone units were found at the middle to the top of the section.
The last 15.5 m sequence at the top ended with dirty white-créme colored, fine grained,
hard, clayey limestone (Appendix-1). This section was sampled from HAN1 to HANG60 from
top to bottom. Samples were arranged for the XRD, isotope, geochemistry and thin
sections.
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CHAPTER 4

MINERALOGY

This chapter includes the determination of mineral compositions in bulk and clay fractions of
the samples by X-ray diffraction analysis, the qualitative evaluation of the minerals and the
their interpretations in thin section of the selected samples. Also, scanning electron
microscope (SEM) studies were employed to define the crystal shapes, morphologies and
textural relations between some minerals.

Clay minerals are very important in paleoclimate studies, since their formations are mostly
climate dependent. Therefore, the presence of any authigenic clay mineral in a sequence
may provide long-term climatic interpretation of the region studied. To have a good clay
data, firstly clay fraction should be separated from the bulk. It was explained in the
Methodology chapter. (Chapter 1.5) The clay fraction, then were X-rayed to have qualitative
and semi-gantitative data of the section studied. Qualitative determination of the clay
minerals were conducted according to Brindley (1980), Thorez (1976) and Chen (1977).

Three sections from the study area were mineralogically evaluated according to their bulk
and clay fractions. The first two sections were from outcrops but the last one which is SSK-1
was a drillhole, therefore it provides core data.

4.1. Koyunbaba (Kalkan Tepe) Section

The first sampling site was Koyunbaba Viliage where the Hancili Formation is well-
exposed. Through this section, 15 samples were taken. Samples were analysed by XRD.
The section generally composed of fine to medium grained clastic sedimentary rocks.

The bottom-most part of the unit is a mudstone. The sample taken from this level is named
as KB-1 consisting of dolomite, analcime, feldspar, quartz and cristobalite (Figure 4.1). lllite
and smectite, on the other hand was determined as clay minerals of this unit (Figure 4.2).

Above KB-1, light-brown colored silty sandtone nhamed as KB-2 includes feldspar, quartz,
and clinoptilolite/heulandite as non-clay minerals (Figure 4.3). The clay minerals of this unit
are illite and little amount of smectite (Figure 4.4). The sample gathered from this unit was
named as KB-2.

Fissile-shale with sandy bottom part (KB-3) was found in the section. It has non-clay
minerals of dolomite, analcime, feldspar, quartz and cristobalite. As clay mineral illite,
smectite and chlorite were determined.

Above KB-3 sample, the sample unit called as KB-4 has non-clay components, feldspar,
quartz, clinoptilolite / heulandite were determined. As clay minerals illite and very small
amount smectite were found.

KB-5 sample is composed of clay and non-clay mineral contents which are exactly the same
as the unit KB-4 taken out. The following unit is marl and the sample from this unit is named
as KB-6. Here, dolomite and feldspar exists as non-clay minerals. But the clay minerals are
same with the units of KB-4 and KB-5.

At the middle of the section, there was a thick alternation of marl and sandtone consisting of

non-clay minerals of dolomite, analcime, feldspar, quartz and and clay minerals of illite with
little amount of smectite (KB-7).
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Figure 4.1. Bulk mineral content of KB-1 sample determined by XRD



A shale level as KB-8 was evaluated mineralogically and so quartz, calcite, analcime,
feldspar are found as non-clay components, whereas illite-smectite (mixed layered clay
mineral) and very small amount chlorite are determined as clay minerals. Scanning electron
microscope (SEM) image of KB-8 also shows the presence of I/S mixed-layer (Figure 4.5)
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INTENSITY

Air-dried

Figure 4.2. XRD analyses on the clay fraction of KB-1 sample.
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Fiaure 4.3. Bulk mineral content of KB-2 sample determined by XRD
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Figure 4.4 XRD analyses on the clay fraction of KB-2 sample.




Figure 4.5. The SEM image of KB-8 sample showing illite-smectite mixed layered.

KB-9 sample is composed of dolomite, feldspar, quartz and analcime as non-clay minerals.
As clay minerals, very small amount llite was found. The non-clay components of the
following KB-10 sample are the same with KB-9 but illite-smectite mixed layered clay
mineral was found as clay minerals

From the thick alternation of sandstone and shale, KB-11 sample was taken which includes
dolomite, analcime, quartz and feldspar as non-clay components. As clay minerals, illite-
smectite mixed layered and very small amount of illite were determined. To the top of the
section, KB-12 sample has quartz, calcite, feldspar, analcime and clinoptilolite/heulandite.
Also, illite-smectite mixed layer was observed in this unit as clay mineral component.

The upper units which have 3 m total thickness show alternations of mudstone (KB-13),
shale (KB-14) and sandstone (KB-15). Dolomite, feldspar, quartz, analcime (Figure 4.6) and
clinoptilolite/heulandite were observed. On the XRD diffractograms, illite-chlorite-smectite
mixed layers, illite and small amount of smectite were determined. The uppermost unit was
rippelled sandstone with 12 m thickness. This unit was only measured but not sampled.
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Figure 4.6. The SEM image of KB-11 sample showing analcime crystal.

