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ABSTRACT 

 

SEDIMENTOLOGY, CYCLOSTRATIGRAPHY, SEQUENCE 

STRATIGRAPHY AND GEOCHEMISTRY OF THE MIDDLE EOCENE 

LACUSTRINE-MARINE OIL-SHALES TRANSITION, MUDURNU-

GÖYNÜK BASIN, NW ANATOLIA, TURKEY. 

 

AFRIDI, BAKHT ZAMIR 

Doctor of Philosophy, Geological Engineering 

Supervisor: Prof. Dr. İsmail Ömer Yılmaz 

 

May 2019, 435 pages 

 

Continuous studied successions of the Middle Eocene, Mudurnu-Göynük basin, in the 

NW Anatolia indicate a transition from marine-influence lacustrine to marine 

environment due to the relative rise in sea-level, which was separated by barrier 

deposits. Different lithofacies are identified in the studied sections, including 

limestone, marl, oil-shale, calcareous sandstone, conglomeratic and bio-calcirudite. 

Number of fossil assemblages are recorded including ostracods, charophyte 

gyrogonites, gastropods, bivalve and benthic foraminifera, rare fish-teeth-scale, 

echinoderms, algal filamentous and plant fragments. The recorded ostracod interprets 

Oligo-Mesohaline lacustrine environment, which is overlain by marine environment. 

Based on the detailed facies analysis, the depositional environment is characterized as 

relatively marginal to deep lacustrine- marine deposits, floodplain to paralic-marine 

deposits, from south to north. The lacustrine deposits indicate balanced-fill type lake 

setting within the regime in foreland setting in relation to İzmir-Ankara suture. The 

centimeter-meter scale order cycles show symmetrical to asymmetrical transgressive-

regressive cycles, which is due to repetitive change in the water-depth and/or 

fluctuating sediments influx. The cm-m scale cycles correspond to Milankovitch 

obliquity band and indicate climatic control linked with the earth`s orbital forces and 



 

 

 

vi 

 

local tectonics. In the sequence framework, the successions indicate marine 

transgression onto lacustrine environment in the region. The studied sections indicate 

a change from TST to HST in lacustrine-marine deposits. Lacustrine and Marine oil-

shales in the studied area are interpreted that they have a possible source rock potential 

in the central and north, and in the south of the basin. 

 

Keywords: Middle Eocene, Facies Analysis, Lacustrine to Marine environment, 

Cyclostratigraphy, Sequence Stratigraphy, Geochemistry, Mudurnu-Göynük Basin  
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ÖZ 

 

ORTA EOSEN GÖLSEL-DENİZEL BİTÜMLÜ ŞEYLLERİN GEÇİŞİNİN 

SEDİMENTOLOJİSİ, DEVİRSEL STRATİGRAFİSİ, SEKANS 

STRATİGRAFİSİ VE JEOKİMYASI, MUDURNU-GÖYNÜK HAVZASI, KB 

ANADOLU, TÜRKİYE. 

 

AFRIDI, BAKHT ZAMIR 

Doktora, Jeoloji Mühendisliği 

Tez Danışmanı: Prof. Dr. İsmail Ömer Yılmaz 

 

Mayıs 2019, 435 sayfa 

 

Mudurnu-Göynük baseninde, Kuzeybatı Anadolu bölgesi, Orta Eosen yaşlı çalışılan 

gölsel istifler gölsel ortamdan denizel çökelim ortamına geçiş göstermektedir. Deniz 

seviyesi değişimleri ile etkili olduğu düşünülen bu geçiş bariyer kompleksi ile 

ayrılmıştır. Çalışma alanında incelenen kesitlerde kireçtaşı, marn, bitümlü-şeyl, 

kalkerli kumtaşı, konglomera ve biyo-kalsirüdit içeren farklı lithofasiyesler 

tanımlandı. Çalışılan istifte ostrakod, karofit, bivalv, bentik foraminifer, nadir balık 

dişi, ekinoderm, alg lifleri ve bitki parçaları dahil olmak üzere birçok fosil grubu tespit 

edilmiştir. İstif içerisinde tanımlanan ostrakodlar orta tuzlu gölsel ortamına ait 

birimlerin üzerine denizel ortam birimlerinin geldiğini gösterir. Detaylı fasiyes 

analizlerine göre, birimin kuzeyden güneye doğru göl kenarından derin gölsel, taşkın 

ovasından paralik denizel çökelim ortamlarında çökeldiği belirlenmiştir. Gölsel 

çökeller İzmir-Ankara kenet ön ülke kuşağında dolgu tipi gölsel çökel ortamını işaret 

etmektedir. Santimetre – metre skalasındaki transgresif – regresif birimler değişken 

deniz seviyesini ve/veya değişken sediman gelişini/birikimini göstermektedir. 

Santimetre-metre skalasındaki devirsel döngüler Milankovitch yörüngesel eğikliğe 

karşılık gelmekte olup, dünya dönüş hareketi ve yerel tektonik aktivite ile ilintilidir. 

Sekansiyel bakış açısı ile çalışılan gölsel birimlerin üzerine trangresif denizel 
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çökellerin geldiği gözlemlenmiştir. Çalışılan gölsel-denizel birim içeriside TST den 

HST e geçiş gözlemlenmiştir. Çalışılan gölsel-denizel bitümlü şeyller basenin 

merkezinde, kuzeyinde ve güneyinde kaynak kaya özelliğini gösterebilme potansiyeli 

vardır. 

 

Anahtar Kelimeler: Orta Eosen, Fasiyes Analizi, Gölsel-Denizel Çökelim Ortamı, 

Devirsel Stratigrafisi, Sekans Stratigrafisi, Jeokimya, Mudurnu-Göynük Havzası 
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CHAPTER 1  

 

1. INTRODUCTION 

 

1.1. Introduction 

Several lacustrine basins have been documented from central and western Anatolia 

during the Paleocene to Upper Miocene. Some of the lacustrine basins are important 

resources of oil-shale and coal (Şener, et al., 1995; Şener and Göndoğdu, 1996). The 

Paleocene-Eocene and Middle-Upper Miocene age strata are generally well 

documented for oil-shale in Turkey. The oil-shale deposits are reported from the 

Seyitömer-Kütahya, Beypazarı-Ankara, Himmetoğlu, Bolu and Hatıldağ-Bolu, 

Mengen-Bolu regions (Şener & Şengüler, 1998). The Paleocene-Eocene oil-shales 

deposits of Turkey are early to intermediate maturity in general (Sarı and Sonel, 2000; 

Sonel et al., 1987a, 1987b; Sarı et al., 2007). 

Oil-Shale is defined as the kerogen-rich sediments, which is one of the most important 

energy alternatives. These deposits are in enormous quantity and widely distributed 

around the world which makes them one of promising option as an oil source and solid 

fuel supplement. Lithologically, the term “Oil-Shale” is not only restricted to shales. 

It also includes marl and carbonate lithofacies, which forms a mixture of tightly bound 

organic and inorganic materials. Simply, oil-shale can be defined as tightly-bound 

organic and inorganic composites (Figure 1.1). 1:4 ratio of organic to inorganic are 

rarely exceeding (Yen and Chilingarian, 1976; Cestari, 2015). Generally, the mineral 

composition of carbonate-rich oil-shales comprise of calcite, dolomite and siderite 

with lesser amount of aluminosilicates. In silicate-rich oil-shales, the oil-shales are 

dominated by quartz, feldspar and clay mineral and lesser components of carbonates 

(Yen and Chilingarian, 1976; Şengüler, 1999 and Altun et al., 2006; Dyni, 2006). The 

other minerals in the oil-shales are sulfide minerals such as pyrite and marcasite but 
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in small quantity and indicates that facies deposited in dysoxic to anoxic conditions 

(Figure 1.1). The nature and organic materials extent mostly depend on the 

depositional environment and host rock character. In the oil-shales, organic matter is 

predominantly composed of kerogen, with also some existence of bitumen and/or 

prebitumen (Altun et al., 2006). 

 

 
Figure 1.1. General scheme of the oil-shale components (Yen and Chilingarian, 1976). 

 

The oil-shales are different in many ways from coal in terms of mineral and elemental 

contents. The large amount of inert minerals (60 to 90 %) is present in the oil-shales, 

while coal contains less than 40 % mineral matters. The higher content of hydrogen 

and lower content of oxygen are observed in organic matter of oil-shales, which is the 

source of typically liquid and gaseous hydrocarbon. These contents are lesser than 

those of lignite and bitumen coal. The origin of organic matter in oil-shales are of algal 

source with presences of some vascular land plants remains, which predominantly 

occurs in the coal organic matter. Sometime, the origin of organic matter in oil-shales 

are difficult to characterize because of the lack of biological structures as biological 

structures are helpful in the identification of precursor organisms. Such material may 

be of bacterial origin or product of bacterial degradation of algae or other organic 
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matter. Most of the organic matter in oil-shales are derived from various types of 

marine and lacustrine algae (Dyni, 2006). 

Recently, many different types of oil-shale have been classified on the basis of the 

depositional environment, the petrographic character of the organic matter, and the 

precursor organisms from which the organic matter was derived. In 1991, Hutton 

divided the organic-rich sedimentary rocks into three major groups, which are humic 

coal and carbonaceous shale, bitumen-impregnated rock, and oil-shale. Hutton (1987, 

1991) further classified the oil-shale into three groups on the basis their environment 

of deposition, such as terrestrial, lacustrine, and marine (Figure 1.2). 

Oil-shales are found in both fresh water and marine settings, i.e large fresh-water to 

saline lacustrine, continental platforms and continental shelves, epicontinental marine 

basins, and related subtidal shelves as well as shallow ponds or lakes associated with 

coal-forming peat in limnic and coastal swamp depositional environments. Organic 

matter in oil-shales is mostly hosted by various types of marine and lacustrine algae, 

with some debris from spores, pollen, plant cuticle, corky fragments of herbaceous 

and woody plants, plant resins, and plant waxes, and other cellular remains of 

lacustrine, marine, and land plants (Dyni, 2003, 2006; Scouten, 1990), depending on 

the depositional environment and sediment sources (Figure 1.3). 

 

 
Figure 1.2. Classification of oil-shales from Hutton (1987, 1991). 
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1.2. Oil-shales in the World and Turkey 

Recently, oil-shales are one of the substantial and focusing unconventional fossil 

resource in the world, which can be converted into liquid hydrocarbons via different 

processes. Oil-shales have been deposited across the globe in variety of lacustrine and 

marine setting. Oil-shales are recorded from Pre-Cambrian to Tertiary age and occur 

as giant deposits or minor accumulation of little or no economic values.  As a need for 

the alternative energy and worldwide distribution, these deposits have received much 

attention in recent years. Within this scope, the unconventional oil exploration takes 

important place in the agenda of big countries such as the USA and China. Turkey has 

also accelerated investigations in the unconventional oil exploration. Although oil-

shales exist in the form of extensive deposits in many countries, in the USA, Estonia, 

China, Jordan, Australia, Canada, Israel and Brazil have been very important over the 

past hundred years. The Eocene age Oil-shale extends mainly over Piceance Creck 

basin (Colorado), Uinta basin (Utah), Green River basin, Washakie basins (Wyoming) 

and Middle Western Anatolian Turkey (Altun et al., 2006; Dyni, 2006 and Zeng et al., 

2015).  

 

 
Figure 1.3. Oil-shale classification based on maceral composition and environment of deposition 

(after Hutton et al., 1980; Hutton, 1982). 
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After lignite coal, oil-shale includes the second largest potential fossil fuel in Turkey. 

These oil-shales are documented from Paleocene to late Miocene age and their main 

resources are located in the middle and western regions of Anatolia (Figure 1.4; Altun 

et al., 2006). The general lithologies of the organic rich sedimentary rocks are marl, 

clay and carbonates. The main potential resources of oil-shale deposits in Turkey are 

in Beypazarı (Ankara), Seyitömer (Kütahya), Himmetoğlu (Bolu) and Hatildağ (Bolu) 

which are of major importance in terms of quality, amount and exploitability (Tables 

1.1, 1.2). Other reported potentially important resources are in Mengen (Bolu), 

Ulukışla (Niğde), Bahçecik (İzmit), Burhaniye (Balıkesir), Beydili (Ankara), Dodurga 

(Çorum) and Demirci (Manisa), Saricakaya and Celtik (Table 1.1; Altun et al., 2006). 

The geological studies and oil possibilities of the area between Göynük, Nallıhan and 

Beypazarı have been studied by several workers (Stepinsky, 1940; Akarsu, 1974; 

Granit and Şener, 1987; Sonel et al., 1987a, 1987b; Şeker and Kesgin, 1991; Sarı and 

Sonel, 2000; Sarı et al., 2004a, b; Sarı et al., 2007). 

 

 
Figure 1.4. Main oil-shale reserves in Turkey (Şengüler, 2001). 
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Table 1.1. Main oil-shale reserves in Turkey (Altun et al., 2006). 

Name of the deposit 
Geological reserve 

(x106 tones) 

Possible reserve 

(x106 tones) 

Total reserve 

(x106 tones) 

Beypazarı 327.68 – 327.68 

Seyitömer 83.32 38.85 122.17 

Himmetoğlu 65.97 – 65.97 

Hatıldağ 78.37 389.20 467.57 

Mengen – 50.00 50.00 

Ulukışla – 130.00 130.00 

Bahçecik – 42.00 42.00 

Burhaniye – 15.60 15.60 

Beydili – 300.00 300.00 

Dodurga – 138.00 138.00 

Demirci – 172.00 172.00 

Sarıcakaya – 300.00 300.00 

Çeltik – 90.00 90.00 

TOTAL 555.34 1665.65 2220.99 

 

Table 1.2. Characteristics of the major oil-shale deposits in Turkey (EGOS, on average basis) (Akkuş 

et al., 1982 and Altun et al., 2006). 

Deposit 

Upper 

calorific 

value, 

kcal/kg 

Total organic 

carbon, % 
Oil content, % Oil content, I 

Total 

sulphur, 

% 

Beypazarı 812.07 4.8 5.4 60.0 1.4 

Seyitömer 847.90 6.9 5.0 54.3 0.9 

Himmetoğlu 4991.88 30.9 43.0 482.0 2.5 

Hatıldağ 773.86 5.6 5.3 58.0 1.3 

 

In this study, the research area related to the Middle Eocene oil-shales is lying in the 

Mudurnu-Göynük basin, in the Bolu province, Turkey. The Eocene formations with 

oil-shales units are well exposed in Mudurnu-Göynük basin, i.e. Yunuslar Formation, 

Güvenç Formation, Gemiciköy Formation, Kabalar Formation, Çaycuma Formation, 

Kızılçay Formation, Kislakoy Formation, Calatepe Formation, Halidiye Formation 

(Saner, 1978b; Meriçand Şengüler, 1986) and Hacili Formation (Gedik and Aksay, 

2002). In previous studies, these are identified as oil-shales of lacustrine and marine 

transitional depositional units.  The Eocene oil host rocks are settled in high sulfurous, 

anoxic condition, which occurs due to high organic productivity developing in the 

basin and lead to high accumulation of dead organism at the bottom (Sarı et al., 2015).  
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1.3. Aim and Scope 

In this study, the detailed work on the middle Eocene marine-influenced lacustrine 

deposits in the Mudurnu-Göynük Basin will be reviewed in terms of sedimentology, 

cyclostratigraphy, sequence stratigraphic relationships and geochemical studies. It is 

also intended to interpret the basin correlation, lateral distribution, change in the 

depositional environment and source rock character in the studied sections. One of the 

main objectives of this study is to identify the lateral continuity of oil-shale within the 

basin, marine influence in the lacustrine system and transgression to marine 

transitional environment in the regime during Middle Eocene. The Eocene successions 

are particularly important and likely favorable for the oil-shale deposits in the studied 

region. Therefore, more recent aspects of sedimentology, cyclostratigraphy and 

sequence stratigraphy are applied to study marine influence in the lacustrine setting 

and overlying marine environment, architecture and structure of sedimentary packages 

and their organic-rich character within the basin. Another objective is to understand 

the process controlling their evolution in the basin and modelling with the best 

correlation of the studied sections by employing this methodology. In addition, this 

study incorporates to document the vertical and lateral variation in the facies and facies 

recognition in the Mudurnu-Göynük Basin. This research also intended to study the 

nature and origin of cyclic succession in the Middle Eocene in order to determine the 

factors involved in Milankovitch climatic signals changing responses in the Eocene 

sedimentary record in the studied area. These interpretations will show the generation 

of oil-shale cycles in lacustrine in response of the orbital mode and tectonic forces in 

the continental to marginal marine setting. Finally, possible depositional setting 

model, relative sea-level/water level curve, vertical and lateral distribution of the 

Middle Eocene oil-shale deposits in the basin will be interpreted based on 

sedimentology, cyclostratigraphy, sequence stratigraphy and geochemical analysis. 

The interpreted data will be useful for future oil-shale exploration in the studied 

region. 
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1.4. Geographic and Geological Setting 

The geographic coordinates of the Middle Eocene studied sections are present in Bolu 

province, in the Northwestern Anatolia of Turkey, and geologically in the Mudurnu-

Göynük Basin (Figures 1.5). The studied sections were measured near the Dağhacılar 

village, Hasanlar village (east of the Dağhacılar village), Kösüre village (southwest of 

the Dağhacılar village), in the vicinity of Karahisar village (southeast of the 

Dağhacılar village) and Sünnet village (north of the Dağhacılar village) as shown in 

the figure 1.5. In the geological map of Turkey, the Dağhacılar section, Hasanlar 

section, Kösüre section, and Sünnet section are positioning in the Adapazarı H25, 

1:100000 scaled topographic map (Gedik and Aksay, 2002).  The Karahisar section 

lays in the Adapazarı H26, 1:100000 scaled topographic map (Timur and Aksay, 

2002). Geographically, Mudurnu-Göynük Basin are lying between the Istanbul in the 

north and Ankara in the southeast. Geologically, the Intra-Pontide suture zone is 

present in the north and İzmir-Ankara-Erzincan suture zone in the south of the studied 

sections. The development of these sutures was occurred as result of closing of the 

Neo-Tethyan ocean during the Eocene period (Koçyiğit et al., 1991; Figures 1.6; 1.9). 

1.5. Methodology 

Oil-shales are experiential in a diverse range of sedimentary environment such as 

marine, fluvial and lacustrine settings (Demaison and Moore, 1980; Katz, 1990). In 

worldwide, oil-shale bearing lacustrine and marine deposits represent promising 

proportion of hydrocarbon resources. Organic rich bearing shale of lacustrine 

environment is almost entirely composed of algal remains. In a lacustrine setting, there 

is high frequency fluctuation in lake level and sediment invasion which gives a 

characteristic cyclic sequence of newly deposited organic matter and/or other 

lithology (Ocakoğlu et al., 2012).  

In the field studies, five stratigraphic sections are measured in the well exposed 

Middle-Eocene sedimentary sequence in the Mudurnu-Göynük basin and named as 

Dağhacılar, Hasanlar, Kösüre, Karahisar and Sünnet sections. The measured  
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Figure 1.5. Representing the studied area (Studied measured section shown by yellow pin). 

 

 
Figure 1.6. Showing regional tectonic of the Turkey and adjacent areas (modified from Okay and 

Tüysüz, 1999). (Red Arrow-North). 
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thicknesses of the studied stratigraphic sections are 159.50m, 25.20m, 81.80m, 

71.80m and 69.30m, respectively. A total of 76, 21, 49, 29 and 36 orientated and 

unorientated samples are collected in the field from the Dağhacılar, Hasanlar, Kösüre, 

Karahisar and Sünnet sections, respectively. The samples are collected at random 

interval and their collection is based on change in biofacies, variation in lithofacies, 

sedimentary structures and change in color. The stratigraphic log is drawn on the 

notebook along with description of field observation and observed sedimentary 

features. In the field, the rock colors are described by using colour codes of the 

geological rock color chart of Geological Society of USA (GSA), 2009. 

In the laboratory studies, the collected samples are separated for further detailed 

analyses such as microscopic studies, sedimentology, geochemical analysis, 

microfossils observation and source rock potential. The thin sections for detailed 

studies of the selected samples are prepared in the rock cutting lab at METU and then 

studied under the polarized microscope. The microscopic studies of the samples led to 

defining and recognizing the microfacies, their composition and depositional setting 

interpretation in the studied regime. The identified mineralogical compositions of the 

studied samples are classified by using different classification models, depending on 

the types of the rock unit, such as Diaz et al. (2012) mudstone classification, Allix`s 

et al. (2010) shale classification and Stow`s (2005) classification for shale, mudstone 

and marl, Embry and Klovan`s classification (1971) and Folk`s (1962) classification 

for limestone, Folk`s (1974) and Pettijohn et al. (1987) triangular classifications for 

sandstone and Folk`s (1965) texture classification of fine sedimentary rocks. In this 

study, calcirudite lithofacies is recorded in the Sünnet section. Therefore, the Embry 

and Klovan`s classification (1971) is preferred over the Dunham’s limestone 

classification (1962). The study is then followed by cyclostratigraphic analyses and 

sequence stratigraphy studies, which are interpreted by field studies and by using 

microscopic observation and geochemical analyses. 

A number of chemical methods and techniques were explained in the previous 

literatures to extract microfossils from the sedimentary rocks. The selected chemical 
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method and technique for the extraction of microfossils from samples depend on the 

lithofacies chemical composition and hardness. During this study, 50% diluted acetic 

acid (CH3COOH) and 15% diluted Hydrogen peroxide (H2O2) chemical solvents are 

used to the extract desire fossils from selected samples, which are soaked for a 

duration of 10 minutes to 30 minutes, depending on the hardness of the lithofacies. 

The diluted CH3COOH and diluted H2O2 methods are used by a number of researchers 

to extract the different types of microfossils from the lithofacies (Lirer, 2000; Petrizzo, 

2000; Luciani, 2002; Esmeray, 2006; Şafak et al., 2015). 

For the extraction of ostracods and charophytes, 50g of sample is collected from each 

studied sample for the extraction of desired fossils. The 50g sample is crushed to the 

size of 1-5 mm in diameter in order to obtain more fragmented residue and less than 

that size is removed from the samples (Lirer, 2000). Then the sample is placed in the 

oven at 80oC for an hour to dry (Figure 1.7). After drying, the sample was immersed 

in a 1:3 ratio solvent of diluted CH3COOH and diluted H2O2 in the beaker for 10 

minutes to 30 minutes, depending on the type of lithofacies and hardness character 

(Appendices B1, B2, B3, B4, B 5). After the immersing the samples in diluted solvent, 

the sample is washed with distilled water through 500um, 250um, and 125um sieves 

(Figure 1.7).  

After the chemical disintegration technique and distilled water washing and sieving, 

the samples of 250um, and 125um are placed in the oven at 60oC to dry. Then the 

250um, and 125um collected samples are preserved for microscopic analysis (Figure 

1.7). The ostracods and charophyte gyrogonites are picked out under reflected 

microscope. The extracted ostracods and charophyte gyrogonites are studied by using 

a scanning electron microscope (Figures 4.3, 4.4, 4.5, 4.6).  

The cycles in the studied successions are established on the basis of centimeter to 

meter scale sediment interval (Einsele et al., 1991; Schwarzacher, 1993; Matthews 
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Figure 1.7. A) Crushed sample, B) soaked in diluted H2O2 and diluted CH3COOH, C) washed with 

distilled water and sieve through 500um, 250um, 125um and 63um, D) Dry in oven at 60oC, E) 

Collected samples and store it in the 15ml bottle, F) Picked the extracted fossils from store samples 

under reflected microscope and placed on microfossils slide. 
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and Perlmutter, 1994; Einsele, 2000; Strasser et al., 2006; Machlus et al., 2008). The 

determined cycles are also examined by using sedimentological, petrographically 

(both siliciclastic and carbonate), vertical and lateral facies association, within and 

along the sections. In Fischer plots, we constructed a plot of cumulative departure 

from mean cycle thickness as a function of cycle number and thickness. To generate 

the Fischer plots for studied sections, cycle thicknesses data are entered to the Fischer 

plot excel spreadsheet program, which constructed a Fischer plots for the studied 

sections (Sadler et al., 1993; Husinec et al., 2008) 

Later, geochemical analyses and microscopic studies of the selected samples data are 

interpreted and are used to evaluate the source rock capability and geochemical 

character. In geochemical analyses, microscopic data and values obtained using 

chemical method from the powder samples are used to determine organic matter 

content and inorganic matter content in the studied samples. In this study, 10% dilute 

hydrochloric acid (HCl) solution is used to remove the carbonate component from 

samples and 30% diluted hydrogen peroxide is used to remove organic matter from 

samples (Saxby, 1970; Lewis and McConchie, 1994; Vaasma, 2008; Wang et al., 

2009; Zeng et al., 2018). Later, the obtained data in the geochemical analyses is 

examined from different aspects. The visual porosity of the studied samples is 

estimated by using imageJ software™, which processes microscopic image and the 

percent porosity value is obtained from the studied samples processes image 

(Widiatmoko et al., 2010; Loucks et al., 2012; Schieber, 2013; Datta et al., 2016). The 

types of the existing porosity are determined by carrying out microscopic studies and 

imageJ software™ processed microscopic image (Widiatmoko et al., 2010; Loucks et 

al., 2012; Schieber, 2013; Datta et al., 2016). 

This study also examines the relationships between the Middle Eocene oil-shale of 

lacustrine and marine transition, the cyclic changes related with Milankovitch forces 

and other factors. The analysis also proved to be helpful in the framework to 

understand the cyclicity transition, driving mechanism related with oil-shale and in 

understanding the processes controlling their evolution (Schwarzacher, 1993; Einsele, 
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2000; Strasser et al., 2006). In addition, detailed work is carried out on the Middle 

Eocene marine influenced lacustrine oil-shale, to establish sequence stratigraphic 

models. The Fischer plot is used to describe the accommodation and sea level 

fluctuation (Fischer and Roberts, 1991; Matthews and Perlmutter, 1994; Machlus et 

al., 2008).  

The detailed analysis of the sedimentary record such as stacking patterns of beds, 

disconformities, facies changes, facies thickness, fluctuations in biological 

composition, organic matter and color changes are studied to recognize the cycles with 

high confidence in lacustrine and marine influence fluctuated environment. 

Depositional sequences are established due to the interaction of eustatic sea-level 

fluctuation, tectonic activities, sediment supply, accommodation and paleogeography 

(Posamentier and Allen, 1999). In the sedimentary record, these variable interactions 

are observed as a change in relative sea-level that controls the facies distribution and 

stratal architecture. Small-scale sequences and the large sequences of kilo-year scale 

in the facies evolution is interpreted in terms of sequence stratigraphy (Strasser, 1998). 

The sequence stratigraphy and cyclostratigraphy studies help to reconstruct the 

depositional history of marine-influence lacustrine system in the Middle-Eocene time 

within the Mudurnu-Göynük basin. 

1.6. Analytic Method: Chemical process for removing of Organic matter content 

and minerals from the samples to estimate their weight percent 

Different compounds in an aquatic environment are consolidated within or fascinated 

on minerals matter which depends on the physical, chemical, and biological processes 

and may significantly change the sediment texture. During the fine-grained sediments 

analysis, there are extra complications arise. In an aquatic condition, the fine-grained 

sediments may form as an aggregate and known as flocs. By characterization, these 

sediments are cohesive and temporally changeable their composition and structure 

(Paterson, 1997 and Kim et al., 2005). In the aquatic condition, different micro and 

macro-component, as well as organic matter, will be closely associated with 
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suspended mineral particles and deposited in a favorable depositional environment. 

Different techniques are used to describe sediment texture and composition, 

depending on the area of interest. Such as an electron microscopic research enables to 

analyze the three-dimensional structure of the particles and their aggregates (Roberts 

et al., 1998; Kim et al., 2005; Vaasma, 2008). Another example, Light microscopic 

studies which are used to determine the sediment composition and texture and 

selection of appropriate pretreatment methods. 

In the previous research, it has been revealed that a majority of sedimentary non-

reservoir rocks contain organic matter from few hundredth to 25 percent or more 

(Forsman & Hunt, 1958). In the sedimentary rocks, two types of organic matter are 

identified. These are described as soluble organic matter and insoluble organic matter 

(Kerogen). The soluble organic matter is extracted from the rock by using organic 

solvent, i.e paraffin-naphthene hydrocarbons, benzene-acetone-methanol (3:1:1), 

benzene-methanol (4:1), benzene-ethanol-acetone (3:1:1), benzene-methanol (3:1), 

chloroform, ether, methanol-acetone-chloroform and Soxhlet extraction method 

(Saxby, 1970; Durand, 1980; Lewis and McConchie, 1994; Shrivastava and Ahmad 

2004; Linye et al., 2006; Alnawafleh and Fraige, 2015). In case of insoluble organic 

matter, a number of researches have been carried out on the chemical studies of 

kerogen in shales, carbonate and siliciclastic lithologies. In this prospect, Lewis and 

McConchie (1994) worked on the kerogen or insoluble organic matter in sedimentary 

rock and carried out to determine the chemical and physical properties of the kerogen 

and their extraction from the host rocks. The extraction or removal of the organic 

matter from the sedimentary rock were treated by different types of acid solution and 

chemical procedures, depending on the lithological composition of the rock (Lewis 

and McConchie, 1994 and Wang et al., 2009). The organic matter and minerals in the 

sedimentary rocks are removed by using different chemical groups such as 30% 

diluted hydrogen peroxide to remove organic matter, 0.5N-10N hydrochloric acid to 

dissolve carbonate, 50% hydrofluoric acid to remove quartz and clay minerals, dilute 
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Nitric acid or lithium aluminum hydride used to eliminate pyrite (Table 1.3; Saxby, 

1970; Lewis and McConchie, 1994; Vaasma, 2008). 

Table 1.3. Brief descriptions of the pre-treatment methods studied (Vaasma, 2008). 

Chemical Description of method 

LOI550 Organic matter removal by thermal combustion at 550 oC for 3.5 hours 

H2O2 Elimination of organic matter by 30 % H2O2 

LOI950 Removal of carbonate at 950 oC thermal combustion for 2.5 hours 

HCl+ H2O2 Removal of carbonate by 10% HCl and thereafter removal of organic matter 

by 30% H2O2 

HCl+H2O2+ KOH Carbonate dissolution by 10% HCl and thereafter removal of organic matter 

by 30% H2O2; 10% KOH to remove silica 

HCl+Zinc Removal of pyrite 

 

1.6.1. Chemical Procedure 

In this study, different chemical and/or physical techniques are used to determine the 

organic matter and mineral weight percent in the studied samples (Table 1.3). For this 

purpose, randomly samples are selected along the five-measured stratigraphic section 

to calculate the weight percent of the organic matter, carbonate, clay and 

quartz/feldspar in studied lithofacies (Appendices A1; A2; A3; A4; A5; A6; A7; A8; 

A9; A10; Figures 8.3; 8.7; 8.11; 8.15; 8.19). A total of 43, 12, 25, 21 and 14 samples 

are selected for geochemical analysis along the Dağhacılar, Hasanlar, Kösüre, 

Karahisar, and Sünnet measured sections, respectively. Firstly, each sample is crushed 

to the size of less than 0.250 mm and about 10g are separated in the beaker. The sample 

weight is noted. Then the samples are placed in the oven at 100 oC for an hour to 

remove the moisture from the samples (Figure 1.8a). After an hour, the samples are 

again measured and noted the dry weight and water loss weight. In the next step, the 

dry samples are treated to determine the carbonate and organic matter content in the 

samples, which are described as below. 

To remove the carbonate component from the selected studied samples, the dry 

samples are treated with 10% dilute hydrochloric acid (HCl) solution and leave it for 
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5 hours or more, till the reaction ceased out (Saxby 1970; Vaasma, 2008; Wang et al., 

2009) (Figure 1.8b). The samples are shaken after every 15 to 30 mins during the 

experiment. After the completion, the HCl treated samples are washed three times with 

deionized water and then dry it in the oven. The weight loss of the samples after the 

diluted HCl treatment are weighed of carbonate content in the studied sample 

(Appendices A1; A2; A3; A4; A5; A6; A7; A8; A9; A10).  

 

 

Figure 1.8. a) Lab oven to dry the samples; b) 10% diluted Hydrochloric acid used to remove 

carbonate and placed it in the fume chamber. c) 30% Hydrogen peroxide (H2O2) acid used to remove 

the organic matter and d) placed it in the water bath. 
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After the removal of carbonate from the sediments, the next step is to remove organic 

matter from studied samples by using 30% diluted hydrogen peroxide (H2O2) (Saxby 

1970; Vaasma, 2008; Wang et al., 2009) (Figure 1.8b). The H2O2 is added to the 

samples after every 30 mins until the sample solution turns white in color and cease 

of frothing. The samples are left for several hours in H2O2 solution at around 80oC in 

a water bath to completely digest organic matter. The samples are stirred from time to 

time (Vaasma 2008). After the ending of active reaction, the samples are washed three 

times with deionized water and dry it in the oven. At the end, the calculated weight 

loss in the samples are the weighed of the organic matter in the samples (Appendices 

A1; A2; A3; A4; A5; A6; A7; A8; A9; A10). The clay content and quartz-feldspar 

content are calculated from petrographic data and geochemical analyses (Using 50% 

diluted Hydrofluoric acid). 

1.7. Previous work 

The Mudurnu-Göynük Basin having the studied sections is located in the Sakarya-

Pontide zone of the Northwestern Anatolian block, Turkey. In the beginning of 1900`s, 

number of articles has been published on the east west trending Sakarya-Pontide belt 

of Anatolia from different point of view. This region has greater prospect for the 

geoscientists in terms of hydrocarbon and coal exploration and tectonic history related 

to the Tethyan Oceans. Biostratigraphy and biozonation studies are also conducted in 

the Northwestern Anatolian block by number of researcher (Altıner, 1991; Altıner et 

al., 1991; Altıner and Özkan, 1991; Özkan, 1993a and 1993b; Özkan-Altıner, 1996 

and 1999; Rojay and Altıner, 1998, Ocakoğlu et al., 2007, 2012; Şafak et al., 2015; 

Şafak, 2018). The oil-shales of Tertiary age in the northwestern Anatolian region has 

been investigated by Yanılmaz et al., 1980; Sonel et al.,1987a and 1987b; Şener and 

Şengüler, 1992; Görür and Tüysüz, 2001; Sarı and Aliyev, 2006; Gülbay and 

Korkmaz, 2008; Sarı and Geze, 2008; Aliyev et al., 2009; Çimen et al., 2013; and 

assessed their source potential, thermal maturity and type of organic matter.  
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In 1928, Lucius (1928) conducted the study on the bituminous schist beds in the Çağa 

Çay valley in Bolu Basin. The research is based on the general characteristics of the 

bituminous schist deposits and oil-bearing bituminous schists. 

In Bolu-Mengen basin adjacent to Mudurnu-Göynük Basin, 0.15-2.0 m intervals of 

oil-shale are identified by Lokman (1929) and estimated around 91.250 tons oil-shale 

reserve from 1 m interval at 10 km depth. Later, Blumenthal (1937) has conducted a 

geological survey of the region and calculated 37 million tons of bituminous shale 

reserves at the depth of 300 m.  

In 1960`s, Mudurnu-Göynük basin has been analyzed for stratigraphic studies and 

basin analyses by Abdüsselamoğlu (1959) and Türkünal (1957). The Pre-Devonian to 

recent stratigraphic sequences is documented and illustrated on 1:100,000 scale 

geological map. According to Abdüsselamoğlu (1959), Lower Cretaceous are 

composed of carbonates and Upper Cretaceous are comprised of alternating 

carbonate-turbidite facies in the southern Mudurnu region. Türkünal (1957) 

investigated the Nallıhan, Mudurnu and Seben region and describe the developed ENE 

to WSW trending orogenic succession in the northwestern Anatolian block and are 

known as the Cretaceous Sillon and Cordillers zones. The Cretaceous Sillon zone is 

comprised of clay, planktonic Foraminifera bearing variegated carbonate, volcanic 

and flyschoidal deposits. The Sillon zone restricted to Mudurnu basin, Vaccinates 

basin, Şıhlar village basin and Köstebekçayı basin. The Cretaceous Cordilleres zone 

is composed of marly limestone. The Tavgat Mountain, Nallıhan Mountain, Sarıçal 

Mountain and Çal Mountain are defined in Cretaceous Cordilleres zone. These 

sedimentary sequence zones were examined and correlated to determine the 

paleogeography and tectonics evolution of the Northwestern Anatolia, Turkey.  

The higher hydrocarbon potentials and coal bearing interval in the Northwestern 

Anatolian block has greater impact in the field of geological researches. Since 1960`s, 

the Northwestern Anatolian block has been greatly focused for the nature of 

hydrocarbon, their depositional history and potential, cyclostratigraphy studies, 
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stratigraphy, biostratigraphy, geochemical analyses and tectonic history (Rigo de 

Righi and Cortesini, 1959; Reckamp and Özbey, 1960; Schmidt, 1960; Akarsu, 1971; 

Arıkan, 1975; Şenalp and Gökçen, 1978; Ünalan and Yüksel, 1985; Görür and Tüysüz, 

2001; Gülbay and Kormaz, 2008; Sarı and Geze, 2008; Yılmaz, 2008; Yılmaz et al., 

2010, 2012 and 2012; Aliyev et al., 2009; Çimen et al., 2013; Ocakoğlu et al., 2007, 

2012; Şafak et al., 2015; and Şafak, 2018). 

In 1969, Beseme (1969) calculated the bitumen content in the Kabalar syncline in the 

vicinity of Göynük (Bolu) village and determine the possibility of oil-shale reserve in 

the region. 

The general stratigraphy and tectono-stratigraphy of the Northwestern Anatolia was 

described by Altınlı (1973a, 1973b, 1975, 1976 and 1977), Fourquin (1975), Toker 

(1975), Saner (1980a and 1980b) and Ocakoğlu et al. (2007, 2008, and 2012). The 

geophysical survey was conducted by Saner (1980a) in the western Pontide and 

represented the geological structure and geotectonic character in the Upper Cretaceous 

regime. In his studies, he demonstrates the tectonic proceeding in the northwestern 

limit and formation of basin in nearby western Pontide. Later in 1980b, Saner also 

established the Jurassic-Quaternary stratigraphic succession in the Mudurnu-Göynük 

Basin and also known as Mudurnu Trough (Altıner et al., 1989). In terms of 

lithostratigraphy, the Mudurnu Trough of the former Sakarya Continent was first 

investigated by Arabu (1934/1935), Erk (1942) and Aygen (1956). 

Görmüş (1980) studied the detail geological characteristic of Yığılca (KB Bolu) region 

and interpret the paleogeographic and geological evolution of the region. He 

determines the main tectonic directions which is effective in the deformation of the 

region. During his studies, the last active orogenic movements in the region were 

occurred in the north-east direction. Stratigraphic and paleontological data revealed 

that the Yığılca (KB Bolu) region succession is composed of the Upper Devonian-

Upper Cretaceous age. The transgression in Upper Cretaceous sedimentation 

continued until the Lower Eocene in this region.  
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Yanılmaz et al.  (1980) identified possible bituminous shale reserves in the Hasanlar- 

Dağşeyhleri villages, 27 km southwest of Göynük village. They determined the 

quality of bituminous shale and stated that the bituminous shale in this area could be 

obtained by open pit mine. This bituminous shale could be used as crude oil after 

distillation. 

Yılmaz (1981) studied the tectonic evolution history of the southern margin of the 

Sakarya Continent and observed that it is composed of different rock groups, which 

were deposited in a wide range of tectonic setting, time and conditions. The basement 

granite and metabasic rocks are overlain by northern autochthonous strata. The 

southern ophiolite successions are characterized as Upper Cretaceous units in the area. 

A Liassic to Late Cretaceous aged shallow carbonate platform are underlain by the 

northern granitic units. During this time flysch-like sediments were deposited against 

the continent margin. Three tectonic successions are defined in the region such as 1) 

granitic rocks, metabasic rock and overlying rocks, 2) ophiolite complex and its 

equivalent metaophiolite and 3) dynamic metamorphosed rocks. According to Yılmaz 

(1981), the rock units in the north of the Sakarya river were deposited in different 

times, environmental setting and conditions than the rock units deposited in the south 

of the Sakarya river.  

The Upper Jurassic/Lower Cretaceous limestones in the Seben-Nallıhan-Atça region 

has been studied by Varol and Kazancı (1981) and identified as Soğukçam Limestone. 

The Soğukçam Limestone are consisting of flysch deposits of pelagic and reworked 

limestones and deposited in the slope to basin condition. They identified Calpionella 

biozones in the pelagic limestones, and Dasycladaeean algae in the massive 

biocalcarenites which define the Jurassic-Cretaceous boundary in the region.  

Görür et al. (1983) describe the development of Mudurnu basin at the end of the 

Liassic in the Mudurnu region. His research was based on sedimentological analysis 

of various Liassic sequences in the Pontides. During his research, he identified the 

geomorphological, depositional and tectonic characteristics of the region.  
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In the eastern part of Göynük coal basin, Sonel et al. (1987a) examined the structural 

and stratigraphic characteristics near the Ahmetbeyler village. Their study interprets 

the depositional setting of the stratigraphic successions and revealed the tectonic of 

the region. The studied stratigraphic successions in the region are Yenipazar 

formation, Selvipınar limestone, Denizli, Kızılçay Group, Himmetoğlu and 

Ahmetbeyler formations. These studied stratigraphic successions are interpreted as 

deposited in the marine to terrestrial environments. 

Sonel et al. (1987b) studied geology and bituminous shales of Himmetoğlu-Göynük-

Bolu region. They studied the geological characteristic of coal deposits and their 

formation in the region. The coal and bituminous shales were investigated and 

determine the volatile matter content, moisture content, relative carbon, calorie value 

and total sulfur content in the coal and bituminous shales. 

The Northwestern Anatolia has also been explored for tectono-stratigraphy and 

regional tectonic geology by Koçyiğit et al. (1988 and 1991). Koçyiğit et al. (1988 and 

1991) developed structural geological model in the northern margin of the Sakarya 

Continent. On the basis of this development structural model of Sakarya Continent, it 

was interpreted that northern margin of the Sakarya Continent was a divergent margin 

in late Triassic-Aptian period interval.  

Şener and Şengüler (1992) carried out the work on the bituminous shale in the 

Hatıldağ (Bolu-Göynük) region. They reported 26 to 120 m ranging thick bituminous 

shale intervals and rated as poor-quality deposits in terms of organic matter. They 

identified the 30.5m thick intervals of bituminous shale in the lower part with good 

economic potential. This bituminous shale interval indicates 5.3% oil content and 

1.34% sulfur content. 

In 1996, Göncüoğlu et al. (1996) has studied and mapped the western, northern and 

southern sections of Central Sakarya. This study covering the Sarıcakaya east, Beydili, 

Sarıyar and Gökçekaya regions and revealed that the Tertiary basin deposits covering 

the tectonic units which was found to contain three main tectono-stratigraphic 
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associations that came together during closuring of the İzmir-Ankara Ocean in the 

Late Cretaceous. 

Sarı (1999) studied the bituminous shale samples from Himmetoğlu formation 

(Göynük-Bolu Basin) by using organic geochemical analysis and organic petrographic 

methods. The determined data indicate that organic matter is of type II kerogen which 

can produce oil and gas. By determining the thermal maturity, spore color index, Tmax 

and production index of the bituminous shale of Himmetoğlu formation, he interprets 

that Himmetoğlu formation has excellent source rock potential but low thermal 

maturity.  

Okay and Tüysüz (1999) explained the closing of Tethyan Oceans of Turkey and 

established the stratigraphy of the western central part of the Sakarya zone. They 

concluded that these sequences were deposited in continental to shallow marine 

condition. The successions are composed of clastic sediments of lower Jurassic to 

lower Cretaceous with association of interbedded Rosso-Ammonitico facies horizons 

(Altıner et al., 1991), pelagic carbonates of Upper Jurassic-Lower Cretaceous and 

volcanogenic-turbiditic sedimentary succession of Upper Cretaceous-Paleocene. 

Sarı and Sonel (2000) collected bituminous shales samples from Himmetoğlu/Bolu 

(Miocene), Seyitömer/Kütahya (Miocene), Ulukışla/Niğde (Miocene) and Kabalar / 

Bolu (Paleocene-Eocene) of lacustrine basins. These shales were studied for organic 

geochemical, organic petrographic, gas chromatographic analysis and combustion 

experiments, in terms of defining their economic value. The bituminous shales of 

Kabalar Formation of lake basin indicates excellent oil source rock potential. 

Himmetoğlu, Seyitömer, Ulukışla bituminous shales illustrate that these are suitable 

to oil production.  

The Tethyan tectonic evolution of western Turkey has been discussed by Okay et al. 

(2001), on the basis of Upper Cretaceous-Early Eocene sedimentary sequences. These 

sedimentary records reflect various event in the Northwestern Anatolia, Turkey. 

According to Okay et al. (2001), the Northwestern Anatolia was subjected to four 
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main tectonic events from late Cretaceous-Early Eocene.  The four main tectonic 

events were subduction, ophiolitic obduction, high pressure/low temperature 

metamorphic and continent-continent collision. These Tethyan tectonic evolution lead 

to the formation of foreland basin in the Central Sakarya continent and then followed 

by closing of Tethyan ocean (Yiğitbaş and Elmas, 1997 and Ocakoğlu et al., 2007) 

Sarı and Aliyev (2005) carried out detail studies on lacustrine oil-shale bearing 

deposits in the Göynük-Bolu region. The Oil-shales of Paleocene-Eocene Kabalar 

Formation (Göynük, Bolu/Turkey) has been studied in order to evaluate the 

hydrocarbon source potential and lacustrine shale intervals in the formation by using 

organic geochemical methods (LECO/Rock-Eval, gas chromatography), microscopic 

studies and geochemical analyses. Type I kerogen is determined in these bituminous 

shales and indicates oil rich character. The organic carbon content in the shale were 

more than 10% and having more than 900mg HC/g Corg hydrogen index values.  

Pyrolysis yield and organic petrographic studies indicate excellent source rock 

potential with type I kerogen. Spore color index and Tmax value indicate that the 

Paleocene-Eocene Kabalar Formation oil-shale are immature to early mature and are 

at the early stages of oil-generation. 

Yeşiladalı-Bulkan et.al., (2005) investigated the paleo-environmental conditions of 

Neogene coal and bituminous shale in Himmetoğlu basin (Göynük-Bolu), which 

characterized two different depositional conditions. It is indicated that lower 8.5m 

interval is humic coals and above 12.5m is oil-shale dominance. In between these two 

intervals are defined by rapid and periodical changes in the environmental conditions. 

The lithofacies, bio-geochemical parameters and properties of water column (salinity, 

redox) were carried out to determine the paleo-environmental conditions. The 

concluded studied data indicates that lower 8.5m interval are of terrestrial OM rich 

deposits in an over-filled, open, fresh-water lake with an oxic water column.  The 

above 12.5m thick interval are identified as sapropelic OM rich and deposited in a 

balanced-filled, closed lake, which had a dominantly brackish/salty water column. The 
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interval between the 8.5m and 12.5m was documented as transitional period from an 

open lake to a closed lake and represent alternating sequence.   

The Paleocene–Eocene Kızılçay Group in Nallıhan region has been carried out to 

determine organic geochemical characteristic of the oil-shale by Sarı and Aliyev 

(2006). In the studied region, Paleocene–Eocene Kızılçay Group is defined by 

Beyköy, Çamalan and Laçin Formations. It is concluded in their studied that 

Paleocene-Eocene oil-shale Çamalan formation has high total carbon content (1.32-

40.72wt%) and categorized as good to excellent source rock potential. Pyrolysis 

analyze data of the Çamalan formation, oil-shale indicates excellent source rock. 