4.2. Hangili (Killik Location) Section

Hangili section like Koyunbaba Section was studied mineralogically by XRD and SEM
studies. From bottom to top, the mineralogical compositions were explained here. The
brownish bottom unit of the section was sampled as HB10 which is composed of quartz,
plagioclase, cristobalite as non-clay minerals and smectite as clay-components. The
following HB9 sample includes smectite as a clay mineral and quartz, plagioclase, biotite
and cristobalite as non-clay minerals and also volcanic rock fragments are determined by
optical microscope. HB8 sample consists of smectite and a very small amount of illite-
smectite mixed layer. Also, quartz, plagioclase, biotite and cristobalite exist in HB-8. Th
overlying unit is composed of Na-smectite as clay mineral and quartz, plagioclase, biotite,
muscovite, cristobalite and volcanic rock fragments as non-clays. Then, HB4 sample
consists of smectite, analcime, quartz and feldspar minerals. To the top, HB2 sample
includes smectite and very small amount illite-smectite mixed layer, together with analcime,
quartz and feldspar in the bulk fraction. The top most unit was sampled as HB1 and
mineralogically analysed. Analcime, micritic calcite, quartz, feldspar, biotite and volcanic
rock fragments are determined in HB-1 unit.
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4.3. SSK-1 Section

The lowermost unit is Aslantas Formation and samples of HAN-59, HAN-60, HAN-61, HAN-
62, HAN-63, HAN-64, HAN-65 were examined under optical microscope. The presence of
heulandite mineral which is a mineral of zeolite group was determined under microscope on
HAN-60 sample (Figure 4.7). By X-ray diffraction analysis on samples of HAN-59, HAN-61,
HAN-63 and HAN-65, illite-smectite mixed layer was determined (Figure 4.8).

Figure 4.7. Photomicrograph of heulandite crystal HAN-60 sample (4x10, XPL)
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Figure 4.8. XRD analyses on the clay fraction of SSK-1 section, HAN63 sample.

Over Aslantas Formation, the sequence of Hangili Formation starts. The optical mineralogy
study on the thin section of the sandstone unit at the bottom of the formation clearly shows
its arkosic characteristics (Figure 4.9).



Figure 4.9. Photomicrograph of silt grains which formed by metamorphic rock fragments and
surrounding clayey matrix and cement in the sandstone(HAN-58, XPL, 4x10).

The overlying limestone unit was also sampled. Thin section of HAN-57 sample shows
diagenetic texture developed. It contains dissolution cavities and pores which were filled
with secondary sparry carbonates. It is also observed that clay illuviations are found as
brown colored laminated infillings (Figure 4.10). X-Ray Diffraction study on the clay fraction
of HAN-57 reports the presence of illite-smectite mixed layer.

Figure 4.10. Photomicrograph of limestone that shows diagenetic texture (HAN-57, 4x 10,
XPL).
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Up to the section, reddish brown, grayish green colored silty clayey marl lies over the
limestone. Fe-oxide linings and rarely framboidal micritic calcite occurrunces are
determined. As clay mineral components of this level, illite-smectite mixed layer and few
chlorites were observed by XRD. Over this unit, reddish brown colored mudstone is found.
On the thin sections, fine sand and coarse silt grains are determined. Following unitwhich is
reddish brown - grayish green, silty, clayey marl sampled as HAN-49. It shows
peloidal/ooidal fragments, thin bioturbations and subangular paleosol (Figure 4.11).

Figure 4.11. Photomicrograph of subangular soil structure in the marl (HAN-49, 4 x10,
XPL).

Then, the overlying unit which is micritic limestone shows the presence of small amount
fresh quartz microcrystals and very small amount microcrystalline feldsparsl. No fossil was
recorded in this level. The clay fraction of this limestone is composed of illite-smectite
(smectite dominant) mixed layer.

Overlying unit, dark gray locally reddish brown colored mudstone, has Fe-oxide linings
together with fresh quartz crystals, plagioclase, biotite and volcanic glass fragments (HAN-
43). lllite-smectite (smectite dominant) mixed layer is observed in clay fraction by XRD. At a
depth of 29.50m, andesite was observed at the middle of the core. Under optical
microscope, plagioclase phenocrysts surrounded by micrite presenting flow texture were
observed (Figure 4.12).
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Figure 4.12. Photomicrograph of andesite showing plagioclase phenocrysts (HAN-41, 4x10,
XPL).

Just above the andesite unit, there is a thin conglomerate level. Under microscope, rock
fragments of quartzite and volcanic rocks are observed (Figure 4.13).

Figure 4.13. Photomicrograph of rock fragments of conglomerate (HAN-40,XPL, 4x10).
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The overlying bentonitic claystone unit was sampled and evaluated mineralogically. In the
thin sections, quartz and feldspar crystals surrounded by Fe-oxide linings are determined. In
the section there is also radial zeolite that accompanying with opacity (Figure 4.14). The
clay fraction of this unit has well crystallized smectite and a very small amount chlorite.

Figure 4.14. Photomicrograph of zeolite mineral (HAN-36,XPL, 4x10).

Over the bentonite, the claystone is observed with metamorphic rock fragments, quartz,
plagioclase microcrystals, biotite, argillaceous pumice relict texture, few micritic calcitization
and zeolitization (heulandite) under optical microscope. The clay fraction of HAN-31, HAN-
32, HAN-33, HAN-34 and HAN-35 samples from the claystone have very well crystallized
smectite mineral together with chlorite (Figure 4.15).
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Figure 4.15. XRD analyses on the clay fraction of HAN-35 sample from SSK-1 section.