Hydrogen index and oxygen index result shows type I kerogen organic matter. Spore 

Color Index and Tmax evaluations data indicates early to intermediate maturity. 

Ocakoğlu et al. (2007) conducted the detail studies in relation to sequence stratigraphy 

of the Late Cretaceous-Paleogene deposits in the Central Sakarya Region. According 

to their study, at the end of the Late Cretaceous, occurrence of basin scale uplift in the 

region and sustained until the end of Lutetian age. It results in the deposition of 

continental-shallow marine successions in the south and deposition of deep marine 

clastic sediments and carbonaceous in the north. Later, Şafak et al. (2015) worked on 

the Eocene Ostracoda assemblages of Halidiye formation in Central Sakarya region. 

In their studies, they determine biozonation and correlated with adjacent basin and 

predicate paleo-environmental condition and age. The observed Ostracoda 

assemblages in Halidiye Formation define Lutetian-Priabonian age and reflects 

transitional lagoonal to deep marine environmental setting. 

Paleocene-Eocene terrestrial deposited in the former foreland setting related to 

southern situated İzmir-Ankara suture zone. Ocakoğlu et al. (2012) carried out detailed 

work on the Middle Eocene oil-shale lacustrine deposits in the Mudurnu-Göynük 

basin to determine the orbital forcing control and cyclic pattern in the oil-shale bearing 

lacustrine successions. In this study, meter-scale symmetric to asymmetric 

transgressive-regressive cycles are document in the Middle Eocene lacustrine units. It 
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is proposed that short duration cyclic pattern in the lacustrine oil-shale successions 

develop in the response of abrupt changes in the climatic condition and long duration 

cycles define the tectonic loading activity.   

In the Bolu basin, number of Eocene sections are considered for organic geochemical 

analysis by Koralay (2009). The purpose of the study is to evaluate the organic matter 

quantity, hydrocarbon potential, organic matter type and their maturity. In this study, 

it is identified that Eocene bituminous shale in the basin possess good to excellent 

source potential character and categorized as suboxic to anoxic environmental 

deposits, type I and type II kerogen with immature to early mature phase.  

Sarı et al. (2015) investigated the element enrichments in bituminous lithofacies 

(bituminous shale, bituminous claystone and bituminous marl) of the Kabalar 

formation in the Hatıldağ field in the Göynük basin. In this study, the economic 

potential of the bituminous rocks was discussed in terms of mineral occurrence and 

their concentration. 0.40-8.25 wt% of Corg have been recorded from studied samples. 

According to Sarı et al. (2015), the presence of higher concentrations of Ca, Mg and 

Ba elements in the bituminous rocks leads to information of more carbonaceous and 

suboxic depositional setting of Hatıldağ field bituminous rocks. 

1.8. Regional Geological Setting 

The Eocene measured sections are in the southern margin of the Sakarya zone and are 

surrounded by the branches of North Anatolian Fault. The Sakarya zone was a 

separated block of the Cimmeridian continent during the anti-clockwise rotation and 

resulted in the closing of Paleo-Tethys ocean (Figure 1.8; Şengör, 1987; Şengör and 

Yılmaz, 1981).  

The current tectonic evolution of Turkey is associated with the closure of multibranch 

Neo-Tethys oceans in the Late Mesozoic and Cenozoic era (Şengör and Yılmaz, 

1981). Turkey is an amalgamation of several continental blocks and oceanic crust with 

lateral Alpine-Himalayan tectonic setting (Ketin, 1966; Şengör and Yılmaz, 1981; 

Görür and Tüysüz, 2001; Lefebvre et al., 2013; Figure 1.6). 
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The Middle Eocene studied sections tectonically lie in the Northwestern Anatolian 

block, Turkey. The northwestern Anatolian block is described by the Istanbul zone, 

Strandja zone and Sakarya zone (Figure 1.6). The zones were separated from each 

other by the Intra-Pontide and the İzmir-Ankara oceans in the most of Mesozoic period 

(Şengör and Yılmaz, 1981; Okay and Tüysüz, 1999). The Istanbul and Strandja zones 

define the part of southern margin of Eurasia block. The Sakarya zone is considered 

as independent continental block. The Istanbul zone, Strandja zone and Sakarya zone 

along with Armutlu-Almacık zone are known as western Pontide blocks (Yılmaz et 

al., 1997). In the south, the İzmir-Ankara-Erzincan suture separates the Sakarya zone 

from Anatolide-Tauride block (Okay et al., 2001). 

The Sakarya zone forms the east-west extending crustal terrane from the Biga 

Peninsula in west and from the Eastern Pontide in the east.  The basement of Sakarya 

Continent is described by three units; (1) Carboniferous high grade metamorphic units 

of gneiss, amphibolite and marble (Topuz et al., 2004, 2006; Okay et al., 2006a); (2) 

Paleozoic granitoids (Devonian, Carboniferous, and early Permian periods) (Okay et 

al., 2002, 2006a; Topuz et al., 2006; Aysal et al., 2012); and (3) Karakaya complex of 

Permian-Triassic subduction-accretion assemblages (Şengör and Yılmaz, 1981; 

Şengör et al., 1984; Okay and Göncüoğlu, 2004).  

During the Early Jurassic period, the continue subduction of the Karakaya basin lead 

to formation of Neo-Tethys (İzmir-Ankara ocean) (Figure 1.9).  The Lower Jurassic 

rifting event has been described by Yılmaz (1971) and Görür et al., (1983). The Lower 

Jurassic deposits are composed of coarser clastic rocks with association of alkaline 

and tholeiitic basaltic lavas and are overlain by Middle-Upper Jurassic shelf deposits, 

known as the Bilecik limestone (Altınlı, 1973a). The upper contact of the Bilecik 

limestone is transitional with pelagic deposits of the Soğukçam formation (Yılmaz et 

al., 1997).  

During Middle Jurassic, steady demise of the Paleo-Tethyan ocean and results in the 

formation of south facing continental margin units (Şengör and Yılmaz, 1981).  
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Figure 1.9. Showing Tectonic evaluation of Turkey during Late Triassic to Early Jurassic. (Şengör et 

al. 1984; Robertson et al., 1991; Szary, 2014). 

 

According to Deveciler et al. (1989) and Aydin et al. (1995), the Paleo-Tethyan ocean 

was closed in the eastern Pontide during the Middle-Late Mesozoic period. Though, 

the region lying in the west of Kastamonu indicates continuous deposition in the 

marine units. In the Late Jurassic, the north-south extension occurred in the Pontide in 

relation to collision-related convergent regime and continued until Early Cretaceous. 

During this period, the region was characterized by horst and graben structures and 
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the marine invasion to the successive deposits (Yılmaz et al., 1997). In Early 

Cretaceous, gradual subsidence occurred in the Pontide and development of Neo-

Tethys ocean with passive continental margin. Pelagic units were deposited in the 

Neo-Tethyan basin during the Cenomanian-Turonian stage. Through Late Cretaceous, 

Neo-Tethyan ocean began to subduct under the Pontide in the north. This subduction 

generated active continental margin with volcanic activity in north of the Pontide and 

flysch deposits and accumulation of mélange at continental edge during Turonian 

(Yılmaz et al., 1997). In Campanian-Maastrichtian, volcanic arc-front shifted to south 

with regional transgression. This resulted with development of Black Sea basin in the 

north and clockwise moment in the western Pontide. The clockwise movements in the 

western region led to the closing of Paleo-Tethys relic, which was remained open in 

this region (Şengör and Yılmaz, 1981 and Yılmaz et al., 1997). This clockwise 

movement occurred in the Sakarya zone. Due to the clockwise rotational movement 

of continental fragment, the convergence in the region became oblique and 

development of North Anatolian transform fault zone. This transform fault zone 

resulted in the western drifting of Sakarya zone from eastern Pontide (Yılmaz et al., 

1997). 

Late Cretaceous timing, ophiolitic mélange in the southern margin of the Sakarya zone 

was overlain by back thrusting nappes (Çoğulu, 1967).  The shallow marine regressive 

facies were deposited on the top of the Sakarya zone in the Maastrichtian to Early 

Eocene epoch. The northern margin of the Sakarya zone was composed of Coniacian-

Santonian pelagic and flysch deposits (Saner, 1977; Yılmaz, 1981; Yılmaz et al., 

1995). Upper Campanian deposits in the northern region of the Sakarya zone are 

defined by transgressive clastic deposits (Yılmaz, 1981). In the Maastrichtian-

Paleocene transition, the northern region of the Sakarya zone is defined by changing 

from deep marine to shallow-marine deposits and then followed by continental red 

bed deposits (Altınlı, 1973a; Saner, 1977; Yılmaz, 1981; Yılmaz et al., 1995). 

According to Göncüoğlu et al. (2000), during the Middle Paleocene to Middle 

Miocene, the Central Sakarya zone was subjected to tensional-transtensional tectonic 
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setting, which was concluded from post-collision andesitic magmatism and fault-

controlled continental-shallow marine deposits. 

During Early to Middle Eocene, new stage of north-south shortening begins in the 

region. As a result, Mesozoic carbonate platform units was detached from its basement 

and moved toward the north direction as a decollement tectonic movement (Yılmaz et 

al., 1997). In the beginning of the Middle Eocene, the compression regime is replaced 

by north-south extension and incursion of marine environment to the basin. Therefore, 

the continental clastic were replaced by the marine deposits (Yılmaz et al., 1993). In 

the Lutetian, the marine sediments were deposited in region along with volcanic 

activity associated strata in some region. Late Eocene-Oligocene transition is 

described by the initiation of transpressional tectonic in the region.  This 

transpressional resulted in the uplift of the Pontide and retreat the previously existed 

marine environment in Early-Middle Eocene time. The marine sediments were 

progressively replaced by continental clastics. This tectonic activity resulted in the 

development of peripheral basins. These basins are extended from the Sivas region in 

the east to the Eskisehir region in the west. The basins are characterized by lagoonal 

to marine shelf depositional setting in the Mudurnu-Göynük Basin (Saner, 1977, 

1980b; Ocakoğlu et al., 2007), fluvio-lacustrine and carbonate marine shelf 

depositional setting in the Orhaniye and Haymana basins (Kazancı and Gökten, 1986; 

Koçyiğit, 1991; Ocakoğlu and Çiner, 1995; Çiner et al.,1996a, 1996b), deltaic to 

evaporitic marginal marine deposits in the Çankırı–Çorum basin (Hakyemez et al., 

1986; Ocakoğlu, 1997; Kaymakci et al., 2003) and shelf to evaporitic marginal marine 

setting in the Sivas basin in the east (Cater et al., 1991; Sümengen et al., 1987). The 

Pontides and its adjacent areas were exposed to extensive erosion at the end of 

Oligocene (Yılmaz et al., 1993 and Yılmaz et al., 1997).  

The Early Miocene period was documented as another new phase of north-south 

extension in the Pontide and Sakarya zone. The marine incursions were introduced to 

fault associated basins in this period. The adjacent plain regimes were occupied by 

interrelated lacustrine environment and associated fluvial deposits (Benda et al., 1977 
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and Yılmaz et al., 1997). At the end of the Early Miocene, the region was subjected to 

regressive event and then is followed by the Pontide mountain orogeny uplift and 

continue in the Quaternary (Yılmaz et al., 1997). 

1.8.1. Mudurnu-Göynük Basin 

Geologically, the Middle Eocene studied sections are present in the Mudurnu-Göynük 

basin, Northwestern Anatolian block. The Mudurnu-Göynük basin is lying in the north 

of the Sakarya zone. The Mudurnu-Göynük basin is also known as Mudurnu Trough 

and is defined as rift basin along Sakarya Continental margin (Koçyiğit et al., 1991). 

The Upper Jurassic to Cretaceous successions in the Sakarya Continent is comprised 

of alternative marine shelf and pelagic carbonates, volcanic and pyroclastic deposits 

and then are overlain by upper Cretaceous slope to basinal deposits (Altıner, 1991; 

Altıner et al., 1991). From Late Cretaceous to the end of Lutetian, there was 

continuous basin-scale tectonic uplift in the Sakarya Continent. As a result, the Late 

Cretaceous deep marine sediments with association of organic rich deposits were 

deposited in the south and Middle Eocene continental to shallow marine deposits were 

deposited in the north, respectively (Ocakoğlu et al., 2007, 2012; Şafak et al., 2015). 

The Late Cretaceous deep marine clasts are represented by the Taraklı and Selvipınar 

Formations and Middle Eocene continental to shallow marine are defined by the 

Kızılçay, Halidiye and Ciciler Formations (Saner, 1980b and Ocakoğlu et al., 2007). 

During Toarcian-Bathonian, the rifting was initiated and continued until Late 

Cretaceous and development of Mudurnu-Göynük Basin (Saner, 1980b; Şengör and 

Yılmaz, 1981and Koçyiğit et al., 1991). The deposits in the rifting are characterized 

by Callovian-Tithonian carbonate sedimentation with association of rift volcanics. 

Later, the Mudurnu trough were further extend in the Valanginian-Early Hauterivian 

and development of broad Biga-Bilecik carbonate platform (Koçyiğit et al., 1991). 

The deposited sequence to the Late Cretaceous are of shelf and pelagic carbonate 

deposits with occasional silicic-clasts and are followed by slope and basinal deposits 

with low preserved organic carbon quantity successions (Wagreich and Krenmayr, 
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2005; Yılmaz, 2008; Wagreich et al., 2009 and Yılmaz et al., 2010). The slope to 

basinal deposits with low preserved organic carbon quantity are defined by the red 

pelagic carbonate that were deposited in the Early Campanian and are identified as 

Cretaceous oceanic red beds (CORB) (Değirmenözü member of Yenipazar 

formation). These carbonate sedimentations are overlain by lower Paleocene 

hemipelagic marls and then are followed by shallow marine deposits, the Selvipınar 

reefal limestone and the Ağsaklar formation (deltaic, lagoonal and fluvial deposits) 

till Eocene period (Gedik and Aksay, 2002). The sediments of Lower Miocene in the 

region are composed of coal and bituminous shale of lacustrine environment and are 

overlain by rivers and terrestrial deposits of Late Miocene (Taka and Şener 1988). 

In the Dağhacılar village and adjacent regime, Mudurnu-Göynük Basin, the Selvipınar 

Formation and Kızılçay Group are determined as Paleocene and Paleocene-Eocene 

successions, respectively. The Selvipınar formation are composed of reefal limestone 

of the Early Paleocene age and having transitional contact with the Upper Cretaceous 

Taraklı Formation. The Upper Cretaceous Taraklı formation is comprised of marl, 

shale and sandstone units (Figure 2.2). Lower Paleocene unit has conformable contact 

with the Kızılçay Group. The Kızılçay Group consists of the Middle Paleocene 

Ağsaklar Formation, Upper Paleocene Kabalar Formation and Eocene Dağhacılar 

Formation. The Ağsaklar Formation is represented by reddish brown gray 

conglomerate, siltstone, sandstone and mudstone intercalation. The shallow marine 

units of Kabalar Formation is reported as oil-shale, shale, marls, mudstone, siltstone 

and limestone with occasional claystone. The Eocene Dağhacılar Formation is 

consisting of reddish-brownish, gray to greenish mudstone, sandstone, siltstone and 

marls (Altıner et al., 1991; Şener and Şengüler, 1998 and Çimen et al., 2013). 

In the Himmetoğlu and Seyitömer field, Mudurnu-Göynük basin, the Eocene units are 

conformably overlain by the Miocene formations. The Himmetoğlu formation 

represents lignite, oil-shale, limestone, marl and alternated conglomerate, claystone 

and tuffs deposits of Miocene age. The overlain succession is composed of oil-shale, 

marls, tuffs and occasional conglomerate, siltstone and identified as the Gölpazarı 
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successions of Oligocene age.  The Pliocene Seyitömer succession are characterized 

by occasional limestone, tuffs, sandstone and siltstone. These successions are covered 

by the Quaternary deposits (Ünalan et al., 1976, Altıner et al., 1991; Şener and 

Şengüler 1998, Gülbay and Korkmaz, 2008). 
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CHAPTER 2  

 

2. GENERAL STRATIGRAPHY 

 

2.1. General Geology of the Region 

In the Northwestern Anatolia, the documented stratigraphic sequences are ranging 

from Paleozoic to Quaternary age (Figure 2.1). In the studied region, the Upper 

Triassic Karakaya Complex is the older rock reported in the Sakarya zone. The 

younger reported succession is the Pliocene units which are roofed by Quaternary 

alluvial and talus breccias sediments (Ünalan et al., 1976; Koçyiğit et al., 1988, 1991; 

Koçyiğit, 1991).  

In the Anatolian block, the basement of Sakarya zone is comprised of volcanic-

volcano-clastic sedimentary units and low to high grade metamorphosed units, 

associated with subduction-accretion complexes (Tekeli, 1981; Şengör et al., 1984; 

Tüysüz and Yiğitbaş, 1994). The Sakarya basement is described by three units; 1) 

Variscan high grade metamorphic successions of gneiss, amphibolite and marble and 

characterized as Carboniferous (Topuz et al., 2004, 2006; Okay et al., 2006a); (2) 

Paleozoic granitoids (Devonian, Carboniferous, and Early Permian periods) (Okay et 

al., 2002, 2006a; Topuz et al., 2006; Aysal et al., 2012); and (3) Permian-Triassic 

subduction-accretion assemblages of the Karakaya complex (Şengör and Yilmaz, 

1981; Şengör et al., 1984; Okay and Göncüoğlu, 2004). In the east, the Sakarya 

basement Variscan unit is overlain by molasses of the Upper Carboniferous deposits 

(Göncüoğlu, 2010). The pitches of Paleozoic granitoids are randomly bared at the 

different locality in the Sakarya Continent. The Jurassic-Eocene successions are 

unconformably resting over these pre-Jurassic crystalline basements in the Sakarya 

Continent (Delaloye and Bingöl, 2000; Okay et al., 2002, 2006a; Topuz et al., 2007). 

The lower portion of the Karakaya complex is characterized by green schist facies  
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Figure 2.1. Composites stratigraphic section of the Mudurnu-Göynük Basin (Modified from Altıner et 

al., 1991; Şener and Şengüler 1998 and Gedik and Aksay, 2002). Red line shows studied interval. 
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metabasites along with some association of marble and phyllite (Okay and Göncüoğlu, 

2004). The upper portion of the Karakaya complex is tectonically overlying the lower 

Karakaya complex. The upper portion of the Karakaya complex is composed of 

deformed arkosic sandstone, graywackes with Carboniferous and Permian blocks 

(Okay et al., 2002; and Okay and Göncüoğlu, 2004). It is also known as Nilüfer meta-

volcanic sequences. The lower Karakaya complex is identified as lower Middle 

Triassic age and upper Karakaya complex is reported as Upper Triassic age (Okay et 

al., 2001).  

At the different localities, the Karakaya complex is overlain by varying successions in 

the Sakarya Continent. In the western margin, the Karakaya complex is 

unconformably covered by sandstone, shale and conglomerate of Lower Jurassic 

fluvial to shallow marine deposits with Ammonitic Rosso interval (Altıner et al., 

1991). The eastern zone of the Sakarya Continent is defined by unconformably 

overlying volcanoclastic with sandstone intercalation (Koçyiğit, 1991; Koçyiğit et al., 

1991; Okay and Tüysüz, 1999; Okay and Altıner, 2004; Okay, 2008; Göncüoğlu, 

2010). In Mudurnu-Göynük Basin, the Karakaya complex is unconformably covered 

by Liassic successions.  The Middle Jurassic-Lower Cretaceous ophiolitic mélange of 

the Ankara group having tectonic contact with underneath Karakaya complex in the 

Ankara region (Ünalan et al., 1976; Koçyiğit, 1991; Okay and Altıner, 2004). 

In the Mudurnu-Göynük region, Paleozoic to Quaternary stratigraphic framework has 

been illustrated by number of researchers; i.e Fourquin (1975), Toker (1975), Altınlı 

(1977), Saner (1980a), Altıner et al. (1991), Koçyiğit et al. (1991), Okay and Tüysüz 

(1999), Okay et al. (2001); Okay and Altıner, 2004; Okay (2008), Özcan et al. (2012, 

2018), Ocakoğlu et al. (2007, 2012) and Şafak et al. (2015). 

2.2. Stratigraphy of Mudurnu-Göynük Basin 

In the Mudurnu-Göynük Basin, the Mesozoic-Cenozoic sedimentary sequences are 

unconformably overlying the Pre-Jurassic basement units (Figures 2.1 and 2.2). These 

5 km thick sedimentary successions are studied by Altınlı (1975), Saner (1978a and  
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Figure 2.2. Generalized stratigraphic Hatıldağ oil field (Şener and Şengüler, 1998). Red line shows 

studied interval. 

 

1978b) and Altıner et al. (1991). The Mesozoic to Early Eocene successions can be 

divided into two sedimentary packages; 1) transgressive packages during Early 

Jurassic to Late Cretaceous, and 2) regressive packages in the Maastrichtian to Early 
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Eocene. The initial transgressive sandstone-conglomerate deposits of lower Jurassic 

age in the Mudurnu-Göynük Basin has unconformably contact with underlying 

Sakarya basements (Altınlı, 1975; Yılmaz, 1977 and Saner, 1978a and 1978b). 

2.2.1. Jurassic to Cretaceous Succession 

In the Mudurnu-Göynük Basin, Jurassic to Lower Cretaceous successions are 

identified as the Mudurnu Formation, Kurucalıkdere Formation, Yosunlukbayırı 

Formation and Soğukçam Limestones by Altıner et al. (1991) (Figure 2.1). The 

Mudurnu Formation is composed of volcanogenic deposits and the Middle Jurassic 

age has been assigned to the formation (Saner, 1980b). According to Altıner et al. 

(1991), the Mudurnu Formation is composed of marine deposits and equivalent to the 

Dogger Formation. The Bajocian-Callovian age has been allotted to the Mudurnu 

Formation. The overlying formation on the Mudurnu Formation is known as the 

Kurucalıkdere Formation of Callovian-Kimmeridgian age and having a transitional 

character with the underlying Mudurnu Formation. The Kurucalıkdere Formation 

represents olistostromes of reefal fragments, tuffaceous, siliceous and basaltic level 

and pelagic mudstones lithofacies. It has conformable contact with the Tithonian-

Valanginian Yosunlukbayırı Formation, which is composed of calciturbiditic 

limestone and packstone with interbeds of mudstone. The upper contact is transitional 

with the Soğukçam Limestones (Altıner et al., 1991). 

During the Berriasian-Aptian, the Mudurnu Trough was subjected to the transgressive 

conditions. These are indicated by the Soğukçam Limestones, which are composed of 

the slope to basin pelagic limestone with interbedded black shale and mudstone 

(Altıner, 1991; Altıner et al., 1991; Yılmaz, 2008; Yılmaz et al., 2012). The base of 

the formation is defined by cherty limestone and then are followed by pelagic fauna 

mudstone/wackestone. The upper portion is composed of black shale/marl with 

alternating limestone. The Soğukçam Limestones are covered by Üzümlü member of 

the Yenipazar Formation of Late Cretaceous (Altınlı, 1977 and Altıner et al., 1991). 
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The unconformable overlain Üzümlü member is known as Albian-Cenomanian 

member of the Yenipazar Formation. This member is represented by volcanic clastics, 

pelagic limestone with interbedded gray-black shale deposits. It has unconformable 

upper contact with the Santonian-Campanian Değirmenözü member of Yenipazar 

Formation (Timur and Aksay, 2002; Yılmaz, 2008). The Değirmenözü member is 

described by red-pink pelagic marls, mudstone, claystone with occasional siltstone 

and sandstone deposits (Timur and Aksay, 2002; Yılmaz, 2008 and Afridi, 2014).  In 

the Mudurnu-Göynük region, the upper contact of the Soğukçam limestone and 

Yenipazar Formation is described as disconformable contact with Neptunian Dykes 

(Yılmaz, 2008) 

In some region in the Mudurnu-Göynük basin, the overlying formation on the 

Yenipazar formation is described by the Seben Formation of Late Cretaceous (Şener 

and Şengüler, 1998). The Seben Formation is identified by Beseme (1967). It has been 

reported from the Gölpazarı, Mudurnu, near Nallıhan and north of Göynük village 

(Saner, 1980b). It has flyschoidal character deposits with occasional micro-faunal 

marls and neritic horizons and increases in the shales lithofacies toward the top (Saner, 

1980b). The observed fauna in the lower portion of Seben Formation are Ananchytes 

(Echinoccorys) ovatu LAMARCK, Neithea (Janire) seacostate LAMARCK, 

Gryohea (Pycnodonta) veskularis LAMARCK, Ostrea lunata NiLLSON, Alectryonia 

trons PARKINSIN, Micraster costestudinarium GOLDFUSS, Belemnitella 

macronuta SCHLOTHEM. The fauna documented in the upper portion of the Seben 

Formation are Globotruncana contusa CUSHMAN, Globotruncana arca, 

Globotruncana stuarti Gt. Stuartiformis DALBiEZ, Globotruncana falsostuarti 

SIGAL and define Santonian-Early Campanian age (Şener and Şengüler, 1998; Taka 

and Şener 1988). It is interpreted that the formation is deposited in the marine shelf 

environment (Saner, 1980b). The Taraklı Formation overlies the Seben Formation. 

The Taraklı Formation appears as marl, shale, sandstone and pebbly sandstone and 

having shallow marine fauna (Saner, 1980b). The Campanian-Maastrichtian age has 

been assigned to the Taraklı Formation by Saner (1977), based on Orbitoides 
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gruenbachensis PAPY, Orbitoides apiculatus SCHLUMBERGER and Siderolites sp. 

According to Saner (1980b) and Göncüoğlu et al. (1996), towards the top, the Taraklı 

Formation sandstone indicate the regressive marine condition and interpreted as 

deltaic, coastal control depositional setting. The overlain Paleocene Selvipınar reefal 

limestone has progressively transitional contact with the Taraklı Formation (Figures 

2.1 and 2.2; Saner, 1980b). 

2.2.2. Tertiary Succession 

Marine depositional environment continued during the Paleocene-Eocene periods. 

The Lower Paleocene hemipelagic marls are gradually replaced by shallow marine 

and reefal limestones. They are followed by deltaic, lagoonal and fluvial deposits, in 

the Mudurnu-Göynük Basin (Gedik and Aksay, 2002). According to Saner (1978a), 

during the Paleocene-Eocene, the region demonstrates transgressive marine packages. 

It is illustrated by deposition of the reefal Selvipınar Limestone in the Paleocene 

period and also documentation of meandering river channels. The Tertiary succession 

is characterized by the Paleocene Selvipınar and Eocene Kızılçay Group, which 

includes Ağsaklar Formation, Kabalar Formation, Dağhacılar Formation and then 

followed by Miocene-Quaternary succession (Ünalan et al., 1976; Altıner et al., 1991; 

Şener and Şengüler, 1998 and Çimen et al., 2013). 

The Lower Paleocene Selvipınar Formation is composed of pinkish, yellow and gray 

reefal limestone at the base and sandstone and marl at the top. The macro-fossils 

recorded in the Selvipınar Formation are algae, gastropods, bivalve and coral. The 

Early Paleocene age has been assigned by determining Laffitteina cf. bibensis 

MARIE, Laffitteina aff. monodis MARIE, Cymopolia cf. MOROLET, Solenomeris 

couvillei PREFENDER and Pseudolithamnium album PREFENDER (Altınlı, 1973b 

and Saner, 1977). After the marine regression, the upper portion of Selvipınar 

formation was replaced by lacustrine setting. Therefore, the upper portion of 

Selvipınar Formation represents the transitional character and documented as red 

colored shoreline deposits (Saner, 1978b). 
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2.2.2.1. Kızılçay Group 

The red-colored terrestrial sediments were first named as Kızılçay Formation by 

Eroskay (1965) and Altınlı (1973b). Later Altınlı (1973a, 1973b) and Saner (1977 and 

1980b) described it as Kızılçay Group. The Kızılçay Group is well exposed in the 

Gölpazarı, Hatıldağ mountain in the Göynük and the Sarıcakaya-Nallıhan region. 

Generally, the Kızılçay Group deposits are composed of red, variegated colored, 

poorly sorted conglomerate, sandstone, shale, claystone, marl, limestone, bituminous 

shale and mudstone. In some places, there is rarely observed coal and gypsum 

horizons. Overall, the Kızılçay Group defines terrestrial deposits until the Bartonian 

period (Sarı et al., 2015). As, at the end of Cretaceous, the Sakarya Continent is 

subjected to the regressive phase of marine environment until Eocene. Thereafter, 

during the Middle Eocene, the basin indicates the onset of marine transgression in the 

region (Saner, 1978b; Altıner et al., 1991; Şener and Şengüler, 1998 and Çimen et al., 

2013). 

The Kızılçay Group is divided into the Ağsaklar Formation, Kabalar Formation and 

Dağhacılar Formation (Figure 2.2; Şener and Şengüler, 1998). 

2.2.2.2. Ağsaklar Formation 

The formation was firstly named as “Lower red series” by Beseme (1967). Later, it 

was named as Ağsaklar Formation by Yanılmaz et al. (1980). It describes the lower 

portion of Kızılçay Group. The type locality of Ağsaklar Formation is in the Ağsaklar 

village. The formation is also exposed near the Hasanlar village, Hatıldağ village and 

Turgutlar village.  

The Ağsaklar Formation is mainly composed of green-gray sandstone, mudstone and 

marl intercalation. The recorded fauna in the Ağsaklar Formation is STCHEPINSKY, 

Ostrea rariamella MELLEVILLA muf. Prisca DONCIEUK, Amgullina cf. forbesi 

DESHAYES, Tympanatonus futanus MANTELL, Cyrena cuneiformis FERRUSAC, 

Batillaria subacuta D’ORBIGNY, Viviperusaff suesson’iensis DESHAYES (Taka 

and Şener, 1988; Koralay, 2009). Near the Ahmetbeyler and Hasanlar village, the base 
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of the formation is defined by a conglomerate and then is followed by red sandstone, 

marl and mudstone. The red sandstone identified as fluvial channel filled deposits. 

The Ağsaklar Formation has conformable lower contact with the Selvipınar 

Formation. The Late Paleocene-Middle Eocene age has been assigned to the formation 

(Şener and Şengüler, 1998 and Koralay, 2009). 

2.2.2.3. Kabalar Formation 

In the type locality, near the Kabalar village, it is composed of clay limestone, 

bituminous shale, marl, claystone and sandstone with occasional coal and named as 

Kabalar formation by Saner (1978b). It is also reported in the proximity of Dağhacılar, 

Dağşeyhleri, Kösüre, Kürnüç, Kuyupınar, Himmetoğlu village, Hatıldağ mountain 

and Çapar village (Koralay, 2009). The sandstone in the formation is appeared as 

green color beds and coarser grained sandstone. The bituminous shales are gray 

colored, laminated and usually interbedded with marl and sandstone. Some limestone 

units within the formation contain plant fragments and gastropods at different 

intervals.  

Şener and Şengüler (1998) divided the Kabalar Formation into three members, 

includes marl member, oil-shale member and siltstone member (Figure 2.2). The marl 

member unit is identified as the first lacustrine deposit in the Kabalar Formation in 

Paleocene-Eocene periods. The marl member is consisting of marl and claystone with 

underlying red mudstone and then is followed by oil-shale member. Oil-shale member 

is composed of varve-structured light and dark gray laminated shale. The observed 

average organic matter content in the oil-shale member is around 10% oil yielded 

organic matter. The upper portion of the formation is restricted to siltstone member 

and consist of siltstone with interbedded fine to coarser sandstone and mudstone. 

Overall, the Kabalar Formation is described as a meandering river to lacustrine 

depositional environment with occasionally marine incursion character (Şener and 

Şengüler, 1998).  
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The Kabalar Formation is devoid of fossils, though Upper Paleocene-Lower Eocene 

age is confined, based on its stratigraphic position. It has conformable contact with 

underlying the Ağsaklar Formation and overlying the Eocene Dağhacılar Formation 

(Granit and Şener, 1987). 

2.2.2.4. Dağhacılar Formation 

Şener and Şengüler (1992) identified the Dağhacılar Formation near the Dağhacılar 

and Hasanlar village in the Kabalar syncline. It is composed of predominantly marl 

with limestone, siltstone and sandstone. In some places, there is the presence of iron 

oxide reddish-orange color sandstone. According to the stratigraphic position, Beseme 

(1967) referred Eocene age to the formation. Şener and Şengüler (1992) regarded the 

Eocene-Oligocene age to the formation. It also describes the new phase of marine 

transgression in the region during the Eocene period. Thus, the Paleocene-Eocene 

terrestrial deposits are overlain by new phase marine transgression. It has 

unconformable contact with overlain Quaternary deposits (Şener and Şengüler, 1992). 

In the Himmetoğlu and Seyitömer village, the Eocene units are overlain by the 

Oligocene Gölpazarı successions and Miocene Himmetoğlu Formation. The Miocene 

Himmetoğlu Formation consists of lignite, oil-shale, limestone, marl and alternated 

conglomerate, claystone and tuffs. The Pliocene Seyitömer succession is composed 

limestone, tuffs, sandstone and siltstone. Quaternary deposits topple these successions 

in the region (Ünalan et al., 1976, Altıner et al., 1991; Şener and Şengüler 1998, 

Gülbay and Korkmaz, 2008). 

2.3. Lithostratigraphy of the Measured Sections 

The five stratigraphic sections forming Middle Eocene (Lutetian-Bartonian) age have 

been measured and studied in the southwest, in the southeast and in the northeast of 

Göynük town near the Dağhacılar village, Hasanlar village, Kösüre village, Karahisar 

village, and Sünnet village in the Mudurnu-Göynük Basin. The measured stratigraphic 

sections are identified as Middle Eocene (Lutetian-Bartonian) age; Upper Kızılçay 

Formation and Halidiye Formation (Ocakoğlu et al., 2007, 2012 and Şafak et al., 
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2015). The formations are composed of continental (lacustrine- brackish lacustrine) to 

marine deposits. The deposits are consisting of limestone, marl, oil-shale and fine to 

coarser sandstone-oil-shale intercalation. Near the Sünnet village, in the Middle 

Eocene (Lutetian-Bartonian) measured succession, there is also documentation of 

occasional conglomerate and calcirudite lithofacies at different horizons. The recorded 

fauna in the formation include ostracods, charophytes, gastropods, bivalve and 

occasionally benthic foraminifera, rare fish-teeth and scale, echinoderms, algal 

filamentous and plant fragments.   

According to Saner (1978a, 1978b), the Halidiye Formation is confined to Sparnacian 

(Ypresian)-Lutetian, based on the observed fossil assemblage, includes molluscs 

(Tympanatonus, Ampullina, Dentalium, Trochus, Lucina aff. L. corbarica, Ostrea, 

Natica), benthic foraminifers (Nummulites, Alveolina), and Ostracoda. Planktonic 

foraminifera (Acarinina bulbrooki, A. densa, A. nitida, Subbotina eocaena, 

Turborotalia cerroazulensis frontosa, Globigerapsis subconglobata), nannoplankton 

assemblage (Coccolithus pelagicus, Reticulofenestra dictyoda, R. hillae) and 

macrofossils assemblages (Cerithium sismondai, Nerinea, Ampullaria canalifera, 

Glycymeris, Exogyra lateralis, Pycnodonte vesicularis, Micraster cf. 

cortestudinarium) are observed by  the Ocakoğlu et al. (2007) and assigned Middle 

Eocene age to the formation. Therefore, based on the fossil assemblages, it is 

interpreted that the Kızılçay Formation and Halidiye Formation was deposited during 

Lutetian-Priabonian periods (Ocakoğlu et al., 2007, 2012; Şafak et al., 2015). 

According to Saner (1977), the Kızılçay Formation is terrestrial river-lake deposited 

and overlain by marine Halidiye Formation.  

In this study, a total of 76, 21, 49, 29 and 36 samples have been collected in the field 

from the measured Dağhacılar, Hasanlar, Kösüre, Karahisar and Sünnet sections in 

order to determine the lithofacies and depositional environment, respectively. The 

field studies and microscopic analysis are used to designate the lateral and vertical 

changes in the facies and environmental condition changes. During the field and 

laboratory studies, the recorded lithologies along the studied sections are medium gray 
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to dark gray laminated and non-laminated oil-shale, limestone, marl and sandstone. 

The pebble conglomerate and calcirudite are only recorded along the Sünnet studied 

section. 

2.3.1. Dağhacılar Measured Section  

The locality of the Dağhacılar studied section lies near the Dağhacılar village, Bolu 

Province (GPS: 40°15' 37.10N, 30° 58' 46.77"E with 1101 meter at base and 40° 15' 

43.64"N, 30° 58' 48.59"E with 1175 meter at top) (Figure 2.3). A total of 76 samples 

were collected from 159.50m measured stratigraphic section (Figures 2.5 and 2.7).  

The Dağhacılar measured section is documented as brownish black to dark gray to 

medium gray to medium dark gray to greenish gray to dark greenish gray to pale 

yellowish brown to very pale orange to yellowish gray to grayish orange, very thick 

to very thin bedded high fossiliferous limestone, limestone, marl, laminated and non-

laminated oil-shale and very fine to coarser sandstone (Figures 2.4, 2.8, 2.9, 2.10, 2.11, 

2.13, 2.14, 2.15 and 2.16).  The measured stratigraphic section is starting with medium 

bedded gray dominated limestone with subordinate gastropod and ostracod fossils and 

interbedded marl. As move up in the measured section, the limestone intervals show 

an increase in the gastropod fossils content at certain level in the measured section 

(Figures 2.8 and 2.9). Highly abundant gastropod fossil bearing intervals are observed 

between 6m to 44m of the measured stratigraphic section with occasional interbedded 

marl and oil-shale units (Figures 2.8 and 2.9). The marl beds are present dominantly 

in the lower portion and upper portion of the measured section. In the lower portion 

and upper portion, the marl beds are interbedded with limestone units and sandstone 

units, respectively. The oil-shale lithofacies are prominent in the middle to upper 

portion of the studied section with occasional marls and sandstone beds.  The oil-shale 

is characterized by thin to laminated intervals. The lamina in oil-shale is composed of 

organic-rich lamina and carbonate-rich lamina (Figures 2.10, 2.11, 2.12, 2.13, 2.15). 

The oil-shale interval in the lower portion of the stratigraphic unit is defined by highly  
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Figure 2.3. Satellite image showing the measured Dağhacılar Section in the Mudurnu-Göynük Basin 

(Dağhacılar Section represented by yellow icon). 

 
Figure 2.4. The field photograph showing lime mudstone and marl, the starting point of the 

Dağhacılar section. (D1-D6). 
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Figure 2.5. The field photograph of Lutetian-Bartonian measured stratigraphic section near 

Dağhacılar village, Bolu. N dip direction (white lines). 

 
Figure 2.6. The field photograph of Lutetian-Bartonian measured stratigraphic section near 

Dağhacılar village, Bolu. N dip direction (green lines). (from D37 to D76). 
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Figure 2.7. Measured stratigraphic section near Dağhacılar Village (0m-31.5m). 
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Figure 2.7: Continued (31.5m-62.3m). 
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Figure 2.7: Continued (63.3m-93.5m). 
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Figure 2.7: Continued (93.5m-125m). 
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Figure 2.7: Continued (125m-160m). 
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Figure 2.8. The field photographs of Dağhacılar measured stratigraphic section showing; (A) 

wackestone bedding (D7), overlain by high fossiliferous unit Packstone (D8) and then followed by 

wackestone (D9); B) Close view of Packstone limestone of sample D8; C and D) Close view of 

Gastropod in the sample D8 beddings. 

 
Figure 2.9. The field photographs of Dağhacılar measured stratigraphic section showing; (A) 

wackestone bedding (D7), overlain by high fossiliferous unit Packstone (D8) and then followed by 

wackestone (D9); B) Close view of Packstone limestone of sample D8; C and D) Close view of 

Gastropod in the sample D8 beddings. 
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Figure 2.10. Figure 2.10. The field photograph of Dağhacılar studied section showing, A) Siliceous 

concretion; B) marl (D34) with nodularity feature and above planar very thin bedded to algal 

laminated oil-shale (D35, D36). 

 
Figure 2.11. The field photograph of Dağhacılar measured stratigraphic section illustrating A) algal 

laminated oil-shales; B) Thin preparation cutting algal laminated D40 sample; C) Algal Laminated 

Oil-shale and marl alternation with occasional thin bedded sandstone. 
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Figure 2.12. The field photograph of Dağhacılar measured stratigraphic section illustrating A) 

laminated to thin planar bedded oil-shale; B) Cross cutting section of sample D52 for thin section 

preparation. 

 
Figure 2.13. The field photograph of Dağhacılar measured stratigraphic section illustrating Thin to 

laminated oil-shale with interbedded sandstone. 
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Figure 2.14. The field photograph of Dağhacılar measured stratigraphic section illustrating 

dominated up section sandstone; A) Sandstone beds are low angle wavy rippled bedded sandstone 

with interbedded oil-shale; B) wavy rippled bedded sandstone (Sample D65). 

 
Figure 2.15. The field photograph of Dağhacılar measured stratigraphic section presenting thin to 

thick bedded sandstone and marl, Oil-shale deposited above section. 
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Figure 2.16. The field photograph of Dağhacılar measured stratigraphic section presenting oil-shale 

followed by marl with interbedded very thin wavy rippled sandstone to very thin to medium bedded 

planar bedded sandstone (shown by B). B) Marl and sandstone intercalation at the top portion of the 

measured section. 

 

bearing ostracod shells. The thin to very thin bedded sandstone intervals increase in 

the upper portion and intercalated with marl and oil-shale.  

In the field, the recorded fauna in the studied section are gastropods, ostracod and algal 

laminated features at different intervals (Figures 2.8, 2.9 and 2.11). The sedimentary 

structure in the measured stratigraphic bedding is algal lamina, laminated to thick 

bedded, planar laminated bedding, very thin- to medium-bedded planar bedding, wavy 

rippled feature bedding and rare nodularity and siliceous concretion (Figures 2.4, 2.5, 

2.8, 2.9). The very thin planar bedding, algal lamination and non-algal lamination are 

sedimentary features in the oil-shale (Figures 2.11, 2.12, 2.13 and 2.15). The oil-shale 

also appeared as shaly to flaggy features at certain horizons. The sandstones are 

characterized by planar to wavy laminated to planar thin bedding to wavy rippled 

bedding sedimentary features (Figures 2.14 and 2.16). 

The age of the Dağhacılar measured section is defined as Lutetian-Bartonian on their 

chronostratigraphic position and previous paleontological studies (Şener and 
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Şengüler, 1997; Gedik and Aksay, 2002). The recorded ostracods in the middle portion 

of Hatıl section (lacustrine) near Dağhacılar village are Cyamocytheridea hebertiana 

(Bosquet), Cytheridea (Clithrocythridea) faboides (Bosquet), Cytheridea 

(Haplocytheridea) sp., Vetustocytheridea sp. and indicates Late Lutetian age 

(Ocakoğlu et al., 2012). These are overlain by marine succession during late Middle 

Eocene in the Mudurnu-Göynük basin (Ocakoğlu et al., 2007, 2012; Şafak et al., 

2015). 

2.3.2. Hasanlar Measured Stratigraphic Section  

The GPS coordinate of the Hasanlar stratigraphic section lies in the 40°16' 3.26" N, 

30° 53' 6.20" E with 842 meters and 40°16' 6.36" N, 30° 53' 4.36" E with 855 meters 

at the base and top, respectively (Figure 2.17). The studied section is measured near 

the Hasanlar and Kabalar village, which is around 8km approx. away from the 

Dağhacılar measured section in the northwest direction. The collected samples along 

the measured succession are 21, which are collected at random interval. The samples 

were selected on the basis of change in lithologies, color and sedimentary features 

(Figure 2.20). 14 samples were selected for the microscopic and petrographic analysis 

of the studied section. 

In the field, the identified lithologies in the Hasanlar measured stratigraphic section 

are the light brown, pale green, very pale orange, medium light gray to medium gray 

to dark gray, very thin to thin to medium planar bedded limestone and algal laminated 

to laminated to thin planar bedded oil-shale and occasional marl (Figures 2.18, 2.19, 

2.21 and 2.22) The studied region shows high tensional tectonic regime. The oil-shale 

in the field appeared as thin planar bedding, laminated and occasionally shaly to flaggy 

and fragile character (Figures 2.18, 2.19, 2.21 and 2.22). The recorded fauna in the 

middle portion of studied section are ostracods.  

The Hasanlar measured section is identified and correlatable with bituminous oil-shale 

member of the Kabalar Formation of Şener and Şengüler (1998) in the vicinity of 

Hasanlar village. Therefore, it can be characterized as Late Lutetian age and can 
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correlatable with the middle portion of the Dağhacılar measured section and 

bituminous oil-shale member of the Kabalar Formation.  In this study, it is described 

as a portion of the Kızılçay Formation (Gedik and Aksay,2002; Ocakoğlu et al., 2007 

and 2012). 

2.3.3. Kösüre Measured Section (Yenipazar) 

The other measured section, stratigraphically equivalent to the Dağhacılar Section, is 

exposed near the Kösüre village, Yenipazar, Bolu Province (Figure 2.23). The 

measured section is started from with GSP coordinates of 40° 11' 39.49" N; 30° 37' 

22.37" E with 844meter and end at 40° 11' 43.83" N; 30° 37' 19.59" E with 863meter. 

Total of 49 numbers of samples was collected along the stratigraphic section and 

vertical changes were recorded along the measured section in the field (Figures 2.24 

and 2.25). 

 

 
Figure 2.17. Satellite image showing the Hasanlar measured section in the Mudurnu-Göynük Basin, 

in the vicinity of Hasanlar village (Hasanlar studied section represented by yellow icon). 
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Figure 2.18. The field photograph of Hasanlar measured section presenting base of the section, 

started with limestone of wackestone feature, then followed by planar thin bedded Oil-shale; B) Thin 

section preparation rock-cutting Oil-shale sample H0b. 

 
Figure 2.19. The field photograph of Hasanlar measured section presenting intercalation of lime 

mudstone and fragile laminated oil-shale. 
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Figure 2.20. Measured stratigraphic section near Hasanlar Village. 
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Figure 2.21. The field photograph of Hasanlar studied section presenting intercalation of A) lime 

mudstone and marl; B) representing intercalation of lime mudstone and laminated oil-shale. 
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Figure 2.22. The field photograph of Hasanlar measured section presenting; A) Wackestone and 

Laminated Oil-shale; B) Lab cutting sample H14; C) representing intercalation of lime Mudstone and 

Laminated Oil-shale. 
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The lithological sequence in the Kösüre measured section is composed of marls and 

limestone intercalation with occasional sandstone and oil-shale (Figure 2.26). The 

sandstone is dominated in the upper portion of the measured section (Figures 2.30; 

2.31 and 2.32). In the field, the lower portion of the studied section is dominantly 

composed of light gray to pinkish gray to whitish, medium to very thick bedded 

limestone with grayish to dark green-gray marl and occasional greenish gray thin to 

thick bedded sandstone intervals (Figures 2.26 and 2.27). The middle unit is defined 

by the high occurrence of greenish gray marl beds with thin to thick bedded, light gray 

to pinkish limestone and occasional nodular sandstone and oil-shale horizons in the 

places (Figures 2.28; 2.29; 2.30 and 2.31). Then the units switch to dominate, very 

thin to thin planar and low angle wavy bedding sandstone with interbedded oil-shale 

(Figures 2.30; 2.31 and 2.32). The oil-shale units are observed at different horizon and 

are documented as dark gray to grayish black laminated to shaly feature appearance 

(fissility character). The limestone intervals contain bioclasts include charophytes, 

ostracods and bivalve and rare gastropod fragment and fish teeth (Figures 2.27A; 

2.32A).  

On the basis of the stratigraphic position and fauna, the lower limestone with marls 

units and occasional oil-shale are defined as Upper Kızılçay Formation and Upper 

portion of limestone, interbedded oil-shale and sandstone are characterized as 

Halidiye Formation. According to Ocakoğlu et al. (2007), in the Yenipazar region, the 

Middle Eocene succession interprets brackish-lacustrine succession, that are overlain 

by marine successions. The Turborotalia cerroazulensis frontosa, Acarinina 

bullbrooki, Acarinina medizzai, Pseudohastigerina micra, Truncorotaloides 

collactea, Subbotina eocaena, Subbotina officinalis, Subbotina praeturritilina, 

Turborotalia cerroazulensispomeroli, Globoquadrina pseudovenezuelana were 

recorded fauna in the overlying marine succession by Ocakoğlu et al. (2007), Koralay 

(2009) and assigned a Bartonian age. Therefore, the stratigraphic position and fauna 

in the studied section, the Lutetian-Bartonian age is assigned to the Kösüre  
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Figure 2.23. Satellite image showing the measured Kösüre studied section in the Mudurnu-Göynük 

Basin, Kösüre village (yellow icon represents the studied section). 

 
Figure 2.24. The field photograph of 82-meter Lutetian-Bartonian measured stratigraphic section 

near Kösüre village, Bolu. N dip direction (white lines). 
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Figure 2.25. Measured stratigraphic section in the vicinity of Kösüre Village (0-31.5m). 
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Figure 2.25: Continued (31.5m-62.2m). 
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Figure 2.25: Continued (62.2m-82m). 
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Figure 2.26. The field photograph of Lutetian-Bartonian Kösüre studied section presenting; A) marl 

and medium bedded sandstone; B) thin to thick to massive bedded limestone with thin to medium 

intervals of marls. 
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Figure 2.27. The field photograph of Lutetian-Bartonian Kösüre studied section presenting; A) marl 

and medium bedded sandstone; B) thin to thick to massive bedded limestone with thin to medium 

intervals of marls. 

 
Figure 2.28. The field photograph of Lutetian-Bartonian Kösüre studied section presenting; A) marl 

and medium bedded sandstone; B) thin-thick to massive bedded limestone with thin to medium 

intervals of marls. 
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Figure 2.29. The field photograph of Kösüre studied section presenting A) close view of nodularity in 

Sandstone with marl interbeds (sample K18); B) close view of laminated oil-shale (sample K24). 

 
Figure 2.30. The field photograph of Kösüre studied section presenting marl and limestone intervals 

(sample K31-K34). 
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Figure 2.31. The field photograph of Kösüre studied section presenting Sandstone, marl and oil-shale 

interbeds; B) Close view of oil-shale (sample K40); C); Close view of thin planar bedded sandstone 

(sample K43). 

 
Figure 2.32. The field photograph of Kösüre studied section presenting A) Fish tooth in Sandstone 

sample (K39); B) Oil-shale with thin bedded sandstone (Sample K46-K49). 
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measured section (Gedik and Aksay, 2002; Ocakoğlu et al., 2007 and 2012; Koralay, 

2009 and Şafak et al., 2015). 

2.3.4. Karahisar Measured Stratigraphic Section 

The type locality of the Karahisar measured section is in the vicinity of Karahisar 

village, Nallıhan. This measured section lies 15km in the southeast of the Dağhacılar 

measured section. The starting and ending points GPS coordinate of the Karahisar 

studied section are 40°10' 38.43" N, 31° 5' 22.74" E with 945 meters and 40° 10' 

34.15" N, 31° 5' 21.57" E with 929 meters, respectively (Figure 2.33). In the field, a 

total of 29 samples were selected from the studied section (Figure 2.35). 

Three types of lithofacies are observed in the Karahisar measured section which 

includes lime mudstone, thin to laminated oil-shale and rare sandstone intervals 

(Figure 2.35). The studied section is predominantly composed of the oil-shale beds 

(Figures 2.34, 2.35, 2.36 and 2.37). The starting lithology in the measured Karahisar  

 

 
Figure 2.33. Satellite image showing the measured Karahisar studied section in the Mudurnu-Göynük 

Basin, near Karahisar village (yellow icon represents the studied section). 
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Figure 2.34. Satellite image showing the measured Karahisar studied section in the Mudurnu-Göynük 

Basin, near Karahisar village (yellow icon represents the studied section). 
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Figure 2.35. Karahisar Measured stratigraphic section, near Karahisar Village (0-31.5m). 
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Figure 2.35: Continued (31.5m-62.2m). 
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Figure 2.35: Continued (62.2m-72m). 

 

 
Figure 2.36. The field photograph of Karahisar studied section presenting laminated oil-shale and 

thin to thin-medium bedded limestone (Sample T6 to T7). (White arrow indicates SW bedding dip 

direction). 
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Figure 2.37. The field photograph of Karahisar studied section presenting A) thin planar bedded 

limestone (Sample T8 and T9); B) Close view of Sample T8 with concretion bedding surface and 

oxidation. 

 
Figure 2.38. The field photographs of Karahisar studied section representing A) Thin planar bedded 

limestone with abundant manganese spherical nodules (0.1mm to 2cm) (Sample T12 and T13); B) 

Close view of Sample T13 and marble size manganese ball; C) Thin section preparation cutting 

sample T13 and manganese spherical ball are indicated by black arrow. 
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Figure 2.39. The field photographs of Karahisar studied section representing A) Thin planar bedded 

limestone with abundant manganese spherical nodules (0.1mm to 2cm) (Sample T12 and T13); B) 

Close view of Sample T13 and marble size manganese ball; C) Thin section preparation cutting 

sample T13 and manganese spherical ball are indicated by black arrow. 
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section is olive gray to medium dark gray thin to laminated to algal laminated bedded 

oil-shale with rare limestone. These deposits are followed by thin to medium bedded 

limestone which is dominating with thin bedded oil-shale intervals. The limestone 

units are characterized by medium dark gray to dark gray, thin to medium planar 

bedded units with occasional marble-size manganese nodules bearing beds at different 

intervals. The occurrence of spherical manganese nodules is 0.1mm to 2cm in size 

(Figures 2.38). At place, the flatten concretion nodules documented on the lime 

mudstone units in the field (Figure 2.37). In some places, there is an observation of 

some small size unidentified plant material. Thin bedded medium bluish gray 

sandstone is observed in the upper portion of the studied section (Figure 2.39B).  

The studied Karahisar stratigraphic section deposits are identified as the Middle 

Eocene. The Lutetian-Bartonian age is confirmed by stratigraphic position of the 

studied section (Gedik and Aksay, 2002; Ocakoğlu et la., 2007). The assigned age to 

studied section is support by the Ocakoğlu et al. (2007) and Şafak et al. (2015) 

recorded Paleomonsmirabilia nodulosa, rare Cyprinotus sp. and Heterocypris sp. of 

ostracods and Chara sp in the studied regime near the Nallıhan and Karahisar village. 

2.3.5. Sünnet Measured Stratigraphic Section 

Toward the north of the Dağhacılar measured section, another Middle Eocene 

stratigraphic outcrop is measured for detailed studies. This succession is exposed near 

the Sünnet village. 40° 23' 49.26" N, 30° 57' 49.47" E with 1143 meter and 40° 23' 

50.88" N, 30° 57' 46.44" E with 1155 meter are the GPS coordinate at base and top of 

the measured column, respectively (Figure 2.40). For detailed studies, 36 samples 

were collected at different intervals along the measured stratigraphic column (Figures 

2.41; 2.42 and 2.43).  

The exposed Middle Eocene measured section is comprised of grayish yellow, light 

brownish gray, pale brown to grayish red, greenish gray to medium dark gray, medium 

to thick to massive bedded coarser to fine sandstone, greenish gray bioclasts bearing 

limestone, yellowish gray pebble conglomerate, and grayish red, olive gray, medium 



 

 

 

82 

 

dark gray to dark gray, oil-shale intervals with fossils contain in places and occasional 

fossiliferous limestone intervals (Figures 2.42; 2.43, 2.44, 2.45, 2.46, 2.47, 2.48, 2.49, 

2.50, 2.51). The base of the studied section is introduced by coarse sandstone with 

sharp contacted conglomeratic interval and then is followed by 18m thick reddish fine 

sandstone intervals (Figures 2.42; 2.43 and 2.44). The fine sandstone units are overlain 

by dark gray oil-shale with occasional limestone and thin fossiliferous limestone.  The 

fossiliferous limestone contains bivalve, charophyte algae and gastropods and 

charcoal fragment (Figures 2.45, 2.50 and 2.51). In the places, the oil-shale units are 

characterized by fossils such as bivalve and gastropod. Towards the top, after 44 m, 

the studied section is characterized by sandstone successions with the periodic 

incursion of approximately 1m massive beds of pebble conglomeratic and calcirudite 

limestone units (Figures 2.42, 2.47). The measured section is toppled by coarser 

sandstone with pebble-conglomeratic bed intervals (Figure 2.49). 

The recorded macrofauna and flora in the studied section are gastropod, bivalve, 

ostracods, plant materials, charcoal and charophyte gyrogonites (Figures 2.46, 2.47, 

2.50 and 2.51). The observed sedimentary structures are sandstone concretion, large 

scale wavy low angle rippled in sandstone units and load cast at the contact between 

oil-shale and sandstone units (Figures 2.45, 2.48 and 2.49). Based on the Gedik and 

Aksay (2002), Ocakoğlu et al. (2007 and 2012) stratigraphic and paleontological 

studies near the Sünnet village, the measured Sünnet stratigraphic succession is 

identified as Middle Eocene (Lutetian-Bartonian). 
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Figure 2.40. Satellite image showing the measured Sünnet studied section in the Mudurnu-Göynük 

Basin, Sünnet village (yellow icon represents the studied section). 

 

 
Figure 2.41. The field photograph of 70-meter Lutetian-Bartonian Sünnet measured stratigraphic 

section, Sünnet village, Bolu. (Sample S1-S36). 
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Figure 2.42. Sünnet Measured stratigraphic section, Sünnet Village (0-31.5m). 
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Figure 2.42: Continued (31.5m-62.2m). 
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Figure 2.42: Continued (62.2m-70m). 

 

 
Figure 2.43. The field photograph of Sünnet studied section presenting thick bedded Coarser and 

Finer Sandstone and sharp contact with pebble conglomerate and above red bedded fragile 

Sandstone, black arrow indicates lensoidal conglomeratic bed (Sample S1-S5). 
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Figure 2.44. The field photograph of Sünnet studied section presenting fragile red sandstone with 

occasional grayish silty oil-shale (Sample S7-S11). 

 
Figure 2.45. The field photograph of Sünnet studied section presenting Sandstone and oil-shale 

intercalation. The sandstone shows load structure contact with Oil-shale lithofacies (Sample S20-

S23). 
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Figure 2.46. The field photograph of Sünnet studied section presenting; A) 4cm thin yellowish orange 

abundant charophytes bearing packstone interval with plant materials/charcoal (Sample 24); B) 

Close view of the collected sample. 

 
Figure 2.47. The field photograph of Sünnet studied section presenting; A) thick bedded bioclastic 

limestone (Rudstone/ calcirudite) (Sample S28); B) Close view of the collected sample. (black arrows 

indicate fossil clasts and pink arrows indicate siliciclastic grains). 
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Figure 2.48. The field photograph of Sünnet studied section presenting; A) red line indicates sharp 

contact between oil-shale and sandstone, the black arrows indicate load structures; B) Large scale 

low angle rippled fine sandstone overlain by coarser sandstone.  (black arrows indicate flute 

structure). 
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Figure 2.49. The field photograph of Sünnet studied section presenting sandstone with sandstone 

concretion (shown by red lines) and pebble conglomerate. 

 

 
Figure 2.50. The field photograph of Sünnet studied section presenting; A) Fossiliferous oil-shale 

(black arrows show bivalve clast and yellow shows gastropod clast) (Sample S13); B) Fossiliferous 

packstone interval with charcoal fragment, shown by yellow arrows and white dots in the yellow 

rectangle indicates Charophytes (Sample S17). 
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Figure 2.51. The field photograph of Sünnet studied section presenting; A) Fossiliferous oil-shale 

(black arrows show bivalve clast) (Sample S20); B) Fossiliferous wackestone interval with a charcoal 

fragment, shown by white arrows (Sample S26).   
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CHAPTER 3  

 

3. SEDIMENTOLOGY 

 

3.1. Sedimentological Studies 

The five stratigraphic sections from the Middle Eocene (Lutetian-Bartonian age) 

successions have been measured in the Bolu province at different localities. The 

measured stratigraphic sections are the Dağhacılar, Hasanlar, Kösüre, Karahisar and 

Sünnet sections, and are identified as the Kızılçay Formation and Halidiye Formation. 

The sedimentological analysis is carried out to identify microfacies and their 

depositional environment in the Mudurnu-Göynük basin, based on the field 

observation and microscopic studies.  

Based on textural and grain-size studied in the field, mineralogical composition, 

fabrics and petrographic analyses, various facies are identified in the five measured 

studied sections. The identified facies are limestone, oil-shale, marl and sandstone in 

the studied sections. The other facies, pebble conglomerate and bio-calcirudite 

(rudstone) facies, are only observed in the Sünnet Section. The petrographic analyses 

of the studied sections allow the identification of microfacies in the measured 

stratigraphic sections which are described below.  

The division and identification of lithofacies are mainly based on the grain-size, 

mineral composition, organic matter content and physical sedimentary structures. 

Different types of classification are used to describe and classify lithofacies in the 

studied sections, based on the lithofacies type, which are Folk`s classification (1965), 

Embry and Klovan`s classification (1971), Pettijohn et al.`s classification (1987), 

Stow`s classification (2005), Allix et al.`s (2010) and Diaz et al.`s (2012) 

classifications (Figures 3.1, 3.2 and 3.3; Table 3.1). 
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Figure 3.1. A) Diaz et al. (2012) and B) the Allix et al. (2010) ternary mudstone compositional 

classification diagrams (for unconventional); the studied samples are plotted, and their comparison 

with known unconventional reservoirs from the USA. 
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Figure 3.2. Stow`s compositional classification (2005) ternary diagram based on biogenic (carbonate 

and silica) and mud/clays: the representative symbol of the studied sections are shown in the red box. 

 

 
Figure 3.3. The Folk`s (1974) Sandstone classification ternary diagram based on relative proportions 

of grains size and presence of matrix.  The representative symbol of the studied samples are shown in 

the red box. 
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Table 3.1. Folk`s (1965) texture classification of fine-grained sedimentary rock.* 

Mud-rock division based upon texture and structure 

Grain size of mud 

fraction 
Soft 

Indurated, Non-

fissile 
Indurated, Fissile 

>66 % Silt Silt Siltstone Silt-Shale 

33-66 % (Sub-equal silt 

and clay) 
Mud Mudstone Mud-Shale 

>66 % Clay Clay Claystone Clay-Shale 

 

3.2. Microfacies of Dağhacılar Section 

A total of 4 microfacies are identified in the Dağhacılar Section along the measured 

sections (Tables 3.2, 3.3 and 3.4: Figure 2.7).  

3.2.1. Limestone Facies 

In the Dağhacılar studied section, the limestone facies is present dominantly in the 

lower portion of the stratigraphic section (Figure 2.7). The facies is examined in the 

field and analyzed under microscope in order to recognize microfacies and 

paleontological character in the facies. Limestone facies is further divided into three 

sub-microfacies based on microscopic features. The limestone facies are identified 

and classified by using Embry and Klovan’s (1971) classification. The sub-facies are 

described as below (Tables 3.2 and 3.4); 

3.2.1.1. Lime Mudstone Microfacies (DA1) 

 In the field, the lime mudstone appeared as olive gray to yellowish gray to medium 

dark gray, light greenish gray, thin to thick bedded limestone units (Figures 2.7 and 

3.4). Microscopically, it is composed of allochem less than 10 percent includes 

bioclasts, quartz which are embedded in the predominantly micrite matrix (Tables 3.2 

and 3.4; Figure 3.5a, b, c and d). The documented bioclasts in the samples are 

ostracods, gastropods and hardly charophytes (Figure 3.5a). The other identified 

grains in the microfacies are pyrite in the form of euhedral within the matrix and 

randomly  
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Table 3.2. Limestone, oil-shale and marl petrographic data and established/recognized facies in the 

Dağhacılar studied section. 
S

am
p
le

 N
o
. 

Q F Pg Om Pl Pi In 

Bioclasts 

 

(Os/Ch/GUb/Al/Da/N/

Br) 

Other 

(P/He/Ph/Cr/Ce/Ct) 

Matrix (Mi/Cl/Sp/Or 

D/Cr) 
Field Nomenclature 

D3 2 - - 2 - - - 2Os/1Ch=3 5P 88Mi Limestone 

D4 - - - - - - - 39Os/2G=41 - 59Mi Bio- Limestone 

D6 5 - - - - - - 20Os 5P/1Ph=6 69Mi Bio- Limestone 

D10 - - - 5 - - - 53Os/1N=54 6P 35Mi+Or Oil-shale 

D11 3 - - 4 - - - 53Os/3G/2Bi=58 3P/1Ph=4 31Mi+sp Bio- Limestone 

D14 - - - 10 - 5 - 35Os/5Bi=40 10P 35Mi Bio- Limestone 

D15 - - - 2 - - - 35Os/5Bi/2Ch=42 5P 51Mi+D Bio- Limestone 

D17 - - - 4 - - - 5Os/10Ub/5Ch=20 20P 56Mi+Or Bio- Limestone 

D18 - - - - - - - 2Os 20P 78Mi Limestone 

D19 - - - 2 - - - 40G/10Os/5Ub=55 3P 40Mi+Sp Bio- Limestone 

D21 2 - - - - - - - 15P/1Ph=16 82Mi Marl 

D23 2 - - - - - - 15Bi 3P 80Mi+D Bio- Limestone 

D25 5 - - - - - - 3Os 2P 90Mi+Sp Marl 

D27 - - - 3 - 14 10 2Os/4Ub=6 3P 64Mi Bio- Limestone 

D28 3 - - - - 35 - - 3Ce 59Mi+Or Oil-shale 

D29 10 - 1 - - - - - 3P 86Mi Limestone 

D30 2 - - 3 1 - - 50Os/3Ub=53 3P 38Mi Bio- Limestone 

D33 5 - - 1 - 3 - 4Ub=4 2P 85Mi Limestone 

D35 15 - - 3 - - - - 15P 67Cl+Or Oil-shale 

D36 30 - - 5 - - - 5Os 25P 35Mi+Or Oil-shale 

D38 20 - - - - - - - 10P 70Mi+sp+Or Oil-shale 

D40 30 - - 5 - - - - 6Ct 59Mi+Or Oil-shale 

D41 17 - 1 - - - - - 2P 80Mi+Or Oil-shale 

D42  Sandstone 

D45 15 - - 1 - - - - 6P 78Mi Marl 

D49  Sandstone 

D52 5 - - 2  - - - - 93Mi+Or Oil-shale 

D53  Sandstone 

D59 10 - 1 4  15 - - - 70Mi+Or Oil-shale 

D63  Sandstone 

D68  Sandstone 

D69 25 - 1 3  - - - - 71Mi+Or Oil-shale 

D73 40 - - 2  - - - 5P/3Cr=8 35Mi+15Cr Marl 

D74  Sandstone 

D76  Sandstone 

Os-Ostracoda, Ch-Charopyta, G-Gastropod, Al-Algal, Da-Diatoms, N-Nummulite, Pl-Plant, Fr-Foraminifera, Py-Palynofacies, Ub-Unidentified Bioclasts, Q-Quartz, Qp-

Polyquartz, Cr-Chlorite, Ct-Calcite, Mu-Muscovite, Mn-Manganese, P-Pyrite, Ce-Chert, F-Feldspar, Pg-Plagioclase, Sf-Shale fragment, Stf-Siltstone Fragment, Lf-Limestone 

fragment, Bo-Biotite, T-Tourmaline, Pi-Peloid, In-Intraclasts, R-Rutile, Z-Zircon, Sp-Sparite, Mi-Micrite, D-Dolomite, Cl-Clay, Or-Organic Rich, Om-Organic 

matter//Bitumen, He-Hematite, Ph-Phosphate, Se-Sphene, Si-silica 

 

Table 3.3. Sandstone petrographic data and established/recognized facies in the Dağhacılar studied 

section. 

S
am

p
le

 N
o
. 

Q F Pg Om Accessory Minerals Rock Fragment 

Bioclasts 
 (Os/Ch/G/ 

Ub/Al/Da/N/Br

) 

Other 

(P/He/

Ph/Cr/

Ce/Ct) 

Matrix 

(Mi/Cl/Sp/Or 

D/Cr) 

Field 

Nomenclature  

D42 28 13 3 5 4.7Cr/0.2Bo/0.1T=5 
5Pq/5Ce/5Srf/5Sf/15Lf

=35 
- 5He 6Sp Fine Sandstone 

D49 28 15 - 3 1.8Cr/0.1T/0.1R=2 
2Pq/3Ce/2Be/10Lf/6Sf/

2Srf=25 
- - 24sp+3Cr 

Very Fine 

Sandstone 

D53 31 10 3 - 
4.8Cr/1Bo/0.1T/1Mu

/0.1R=7 
5Pq/13Lf/2Ce=20 2Ub - 20Sp+7Cr 

Medium 

Sandstone 

D63 32 10 2 3 3.9Cr/0.1Bo=4 - - 5P 40Mi+4Cr Fine Sandstone 

D68 40 10 5 3 
0.1T/0.2Bo/4.6Cr/0.1

R/1Mu=6 
7Lf/5Sf=12 

0.5Fr/0.5N=

1 
5P 13Mi+5Cr Fine Sandstone 

D74 32 15 3 6 7Cr/1Bo/1Mu=9 5Ce/4Pq/10Sf=19 
0.5Fr/0.5N=

1 
2P 13Sp 

Very Fine 

Sandstone 

D76 17 15 1 7 
4.8Cr/0.2T/0.5Bo/0.5

Mu=6 

11Pq/5Sf/10Ce/10Lf=3

6 

2N/0.5Fr/0.

5Be/2Ub=5 
2P 11Sp 

Coarse 

Sandstone 

Os-Ostracoda, Ch-Charopyta, G-Gastropod, Br-Brachiopod, Al-Algal, Da-Diatoms, N-Nummulite, Pl-Plant, Fr-Foraminifera, Py-Palynofacies, Ub-Unidentified Bioclasts, Q-

Quartz, Qp-Polyquartz, Cr-Chlorite, Ct-Calcite, Mu-Muscovite, Mn-Manganese, P-Pyrite, Ce-Chert, F-Feldspar, Pg-Plagioclase, Sf-Shale fragment, Srf-Siltstone Fragment, 

Lf-Limestone fragment, Bo-Biotite, T-Tourmaline, Pi-Peloid, In-Intraclasts, R-Rutile, Z-Zircon, Sp-Sparite, Mi-Micrite, D-Dolomite, Cl-Clay, Or-Organic Rich, Om-Organic 

matter//Bitumen, He-Hematite, Ph-Phosphate, Se-Sphene 
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Table 3.4. Classifications of the limestone, oil-shale, marl and sandstone and established/recognized 

microfacies in the Dağhacılar studied section. 

S
a
m

p
le

 N
o
. Compositional Classification of shale and marl 

Texture 

Classification* Limestone 

Classification 

(Embry and Klovan`s 

1971) 

Sandstone 

Classification 

(Folk`s 1974) 

Defined Facies in 

Studied Section Diaz’s (2012) Mudstone 

(Unconventional) 

Stow`s 

(2005) 

Allix’s (2010) 

Shale 

Fine Grained 

Rock 

Folk’s (1965) 

D3     Lime Mudstone  Lime Mudstone 

D4     Bio-Wackestone  Wackestone 

D6     Bio-Wackestone  Wackestone 

D10 
Carbonate-Dominated 

Lithotype 
Calcareous 

Calcareous 

Mudstone 
Silt-Shale  

 
Oil-shale 

D11     Bio-Packstone  Packstone 

D14     Bio-Wackestone  Wackestone 

D15     Bio-Wackestone  Wackestone 

D17     Bio-Wackestone  Wackestone 

D18     Pyritic Lime Mudstone  Lime Mudstone 

D19     Bio-Packstone  Packstone 

D21 
Clay-rich Carbonate 

Mudstone 
Marl 

Argillaceous 

Marlstone 
Mud-Shale  

 
Marl 

D23     Bio-Wackestone,  Wackestone 

D25 
Clay-rich Carbonate 

Mudstone 

Calcareous-

Siliceous 

Calcareous 

Mudstone 
Clay-Shale  

 
Marl 

D27       Wackestone 

D28 
Argillaceous/Carbonate 

Mudstone (Marl) 
Marl 

Argillaceous 

Marlstone 
Mud-Shale  

 
Oil-shale 

D29     Extra- Lime Mudstone  Lime Mudstone 

D30     Bio-Wackestone  Wackestone 

D33     Lime Mudstone  Lime Mudstone 

D35 
Silica-rich dominated 

Mudstone 
Calcareous 

Calcareous 

Mudstone 
Clay-Shale  

 
Oil-shale 

D36 
Silica-rich dominated 

Mudstone 

Calcareous-

Siliceous 

Siliceous 

Marlstone 
Silt-Shale  

 
Oil-shale 

D38 
Silica-rich dominated 

Mudstone 

Calcareous-

Siliceous 

Calcareous 

Mudstone 
Clay-Shale  

 
Oil-shale 

D40 
Silica-rich dominated 

Mudstone 

Calcareous-

Siliceous 

Siliceous 

Marlstone 
Mud-Shale  

 
Oil-shale 

D41 
Mixed Carbonate 

Mudstone 

Calcareous-

Siliceous 

Argillaceous 

Marlstone 
Clay-Shale  

 
Oil-shale 

D42      Feldspathic litharenite Sandstone 

D45 
Argillaceous/Carbonate 

Mudstone (Marl) 
Smarl 

Argillaceous 

Marlstone 
Mud-Shale  

 
Marl 

D49      Feldspathic litharenite Sandstone 

D52 
Clay-rich Carbonate 

Mudstone 
Calcareous 

Calcareous 

Mudstone 
Clay-Shale  

 
Oil-shale 

D53      Feldspathic litharenite Sandstone 

D59 
Mixed Carbonate 

Mudstone 

Calcareous-

Siliceous 

Calcareous 

Mudstone 
Clay-Shale  

 
Oil-shale 

D63      
Feldspathic 

graywackes 
Sandstone 

D68      Lithic arkose Sandstone 

D69 
Mixed Carbonate 

Mudstone 

Calcareous-

Siliceous 

Siliceous 

Marlstone 
Mud-Shale  

 
Oil-shale 

D73 
Mixed Siliceous 

Mudstone 

Siliceous-

Calcareous 

Siliceous 

Mudstone 
Silt-Shale  

 
Marl 

D74      Feldspathic litharenite Sandstone 

D76      Feldspathic litharenite Sandstone 

* Based on grains size of mud fraction, non-fissile/fissile and soft. 
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Table 3. 4: Continue…. 

S
a
m

p
le

 

N
o
. 

(Texture and/or Compositional) 
Defined Facies in 

Studied Section 

D3 More than 90% Matrix Lime Mudstone 

D4 Bioclastic and Matrix Wackestone 

D6 Bioclastic and Matrix, Pyrite in the matrix as well as in Bioclast Wackestone 

D10 Bioclastic and Organic-rich, Calcareous-rich Oil-shale 

D11 Bioclastic-rich (>60%) and Matrix Packstone 

D14 Bioclastic and Matrix, Organic-rich matrix Wackestone 

D15 Bioclastic and Matrix, and Patchy dolomitic appearance Wackestone 

D17 Bioclastic and Matrix, Organic-rich matrix Wackestone 

D18 Pyritic-rich matrix Lime Mudstone 

D19 Bioclastic-rich (>60%) and Matrix Packstone 

D21 Lime Mud Marl 

D23 Bioclastic and Matrix, Patchy dolomite Wackestone 

D25 Patchy sparite Marl 

D27 Intra-clasts, Peloidal and Matrix, Patchy dolomite, Organic-rich staining Wackestone 

D28 
Thick Laminated, Organic-rich laminae, Fecal pellet-rich and Chert Nodules, 

Calcareous-rich 
Oil-shale 

D29 Silt-size quartz, subangular  Lime Mudstone 

D30 Bioclastic and Matrix, Plant fossil Wackestone 

D33 Silt to sand-size quartz, subangular, Matrix (>90%) Lime Mudstone 

D35 Algal Laminated, Organic-rich and Calcareous-rich  Oil-shale 

D36 Laminated, Organic-rich and Calcareous-rich, Pyrite in matrix and bioclasts Oil-shale 

D38 Laminated, Calcareous-rich and silt-size Quartz Oil-shale 

D40 Laminated, silt-size Quartz bearing Organic-rich and Calcareous-rich laminae Oil-shale 

D41 Laminated, silt-size quartz-bearing Organic-rich and Calcareous-rich laminae Oil-shale 

D42 Fine Sand-size, well sorted, closely packed Sandstone 

D45 Silt-size Quartz and Lime Mud  Marl 

D49 Very fine sand-size moderated sorted, loosely packed, Sandstone 

D52 Laminated, organic-rich and calcareous rich laminae with silt-size quartz  Oil-shale 

D53 Medium sand-size, well sorted, loosely packed Sandstone 

D59 
Laminated, Organic-rich and Calcareous-rich with fecal pellet and silt-size 

quartz 
Oil-shale 

D63 Fine sand-size, well sorted, Loosely Packed Sandstone 

D68 Fine sand-size, Moderated sorted, Loosely packed, Sandstone 

D69 
Laminated, Organic-rich and Calcareous rich laminae with silt to very fine sand-

size quartz 
Oil-shale 

D73 Silt-size quartz and Lime Mud Marl 

D74 Very Fine Sand, Charcoal, Oil Stained, closely packed, moderately sorted Sandstone 

D76 Coarse sand-size, Marine fossil, poorly sorted, closely packed, Charcoal Sandstone 

 

 

 
Figure 3.4. The field photograph of Lime Mudstone microfacies in the Dağhacılar measured 

stratigraphic section; a) Sample D3 and b) Sample D18 (Scale: Hammer). 

 



 

 

 

100 

 

distributed (Figure 3.5c). The quartz grains are silt to very fine sand-size with sub-

angular to rounded in the matrix (Figure 3.5a and d). According to the Embry and 

Klovan’s classification (1971), this facies is identified as lime mudstone facies. The 

lime mudstone microfacies is categorized as LMF 6 of Flügel’s (2004) LMF model. 

3.2.1.2. Interpretation (DA1) 

The Lime Mudstone Microfacies is characterized by the predominance of lime mud 

as a matrix with less than 10% bioclastic debris. This microfacies reflects low energy 

environmental condition. In the studied section, lime mudstone texture and having few 

ostracods, gastropods and charophytes indicate low energy, relatively deeper 

lacustrine deposits (Willmann, 1985; Czaja et al, 2014). The lack of clastic particles 

in the lithofacies suggests clastic influx restricted during deposition of lime mudstone. 

The high organic content, the presence of few biota and the absence of bioturbation 

indicate dysoxic to the anoxic sublittoral lacustrine depositional environment (Gingras 

et al., 2011 and Amezcua, 2012). The low diversity of biota with the association of 

abundant micritic texture also indicates relatively deeper lacustrine environments 

(Anan, 2014). 

3.2.1.3. Wackestone Microfacies (DA2a) 

The wackestone microfacies observed in the outcrop as pale yellowish gray to very 

pale orange, medium gray to a medium dark gray color with thin to thick bedded 

intervals (Figures 2.7 and 3.6). The wackestone microfacies name is given on basis of 

Embry and Klovan’s classification (1971). As it is composed of >10 % and <60% 

percent allochem in the microfacies (Tables 3.2 and 3.4). The observed allochems in 

the wackestone microfacies are microfossils, macrofossils with subordinate quartz, 

randomly distributed framboidal pyrite and solid organic matter (Figures 3.5e, f; 3.6b; 

3.7a, b, c). In some samples, there is the presence of intra-clasts and peloids allochems. 

The identified fossils in the microfacies are ostracods, gastropods, charophytes, 

phytoclasts and unidentified bioclasts (Figures 3.5e, f; 3.6b; 3.7b, c). There is also 

documentation of organic matter and sparite development within the matrix. 
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Figure 3.5. Photomicrographs of Lime Mudstone microfacies (a, b, c, d) and wackestone (e, f) 

presenting charophyta (Ch), ostracods (Os), gastropod (G), quartz (Q), pyrite (P), euhedral pyrite 

(Ep), organic matter (Om), sparite (Sp) and fracture (Fc). (Sample no. a) D3, PPl x4; b) D8, PPl x4; 

c) D20, PPl x100; d) D33, XPl x10; e) D4, PPl x4; f) D14, PPl x4. 
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According to Flügel’s (2004) LMF model, this microfacies resembles LMF 6. The 

microfacies is dominated in the lower portion and occasionally in the middle portion 

of the studied section (Figure 2.7). 

3.2.1.4. Packstone Microfacies (DA2b) 

In the outcrop, the packstone microfacies demonstrate olive gray to pale brown, 

medium dark gray to dark gray color and very thin bedded to medium bedded 

limestone units with highly fossiliferous character, mostly gastropods (Figures 2.7; 

2.8B, C, D; 2.9C; 3.8a, b; 3.9c). Based on microscopic analysis, this microfacies is 

composed of abundant bioclastic allochems, which is embedded in the micrite matrix 

(Figure 3.9a, b). The recorded fossils in the field and microscopically in this 

microfacies are abundant gastropods, ostracods, bivalves, charophytes and other 

unidentified fauna (Figures 3.7d; 3.9a, b). The framboidal pyrite is randomly 

distributed in the thin section and show oxidation effects.  This microfacies is observed 

in the lower portion of the studied stratigraphic column (Figure 2.7).  This microfacies 

indicate the LMF 8 of Flügel’s (2004) LMF model. 

3.2.1.5. Interpretation (DA2a; DA2b) 

In the Dağhacılar measured section, wackestone-packstone facies displays abundant 

ostracod and gastropod assemblages. The observation of abundant ostracod and 

gastropod in the facies support the moderate energy depositional setting in the shallow 

lake (Sanjuan and Martín-Closas, 2012). The limestone microfacies with gastropod 

bearing wackestone-packstone, ostracod wackestone and subordinately the 

charophyta bearing wackestone in the studied section indicate the shallow slightly 

brackish-lacustrine depositional environment (Amezcua, 2012). 

Based on presence of ostracods with association of rare freshwater gastropods and 

charophytes, the lower part of the studied section interprets freshwater lacustrine 

depositional condition. Then evolved to brackish water with episodic marine 

incursion. It is recognized by abundant gastropods with occasional ostracods at certain 

the intervals. The abundant gastropods bearing microfacies interval in the studied 
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section indicate brackish environmental condition (Willmann, 1985; Pierce, 1993). 

According to Keighley et al. (2003), the association of ostracods and mollusks bearing 

limestone indicate shallow-water lacustrine with at least seasonally oxygenated and 

destratified basin setting. 

Generally, Charophytes occurred in freshwater but can also be found locally in the 

brackish and saline environment, in a water depth of less than 10m. The microfacies 

is characterized by having well-preserved gastropods and charophytes. Therefore, it is 

indicating relatively low energy, slightly brackish lacustrine environment (Owen et 

al., 2015). In contrast, the occurrence of charophytes with ostracods and rare 

gastropods in the microfacies indicate freshwater environmental deposits (Grosjean & 

Pittet, 2013). Kadolsky (2015) studied the upper Rhine Graben and Paris basin, where 

he records the similar gastropods in the upper Rhine Graben and Paris basin. The 

gastropods in the upper Rhine Graben and Paris basin describe the middle Eocene age 

and indicates brackish water condition. In this study, similar gastropod fauna is 

noticed in the middle Eocene Dağhacılar section. Based on the Kadolsky (2015) 

studies, gastropod bearing middle Eocene intervals in the Dağhacılar section are 

characterized as brackish water habitat with relatively low salinity environmental 

condition i.e shoreline lake deposits.  In contrast, the underneath rare gastropods with 

charophytes bearing lithofacies intervals (lime mudstone-wackestone) in the studied 

stratigraphic succession are categorized as relatively freshwater lacustrine deposits. In 

the underlying lime mudstone-wackestone intervals, gastropods are identical to the 

freshwater gastropod of Aksenova et al. (2018). 

The observed couplet of wackestone-packstone microfacies in the studied section 

suggest that the deposition occurs in the sublittoral lacustrine zone (inner lacustrine 

zones) (Freytet and Plaziat, 1982; Sanjuan and Martín-Closas, 2012). The coquina 

character packstone intervals in the studied section are interpreted as deposition in the 

relatively low energy, littoral-sublittoral environmental condition (Tucker and Wright, 

1990; McGlue et al., 2010; Yang et al., 2018). 
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Figure 3.6. The field photograph of wackestone microfacies of Dağhacılar measured stratigraphic 

section; a) Sample D4; b) D6 having gastropods; c) D14 and d) D30 (Scale: Hammer and pencil). 

 
Figure 3.7. Photomicrographs of wackestone (a, b, c) and Packstone microfacies (d) presenting 

ostracod (Os), framboidal pyrite (Fp), organic matter (Om) and phytoclast (Pc). (Sample no. a) D14, 

PPl x100; b) D15, PPl x4; c) D30, PPl x4 and d) D11, XPl x4. 
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Figure 3.8. The field photograph of gastropods bearing packstone microfacies of Dağhacılar 

measured stratigraphic section; a) Packstone bedding between D12 and D13; b) D19 (Scale: 

Hammer). 

 

3.2.2. Marl Facies (DA3) 

Marl is defined as a fine-grained carbonate rock type which has relatively soft/loose 

sediment with a high proportion of calcareous character and non-fissile feature 

(Pettijohn, 1975; Potter et al., 2005 and Stow, 2005). In the studied section, the 

distinguished marl facies is appeared as medium gray to medium dark gray to greenish 

gray color and alternating with limestone, oil-shale and sandstone in the measured 

stratigraphic section at different intervals and show occasional nodularity at places 

(Figures 2.7; 2.9D; 2.10B; 2.11C; 2.15; 2.16; 3.9e). Microscopically, it is composed 

of predominantly lime mud with subordinate silt-size quartz, ostracods shell and 

randomly distributed pyrite and organic matter (Tables 3.2; 3.4; Figure 3.9a; 3.10a, 

b). In the upper portion, there is an observation of micro-bioturbation under 

microscopic studies in the marl facies (Figure 3.10b). The marl facies is dominant in 

the lower middle portion and the upper portion of the studied section (Figure 2.7). 

3.2.2.1. Interpretation (DA3)  

In the studied section, marl facies interpret deposition from decantation of mud in the 

alkaline lacustrine and in the marine environment. Occasionally, the marls facies are 

characterized by ostracod in the lower portion of the studied section. 
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Figure 3.9. Photomicrographs of gastropods bearing Packstone microfacies (a, b, c) and marl (d, e) 

presenting ostracod (Os), gastropod (G), gastropod valve (Gw; dotted line indicates gastropod wall 

shell) bivalve (Bi), quartz (Q), microsparite (Ms) and organic matter (Om). (Sample no. a) D19, PPl 

x4; b) D19, PPl x4; c) D19 hand specimen photography; d) D21, XPl x10; e) D21, field photography. 
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Figure 3.10. Photomicrographs of marl microfacies presenting ostracod (Os), glauconite (Gt), 

bioturbation (Bt; dotted yellow line), organic matter (Om), quartz (Q) and fracture (Fc). (Sample no. 

a) D25, PPl x4; b) D73, PPl x4. 

 

In the studied section, Marls facies in the lower portion are deposited in relatively 

deeper lacustrine environment with the dysoxic condition. The marl facies is overlain 

by limestone facies, which indicates lacustrine margins deposits with increasing lime-

producing organisms’ activity (Gierlowski-Kordesch, 2010; Sanjuan & Martín-

Closas, 2012). The thick intervals and massive appearance of the marls indicate 

deposition from suspension in a calm environmental condition (Pavelić et al., 1998). 

The occasionally observed ostracod in the marl facies also indicate the quiet 

environmental condition. 

In the upper portion of the Dağhacılar section, the marl with occasionally interbedded 

fine sandstone reflect deposition in relatively shallow water as compared with the 

lower portion marly intervals. The documentation of rare cruziana ichnofossil and silty 

appearance of facies suggest deposition in relatively low energy condition in offshore 

transitional marine setting under dysoxic environmental condition (Figure 3.10b) 

(Pemberton et al., 1992; Ranson, 2012). 

3.2.3. Oil-shale Facies (DA4) 

The shale or mudstone or claystone or mudrock are the numbers of terms used to 

described fine-grained sedimentary rocks. The fine-grained sedimentary rocks are 
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classified on basis of composition, sedimentary structure and organic matter content 

by number of researchers (as shown in the tables 3.1; 3.2; 3.4; 3.5; 3.6; Figures 3.1; 

3.2) (Deng and Qian, 1990; Stow, 2005; Allix et al., 2010; Diaz et al., 2012; Wang, 

2012; Jiang et al., 2013; Zou et al., 2010). In this study, the oil-shale is described on 

basis of composition, sedimentary structure and organic matter content by using the 

above mention classification studies. 

In the Dağhacılar measured section, the oil-shale facies are characterized as very thin 

laminated shale and non-laminated fossiliferous shale. This facies is classified on the 

basis of Stow`s (2005), Wang`s (2012) and Zou et al., (2010) shale classifications. In 

the field, the shale units are the most common lithofacies in the middle and upper 

portion of the measured section (Figure 2.7). It is usually dark gray, medium light 

 

Table 3.5. Mudstone and Shale Classification Schemes (Zou et al., 2010). 
Category  Main Features 

Calcareous mudstone/shale  Claystone with CaCO content not exceeding 50% 

Ferrous mudstone/shale  Fe3-bearing oxides, F2-bearing silicates, and mudstone containing significant amounts of 

sulfides 

Siliceous mudstone/shale  Argillite containing significant autogenous free SiO2 but not exceeding 50% 

Silty mudstone/shale  Argillite containing 50-25% terrestrial silty clasts 

Silt-bearing mudstone/shale  Argillite containing 5-25% terrestrial silty clasts 

Caceous shale  Shale containing a significant amount of uniformly distributed, carbonized, fine, dispersed 

organic matter; contaminates the hand when touched 

Dark Shale  Shale looking black due to the presence of significant amount of organic matter and fine, 

dispersed FeS; looks like Caceous shale but does not contaminate the hand when touched 

Oil-shale  Brown-to-black laminoid shale containing 4-20% (30% max) of hydrocarbon compounds 

 

Table 3.6. Summary of Mudstone and Shale Classification Schemes of the Lacustrine environment. 
Author  Principles for 

Classification  

Main Types of Rock 

Deng and Qian (1990)  Sedimentary structure  Black shale, horizontal lamina silty shale, graded lamina silty 

mudstone, calcareous black shale, calcareous lamina shale 

Guo et al. (2009a, b)  Organic matter types  Sapropelic oil-shale, mixed oil-shale, humus-liptobiolith oil-shale 

Liu et al. (2009a, b)  Type of lake/basin  Depression lake oil-shale, fault depression oil-shale, fault depression 

lake/swamp oil-shale 

Water body salinity Freshwater oil-shale and brackish water oil-shale 

Wang (2012)  Laminae composition  Black shale, calcareous lamina shale, oil-shale, laminoid shale, 

laminoid limestone, calcareous shale, mud shale 

Jiang et al. (2013)  Organic and mineral 

contents  

High-organic limestone, high-organic claystone, medium-organic 

claystone, medium-organic limestone, low-organic limestone, low-

organic claystone 
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Figure 3.11. The field photograph of Oil-shale of Dağhacılar measured stratigraphic section; a) Non-

laminated fossiliferous oil-shale (Sample D10); b) Laminated oil-shale with intercalated marl 

(Sample D36); c) Laminated oil-shale with interbedded marl (Sample D44). 



 

 

 

110 

 

gray, medium dark gray to brownish black, greenish to dark greenish gray, non-

laminated/poorly laminated to well-laminated organic-rich units (Figures 2.10; 2.11a, 

b, c; 2.12a, b; 2.13; 2.14a; 2.15; 3.11). The laminae in the fields are identified as 

massive, thin to wavy laminae and thick parallel laminae (Figure 2.11 and 2.12). At a 

single interval, there is an observation of siliceous concretion within this facies (Figure 

2.10). In general, the laminated shale units are dominantly observed in the measured 

stratigraphic section (Figure 2.7). Under microscopic studies, laminated oil-shales 

facies composed of alternating light and dark laminae. The lighter laminae indicate 

organic poor laminae and the darker laminae characterize organic-rich laminae, and 

occasionally variable detrital content, and presence of ostracods at certain thin sections 

(Figures 3.12c; 3.13). The microscopically observed particles in the shale lithofacies 

are quartz, pyrite, ostracods, unidentified fossils and rare plagioclase, nummulite 

(Figures 3.13). In the microscopic studies, the laminae in the laminated shales are 

documented in the form of very thin to medium parallel laminae, wavy laminae, 

lenticular laminae and deformed soft sediment structure/ convolute laminae (O`Brien, 

1990, 1996; Wilkins, 2003) (Figure 3.13).  Non-laminated oil-shales are composed of 

the organic-rich matrix along with ostracods, bivalves and hardly nummulite (Figure 

3.13a, b).  The shale units show no sign of bioturbation in the studied section. 

Chemically, the oil-shale facies are identified as a calcareous character in the studied 

section. 

3.2.3.1. Interpretation (DA4) 

Generally, the massive organic-rich calcareous mudstone was interpreted to have 

deposited in shallow, brackish lacustrine environment with dysoxic-anoxic, cool and 

arid climatic condition. In contrast, the laminated organic-rich calcareous mudstone is 

generally documented in the relatively high saline bottom water, deep stratified 

lacustrine with oxic to anoxic conditions, and also represent more humid and warmer 

climatic environment (Ma et al., 2016).  
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In the Dağhacılar studied section, massive fossiliferous oil-shale is interpreted to have 

deposited in anoxic condition, relatively deeper brackish lacustrine environment. The 

presence of abundant ostracods and rare nummulite fragment in the oil-shale indicate 

marine incursion to the depositional setting, and probably fauna is transported by 

density current to relatively deeper brackish lacustrine condition (Sunardi, 2015).  

In the lacustrine environment, the deposition of shale is generally controlled by a 

complex set of factors which includes basin setting, sediment supply, climatic, 

changes salinity and redox condition of the depositional setting (Xu et al., 2015; Liang 

et al., 2018). The middle portion of the Dağhacılar section is defined by laminated oil-

shale with intercalating marls. The intercalating oil-shale and marls are recognized as 

lacustrine deposits with occasional observation of ostracod and abundant framboidal 

pyrite in the some of the oil-shale thin section. In the algal laminated oil-shale, the 

occurrence of calcification is a common phenomenon in the microbial mats which are 

controlled by a micro-organism (cyano-bacteria). The well-preserved laminae in the 

oil-shale indicate a low hydrodynamic condition in the subaqueous environment. The 

occurrence of ostracod suggests relatively shallow water depth (Lettéron et al., 2018). 