Overlying mudstone unit has dolomite and small amount quartz. Additionally, on the thin
section of HAN-30 sample, heulandite mineral developed inside the braciapoda is observed
(Figure 4.16). The clay fraction shows the presence of smectite-illite (smectite dominant)
mixed layered and very small amuount of chlorite.
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Figure 4.16. Photomicrograph of heulandite crystal inside the braciapoda (HAN-30, XPL,
4x10).

Up to the section, the overlying gray-grayish green colored, fine grained tuff has chalcedone
(Figure 4.17). XRD analyses show abundant quartz and small amount dolomite and HAN-19
sample shows the presence of small amount illite-smectite mixed layered and chlorite in the
clay fraction.

Figure 4.17. Photomicrograph of chalcedone mineral as infilling (HAN-19, XPL, 4x 10).
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Up to the section HAN-17 sample from mudstone unit has mixed layered illite-smectite in
the clay fraction. Then, clayey limestone - limestone which shows micritic texture and joints
surrounded by Fe-oxide linings are found. Also as detritic materials small amount chert,
metamorphic rock fragments, plagioclase and opaque minerals are found (Figure 4.18).

Figure 4.18. Photomicrograph of micritic clayey limestone (HAN-15, PPL, 4x10).

HAN-15 sample, illite-smectite (illite dominant) mixed layer and chlorite are observed in the
clay fraction. HAN-14 sample from 14 m at depth, has volcanic and metamorphic rock
fragments and feldspar grains in the tuff unit under microscope (Figure 4.19). Also abundant
and fresh plagioclase crystals and quartz are determined (Figure 4.20) In the clay fraction,
glass is observed as amorphous material and zeolite is possibly found.

Figure 4.19. Photomicrograph of vitrified tuff, HAN-14 (XPL, 4x10).
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Figure 4. 20. Photomicrograph of pumice and volcanic crystals in the tuff (HAN-14,PPL,4x
10)

HAN-12 and HAN-13 samples have almost the same mineral components as ilite-smectite
mixed layer, plagioclase and quartz. HAN-11, on the other hand, includes only chlorite as
clay mineral. HAN-9 sample’s clay fraction shows the presence of illite-smectite mixed layer,
analcime and plagioclase. The bulk composition of the HAN-8 sample from mudstone unit
shows abundant dolomite and ilite-smectite (50% illite and 50% smectite) mixed layer. It has
also heulandite determined microscopically (Figure 4.21). In clay fraction of HAN-7 sample,
illite-smectite (smectite dominant) mixed layered, small amount chlorite and analcime are
observed.
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Up to the section, siltstone unit of HAN-4, HAN-5, HAN-6 were sampled. In the clay fraction
of these samples, illite-smectite (smectite dominant) mixed layer, very small amount chlorite
and analcime are determined (Figure 4.22).
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Figure 4.22. XRD analyses on the clay fraction of HAN 4 sample from SSK-1 section.
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At the top most unit of SSK-1 borehole, there is microscopically dirty white-créme colored,
hard, fine grained micritic clayey limestone (Figure 4.23)

Figure 4.23. Photomicrograph of clayey limestone (HAN-1, XPL, 4x10)

In the limestone there are very large dissolution pores developed through the samples. The
internal walls of the pores are covered with sparry calcite crystals. The inner parts of pores
are also filled with analcime minerals (Figure 4.24). In the bulk composition of the clayey
limestone, small amount quartz and abundant dolomite are observed. At a point heulandite
mineral that is covered by analcime at the pore (Figure 4.25).
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Figure 4.25. Photomicrograph of heulandite (HAN-3, XPL, 10x10)
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CHAPTER 5

GEOCHEMISTRY

5.1. Introduction

Bradley (1999) stated that lakes accumulate sediments from their surrounding environment
and therefore the sediment cores recovered from lakes can provide a record of
environmental change. The mineralogical and geochemical compositions of the lacustrine
deposits are important proxy providers. Due to high accumulation rates in lakes, they offer
the potential for high-resolution records of past climate (Bradley, 1999). Moreover, Sheldon
and Tabor (2009) and Retallack (2001) provided summary tables in which different proxies
based on geochemical analyses revealing the intensity of the chemical weathering (Table
5.1.).

Major oxide concentrations are given as weight percentages (wt %) of the whole rock, on
the other hand trace element abundances are reported as parts per million (ppm). Therefore
in this thesis study, variations of these elements as well as weathering and alteration
intensities for each section as a function of a depth were drawn and evaluated.

Other than the major and trace element variations through the section, some other
parameters were used to evaluate the weathering and alteration intensities.

Rollinson (1993) explained the most commonly used geochemical criteria of sediment
maturity are the SiO2 content and the SiO2 / Al203 ratio (Potter, 1978), reflecting the
abundance of quartz, clay and feldspar content. Chemical maturity can be calculated from
the ratio of Na20/K20 (Rollinson, 1993).

Table 5.1. Molecular weathering and pedogenesis ratios (modified from Sheldon and Tabor,
2009; and Retallack, 2001).