The observation of heterogeneous grains in the algal laminated and laminated oil-shale 

are transported by aeolian and/or from water suspension sediments to deep 

environmental setting (Rios et al., 2004). Generally, the oil-shales are deposited in the 

extensive deep lakes (Carroll and Bohacs, 2001). The Oil-shale of this section is 

defining the profundal lacustrine environment. The lack of bioturbation and high 

organic content in laminated and non-laminated shale lithofacies indicate low energy 

environment and interpreted as center lacustrine setting with anoxic environmental 

condition (Zeller et al., 2015). In the basinal portion, carbonate content is controlled 

by transportation of carbonate and siliciclastic components (Zeller et al., 2015). 

The upper portion oil-shale intervals in the Dağhacılar measured section are 

recognized as marine offshore transitional deposits. The transition of thin-wavy 

laminated oil-shale to thick laminated oil-shale with increasing fine sandstone 
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interbeds and having marine fauna suggest oil-shale deposits under marine 

environmental condition. 

The documentation of thick horizontal laminae in oil-shale indicate bottom flowing 

current influence, that is most possibly related to storm condition on the marine 

offshore-transitional zone (O’Brien, 1990; Esteban, 2003). The introduction of the 

saline environment to the lacustrine also lead to the demise of intolerance brackish 

and freshwater fauna and flora in oil-shale lithofacies (Esteban, 2003).  In this interval, 

the absence of ostracod, freshwater gastropod and algal structure indicate salinity 

increase in the depositional environment, but not saline adequate to precipitate saline  

 

 
Figure 3.12. Photomicrographs of oil-shale facies presenting ostracod (Os), quartz (Q), nummulite 

(N), pyrite (P) and organic matter (Om). (Sample no. a, b) fossiliferous oil-shale, D10, PPl x4; c) 

Lenticular laminated oil-shale, D36, PPl x4; d) D36, Euhedral pyrite, PPl, x100. 
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Figure 3.13. Photomicrographs of oil-shale presenting quartz (Q) and organic matter (Om). (Sample 

no. a) Laminated oil-shale, D40, PPl x4; b) field photography, D40, indicates convolute laminae 

(white arrow) and micro-fault (red arrow); c) D40, PPl, x100; d) D40, XPl, x100; e) Lenticular 

lamination, D69, PPl, x100; f) field photography of sample D69; g) Cut sample for thin section and 

show alternating dark and light laminae. (yellow arrow indicates organic-rich laminae-dark laminae) 

(Scale; Hammer and Pencil). 
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minerals (Cole, 1985). The presence of soft-sediment deformation structures and 

convolute bedding in lithofacies indicate episodically or seismically triggered during 

the deposition process. 

3.2.4. Calcareous Sandstone Facies (DA5)  

The sandstone is a sedimentary rock with coarse-grained character as compared to 

siltstone and mudrock. The sandstone is classified by Folk’s (1974) and Pettijohn et 

al., (1987) with three end member i.e. feldspar-plagioclase member, quartz member 

and rock fragment member. The Folk’s sandstone classification is also based on the 

matrix proportion and grain supported character (Figure 3.3). In the field, the 

sandstone facies are defining grayish orange, dark greenish gray, medium dark gray 

to medium gray color, thin to medium bedded sandstone units with interbedded oil-

shale and marl at different intervals (Figures 2.7; 2.13; 2.14; 2.15; 2.16; 3.14; 3.16). 

The sedimentary structure observed in the field are low angle wavy ripple, very thin 

hummocky cross-stratification in the bedding and parallel lamination in the bedded 

sandstone units (Figures 2.14b; 3.14; 3.16; 3.17b; 3.18d). This facies appeared 

occasionally in the middle portion of the measured section and then followed by a 

regular appearance with increasing in the number of beds towards the top in the 

studied section. The upper and lower contact of the sandstone beds is sharp with 

underlying and overlying facies (oil-shale and marl). The intercalating oil-shale and/or 

marls units with sandstone exhibit heterolithic facies character (Figures 2.13; 2.14a; 

2.15; 2.16) (McCauley, 2013; Collins et al., 2015; Rimkus, 2016). Microscopically, 

the sandstone facies is identified as having three mineralogical variations: Feldspathic 

litharenite, Feldspathic greywackes and lithic arkose, based on the Folk’s (1974) and 

Pettijohn et al., (1987) sandstone classification (Tables 3.3; 3.4). The sandstone 

lithofacies are composed of predominantly quartz and rock fragments (includes 

polycrystalline quartz, shale, limestone and bioclasts) with the association of feldspar 

and plagioclase (Figures 3.17; 3.18). The observed accessory minerals in the 

lithofacies are chlorite, tourmaline, biotite, muscovite and rutile. The observed grains 

in the sandstone units are very fine-size to coarse sand-size, angular to sub-rounded, 
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moderate to well sorted and close to loosely packed (Table 3.4). The subordinate 

organic matter, charcoal (Mingram, 1998), oil staining and pyrite are also observed in 

the matrix. The fossils include foraminifera, Nummulites and other unidentified 

fragment also occur in the sandstone facies in the upper portion of measured 

stratigraphic section (Figures 3.17 d,e; 3.18). There is presence of bioturbation in the 

sandstone lithofacies but very rare (Figure 3.16e). The sandstone facies are 

periodically occurred in the middle portion of studied section and predominately 

present in the upper portion of the studied section (Figure 2.7). 

 

 
Figure 3.14. a) The field photograph of alternating shale and sandstone and showing bedding 

sandstone geometry planar to hummocky cross-stratification to wave ripple symmetry (Note; Close 

view hummocky cross-stratification in figure 3.14b). 
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Figure 3.15. Pie graphs of the sandstone lithofacies in the Dağhacılar section. 
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3.2.4.1. Interpretation (DA5) 

The fine-grained sandstone deposits with wave-rippled features and presence of 

burrow are deposited in a shallow lacustrine environment (Owen et al., 2015). The 

sandstone lithofacies in the studied section possesses horizontal lamination to wavy 

rippled features in the middle portion. This lithofacies with the absence of bioturbation 

is interpreted that it is deposited in a relative deeper lacustrine condition. The deeper 

environmental setting of fine sandstone is also supported by ripple crests rounded 

shape (Johansen, 2016). 

The introduction of the marine environment (offshore transition facies) in the upper 

portion of the Dağhacılar measured section is recognized as intercalating sandstone-

laminated oil-shale and occasionally marl. The evidence to identify marine sandstone 

in the studied section is an observation of marine fauna and rare bioturbation such as  

 

 
Figure 3.16. The field photograph of interbedded marl and sandstone interbeds (arrow indicates 

planar sandstone bedding). 
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Figure 3.17. Photomicrographs of sandstone presenting quartz (Q), polyquartz (Qp), bioclasts 

(Bc,marine Bioclast), Nummulites (N), limestone fragment (Lf), shale fragment (Sf), microquartz 

(Qc), muscovite (Mu), sericitization (Sc), chlorite (Cr), sparite (Sp), feldspar (F), bioturbation (Bt, 

indicated by yellow line) and organic matter (Om). (Sample no. a) sandstone, D42, PPl x4; b) field 

photography of low angle wavy laminated sandstone, D42, indicates deformed features (white 

arrow); c) a-XPl x4; d) Sandstone, D53, XPl, x10; e) sandstone with vertical bioturbation, D76, XPl, 

X4. 
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Figure 3.18. Photomicrographs of sandstone presenting quartz (Q), polycrystalline quartz (Qp), 

limestone fragment (Lf), shale fragment (Sf), cryptoquartz (Qc), muscovite (Mu), sericitization (Sc), 

chlorite (Cr), calcite fragment (Ct), and organic matter (Om). (Sample no. a) sandstone, D76, XPl, 

x4; b) sandstone, D76, PPl, x4; c) sandstone, charcoal, PPl, x100; d) Close view of hummocky cross-

stratification, D64. 

 

skolithic-cruziana ichnofacies (Johansen, 2016; Vakarelov et al., 2012). The presence 

of high content of carbonate matrix in the sandstone lithofacies indicates relatively 

deepening depositional condition (Figure 3.15). The heterolithic deposits character 

sandstone-oil-shale and/or marls reflects marine offshore fluctuating environmental 

condition. The sandstone lithofacies possesses hummocky cross-stratification, wave 

ripple and parallel lamination feature. The hummocky cross-stratification sandstone is 

characterized as deposited above storm weather wave base (SWWB) in the marine 

environmental condition (Walker and Plint, 1992). These identified feature in the 

sandstone lithofacies interpret storm event deposits (Abimbola, 2016). In the studied 

section, the observation of hummocky stratified sandstones, planar laminated 
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sandstone, ripple laminated sandstone, massively bedded with sharp and/or obscure 

contact with oil-shale and/marl, and sometimes with load-casts contact are identified 

as storm-induced wave oscillations deposits (Rees et al., 2014; Johansen, 2016).  In 

general, these deposits are developed on the marine offshore-transitional 

environmental setting. The presence of marine fauna and calcareous cementation in 

the sandstone of Dağhacılar measured section also define marine influence deposited 

lithofacies (Huyghe et al., 2017) (Figure 3.15).  In general, the calcareous sandstone 

lithofacies with the association of organic-rich shale and/or marl units interprets that 

the calcareous sandstone lithofacies are deposited in the marine offshore-transition 

environment between the fair-weather wave base and storm wave base and identified 

as the unit of turbiditic intervals. The associated organic-rich oil-shale and/or marl are 

settling from suspension under low energy depositional condition (Dahlqvist, 2018). 

3.3. Microfacies of Hasanlar Section 

In the Hasanlar measured section, three facies are categorized along the measure 

stratigraphic section based on the field and laboratory work studies (Figure 2.20; 

Tables 3.7; 3.8). The facies are described in detail as follow. 

 

Table 3.7. Limestone, oil-shale and marl petrographic data and established/recognized facies in the 

Hasanlar studied section. 

S
a
m

p
le

 N
o
. 

Q F Pg Om Pl Pi In 
Bioclasts 

 (Os/Ch/GUb/Al/Da/N/Br) 

Other 

(P/He/Ph/Cr/Ce/Ct) 

Matrix 

(Mi/Cl/Sp/Or 

D/Cr) 

Field Nomenclature 

H0a 5 - - - - - 3 11Os/1G=12 5P 53Mi+20D+Si Bio-Limestone 

H0b 5 - - - - - - - - 75Mi+Or+20D Oil-shale 
H1 2 - - - - - - - 10P 88Mi+Or Oil-shale 
H3 5 - - 2 - - - - 10P 83Mi+Or Oil-shale 

H4 2 - - 2 - - - - 5P 91Mi Limestone 

H5 - - - - - - - - 5P 75Mi+20D Limestone 
H9 1 - - - - - - - 1P 98Mi Oil-shale 

H10 15 - - 5 10 10 - - - 60Mi Bio-Limestone 
H12 - - - - - - - 2Os/10Ub=12 2P 86Mi Bio-Limestone 

H13 15 - - 2 - - - 20Os 6P 57Mi+Or Oil-shale 

H14 - - - - - - - - 2P 98Mi+Or+Ct Oil-shale 

H15 20 - - 5 - - - - 5P 70Mi Oil-shale 

H19 - - - 5 - - - 5Os 5P 85Mi Limestone 

H20 5 - - 5 - - - 5Os 12P 73Mi+Or Oil-shale 

Os-Ostracoda, Ch-Charopyta, G-Gastropod, Br-Brachiopod, Al-Algal, Da-Diatoms, N-Nummulites, Pl-Plant, Fr-Foraminifera, Py-Palynofacies, Ub-Unidentified Bioclasts, Q-Quartz, 

Qp-Polyquartz, Cr-Chlorite, Ct-Calcite, Mu-Muscovite, Mn-Manganese, P-Pyrite, Ce-Chert, F-Feldspar, Pg-Plagioclase, Sf-Shale fragment, Stf-Siltstone Fragment, Lf-Limestone 

fragment, Bo-Biotite, T-Tourmaline, Pi-Peloid, In-Intraclasts, R-Rutile, Z-Zircon, Sp-Sparite, Mi-Micrite, D-Dolomite, Cl-Clay, Or-Organic Rich, Om-Organic matter//Bitumen, He-

Hematite, Ph-Phosphate, Se-Sphene 
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Table 3.8. Classifications of the limestone, oil-shale, marl and sandstone and established/recognized 

microfacies in the Hasanlar studied section. 
S

a
m

p
le

 N
o
. Compositional Classification 

Texture 

Classification* Limestone 

Classification 

(Embry and 

Klovan`s 1971) 

Defined Facies in 

Studied Section Diaz’s (2012) Mudstone 

(Unconventional) 

Stow`s 

(2005) 
Allix’s (2010) Shale Folk’s (1965) 

H0a     Bio-Wackestone Wackestone 

H0b Carbonate-Dominated Lithotype Calcareous Calcareous Mudstone Clay-Shale  Oil-shale 

H1 Carbonate-Dominated Lithotype Calcareous Calcareous Mudstone Clay-Shale  Oil-shale 

H3 Carbonate-Dominated Lithotype Calcareous Calcareous Mudstone Clay-Shale  Oil-shale 

H4     Lime Mudstone Lime Mudstone 

H5     Lime Mudstone Lime Mudstone 

H8 Clay-rich Carbonate Mudstone Marls Calcareous Mudstone Clay-Shale  Oil-shale 

H9 Clay-rich Carbonate Mudstone Marls Argillaceous Mudstone Clay-Shale  Oil-shale 

H10     Bio-Wackestone Wackestone 

H12     Bio-Wackestone Wackestone 

H13 Mixed Carbonate Mudstone Smarl Argillaceous Mudstone Mud-Shale  Oil-shale 

H14 Clay-rich Carbonate Mudstone Calcareous Calcareous Mudstone Clay-Shale  Oil-shale 

H15 Mixed Argillaceous Mudstone Smarl Argillaceous Marlstone Clay-Shale  Oil-shale 

H18 Clay-rich Carbonate Mudstone Marls Argillaceous Mudstone Clay-Shale  Oil-shale 

H19     Lime Mudstone Lime Mudstone 

H20 Carbonate-Dominated Lithotype Calcareous Calcareous Mudstone Clay-Shale  Oil-shale 

* Based on grains size of mud fraction, non-fissile/fissile and soft. 

 

Table 3.8. Continues…. 

S
a
m

p
le

 N
o
. 

(Texture and/or Compositional) 
Defined Facies in Studied 

Section 

H0a Oil stained, pyrite oxidized, highly stressed, Bio-Wackestone Wackestone 

H0b Laminae, dolomitic grains, Oil-shale Oil-shale 

H1 Thin parallel laminated bedding, Oil-shale Oil-shale 

H3 Wavy Laminae, Oil-shale Oil-shale 

H4 Thin Bedded Marl Lime Mudstone 

H5 Thin-medium parallel bedded Dolomitic Mudstone, Patchy oil stained Lime Mudstone 

H8 Laminated horizontal bedded Oil-shale Oil-shale 

H9 Laminated horizontal bedded Oil-shale Oil-shale 

H10 Silt size quartz grains, plant fragments (phytoclasts/Cuticules) Wackestone 

H12 Thin Bedded, Bio-wackestone Wackestone 

H13 Laminated, having ostracods, Oil-shale Oil-shale 

H14 Lenticular wavy Laminae, Oil-shale Oil-shale 

H15 Oil-shale Oil-shale 

H18 Laminated to thin bedded, Oil-shale Oil-shale 

H19 Oil Lime Mudstone, Thin Bedded Lime Mudstone 

H20 Laminated, Oil-shale Oil-shale 

 

3.3.1. Limestone Facies 

The limestone facies in the Hasanlar measured section is dominantly observed at 

regular interval with interbedded shale and occasionally marls (Figure 2.21). The 

detailed studies is carried out to define the microfacies character based on the field 

and petrographic features. The Embry and Klovan`s (1971) classification is used to  
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classify the microfacies. A total of two sub-facies are classified in the limestone facies 

(Table 3.8). 

3.3.1.1. Lime Mudstone Microfacies (HA1) 

The lime mudstone microfacies is composed of very pale green to pale green, medium 

light grey, medium grey to light grey, thin-bedded strata (Figures 2.18; 2.19; 2.20; 

2.21; 2.22C). Microscopic studies indicate that this microfacies consist of less than 10 

percent allochem which is embedded in the micrite matrix (Table 3.8; Figure 3.19 a,b, 

d). Therefore, this facies is categorized as lime mudstone microfacies, based on the 

Embry and Klovan`s classification (1971). The allochem in this microfacies are 

composed of ostracods, organic matter and rare quartz grains (Figures 3.19a, b, d). 

Pyrite is observed in the form of framboidal type (Figure 3.19c) and also the presence 

of dolomitic patches in the single interval (Figure 3.19d). In the studied section, the 

lime mudstone microfacies present at regular interval with interbedded oil-shale and 

marl at different intervals (Figure 2.21).  

3.3.1.2. Interpretation (HA1) 

In the Hasanlar section, the deposition of lime mudstone intervals occurred in low 

energy lacustrine condition. The predominance of micrite matrix, high organic 

content, the absence of bioturbation and few grains of terrigenous clasts show distal 

depositional condition (Gingras et al., 2011; Amezcua, 2012). The occasional 

ostracods observation in the lime mudstone suggested relatively deeper lacustrine 

environments with anoxic conditions (Anan, 2014). The observation of framboidal 

form pyrite in the studied section corresponds to the relatively saline influence on the 

lacustrine environment (Brown and Cohen, 1995). 

3.3.1.3. Wackestone Microfacies (HA2) 

In the field, the wackestone microfacies recognized as moderate yellowish brown to 

very pale orange, thin-bedded units with occasionally intercalated fragile shale (Figure 

2.21). On the basis of microscopic analysis, the facies are recognized as wackestone  
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Figure 3.19. Photomicrographs of Lime Mudstone microfacies (a, b, c, d) and wackestone (e, f) 

presenting ostracod (Os), quartz (Q), pyrite (P), framboidal pyrite (Fp), organic matter (Om), rare 

dolomitic patches(D), phytoclast (Py), cuticles (Cu) and stylolite (Su). (Sample no. a) H4, PPl x4; b) 

H5, PPl x4; c) H5, PPl x100; d) H19, PPl x10; e) H10, PPl x4; f) H10, PPl x10. 
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microfacies under Embry and Klovan`s classification (1971). The microfacies is 

composed of bioclasts and quartz grains which are embedded in micrite matrix (Table 

3.8). The identified bioclastic fragments are ostracods, phytoclasts and cuticles 

(Fuhrmann, 2002; Gonçalves, 2014) (Figures 3.19 e, f; 3.20 a, b). There is the presence 

of subordinate pyrite and organic matter (Figure 3.19e, f). This facies is restricted to 

the lower portion of the measured stratigraphic section and occasionally in the middle 

part (Figure 2.20). 

3.3.1.4. Interpretation (HA3) 

The wackestone facies are commonly composed of phytoclasts, ostracods and rare 

intraclasts. The presence of ostracods with the association of phytoclasts/palynofacies 

and quartz grains in this limestone microfacies suggest moderate to relatively high 

energy environment condition in fluctuated lacustrine condition.  This microfacies 

interpret relatively shallow alkaline lacustrine facies and characterized as the 

sublittoral environmental setting (Freytet and Plaziat, 1982; Sanjuan & Martín-Closas, 

2012). The intraclast observation and palynofacies component in the microfacies may 

point to episodic turbulence and deposition from suspension and/or also eolian 

influence to the sublittoral depositional setting. 

3.3.2. Marl Facies (HA3) 

The Marl facies is defined by flaggy soft/loose character fine carbonate rock with high 

calcareous content (Pettijohn, 1975; Potter et al., 2005 and Stow, 2005). In the 

Hasanlar section, this facies occur in the form of yellowish gray, thin intercalated 

intervals with lime mudstone (Figures 2.20; 2.21A). This facies is restricted to the 

lower portion of the Hasanlar studied stratigraphic column (Figure 2.20). 

3.3.2.1. Interpretation (HA3) 

In the Hasanlar studied section, marl intervals are the deposition of unconsolidated 

lime mud from the suspension in the alkaline lacustrine setting. The marls facies are 

devoid of fossils and interbedded with lime mudstone and organic-rich shale units. 
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This facies in the studied section interpret deposition in dysoxic condition and 

relatively deeper lacustrine environment (Gierlowski-Kordesch, 2010; Sanjuan & 

Martín-Closas, 2012).  The thin intervals of marl and interbedded with limestone 

microfacies and oil-shale imply deposition from suspension in a calm environmental 

condition (Pavelić et al., 1998). 

3.3.3. Oil-shale Facies (HA4) 

In the Hasanlar section, the oil-shale facies is defined on the basis of composition, 

sedimentary structure and organic matter content (Tables 3.1; 3.5; 3.6; 3.7; 3.8; 

Figures 3.1; 3.2). In the field, the oil-shale facies is characterized as light brown, light 

gray, dusky yellow, black to brownish, laminated thin bedded to fragile laminated 

units (Figures 2.18; 2.19; 2.20; 2.21 and 2.22). Based on microscopic analysis, the 

facies is organized as alternating of organic-rich laminae and organic-poor laminae 

(Figures 3.20 c, d, e, f; 3.21). The laminae are arranged in the form of wavy to 

continuous to lenticular/discontinuous lamination in the studied shale facies (O`Brien, 

1990, 1996; Wilkins, 2003) (Figures 3.20 c, d, e, f; 3.21). There is also occurrence of 

ostracods and euhedral pyrite in the facies with randomly silt-size quartz grains at 

different intervals (Figures 3.20 c, e; 3.21). At different horizons, the micro-

dolomitization is observed in the oil-shale laminae (Figures 3.20 d, f). This facies is 

observed throughout the Hasanlar measured section with alternating lime mudstone 

(Figure 2.20). 

3.3.3.1. Interpretation (HA4) 

The occurrence of thick horizontal to wavy to lenticular laminae with the association 

of the ostracods in the oil-shale indicate relatively deeper lacustrine deposits and 

characterized as upper profundal depositional zone facies (Dyni & Hawkins, 1981; 

Gierlowski-Kordesch & Rust, 1994; Keighley, 2008; Tänavsuu-Milkeviciene & 

Frederick Sarg, 2012). The absence of bioturbation and high organic content in shale  
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Figure 3.20. Photomicrographs of wackestone and oil-shale presenting quartz (Q), phytoclast (Py), 

Bioclast (Bc, dissolved fragment), ostracod (Os), micro dolomitic (D) and organic matter (Om). 

(Sample no. a) Wackestone, H10, PPl x100; b) Wackestone, H12, PPl, x4; c) organic-rich laminae 

oil-shale, H13, PPl, x4; d) close view, OIL stain lenses in organic-rich laminae, H13, PPl, x10; e) 

laminated organic-rich oil-shale (Yellow arrow indicates organic-rich laminae), H13, PPl, x4; f) 

lenticular/convolute laminated oil-shale, PPl, x4 (yellow arrow indicates organic-rich laminae-dark 

laminae and white represent organic-poor lenses). 
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Figure 3.21. Photomicrographs of oil-shale presenting quartz (Q), ostracod (Os) and organic matter 

(Om). (Sample no. a) H20, PPl x4; b) H20, XPl, x4 (yellow arrow indicates organic-rich laminae-

dark laminae). 

 

lithofacies direct to relatively low energy environment and anoxic environmental 

condition (Zeller et al., 2015). 

The recorded ostracods in the lithofacies in this succession reflect freshwater 

lacustrine water depositional setting. In the oil-shale, there is also occasionally 

framboidal pyrite which may be point to the relatively low saline influence on the 

lacustrine environment (Brown and Cohen, 1995). The intercalating organic-rich and 

organic-poor laminae in the shale reflect deposition from suspension under low energy 

condition. The rhythmic feature of the organic-rich shale represents linked to climatic 

seasonal changes (Caillaud et al., 2017). The disturbed lamina in the oil-shale may be 

short-term gravitational deposits in the profundal areas (Feng, 2011). The observation 

of thick lamina and wavy laminae to lenticular laminae in the oil-shale are 

characterized as relatively deeper anoxic depositional environment setting (O’Brien, 

1990). Towards the top in the studied section, the oil-shale lithofacies is characterized 

by continuous to discontinuous thin parallel laminae features. These intervals are 

interpreted to be deposited in the relatively deeper depositional environment compared 

to lower portion thick laminated oil-shale. 
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3.4. Microfacies of Kösüre Section 

Along the Kösüre measured stratigraphic column, A total of 4 facies are recognized 

and categorized based on the field observation and petrographic classification (Tables 

3.5, 3.6, 3.9, 3.10, 3.11; Figures 3.1; 3.2; 3.3).  

3.4.1. Limestone Facies 

In the measured stratigraphic column of the Kösüre section, it is observed that 

limestone facies define the upper lower portion to lower upper portion in the studied 

section (Figure 2.25). The documented thin to thick massive limestone facies intervals 

occur with alternating marl (Figures 2.25; 2.26; 2.28). The detailed observation in the 

field and microscopic studies help to identified and classified limestone facies. On the 

basis of the Embry and Klovan`s classification (1971), the limestone facies is 

classified into two sub-facies (Table 3.11). 

3.4.1.1. Wackestone Microfacies (KA1a) 

The wackestone microfacies in the studied section is characterized as very light gray, 

light olive gray, pinkish gray, light greenish gray, light brownish gray to brownish 

gray, thin to thick massive bedded intervals (Figures 2.25; 2.7B; 2.28; 3.22; 3.23a). In 

the field, there is also observation of clay patches in the wackestone facies at the single 

horizon. These clays are secondary percolation deposits in the bioturbated wackestone 

(Figures 3.24 d, e) (van der Meer & Menzies, 2011). Echinoderm fragments and 

abundant euhedral pyrite are also noticed in the wackestone facies in the upper part of 

the measured stratigraphic section (Figures 3.24f; 3.25a). In the microscopic analysis, 

this facies is composed of allochems between 10-50% which are embedded in micrite 

matrix (Tables 3.9; 3.11). The allochems are comprised of predominantly bioclasts, 

peloids and intraclasts with subordinate pyrite, quartz and rare phosphatic grain 

(Figures 3.24a, c). The identified bioclasts are ostracods, charophyte, bivalve 

fragments, gastropod fragments and other unidentified fossils fragments (Figures 

2.27A; 3.24 a, b, d). In the measured stratigraphic column, this microfacies is observed 
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in the upper lower portion to lower upper portion with interbedded marls (Figures 

2.25; 3.22; 3.23a). 

3.4.1.2. Packstone Microfacies (KA1b) 

Other identified limestone sub-facies in the measured Kösüre section is the Packstone 

microfacies, based on the Embry and Klovan`s (1971) classification. This facies is 

comprised of more than 50 percent particles and less than 50 percent micrite matrix 

(Tables 3.9; 3.11). The facies intervals in the field are thick bedded to massive bedded 

and very light gray to white color (Figure 3.23b). Microscopically, it composed of 

intraclasts, peloids, bioclasts which are surrounded by micrite matrix (Tables 3.9, 

3.11; Figure 3.25b). The intraclasts are internally homogeneous and dominantly 

composed of micrites with having a bioclastic fragments internal display. The 

presence of peloids, intraclasts and micrite matrix indicate deposition in low energy 

environmental conditions (Figure 3.25b) (Tucker and Wright,1990). The recorded 

fossils in the facies are ostracod, bivalve fragments and another unidentified fragment. 

Pyrite is observed in the facies but rare and randomly distributed. This microfacies is 

restricted to the middle section of the Kösüre studied section (Figure 2.25). 

3.4.1.3. Interpretation (KA1a; KA1b) 

In the Kösüre stratigraphic section, wackestone-packstone microfacies correspond to 

moderate to high energy environment condition and categorized as oxic to dysoxic, 

relatively littoral-sublittoral depositional setting. The moderate to high energy 

environmental condition is also supported by the presence of intraclasts, peloidal 

observation and bivalve fragments in the wackestone-packstone microfacies in the 

studied section (Freytet and Plaziat, 1982; Sanjuan & Martín-Closas, 2012). 

The thin to thick bedded wackestone-packstone microfacies in the lower portion of 

the studied section, are identified as shallow lacustrine with slightly brackish water 

character based on the presence of bivalve, bivalve fragments, fish tooth and absence 

of charophytes (Sanjuan & Martín-Closas, 2012; Anan, 2014). The appearance of 

charophytes in wackestone-packstone microfacies indicate the relatively freshwater  
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Figure 3.22. The field photograph of wackestone and marl microfacies of Kösüre measured 

stratigraphic section; a) Sample wackestone K6, K7, K8 with intercalated marl; b) Wackestone K25, 

K27 with intercalated marl (Sample K26). 
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Figure 3.23. The field photograph of a) intercalating wackestone and marl microfacies; b) Packstone 

microfacies of Kösüre measured stratigraphic section; a) Sample K31, K32, K33; b) packstone K11, 

K12. 

 



 

 

 

132 

 

Table 3.9. Limestone, oil-shale and marl petrographic data and established/recognized facies in the 

Kösüre studied section. 

S
am

p
le

 N
o
. 

Q F Pg Om Pl Pi In 
Bioclasts 

 (Os/Ch/GUb/Al/Da/N/Br) 

Other 

(P/He/Ph/Cr/Ce/Ct) 

Matrix 

(Mi/Cl/Sp/

Or 

D/Cr) 

Field Nomenclature 

K2 10 - - 3 - - - 1Ub 3P 83Mi Marl 

K3  Very Fine Sandstone 
K6 3 - - - - 35 - 5Bi/10Ub=15 1Ph 46Mi Pel-Limestone 
K9 3 - - - - 5 15 13Bi/1G/2Ub=16 - 61Mi Pel-Limestone 

K11 - - - - - 40 25 5Os/5Bi/5Ub=15 3P 17Mi Pel- Limestone 

K13 20 - - - - - - 2Bi 1P 77Cl Oil-shale 
K16 3 1 1 - - 3 - 5Os/2Bi/3Ub=10 - 82Mi+Dolo Bio- Limestone 
K18  Sandstone 
K19 12 - 1 - - - - - 1P 86Cl Oil-shale 

K21 - - - - - - - 5Os/15Bi/3Ub=23 2P 75Mi Bio- Limestone 

K24 2 - - - - 5 - - 2 91Cl Oil-shale 

K25 2 - - 2 - - - 7Os/2Ch/2Ub/1Bn=12 - 84Mi Bio- Limestone 

K39  Sandstone 

K40 7 - - - - 3 - - 2P 88Cl+Or Oil-shale 

K43  Fine Sandstone 

K45 2 - - - - - - - - 98Cl Oil-shale 

K47  Very Fine Sandstone 

K49  Sandstone 

Os-Ostracoda, Ch-Charopyta, G-Gastropod, Al-Algal, Da-Diatoms, N-Nummulites, Pl-Plant, Fr-Foraminifera, Py-Palynofacies, Ub-Unidentified Bioclasts, Q-Quartz, Qp-

Polyquartz, Cr-Chlorite, Ct-Calcite, Mu-Muscovite, Mn-Manganese, P-Pyrite, Ce-Chert, F-Feldspar, Pg-Plagioclase, Sf-Shale fragment, Stf-Siltstone Fragment, Lf-

Limestone fragment, Bo-Biotite, T-Tourmaline, Pi-Peloid, In-Intraclasts, R-Rutile, Z-Zircon, Sp-Sparite, Mi-Micrite, D-Dolomite, Cl-Clay, Or-Organic Rich, Om-Organic 

matter//Bitumen, He-Hematite, Ph-Phosphate, Se-Sphene, Si-silica 

 

Table 3.10. Sandstone petrographic data and established/recognized facies in the Kösüre studied 

section. 

S
am

p
le

 N
o
. 

Q F Pg Om Pl 
Accessory 

Minerals 
Rock Fragment 

Bioclasts 
 (Os/Ch/G/ 

Ub/Al/Da/

N/Br) 

Other 

(P/He/Ph/

Cr/Ce/Ct) 

Matrix 

(Mi/Cl/Sp/Or 

D/Cr) 

Field Nomenclature  

K3 44 3 5 3 - 7Cr/1T=8 2Pq/2Lf/5Ct=9 - - 28Sp Fine Sandstone 

K18 20 10 15 3 - 
9Cr/1Bo/2Mu/

0.5Z/0.5R=13 

3Pq/6Lf/5Sf/6Ce=

20 
- - 19Sp Medium Sandstone 

K39 15 10 10 5 - 5Cr 

15Pq/5Lf/7Sf/5Ce

= 

32 

- 2P 21Sp Medium Sandstone 

K43 33 5 5 3 - 
4.5Cr/1Bo/0.5

T/0.5R/0.5Z=7 
10Pq/10Ce=20 - 2P 25Sp Fine Sandstone 

K47 27 5 5 3 - 5Cr/1Mu=6 5Pq/5Ce/5Lf=15 - 2P 37Sp Fine Sandstone 

K49 28 5 10 3 - 4.5Cr/0.5Z=5 
15Pq/10Ce/10Lf=

35 
- 2P 12Sp 

Very Fine 

Sandstone 

Os-Ostracoda, Ch-Charopyta, G-Gastropod, Br-Brachiopod, Al-Algal, Da-Diatoms, N-Nummulites, Pl-Plant, Fr-Foraminifera, Py-Palynofacies, Ub-Unidentified Bioclasts, Q-

Quartz, Qp-Polyquartz, Cr-Chlorite, Ct-Calcite, Mu-Muscovite, Mn-Manganese, P-Pyrite, Ce-Chert, F-Feldspar, Pg-Plagioclase, Sf-Shale fragment, Srf-Siltstone Fragment, 

Lf-Limestone fragment, Bo-Biotite, T-Tourmaline, Pi-Peloid, In-Intraclasts, R-Rutile, Z-Zircon, Sp-Sparite, Mi-Micrite, D-Dolomite, Cl-Clay, Or-Organic Rich, Om-Organic 

matter//Bitumen, He-Hematite, Ph-Phosphate, Se-Sphene 
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Table 3.11. Sandstone petrographic data and established/recognized facies in the Kösüre studied 

section. 
S

a
m

p
le

 N
o
. Compositional Classification of shale and marl 

Texture 

Classification* Limestone 

Classification 

(Embry and 

Klovan`s 1971) 

Sandstone 

Classification 

(Folk`s 1974) 

Defined Facies 

in Studied 

Section 
Diaz’s (2012) Mudstone 

(Unconventional) 
Stow`s (2005) 

Allix’s (2010) 

Shale 

Fine Grained 

Rock 

Folk’s (1965) 

K2 
Mixed Carbonate 

Mudstone 
Marl 

Argillaceous 

Marlstone 
Clay-Shale  

 
Marl 

K3      Feldspathic Litharenite Fine Sandstone 

K6     Pel-Wackestone  Wackestone 

K9     Intra-Wackestone  Wackestone 

K11     Intra-Packstone  Packstone 

K13 Mixed Mudstone Smarl 
Argillaceous 

Mudstone 
Clay-Shale  

 
Oil-shale 

K16     Bio-Wackestone  Wackestone 

K18      
Lithic Arkose Medium 

Sandstone 

K19 
Argillaceous/Carbonate 

Mudstone (Marl) 
Smarl 

Argillaceous 

Marlstone 
Clay-Shale  

 
Oil-shale 

K21     Bio-Wackestone  Wackestone 

K24 
Carbonate-rich 

Argillaceous Mudstone 
Marl 

Argillaceous 

Mudstone 
Clay-Shale  

 
Oil-shale 

K25     Bio-Wackestone  Wackestone 

K39      
Feldspathic Litharenite Medium 

Sandstone 

K40 
Argillaceous/Carbonate 

Mudstone (Marl) 
Marl 

Argillaceous 

Marlstone 
Clay-Shale  

 
Oil-shale 

K43      Feldspathic Litharenite Fine Sandstone 

K45 
Carbonate-rich 

Argillaceous Mudstone 
Marl 

Argillaceous 

Mudstone 
Clay-Shale  

 
Oil-shale 

K47      Feldspathic Litharenite Fine Sandstone 

K49      Feldspathic Litharenite Fine Sandstone 

* Based on grains size of mud fraction, non-fissile/fissile and soft. 

 

Table 3.11. Continues… 

S
a
m

p
le

 

N
o
. 

(Texture and/or Compositional) 
Defined Facies in 

Studied Section 

K2 Patchy Dolomite but rare Marl 

K3 Fine grains size, Well Sorted, Closely Packed Fine Sandstone 

K6 Pel-Wackestone, Bedded Wackestone 

K9 Intra-Wackestone, Bedded, Pyrite in bio-Chamber Wackestone 

K11 Intra-Packstone, Bedded Packstone 

K13 Oil-shale, Flaggy, Brachiopods Oil-shale 

K16 Bio-Wackestone, Bedded, Dolomitic patches in the matrix Wackestone 

K18 Medium-grained size, Moderated Sorted, loosely Packed, Charcoal Medium Sandstone 

K19 Oil-shale Oil-shale 

K21 Bio-Wackestone, Bedded Wackestone 

K24 Thin laminae, Oil-shale Oil-shale 

K25 Bio-Wackestone, Bedded, secondary clay percolation Wackestone 

K39 Medium-grained size, Poorly Sorted, Loosely Packed Medium Sandstone 

K40 Thin Laminae Oil-shale 

K43 Fine-grained size, Well Sorted, Loosely Packed Fine Sandstone 

K45 Laminae, Oil Stained Oil-shale 

K47 Fine-grained size, Moderately Sorted, Loosely Packed Fine Sandstone 

K49 Fine-grained size, Moderately Sorted, Closely Packed Fine Sandstone 
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Figure 3.24. Photomicrographs of wackestone microfacies presenting charophyta (Ch), ostracod 

(Os), quartz (Q), plagioclase (Pg), bioclasts (Bc), calcite (Ct), peloid (Pl), clay (Cy), sparite (Sp), 

euhedral pyrite (Ep), Bivalve (Bi), organic matter (Om), sparite (Sp) and fracture (Fc). (Sample no. 

a) K6, PPl x4; b) K9, PPl x4; c) K16, XPl x4; d) K25, PPl x4; e) K25, x4; f) K34, x4. 

 

 

 



 

 

 

135 

 

depositional condition. The association with freshwater water ostracod in these 

intervals also suggests freshwater lacustrine environmental setting (Grosjean & Pittet, 

2013). 

The association of foraminifera, echinoderm fragment, fish teeth and diversified 

ostracods in the limestone argued marine condition (Huyghe et al., 2017). In the upper 

portion of the studied section, the wackestone-packstone microfacies contain 

echinoderm biota and appearance of abundant pyrite. The echinoderm association, 

absence of charophytes and abundant pyrite in the wackestone-packstone facies in the 

studied section interpret marine environmental facies (Baumiller & Gazdzicki, 1996). 

The pyrite formation in the studied section corresponds to the saline influence into the 

depositional basin (Brown and Cohen, 1995; Wang et al., 2013). 

3.4.2. Marl facies (KA2) 

Marl facies is the dominantly observed facies after wackestone facies in the Kösüre 

section (Figure 2.25). Marl is a fine-grained carbonate rock kind, which is 

characterized as a high proportion of calcareous character with relatively soft/loose 

sediment and non-fissile character (Pettijohn, 1975; Potter et al., 2005 and Stow, 2005; 

Figure 3.2). In the outcrop, the marl facies is observed as red thick interval at the base 

and then followed by dark greenish gray to greenish gray, thick to thin intervals with 

alternating limestone and occasionally sandstone lithofacies (Figures 2.24; 2.25; 

2.26A, B; 2.28; 2.31; 2.32; 3.22b; 3.23a). Microscopic studies, the marl facies is 

composed of mainly lime mud matrix with the rare occurrence of silt-size quartz and 

bioclastic fragments (Tables 3.9, 3.11; Figures 3.25c, d, e). The extracted bioclasts 

include ostracods, fish-teeth and charophytes from the marl facies at different intervals 

(Figures 3.25d, e). 

3.4.2.1. Interpretation (KA2) 

Generally, marls facies are characterized as depositional facies in low energy and the 

relatively deeper environment in both lacustrine settings and in marine condition 

(Gierlowski-Kordesch, 2010; Sanjuan & Martín-Closas, 2012).  In the Kösüre section,  
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Figure 3.25. Photomicrographs of a) wackestone microfacies; b) packstone microfacies; c, d, e) marl 

facies and f) oil-shale facies presenting ostracod (Os), quartz (Q), bioclasts (Bc), peloid (Pl), biotite 

(Be), organic matter (Om), sparite (Sp) and porosity (Po). (Sample no. a) K38, Echinoderm, x4; b) 

K11, PPl x4; c) K2, PPl x4; d) K20, fish-tooth, x4; e) K28, fish-tooth, x4; f) K13, PPl, x4. 
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the thin to thick massive marl intervals interprets that it is deposited from the 

suspension in a relatively deeper (sublittoral zone) lacustrine. In the upper portion of 

the studied section, the documentation of ostracod and rare brackish-charophytes in 

the marls facies suggest slightly brackish water with dysoxic environmental condition 

(Pavelić et al., 1998). The recognition of rare fish tooth from the marls facies also 

indicate slightly brackish environmental condition setting. 

3.4.3. Oil-shale Facies (KA3) 

The fine-grained sedimentary rocks can be described by a number of terms, includes 

shale or mudstone or claystone or mudrock. Number of researchers classified fine-

grained sedimentary rocks on the basis of one or a combination of two or more 

features; includes composition, sedimentary structure and organic matter content, as 

shown in table 3.5; 3.6; 3.9; 3.11; Figures; 3.1A, B; 3.2 (Deng and Qian, 1990; Stow, 

2005; Allix et al., 2010; Diaz et al., 2012; Wang, 2012; Jiang et al., 2013; Zou et al., 

2010). Based on the above classification, this lithofacies is named as oil-shale facies 

in the Kösüre measured section (Tables 3.5; 3.6; 3.9; 3.11; Figures; 3.1A, B; 3.2). 

The established oil-shale lithofacies is mainly reported at the middle and upper section 

of the measured stratigraphic column (Figure 2.25).  In general, this lithofacies is 

appeared in the field as grayish green to grayish black, dark gray to black, laminated 

to thin planar bedded with discontinuous lamination to relatively homogeneous 

structureless intervals with fragile character (Figures 2.27B; 2.28; 2.29B; 2.31; 2.32B; 

3.25e).  At a single interval, the oil-shale facies characterize a thin parallel algal 

laminated feature (Figure 2.29B). By observing microscopically, in the field and 

chemical analysis data, it is interpreted that this lithofacies comprised of more clay 

matrix with comparatively organic-rich character.  In this facies, the average matrix is 

observed more than 88 percent (Table 3.9). It contains a minor amount of silt-sized to 

very fine sand-size quartz grain and very rare pyrite and bioclasts (Figures 3.25f; 

3.26a, b, c, d).  There is also the observation of bioturbation in the facies but rare. 
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Figure 3.26. Photomicrographs of a, b, c, d, e) oil-shale facies; and f) sandstone facies presenting 

quartz (Q), plagioclase (Pg), calcite (Ct), polycrystalline quartz (Pq), chlorite (Cr), biotite (Be), 

organic matter (Om), and sparite (Sp) (Sample no. a) K13, Xpl, x4; b) K19, PPl, x4; c) K19, XPl,, x4; 

d) K40, laminated oil-shale, PPl, x4; e) K40, hand specimen ; f) K18, PPl, x10. 
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3.4.3.1. Interpretation (KA3) 

The organic-rich shale in the lacustrine environment is controlled by basin setting, 

sediment supply, climatic changes, salinity and redox condition of the depositional 

setting (Xu et al., 2015; Liang et al., 2018). In the Kösüre section, organic-rich shale 

first appears in the middle portion. These intervals are identified as massive, 

laminated, high organic content and lack of bioturbation. These features in the 

organic-rich shale indicate low energy, an anoxic condition in lacustrine 

environmental setting (Ma et al., 2016). General, these oil-shale horizons interpret 

deposition occur under low energy, calm water and upper profundal lacustrine 

environment (Gingras et al., 2011; Amezcua, 2012; Abouelresh et al., 2017). In the 

upper portion, the intercalating oil-shale with fine sandstone are interpreted as 

deposition from suspension in low energy marine offshore-transitional zone with 

anoxic depositional condition (Dyni & Hawkins, 1981; Gierlowski-Kordesch and 

Rust, 1994; Keighley, 2008; Tänavsuu-Milkeviciene & Frederick Sarg, 2012; 

Abouelresh et al., 2017). 

3.4.4. Calcareous Sandstone Facies (KA4) 

The sandstone lithofacies is defined on basis of three end member triangular 

classification, which are feldspar-plagioclase member, quartz member and rock 

fragment member (Folk, 1974 and Pettijohn et al., 1987; Figure 3.3). The recognized 

sandstone lithofacies in the studied section is greenish gray to grayish green, dusky 

yellow green to grayish yellow green very thin to thick massive bedded interval with 

occasionally marl intercalated horizons (Figures 2.25; 2.26A; 2.28; 2.29A). 

Occasionally, the sandstone lithofacies is characterized by nodularity and low angle 

wavy rippled to thin parallel bedding structures (Figure 2.29A; 2.33B; 3.27d; 3.28a, 

c). Generally, sandstone facies have sharp lower and upper contact with underlying 

and overlying facies (Figures 2.26A; 2.29A; 2.30; 2.31; 2.32; 2.33B; 3.27c). There is 

also the presence of preserved fish-tooth fossil in the sandstone lithofacies in the upper 

portion of the studied section (Figure 2.33A). In the measured stratigraphic column, 
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Figure 3.27. Photomicrographs of sandstone facies presenting quartz (Q), plagioclase (Pg), chert 

(Ce), polycrystalline quartz (Pq), chlorite (Cr), organic matter (Om), and sparite (Sp) (Sample no. a) 

K18, Xpl, x10; b) K39, PPl, x4; c) K39, XPl, x4; d) K43, long angle wavy very thin planar bedding, 

hand specimen; e) K43, PPl, x10 ; f) K43, XPl, x10. 
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this lithofacies is occasionally observed near the base, in the middle portion and 

dominantly upper portion (Figure 2.25). The petrographic data shows that this 

lithofacies is composed of two kinds of sandstone sub-lithofacies on the basis of the 

Folk’s (1974) and Pettijohn et al., (1987) sandstone classification (Tables 3.3; 3.4; 

Figure 3.3). The classified sub facies are identified as feldspathic litharenite and lithic 

arkose sandstone (Tables 3.10; 3.11; Figure 3.3). The sandstone lithofacies are 

comprised of sand-size quartz grains, feldspar, plagioclase, rock fragments with a 

minor amount of accessory minerals and rare pyrite, bioclasts and organic matter 

(Figures 3.26f; 3.27; 3.29b). The identified rock fragments include polycrystalline 

quartz, limestone clast, chert and shale clasts. The sandstone lithofacies are cemented 

together by sparite. The identified accessory minerals are chlorite, tourmaline, biotite, 

muscovite, zircon and rutile. The particles in the facies are very fine sand-size to 

coarser sand size, angular to sub-rounded, poorly to moderate to well sorted with 

mostly loosely packed and rare close-packed (Figures 3.26f; 3.27; 3.29b).  

3.4.4.1. Interpretation (KA4) 

The sandstone intervals with intercalating shale and/or marl units are defined as 

heterolithic successions. These deposits are observed in both lacustrine and marine 

environmental setting and mostly characterized as offshore-transitional deposits. In 

the lower and middle portion of the studied section, the massive to nodular calcareous 

sandstone with alternating marl units are interpreted to be deposited in the offshore-

transition zone in lacustrine environmental condition. These are recognized as the 

episodic influx of terrigenous clasts to the relatively deep lacustrine depositional 

setting (Rees et al., 2014; Meling, 2016). 

The upper portion of the Kösüre section is characterized by increasing in the sandstone 

intervals and intercalating with organic-rich shale. These heterolithic deposits are 

identified as marine depositional units. These units show small-scale hummocky 

stratification, planar laminated, small ripple laminated sandstone, massively bedded 

features sandstone and represent sharp and/or obscure contact with oil-shale facies.  
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Figure 3.28. Pie graphs of the sandstone lithofacies in the Kösüre section. 

 

On the basis of these features, these are recognized as storm-induced deposits on 

offshore-transition marine environment setting (Collinson et al., 2006; Rees et al., 

2014; Johansen, 2016).  The marine origin in the upper sandstone is also identified on 

the basis of observation of rare fish tooth fossil and overlying the marine limestone 

units (Huyghe et al., 2017).  Overall, the calcareous sandstone lithofacies is deposited 

near the storm wave base on the marine offshore-transition setting and categorized as 
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turbiditic-tempestitic intervals (Figure 3.28). The high percent of calcareous matrix in 

the sandstone indicate deposition under relatively deeper water column (Figure 3.28. 

The organic-rich shale lithofacies are precipitated from suspension under anoxic, low 

energy depositional conditions (Dahlqvist, 2018). 

 

 
Figure 3.29. Photomicrographs of sandstone facies presenting quartz (Q), feldspar (Fd) and sparrite 

(Sp). (Sample no. a) K47, hand specimen, showing wavy rippled bedding (indicated by red line); b) 

K47, XPl x10; c) field photograph of interbedded sandstone and shale (K48, K49). 
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3.5. Microfacies of Karahisar Section 

The Lutetian-Bartonian measured stratigraphic section near the Karahisar village, a 

total of three facies are categorized in the studied section, which are described in 

details as below (Tables 3.12, 3.13, 3.14); 

3.5.1. Limestone Facies 

Based on the Embry and Klovan`s classification (1971), the limestone facies is 

characterized as lime mudstone microfacies in the Karahisar stratigraphic section. The 

limestone facies is observed throughout the vertical measured section with alternating 

oil-shale (Figure 2.36).  

3.5.1.1. Lime Mudstone Microfacies (TA1) 

The classified lime mudstone microfacies is documented as medium gray, medium 

dark gray to dark gray, very thin bedded to medium planar bedded units and having 

spherical to ellipsoidal ferrous-manganese nodules in the upper portion intervals of 

the studied section. The size of manganese nodules in the lime mudstone facies is 

ranging from microscopic (200 um) to approximately 1.5 cm (Figures 2.35; 2.38; 

2.39A; 3.31b, c, f; 3.32a). There is also observation of small plant fragments (Figures  

 

Table 3.12. Limestone, oil-shale and marl petrographic data and established/recognized facies in the 

Karahisar section. 

S
am

p
le

 N
o
. 

Q F Pg Om Pl/Py Pi In 

Bioclasts 

 

(Os/Ch/GUb/Al/Da/N/

Br) 

Other 

(P/He/Ph/Cr/Ce/Ct) 

Matrix (Mi/Cl/Sp/Or 

D/Cr) 

Field 

Nomenclature 

T1 15 - - 5 - - - - - 80Mi+Or+D Oil-shale 

T4 17 - - - - - - - - 83Mi+Or Oil-shale 
T5 5 - - 5 - - - - 10P 80Mi+Or Oil-shale 
T7 8 - - 5 - - - - 7P 80Mi Lime Mudstone 

T8 5 - - 10 10 - - - 5P 70Mi Lime Mudstone 

T9 30 - - - - - - 1Ub - 69Mi Oil-shale 
T12 10 - - 10 10 - - 2Os 10Fe-Mn 58Mi Lime Mudstone 
T13 5 - - 12 8 - - - 10Ct/10Fe-Mn=20 55Mi Lime Mudstone 
T16 5 - - 15 - - - - 11Fe-Mn 69Mi+D Lime Mudstone 

T17 15 - - 3 1 - - - 3P 78Mi Oil-shale 

T22 15 - - 15 - - - - 5P 65Mi+Or Oil-shale 

T23 5 - - 15 - - - 3Ub 
5Cr/5Ct/10Fe-

Mn=20 
60Mi Lime Mudstone 

T27  Fine Sandstone 

Os-Ostracoda, Ch-Charopyta, G-Gastropod, Al-Algal, Da-Diatoms, N-Nummulites, Pl-Plant, Fr-Foraminifera, Py-Palynofacies, Ub-Unidentified Bioclasts, Q-Quartz, Qp-

Polyquartz, Cr-Chlorite, Ct-Calcite, Mu-Muscovite, Fe-Mn-Ferrous-manganese, P-Pyrite, Ce-Chert, F-Feldspar, Pg-Plagioclase, Sf-Shale fragment, Stf-Siltstone Fragment, 

Lf-Limestone fragment, Bo-Biotite, T-Tourmaline, Pi-Peloid, In-Intraclasts, R-Rutile, Z-Zircon, Sp-Sparite, Mi-Micrite, D-Dolomite, Cl-Clay, Or-Organic Rich, Om-

Organic matter//Bitumen, He-Hematite, Ph-Phosphate, Se-Sphene, Si-silica 
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Table 3.13. Sandstone petrographic data and established/recognized facies in the Karahisar section. 

S
am

p
le

 N
o
. 

Q F Pg Om Pl/Py 
Accessory 

Minerals 
Rock Fragment 

Other 

(P/He/Ph/Cr/

Ce/Ct) 

Matrix 

(Mi/Cl/Sp/Or 

D/Cr) 

Field Nomenclature  

T27 30 5 - 3 - 
5Cr/0.5R/2Mu/1

Bo/0.5T=9 
5Pq/2Ce/5Sf=12 2Ph/10P=12 25Sp+4Ce Fine Sandstone 

Os-Ostracoda, Ch-Charopyta, G-Gastropod, Br-Brachiopod, Al-Algal, Da-Diatoms, N-Nummulites, Pl-Plant, Fr-Foraminifera, Py-Palynofacies, Ub-Unidentified 

Bioclasts, Q-Quartz, Qp-Polyquartz, Cr-Chlorite, Ct-Calcite, Mu-Muscovite, Mn-Manganese, P-Pyrite, Ce-Chert, F-Feldspar, Pg-Plagioclase, Sf-Shale fragment, Srf-

Siltstone Fragment, Lf-Limestone fragment, Bo-Biotite, T-Tourmaline, Pi-Peloid, In-Intraclasts, R-Rutile, Z-Zircon, Sp-Sparite, Mi-Micrite, D-Dolomite, Cl-Clay, Or-

Organic Rich, Om-Organic matter//Bitumen, He-Hematite, Ph-Phosphate, Se-Sphene 
 

Table 3.14. Classifications of the limestone, sandstone, oil-shale, marl and sandstone and established/ 

recognized microfacies in the Karahisar section. 

S
a
m

p
le

 N
o
. Compositional Classification of shale and marl 

Texture 

Classification* Limestone 

Classification 

(Embry and Klovan`s 

1971) 

Sandstone 

Classification 

(Folk`s 1974) 

Defined Facies 

in Studied 

Section 
Diaz’s (2012) Mudstone 

(Unconventional) 

Stow`s 

(2005) 
Allix’s (2010) Shale 

Fine-Grained 

Rock 

Folk’s (1965) 

T1 
Silica-rich dominated 

Carbonate Mudstone 

Calcareous-

Siliceous 

Calcareous or 

Dolomitic 

Mudstone 

Clay-Shale   Oil-shale 

T4 
Mixed Carbonate 

Mudstone 

Calcareous-

Siliceous 
Siliceous Marlstone Clay-Shale   Oil-shale 

T5 
Clay-rich Carbonate 

Mudstone 

Calcareous-

Siliceous 
Siliceous Marlstone Clay-Shale   Oil-shale 

T7     Lime Mudstone  
Lime 

Mudstone 

T8     Lime Mudstone  
Lime 

Mudstone 

T9 
Silica-rich dominated 

Carbonate Mudstone 

Calcareous-

Siliceous 
Siliceous Marlstone Mud-Shale   Oil-shale 

T12     Lime Mudstone  
Lime 

Mudstone 

T13     Lime Mudstone  
Lime 

Mudstone 

T16     Lime Mudstone  
Lime 

Mudstone 

T17 
Mixed Carbonate 

Mudstone 

Calcareous-

Siliceous 

Argillaceous 

Marlstone 
Clay-Shale   Oil-shale 

T22 
Mixed Carbonate 

Mudstone 

Calcareous-

Siliceous 

Argillaceous 

Marlstone 
Clay-Shale   Oil-shale 

T23     Lime Mudstone  
Lime 

Mudstone 

T27      
Feldspathic 

litharenite 

Fine 

Sandstone 

* Based on grains size of mud fraction, non-fissile/fissile and soft. 

Table 3.14. Continues… 

S
a
m

p
le

 

N
o
. 

(Texture and/or Compositional) 
Defined Facies in 

Studied Section 

T1 
Thin to thick Laminae, organic-rich and organic-poor 

laminae, Oil-shale 
Oil-shale 

T4 
Thick and Wavy Laminae, sub-round very fine sand- size 

quartz, Oil-shale 
Oil-shale 

T5 
Thick Laminae, randomly distributed pyrite and quartz 

grains Oil-shale 
Oil-shale 

T7 Thick Laminae, silt-size quartz grains, Mudstone Lime Mudstone 

T8 Medium Bedded, Calcite Concertion, pyrite, phytoclasts Lime Mudstone 

T9 
angular to sub-rounded, Silt to sand size quartz, Organic 

Poor Shale 
Oil-shale 

T12 
Silty Lime Mudstone, Pollen and Spore, Bacterial Mucus, 

Oil Marl, Mn Nodules 
Lime Mudstone 

T13 Silty Lime Mudstone, Mn Nodules Lime Mudstone 

T16 Silty Lime Mudstone, Lenses, Mn Nodules Lime Mudstone 

T17 Thin Laminae. Oil-shale Oil-shale 

T22 Thin Laminae Oil-shale 

T23 Silty Lime Mudstone, Mn Nodules Lime Mudstone 

T27 
Angular-sub-rounded, Well Sorted, loosely Packed, 

Charcoal, Oil Stained patches in matrix Patchy sparite 
Fine Sandstone 
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3.30c, d, f; 3.31a, d) (Gonçalves, 2014).  At a horizon, the facies bedding is 

characterized by calcareous concretion on the bedding surface with irregular shape 

(Figures 2.27B; 3.30b). Petrographic analysis, this facies is comprised of 

predominantly micrite matrix with subordinate quartz and rare ostracods and 

development of dolomitic patches with anhedral to euhedral form within the matrix 

(Tables 3.12; 3.14). The opaque particles such as organic matter, ferrous-manganese 

nodules, pyrite and phytoclasts fragments, cuticles fragments are randomly distributed 

in the facies (Figures 3.30; 3.31) (Fuhrmann, 2002; Shivanna & Singh, 2016).  

3.5.1.2. Interpretation (TA1) 

In the Karahisar section, the lower portion non-ferromanganese bearing lime 

mudstone and the upper portion ferromanganese bearing lime mudstone microfacies 

are deposited in low energy, anoxic sublittoral-profundal lacustrine and shallow 

marine depositional environment, respectively. The lack of clastic particles in the lime 

mudstone microfacies suggest limited access of the terrigenous clasts to the 

depositional setting. Due to the anoxic bottom water condition, there is an absence of 

bioturbation and contains high organic content in the lime mudstone and suggest 

sublittoral-profundal deposits (Gingras et al., 2011; Amezcua, 2012). The small plant 

remains in the limestone are driven by either strongly influence episodic event 

deposits or eolian transport to the depositional setting (Tosal et al., 2018). The 

palynofacies and abundant amorphous organic matter also reflect that the lime 

mudstone is deposited in low energy and oxygen depleted environmental setting 

(Staplin, 1969; Tyson, 1995; Pittet & Gorin, 1997). The documentation of Fe-Mn 

nodules in the lime mudstone strata with association of black shales intervals indicate 

marine incursion to the restricted sublittoral-profundal lacustrine setting (Bolton & 

Frakes, 1985; Delian et al., 1992; Roy, 1992; Fuhrmann, 2002). The Fe-Mn nodules 

formed at the oxidizing-reducing interface and preserved in the lime mudstone in the 

anoxic bottom water condition (Tribovillard et al., 2006).  
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In the upper portion of the Karahisar studied section, the appearance of Fe-Mn small 

spherical nodules is indicated to be hydrogenetic origin in shallow marine 

environmental condition and associated with organic-rich shale (Wang et al., 2014).  

In the north-western regime of Turkey, there is the observation of Mn oxides in the 

Oligocene shallow marine deposits, which is linked with a rapid marine transgressive-

regressive cycle. Generally, Fe-Mn oxides are formed at the interface of oxic-anoxic 

water and can be deposited in anoxic bottom water condition (Gültekin and Balci, 

2018). In the Karahisar measured section, the Fe-Mn nodules in lime mudstone 

suggested forming in brackish water with low salinity in the depositional basin. The 

occurrence of brackish water condition and change in salinity condition in the 

lacustrine environment interpret marine incursion to the system.  The absence of 

bioturbation in lithofacies infer stressed and anaerobic depositional settings 

(Egbobawaye, 2016). The absence of laminae in the lime mudstone also indicate very 

low sedimentation rate and/or deposition of homogeneous mud in a low-energy 

regime with the association of oxygen-poor environmental condition (Ekdale and 

Bromley, 1984; Meling, 2016). 

3.5.2. Oil-shale Facies (TA2) 

The distinguished “oil-shale” facies is classified on the basis of composition, 

sedimentary feature and organic matter content (Tables 3.5; 3.6; 3.12; 3.14; Figures 

3.1; 3.2; 3.3). The term “oil-shale” classification in the studied section is adapted from 

Stow`s (2005), Wang`s (2012) and Zou et al., (2010) shale classifications. Generally, 

the fine-grained sedimentary facies are defined by number of researcher and used 

different terminology to define fine-grained facies such as shale or mudstone or 

mudrock or claystone (Deng and Qian, 1990; Stow, 2005; Allix et al., 2010; Diaz et 

al., 2012; Wang, 2012; Jiang et al., 2013; Zou et al., 2010).   

The documented oil-shale lithofacies in the Karahisar section is characterized as two- 

types of sub lithofacies based on sedimentary features, which are a) parallel to wavy 

laminated bedded shale, b) non-laminated bedding shale (Figure 2.35). In general, the 
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facies is comprised of olive gray, medium gray to medium dark gray, dark greenish 

gray intervals. The bedding and laminae feature are general observed as interlaminated 

very thin bedded to thin bedded units, and occasionally wavy laminae in the lower 

portion of the studied section (Figures 2.34; 2.35; 2.36). It is dominated facies with 

thick intervals in the measured stratigraphic section (Figure 2.35). The microscopic 

examination shows that it is consisting of non-laminated, alternating organic-rich 

laminae and organic poor laminae (Figures 3.32a, b, c, d; 3.33a, b, c). There is also 

the observation of lenticular laminae in the microscopic analysis. The observed 

particles in the facies are angular to rounded, silt to very fine sand-size quartz grains, 

opaque organic matters and occasionally anhedral to euhedral dolomitic appearance 

and pyrite in the matrix. 

3.5.2.1. Interpretation (TA2) 

The oil-shale deposition in the depositional settling depends on the number of factors 

such as basin setting, sedimentation rate, salinity changes and redox condition (Xu et 

al., 2015; Liang et al., 2018). Generally, the laminated calcareous shale with high 

organic-content and absence of bioturbation indicate low energy, reducing condition 

and relatively deeper environmental setting (Zeller et al., 2015). The algal laminated 

oil-shale is associated with the microbial organism (cyanobacteria). The 

heterogeneous grains within the laminated oil-shale are driven to the depositional 

environment through aeolian and/or from water suspension (de los Rios et al., 2004). 

Mostly, massive and thin laminated oil-shale are characterized as deep lacustrine 

setting or deep marine condition (Carroll and Bohacs, 2001). In the Karahisar section, 

lacustrine and marine oil-shale type are identified along the measured stratigraphic 

section based on laminae, stratigraphic position in the basin and associated facies 

feature. The lower portion of the Karahisar section is characterized by sublittoral to 

upper profundal lacustrine zone deposits. These are recognized as algal laminated to 

parallel laminated oil-shale and occasional lime mudstone intervals. This lithofacies 

also characterized by silt-size quartz grain which is transported by wind and/or high 

influx of terrigenous clasts and deposited from the suspension load. 
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Figure 3.30. Photomicrographs of lime mudstone microfacies presenting quartz (Q), pyrite (P), 

phytoclast (Py), organic matter (Om), charcoal fragment (Cc) and cuticle (Cu). (Sample no. a) T7, 

PPl, x10; b) T8, hand specimen, yellow outline indicates calcareous concretion on the bedding plane; 

c) T8, PPl x4; d) T8, representing close view of phytoclast, PPl, x100; e) T11, hand specimen 

showing coaly wood fragment; f) T12, PPl, x10. 

 



 

 

 

150 

 

 
Figure 3.31. Photomicrographs of lime mudstone microfacies presenting ferrous-manganese (FM), 

oxidation of Fe-Mn modules (Ox) and organic matter (Om). (Sample no. a) T12, organic matter 

(charcoal fragment), x2.5; b) T13, hand specimen showing Fe-Mn nodules; c) T13, cross cut hand 

specimen showing Fe-Mn nodules; d) T16, organic matter (plant fragment), x2.5; e) T13, PPl x4; f) 

T13, Fe-Mn nodule, PPl, x4. 
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Figure 3.32. Photomicrographs of lime mudstone (a, b) and oil-shale (c, d, e, f) facies presenting 

organic-rich dark laminae (yellow arrow) and organic poor light laminae (white arrow), quartz (Q), 

and pyrite (P). (Sample no. a) T23, field photograph showing Fe-Mn nodules with outline oxidation; 

b) T12, PPl, x10; c) T1, parallel laminated, PPl, x4; d) T1, graded to thick laminae, PPl, x4; e) T4, 

hand specimen showing alternating organic-rich dark laminae (yellow) and organic-poor laminae 

(white arrow); f) T4, PPl, x4. 
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Figure 3.33. Photomicrographs of oil-shale (a, b, c) and sandstone (d, e, f) facies presenting quartz 

(Q), cuticle (Cu), euhedral pyrite (Ep), silica (Si), organic matter (Om), chlorite (Cr), blue 

tourmaline (T) and sparite cement (Sp). (Sample no. a) T4, XPl, x10; b) T5, PPl, x4; c) T17, non-

laminated, PPl, x4; d) T27, PPl, x10; e) T27, XPl, x10; f) T27, PPl, x10. 

 

In the upper portion of the Karahisar measured section, the massive to thick laminated 

calcareous oil-shale overlying Fe-Mn bearing lime mudstone are recognized as marine 

depositional intervals. The massive intervals and thick parallel horizontal laminated 
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bedded intervals are evidenced of deposition from suspension which is linked with 

storm deposits (O’Brien, 1990; Esteban, 2003). The marine oil-shale is interpreted as 

deposited in the low energy and anoxic marine environmental setting below storm 

wave base.  

3.5.3. Calcareous Sandstone Facies (TA3)  

The periodically observed lithofacies in the Karahisar measured section is the 

sandstone lithofacies. The sandstone lithofacies is plotted as feldspathic litharenite in 

the Folk’s (1974) ternary classification diagram of sandstone (Figure 3.4). The 

sandstone facies interval is appeared as medium dark gray color, thinly bedded with 

observing rippled sedimentary structure in the field. It is restricted to the upper portion 

of the studied section and having a sharp boundary with underlying and overlying lime 

mudstone units (Figure 2.35). The microscopic data identified that the lithofacies is 

comprised of mainly quartz grains with the association of feldspar, plagioclase, lithic 

fragment and accessory minerals (Table 3.13). The other randomly distributed 

subordinate grains are euhedral pyrite and rare organic matter (Figures 3.33b, c, d, e). 

the identified accessory minerals are chlorite, rutile, muscovite, biotite and tourmaline. 

The particles are surrounded by calcite cement with rare silica patches and oil stained 

patches (Figures 3.33d, e, f). Generally, the grains are very fine sand-size, angular-

sub-rounded, well sorted and loosely packed character. 

3.5.3.1. Interpretation (TA3) 

In the upper portion of the Karahisar measured section, the single interval of rippled 

bedded sandstone is observed. This lithofacies is recognized as marine offshore 

transitional facies. The wavy ripple crests rounded feature, the absence of 

bioturbation, calcareous cementation and fine-grained sand-size sandstone suggest 

that it is deposited in relatively deeper environmental condition (Collinson et al., 2006; 

Johansen, 2016) (Figure 3.34). The sharp boundary of rippled calcareous sandstone 

with lime mudstone suggest storm event deposits on the marine offshore near storm 

wave base (Rees et al., 2014; Abimbola, 2016; Johansen, 2016). 
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Figure 3.34. Pie graphs of sandstone lithofacies in the Karahisar section. 

 

3.6. Microfacies of Sünnet Section 

In the Sünnet section, during the field studies and microscopic examination, 4 numbers 

of facies are recognized along the measured studied section (Tables 3.15; 3.16 and 

3.17). 

3.6.1. Limestone Facies 

The recognized limestone facies in the Sünnet section is periodically observed along 

the measured stratigraphic section from bottom to top (Figures 2.41 and 2.42). This 

limestone facies are categorized into sub-facies, based on the Embry and Klovan’s 

(1971) classification. The sub-facies of the limestone are identified on the basis of 

field character and microscopic analysis data (Tables 3.15 and 3.17).  

3.6.1.1. Lime Mudstone Microfacies (SA1) 

In the field description, the lime mudstone specifies a very pale green color, medium 

bedded unit and highly fracture features. This microfacies is observed at a single 

locality and interbedded with shaly unit in the measured column (Figure 2.42). The 

distinguished sub-facies are composed of dominantly micrite matrix with identified 

subordinate fine-grained, angular quartz and association of rare feldspar, plagioclase 

and accessory mineral grains (Figure 3.35a, b). In the facies, there is also observation 

of rare micro-plant fragment, bivalve and pyrite.  
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3.6.1.2. Interpretation (SA1) 

The lime mudstone texture defines the predominance of lime mud as matrix and less 

than 10% allochem and reflect low energy depositional setting. The lime mudstone in 

the Sünnet section indicates low energy and shallow marine depositional environment 

with rare siliciclastic influx. The observation of rare gastropod assemblage and small 

plant fragment also imitates a low-energy and relatively deeper environment (Carlucci 

et al., 2014). 

 

Table 3.15. Limestone, oil-shale and marl petrographic data and established/recognized microfacies in 

the Sünnet studied section. 

S
a
m

p
le

 N
o
. 

Q F Pg Om Pl In 
Accessory 

Minerals 

Extra-clasts 

(Volcano-

genic* 

/Rock 

Fragment^) 

Bioclasts 

(Os/Ch/GUb/A

l/Da/N/Br) 

Other 

(P/He/Ph/C

r/Ce/Ct) 

Matrix 

(Mi/Cl/Sp/Or 

D/Cr) 

Field Nomenclature 

S1  Coarse Sandstone 

S5  Fine Sandstone 

S6 12 5 2 3 - - 

3Cr/0.5T/0.

5Z/1Bo/1M

u=6 

5Pq/5Ce=10 - - 62Cl Oil-shale 

S7 35 5 1 - - - 1T 3Pq  13P 42Mi Oil-shale 

S11 33 5 1 2  - 
0.5T/1Mu/1.

5Z=3 
3Pq/1Ce=4  1p 51Cl Oil-shale 

S12 15 3 1 - 1 - 
0.5Z/1R/0.5

T=2 
1Pq - 1P/1Cr=2 75Mi Limestone 

S13 30 - 1 - - - 0.5T/0.5Z=1 1Pq 
5G/2Bi/1Fr/7U

b=15 
2P 50Cl+Or Oil-shale 

S15 35 - - 5 - - - - - - 60Cl+Or Oil-shale 

S16 2 - - 10 5 - - - 
10Os/5Bi/3Ch/

12Ub=30 
- 53Mi Bio-Limestone 

S17 10 - - 8 4 - - - 
15Os/27Ch/10

Bi/5G/5Ub=61 
- 17Mi Bio-Limestone 

S18  
Very Coarse 

Sandstone 

S20 50 -  10 - - 
2.5Mu/0.5T

=3 
- - 2Cr 35Mi Oil-shale 

S21  Sandstone 

S22 15 2 2 5 - - 
0.5BO/0.5T/

1Mu=2 
1Pq/3Ce=4 - 10Cr 60Mi Oil-shale 

S26 3 -  3 5 - - 3Pq 
25Al/2G/10Os/

1Ch/2Ub=40 
- 46Mi Bio-Limestone 

S27  Coarse Sandstone 

S28 12 5 - 5 1 14 - 18Pq 
15Bi/1Fr/4Ub=

20 
- 25Sp Bio- Limestone 

S29  Sandstone 

S31  Sandstone 

S33 15 5  5 - 5 1T/1S=2 5Pq 
21Bi/15G/1N/9

Ub=46 
3Cr 14Sp Bio-Limestone 

S34  Sandstone 

S35  Sandstone 

Os-Ostracoda, Ch-Charopyta, G-Gastropod, Br-Brachiopod, Al-Algal, Da-Diatoms, N-Nummulites, Pl-Plant, Fr-Foraminifera, Py-Palynofacies, Ub-

Unidentified Bioclasts, Q-Quartz, Qp-Polyquartz, Cr-Chlorite, Ct-Calcite, Mu-Muscovite, Mn-Manganese, P-Pyrite, Ce-Chert, F-Feldspar, Pg-

Plagioclase, Sf-Shale fragment, Srf-Siltstone Fragment, Lf-Limestone fragment, Bo-Biotite, T-Tourmaline, Pi-Peloid, In-Intraclasts, R-Rutile, Z-

Zircon, Sp-Sparite, Mi-Micrite, D-Dolomite, Cl-Clay, Or-Organic Rich, Om-Organic matter//Bitumen, He-Hematite, Ph-Phosphate, Se-Sphene 
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Table 3.16. Limestone, oil-shale and marl petrographic data and established/recognized microfacies in 

the Sünnet studied section. 

S
a
m

p
le

 N
o
. 

Q F Pg Om Pl 
Accessory 

Minerals 
Rock Fragment 

Bioclasts 

(Os/Ch/G/ 

Ub/Al/Da/N/Br

) 

Other 

(P/He/

Ph/Cr/

Ce/Ct) 

Matrix 

(Mi/Cl/S

p/Or 

D/Cr) 

Field Nomenclature 

S1 11 15 7 10 - 

4.9Cr/1Mu/

0.5Z/0.5R/1

T/0.1Gt=8 

35Pq/5Ce/5Sf=45 - - 4Sp Fine Sandstone 

S5 31 10 3 5 - 
5Cr/0.5Z/0.

5T/2Bo=8 
15Pq - - 28Mi Very Fine Sandstone 

S18 20 10 1 5 - 5Cr 
15Pq/10Ce/8Lf/5

Sf=38 
1Ch/2Bi/1Be=4 - 17Sp Medium Sandstone 

S21 32 - 1 9 - 
4.5Cr/1Sp/0

.5T=6 
2Pq/5Ce=10 - - 42Mi Fine Sandstone 

S27 20 5 20 8 - 
1Cr/0.5Mu/

0.5Sp=2 

20Pq/15Ce/2Lf=3

7 
- - 8sp Fine Sandstone 

S29 47 5 5 10 - 
0.5T/1.5Sp=

2 
7Pq/20Ce=27 - - 4Sp Very Fine Sandstone 

S31 31 10 5 10 - 
5Cr/0.5Sp/2

Mu/0.5T=8 
10Pq/17Ce=27 - - 9Sp Coarse Sandstone 

S34 32 5 2 5 - 
8Cr/1Sp/1

Mu/1T=11 
5Pq - - 40Sp Sandstone 

S35 29 3 1 5 - 
5Cr/2Mu/0.

5T/0.5Sp=8 
6Pq - - 48Sp Sandstone 

Ch-Charopyta, Pl-Plant, Q-Quartz, Qp-Polyquartz, Cr-Chlorite, Ct-Calcite, Mu-Muscovite, Mn-Manganese, P-Pyrite, Ce-Chert, F-Feldspar, Pg-

Plagioclase, Sf-Shale fragment, Srf-Siltstone Fragment, Lf-Limestone fragment, Bo-Biotite, T-Tourmaline, Pi-Peloid, In-Intraclasts, R-Rutile, Z-

Zircon, Sp-Sparite, Mi-Micrite, D-Dolomite, Cl-Clay, Or-Organic Rich, Om-Organic matter//Bitumen, He-Hematite, Ph-Phosphate, Se-Sphene 

 

Table 3.17. Classifications of the limestone, oil-shale, marl and sandstone and established/recognized 

microfacies in the Sünnet studied section. 

S
a
m

p
le

 N
o
. 

Compositional Classification of shale and marl 
Texture 

Classification* Limestone 

Classification 

(Embry and 

Klovan`s 1971) 

Sandstone 

Classification 

(Folk`s 1974) 

Defined 

Facies in 

Studied 

Section 

Diaz’s (2012) Mudstone 

(Unconventional) 
Stow`s (2005) 

Allix’s (2010) 

Shale 

Fine-Grained 

Rock 

Folk’s (1965) 

S1      Feldspathic litharenite Sandstone 

S5      Lith Graywackes Sandstone 

S6 
Carbonate-rich Siliceous 

Mudstone 

Siliceous 

Calcareous 

Siliceous 

Mudstone 
Mud-Shale   Oil-shale 

S7 
Mixed Siliceous 

Mudstone 

Siliceous 

Calcareous 

Siliceous 

Mudstone 
Mud-Shale   Oil-shale 

S11 
Clay-rich Siliceous 

Mudstone 
Sarl 

Siliceous 

Mudstone 
Mud-Shale   Oil-shale 

S12     
Lime 

Mudstone 
 

Lime 

Mudstone 

S13 
Argillaceous/Siliceous 

Mudstone 
Marl 

Siliceous 

Mudstone 
Mud-Shale   Oil-shale 

S15 
Argillaceous/Siliceous 

Mudstone 
Marl 

Siliceous 

Mudstone 
Mud-Shale   Oil-shale 

S16     
Bio-

Wackestone 
 Wackestone 

S17     Bio-Packstone  Packstone 

S18      Lith-arenite Sandstone 

S20 
Mixed Siliceous 

Mudstone 

Siliceous 

Calcareous 

Siliceous 

Mudstone 
Mud-Shale   Oil-shale 

S21      Lith-arenite Sandstone 

S22 Mixed Mudstone Marl 
Argillaceous 

Mudstone 
Clay-Shale   Oil-shale 

S26     
Bio-

Wackestone 
 Wackestone 

S27      Feldspathic litharenite Sandstone 

S28     Bio-Rudstone  Rudstone 

S29      Feldspathic litharenite Sandstone 

S31      Feldspathic litharenite Sandstone 

S33     Bio-Rudstone  Rudstone 

S34      Lithic Arkose Sandstone 

S35      Feldspathic litharenite Sandstone 

* Based on grains size of mud fraction, non-fissile/fissile and soft. 



 

 

 

157 

 

Table 3.17. Continues… 

S
a
m

p
le

 

N
o
. 

(Texture and/or Compositional) 
Defined Facies in 

Studied Section 

S1 
Coarse-size, sub-angular to sub-rounded, moderate to well sorted, closely 

packed 
Sandstone 

S5 Fragile, Clayey, fine-grained, loosely packed, angular to sub-rounded Sandstone 

S6 Oil-shale, Fragile, Clayey Oil-shale 

S7 Fragile, Clayey, Chalcopyrite and replaced by Malachite, Oil-shale 

S11 Oil-shale, Fragile, Clayey Oil-shale 

S12 Medium Bedded, fine-grained quartz Lime Mudstone 

S13 
Oil-shale, very-fine grained quartz, sub-angular to sub-rounded, bivalve, 

foraminifera 
Oil-shale 

S15 Oil-shale Oil-shale 

S16 Bio-Wackestone, Charcoal, Plant, bivalve, ostracods Wackestone 

S17 Bio-Packestone, Thin Bedded, Plant fossil, Charcoal, fossiliferous Packstone 

S18 
Thin bedded, coarse-grained, fish-bone, closely packed, poorly sorted, 

angular to sub-rounded 
Sandstone 

S20 Oil-shale Oil-shale 

S21 
Massive bedded, fine-grained, angular to sub-rounded, loosely packed, 

plant fragments 
Sandstone 

S22 Oil-shale, Having Choritization in Matrix Oil-shale 

S26 Bio Wackestone, Algae filamentous, fossiliferous Wackestone 

S27 Very coarse-grained, poorly sorted, angular to sub-rounded Sandstone 

S28 Bio-Conglomerate Rudstone 

S29 
Load cast, coarse-grained, sub-angular to sub-rounded, charcoal 

fragment, closely packed, moderately sorted 
Sandstone 

S31 
Coarse-grained, sub-angular to sub-rounded, loosely to closely packed, 

moderately sorted 
Sandstone 

S33 Bio-Conglomerate Rudstone 

S34 
Fine-grained, angular to sub-rounded, loosely packed, moderately to well 

sorted 
Sandstone 

S35 
Concretion, fine-grained, angular to sub-rounded, loosely packed, 

moderately sorted 
Sandstone 

 

3.6.1.3. Wackestone Microfacies (SA2a) 

The wackestone is another established microfacies from studied section based on the 

Embry and Klovan’s classification (1971). It is comprised of light olive gray to 

medium dark gray, thin-bedded units in the field documentation (Figures 2.42; 2.51B). 

In the field studies, the recorded fauna and flora in the microfacies are plant fragment, 

gastropod, bivalve and rare tooth of pycnodont fishes (Figure 2.51B). This facies is 

present in the middle portion of the studied section (Figure 2.42). Under microscopic 

examination, it comprised of bioclasts with the subordinate association of quartz, 

opaque organic fragment and phytoclasts and rare pyrite, which are surrounded by 

micrite matrix (Tables 3.15; 3.17; Figures 3.35c, d, e) (Fuhrmann, 2002). The 

recognized microfossil in the microfacies are ostracods, bivalve, charophytes, 

gastropods, fish scale and algal fragment (Figures 3.35c, d, e).  
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3.6.1.4. Packstone Microfacies (SA2b) 

In the Sünnet stratigraphic section, the Packstone microfacies define two intervals at 

a different level (Figures 2.42; 2.46 and 2.50B). In the field description, the Packstone 

microfacies are dark yellowish orange and thin-bedded limestone intervals (Figures 

2.46 and 2.50B). The units are characterized by granular appears of abundant 

charophytes along with the association of plant materials (Figures 2.46; 2.50B and 

3.36c). In the thin section microscopic studies, it consists of abundant bioclasts with 

the association of plant fragment and minor quartz grains and are embedded in micrite 

(Tables 3.15; 3.17 and Figures 3.35a; 3.36a, b). The bioclasts include predominantly 

charophytes, ostracods, gastropods, bivalve fragments and unidentified fossils.  This 

microfacies is present in the middle portion of the studied section at two different 

localities and having sharp contact with lower and upper lithofacies. 

3.6.1.5. Interpretation (SA2a; SA2b) 

In the studied section, the wackestone facies include algal fragment, ostracods with 

the association of rare gastropods, charophytes and fish scale represent deposition in 

the comparative deeper condition with the relative agitative condition and also 

freshwater fluvial incursion to the marine environment (Martín-closas, 2009; Huyghe 

et al., 2017). The charophytes, plant materials, ostracods with associated of rare 

gastropod and bivalve in the packstone facies assemblages clearly indicate marshes 

environment with transgressive marine influence on the depositional setting (Martín-

closas, 2009). The charophytes with the association of brackish ostracod, marine fauna 

such as ostracods and foraminifera in this microfacies suggest that charophytes were 

grown in brackish water condition nearby and transported to shallow marine condition 

(Sanjuan & Martín-Closas, 2014). Generally, the wackestone and packstone facies are 

deposited in moderate energy deposition condition (Flügel, 2004). The occurrence of 

plant fragment with the association of charophytes, ostracods and rare gastropod with 

minor algal fragments bearing black limestone indicate the development of short-term 

variable influence of fluvial-lacustrine on marine environment setting (Suarez- 
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Figure 3.35. Photomicrographs of Lime Mudstone microfacies (a, b), wackestone (c, d, e) and 

packstone (f) presenting charophyta (Ch), ostracod (Os), plagioclase (Pg), quartz (Q), bivalve (Bi), 

phyoclast (Py), cuticle (Cu), algal filament (Ag) and organic matter (Om), pore (Po). (Sample no. a) 

S12, PPl, x4; b) S12, PPl, x100; c) S16, PPl, x4; d) S26, PPl, x4; e) S26, PPl, x4; f) S17, PPl, x4. 
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Figure 3.36. Photomicrographs of Packstone (a, b, c) and rudstone (d, e) presenting bivalve (Bi), 

quartz (Q), ostracod (Os), polycrystalline quartz (Qp), feldspar (F) and organic matter (Om). 

(Sample no. a) S17, PPl, x4; b) S17, XPl, x4; c) S17, Hand specimen, yellow dotted line showing leaf 

outline and red arrow pointing the plant fragments; d) S28, yellow outline indicates the intraclast, 

PPl, x4; e) S28, PPl, x4. 
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gonzalez et al., 2015). These intervals reflect charophytes rich beds with brackish 

ostracod laterally related to paralic marshes (Sanjuan & Martín-Closas, 2012). This 

environmental zone is shifted to open marine environment which is indicated by 

appearance of bivalve-rich bearing limestone units (bio-calicrudite) (Argakoesoemah, 

2017). 

3.6.1.6. Rudstone microfacies (Bio-calcirudite) (SA3) 

According to Embry and Klovan (1971), the facies composed of more than 60 percent 

allochem and embedded in sparite cement, are classified as grainstone microfacies. In 

case of allochem more than 60 percent and size of allochem greater than 2mm, then 

this grainstone is characterized as Rudstone. In the measured studied section, this 

facies is classified as rudstone facies/bio-calcirudite, which is composed of abundant 

allochems with a size more than 2mm. In the Sünnet outcrop section, the rudstone is 

observed as greenish gray, fossiliferous thick bedded limestone unit (Figures 2.42; 

2.47 and 3.37c). The identified macrofossils in the field are abundant bivalve with the 

association of subordinate gastropods shells (Figures 2.47 and 3.37). The observed 

siliciclastic grains are pebble to fine sand size quartz grains with sub-rounded to 

rounded shape geometry. In microscopic view, it is composed of bioclasts, 

monocrystalline and polycrystalline quartz, plagioclase, intra-clasts and rare 

foraminifera and nummulitic Foraminifera (Tables 3.15; 3.17 and Figures 3.36e, f; 

3.37). The matrix is consisting of sparry calcite cement. The allochems are arrange in 

the form of poorly sorted and loosely packed in the sparry calcite cement. The rudstone 

microfacies is reported in the upper portion of the studied section (Figure 2.42). 

3.6.1.7. Interpretation (SA3) 

Rudstone lithofacies of the Sünnet section composed of grain-supported with sparry 

calcite cementation and their texture characteristic indicate high-energy marine shelf 

deposits with high terrigenous influx (Flügel 2004). Abundant bivalve with the 

association of benthic foraminifera, gastropod, gravel size quartz grains, intraclasts 

and rare miliolidae reflect high turbulent condition occurred i in the relatively shallow 
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marine environment (Cunningham et al., 2006; Grosjean et al.,   Grosjean et al., 2012; 

Hadi et al., 2016). In the rudstone (calcirudite), there is no evidence of wave action, 

which shows that these are deposited below fair-weather wave base in the marine 

depositional setting. 

 

 
Figure 3.37. Photomicrographs of rudstone (a, b, c) presenting quartz (Q), polycrystalline quartz 

(Qp) and Nummulites (N). (Sample no. a) S33, PPl, x4; b) S33, XPl, x4; c) S33, hand specimen, red 

arrow pointing the bivalve. 

 



 

 

 

163 

 

3.6.2. Oil-shale Facies (SA4) 

Though, the shale or mudstone or claystone or mudrock are widely used terminology 

to describe fine-grained sedimentary rocks by researchers such as Deng and Qian, 

1990; Stow, 2005; Allix et al., 2010; Diaz et al., 2012; Wang, 2012; Jiang et al., 2013; 

Zou et al., 2010 (Figures 3.1; 3.2 and Table 3.1).  In this research, the shale term is 

used in the stratigraphic units to describe fine-grained sediments (Tables 3.15 and 

3.17).  

In the Sünnet section field studies, this facies is recognized as grayish red, medium 

dark gray, dark gray, olive gray, silty to gritty appearance, thin to thick intervals and 

having fragile character and rare observation of rhizoliths like features (Figures 2.42; 

2.44B; 2.45). Rhizoliths are identified as the occurrence of gray patches in the reddish 

shale facies (Hembree & Bowen, 2017). This facies has shown transitional and sharp 

contact with occasional load cast boundary with overlying sandstone units at different 

localities in the measured section. At different intervals, samples are encountered with 

bivalve and gastropod fossils in the field (Figures 2.50A and 2.51A). Microscopically, 

this facies is characterized by the highest silt to very fine sand size quartz content with 

minor feldspar, plagioclase and accessory minerals and occasionally fossils content 

(Tables 3.15 and 3.17). The identified fossils in the facies include gastropod 

fragments, bivalve fragment, Foraminifera and unidentified bioclasts (Figures 3.38b, 

c). Pyrite is also observed in the matrix as disseminated grains at certain level. The 

chalcopyrite occurs at one of the shale facie which partially alter to green malachite. 

This facies is noticed at a regular interval from base to the middle portion and 

intercalated with sandstone lithofacies in the measured section (Figure 2.42). The oil-

shale-sandstone interfaces are mostly defined as load structure and occasional sharp 

contact (Figures 2.44; 2.45; 2.48A). 

3.6.2.1. Interpretation (SA4) 

In the studied section, the red silty shale with gray mottling suggest pedogenic 

floodplain deposits (Figures 2.42; 2.43; 2.44) (Sanjuan & Martín-Closas, 2012). The 
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occurrence of red and gray mudstone with a lack of structure and bioturbation indicate 

deposited under the calm environmental setting (Collinson & Lewin, 1983).  

Toward the top, the organic-rich shale is defining shallow marine with the terrigenous 

influx and anoxic condition. This facies have rare bivalve gastropod and milliodal 

foraminifera and support shallow marine conditional setting. The benthic fossils 

preserved in the lithofacies are either remnant of a stressed benthic community or they 

were transported to anoxic environment from oxic environmental condition (Berry and 

Wilde, 1978; Arthur and Sageman, 1994; Bingham-koslowski, 2015). The lack of 

bioturbation and high organic content in shale lithofacies indicate low energy, anoxic 

setting and interpreted as slope environmental condition (Zeller et al., 2015; Lettéron 

et al., 2018). The sharp contact of organic-rich shale with interbedded fine sandstone 

and also the observation of load coats reflects storm deposits below storm wave base 

(Collinson & Lewin, 1983). 

3.6.3. Calcareous Sandstone Facies (SA5) 

This lithofacies of the Sünnet section are fine-grained to coarser-grained, gritty, 

grayish yellow, pale brown, light olive gray, greenish gray, thin to thick to massive 

bedded homogenous sandstone in the field studies (Figures 2.42; 2.44; 2.45; 2.48 and 

2.49). This lithofacies possesses low angle wavy rippled lamination, parallel 

lamination, conglomerate lenses, sandstone concretion nodules, normal grading and 

occasionally fragile character at different intervals (Figures 2.42; 2.44; 2.45; 2.48 and 

2.49).  There is also the observation of load cast at sandstone-shale interfaces, and load 

casts and flute marks at coarser sandstone-fine sandstone interface (Figures 2.45; 

2.48B). Generally, this facies appears throughout in the measured studied section 

(Figure 2.42). Petrographically, based on the monocrystalline quartz, 

feldspar/plagioclase and lithics fragments ternary classification diagram of Folk`s 

(1974) and Pettijohn et al. (1987), this lithofacies encounters the lithic arkose, 

feldspathic litharenite, lith-arenite and lith graywackes quadrants (Tables 3.16; 3.17 

and Figure 3.3). Microscopic studies indicate that it is comprised of predominantly 
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Figure 3.38. Photomicrographs of oil-shale (a, b, c, d) and sandstone (e, f) presenting quartz (Q), 

bioclast (Bc), foraminifera (Fr), tourmaline (T), feldspar (F), chert (Ce), polycrystalline quartz (Qp), 

chlorite (Cr), glauconite (Gt) and organic matter (Om). (Sample no. a) S11, PPl x4; b) S13, PPl, x4; 

c) S13, PPl, x10; d) S20, PPl, x4; e) S1, PPl, x4; f) S1, XPl, x4. 
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quartz grains with the minor association of feldspar, plagioclase, accessory mineral 

and rock fragments (Table 3.16; Figures 3.38e, f: 3.41a, b, c, d). The subordinate 

associated accessory minerals in the studied section are chlorite, muscovite, rutile, 

tourmaline, sphene and biotite. At the certain horizon, there is a presence of charcoal, 

plant fragment and rare bivalve and bone fragment in this lithofacies (Mingram, 1998). 

The sandstone lithofacies are fine to very coarse-grained, poorly to well sorted and 

loosely to closely packed (Figures 3.38e, f; 3.41a, b, c, d). 

3.6.3.1. Interpretation (SA5) 

In the studied section, three type of sandstone is observed based on fossil content, 

color change, and structural features. The absence of fossil, parallel lamination to cross 

stratified sandstone with having lenses conglomerate and fragile character is identified 

as floodplain deposits (Kangal et al., 2016). The presence of low matrix and high silic-

clastic content also reflect deposition under relatively high energy condition (Figure 

3.39). 

In the middle portion of the studied section, there is an observation of fossiliferous 

calcareous sandstone. It is interpreted as storm deposits on the outer shelfal marine 

environment (upper shoreface) based on the fossil fragment, lithic fragment and 

subangular grain character (Meling, 2016). The above calcareous sandstone intervals 

are characterized as sandstone dominated heterolithic facies intervals. The sharp 

contact and load cast feature indicate storm deposits in relatively shallow marine 

condition near/or below storm wave base (Snedden and Bergman, 1999; Suter and 

Clifton, 1999; Pattison, 2005; Dahlqvist, 2018).  In the middle and upper studied 

section, this lithofacies is characterized by high carbonate content which suggest 

transgression in the depositional setting (Figure 3.40). 
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Figure 3.39. Pie graphs of the sandstone lithofacies of floodplain depositional environment in the 

Sünnet section. 

 

3.6.4. Pebble-Conglomerate (SA6) 

In the field, the pebble conglomerate facies observed as yellowish gray, poorly to 

moderately rounded, granule to pebbles, poorly sorted, massive bedded and 

characterized as a polymictic conglomerate (Figures 2.42; 2.44A; 3.41e, f). The 

defining facies are classified on basis of Miall`s description of terrestrial facies (1977, 

1978, 2006). This facies is recognized as clastic supported conglomeratic facies. The 

pebble-conglomerate lithofacies is also observed as lenticular and/or planar cross 

stratified within the sandstone lithofacies. In the studied stratigraphic section, this 

facies occurs periodically at different horizons along the measured column. The facies 

in the lower portion and middle portion in the studied section have sharp contact with 

underlying and overlying sandstone lithofacies (Figures 2.42; 2.44A). In the upper 

portion of the measured section, this facies represents erosional basal contact with 

facies and sharp upper contact with sandstone facies (Figures 2.42; 2.49).  