Ratio Formula Pedogenic Process
Al/ 2Bases Al,O3/(CaO0+MgO+K,0+Na,0) Hydrolysis
Clayeyness Al,O3/SiO, Hydrolysis
Base Loss Ba/Sr Leaching_Hydrolysis
Gleization FeO/Fe,03 Oxidation
Gleization >Fe/Al Oxidation
Gleization >Fe+Mn/Al Oxidation
Silica/Sesquioxides SiO,/ (Fe,03+Al,05) Hydration
Base Loss Base/Ti Leaching
Provenance Ti/Al Acidification(~pH)
Alkalis to Alumina (K,O+Na,0)/Al,03 Salinization
Soda to Potash Na,O/K,O Salinization
Parent Material La/Ce, Sm/Nd, U/Th Acidification (~pH)

The Pedogenic processes can be inferred from the elemental ratios shown in Table 5.1.
Hydrolysis, one of the most important pedogenic process, can be assessed by molecular
weathering ratios of alumina/bases, alumina/silica and barium/strontium (Retallack, 2001).
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Clayeyness, a result of hdrolysis is defined as aluminum divided to silica. Leaching can be
quantified by the ratio of Ba to Sr. High ratio of Ba/Sr implies more leaching conditions
(Sheldon and Tabor, 2009). As Retallack (2001) stated hydration or dehydration reactions
are revealed by the ratio of silica to iron and alumina. Molecular weathering ratio of soda to
potash, alkalis to alumina and soda to alumina are used to assess the degree of
salinization. Calcification, important parameter revealing subhumid and semi-arid climates,
can be quantified with the ratio of calcium and magnesium to alumina. A reaction in which
an element suffers electron loss when forming a compound is named oxidation, reversely,
electron gain is due to reduction process (Retallack, 2001).

Degree of chemical weathering can be obtained from the chemical index of alteration (CIA)
(Nesbitt and Young, 1982). The CIA is a measurement of the weathering of feldspar
minerals and their hydration to form clay minerals. As clay content increases Al should also
increase, whereas Ca, K, and Na contents should decrease, leading to higher CIA values
(Sheldon and Tabor, 2009). Additionally, (Na,O+CaO) — Al,O3; — K,0 diagram of Nesbitt and
Young (1984, 1989) shows the weathering trends. Magnesium index is also a measure for
the chemical alteration and calculated by using MgO and Al,O3 values.

CIA = ALLO; / (AL,O3+Ca0+K,0+Na,0)
Mg-1 = AlLO3 X 100 / (Al,O5+MgO)

Ratios of La/Ce, Sm/Nd and U/Th can be used to infer the acidification of the parent
material. Sheldon and Tabor (2009) explained that U, Th, V, Ti, Zr, Nb are all relatively
immobile during weathering. U is leached away during pedogenesis and Th remains. This
indicates very intense weathering and strong redox gradient. Oppositely, if pedogenesis is
not effective and if there is no strong redox gradient then the U/Th ratio is expected to be
constant all through the profile. The ratios of Sm/Nd and La/Ce are used to refer the
provenance of the sediments.

5.2. Koyunbaba Section

Whole rock geochemical analysis of the lake deposits in Koyunbaba Section is listed in
Table 5.2. Major element concentrations are given in weight percentages. The molecular
weathering ratios and chemical index of alteration values are calculated according to the
given formulas in Table 5.1. Due to the resistancy for mobilization, Ti is accepted as a
normalizing element for major and trace element concentrations of Koyunbaba section. The
values are then plotted against depth to reveal the changes.

Table 5.2. Main and trace element analyses results of Koyunbaba samples (Element oxide
values are given as weight percent).

O’(‘(',/‘:)es KB-1 KB-2 KB-6 KB-9 KB-12 KB-14
SiO, 31.42 72.46 45.63 11.89 63.35 52.58
TiO, 0.71 0.29 0.39 0.00 0.37 0.88
AlLO, 10.01 12.95 10.97 4.20 15.27 16.25
Fe,05 3.67 2.26 4.49 5.59 3.05 5.53
MgO 5.52 0.17 2.87 15.07 0.46 151
CaO 21.75 1.16 12.14 23.81 4.31 4.34
Na,O 1.61 2.85 1.84 0.81 2.23 2.26
K50 1.69 3.28 2.42 0.76 2.75 2.63
SO, 0.22 0.20 0.18 0.13 0.21 0.31
LOI 23.32 3.87 18.62 37.43 7.56 13.40
Total 99.82 99.49 99.55 99.69 99.56 99.69
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SiO2 values of the Koyunbaba Section ranges between 11,89 wt% and 72,46 wt%. The
relative amount of SiO2 down to the section increases showing the moderate leaching
conditions favoured in the region. This value is also from mineral compositions of quartz
and clays which is consistent with the XRD findings (Figure 5.1).

Al, O3 like TiO; is assumed to be constant during weathering. While some other components
are easily leached away from the section, Al retains its composition. It values range from
4.20 wt% to 16.25 wt%. Therefore, the values for Al,O; through the section are almost
constant except one level. The constant values of Al,O; are also constant with the presence
of the clay minerals all through the section (Figure 5.1).

The Fe,O3; composition through the section is between 2.26 wt% and 5.59 wt %, which
means it is also almost constant implying almost no change in oxidation/reduction reactions
in the region during the depositional period of this section (Figure 5.1).

MgO generally follow the same trends as iron, reaching their greatest concentration along
with iron. However, the conditions sometimes may differ if dolomite is in the composition of
the samples. The amount of MgO ranges between 0.17 wt % to 15.07 wt %. Its abundance
fluctuates from level to level but as a general trend it increases up to the section which is
consistent with the increasing amount of dolomite up to the section (Figure 5.1).

CaO like MgO shows a general increasing trend up to the section which is also consistent
with the increasing carbonate content. Its values range from 1.16 wt % to 23.81 wt %
(Figure 5.1).

Both Na and K are more readily mobilized elements released by weathering, therefore they
would be expected to have lower values in the units which are not resistant to weathering.
Both plots the same trend with respect to depth showing increasing and decreasing values
depending on the characteristics of the lithologies through the section. Na,O and K,O
values range from 0.81 wt % to 2.85 wt % and 0.76 wt % to 3.28 wt %, respectively (Figure
5.1).

Ti has a constant distibution from bottom to top of the section which shows its high
resistance to mobilization. Its values is always less than 1% through the section, possibly
implying the constant low sediment influx (Figure 5.1).

Ti-normalised values of major oxides versus depth plots clearly show that SiO,, Al,O3, Na,O
and K,0 plot almost the sam trend but Ca and Mg show the same patterns. Ca and Mg
values are directly related with the carbonate minerals in the section, while the other oxides
except Fe,Os; shows the same increasing and decreasing trends when normalised to Ti
most possibly implying that they are all representing the same chemical provenance (Figure
5.2).

Unfortunately due to low project budget, the samples of Koyunbaba Section analysed for
their major oxides could not be evaluated in terms of their trace element compositions.
Therefore, the ratios for the weathering behaviours and provenance conditions could not be
employed for this section.
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According to the major oxide values of the Koyunbaba Section samples, molecular
weathering values are calculated (Figure 5.3). Base saturation values which depends all the
bases ratios, show fluctuations through the section, lower to the top. It is directly related with
the solubility and mobility of the elements. Clayeyness values are almost constant through
the section, getting a little higher at the top of the section. Hydration on the other hand plots
lowering to the top pattern. Oxidation is also almost constant except KB—6 sample where
oxidation gets higher while saturation and hydration get lower. Salinization is also constant
for Koyunbaba Section, while calcification shows a little increasing upward trend except KB-
6 sample where the value is highest. Salinization for the semi-arid conditions should be
greater than 1, and Koyunbaba samples plots close to 1 or higher values. Hydration,
naturally plots an opposite trend to the clayeyness, while the other weathering ratios are
parallel to each other (Figure 5.3).

Chemical Index of Alteration (CIA) and Mg-Index (Mgl) values are also calculated from the
major oxides. CIA values for the samples are lower than 50%, meaning that alteration
passed through this section was not so intense, it can be classfied as moderate to low. On
the other hand, Mg-index of alteration values, where Ca, Na and K are omitted from the
calculation, ranges around 70% to 90% except KB-6 sample which shows 21% Mg-I value
(Figure 5.4).
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Figure 5.4. CIA and Mg-l values of Koyunbaba Section.

5.3. Killlik Section

The results of whole rock geochemical analysis of of the samples from Killik Section are
listed in Table 5.3. Major and trace element concentrations are given in weight percentages
(Wt%) and in parts per million (ppm), respectively. The molecular weathering ratios and
chemical index of alteration values are calculated according to the given formulas in part
5.1. Tiis also accepted as a normalizing element for major oxides and Al for trace element
concentration for Killik Section. The values are plotted against depth to reveal the changes.

SiO, values of the Killik Section ranges between 57,01 wt% and 71,05 wt%. The amount of
SiO, down to the section is almost constant. This value is from mineral compositions of
guartz and clays which is consistent with the XRD findings (Figure 5.5).

Al203 and TiO2 are also constant during weathering, while some other components are
easily leached away from the section. In Killik Section, Al203 is also constant through the
section, providing a parallel trend to the SiO2 in depth to value diagram. Al203 values are
between 11wt% and 17,19 wt%. TiO2 also display a very narrow range in between 0,13
wt% and 0,86 wt% (Figure 5.5).

56



The Fe203 composition through the section shows a little wider range between 0,58 wt%
and 6,63 wt%, which implies some changes occurred in oxidation/reduction reactions in the
region during the depositional period of this section (Figure 5.5).

MgO follows the same trends with iron, manganese and phosphorous reaching their
greatest concentration up to the section but the uppermost unit has the lowest composition.
The amount of MgO ranges between 0,86 wt% to 4,82 wt%. MnO, on the other hand,
follows a narrow range from 0,01 wt% to 0,03 wt % (Figure 5.5).

CaO shows parallel trend with Na20 and K20, almost constant up to the section, but the
last unit shows increasing trend. Its values are from 0,3 wt% to 10,39 wt%. Na20 vlaues
range from 1,73 wt% to 5,64 wt%, the range of which is very similar to the CaO. K20 is also
thje same with CaO and Na20, with the values between 0,22 wt% and 4,3 wt%. The last
elemental composition is P205, whose values are less than 1wt%, showing the presence of
very little amount of organic matter (Figure 5.5).

Like Koyunbaba Section, Ti has a constant distibution from bottom to top of the section
which shows its high resistance to mobilization. Therefore, it also selected as a normalizing
element for the major oxides (Figure 5.6).

Ti-normalised values of major oxides versus depth plots clearly show that SiO2, Al203,
Na20, Fe203 and MgO plot almost the same trend, most possibly implying the constant
source for these elements through the deposition of the Killik Scetion. Ca plots constant
values but a higher value at the top. The P205 values normalised to Ti are also constant all
through the section, implying constant organic supply during the deposition (Figure 5.6).
Trace element ratios are also drwan with respect to depth (Figure 5.7)

According to the major oxide values of the Killik Section samples, molecular weathering
values are calculated (Figure 5.8). Base saturation values which depends all the bases
ratios, show decreasing upward trend through the section. It is directly related with the
solubility and mobility of the elements. Clayeyness values are almost constant through the
section. Hydration is also almost constant upt ot he scetion but at the top shows increaing
trend. Salinization increases towards the top of the section, implying the aridity increasing
up to the surficial levels. Calcification plots also increaing trend towards the top, paralell to
the salinization. Oxidation, on the other hand, plots an opposite trend to the hydration and
salinization values. It decreases upward. Leaching, parallel to saturation, is low at the top,
higher at the middle of the section(Figure 5.8).