3.6.4.1. Interpretation (SA6) 

In the nearshore environment, the conglomerate facies represent no indication of being 

reworked by marine processes. Generally, the conglomerate with lack of structural 

feature suggests fluvial channels deposition entering to the shallow marine 

environment (Collinson & Lewin, 1983). 
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Figure 3.40. Pie graphs of the marine deposited sandstone lithofacies in the Sünnet section. 
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Figure 3.41. Photomicrographs of sandstone (a, b, c, d) and pebble-conglomerate (e, f) presenting 

quartz (Q), polycrystalline quartz (Qp), bioclasts (Bc), limestone fragment (Lf), feldspar (F) and 

organic matter (Om). (Sample no. a) S18, PPl x4; b) S18, XPl, x4; c) S29, PPl x4; d) S29, XPl, x4; e) 

field photography of S3 sample of pebble conglomerate; f) S3, Hand specimen. 
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Figure 3.42. Photomicrographs of extracted fossils from Dağhacılar section presenting wackestone, 

packstone and marl facies. (Sample no. a) D6 wackestone, micro-tooth, x2.5; b) D6 wackestone, 

ostracods, x2.5; c) D14 wackestone, ostracods, x2; d) D17 wackestone, ostracods, x2; e) D11 

packstone, ostracods, charophyta (yellow arrow), x2; f) D20 marl, ostracods, x2.5. 
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Figure 3.43. Photomicrographs of extracted fossils from Dağhacılar section (a), Hasanlar (b) and 

Kösüre sections (c, d, e, f) presenting wackestone, oil-shale and marl facies. (Sample no. a) D10 oil-

shale, ostracods, x2.5; b) H13 oil-shale, ostracods, x2.5; c) K33 wackestone, ostracods and 

charophyte gyrogonites (yellow arrow), x3; d) K38 wackestone, crinoid, x1.5; e) K20 marl, 

ostracods, x2.5; f) K20 marl, micro-tooth, x2.5. 
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Figure 3.44. Photomicrographs of extracted fossils from Kösüre (a) and Sünnet sections (b, c, d, e, f) 

presenting wackestone, oil-shale and marl facies. (Sample no. a) K28 marl, ostracods, x2.5; b) S16 

wackestone, ostracods, x2.5; c) S26 wackestone, ostracods, bivalve (white arrow) and charophyte 

gyrogonites (yellow arrow), x2.5; d) S26 wackestone, ostracods, perforated ostracods (pink arrow), 

x2.5; e) S26 wackestone, fish scales, x3; f) S13 oil-shale, bivalve fragment, x2.5. 
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In the studied section, the pebbly conglomerate characterizes littoral zone marine 

deposits. The littoral deposits conglomerate is consisting of moderately sorted and 

sub-rounded, and have a sharp to the slightly erosional base and a sharp to gradational 

upper contact. It is also supported by overlain palaeosols and underlain by well-bedded 

and sorted arenites. In contrast, the upper conglomerate in the upper portion of the 

studied sections are characterized as debris flow deposits. These are comprising of 

massive and poorly sorted, lack preferred orientation and vertical grain size trend. This 

interval facies indicate non-erosive contact and representing normal grading. These 

features are linked with debris flow deposits (Collinson & Lewin, 1983; Yang et al., 

2010). The pebbly conglomerate bedding in the Sünnet section shows scarce erosional 

surface in the middle portion intervals. The laterally continuous intervals and sub-

angular to sub-rounded grains indicates high wave energy marine shallow 

environmental deposits (Rees et al., 2014). 

The topple conglomerate intervals are suggested as turbiditic deposits, which having 

erosional basal surface and then overlain by massive sandstone units (Yang et al., 

2010). 

 

 
Figure 3.45. Photomicrographs of extracted fossils from Sünnet sections. (Sample no. a) S17 

packstone, charophyte gyrogonites, x2.5; b) S32 rudstone, bivalve. 
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CHAPTER 4  

 

4. OSTRACODS AND CHAROPHYTE GYROGONITES 

 

4.1. Introduction 

The paleontological evidence provided characteristic features to identify and 

categorize the depositional setting and stratigraphic position of the studied successions 

in the basin. The studied region is comprised of sedimentary depositional successions 

which are related to the opening and closing of the northern branch of the Neo-Tethys 

ocean during the Late Cretaceous to Middle Eocene. As a result, deposited successions 

are of continental and marine depositional origin in the basin (Saner 1980b; Ocakoğlu 

et al. 2007; Şafak et al., 2015). Saner (1977, 1980b), Ocakoğlu et al. (2007; 2012) and 

Şafak et al. (2015) carried out a research in the Northwestern Turkey and documented 

a transitional lagoonal/lacustrine to deep marine depositional setting during the 

Middle Eocene period by analyzing sedimentological studies and Ostracoda 

assemblages. In this study, sedimentological analysis and fauna assemblages also 

indicate that the studied sections are initially deposited in Oligo-Mesohaline to 

brackish lacustrine and then evolved to the marine depositional environment in the 

later stage, barring the Sünnet section. The Sünnet section is evolved from the fluvio-

lacustrine floodplain to the marine depositional environment.   

In this study, the study of ostracods and charophyte gyrogonites in the studied 

successions is examined to identify and characterize the Middle Eocene marine-

influence lacustrine condition. To achieve inclusive paleontological analyses on the 

studied measured sections, the desired microfossils are extracted from selected 

limestone, oil-shales and marls lithofacies (Appendices B1, B2, B3, B4, B 5). A total 

of 41, 14, 26, 21 and 15 samples are treated for ostracods and charophyte gyrogonites 

fossil extraction from the Dağhacılar section, Hasanlar section, Kösüre section, 
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Karahisar section and Sünnet section, respectively (Appendices B1, B2, B3, B4, B 5). 

Out of 117 samples, 23 samples give the desired fossils result and the remaining are 

devoid of ostracods and charophyte gyrogonites biofacies. The main objective of the 

extracted microfossils is to study ostracods and charophyte in relation to 

paleoenvironmental conditions and stratigraphic position of the studied sections. 

Thanks to Prof. Dr. Cemal Tunoğlu for the identification of ostracods in the samples.  

4.2. Charophyte Gyrogonites 

In the studied sections, the charophytes are recorded within the Dağhacılar, Kösüre 

and Sünnet sections with association of ostracods (Figure 4.2). In the studied sections, 

a total of 117 samples were examined in which 9 samples have well preserved 

Charophyte gyrogonites (sample D03, D11, D17, K25, K31, K33, S17, S24, S26).  

In biostratigraphy studies, charophyte fossils record are known from the Silurian to 

present, based on their calcified fructifications (gyrogonites and utricules) (Figure 4.1) 

(Grambast, 1974; Feist et al., 2005). Generally, Cenozoic charophytes are considered 

as useful for biostratigraphic studies, without considering biogeographic text 

implications (Riveline, 1986; Soulié-Märsche et al., 2002; Bhatia, 2006; Sanjuan and 

Martín-closas, 2015). The charophyte gyrogonites studies are useful to predict the 

depositional environment and relative age of the stratigraphic successions. 

Charophytes are photic zone alkaline oligotrophic lacustrine macrophyte (Gierlowski 

-Kordesch, 2010; Amezcua, 2012). They are macrophytic green algae and are living 

in the fresh to brackish water condition. Therefore, it is considered as useful 

palaeoecologically indicators in the Eocene freshwater environment and in the 

brackish depositional environment. Charophytes are not only restricted to freshwater, 

it can be occasionally found in brackish and saline environment, in water depth of less 

than 10m, or down to a maximum 15m-20m (Platt, 1989; Sim et al., 2006; Soulié-

Märsche, 2008). The co-occurrence of charophytes with ostracods and rare gastropods 

indicate freshwater to slightly brackish depositional environment with the alkaline 

condition (Freytet and Plaziat, 1982; Sanjuan & Martín-Closas, 2012; Grosjean &  
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Figure 4.1. General evolutionary trend in Charophyte fructifications (Grambast, 1974). 

 

Pittet, 2013). In general, the deposition of charophytes are resisted to shallow 

lacustrine depth and shoreline/marginal marine environment (Sanjuan & Martín-

Closas, 2012). 

Grambast (1962, 1964, 1974) is the first to establish the charophytes biostratigraphy 

for Tertiary period. In 1972, Grambast proposed the first charophytes biozonation for 

the European Paleogene. In this study, the charophyte gyrogonites genera are 

recognized. The charophyte gyrogonites genera are identified by studying number of 

articles on the charophyte gyrogonites such as Grambast (1962; 1964; 1972; 1974), 

Bhatia and Bagi (1991), Feist et al. (1994), Martín-Closas et al. (1999), Soulié-

Märsche (1998), Soulié-Märsche et al. (2002), Sanjuan & Martín-Closas (2012; 2014; 

2015). 
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In the Dağhacılar section, the observed Middle Eocene charophyte gyrogonites are 

identified as Family Characeae and Family Raskyellaceae (Figure 4.2) (Bhatia and 

Bagi, 1991; Riveline et al., 1996; Martín-Closas et al., 1999; Sanjuan and Martín-

Closas, 2012, 2014, 2015; Huyghe et al., 2017). The identified Middle Eocene 

charophyte gyrogonites indicate close affinities with certain the Eocene charophyte 

gyrogonites from European and Sahara (Castel, 1968; Grambast, 1972; Feist, 1977; 

Riveline, 1983, 1986; Feist et al. 1994) and from the North West Sahara (Grambast 

and Lavocat, 1959; Bhatia & Bagi, 1991). The charophyte gyrogonites in the 

Dağhacılar section suggest relatively change in saline condition, which indicates 

occasional marine-influence on the lacustrine depositional environment (Soulié-

Märsche, 1998; Sanjuan and Martín-Closas, 2012, 2014, 2015; Huyghe et al., 2017). 

The charophyte gyrogonites are restricted to the lower portion of the studied section. 

The other associated fauna with the charophyte gyrogonites are ostracod and 

gastropod (Figure 4.2). The charophyte gyrogonites with association of Middle 

Eocene ostracod in the studied section suggest Middle Eocene (Lutetian-Bartonian) 

age (Bhatia and Bagi, 1991; Riveline et al., 1996; Martín-Closas et al., 1999; Yi-yong 

et al., 2003; Sanjuan and Martín-Closas, 2012, 2014, 2015; Huyghe et al., 2017). 

In the Kösüre section, the charophyte gyrogonites is documented from the middle 

portion of the studied stratigraphic section. The identified charophyte gyrogonites are 

from Family Characeae charophyte gyrogonites (Figure 4.2) (Bhatia and Bagi, 1991, 

Riveline et al., 1996; Martín-Closas et al., 1999; Martín-Closas and Ramos-Guerrero, 

2005; Sanjuan and Martín-Closas, 2012, 2014, 2015; Huyghe et al., 2017).  The 

recorded charophyte gyrogonites suggest lacustrine environment with slightly 

brackish condition (Soulié-Märsche, 1998; Martín-Closas and Ramos-Guerrero, 2005; 

Sanjuan and Martín-Closas, 2012, 2014, 2015). The charophyte gyrogonites and 

occurrence of ostracods in the intervals of the Kösüre studied succession suggest 

Middle Eocene (Lutetian-Bartonian) age and lacustrine depositional environment 

(Bhatia and Bagi, 1991; Riveline et al., 1996; Martín-Closas et al., 1999; Yi-yong et 

al., 2003; Sanjuan and Martín-Closas, 2012, 2014, 2015; Huyghe et al., 2017).  



 

 

 

179 

 

 
Figure 4.2. Photomicrographs of extracted fossils Charophyte gyrogonites from Dağhacılar section 

(a, b), Kösüre sections (c) and Sünnet section (d, e). (Sample no. a) D11 packstone, ostracods, 

charophyta (white arrow), x2; b) D17 wackestone, ostracods, x2; c) K33 wackestone, ostracods and 

charophyta (white arrow), x3; d) S17 packstone, charophytes, x2.5. e) S26 wackestone, ostracods, 

bivalve and charophyta (white arrow), x2.5; Charophyte Gyrogonites (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 

Figure d) 
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In the Sünnet section, the recorded charophyte gyrogonites genera are of Family 

Characeae (Bhatiaand Bagi, 1991; Feist et al., 1994; Sanjuan & Martín-Closas, 2012, 

2014, 2015; Huyghe et al., 2017). The charophyta-bearing beds with plant fragments, 

ostracods and gastropods at different horizons indicate laterally related to paralic 

marshes and reflect Middle Eocene (Lutetian-Bartonian) age (Sanjuan & Martín-

Closas, 2012, 2014, 2015; Huyghe et al., 2017). 

4.3. Ostracods 

Ostracods are important crustacean which occur in freshwater, brackish and aquatic 

marine environment. Their presence in different environmental condition provide 

important determination to predict ecology, hydrology, and aquatic chemistry of 

depositional environments which may not be possible through the study of other 

aquatic organisms (Smith et al., 2015). Previously, number of studied carried out on 

the Eocene ostracod fauna from different basins, in Turkey (Sönmez-Gökçen, 1973; 

Tunoğlu, 2001; Şafak et al., 2009, 2015; Şafak and Güldürek, 2016; Tunoğlu et al., 

2013; Ocakoğlu et al., 2007, 2012; Şafak, 2018). In this study, the recorded ostracod 

in the Dağhacılar section, Hasanlar section, Kösüre section and Sünnet section are 

associated with freshwater to slightly brackish-lacustrine depositional environment 

and marine environment. The 11 ostracod genera are obtained from 23 samples out of 

117 at different horizons in the Dağhacılar section, Hasanlar section, Kösüre section 

and Sünnet section. Previously, Ocakoğlu et al. (2007; 2012) and Şafak et al. (2015) 

identified number of ostracod assemblages and interpret their depositional 

environment from Middle to late Eocene successions in the central Sakarya region. 

The identified ostracod in their equivalent stratigraphic section studies are Cyprinotus 

and Heterocypris (oligomesohaline), Cladarocythere, Neocyprideis, and Loxoconcha 

(lagoonal), Leptocythere, Cytheromorpha, and Cyamocytheridea (lagoonal-littoral), 

Hermanites, Quadracythere, and Uroleberis (epineritic), Monsmirabilia, Schuleridea, 

and Caudites (epineritic-infraneritic), Paracypris (infraneritic), Cytherella, Bairdia, 

and Cytheropteron (epineritic-bathyal), and Krithe and Macrocypris (infraneritic-

bathyal environmental conditions). These ostracod assemblages are comprised of a  
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Figure 4.3. Scanning electron photomicrographs of the Dağhacılar ostracods genera. (D= 

Dağhacılar sample) 

mixture of freshwater and euryhaline genera (Ocakoğlu et al., 2007, 2012; Şafak et 

al., 2015; Şafak, 2018). For the identification of ostracod genera in these Middle 

Eocene (Lutetian-Bartonian) studied sections, number of published data are 

overviewed such as Moore (1961), Van Morkhoven (1963), Yi-youg et al. (2003), 

Atay & Tunoglu (2004), Nazik et al. (2008), Ocakoğlu et al. (2007, 2012), Khosla et 

al. (2011), Witt (2011), Tunoğlu et al. (2013), Şafak et al. (2015), Lettéron et al. 
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(2017), Şafak (2016; 2018) and also by Prof. Dr. Cemal Tunoğlu (personal 

communication). 

During the Dağhacılar ostracod studies, the recorded ostracod genera in the lithofacies 

are Cypris sp., Eucypris sp., Ostracoda indet, Candona/Stenocypris sp., ?Moenocypris 

sp., Candona? sp., Cypridopsis sp., Eucythere/Eucypris sp. and Bairdia sp. (Figures 

4.3, 4.4). The identified ostracods illustrate freshwater to oligo-mesohaline genera, 

swim actively in the open water and reflects lacustrine depositional environment with 

slightly brackish character (Khosla et al., 2011; Witt, 2011; Mazzini et al., 2013; Şafak 

et al., 2015; Lettéron et al., 2017; Hammouda et al., 2018; Şafak, 2016; 2018). The 

recorded Bairdia sp. is related with marine environmental condition in the studied 

section. The Candona sp. and Cypridopsis sp. suggest oligo-mesohaline depositional 

condition (Khosla et al., 2011; Witt, 2011; Lettéron et al., 2017). Therefore, the 

ostracod bearing intervals in the lower portion of the Dağhacılar section interpret 

freshwater to oligo-mesohaline lacustrine depositional setting. The identified 

ostracods assemblage determines Middle Eocene (Lutetian-Bartonian) age to the 

studied section. 

In the Kösüre section, the ostracods genera are mostly recorded in the middle portion 

of the measured section. The identified extracted ostracod genera from lithofacies are 

Candona sp.?, Potamocypris sp., Cyprois sp. and Cyprinotus sp. (Figure 4.4). The 

recorded ostracod in the studied samples describe a linked with freshwater to oligo-

mesohaline lacustrine depositional environment (Khosla et al., 2011; Witt, 2011; 

Mazzini et al., 2013; Şafak et al., 2015; Lettéron et al., 2017; Hammouda et al., 2018; 

Şafak, 2016; 2018). The recorded ostracod genera evident of Middle Eocene 

(Lutetian-Bartonian) age in the Kösüre studied succession. 

In the Sünnet section, the identified ostracod genera are comprised of Neocyprideis 

aposteloscui (Keij), Cyprinotus sp., Candona? sp., Cypridopsis sp., Cyclocypris sp., 

Ostracoda indet and reworked sp. (Figure 4.5). The Cyprinotus sp., Candona? sp., 

Cypridopsis sp., Cyclocypris sp., and Ostracoda indet are related with freshwater to 
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oligo-mesohaline environmental setting and can be found in the saline condition 

environment (Khosla et al., 2011; Witt, 2011; Mazzini et al., 2013; Şafak et al., 2015; 

Lettéron et al., 2017; Hammouda et al., 2018; Şafak, 2016; 2018). The Neocyprideis 

aposteloscui (Keij) are reported from mesohaline-hyperhaline environmental  

 

 
Figure 4.4. Scanning electron photomicrographs of the Dağhacılar and Kösüre ostracods genera. 

Note: Charophyte gyrogonites genera from Kösüre section. (D= Dağhacılar sample; K= Kösüre 

sample) 
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Figure 4.5. Scanning electron photomicrographs of the Sünnet ostracods genera. (S= Sünnet sample) 

 

condition (Sandberg, 1964; Apostolescu and Guernet, 1992; Khosla et al., 2011; Witt, 

2011; Mazzini et al., 2013; Şafak et al., 2015; Lettéron et al., 2017; Hammouda et 

al.,2018; Şafak, 2016; 2018). The recorded ostracods in the Sünnet section indicate a 

mixture of freshwater and euryhaline genera and suggested significant salinity 

fluctuation in the depositional regime. The Middle Eocene (Lutetian-Bartonian) age 

has been assigned to the studied section, based on the recorded Ostracoda assemblages 

in the studied section. 

4.4. Interpretation: Paleoecology and Age Constraint for the Studied Sections 

During this study, the Middle Eocene measured stratigraphic successions are 

identified as slightly brackish-lacustrine to transitional marine offshore depositional 
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environment in the central to southwest section (Dağhacılar section, Hasanlar section 

and Kösüre section), mesohaline-polyhaline brackish-lacustrine to transitional marine 

offshore depositional environment in the southeast section (Karahisar section) and 

fluvio-lacustrine to shallow marine depositional setting in the north (Sünnet section). 

The identified ostracods genera in the Dağhacılar, Kösüre and Sünnet studied 

successions are Cypris sp., Eucypris sp., Candona/Stenocypris sp., ?Moenocypris sp., 

Candona? sp.; Cypridopsis sp., Eucythere/Eucypris sp., Potamocypris sp., Cyprois 

sp., Cyprinotus sp., Neocyprideis aposteloscui (Keij), Cyclocypris sp. and Bairdia sp. 

(Figures 4.3, 4.4, 4.5, 4.6). The identified ostracods genera are known as moderate to 

very active swimmers (Khosla et al., 2011). Along with ostracod, there is also recorded 

charophyte gyrogonites in the Dağhacılar, Kösüre and Sünnet studied sections 

(Figures 4.2, 4.6). Based on ostracod assemblages and association of charophyte 

gyrogonites and lateral and vertical correlation, it is interpreted that the successions 

were deposited during the Middle Eocene (Lutetian-Bartonian) period. The observed 

ostracods and charophyte gyrogonites in the Dağhacılar, Kösüre studied stratigraphic 

intervals and overlying occasional observed marine benthic fauna in the upper studied 

stratigraphic intervals, interpret that the studied successions were deposited in a 

slightly brackish lacustrine environmental, which was transitional evolved into marine 

transgressive environmental condition during the Middle Eocene period.  

At some intervals in the lower portion of the Dağhacılar Section, the lithofacies have 

gastropod, ostracods and rare nummulites (Figures 3.9, 3.12, 3.42). The presence of 

gastropod with ostracods and rare nummulites at these intervals reflect the episodic 

incursion of marine condition into the lacustrine depositional environment and 

responsible for salinity changes in the depositional setting (Dolin et al., 1980; Şafak 

et al., 2015; Huyghe et al., 2017).  This fossil mixing is evidence of significant 

fluctuation in the water salinity and depositional condition (Mazzini et al., 2013; 

Huyghe et al., 2017). The presence of ostracods and charophytes genera in the 

intervals also characterize slightly brackish-lacustrine depositional condition with no 

lagoonal character (gypsum) (Huyghe et al., 2017). Therefore, the lower portion of the 
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Dağhacılar section reflect Oligo-Mesohaline lacustrine environmental condition with 

depth of around + 70m. The upper calcareous sandstone with oil-shale and marl 

intervals in the studied section are characterized by subordinate benthic fossils, 

hummocky cross stratification and wavy rippled strata and interpret marine 

depositional environment deposits (Huyghe et al., 2017).   

The presence of ostracods at different intervals in the Hasanlar measured section 

characterize lacustrine depositional setting. 

Similarly, in the Kösüre section, the occasional presence of ostracods and mix 

freshwater-brackish charophytes at the intervals in the middle portion of the studied 

section suggest slightly brackish-lacustrine depositional condition (Figures 3.43, 3.44, 

4.6). The hummocky cross stratification and wavy rippled calcareous sandstone with 

oil-shale intercalation, echinoderm bearing limestone in the upper portion of the 

Kösüre section suggest the marine depositional successions and are lying over the 

slightly brackish-lacustrine depositional successions (Guernet et al., 2012; Huyghe et 

al., 2017). 

In the Karahisar section, there is rare observation of the ostracod which is identified 

under the microscopic analysis. The lower portion of the Karahisar section is 

interpreted as Meso-Polyhaline-lacustrine depositional environment which is overlain 

by marine environment deposits. It is also supported by the previous studies of 

Ocakoğlu et al. (2007; 2012) and Şafak et al. (2015) in the studied regime. In their 

studies, they recorded Cyprinotus and Heterocypris, Neocyprideis and 

Cladarocythere, Leptocythere and Cytheromorpha, Cytherella, and Schuleridea, 

Monsmirabilia, and Paleomonsmirabilia and interpreted a transition from hypohaline 

brackish-lacustrine to marine depositional environment.  

In the Sünnet section, the association of fossils such as gastropod, bivalvia, fish-tooth 

and Oglio-Masohaline to euhaline ostracods are indicating the marine environmental 

conditions (Figures 3.35, 3.36, 3.37) (Yi-yong et al., 2003; Schneider et al., 2005; 

Guernet et al., 2012; Huyghe et al., 2017). In the Middle Eocene Sünnet stratigraphic 
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section, the co-occurrence of fauna includes Bivalvia-occasional benthic foraminifera 

in the fossiliferous shale, ostracod-charophyta-gastropod in the limestone and 

gastropod-bivalvia-Nummulites shells in the calcirudite interpret marine shelf 

condition and lying over the fluvio-lacustrine floodplain deposits (Sanjuan & Martín-

Closas, 2012; Huyghe et al., 2017).   

Overall, in the studied sections, the ostracods and charophyte gyrogonites with 

occasional association of gastropod and rare Nummulites indicate oligomesohaline 

lacustrine inhabit and around + 70m lacustrine depth in the Dağhacılar, Hasanlar and 

Kösüre sections (Moore, 1961, Van Morkhoven, 1963). In the southeast, the Karahisar 

section reflect Meso-Polyhaline lacustrine based on lack of fauna and adjacent area 

previous studies (Ocakoğlu et al., 2007; 2012 and Şafak et al., 2015). The northern 

studied section, near the Sünnet village, indicate mixing of brackish and polyhaline 

fauna and illustrate brackish lacustrine floodplain to marine depositional environment. 

In general view, from north to south in the studied region, the overlying successions 

on the brackish-lacustrine deposits are identified as marine-offshore transitional 

deposits.  with occasional marine benthic fauna and demises of lacustrine fauna before 

the transition zone.  

The stratigraphic position, ostracods and charophytes genera indicate Paleogene-

Neogene period. The recorded Cyclocypris sp., Candona sp., Potamocypris sp., 

Heterocypri sp., Stenocypris sp., Neocyprideis sp. of ostracods genera and associated 

charophyte gyrogonites refer Middle-Late Eocene (Lutetian-Bartonian) age to the 

studied sections. 
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Figure 4.6. The identified ostracods and charophyte gyrogonites genera along the measured 

Dağhacılar section, Hasanlar section, Kösüre sections, Karahisar section and Sünnet section. 
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CHAPTER 5  

 

5. FACIES ASSOCIATION, LACUSTRINE ENVIRONMENT AND 

TRANSITION TO MARINE ENVIRONMENT SETTING 

 

5.1. Introduction 

In this study, sedimentological and petrographic analysis accompanied with fauna and 

flora are important tools to characterize the depositional environment in the measured 

stratigraphic sections (Martin, 1999). In the studied sections, the sediments generally 

reflect deposition in freshwater to slightly brackish lacustrine setting and marine 

influence overlain depositional environment. In the studied sections, the dominated 

limestone intervals interpret coarsening upward in the measured stratigraphic sections 

and deposited during fluctuation of lake level (Cyr et al., 2014). The intercalated marls 

facies with limestone units interpret that the marl facies are deposited in more distal 

and relatively deeper environment with the dysoxic condition. The overlying 

limestone on the marls facies illustrates lacustrine margins with increasing lime-

producing organism activity (Gierlowski-Kordesch, 2010; Sanjuan & Martín-Closas, 

2012).   

The wackestone-packstone microfacies in the studied sections are commonly 

comprised of ostracods, gastropods, charophytes, rare echinoderm, benthic 

Foraminifera, bivalve, and phytoclast materials. These fossils bearing limestone 

intervals correspond to carbonate of the biogenic producer in oxygenated and shallow 

water condition. Generally, the wackestone and packstone facies represent moderate 

energy depositional setting. Frequent presence of intraclasts in the limestone suggest 

moderate to high energy environmental condition. The ostracods, gastropods with the 

association of charophytes in the wackestone-packstone facies interpret deposition in 

freshwater to brackish with the alkaline environmental condition (Freytet and Plaziat, 
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1982; Tunoğlu, 2001; Sanjuan & Martín-Closas, 2012). Generally, the predominance 

of lime mudstone-marl intercalating intervals suggests low energy depositional setting 

(Platt, 1989). 

Lacustrine carbonate microfacies are generally categorized on the basis of charophytes 

remains and related fauna including freshwater-slightly brackish water ostracod, 

molluscs and other fauna. The carbonate intervals rich in charophytes represent the 

marginal to relatively deep lacustrine environment. In the case, the occurrence of 

abundant bioclasts with association of bioturbation in the micritic lithofacies would 

suggest oxygenated bottom waters condition. In the studied sections, the presence of 

relative content of bioclasts with lacking bioturbation reflect shallow lacustrine 

deposits with dysoxic condition in the lower portion of the measured stratigraphic 

sections (Figure 5.6). In the lacustrine deposits, the presence of freshwater to slightly 

brackish macrofossils, the absence of oolitic grains and evaporite minerals or remnant 

feature suggest that lacustrine water contain comparatively low water salinities (Kelts 

and Hsu 1978; Cyr et al., 2014). The presence of marine fauna and flora in the 

carbonate lithofacies indicate that the deposition of carbonate occur in marine 

environmental setting (Martín-closas, 2009). The recorded marine fauna in the 

lithofacies of the studied sections including bivalve, gastropod, ostracods, rare fish 

teeth and scale and echinoderm fragments indicate deposition occur in the marine 

environment with relatively saline condition.  

Generally, charophyte gyrogonites do not show any evidence of fragmentation or 

erosion, indicating that they were buried in situ deposit. The absence of marine, 

together with the sedimentological and taphonomic analysis, suggest that charophyte 

assemblages grew in shallow brackish lakes. Similarly, the well-preserved 

documentation of molluscus and ostracod in the lithofacies also indicate that the 

biofacies assemblage were autochthonous in the depositional regime (Sanjuan & 

Martín-Closas, 2012). The presence of gastropods and charophytes in the lithofacies 

reflect brackish shallow lacustrine environment with a water depth of lesser than 10 

m, or down to a maximum 15-20m (Platt, 1989; Sim et al., 2006; Wanas et al., 2015). 
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Abundant gastropod assemblages with the association of subordinate or rare ostracod 

in the studied section indicate low energy environment and slight deeper depositional 

setting. The dominance of gastropod in the lithofacies interpret relatively moderate 

salinity in the lacustrine depositional environment i.e shoreline lake deposits 

(Grosjean & Pittet, 2013). Oligohaline to brackish-lacustrine deposits are identified at 

certain intervals in the measured studied sections, i.e lower to the middle portion of 

the Dağhacılar section, Hasanlar section, lower to the middle portion of the Kösüre 

section and the lower portion of the Karahisar section (Figure 5.9). In the Sünnet 

section, the very thin brackish-lacustrine intervals are identified by observation of 

abundant charophytes deposit in the middle portion of the studied section at certain 

levels. The marine deposits are observed in the upper portion of the Dağhacılar 

section, Kösüre section, Karahisar section and Sünnet measured stratigraphic section, 

and are characterized as marine offshore-transitional deposits (Figure 5.9). The marine 

offshore-transitional deposits are mostly dominated by high percent of siliciclastic 

content with association of calcareous cementation and suggest deposition occurred 

under the influence of rising of water level (Young et al., 2008). The transgression of 

sea-water is also supported by demise of freshwater fauna and algal structure (algal 

varve) and occasional appearance of marine fauna in the upper measured stratigraphic 

successions (Figure 5.6). The marine shoreface-offshore transition sediments are 

composed of calcareous sandstone, calcareous oil-shale and rarely bioclasts of marine 

component except the Karahisar measured section (Figures 5.2; 5.3; 5.4; 5.5; 5.6; 5.7 

and 5.8). In the Karahisar stratigraphic studied section, the marine depositional setting 

is identified on the basis of Fe-Mn nodules appearance in the lime mudstone facies 

which occurred as a result of change in physiochemical condition in the depositional 

environment (Figures 3.31b, c, f; 3.32a).  

The recorded nummulites benthic foraminifera in the Dağhacılar studied section 

reveals the episodic influence of the marine environment to the lacustrine depositional 

setting (Argakoesoemah, 2017). The small plant remains in the studied section are the 
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climatically driven by strongly influence episodic small order sedimentary cycles 

(Tosal et al., 2018). 

Generally, the organic-rich shale is deposited from suspension under anoxic or poorly-

oxidized conditions (Chakraborty and Sarkar, 2005; Foix et al., 2013; Scherer et al., 

2015). According to Ma et al. (2016), in the lacustrine environment, the massive 

calcareous mudstone represents shallow, relatively saline deposits with dysoxic-

anoxic, cool and arid climatic conditions. In contrast, the laminated calcareous 

mudstone characterized a large and relatively deep stratified water with anoxic 

conditions bottom water and oxic surface water. The laminated calcareous mudstone 

also indicates more humid and warm character depositional condition. Such 

interpretations are observed in the organic-rich shale lithofacies of the studied 

sections. Laminae feature in the shale lithofacies are also useful tool to determine the 

depositional condition of oil-shale. The thick lamina indicate the evidence of bottom 

flowing current influence (most possibly persuaded by storms), the wavy laminae is 

characterized by benthic microbial mats (generally cyanobacteria), and the thin 

laminae in the organic-rich shale lithofacies reflect deposition from suspension in calm 

and relatively deeper environmental condition (Figure 5.1) (O’Brien, 1990). In the 

laminated organic-rich shale, the continuous planar laminae character reflects low 

energy depositional setting. The presence of pyrite and absence of trace fossils and 

bioturbation indicate deeper lake environment with anoxic condition (Cabrera et al., 

2001; Tänavsuu-Milkeviciene & Frederick Sarg, 2012; Abouelresh et al., 2017).  The 

laminae characterized by continuous, wavy laminated and ripple cross-laminated 

suggest wave activity in the depositional setting (Lazar et al., 2015). In the laminated 

oil-shale, the orientated ostracod shells and ripple cross-laminated indicate traction 

currents character deposits (O'Brian, 1996; Schieber et al., 2007; Macquaker and 

Bohacs, 2007; Macquaker et al., 2010). The alternation of organic-rich laminae and 

organic-poor laminae typically indicate sedimentological responses such as seasonal 

forced changes on water salinity, climatic changes, organic productivity, and runoff 

in lake catchment (Anderson and Dean, 1988; Lindqvist and Lee, 2009). The presence  
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Figure 5.1. Generalized model for laminated mudrocks/shale type and their depositional setting 

(O’Brien, 1990). 

 

of lenticular lamination in the organic-rich shale reflects sudden dilution and low-

energy hyperpycnal flows (Caillaud et al., 2017). 

The silt size or very fine sand size quartz grains in the shale intervals are interpreted 

to be transported into the basin through rivers or eolian processes (Sageman et al., 

2003; Lazar, 2007). In the studied sections, the silt size or very fine sand size quartz 

grains in the oil-shales are defined as eolian transported and/or terrigenous influx to 

the basin through the hydrodynamic mechanism. In the upper portion of measured 

section, the documented calcareous sandstone with organic-rich shale revealed 

increasing percent of siliciclastic grains influx (Figures 5.2; 5.3; 5.4; 5.5; 5.6; 5.7 and 

5.8). The increasing percent of siliciclastic grains influx support the hydrodynamic 

incursion of marine environment to lacustrine basin. 

In the mixing zone between slightly brackish-lacustrine and marine water, is defined 

by low sedimentation rate and comparatively high organic content. It is due to change  
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Figure 5.2. Graphic presentation of petrographic percent data of quartz along measured 

stratigraphic sections; Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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Figure 5.3. Graphic presentation of petrographic percent data of feldspar along measured 

stratigraphic sections; Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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Figure 5.4. Graphic presentation of petrographic percent data of plagioclase along measured 

stratigraphic sections; Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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Figure 5.5. Graphic presentation of petrographic percent data of rock fragments along measured 

stratigraphic sections; Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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Figure 5.6. Graphic presentation of petrographic percent data of bioclasts along measured 

stratigraphic sections; Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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Figure 5.7. Graphic presentation of petrographic percent data of matrix along measured 

stratigraphic sections; Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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Figure 5.8. Graphic presentation of sandstone pie diagram (Chapter 3) along measured stratigraphic 

sections; Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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in the physiochemical condition along the measured stratigraphic sections as a change 

from lacustrine to marine environment in a calm condition (Mingram, 1998). In the 

profile view, the quartz, feldspar and rock fragments components illustrate relatively 

low percent content in the transitional zone as compared to overlain marine 

successions (Figures 5.2; 5.3; 5.4 and 5.5). Thereafter, the marine successions in the 

studied sections are composed of turbiditic sedimentation with moderately high 

organic content shale lithofacies. In the studied sections, the increase in organic-rich 

shale-fine sandstone intercalation indicate relative high energy condition in the 

offshore-transition zone depositional setting and recognized as turbiditic deposits and 

occasionally tempestite deposits at different horizons (Abouelresh et al., 2017). These 

intervals in the studied sections are related to marine depositional environment. In the 

Karahisar section, the Fe-Mn nodules appearance suggest the physiochemical changes 

in the regime. This physiochemical change occurred due to the transgression of marine 

to lacustrine condition (Figures 3.31b, c; 3.32a). 

The morphological study of pyrite is also useful in the prediction of the paleo-redox 

environmental condition and early diagenetic process (Table 5.1). The framboidal type 

of pyrite can be used to determine redox conditions in bottom waters by studying their 

characteristic, i.e densely packing, spherical aggregates of submicron-size pyrite 

crystals, and their size distribution (Wilkin et al., 1997; Wignall and Newton, 1998; 

Wignall et al., 2005; Zhou and Jiang, 2009; Wang et al., 2013). The occurrence of 

framboidal pyrite with size less than 5μm is characterized as euxinic or anoxic 

environmental condition (Wignall and Newton, 1998). In the modern marine 

environmental studies, the direct formation of framboids pyrite was observed in the 

euxinic water condition. The size of this framboidal pyrite is mostly less than 5μm. 

The framboidal pyrite grow within the sediments have no limitation in the size (can 

be greater than 5μm) and describe dysoxic or oxic water condition (Wilkin et al., 

1997). The framboidal pyrite of the New Albany shale with average size more than 

5μm were interpreted to occur in the relatively shallow depositional environment with 

dysoxic condition (Lazar, 2007). The Kimmeridge clay framboid pyrite with a size of  
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Table 5.1. Formation and degree of pyrite related to redox depositional conditions (Lazar, 2007). 

                Environment 

 

     Proxy 

Euxinic Anoxic Dysoxic Oxic Reference 

Pyrite framboids 

<5µm 

Abundant framboids, 

less variable in size 

>5µm 

Less abundant framboids, 

More variable in size 

Little or 

no pyrite 
1, 2, 3 

DOP       0.75                         0.42 4, 5, 6 

1. (Wilkin et al., 1996); 2. (Wilkin & Barnes, 1997); 3. Wignall and Newton (1998); 4. Berner (1970); 5. (R. Raiswell et al., 

1988); 6. (Jones & Manning, 1994). 

 

3μm were interpreted as an anoxic water depositional setting (Wignall and Newton, 

1998). The formation of euhedral pyrite is related to early and late diagenesis. During 

early diagenesis, framboidal form pyrite transformed to euhedral type pyrite 

(Raiswell, 1982). In the studied sections, rich framboidal pyrite in the oil-shales 

lithofacies are interpreted to be form under anoxic conditions (can be change from 

dysoxic-anoxic) and are comparatively deeper water conditions. The presence of 

framboidal form pyrite in the measured stratigraphic sections also correspond to the 

saline influence on the lacustrine environment (Brown and Cohen, 1995). In general, 

the formation of pyrite is linked to sulfate reduction in saline condition by anaerobic 

bacteria (Brown & Cohen, 1995). 

The calcareous sandstone-oil-shale and/or marls intercalating are recognized as 

heterolithic deposit, which reflects the marine offshore-transition environment with 

turbiditic origin. Generally, the heterolithic sediments are associated with turbiditic 

depositional setting (Abimbola, 2016). Similarly, Ranson (2012) and Siddiqui et al. 

(2014) documented mudstone intercalation with very fine- to fine-grained, wave 

ripple, parallel lamination, hummocky cross-stratified sandstones in the Cretaceous 

Utah formation and Miocene Meragang Beach of China, respectively. These 

mudstone-sandstone intercalating intervals in the Cretaceous Utah and Miocene 

Meragang Beach of China were interpreted as marine offshore transitional facies in 

their study. The presence of hummocky cross-stratified sandstone intervals in the 

studied sections suggest episodic storm depositional event deposits in the marine-

offshore transition environment (Ranson, 2012). The occurrence of rare ichnofacies 
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in the studied measured sections also predict that the sediments are deposited in marine 

offshore transition depositional environment (Boggs, 2011; Johansen, 2016). 

5.2. Facies Association and Depositional Setting of the Studied Sections 

In this section of the study, the identified facies have been grouped to facies 

association (Table 5.2). The facies association have been distinguished based on the 

stratigraphical grouping of sedimentary facies, identified sedimentary features, 

observation of flora and fauna, and facies interpretation. The facies associations 

describe genetically related facies to one another and represent a particular 

depositional environment (Reading and Levell, 1996). The established facies 

associations will help to construct the depositional model for the studied lacustrine 

successions and marine incursion to the lacustrine setting (Figures 5.2; 5.11 and 5.13). 

Table 5.2. Facies Associations from established lithofacies of the studied sections and interpreted 

their depositional setting. 

Facies association Studied facies of the Measured 

Sections 
Depositional setting 

FA1 DA1; DA2; HA2; KA1; KA2; TA2 Littoral-sublittoral lacustrine 

(Shallow lacustrine) 

FA2 DA1; DA3; DA4; DA5; HA2; 

HA3; HA4; KA2; KA3; TA1; TA2 

Sublittoral-profundal 

lacustrine (Deep lacustrine) 

FA3 DA3; DA4; DA5; KA1; KA3; 

KA4; TA1; TA2; TA3; SA4; SA5 

Marine offshore transition 

FA4 SA1; SA2; SA3; SA4; SA5; SA6 Marine Shelf environment 

FA5 SA4; SA5; SA6 Floodplain paleosols 

DA: Dağhacılar section; HA: Hasanlar Section; KA: Kösüre Section; TA: Karahisar Section; SA: Sünnet Section 

 

5.2.1. Dağhacılar Section: Facies Association and Depositional Setting 

The Dağhacılar measured section begin with lime mudstone-marl intercalation and 

shift to the wackestone-packstone intervals with fossiliferous organic-rich shale and 

marl interbeds. Then, it is followed by dominant laminated organic-rich shale-marl 

interbeds with occasional sandstone horizons. The laminated organic-rich shale-marl 

interbeds are toppled by dominant alternating sandstone-laminated oil-shale and 
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occasionally marl intervals towards the top (Figure 5.9). The Dağhacılar depositional 

system give the idea that the sediments in the studied section are settled in different 

environmental condition stages. The lower stage is characterized by lime mudstone, 

marls to wackestone to packstone facies with rich in charophytes, ostracods and 

gastropods. It indicates shallow to the relatively deeper lacustrine environment with 

episodic marine influence. The episodic marine influence is responsible for the 

development of change salinity and relatively poor oxygenated bottom water 

conditions. Further upward, the middle portion of the Dağhacılar section is 

characterized by oil-shale-marl facies with occasional ostracod. This interval 

represents relative deepening in the lacustrine environment with low sedimentation 

rate and anoxic depositional condition. In the later stages, the Dağhacılar depositional 

system show transition from lacustrine to marine offshore transitional environment. 

The sandstone lithofacies in the studied section are characterized as turbiditic and 

storm deposits, and oil-shale/marl facies are defining the low energy deposits, settling 

from suspension. In general, these deposits are associated with marine offshore-

transitional environment setting or between fair-weather and storm wave base marine 

environment deposits in the studied basin (Abimbola, 2016). In other words, these are 

characterized as event deposits, which occur in water depths near/or above storm-

weather wave base and below fair-weather wave base in the marine depositional 

environment. The occurrence of cruziana and skolithos ichnofacies in the sandstone 

and marly facies also support that the deposition of successions occur below fair-

weather wave base in the marine environment (Boggs, 2011; Pemberton et al., 1992 

and Ranson, 2012). The depositional characterization of the Dağhacılar measured 

section is based on the facies association which are as following; 

5.2.1.1. Littoral-sublittoral Lacustrine (Relatively Shallow Lacustrine): Facies 

Association 1 

According to Ramos et al. (2001) and Cabrera et al., (2001), the couplet of lime 

mudstone-marl facies indicate deposition in the inner lacustrine (sublittoral lacustrine 

condition). In the Dağhacılar measured section, the observation of lime mudstone-
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marl facies with the association of charophytes, ostracods and gastropods show 

sublittoral condition with relatively shallow lacustrine condition (Pierce, 1993). In the 

middle portion, the gastropod-ostracod bearing wackestone-packstone facies with 

interbedded organic-rich fine-grained sediments define the littoral-sublittoral 

lacustrine environmental setting carbonate deposits with relative low salinity and 

characterized as brackish intervals. These successions of FA1 (between 14m to 37m) 

in the studied section evolves to the brackish environmental condition by the episodic 

incursion of the marine environment to the lacustrine origin basin. These changes are 

observed by identification of oligo-mesohaline ostracod, gastropod and rare 

Nummulites fauna. Therefore, it is suggested that this depositional interval took place 

in a slightly brackish-lacustrine environment and indicate temporary linkage with the 

marine water (Abimbola, 2016). The presence of abundant gastropod with the 

association of ostracod also interpret low salinity condition and identify brackish 

depositional setting (Willmann, 1985; Pierce, 1993). In the studied section, the 

associated gastropod-ostracod assemblage intervals also prevailed the brackish water 

setting (Sanjuan & Martín-Closas, 2012). The oligo-mesohaline ostracod and 

molluscs bearing fossiliferous limestone display fairly oxygenated and destratified, 

shallow-water lake condition (Keighley et al., 2003).  

5.2.1.2. Sub-littoral-profundal lacustrine (Deep lacustrine): Facies Association 2 

The presence of brackish-freshwater fauna and the predominance of lime mudstone to 

wackestone feature indicate relatively deeper, low energy lacustrine environment 

(Alçiçek et al., 2007). In the studied section, the above facies column with the lime 

mudstone-wackestone facies and marl interbeds (Sample D20 to D36) in FA2 indicate 

sublittoral to the profundal lacustrine basin with the anoxic bottom condition. In the 

FA2, the observed oil-shale intervals with occasional ostracod also indicate deeper, 

low energy depositional setting. The observed ostracod in the lithofacies in this 

succession reflects lacustrine depositional environment. The presence of framboidal 

form of pyrite in the FA2 correspond to the saline influence into the lacustrine 

environment (Brown and Cohen, 1995). The Kimmeridge clay framboid pyrite with a 
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size of 3μm was interpreted to be formed in anoxic water condition (Wignall and 

Newton, 1998). Similarly, it is interpreted that rich framboidal pyrite oil-shales in 

these intervals are formed under anoxic conditions (Lazar, 2007).  

The next lithofacies succession in the measured stratigraphic section is characterized 

by predominance laminated oil-shale-marls couplets with occasionally interbedded 

sandstone lithofacies. The laminated organic-rich shale lithofacies is represented by 

laminae structure, fine-grained, relatively high clay content, high organic matter 

content and absence of bioturbation. These mention features indicate deposition of 

sediments from suspension in a relatively low energy, calm water with anoxic 

condition (Abouelresh et al., 2017). The rhythmic features of the organic-rich shale 

deposits are probably linked to climatic seasonal change (Caillaud et al., 2017). The 

occasionally low angle wavy rippled sandstone to structureless thin to medium bedded 

sandstone lithofacies indicate relative high energy condition deposits in the basin and 

linked with event deposits. Overall, the portion of predominated laminated oil-shale 

with marl and occasionally sandstone of FA2 suggest low energy, calm water and 

profundal lacustrine environment.   

5.2.1.3. Marine offshore transition: Facies Association 3 

Toward the top, the laminated oil-shale lithofacies are dominantly observed in the 

Dağhacılar section with a gradual increase of fine sandstone units and are 

characterized as FA3 (Figure 5.8). The alternating organic-rich and organic-poor 

laminated shale exhibit deposition from suspension and correspond to low energy 

environmental condition. The absence or decreasing of ostracod, brackish gastropod 

in the lithofacies suggest salinity increase in the depositional environment (Cole, 

1985) (Figure 5.6). The oil-shale facies characterized by decreasing molluscus and 

algal structures, reflect relatively increase in salinity and deep, but not enough of 

salinity to precipitate saline minerals. This portion of the studied section also indicates 

a transitional change of lacustrine to marine condition with a gradual increase in the 

interbedded sandstone intervals toward the top. The occurrence of high organic 
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content in the shale shows anoxic bottom environmental condition with transgressive 

phase (Cole, 1985).  