Chemical Index of Alteration and Mg-Index values are also calculated from the major
oxides. CIA values for the samples are mostly higher than 50%, reaching 86% meaning
that alteration passed through this section was intense. Additionally, Mg-index of alteration
values, where Ca, Na and K are omitted from the calculation, ranges around 70% to 90%,
again showing intense alteration occured in this region (Figure 5.9).
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Table 5.3. Major oxide (wt%) and trace element (ppm) contents of Killik samples.

Oxide HB1 HB2 HB4 HB6 HB8 HB9 HB10
SiO; 57,95 57,01 | 64,42 | 71,05 | 63,58 63,27 67,74
TiO, 0,24 0,67 0,86 0,13 0,83 0,64 0,63
Al,O4 11,00 16,14 | 16,41 | 15,32 | 17,19 16,81 16,49
Fe,Os 0,58 6,63 5,09 2,28 4,70 5,53 2,36
MnO 0,01 0,03 0,01 0,01 0,02 0,01 0,01
MgO 0,86 4,82 3,40 3,13 2,14 2,88 1,63
CaO 10,39 0,88 0,41 0,30 2,09 0,91 2,09
Na,O 5,64 2,19 1,73 1,96 3,23 2,47 3,44
K20 0,54 4,30 0,76 0,22 1,13 0,86 1,47
P03 0,11 0,03 0,13 0,03 0,12 0,07 0,09
LOI 12,60 7,00 6,50 5,30 4,50 6,00 3,40
Total 99,01 99,70 | 99,72 | 99,74 | 99,52 99,45 99,33
Trace El HB1 HB2 HB4 HB6 HB8 HB9 HB10
Sc 5 18 11 2 10 11 2
\Y 12 173 155 13 99 104 66
Cr 22 149 147 18 189 100 86
Co 4 30 25 11 17 26 13
Ni 12 89 58 15 70 88 44
Cu 11 31 21 1 27 29 16
Zn 27 82 78 39 59 84 44
Rb 17 153 41 11 58 99 60
Sr 791 99 137 52 292 150 358
Y 10 14 7 31 22 27 19
Zr 49 139 209 107 206 194 192
Nb 15 16 22 28 24 22 24
Ba 211 267 64 388 929 142 1132
Pb 26 18 23 47 24 27 27
Th 15 14 18 31 22 25 21
U 2 0 5 9 2 1 2
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Figure 5.9. Alteration index versus depth plots of Killik Section.

5.4. SSK-1 Section

The results of the samples taken from the different levels of SSK-1 borehole location are
given in Table 5.4. Major oxide compositions are given as weight precentages (wt%) and
trace element compositions as ppm. 24 samples were analysed at ACME Laboratories,
Canada for major and trace element analyses. The results are also plotted with respect to
depth.

According to the results, HAN 2,HAN 3, HAN 7, HAN 9, HAN 10 have similar compositions.
Low amounts of Al and Si and high amounts of Ca and Mg indicate that the sample is rich in
dolomite. HAN 4 is taken from grayish green colored siltstone derived from silicic rocks and
is rich in Al supporting the the transportation of smectite and the formation of analcime. HAN
14 is taken from light gray colored tuff. Here the presence of very high Sr value is very
important finding, supporting the idea that the lake was saline and alkaline. HAN 16 sample
is taken from clayey limestone. It has similar values with HAN 2 indicating that the presence
of dolomite (Figure 5.10).

HAN 19 sample was taken from tuff, rich in SiO, and CaO. HAN 23 and HAN 26 samples
were taken from mudstone and claystone. HAN 23 shows similarities with HAN 4 with a high
amount of Al,O3 content whereas HAN 26 is also rich in MgO, supporting the presence of
dolomite. HAN 33 sample is taken from tuff layer. This sample again is rich in Al,O3
(%11.63) indicating the presence of clay minerals. Bentonitic layer is represented by HAN
37 sample. It is rich in SiO2 and CaO. HAN 41 sample is taken from andesite. Its
composition is very different than the other units, high Rb and Ce values are also
recognized for this unit. HAN 43 and HAN 53 were taken from mudstone and they have
similar chemical compositions. HAN 46, HAN 49, HAN 54, and HAN 57 samples were taken
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from carbonate rich lithologies. All the samples are rich in Ca. HAN 53, HAN 62, HAN 63,
HAN 64, and HAN 65 samples were taken from mudstone (Figure 5.10).

Major oxide and trace elements versus depth plots are shown in Figure 5.10 and 5.11,
respectievly. SiO,, Al,O3, K0, TiO, and Fe,O; are all parallel to each other, implying that
the changes in their values are affacted fom the same chemical environment and
represented with the same clay and nonclay minerals. MgO and CaO, on the other hand are
also parallel to each other and their fluctuations are consistent with the expected lake level
changes. MnO values are important clues for the determination of wet and dry conditions.
Therefore, the peak points correlate with the lake level highstands. Ba, like MnO is high
when the lake level is high. Co, Cs, Ga, Hf, Nb, Rb are parallel to eah other and generally
high at low stands. V, W, Zr, Dy, Ho, Ta, Th are also parallel to each other, implying that
there is no additional sediment influx to the lake during the deposition. Sr is well-correlated
with the lake level fluctutaions. Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tbh, Er, Tm, Yb, and Lu are
also parallel to each other, representing that there was no additional sediment influx from
different chemical environment (Figure 5.11).
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Figure 5.10. Major oxides (wt%) versus depth plot of SSK-1 Section.
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To check the provenance characteristics, Ti/Al, U/Th, Zr/Th, Ba/Sr and Ti/Y ratios were
employed (Figure 5.12). Ti/Al, as expectively, is constant all through the section. U/Th ratio
is constant but gets higher to the top. Zr/Th plots also decreasing upwar trend. They point
that U and Zr concentrations are increasng relative to Th towards the top of the secton. All
of these ratios and the trace lement concentrations versus depth plots suggest that there is
almost constant sediment influx from the same chemical environment.

The major oxide values are employed to calculate the molecular weathering ratios (Figure
5.13). Saturation all through the section is almost constant. Clayeyness shows a decreasing
upward trend. Leaching is almost constant, but highest at the bottom.

Hydration increases upward but generally constant like salinization. It increases upward and
is highest at the middle, greater than 2.

Calcification is almost constant up to the middle units, then increases towards the top.
Oxidation from bottom to middle is constant, but then fluctutaes within a narrow range.

Chemical index of alteration values are calculated, they are between 5% and 80%, implying
low to high alteration affected the region. CIA values decrease to the top. Mg-index is also
calculated. The values are higher but consistent with the CIA values. They also decrease
upward (Figure 5.14).
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Figure 5.14. CIA and Mg-l values versus depth plots of SSK-1 Section.

5.5. Stable Isotope Geochemistry

Stable isotope data are accepted as good proxies reflecting the changes in environmental
conditions. Stable isotopes ratios are measured relative to a standard, SMOW or VPDB.
They are expressed with delta notation (&) in parts per thousand (%o or per mil). Delta
notation is calculated as follows:

5'%0 %o ={ [**0/*°0 (sample) — *0/*°0 (standard)] / **0/*°0O (standard) }x 1000

Isotope fractionation, according to Rollinson (1993), takes place in three ways: the first one
is isotopic exchange reactions. Secondly, kinetic processes affect the fractionation. Third
one is physico-chemical processes like evaporation and condensation, melting,
crystallization and diffusion can led the fractionation.

The stable carbon and oxygen isotopic composition of fluvial and lacustrine deposits are
very important and sensitive paleoclimate indicators (Mack et al., 1991).

Wright and Tucker, (1991) stated that negative **C values as low as -10 indicate high input
of **C from soil respiration and typically correlate with the vegatation cover dominated by C3
plants. Positive values, on the other hand, show mixing of soil respiration CO, and
atmospheric CO, which reflect the seasonal nature of plant activity. C4 plants are more
enriched in 3'°C than are C3 plants. They have 5"°C values between -6 and -19%. (Deines,
1980) with an average of -13%.. C4 plants include warm season grasses, sedges, and a few
halophytic shrubs and are better adapted to moisture and heat stress than C3 plants.
Evaporation causes co-variation in C and O in soil carbonate, both becoming enriched in the
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heavier isotope up the profile (Salomons et al., 1978). Evapotranspiration, however, does
not cause any fractionation.

The stable isotope values of the selected samples from SSK-1 borehole are summarized in
Table 5.6 in VPDB standard. The 30O values range from -2,32%. to -8,77%. VPDB
reflecting the formation under the infuence of meteoric water. 5°C values are between -
3,85%0 and -7,63%0. VPDB which shows wider range. Therefore, the 13C isotope values are
consistent wth the presence of C4 plants which are mostly dominated by warm season
vegetations. There is a good covariance between 5'*C and 5"0 values which show that
they were both affected from the same chemical environment during fractionation and
therefore can be used as good proxy for the climatic reconstruction (Figure 5.15). The
isotope values are plotted against depth, and the diagrams show that there is general
increasing trend towards the top of the section, which suggest there is an increase in the
temperatue as time passed.

5'%0 versus 3C plot is also drawn (Figure 5.16). It clearly shows that there is a linear

increasing trend suggesting an increase in temperature up to the section. It is accepted as
evaportaion in this study which is consistent with the other findings.

Table 5.6. 5'°C and 5'°0 isotope ratios of the Hangili Formation.

Depth (m) Sample CO3-content 5°C 5'%0
(%CaCO3) (%0 VPDB) (%0 VPDB)
-1,80 HAN-2 55,54 -4,91 -3,50
-3,80 HAN-3 86,97 -5,06 -2,97
-8,30 HAN-7 17,88 -4,77 -4,08
-11,00 HAN-10 70,84 -4,57 -2,32
-15,00 HAN-16 86,07 -3,85 -2,98
-27,80 HAN-37 46,23 -6,24 -5,73
-26,50 HAN-38 27,10 -5,91 -4,92
-32,70 HAN-45 54,09 -6,40 -5,27
-33,40 HAN-46 71,14 -6,35 -2,84
-37,00 HAN-49 12,79 -6,35 -3,37
-44,20 HAN-54 30,46 -5,86 -3,68
-50,00 HAN-57 67,28 -6,14 -6,45
-56,80 HAN-62 1,82 -5,66 -5,21
-58,10 HAN-63 0,34 -7,63 -8,77
-58,70 HAN-64 0,61 -6,26 -7,36
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Figure 5.15. Stable isotope values versus depth plots of SSK-1 Section
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Figure 5.16. 5180 versus 613C plot.
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CHAPTER 6