The intercalating organic-rich shale-fine sandstone indicate relative high energy 

condition in the marine offshore transition zone (Abouelresh et al., 2017). In the upper 

portion of the Dağhacılar section, the intercalating oil-shale-fine sandstone are 

observed and are interpreted as relatively high energy deposits on the offshore 

transition zone in the basin and associated with gravity flow under the influence of 

gravity and hydrodynamic forces (Homewood, 2001; Li et al., 1991). In this study, 

intercalation of thin-bedded sandstone with the association of parallel to wavy rippled 

feature and laminated oil-shale with a distinct sharp contact in the upper portion of the 

Dağhacılar measured section suggest turbiditic origin deposits (Mingram, 1998). 

These turbiditic intervals in deep environmental condition are identified as density 

flow current with some erosional effect at the microscopic level and interpreted as 

sedimentation in a relatively deeper, quiet, and poorly oxygenated environmental 

condition (Mingram, 1998; Wang et al., 2014).  

The toward the top in the Dağhacılar section, FA3 represents dominated sandstone-

laminated oil-shale intervals with occasional association of marlly interval. The 

laminated oil-shale and marl of FA3 in the Dağhacılar section are characterized as 

anoxic to dysoxic condition, respectively. The marl lithofacies are characterized by 

rare bioturbation and occasionally pyrite distribution.  

The fine sandstone-oil-shale/marl heterolithic bedding in the studied section reflect 

marine offshore-transitional environment, changes from the lacustrine condition. At a 

certain level in the measured stratigraphic section, the sandstone intervals illustrate 

hummocky cross-stratification, parallel interlaminated bedding and wavy rippled 

features. The presence of hummocky cross-stratification, occasional wavy ripples 

feature reflects storm-induced wave oscillations (Rees et al., 2014; Johansen, 2016).  

Occasionally, in the sandstone lithofacies, there is an observation of marine fauna and 

rare bioturbation. The sandstone lithofacies in the FA3 are characterized as turbiditic 
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and occasionally stormy character deposits in the offshore-transition depositional 

environment, and oil-shale/marl facies are defining the low energy offshore-transition 

deposits settling from suspension. In general, the heterolithic facies of FA3 in the 

Dağhacılar measured section, the observation of occasionally marine fauna, rare 

bioturbation and sharp contact in the interbedded sandstone-organic rich shale 

(heterolithic feature) interpreted as open marine facies character with the turbiditic 

depositional setting and on occasion affected by event deposits. The observation of 

sedimentary structures in these interbedded successions include sharp and/or obscure 

erosional sharp base, sometimes with load-casts, a massively thin to medium bedded 

and/or laminated lower portion, and wave-ripples portion also reflects the storm 

deposits. Commonly, this facies association in the Dağhacılar section exhibit offshore-

transitional marine environment with occasionally storm depositional character 

(Johansen, 2016; Dahlqvist, 2018).  

5.2.2. Hasanlar Section: Facies Association and Depositional Setting 

The Middle Eocene succession of the Hasanlar Section is comprised of wackestone, 

non-laminated to horizontal to lenticular laminated oil-shale with intercalation of lime 

mudstone and marl, and rare observation of ostracod. It interprets that sediments are 

deposited in sublittoral-profundal lacustrine and described as facies association 2 

(Figure 5.9). The Hasanlar studied section depositional setting is categorized on facies 

association as below (Table 5.2); 

5.2.2.1. Upper sublittoral-profundal lacustrine (Deep lacustrine): Facies 

Association 2   

In the studied section, the limestone with wackestone texture are characterized by 

ostracod, micro-peloids, intraclasts and palynofacies, and suggest that these are 

deposited in a relatively sublittoral depositional lacustrine environment (Singh et al., 

2017). The occurrence of organic-rich shale and marl interbeds in the studied section 

reflect that the carbonates are deposited in the deeper lacustrine zone with dysoxic-

anoxic condition (Cabrera et al., 2001; Ramos et al., 2001). The phytoclasts in the 
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limestone intervals are present in the form of small size, sub-rounded to irregular 

shape. The transportation of the phytoclasts to the depositional setting may be 

introduced by turbiditic influence and/or eolian system (Biscara et al., 2011; Mcarthur 

et al., 2016). The phytoclast components in this FA2 interpret distal and low energy 

environment setting in the regime (Hopkins, 1950; Davids, 2000; Martin-Closas et al., 

2005; Barron & Rengifo, 2007; Oskay, 2009). The occurrence of rare ostracod and the 

association of high organic content and absence of bioturbation in the Hasanlar section 

represent relatively deeper, anoxic, low energy lacustrine environment (Alçiçek et al., 

2007). The upper portion of the Hasanlar section is composed of alternating laminated 

oil-shale and limestone with lime mudstone texture units, and also observation of few 

ostracod. The parallel to lenticular laminated oil-shale with the presence of ostracod, 

the absence of bioturbation and high organic content display low energy, anoxic 

lacustrine basinal condition (Zeller et al., 2015; Abouelresh et al., 2017). The 

occurrence of ostracod suggests relatively shallow water depth lacustrine conditional 

deposits (Lettéron et al., 2018). Overall, this facies association of the Hasanlar section 

indicate sublittoral-profundal zone deposits, based on laminated oil-shale and 

alternating of the oil-shale-limestone intervals in the studied section.  

5.2.3. Kösüre Section: Facies Association and Depositional Setting 

The lower portion of the Kösüre section is composed of red to green marl with 

subordinate sandstone intervals and thin to thick limestone with thin marl facies. Then, 

it is followed by intercalating limestone-marl with occasional organic-rich shale and 

subordinate sandstone units. The upper portion of the Kösüre section is characterized 

by subordinate limestone and predominate intercalating sandstone-organic rich shale. 

Overall, the depositional setting of the Kösüre section from bottom to top is 

categorized as littoral-sublittoral to sublittoral-upper profundal to marine condition 

setting (Figures 5.9; 5.11 and 5.13). The facies association is used to describe and 

interpret the depositional setting of the Kösüre section are as following; 
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5.2.3.1. Upper littoral-sublittoral lacustrine (Relatively shallow lacustrine): 

Facies Association 1 

The Kösüre section basal intervals illustrate red to green marl with subordinate 

sandstone intervals in the lower portion and may be identical to a relatively shallow 

oxygenate depositional environment. Then, the basal deposits are evolved to the 

relatively shallow lacustrine depositional environment, which is identified by the 

presence of ostracod and charophyta bearing limestone with interbedded marl facies 

and occasional oil-shale and rare sandstone units. In between, FA1 of the studied 

section, there is the occurrence of limestone microfacies with the occasional bivalve 

fragments, which indicate a brackish environmental condition, and suggest temporary 

link with the marine water (Abimbola, 2016). The presence of fish-teeth fossil also 

supports temporary linkage of this interval with the marine water. This facies 

association in the studied section defines upper littoral-sublittoral lacustrine 

environment. 

5.2.3.2. Upper sublittoral-profundal lacustrine (Relatively deeper Lacustrine): 

Facies Association 2  

The FA2 of the studied section is characterized by the charophyta-ostracod limestone, 

bivalve fragmented limestone, and massive thick limestone intervals. It shows that 

carbonate rich of FA2 lacustrine facies are deposited in the relatively deeper condition 

(Murphy and Wilkinson 1980; Gierlowski-Kordesch 2010). The sporadic occurrence 

of clastic components in the FA2 of the studied section suggest episodic terrigenous 

influx to low-energy lake environment (Platt and Wright 1991; Calvo et al. 2000; 

Gierlowski-Kordesch 2010). The couplet of lime mudstone-marl facies in the FA2 of 

the Kösüre section indicate deposition in the sublittoral lacustrine condition with 

dysoxic bottom water setting (Cabrera et al., 2001; Ramos et al., 2001). The limestone 

overlying the marls facies display lacustrine margins with increasing lime-producing 

organism activity (Gierlowski-Kordesch, 2010; Sanjuan and Martín-Closas, 2012). 

The predominance association of lime mudstone with marl in the FA2 of the Kösüre 
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section implies low energy depositional setting (Platt, 1989). Limestone-marl 

intercalation formed in the deeper margin and also along the slope and basinal 

environment (Einsele and Ricken, 1991). These intercalating units reflect climatically 

induced changes in environmental condition (Fischer, 1991; Pittet, 2018). 

The presence of laminated and massive organic-rich shale lithofacies in the FA2 of 

the Kösüre section suggest a shift to a relatively deeper profundal environmental 

condition (Abouelresh et al., 2017). The thick intervals of limestone facies with thick 

intervals of marl and occasionally organic-rich shale in the studied section indicate 

gradual fluctuation in a lacustrine environment (Sanjuan & Martín-Closas, 2012). The 

oil-shale intervals are deposited in anoxic bottom water from suspension sediment and 

microbial (cyano-bacteria) activity organism deposits (Chakraborty and Sarkar, 2005; 

Foix et al., 2013; Scherer et al., 2015). The brackish charophyte gyrogonites with 

oligo-mesohaline ostracod assemblages identify as in situ deposits and suggest that 

these are grown in shallow and slightly brackish-lacustrine condition (Sanjuan & 

Martín-Closas, 2012). The lack of biota, algal structure and certain low organic 

content intervals in the FA2 indicate slightly rise in salinity in the open lacustrine 

environment (Cole, 1985). The FA2 sediments suggest limited marine influence, 

which is indicated by appearance of fish tooth fossils, oligo-mesohaline ostracods and 

charophyte gyrogonites in the studied section. The upper portion of Kösüre section is 

characterized by single bioturbation, charophyta-ostracod (less than 15%) bearing 

wackestone microfacies. This microfacies display relatively shallow environment and 

dysoxic water condition (Asl & Aleali, 2016). This microfacies also construe episodic 

marine influence into lacustrine environmental condition. The above limestone 

microfacies with the association of charophytes, ostracods and rare fish tooth fossil 

identify brackish environmental FA2 deposits in the sublittoral lacustrine zone.  

5.2.3.3. Marine offshore transition: Facies Association 3  

In the FA3 in the Kösüre section, the occurrence of abundant octahedral pyrite 

limestone and echinoderm bearing limestone microfacies indicate marine depositional 
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environment, which transgresses the underlying the lacustrine depositional 

environment. The observation of echinoderm in the limestone facies indicate setup of 

marine depositional setting in the Kösüre studied section toward the top (Brown and 

Cohen, 1995; Baumiller & Gazdzicki, 1996; Elattaar, 2018). The association of 

echinoderm and fish teeth evident of marine condition (Huyghe et al., 2017). The 

echinoderm bearing limestone are covered by small scale hummocky cross-stratified, 

parallel lamination and wave rippled calcareous sandstone with interbedded organic 

rich shale and having a fish-tooth fossil. These intercalating calcareous sandstone and 

oil-shale facies represent marine offshore-transitional environment and indicate 

turbiditic and tempestitic character deposits (Büyükutku et al., 2005; Ranson, 2012; 

Siddiqui et al., 2014; Johansen, 2016). The sandstone-organic-rich shale in FA3 

display heterolithic feature depositional setting. The fine sandstone with intercalating 

organic-rich shale reflect comparative high energy condition on the marine offshore-

transitional environment. The absence of bioturbation, high organic content and 

massive to laminated featured oil-shale reflect relatively low energy, anoxic 

depositional setting and deposited from suspension in the marine offshore-transitional 

environment (Abouelresh et al., 2017). The sharp and/or obscure erosional sharp base, 

thin horizontal and wave ripples indicate occasional storm deposit. In general, the 

sandstone-organic-rich shale intercalation with above identified feature interpret 

deposition in offshore-transitional marine environment with induced storm 

depositional character (Dahlqvist, 2018).  

5.2.4. Karahisar Section: Facies Association and Depositional Setting 

The Karahisar measured section begin with predominate oil-shale with occasional 

interbeds of lime mudstone and then is followed by lime mudstone-oil-shale 

intercalation with occasionally wavy rippled sandstone units near the top. The scarcity 

of fauna in the Karahisar studied section may be due to nearby fluvial development 

influx, which may lead to unfavorable condition for the development of biota in the 

moderate saline water (Ye et al., 2017).  The facies association indicate two types of 

the sub-environment condition in the Karahisar section i.e Upper sublittoral-profundal 
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lacustrine (FA2) and marine deeper condition setting (FA3) (Table 5.2; Figures 5.9; 

5.11 and 5.13). The depositional setting of Karahisar measured section is described by 

facies association which are as following; 

5.2.4.1. Upper sublittoral-profundal lacustrine (Relatively deeper lacustrine): 

Facies Association 2   

The FA2 of Karahisar measured section begin with predominate oil-shale with 

occasional interbeds of lime mudstone. The FA2 of the studied section is characterized 

lacustrine depositional environment, based on the observation of varve feature in the 

oil-shale. The alternating laminae in the oil-shale reflect precipitation from suspension 

under clam and anoxic environmental condition (Chakraborty and Sarkar, 2005; Foix 

et al., 2013; Scherer et al., 2015). In the studied section, the rhythmic feature in oil-

shale of the Karahisar section indicate a linkage to climatic seasonal changes (Caillaud 

et al., 2017). The absence of bioturbation, fauna and fossils fragment suggest stressed 

and anaerobic conditions in the lacustrine setting as a result of circulation lacking in 

the water column (Hakala 2004; Grosjean & Pittet, 2013; Egbobawaye, 2016).  At 

certain intervals, the small plant fragment remains are documented in the FA2, which 

may be driven by strongly influence episodic small depositional cycles and/or eolian 

transport (Tosal et al., 2018). The palynofacies and abundant amorphous organic 

matter in the studied section suggest low energy, oxygen-depleted conditions and 

related to sublittoral-profundal environmental zone (Staplin, 1969; Tyson, 1995; Pittet 

& Gorin, 1997). The lithological character and observation of small plant fragments 

suggest relatively shallow lacustrine setting during deposition of FA2 intervals 

(Carroll et al., 1992; Wang et al., 2011). 

At certain level in the measured stratigraphic section, there is slightly increase in the 

silt size quartz grains in the lithofacies represent higher clastic influx to the system, 

which also effect the laminae feature and indicate that there is a change in the 

lacustrine stratification and/or climatic condition (Mingram, 1998) (Figure 5.2). In the 

lime mudstone of the studied section, the occurrence of irregular flattened calcareous 
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concretion nodules interprets very slow sedimentation stage, interface in the 

depositional setting (Alshahrani, 2013). 

5.2.4.2. Marine offshore transition: Facies Association 3  

The brackish/freshwater and marine water interface zone characterize low 

sedimentation rate and relatively high organic content, due to a change in the 

physiochemical condition (Mingram, 1998) (Figure 5.2). In the Karahisar studied 

section, the episodic mixing zone between freshwater and marine water is 

characterized by the appearance of Fe-Mn nodules in the lime mudstone and suggest 

that Fe-Mn nodules develop due to change in the physiochemical condition in the 

water column. The physiochemical change in the depositional condition occurred due 

to the transgression of a marine into lacustrine condition. Manganese-rich carbonate 

deposits are mostly associated with black shales and restricted to relatively deeper 

basinal environmental condition (Bolton & Frakes, 1985; Delian et al., 1992; Roy, 

1992; Fuhrmann, 2002). Similarly, in the Black Sea, high Mn concentration solution 

is formed in the stratified anoxic environmental setting in the basin. Later, the Mn 

precipitation took place from Mn concentrated solution in the basin at redox interface. 

These Mn oxides are embedded in carbonate. Mn-carbonate are associated with black 

shale. It is suggested that Mn deposits occur during the transgressive phase (Roy, 

1992). In the Baltic Sea, the manganese-rich sediment deposition restricted to deepest 

part of the basin and linked to intense microbial activity at the sediment-water 

interface. The Baltic Sea composed of brackish water and characterized low salinity 

water (Huckriede & Meischner, 1996; Fuhrmann, 2002). Formation of manganese 

oxide occurred at the oxidizing-reducing condition and deposited in the anoxic 

condition (Tribovillard et al., 2006). In the marine condition, there is the identification 

of three types of Mn-oxyhydroxides deposited (Glasby, 2006), such as Mn-nodules in 

the deep ocean, Mn crust on submarine seamounts, and ferromanganese nodules in 

shallow-marine condition. The Mn nodules are characterized as hydrogenous in origin 

and form directly from the oxidizing condition in the marine environment. The Mn 

crusts and concretion can be form either from hydrogenously or hydrothermally (Yu 
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et al., 2016). In the deep-ocean, accumulation of Mn-nodules also depends on the slow 

sedimentation rate (Glasby, 2006; Yu et al., 2016). The presence of Fe and Mn oxides 

imitate change in redox condition associated with depositional condition and also 

associated with variable sporadic water table (McCarthy et al., 1998; Tanner and 

Locus, 2006; Wanas et al., 2015).  In the Karahisar studied section, the appearance of 

Fe-Mn small spherical nodules indicates hydrogenetic origin and deposited in shallow 

marine environment. The described origin and setting of the Fe-Mn nodules in the 

Karahisar section is also supported by organic-rich shale associated facies (Wang et 

al., 2014; Yu et al., 2016).  In the north-western regime of Turkey, there is the 

documentation of Mn oxides in the Oligocene shallow marine deposits, which are 

linked with a rapid marine transgressive-regressive cycle. Generally, Fe-Mn oxides 

are formed at the interface of oxic-anoxic water and can be deposited in relatively 

oxygen-depleted bottom water condition (Alçiçek et al., 2007).  

In the upper portion of the Karahisar measured section, there is documentation of the 

thick parallel laminated to massive oil-shale, lime mudstone and wavy ripple 

calcareous sandstone interval. This portion of studied section suggest offshore-

transition marine environmental setting with occasionally turbiditc influence deposits. 

The organic-rich shale lithofacies represent high clay content and absence of 

bioturbation. These organic-rich lithofacies are deposited from suspension in a 

relatively low energy, calm water and anoxic bottom water on the offshore-transition 

marine environment (Abouelresh et al., 2017). Overall, the organic-rich shale with 

association of sandstone and Fe-Mn bearing lime mudstone intervals are characterized 

as FA3 and interpret marine-offshore transitional influence environment deposits.  

5.2.5. Sünnet Section: Facies Association and Depositional Setting 

The Sünnet section is comprised of terrestrial deposits at the base. The terrestrial 

deposits are overlain by the marine shelf environment with occasional charophytes 

rich-plant fragments deposits of fluvio-lacustrine invasion. The studied section is 

composed of predominantly sandstone, fossiliferous and non-fossiliferous organic-
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rich oil-shale, fossiliferous limestone and occasional conglomerate facies. The facies 

association revealed the detailed depositional setting of the measured Sünnet section 

in the studied regime (Table 5.2; Figure 5.9). 

5.2.5.1. Marine Shelf Environment: Facies Association 4 

In the Sünnet section, the FA4 of the measured stratigraphic section are characterized 

by fossiliferous organic-rich oil-shale, interbedded fossil bearing sandstone, coarser 

siliciclastic sediments (conglomeratic interval) and fossiliferous limestone facies. 

Generally, it is interpreted that organic-rich shale and/or marls with the association of 

pyrite are deposited in claim condition from suspension under oxygen deficient 

environment. In contrast to organic-rich shale, organic-rich silty shales are interpreted 

relative similar depositional setting as sandstone depositional setting. The organic-rich 

silty shales are deposited in relatively high energy and high terrigenous influx 

environmental setting as compared to organic-rich shale (Figures 5.2 and 5.8) 

(Ghadeer & Macquaker, 2011). Siliciclastic deposits on the marine shelf environment 

are controlled by number of complex interplays, which includes wave energy effect, 

terrestrial input, gravity and biological activity (Ghadeer & Macquaker, 2011). The 

floodplain coarser sandstone with occasional conglomerate and red silty shale are 

overlain by fossil bearing silty shale, occasional limestone having bivalve, ostracods, 

charophytes, gastropods, plant fragments, rare Foraminifera and fossil bearing coarser 

sandstone. The fossil bearing silty shale, bivalve-charophyta-gastropod-plant 

fragments-rare foraminifera bearing limestone units and fossil bearing coarser 

sandstone specify shallow shelf marine environmental condition and indicate marine 

transgressive phase (Figure 5.9) (Li et al., 2009). The abundant charophytes and 

associated plant fragments indicate episodic fluvio-lacustrine incursion to the marine 

depositional setting (intermixing zone between brackish and marine environment). 

The charophytes rich horizons refer laterally related to paralic marshes (Sanjuan & 

Martín-Closas, 2012; Argakoesoemah, 2017). Later, this environmental zone is 

vertically shifted to bivalve bearing lithofacies intervals of the marine environment 

(Argakoesoemah, 2017). The absence of bioturbation expression frequent reworking 
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and a high sedimentation rate (Aigner & Reineck, 1982). Above this facies interval, 

the studied section is characterized by organic-rich shale with few bivalve-gastropod 

and then is followed by interbedded sandstone-organic-rich shale intervals of the 

lower shoreface deposits. More episodic storm and gravity flows are responsible for 

the deposition of the interbedded sandstones and organic-rich shales in the studied 

section (Meling, 2016). Between the sandstone horizons, there is another phase of 

brackish-lacustrine influence on the shallow marine setting, which is identified by thin 

bedded charophytes-plant fragments bearing limestone facies and then is followed by 

shallow marine fossiliferous limestone units. The marine fossiliferous limestone units 

are composed of rare glossifungite bioturbation, plant fragments, algal fragments, 

ostracod and gastropod. The marine fossiliferous limestone is covered by fossiliferous 

coarser sandstone and bivalve siliciclastic limestone/molluscus-calcirudite intervals in 

the studied section. The association of sandstone, fossiliferous limestone and 

molluscus bearing calcirudite (rudstone) and organic-rich shale illustrate lower 

shoreface facies with storm depositional character (Hadi et al., 2016; Meling, 2016).  

The siliciclastic sediments with the association of fossiliferous limestone units and 

organic-rich shale also support storm-induced deposits (Carvalho et al., 2000). In the 

Mengen region, stratigraphic equivalent Tokmaklar Formation is composed of coarser 

carbonate units, sandstone, conglomeratic facies, organic-rich shale and 

documentation of foraminifera, gastropods and other macrofossils in the formation. 

The Tokmaklar Formation in the Mengen region interpret shallow marine 

environmental setting (Koralay, 2009). The FA4 of studied section encounter similar 

character and can be interpreted as deposition occur in the shallow marine condition. 

Toward the top, the siliciclastic sediment include conglomerate, sandstone and 

occasionally organic-rich shale with non-erosional lower and upper contact are 

characterized as upper shoreface deposits (Yang et al., 2010). In the middle portion, 

the conglomerate intervals in the studied section without cross-stratification suggest 

that conglomerate intervals are deposited from shallow depth gravity flow deposits 

(Collinson & Lewin, 1983). The matrix-support conglomerate in the FA4 having non-

erosive contact, normal grading is linked with debris flow deposits (Collinson & 
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Lewin, 1983). The various load marks in the studied section indicate rapid deposition 

of sediments (Rees et al., 2014). In the next stage, there is a change from lower 

shoreface to a relatively high-energy environment (a transition zone between upper 

shoreface and lower foreshore). It is identified by observation of conglomerate 

intervals deposited over the massive to wavy laminated sandstone units (Hiroki & 

Terasaka, 2005). 

The upper portion of the studied section is characterized by molluscus-nummulitic 

bearing calcirudite (rudstone), fine sandstone and conglomerate-sandstone beds. It is 

interpreted that deposition of molluscus-nummulitic bearing calcirudite (rudstone) and 

fine sandstone deposits are associated with the shallow benthic zone environment 

deposits and are overlain by sandstone of shoreface. This succession is toppled by 

subaqueous channelized influence conglomerate deposits with the erosional basal 

surface (Xiafei & Zhonghua, 2000). These are covered by coarser sandstone and the 

matrix-support conglomerate having non-erosive contact and normal graded bedding. 

It is interpreted that coarser sandstone and the matrix-support conglomerate are 

deposited from debris flow in the shallow marine condition (Collinson & Lewin, 

1983).  Generally, the presence of flute casts and load casts in the upper portion of 

coarser sandstone indicate sandstone of turbiditic origin in the studied section (Güray, 

2014). 

5.2.5.2. Floodplain Paleosols: Facies Association 5 

The basal portion of the Sünnet measured section is observed in the field as parallel 

laminated to cross-stratified sandstone to graded conglomerate horizon and then 

followed by red sandstone and occasionally silty shale with gray mottling. The 

lithofacies are devoid of fossils and are characterized as facies association 5. The 

parallel laminated to cross-stratified sandstone, conglomerate-red sandstone and red 

to grayish shale intervals are characterized as pedogenic floodplain deposits. The red 

silty shale is formed by suspended fine-grained sediments after turbulence condition 

(Sanjuan & Martín-Closas, 2012). The red shale intervals may reflect palaeosols with 
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lack of bioturbation and sedimentary structure (Ranson, 2012). This interpretation is 

supported by interbedded grayish organic-rich silty shale between the floodplain and 

shallow marine carbonate deposits (wackestone-packstone). Red color intervals are 

generally of paleosols development on the floodplain (Dini et al., 1998). 

5.3. Lacustrine Environment and Transition to Marine Environment in the 

Studied Basin 

During the Eocene times, there is occurrence of closing in the Neo-Tethys ocean in 

the North Anatolia (Figure 5.10).  As a result, the Anatolian block begin to experience 

internal deformation (Okay and Tüysüz, 1999; Görür and Tüysüz, 2001). This south-

north shortening in the region are accompanied by shoaling upward sequence in 

marine deposits. Later on, the marine deposits in the region were covered by shallow 

marine and lagoonal or lacustrine deposits of the pre-existing comparatively deeper 

fore-arc basin (Görür et al., 1998). These Eocene lacustrine/lagoonal to marine 

environmental deposits are documented in the Mudurnu-Göynük basin and adjacent 

region (Saner 1977, 1980b; Ocakoğlu et al., 2007 and 2012). Therefore, the studied 

Middle Eocene (Lutetian-Bartonian) successions in the five different localities in the 

Mudurnu-Göynük basin provide the opportunity to study the paleoenvironmental 

fluctuations and transition from lacustrine to marine environmental condition. Based 

on the facies analyses, biotic observation and facies association, the middle Eocene 

successions exhibit an evolution of the basin from oligomesohaline/brackish-

lacustrine to the marine transgressive environment (Figures 5.9, 5.11, 5.12 and 5.13).  

Carrol and Bohacs (1999) and Bohacs et al. (2000) classified three type of the 

lacustrine basin, based on the physical, chemical and biological factor. The classified 

lacustrine basins are overfilled lake basin, balanced-fill lake basin and underfilled lake 

basin (Table 5.3). The overfilled lake types characterize fluvial-lacustrine facies 

deposits. The lacustrine deposited with fluvial-lacustrine facies character contains 

marlstone, coquina, bioclastic grainstone, the association of carbonaceous mudstone, 

sandstone, coals and presence of freshwater- oligomesohaline biota. The I to III type  
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Figure 5.9. Depositional setting and correlation of the studied sections. 
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Table 5.3. Representative Attributes of Three Major Lacustrine Facies Associations (Carrol and 

Bohacs, 1999; Bohacs et al., 2000). 
Lake basin 

type 

Features        

Overfilled Lake basin type Balanced fill Lake basin type Underfilled Lake basin type 

Lacustrine 

Facies 

Association 

Fluvial-Lacustrine Fluctuating Profundal Evaporitive 

Lake Hydrology Open 
Open during TST-HST 

Closed during LST 
Closed 

Water Table High Fluctuating Low 

Stratal Stacking 

Patterns 

Dominantly progradation  

Indistinctly expressed 

parasequences 

Mixed progradation and 

aggradation, distinctly expressed 

parasequences 

Dominantly aggradation  

Distinctly to indistinctly 

parasequences  

Sedimentary 

Structures 

Physical Transport: ripples, 

dunes, flat bed, root casts, 

burrows (Infaunal & 

epifaunal) 

Physics and biogenic; flat bed, 

current, wave, and wind, ripples; 

stromatolites, pisolites, oncolites, 

mudcracks, burrows (epifaunal) 

Physical, Biogenic, & 

Chemical: climbing currently 

ripples, flat bed, stromatolites, 

displacive fabrics, cumulate 

textures 

Lithofacies 
Mudstone, sandstone, marl, 

coquina, coaly shale, coal   

Marl, mudstone, siltstone, 

sandstone, carbonate grainstone, 

wackestone, micrite, kerogenite 

Mudstone, kerogenite  

Evaporite, Siltstone, sandstone, 

Grainstone,  

boundstone, flat-pebble 

conglomerate 

Organic matter 

Freshwater biota, Land-plant, 

charophytes and aquatic algal 

organic matter, low to 

moderate TOC, terrigenous 

and Algal biomarkers 

Salinity tolerant fauna, aquatic 

algal Organic matter, Minimal 

land plants, moderate to high 

TOC, Algal biomarkers 

Low-diversity, halophytic 

biota, Algal-bacterial organic 

matter, Low to high TOC, 

expressed Hypersaline 

biomarkers 

 

of kerogen are linked with overfilled lake basin type. The balanced-fill lake basin type 

consists of fluctuating profundal facies, fresh to saline water fauna and represents type 

I kerogen of algal-bacterial origin. The balanced-fill lake basin type can be open or 

closed basin. The associated facies with balanced-fill lake basin type are consisting of 

interbedded heterogenous lithofacies such as carbonate, siliciclastic, argillaceous and 

organic-rich mudstone. In the underfilled lacustrine basin, the facies are characterized 

by evaporative facies association, occurred in a closed basin, composed of a wide 

variety of lithofacies (i.e evaporites, grainstone, clastic sandstone and kerogenite) and 

low diversity, high salinity and salinity tolerant fauna and represent type I kerogen 

type. 
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In this study, the lacustrine facies association of the Dağhacılar, Hasanlar, Kösüre, and 

Karahisar measured sections indicate overfilled-lake to balanced-fill lake basin type. 

The Karahisar lacustrine facies association suggest that it is deposited in balanced-fill 

lacustrine basin type with relatively restricted condition. The lacustrine facies 

association in the studied sections are characterized by predominantly fluctuating 

profundal facies association, representing lower littoral-sublittoral to profundal zones 

with high organic carbon shale (oil-shale), relatively deeper carbonate, marl and 

occasionally calcareous fine sandstone. 

In the Later stages, the studied lacustrine facies successions are overlain by marine 

offshore transitional facies successions and are characterized by organic-rich shale-

sandstone with occasional marl and presence of rare benthic fossils in some measured 

stratigraphic successions at different intervals. The organic-rich shale-sandstone 

intercalation and occasional marl are mostly associated with gravity flow deposits 

(Turbiditic). The marine transgression into the lacustrine setting regime occur in the 

open lacustrine phase. It is recognized by observing the unchanged lithofacies across 

the transition and indicate continuous sedimentation between lacustrine and marine 

environments across the transitional interval. In the case of intercalating sandstone 

and organic-rich shale, it is difficult to distinguish between the lake deposits and low 

energy marine deposits. In this case, the documentation of fossils and algal structure 

are reliable indicators to predict the change in the depositional environment 

(Willmann, 1985; Nichols, 2009; Lorente et al., 2014). The morphology of the studied 

lacustrine basin successions changed to marine basin during relative rising of the sea 

level. A change of environment from lacustrine to marine also affects the freshwater-

brackish fauna, flora and algal structure in the previously lacustrine basin. The 

calcareous oil-shale and fine sandstone in the studied sections represent alternatively 

hydrologically open and closed basin and changing from oligomesohaline/brackish to 

saline condition (Carroll and Bohacs, 1999; Bohacs et al., 2000). It is purposed that 

geographic setting, climate and tectonics are factors involving in the marine incursion 

to lacustrine in the measured stratigraphic successions. 



 

 

 

223 

 

The presence of benthic fauna in the studied section at different intervals also indicate 

marine influence. In the Dağhacılar studied section, it is noticed repeatedly marine 

ingressions in the lacustrine environment and can be traced by means of fauna 

recorded in the lower portion at different intervals. The freshwater fauna is not 

complete devoid in this portion and survive the episodic marine water invasions. The 

survival fauna may evolve to brackish water fauna. Later, the Dağhacılar and other 

studied sections are evolved to marine environment during the transgressive phase in 

the region during Late Eocene period. This change leads to the disappearance of the 

lacustrine and brackish fauna during the evolving marine transgressive phase. 

Generally, the deposited facies of the studied sections indicate the alkaline condition 

with low salinity. It is interpreted on the observation of high carbonate content, low 

occurrence of ostracods and charophytes in the deposited studied succession in the 

region (Cole, 1985). In 1978a, Saner also observed marine transgressive deposits 

overlying the lake deposits in the Eocene period in the studied region. According to 

him, the lake formation occurred due to marine regression, which was once again 

overtaken by marine transgression in the late Eocene (Figure 5.10). The Sünnet section 

is interpreted as barrier deposits between lacustrine and marine environmental setting. 

The basal portion of the Sünnet section is identified as floodplain paleosol deposits. 

In the Sünnet section, it is indicated that the above portion of the middle Eocene 

studied section is characterized by marine shelf deposits with occasionally thin 

intervals of charophytes rich Fluvio-lacustrine beds intervals. The Abundant bivalves 

and gastropod assemblages with siliciclastic material indicate that marine sediments 

are deposited below the storm wave base. 

Overall, the deposited carbonate, organic-rich shale, marl and occasional siliciclastic 

cycles of lacustrine succession are transgressively overlain by marine deposits in the 

Dağhacılar, Kösüre and Karahisar measured section. The underlying lacustrine 

deposits are characterized as littoral-sublittoral to fluctuating profundal environmental 

deposits facies (Figures 5.9; 5.11, 5.12 and 5.13).  
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Figure 5.10. The paleogeographic position of studied area related with the Neo-Tethys (Studied 

regime is represented by green rectangle) (Şengör and Yilmaz, 1983). 
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Figure 5.11. A) Satellite image of studied sections; B) Depositional setting stage of the studied 

sections during Middle Eocene. The first stage of lacustrine setting development in the studied regime 

after the marine regression. According to Saner (1978), development of lacustrine due to marine 

regression in the studied regime.  (White block represents studied sections and transparent blue 

represent water level; arrow shows north direction). 
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Figure 5.12. 1/100000 Geological map of the Northwestern Anatolia, Turkey (Adapazarı-H25 and 

Adapazarı-H26) (Timur and Aksay, 2002; Gedik and Aksay, 2002) and studied stratigraphic sections 

in the area. (red arrow-North direction). 
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Figure 5.12. Continued 
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Figure 5.13. Generalized depositional model of the studied sections from south to central to north.  A) 

Representing the next stages of the lacustrine environment with sub-environment and overlain by 

marine environment setting in the studied section during Middle Eocene time. B) Simple display of 

lacustrine evolving into the marine environmental setting. Gray color represents an early stage of the 

lacustrine layer, the green layer representing the next stage of the lacustrine; blue layer representing 

marine overlying on the lacustrine environment setting. (Red arrow pointing the first phase of 

lacustrine water; black arrow pointing the second phase of lacustrine water; pink arrow pointing 

marine water phase; N-North direction). 
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CHAPTER 6  

 

6. CYCLOSTRATIGRAPHY 

 

6.1. Introduction 

The Early Paleogene period has been characterized as a period of the last thermal 

maximum and apparently ice-free greenhouse period in the of the Earth`s history. In 

relation to it, different studies have been carried out to study the fluctuation of eustatic 

sea level and changes in climatic condition in the Early Paleogene period that indicate 

probably linkage with the orbital forcing as a background external controlled forces 

(Miller et al., 1987; Sloan and Morrill, 1998; Zachos et al., 2001, 2008). The 

documentation of cyclic or quasi-cyclic depositional stacking pattern in the Green 

River Formation of Wyoming, Colorado and Utah (West USA) are related to the 

climatic changes. It has been interpreted that the climatic changes in the Green River 

Formation of Wyoming and Utah are controlled by Earth`s orbitally forces (Fischer 

and Roberts, 1991; Pietras et al., 2003; Machlus et al., 2008). Similarly, it has been 

recorded that high frequency cyclic generation in the foreland successions are also 

linked with orbitally forcing climatic changes (Vail et al., 1977; Pujalte et al., 1993; 

Devlin et al., 1993; Matthews and Perlmutter, 1994; Juhasz et al., 2007; Ocakoğlu et 

al., 2012). In the Northwest Anatolian foreland regime, it has been suggested that the 

high frequency depositional cyclic stacking pattern are enforced by orbitally forced 

climatic changes and tectonic activities (Ocakoğlu et al., 2012). In this study, the 

Lutetian-Bartonian studied successions have been studied to construct and examine 

the nature of cycles and analyze relative sea-level/water-level fluctuation in the 

studied regime and interpret their linkage with orbitally forced climatic changes. 

The cyclostratigraphy terminology was introduced by Fischer et al. (1988). He 

represented sedimentary successions with cycles, which are so-called Milankovitch 
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band (Strasser et al., 2006; Hinnov, 2013). In the cyclostratigraphy, the high-

frequency cycles are classified by distinct lithofacies successions. The distinct 

lithofacies successions are bounded by surfaces along which there is indication of 

relative change in the sea-level/lacustrine depth-level (Kerans and Tinker, 1997). The 

defining cyclostratigraphy in the studied sections are used to describe the depositional 

environment setting and develop the transgressive-regressive cycle and sequence 

stratigraphic framework in the studied regime. The Middle Eocene lacustrine studied 

successions with marine incursion represent transgressive-regressive cycles, which 

are identified on basis of limestone, organic rich oil-shale, marl and interbedded 

sandstone facies depositional cyclic pattern. The littoral-sublittoral, sublittoral-

profundal and profundal to marine facies associations occur in high-frequency 

depositional cycles and display periods of lacustrine and marine relative water-level 

fluctuation and accommodation space (Figures 6.12; 6.15; 6.21; 6.22) (Smoot, 1983; 

Yang et al., 2018). In each cycle, the development of different facies associations is 

characterized by facies partitioning (Homewood, 1996; Yang et al., 2018). The 

fluctuation in sea level, sediment supply and preservation potential affect the 

depositional cycles partitioning. The recognition of sharp bedding surfaces and/or 

obscure erosion surfaces bounding the beds/or cycles are used as criteria for the 

identifying the high-frequency cycles in the studied successions. These sharp bedding 

surfaces are classified as sharp changes in sedimentation or non-depositional surfaces 

due to fluctuation of relative water-level (Schwarzacher, 2000; Strasser et al., 1999, 

2005; Bádenas et al., 2005; Val et al., 2017). 

The field observation and petrographic analysis of the studied successions lead to 

distinguish depositional cyclic stacking patterns in the studied sections. The studied 

sections intervals display different cyclic hierarchies and expresses various 

frequencies of the relative water-level fluctuation and Milankovitch bands (Figure 

6.12; 6.15; 6.21; 6.22). The studied sections are identified as the Middle Eocene 

(Lutetian-Bartonian) age, based on recorded ostracods and charophytes fauna in the 

studied sections, stratigraphic succession position, and previous studies in the region 
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i.e Şener and Şengüler, 1998; Gedik and Aksay, 2002; Ocakoğlu et al., 2007 and 2012; 

Koralay, 2009 and Şafak et al., 2015. Hence, it is assumed that studied sections may 

roughly correspond to approximately 6.0 Ma (45.0 to 39.0 ±1.0Ma) Dağhacılar 

section,  ≈1.0 Ma (42.5 to 41.5 ±1.0Ma) Hasanlar section,  ≈2.5 Ma (42.0 to 39.5 

±1.0Ma) Kösüre section, ≈2.0 Ma (41.5 to 39.5 ±1.0Ma) Karahisar section and ≈2.0 

Ma (42.0 to 40.0 ±1.0Ma) Sünnet section.  

Within the Middle Eocene studied successions, the established hierarchical cyclic 

order is comprised of centimeter to meter-scale order cycles. The cyclicity in the 

studied sections are established by using the sedimentological character and 

microscopic data of the lithofacies and lateral and vertical changes in the lithofacies. 

Generally, the centimeter-meter-scale cyclicity in the marine influence lacustrine 

environment in the studied sections are comprised of limestone-marl, limestone-oil-

shale, marl-oil-shale, sandstone-marl and represent relative transgressive cycle. The 

identified centimeter to mater scale cycles in the marine environment in the studied 

sections are couplets of oil-shale-sandstone, marl-sandstone, limestone-sandstone, 

coarser sandstone-fine sandstone, pebble conglomerate-sandstone and generally 

indicate regressive cycle.  

The vertical facies variation and minimum-maximum accommodation mark the 

bounding surfaces between the successive cycles. The bounding surfaces in the 

studied sections are described as flooding surface which separates younger unit from 

older one and across which change in the paleowater depth (Van Wagoner et al., 1988; 

Van Wagoner et al., 1990). The hierarchical cyclic order in the studied sections are 

mostly characterized by symmetrical to asymmetrical rhythmic cycles. The cyclic 

alternation of facies in the studied sections are limestone-marl, limestone-oil-shale, 

limestone (packstone-wackestone), oil-shale-marl, sandstone-oil-shale and sandstone-

marl (Figures 6.3; 6.5; 6.7; 6.9; 6.11). The symmetrical rhythmic cycles of lithofacies 

suggest repetitive change in the depth of lacustrine-marine and/or fluctuating 

sediments influx (Cabrera et al., 2001). (Goldhammer et al., 1990; D`Argenio et al., 

1997). The 12, 3, 8, 3, 12 cycle types are recorded along the Dağhacılar, Hasanlar, 
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Kösüre, Karahisar and Sünnet sections, respectively (Figures 6.2; 6.4; 6.6; 6.8; 6.10). 

The cyclic type in the studied sections are comprised of mostly two lithofacies. In the 

Dağhacılar, Kösüre and Karahisar studied sections, generally the first segment of 

cyclic pattern corresponds to relative shallow cycles (alternating of limestone and oil-

shale/marl), while the second depositional cyclic pattern indicates progressively 

transgressive cycles (dominated by oil-shale and marl). The third cyclic pattern 

corresponds to siliciclastic cycles (sandstone- oil-shale/marl cycles) and indicate 

progressively regressive condition cycles. In the Sünnet section, the first segment of 

cyclic pattern corresponds to floodplain cycles (alternating of coarser and fine 

siliciclastic and oil-shale/limestone), while the second depositional cyclic pattern 

indicates progressively transgressive cycles (dominated by siliciclastic and limestone 

cycles). The third cyclic pattern corresponds to siliciclastic cycles (sandstone, pebble 

conglomerate cycles) and interpreted as regressive cycles. 

Table 6.1. Number of Beds and Cycles and their thickness in the Middle Eocene (Lutetian-Bartonian) 

studied sections. 

Studied 

Sections 

Total 

Thickness 

(m) 

Beds 
cm-m scale Order 

Cycles 

No. 
Average 

Thickness/(m) 
No. 

Average cycles 

Thickness/(m) 

Dağhacılar 159.50 392 0.41 108 1.48 

Hasanlar 25.20 51 0.49 23 1.10 

Kösüre 81.80 139 0.59 42 1.95 

Karahisar 71.80 149 0.48 21 3.42 

Sünnet 69.30 69 1.00 24 2.88 

 

Table 6.2. Number of Beds and Cycles and their thickness in the Middle Eocene (Lutetian-Bartonian) 

studied sections. 

Studied 

Sections 
Age (Kyr) (Appr.) 1 

Precession Obliquity 

Kyr/6th Cycle or Bed 
Kyr/cm-m scale order 

Cycle 

Dağhacılar 6000 15.31 55.55 

Hasanlar 1000 19.60 43.47 

Kösüre 2500 17.98 59.52 

Karahisar 2000 13.42 95.24 

Sünnet 2000 28.98* 83.33* 

1 Based on ostracods-charophyte fauna in the studied sections; Ocakoğlu et a., 2007, 2012 and Şafak 

et al., 2015. (* high value due to number of covered intervals in the measured section) 

 

The cyclic evolution of the studied successions (lacustrine-marine successions) are in 

good settlement with relative sea-level fluctuation and tectonic evolutionary 
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component of the global cyclostratigraphy model curve. In the studied lacustrine and 

marine successions of cyclically stacked transgressive/ regressive facies, 

Milankovitch periodicities can be useful indicator to predict the climatic changes 

linked with earth`s orbitally forces (Schwarzacher, 1993; Fredriksen et al., 1998; 

Martínek et al., 2006).  The centimeter to meter scale cycles in the studied sections are 

around 43.47 ka to 95.24 ka (Table 6.1; 6.2). The time of duration per cycle are 

obtained by dividing the time duration of studied intervals by the number of cycles 

counted in each studied section. 

6.2. Cyclic Hierarchy in the Studied sections 

The field observation and petrographic studies of the studied sections led to 

recognition of cyclic stacking pattern in the lacustrine and marine facies.  

The facies variation along the successions reflect cyclic changes in depositional 

environment. To determine cyclic changes in depositional environment in the studied 

sections, it requires a facies model architecture. A facies model architecture is 

determined by interpretation of facies in depositional environment setting (Figure 6.1). 

The vertical variation and lithological character leads to recognize the centimeter to 

meter scale order cycles in the successions (Colombié and Strasser, 2003; Colombié 

et al., 2012).   

6.3. Dağhacılar Section Depositional Cyclicity 

In the Dağhacılar section, a total of 392 beds with 0.41 average bed per meter are 

documented along the 159.50-meter stratigraphic column (Table 6.1; Figure 6.3). The 

Dağhacılar section is comprised of limestone microfacies, marl, organic-rich oil-shale, 

and sandstone lithofacies. The facies change along the measured section indicate 

change in relative water-level and interpret a transgression from lacustrine to marine 

depositional cycles (Figures 6.3; 6.12; 6.21; 6.22).  The lower succession in the studied 

section is comprised of medium to thick limestone in packstone, wackestone to lime 

mudstone microfacies with gastropods, ostracods and charophytes and alternating 

with marl and/or oil-shale facies. The middle portion intervals in the studied section 
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are defined by centimeter to meter thick intervals of oil-shale with thin marl and 

occasionally sandstone interbedded. These are overlain by dominated calcareous 

sandstone with intercalated oil-shale and/or marl lithofacies. The depositional cyclic 

pattern from limestone in the lower portion to dominated oil-shale in the middle 

portion in the studied section indicate transgression/relatively deepening upward trend 

cycles. 

In this studied section, a total of 108 centimeter to meter scale order cycles are 

recognized with 1.48 average cycles thickness in meter (Tables 6.1; 6.2). The cycles 

begin with marl facies at the bottom and are overlain by limestone microfacies with 

charophytes, ostracods and gastropods and indicate relative fall in the water-level for 

short period. The overlying dominated oil-shale and marl facies on the limestone-

dominated intervals indicate transgression in the water depth (Fischer and Arthur, 

1977; Ocakoğlu et al., 2012; Foix et al., 2013; Scherer et al., 2015). The cycles with 

oil-shale, marl with sandstone facies indicate shallowing upward trend in the 

depositional cyclic stacking pattern toward the top in the studied section and 

associated with marine offshore-transitional environment.  

In the Dağhacılar section, 12 types of centimeter to meter scale cycles are recorded 

along the measured section (Figures 6.2; 6.3). The cycles A1 type in the studied 

section are composed of marl at the base and limestone in lime mudstone microfacies 

at the top which is generally possessing few gastropods, charophytes and ostracods. 

The limestone facies in the cycles identified as decrease in the relative water-level. 