DISCUSSION

Although the region has been studied widely by many scientists, the age of the Hangil
Formation has become a subject of debate. Some of the studies pointed out fossil records,
some accept the stratigraphical position of the formation as a guide to suggest an age
(Figure 6.1). The Figure below shows the literature survey modified from Kaymakgi (2000).
Ayan (1969) and Birgili (1974) studied in the region, but did not give any age for the Hanglli
Formation. Then, Dellaloglu et al. (1992) studied and gave an age of Late Miocene. Ozgelik
(1994) did not mention the age of the formation but studied in the region. Tirkmenoglu et al.
(1994) and Kogyigit el al. ,(1995) studied in the region and gave an age of Early Pliocene
because of some fossil records pointing the age of the Aslantas Formation reached to the
Late Miocene. Kaymake¢i (2000) studied in the region and due to presence of some
gastrapods of Middle Miocene age, gave an age of Burdigalian-Langhian.

With the help of field observations and the literature reviewed for this study, the age of the

Hancili Formation is suggested to be Middle Miocene-Early Pliocene. However, it is highly
recommended to have radiometric age data to reconstruct the age of the Hancili Formation.
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Figure 6.1. References used in age estimation (modified from Kaymakgi, 2000).

The mineral compositions of the Koyunbaba section are correlated with the molecular
weathering ratios (Figure 6.2). The presence of dolomite generally has an opposite trend
with the presence of calcite. Calcite is relatively rare than dolomite providing the dolomite as
the dominant carbonate phase in the region. On the basis of the bulk mineral compositions,
it is clear that the enrichments and depletions of the minerals relative to depth and each
other are in pace with the lithologies and the alteration indexes. During the wet periods, CIA
values are higher and amounts of dolomite and smectite; the values of calcification and
saturation are lower due to low sediment influx. During arid and dry periods, the CIA values
are lower, on the other hand, dolomite and smectite are enriched. When compared with
each other, dolomite and smectite amounts are oppositely correlated. When smectite is
relatively lower, dolomite becomes enriched, possibly suggesting the smectite weathering
as one of the sources of Mg for the dolomite formation.
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The mineral compositions of the Killik Section are also correlated with the geochemical data
to reveal climatic conditions (Figure 6.3). The presence of smectite is well correlated with
the increase in salinity and calcification and oppositely correlated with the CIA values
implying the dry conditions favouring the formation of smectite in the region. On the other
hand, the low content of smectite is also correlated with the high CIA value, piointing the
high lake level and open environment for the chemical alteration.

For the SSK-1 section, mineralogical and geochemical proxies are correlated with the
isotope data and compared with the 5'%0 global stack curve from Feakins et al. (2012) to
show how our data from SSK-1 possibly match with the global curve on Miocene Climatic
Optimum (Figure 6.4). It is obviously seen the increase in salinization and calcification
periods match with the positive trends on stable isotope curve while CIA values are
negatively correlated. This means there is a strong covariance among the paleoclimate
proxies for Hancgili Formation. The periods of dry and arid seasons correlate with high 5'%0
and 3"C values where the lake level was low stands. The wet seasons which are well
correlated with the high CIA, low salinization, calcification and high MnO values can be
represented by the lake level high stands.
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CHAPTER 7

CONCLUSION

The following conclusions can be figured out.

1) By the field observations and the literature reviewed for this study, the age of the Hangili
Formation is suggested to be Middle Miocene-Early Pliocene. However, it is highly
recommended to have radiometric age data to reconstruct the age of the Hangili Formation.

2) Quartz, plagioclase, analcime are the non-clay components of most of the samples, while
smectite, illite and chlorite form the clay fractions.

3) The dolomite and smectite as mineral proxies, salinization, calcificaiton and CIA values
as geochemical proxies are employed for Koyunbaba and Killik Sections. Together with
these proxies, stable isotope values are also used to interpret SSK-1 Section.

4) All the proxies employed for this study show that there is strong warm periods occurred
during the deposition of Hangili Formation which are interrupped wet cycles. Especially the
proxies for the SSK-1 section plot the warm periods which are very well correlated with each
other.

5) The 5"°C values suggest that the dominant vegetation during the deposition of Hangili
Formation was C4 plants which represent warm seasons. Therefore, it is highly
recommended for the future studies that palinological analyses should be carried out in the
Basin.

6) The dolomite is thought to be authigenic in origin, therefore used as paleoclimate proxy in
this study. lllite and chlorite, on the other hand, are the detrital components in the clay
fractions.

7) The Aslantas Formation represents fluvial environments, while it changed into lacustrine
when Hangili Formation started to be deposited in the basin.

8) The lake level fluctuations recorded with the lithologies are consistent with the other
proxies, showing the wet seasons as high stands and dry periods as low stands.

9) The Middle Miocene to Early Pliocene was a period where there was a warm Middle
Miocene and then cold Early Pliocene. The isotope values are consistent with the warm
periods of Middle Miocene Climatic Optimum. Therefore, the studied portion of the Hancili
Formation was suggested to be deposited in a saline-alkaline environment during the warm
Middle Miocene.
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