This type of cycles is observed predominately in the lower portion of the studied 

section with repeated rhythmic pattern.  Another relatively thick A1 type cycle is 

observed in the middle portion of the studied section. The cycles A2 type in the studied 

section begin with wackestone facies and are overlain by packstone microfacies. It is 

observed in the lower portion of the studied section. The cycles A3 type are formed 

by thick bedded wackestone microfacies at base and oil-shale facies at the top. It is 

recorded at three different portions in the studied section. The A4 type cycles are rare  
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Figure 6.1. Facies distribution depositional diagram as interpreted from sedimentological analysis 

and stacking pattern. (Not to the scale) (Abouelresh et al., 2017; Platt & Wright 1991) 

 

 
Figure 6.2. Types of cycle determined in the Dağhacılar Section. 
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Figure 6.3. Types of cycle along the Dağhacılar Section. Triangles indicate centimeter to meter scale 

cycles. (for legend; Figure 6.2). 
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Figure 6.3. Continues… (62.50m-125.10m) 
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Figure 6.3. Continues… (125.10m-159.50m) 
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observed in the measured section and are defined by packstone microfacies with 

abundant gastropod and ostracod at the bottom and oil-shale facies present at the top 

of the depositional centimeter-meter scale cycle. The cycle A5 types are the cycles 

that occurred between marl and limestone facies and indicate shallowing upward 

trend. The A6 cycle types are composed of oil-shale facies which is underlain by 

medium bedded limestone. It is rare documented in the studied section. The A7 type 

cycles include lime mudstone at the bottom and then followed by wackestone and 

capped by lime mudstone. The cycles A8 type are composed of rhythmic intercalation 

of marl and oil-shale facies. The cycles A8 type are identified in the middle portion of 

the Dağhacılar section. The A9 type of cycles are composed of wackestone at the 

bottom and thin to medium bedded wavy rippled sandstone with devoid of fossil at 

the top. The type A10 cycles are consisting of thick interval of oil-shale facies at the 

base and thin bedded sandstone lithofacies at the top. This cycle type is predominately 

present in the upper portion of the studied section. The cycle A11 types are 

characterized by marl facies which is capped by sandstone lithofacies. The A12 type 

cycles are composed of marl facies at the base and then followed by oil-shale and 

sandstone lithofacies at top. It is occasionally observed in the studied section (Figure 

6.1).  In the studied section, it is interpreted that limestone interval toppled by marl 

and/or oil-shale facies indicate relative rise in the water-level and identified as 

transgressive cycles (Ocakoğlu et al., 2012). The deeper cycles with dominated oil-

shale with alternating thin sandstone (cycle type A10) corresponds to maximum rise 

in the water level (defined as maximum flooding zone) and indicates a transition 

period from lacustrine to marine transition environment. Then, it is followed by cycle 

types of oil-shale/ marl at the bottom and is toppled by dominated relatively thicker 

siliciclastic facies. These cycles correspond to aggradational-progradational staking 

pattern of marine transition environment and interpreted as regressive cycles. Overall, 

the centimeter to meter scale cycle in the studied section correspond to 55.55ka time 

of duration per cycles (Table 6.2). 
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6.4. Hasanlar Section Depositional Cyclicity 

A total of 51 number of beds with 0.49 average thickness in meter are recorded along 

the 25.20m thick measured Hasanlar section (Table 6.1; Figure 6.5). The cyclic pattern 

in the Hasanlar section are composed of lime mudstone, wackestone, marl and oil-

shale. The cyclic pattern of facies in the studied section display transgressive 

depositional cyclic trend. Three types of cycle are documented along the Hasanlar 

measured section (Figures 6.4; 6.5). The total observed centimeter to meter scale order 

cycles along the measured section are 23 number of cycles with 1.10-meter average 

cycle thicknesses (Table 6.1; Figure 6.5). The A1 type cycles are composed of 

wackestone microfacies with overlying oil-shale facies. A2 type cycles are comprised 

of lime mudstone at bottom and marl facies at top in the cycle. The cycles A3 type are 

defined by lime mudstone facies at the bottom and oil-shale facies at the top (Figure 

6.5). These centimeter-meter scale cycles are identical to transgressive portion of the 

studied section with rhythmic character. The time duration per cycles in the studied 

section is around 43.47ka (Table 6.2).  

 

 
Figure 6.4. Types of cycle determined in the Hasanlar Section. 
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Figure 6.5. Types of cycle along the Hasanlar Section. Triangles indicate centimeter to meter scale 

cycles. (For legend; Figure 6.4) 
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6.5. Kösüre Section Depositional Cyclicity 

A total thickness of the Kösüre section is 81.80 m along which 139 number of beds 

are recorded with 0.59 average value thicknesses in meter (Table 6.1; Figure 6.7). The 

Kösüre section is consist of limestone, marl, oil-shale and sandstone lithofacies. The 

vertical and lateral changes in the lithofacies along the stratigraphic section are related 

with fluctuation of relative water-level in the lacustrine depositional setting and with 

overlying marine transitional deposits (Figure 6.7).  In comparison to Dağhacılar 

section, the Kösüre section display relatively marginal depositional character with 

dominate limestone and marl intercalation cycles and occasional oil-shale and marl-

sandstone cycles in the lower and middle portion. It is followed by dominate 

siliciclastic lithofacies with oil-shale cycles in the upper portion of the studied section. 

In the Kösüre section, 42 number of centimeters to meter scale order cycles with 1.95 

average cycle thickness in meter are determined along the measured section. A total 

of 8 different centimeter to meter scale cycle types are recorded along the measured 

section (Table 6.1; Figures 6.6; 6.7). The cycle in the Kösüre section start with marl 

at the bottom and sandstone at the top. Toward the top, the studied section composed 

of thick limestone and marl centimeter to meter scale cycles and occasional oil-shale 

and marl cycles, which represent as a relative rise in the water-level and indicate 

transgressive cyclic pattern. At the top, the boundary between the thick limestone-

marl cycle and overlain sandstone-marl/oil-shale cycles suggest maximum flooding 

zone and fluctuation from lacustrine to marine transitional environment. The 

sandstone and oil-shale/marl centimeter to mater scale cycles indicate relative gradual 

fall in the water-level which is associated with marine transitional condition and 

represent regressive cyclic pattern. 

8 types of cycles are determined in the Kösüre section with transgressive and 

regressive centimeter to meter scale order cycle trend. The type A1 cycles and type-

A2 cycles are characterized by wackestone microfacies and sandstone lithofacies at 

the bottom which are toppled by marl facies, respectively. The cycles A3 type are 
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consist of oil-shale at the base, marl interbedded and end with charophyta and ostracod 

bearing wackestone at the top. This cycle type may indicate relative fall of water-level 

in the lacustrine environment for a short-term. The cycle A4 type are composed of 

packstone microfacies at the bottom and oil-shale at the top. This meter scale cycle 

corresponds to sudden relative rise in the water-level in the region. The cycles type-

A5 are comprised of thin to thick marl interval at the base and medium to thick bedded 

wackestone microfacies at the top. This cycle is predominately noticed in the studied 

section and represent rhythmic cyclic pattern and indicate aggradational stacking 

pattern. It also represents maximum rise in the relative water-level and reaches to 

transgressive transitional phase which indicate a change from lacustrine to marine 

transitional environment at the end. The cycle A6 type is composed of sandstone 

lithofacies and thick oil-shale facies interval. It started from sandstone lithofacies and 

capped by oil-shale facies. The A7 type of cycles are characterized by oil-shale at the 

bottom and sandstone lithofacies at the top. It is observed in the upper portion of the 

studied section and represent regressive cycles in the studied section.  

 

 
Figure 6.6. Types of cycle determined in the Kösüre Section. 
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Figure 6.7. Types of cycle along the Kösüre Section. Triangles indicate centimeter to meter scale 

cycles. (For legend: Figure 6.6) 
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Figure 6.3. Continues… (62.5m-81.80m) 

 

A8 type cycle are based on the marl facies at bottom, which is covered by sandstone 

lithofacies at the top. It is restricted in the lower portion and upper portion of the 

measured section (Figure 6.7). The recorded centimeter to meter scale cycles in the 

Kösüre section represent about 59.52ka time duration per cycle (Table 6.2). 
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6.6. Karahisar Section Depositional Cyclicity 

In the Karahisar region, a total of 71.80m stratigraphic section is measured.  149 

number of beds and 0.48 bed per meter are counted along the 71.80m measured section 

(Figure 6.9). The Karahisar succession is composed of predominately alternation of 

lime mudstone and oil-shale with occasional presence of sandstone lithofacies. 

Generally, this studied section mostly indicate transgressive to dominate aggradation 

cyclic staking pattern. A total of three types of cycles are recorded along the studied 

section (Figures 6.8; 6.9).  The identified centimeter to meter scale order cycles in the 

studied section are 21 number of cycles with 3.42 average cycle thickness in meter 

(Table 6.1 and Figure 6.9). The A1 type cycles are comprised of medium to thick 

interval of oil-shale at the bottom which is overlain by lime mudstone microfacies at 

the top. The studied section is predominately characterized by A1 type cycles and 

defined most of the studied stratigraphic section (Figure 6.9). In the middle portion of 

the studied section, A1-type cycles correspond to maximum rise of the water-level and 

related with transitional boundary between lacustrine and marine environmental 

condition. There is also decrease in the thickness of A1-type cycles toward the top  

 

 
Figure 6.8. Types of cycle determined in the Karahisar Section. 
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Figure 6.9. Types of cycle along the Karahisar Section. Triangles indicate centimeter to meter scale 

cycles. (For legend; Figure 6.8) 
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Figure 6.3. Continues… (31.50m-81.80m) 

 

which also reflect change in the depositional condition. A2 type cycles are composed 

of oil-shale at the bottom, passed to lime mudstone and capped by sandstone 

lithofacies at the top. A3 type cycles started from lime mudstone at the bottom and 

end upward with oil-shale facies. The upper portion of the studied section with oil-

shale-lime mudstone cycles and oil-shale-limestone-sandstone indicate aggradation 

cyclic stacking pattern (Figure 6.9). In the Karahisar section, the recorded centimeter 

to meter scale cycles correspond to about 95.24ka time duration per cycle (Table 6.2). 

6.7. Sünnet Section Depositional Cyclicity 

Along 69.30 m measured Sünnet section, A total of 69 number of beds are recorded 

with average 1.00 per meter (Table 6.1; Figure 6.11). The recorded beds in the studied 

section are composed of fine and coarse-grained sandstone, oil-shale, conglomerate 

and limestone microfacies includes rudstone, packstone, wackestone and lime 

mudstone. The variation in the facies along the measured section illustrate 

transgressive-regressive depositional cycles and defining the relative sea-level 
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fluctuation in the regime. The depositional facies in the measured section is composed 

of floodplain deposits and are overlain by shelfal marine deposits. Based on the 

identified facies, a total of 12 types of cycles are documented in the measured 

stratigraphic section (Figure 6.10). The observed centimeter to meter scale cycles are 

24 cycles with 2.88 average thickness of cycle in meter (Table 6.1; Figure 6.11). In 

the Sünnet section, the cycles are started with predominate floodplain siliciclastic 

deposits. Further upward in the studied section, the cycles are composed of transitional 

deposits between fluvial-lacustrine and shallow marine environment. Toward the top, 

the cycles dominated with siliciclastic deposits with intercalated oil-shale and 

occasionally limestone units which illustrate transgressive cycles. The appearance of 

bioclastic-limestone (rudstone), placing over siliciclastic facie interpret maximum 

flooding zone in the studied sections. Then, it is followed by the regressive cycles 

which are composed of coarser siliciclastic dominated cycles.   

12 types of cycles are recorded in the Sünnet section (Figure 6.10). The cycles type 

with coarse-grained sandstone at the bottom and fine-grained sandstone at the top are 

named as A1 type cycles. It is present at different horizons in the studied measured 

section. Cycles A2 type are comprised of ostracod bearing wackestone at the bottom 

and abundant charophyta bearing packstone microfacies at the top. The A3 type cycles 

begin at the bottom with conglomerate, pass to fine-grained sandstone and end at the 

top with oil-shale facies. Next type of cycle in the studied section is characterized as 

A4 type. It consists of packstone microfacies with abundant charophytes at the base 

and oil-shale facies at the top.  The A5 type cycles are categorized by thick interval of 

oil-shale with bivalve at the bottom and thin bedded coarser-grained sandstone with 

bioclastic fragment at the top. The cycles A6 type are comprised of lime mudstone 

microfacies at the bottom and oil-shale facies with bivalve at the top. The cycle A7 

types are fine sandstone at the base and coarser-grained sandstone at the top. The 

cycles A8 type begin with wackestone microfacies and passes to fine-grained 

sandstone and end with rudstone/calcirudite facies with Bivalvia mollusk. The cycles 

A9 type are identified as coarser sandstone at the base and oil-shale at the top. The 
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cycles A10 type in the studied section are started with fine sandstone lithofacies which 

is covered by conglomeratic intervals. The cycles A11 type are composed of fine-

grained sandstone with overlying oil-shale facies having bivalve fauna. A12 type 

cycles are composed of conglomerate bed which is overlain by rudstone microfacies. 

The about 83.33ka time of duration per cycles is determined for recorded centimeter 

to meter scale cycles in this studied section (Table 6.2). 

 

 
Figure 6.10. Types of cycle determined in the Sünnet Section. 
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Figure 6.11. Types of cycle along the Sünnet Section. Triangles indicate centimeter to meter scale 

cycles. (For legend; Figure 6.10) 
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Figure 6.11. Continues… (62.10m-69.20m) 

 

6.8. Interpretation 

6.8.1. Milankovitch Periodicity Analysis 

In the cyclostratigraphy, Milankovitch periodicity is an important concept that linked 

to depositional cycles. Milankovitch periodicity is defined by depositional cycles 

which occur due to systematic changes in the Earth`s eccentricity, obliquity and 

precession (Fischer, 1980; Berger et al., 1992; Wu et al., 2013). The physical, 

chemical or paleontological proxies from sedimentary successions are used to predict 

paleoclimatic condition changes and to study the orbitally forced control cyclicity 

pattern (Mader et al., 2004).  

The total number of beds, centimeter-meter scale order cycles in the studied sections 

are analyzed by ordinary statistical parameters (Tables 6.1; 6.2). The statistical studies 

indicate significant change in the average centimeter-meter scale order cycles in the 

studied sections, which are probably related with climatic control changes linked with 

orbitally forced parameters. The maximum average thick order cycles are observed in 

the Karahisar section (Table 6.1; Figures 6.12; 6.14). The minimum average order 
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cycles are recorded in Hasanlar section (Table 6.1; Figures 6.12; 6.14). In the studied 

sections, the average thickness of centimeter-meter scale order cycles are thicker in 

the Karahisar section> Sünnet section> Dağhacılar section> Kösüre section> Hasanlar 

section (Table 6.1; Figures 6.12; 6.14). Generally, the average thickness of cycles is 

comparatively closer to each other within studied sections (Table 6.1). The average 

bed per meter in the studied sections are relatively closer with each other except 

Sünnet section. In the Dağhacılar section, Hasanlar section, Kösüre section, Karahisar 

section are ranging between 0.41-0.59 average bed thickness per meter. In the Sünnet 

section, it is 1 average bed thickness per meter (Table 6.1). The beds in the studied 

sections are categorized as 6th order cycle. The precession of Milankovitch bands is 

recorded 13.42kya to 28.98kya/bed in the Dağhacılar section, Hasanlar section, 

Kösüre section, Karahisar section and Sünnet section (Table 6.2). In the Dağhacılar 

section, Hasanlar section, Kösüre section, Karahisar section and Sünnet section, each 

centimeter-meter scale order cycle is 55.55ka, 43.47ka, 59.52ka, 95.24ka and 83.33ka, 

respectively (Table 6.2). It is interpreted that centimeter-meter scale order cycles in 

the Dağhacılar section, Hasanlar section, Kösüre section, Karahisar section and 

Sünnet section correspond to the Milankovitch cycles of obliquity band range (Einsele 

et al., 1991) (Table 6.2). Therefore, it is interpreted that the change in the relative 

water depth in the lacustrine associated with marine setting are enforced by the 

climatic control linked with earth`s orbital forced. 

6.8.2. Fischer Plot Workflow 

The Fischer plot is a graphical presentation of analyze centimeter to meter scale cyclic 

stacking patterns in the beds or laminae by plotting cumulative departure from mean 

cycle thickness as a function of time or cycle number and thickness (Husinec et al., 

2008; Figures 6.12; 6.13; 6.14; 6.15). This Fischer plots diagram illustrate change in 

accommodation spaces in the region (Read and Goldhammer, 1988; Sadlaer et al., 

1993). The Fischer plot is used to define the accommodation space changes in 

response of relative sea-level fluctuation and/or tectonic subsidence in the studied 

successions with time. The relative change in water-level/sea-level can be interpreted 
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from the Fischer plot graphical presentation of the cycles data. The Fischer plot 

analyses are applied on the centimeter to meter scale order cycles of the Dağhacılar, 

Hasanlar, Kösüre, Karahisar and Sünnet measured sections (Figures 6.12; 6.13; 6.14; 

6.15). The cycle thickness change along each studied section has been analyzed 

independently from facies association. Their departure from mean cycle thickness is 

charted against cycle numbers for each section (Sadler et al., 1993). The vertical 

stacking patterns of the studied sections cycles are illustrated on the Fischer plot 

diagram (Figures 6.12; 6.13; 6.14; 6.15). Fischer plot graphic diagram show relatively 

similar pattern within studied sections (Figures 6.12; 6.13; 6.14; 6.15). In the 

Dağhacılar section, the Fischer plot indicate three peaks of increasing in 

accommodation space and four limbs of declining in accommodation spaces (Figures 

6.12; 6.13; 6.14; 6.15).  In the Hasanlar section, there is two phases of short-term 

increasing in accommodation spaces and two stages of low angle declining in 

accommodation space (Figures 6.12; 6.13; 6.14; 6.15). The Kösüre section shows 

relatively similar pattern of increasing and decreasing in the accommodation space in 

the Fischer plot as in the Dağhacılar section (Figures 6.12; 6.13; 6.14; 6.15). In the 

Karahisar section Fischer graphic representation, there is observation of two 

decreasing patterns and two increasing patterns in the accommodation space (Figures 

6.12; 6.13; 6.14; 6.15). In the Sünnet section, the Fischer graphically diagram indicate 

an increase in the accommodation space and then followed by declining limb (Figures 

6.12; 6.13; 6.14; 6.15). Overall, the last declining limb in the studied sections except 

Hasanlar section are associated with siliciclastic influxes with alternating oil-shale and 

marl. These siliciclastic influxes are linked with marine environmental setting which 

replaces the previous lacustrine depositional environment in the region (Figures 6.12; 

6.13; 6.14; 6.15). Additionally, the Fischer plot diagram of the studied sections are 

correlated according to the stratigraphic depositional correlation and exhibit relatively 

similar pattern within studied sections (Figures 6.12; 6.13; 6.14; 6.15).  

Generally, in the studied sections, it is interpreted that marl overlying the limestone or 

sandstone, and oil-shale overlying the limestone or sandstone intervals are related with 
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relative rise of sea level. The siliciclastic lithofacies correspond to relatively regressive 

setting. while, oil-shale and marl are associated with relatively transgressive condition 

(Hunt and Tucker, 1993; Strasser, 1994; Wright, 1984). The cyclic nature of the 

studied sections demonstrates that climatic control linked with earth`s orbital forcing 

is driving factor in the relative water-level/sea-level changes in the studied region. The 

studied successions are identified as marine-influence lacustrine deposit to marine 

deposits. The depositional cyclic stacking pattern in the studied successions suggest 

that relative sea-level change in the studied regimes correspond to minor change which 

may be not greater than 30m (Ocakoğlu et al., 2012). The siliciclastic influxes 

dominated cycles in the upper portion of the studied section argue that change in 

relative sea-level is also linked with minor tectonic factors (Devlin et al., 1993; 

Matthews and Perlmutter, 1994; Ocakoğlu et al., 2012). The siliciclastic influxes also 

interpret marine transgression to the lacustrine setting. 

6.8.3. Carbonate and Organic Matter Content relationship with 

Cyclostratigraphy 

Along the measured stratigraphic section, the determined carbonate content and 

organic matter content are correlated with recorded centimeter to meter scale cycles 

within the measured sections (Figures 6.16; 6.17; 6.18; 6.19; 6.20; 6.21; 6.22). In the 

limestone units, the carbonate content is higher and organic matter content is lower 

compared to marl and oil-shale. In the graphic representation, the change in the 

carbonate content and organic matter content curves correspond to changes in the 

cyclic facies pattern (Figures 6.16; 6.17; 6.18; 6.19; 6.20; 6.21; 6.22). The carbonate 

content and organic matter content curve also interpret cyclicity imprint as recorded 

in the facies along the measured stratigraphic section (Figures 6.16; 6.17; 6.18; 6.19; 

6.20; 6.21; 6.22).   
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Figure 6.12. Fischer plot of the Middle Eocene (Lutetian-Bartonian) studied sections. Blue arrow 

indicates increase in accommodation space and red arrow indicates decrease in accommodation 

spaces. Red rectangle indicates marine successions in the upper portion of the studied sections. 
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Figure 6.13. Correlation of Fischer plot of the Middle Eocene (Lutetian-Bartonian) studied sections, 

A) Hasanlar Section and B) Kösüre Section with the Dağhacılar Section. Rectangle indicates marine 

depositional cycles in the studied sections. 

 



 

 

 

258 

 

 
Figure 6.14. Correlation of Fischer plot of the Middle Eocene (Lutetian-Bartonian) studied sections, 

A) Karahisar Section and B) Sünnet Section with the Dağhacılar Section. Rectangle indicates marine 

depositional cycles in the studied sections 
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Figure 6.15. Correlation of Fischer plot of the Middle Eocene (Lutetian-Bartonian) studied sections. 

Solid arrows indicate increase in accommodation space and Dotted arrows indicate decrease in 

accommodation spaces. Solid line rectangle indicates marine depositional cycles in the upper portion 

of the studied sections. Dotted brown rectangle shows overall deepening trend and Dotted light blue 

shows overall shallowing trend. 
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Figure 6.16. Relationship between organic matter content, carbonate content and centimeter to meter 

scale order cycles of the Dağhacılar section. 
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Figure 6.12. Continues…  

 

 

 
Figure 6.17. Relationship between organic matter content, carbonate content and centimeter to meter 

scale order cycles of the Hasanlar section. 
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Figure 6.18. Relationship between organic matter content, carbonate content and centimeter to meter 

scale order cycles of the Kösüre section. 
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Figure 6.19. Relationship between organic matter content, carbonate content and centimeter to meter 

scale order cycles of the Karahisar section. 
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Figure 6.20. Relationship between organic matter content, carbonate content and centimeter to meter 

scale order cycles of the Sünnet section. 
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Figure 6.21. Relationship between carbonate content and centimeter to meter scale order cycles 

within the studied sections. 
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Figure 6.22. Relationship between organic matter content and centimeter to meter scale order cycles 

within the studied sections. 
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CHAPTER 7  

 

7. SEQUENCE STRATIGRAPHY 

 

7.1. Introduction 

The sequence stratigraphic analysis techniques were initially based on the seismic 

sections and well log profiles (Mitchum et al., 1977) and Vail et al., 1977). In recent 

decade, the sequence stratigraphic analysis is not only performed on the seismic 

profiles and well logs, but also perform on the basis of detailed field observation and 

sedimentological analysis (Beaubouef and Friedmann, 2000; Zeng et al., 2001, Zeng 

and Hentz, 2004; Wei et al., 2017). The eustatic sea-level changes are figured out as 

the driving factor for the sequence development (Vail et al., 1984). In 1987 and 1988, 

Haq et al. presented the global sea-level curve from Triassic to recent. Van Wagoner 

et al. (1988) defined and described the concepts of sequence stratigraphy in detail and 

also presented the concepts of parasequence in the sequence stratigraphy. Later on, 

the sequence stratigraphy is further evolved and not only restricted to siliciclastic 

successions but also applied to carbonate dominate-systems (Sarg, 1988; Weimer and 

Posamentier, 1993). In this study, the Van Wagoner et al. (1988), Sarg (1988) and 

Handford and Loucks (1993) sequence stratigraphic terminologies are applied to study 

the sequence stratigraphic framework of the studied sections. The studied successions 

comprised of distinct lowstand systems tract (LST), transgressive systems tract (TST) 

and highstand systems tract (HST). Study of systems tracts also helpful in the 

identification of flooding surfaces (FS) and maximum flooding zones (MFZ) 

(Catuneanu, 2006; Holland and Patzkowsky, 1998). Generally, the similar concepts of 

sequence stratigraphy of marine basin successions are applied to lacustrine basin 

successions. As, the depositional base level is controlled by the changes in the lake 

level such as sea level fluctuation in the marine basins.  Though, in the lacustrine 

basins, especially in the active-tectonic lacustrine basins, the depositional systems 
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tracts, sequence architecture pattern and the sequence boundaries origins are far 

distinctive from models of sequence stratigraphy for marine basins. Therefore, the 

concept of sequence stratigraphy in the tectonically active lacustrine basins require 

modification to describe the lacustrine sequences intricacy and the depositional 

systems tracts distribution in the basins (Li et al., 1992; Changsong, Eriksson, & 

Sitian, 2001). In this study, sequence stratigraphy frameworks are established in 

Middle Eocene marine-influence lacustrine basin through combination of detailed 

field analysis, sedimentological studies and depositional cyclic stacking pattern.  The 

depositional cyclic stacking pattern of the intervals are categorized as high resolution 

parasequence. The aim of this chapter is to evaluate the measured stratigraphic 

sections in terms of facies variation and high-resolution sequence stratigraphy 

framework.   

In the Dağhacılar, Hasanlar, Kösüre and Karahisar studied sections, based on the 

sedimentology, petrography and fossils analyses, the depositional character in the 

Middle Eocene (Lutetian-Bartonian) studied sections are transgressively evolved from 

lacustrine to transitional marine depositional environment. The northern Sünnet 

section defines the transgressive phase and change from fluvial-lacustrine to shelf 

marine envrionment. The lacustrine transgression-phase in the Dağhacılar, Hasanlar, 

Kösüre and Karahisar studied sections is defined by the occurrence of interbedded 

limestone-marl facies and overlying oil-shale-marl intercalation, which are deposited 

under dysoxic to anoxic environments in relatively shallower to deeper lacustrine, 

respectively (Huang et al., 2017). These successions are overlain by transition phase 

of marine offshore character and are composed of interbedded calcareous sandstone-

oil-shale and occasionally marl lithofacies (Figure 7.6). Similar conditions are also 

documented in the Beibuman Basin in Paleogene successions (Huang et al., 2017). 

Saner (1977, 1978a, 1980b) and Ocakoğlu et al. (2007, 2012) also observe marine 

transgression in the Mudurnu-Göynük basin during Middle Eocene period.  

In Middle Eocene (Lutetian-Bartonian) stratigraphic sections, the observed changes 

in the marine-influence lacustrine level in the south and changes in the relative sea 
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level in the north exhibit relatively synchronous with global sea level curve in Middle 

Eocene (Lutetian-Bartonian) period (Figure 7.7) (Haq et al., 1987; Wang and Li, 

2009). In the upper portion of the studied sections, a transitional change from 

lacustrine deposits to marine-transitional offshore deposits in the studied sections 

indicate major landward shift of the deposits and recognize as maximum relative sea-

level rise/shift in the studied region (Figure 7.6).  

Generally, the Late Lowstand systems tract is also observed in the Sünnet Section 

which is characterized by siliciclastic deposits of fluvio-lacustrine floodplain 

environment and overlain by transgressive systems tract (Figures 7.5; 7.6). the Early 

transgressive systems tract is characterized in the lower portion of littoral-sublittoral 

deposits in the Dağhacılar section which are composed of charophyta-gastropod-

ostracod bearing limestone intervals with occasional interbedded marl units and rare 

fossiliferous oil-shale (Gale et al., 2006) (Figures 7.1; 7.6). The transgressive systems 

tract in the Dağhacılar, Hasanlar, Kösüre and Karahisar studied sections are 

characterized by limestone microfacies with interbedded marl, presence of abundant 

pyrite, organic-rich lithofacies and lack of clastic influx (Figures 7.1; 7.2; 7.3; 7.4; 

7.6). The overlying marine influence successions on the transgressive systems tract in 

the studied sections are defined by calcareous siliciclastic intervals with interbedded 

organic rich shale and occasional marl and lime mudstone horizons. These 

depositional successions are identifying as highstand systems tract deposits in the 

studied sections and characterized as marine transgression to the depositional setting 

(Figures 7.1; 7.2; 7.3; 7.4; 7.6) (Ocakoğlu et al., 2007; Lash & Blood, 2011). It is also 

supported by presence of abundant quartz and lacking clay content in the siliciclastic 

deposits of highstand systems tract in the studied sections (Lash, 2011) (Figures 4.8; 

5.26). In general, in the sequence stratigraphic framework,  the Dağhacılar, Hasanlar, 

Kösüre and Karahisar sections are composed of carbonate and oil-shales deposits of 

transgressive systems tract which are overlain by dominated siliciclastic, oil-shale and 

occasional marl intervals of the highstand systems tract deposits (Figures 7.1; 7.2; 7.3; 

7.4; 7.5; 7.6). Herein, the transitional changes in the lithofacies from lacustrine to 
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marine environment reflect High-accommodation systems tract (Wanas et al., 2015). 

The profundal lacustrine-transitional marine oil-shale and carbonate overlain by 

sandstone in the Dağhacılar, Kösüre and Karahisar sections exhibit maximum 

flooding zones in the studied stratigraphic columns (Keighley et al., 2003). In the 

Sünnet measured section, the intervening parasequences or depositional cycles of 

marine shelf fossiliferous oil-shale and carbonate, overlying the fluvio-lacustrine 

deposits exhibit relative sea-level rise and identified as flooding surface (Amorosi and 

Marchi, 1999; Miller and West, 2012) (Figures 7.5; 7.6). The appearance of bio-

calcirudite with abundant bivalve, gastropod and benthic foraminifera in the Sünnet 

section are identified as maximum flooding zones. Such types of lithofacies intervals 

are defined as upper boundary of the transgressive systems tract (Amorosi and Marchi, 

1999; Miller and West, 2012). In the Sünnet section, the organic rich shale and 

calcareous sandstone with occasional carbonate deposit of the transgressive systems 

tract are overlain by period of highstand relative sea-level and are characterized by 

mixed siliciclastic and carbonate deposits of the Highstand systems tract (Figures 7.5; 

7.6). Generally, in the studied sections, there is absences of condensed section 

intervals. Therefore, the oil-shale depositional cycles/parasequences stacking pattern 

deposits and/or carbonate assemblages in the studied sections are used to recognize 

the maximum flooding zones (Montañez and Osleger, 1993; Miller & West, 2012). 

The Transgressive systems tract in the studied sections are thicker than average 

intervals and are composed of relatively homogenous sediments and deposited in the 

deeper environmental condition (Figures 7.1; 7.2; 7.3; 7.4; 7.5; 7.6). The observed 

highstand systems tract (HST) successions in the Dağhacılar, Kösüre and Karahisar 

sections represent thinner than average intervals and are dominantly comprised of 

fine-grained turbiditic deposits and having high vertical heterogeneity (Figures 7.1; 

7.2; 7.3; 7.4; 7.6) (Bohacs, Carroll, Neal, & Mankiewicz, 2000). In the studied basin, 

the tectonic uplift (İzmir-Ankara suture) in the south, lake level fluctuation, relative 

sea level rise, marine-incursion and sediment influx are responsible for the formation 

of such types of depositional systems tract in the marine-influence lacustrine 

environment and transgressive marine depositional environment. 
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7.2. Sequence stratigraphy framework in the Dağhacılar section  

The studied section begins with retrogradational parasequence pattern which is 

composed of limestone microfacies with interbedded marl and occasional fossiliferous 

oil-shale and identified as Early transgressive systems tract deposits. It is then pass to 

occasional limestone, dominate intervals of oil-shale with intercalated marl, and 

indicates transgressive systems tract successions within the system (Figure 7.1) (Gale 

et al., 2006; Huang et al., 2013). It is also supported by lack of coarser grains in this 

portion and implies low energy depositional condition (Jin et al., 2014). 

The transition from dominated limestone units to oil-shale units with intercalated marl 

and rare calcareous sandstone units interpret transgressive systems tract deposits. The 

transgressive systems tract in the studied section is also evident by determination of 

high organic matter content in the black laminated to massive shale (Lazar, 2007). The 

deposits over the transgressive systems tract successions in the studied section are 

identified as the highstand systems tract deposits. The highstand systems tract deposits 

consist of predominantly aggradational-progradational parasequences pattern and 

composed of intercalated oil-shale-calcareous sandstone intervals with occasional 

marl facies (Figure 7.1). The intervals of calcareous sandstone units increase in 

number and thickness toward the top which indicates aggradational to progradational 

shift in the studied section deposits. According to Lazar (2007), the intervals 

composed of gray shales with intercalated sandstone beds can be interpreted as 

Highstand systems tract in the fine-grained sequence stratigraphy. The intercalated 

sandstone-oil-shale successions in the studied section explain the highstand systems 

tract with marine character which are linked to relative sea-level rise in the region 

(Ocakoğlu et al., 2007, 2012; Sanjuan and Martín-Closas, 2012; Wei et al., 2017). The 

maximum flooding surfaces in the studied section is defined as maximum flooding 

zones. The maximum flooding zones in the studied section is characterized by upper  
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Figure 7.1. Sequence stratigraphic interpretation of the Dağhacılar section. (OS-oil-shale; M-marl; 

LL-Lime mudstone; Wp-wackestone-packstone; SS-sandstone; Cc-conglomeratic) 
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portion of sublittoral-profundal to transitional lacustrine-marine oil-shale intervals, 

which occur between the transgressive systems tract and highstand systems tract 

(Figure 7.1) (Wei et al., 2017). A maximum flooding zones is marked around 110m 

to 125m where observation of dominate oil-shales and from that point upward, 

progressively increasing calcareous sandstone intervals toward top (Figure 7.1). In 

addition, the above successions are also indicating absence of biofacies which support 

the parasequences of highstand systems tract (Wei et al., 2017). 

7.3. Sequence stratigraphy framework in the Hasanlar section 

The Hasanlar succession displays the retrogradational parasequence pattern. It is 

composed of limestone-marl and limestone-oil-shale cyclic deposits (Figure 7.2). The 

lime mudstone with interbedded oil-shale/marl lithofacies reflect transgressive system 

tract within the depositional succession (Huang et al., 2013). 

 

  
Figure 7.2. Sequence stratigraphic interpretation of the Hasanlar section. (OS-oil-shale; M-marl; 

LL-Lime mudstone; Wp-wackestone-packstone; SS-sandstone; Cc-conglomeratic) 
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7.4. Sequence stratigraphy framework in the Kösüre section 

In the Kösüre stratigraphic column, the medium to thick limestone facies intervals 

with intercalated thin marlly lithofacies and occasional calcareous sandstone 

lithofacies in the lower portion, pass vertically into the thick limestone-marl 

dominated successions with occasional presence of oil-shale intervals and calcareous 

sandstone lithofacies at different horizon indicate relative deepening in the lacustrine 

succession. As, the studied section display a shift from littoral-sublittoral lacustrine 

sub-environment to sublittoral-profundal lacustrine sub-environment. This change in 

depositional sub-environment in the Kösüre section reflect retrogradational-

aggradational depositional stacking pattern and indicate transgressive systems tract 

deposits (Figure 7.3). The Transgressive systems tract in this portion of the studied 

succession is also supported by the presence of limestone of wackestone and 

packstone microfacies with interbedded marl and occasional shale facies deposits 

(Carlucci et al., 2014). The maximum flooding zones is placed within the lacustrine-

marine transitional carbonate deposits which are overlain by the siliciclastic 

parasequences (Figure 7.3; 7.6). The successions within the lacustrine-marine 

transitional deposits in the studied section display aggradational depositional pattern. 

The above portion with marine depositional character indicates a shift from 

aggradation to progradational dominated siliciclastic intervals with oil-shale and 

occassionally limestone facies. This overlying portion describe the highstand systems 

tract in the studied section (Figure 7.3) (Carlucci et al., 2014; Wei et al., 2017). In the 

fine-grained sequence stratigraphy, the successions composed gray shales with 

intercalated sandstone beds can be defined as highstand systems tract (Lazar, 2007; 

Wei et al., 2017). 

7.5. Sequence stratigraphy framework in the Karahisar section 

The basal portion of the Karahisar section is identified by dominate oil-shale intervals 

with lime mudstone microfacies and acknowledged as transgressive systems tract 

(Figure 7.4). The oil-shale in the middle portion of the Karahisar sections are identified 
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as maximum flooding zones. This oil-shale with association of Fe-Mn carbonate 

deposits in the middle portion indicate marine transgression and define the lacustrine-

marine transitional zone in the studied section. The overlying depositional cyclic  

 

   
Figure 7.3. Sequence stratigraphic interpretation of the Kösüre section. (OS-oil-shale; M-marl; LL-

Lime mudstone; Wp-wackestone-packstone; SS-sandstone; Cc-conglomeratic) 
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Figure 7.4. Sequence stratigraphic interpretation of the Karahisar section. (OS-oil-shale; M-marl; 

LL-Lime mudstone; Wp-wackestone-packstone; SS-sandstone; Cc-conglomeratic) 

 

stacking pattern of the Karahisar section illustrate aggradational parasequence 

geometry by the oil-shale-lime mudstone intervals with rare calcareous sandstone 

lithofacies (Figure 7.4). Therefore, the overlying sequence above the maximum 

flooding zones oil-shale in middle portion of the studied stratigraphic column is 

characterized as highstand systems tract successions (Lazar, 2007). 

7.6. Sequence stratigraphy framework in the Sünnet section 

In the Sünnet sections, the basal portion is composed of coarser calcareous sandstone 

with occasional conglomerate, red calcareous fine sandstone and red and gray shale. 

This basal portion define fluvio-lacustrine floodplain deposits (Figure 7.5). These 
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deposits are interpreted as Lowstand systems tract deposits. It is overlain by calcareous 

sandstone with silty oil-shale, fossiliferous oil-shale and rare limestone having benthic 

bivalve, gastropods, rare Foraminifera which specifies coastal to shallow shelf/neritic 

environmental condition (Figure 7.5). Such retrogradational depositional pattern in the 

studied succession indicate marine transgression and interprets transgressive systems 

tract depositional sequence (Li et al., 2009). 

In the upper middle portion of the studied section, the limestone successions are 

characterized by ostracod and gastropod. It has sharp contact with above bio-

calcirudite (bio-rudstone) and overlying transgressive systems tract depositional 

sequence. The appearance of bio-calcirudite carbonate intervals in the measured 

succession indicate boundary between transgressive systems tract and highstand 

systems tract and identified as upper limit of the transgressive systems tract deposits. 

The appearance of bio-calcirudite carbonate intervals in the measured studied section 

interpret maximum flooding zones. The deposits overlain the maximum flooding 

zones are interpreted as Highstand systems tract deposits with progradational 

depositional stacking pattern (Figure 7.5). The Highstand systems tract deposits are 

comprised of calcareous sandstone units, bio-calcirudite (bio-rudstone) and pebbley 

conglomeratic beds. The calcareous sandstone intervals are overlain by eroded basal 

surface pebbly conglomeratic horizons. The introduction of later rudstone with 

association of abundant bivalvia, gastropod and benthic Foraminifera are associated 

with the highstand event in the studied section (Dix and Parras, 2014). Similarly, in 

the Black Sea, during Pliocene, the introduction of bivalvia to the basin, it was 

characterized as highstand event in the basin (Baak et al., 2015). The floodplain 

deposits are overlain by transgressive organic rich shale with occasional intercalating 

calcareous sandstone and limestone, changing upwards into shelf marine siliciclastic-

bio-calcirudite deposits. This depositional sequence exhibits a rapid landward shift of 

marine depositional system during the Middle Eocene (Lutetian-Bartonian) and 

indicate relative sea-level rise in the measured Sünnet stratigraphic section for short 

period. 
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Figure 7.5. Sequence stratigraphic interpretation of the Sünnet section. (OS-oil-shale; M-marl; LL-

Lime mudstone; Wp-wackestone-packstone; SS-sandstone; Cc-conglomeratic) 

 

7.7. Sequence stratigraphic framework and correlation of the studied sections in 

the Basin 

The sequence stratigraphic framework basically concerned with the depositional 

sequence record. In the depositional sequence, the formation of systems tract is related 

with available accommodation space for the sediment deposits and are determined 

with relative sea-level changes. 

Sequence stratigraphic framework in the studied basin is figured out on the basis of 

sedimentology, depositional cyclic pattern and parasequence geometry in the 

sediments within the Middle Eocene (Lutetian-Bartonian) measured stratigraphic 

successions. Generally, the successions in the studied sections are recognized as 
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transgressive systems tract and highstand systems tract deposits (Figure 7.6). The 

lowstand systems tract is identified only in the Sünnet Section (Figure 7.6). The 

documented relative sea-level curve in the studied successions are comparatively fit 

within Middle Eocene (Lutetian-Bartonian) global sea level curve of Haq et al. (1987) 

(Figure 7.7).  

The spatial depositional system packages and systems tracts geometry varies 

significantly within depositional sequences. The depositional system packages and 

systems tracts formed in the different phases of the basin evolution. The identified 

systems tract geometry stacking pattern and major surfaces in the studied sections are 

as below; 

7.7.1. Lowstand Systems Tract (LST) 

The LST are defined by the depositional stacking patterns that occur after the onset of 

the relative sea level rise (Posamentier and Allen, 1999). The Lowstand systems tract 

in the Sünnet section is characterized by siliciclastic deposits of fluvio-lacustrine 

deposits (Figures 7.5; 7.6) (Sun et al., 2014a; Ma et al., 2015).  

7.7.2. Flooding Surfaces (FS) 

The Flooding surfaces define first significant flooding interval in the successions, 

which occurs between the lowstand systems tract and transgressive systems tract 

(Bohacs and Schwalbach, 1992). In the Sünnet studied section, the flooding surface is 

placed between the fluvio-lacustrine siliciclastic deposits and overlying organic rich 

shale and calcareous sandstone transgressive systems tract deposits (Figures 7.5; 7.6) 

(Amorosi and Marchi, 1999). 

7.7.3. Transgressive Systems Tract (TST) 

The transgressive systems tract is comprised of depositional successions which are 

deposited in the period of rapid relative sea level rise and display retrogradational or 

deeper depositional stacking pattern (Bohacs and Schwalbach, 1992; Posamentier and 

Allen, 1999; Catuneanu, 2002, 2006). In the Dağhacılar, Hasanlar, Kösüre and 
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Karahisar successions, the transgressive systems tract is characterized by limestone 

units, limestone units with the interbedded marl and oil-shales-marls depositional 

stacking pattern (Figures 7.1; 7.2; 7.3; 7.4; 7.6). They are deposited in the littoral-

sublittoral to sublittoral-profundal lacustrine to marine transitional depositional 

environment, respectively (Figures 7.1; 7.2; 7.3; 7.4; 7.6). In the Sünnet section, the 

transgressive systems tract is identified by a transgression from fluvio-lacustrine 

siliciclastic deposits to fossiliferous oil-shale with occasional interbedded limestone 

unit and calcareous sandstone of the marine shelf deposits (Figures 7.5; 7.6). In the 

transgressive systems tract, the depositional stacking pattern are generally thick 

interval and illustrate retrogradational stacking pattern in the studied depositional 

successions (Figure 7.6). 

The overlying oil-shales with increasing intercalated sandstone interval and 

occasional marl lithofacies in the Dağhacılar section and Kösüre section are construed 

as the transition to highstand condition. In the Karahisar section, the transition to 

highstand condition is marked by changing to calcareous oil-shale with frequent thin 

interbedded limestone units (Figures 7.1; 7.2; 7.3; 7.4; 7.6) (Schwarz and Howell, 

2005). The transition to highstand condition in the Sünnet section is characterized by 

appearance of bio-calcirudite (Bivalvia rudstone) and overlying sandstone intervals 

within measured section (Figures 7.5; 7.6).   

7.7.4. Maximum Flooding Zones (MFZ) 

The maximum flooding zones indicate maximum landward progression of the 

marine/lacustrine water within a depositional succession (Posamentier et al., 1988; 

Van Wagonar et al., 1988; Bohacs and Schwalbach, 1992). The below and above this 

surface, the depositional stacking pattern shift from retrogradational to aggradational-

progradational pattern, respectively (Bohacs and Schwalbach, 1992; Bohacs, 1998; 

Catuneanu, 2002, 2006). In the study, maximum flooding zone terminology is used 

instead of maximum flooding surface. As, maximum flooding zone in the studied 

successions does not show any of the features related with condensed section such as 
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diagenetic mineral enrichment, burrowed surfaces or fossil concentration (Holland 

and Patzkowsky, 1998). The fossil concentration is observed only in Kösüre section 

and Sünnet section, which are defining maximum flooding zones with association of 

fossil concentration. In the studied sections, the maximum flooding zones are 

recognized within transitional lacustrine-marine organic rich shale deposits and/or 

carbonate which are overlain by siliciclastic deposits of marine depositional 

environment (Figures 7.1; 7.2; 7.3; 7.4; 7.5; 7.6) (Montañez and Osleger 1993; 

Pasquier and Strasser 1997; Holland and Patzkowsky, 1998; Keighley et al., 2003; 

Martínek et al., 2006). In case of lacking or absences of oil-shale, the maximum 

flooding zones is also interpreted in the zones where immediately placing of 

siliciclastic parasequence over the carbonate parasequence. The above siliciclastic 

parasequences in the studied sections define the portion of highstand systems tract 

(Keighley et al., 2003). In the Dağhacılar section, Kösüre section and Karahisar 

section, the maximum flooding zones is associated with lacustrine-marine transitional 

depositional zone which is onset of marine environment transgression and indicate a 

change in the depositional environment from lacustrine to marine depositional 

environment (Figures 7.1; 7.3; 7.4; 7.6). The maximum flooding zones deposits within 

lacustrine-marine transitional deposits indicate maximum relative sea-level landward 

shift in the region. Thereafter, the lacustrine environmental condition is replaced by 

marine environmental condition in the studied region from north to south. In the 

Sünnet section, the maximum flooding zones is defined by the appearance of abundant 

bivalve, gastropod and benthic foraminifera bearing rudstone and interpreted as 

extensive fossil lag deposits and indicate a change from the proximal siliciclastic to 

distal shelly-rich horizons (Figures 7.5; 7.6) (El-Azabi, 2006; Ocakoğlu et al., 2007; 

Dix and Parras, 2014).  

7.7.5. Highstand Systems Tract (HST) 

The highstand systems tract is defined as set of aggradational-progradational 

depositional stacking pattern which occur after the maximum flooding zones and 

related with end of the relative sea level rise or gradual beginning part of the relative 
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sea level fall (Hunt and Tucker 1995; Neal and Abreu, 2009; Abreu et al., 2010). In 

the highstand systems tract, the parasequence stacking pattern display aggradation to 

progradational pattern (Bohacs and Schwalbach, 1992; van Wagoner et al. 1988; 

Bohacs, 2006; Catuneanu, 2006). The presence of organic rich shale- calcareous 

sandstone and occasional calcareous sandstone-marl intercalation with association of 

sharp contact, occasional hummocky cross stratification and wavy rippled, indicate 

the influence of highstand systems tract in the studied successions of the Dağhacılar, 

Kösüre and Karahisar measured sections (Peters et al., 2009; Rivandi et al., 2013). In 

general, in these studied sequences, the highstand systems tract are characterized by 

the presence of dominate intervals of calcareous sandstone lithofacies with 

intercalating oil-shale and occasionally marlly intervals (Figures 7.1; 7.2; 7.3; 7.4; 7.5; 

7.6) The calcareous sandstone with intercalating oil-shale and occasionally marlly 

intervals in the upper portion of the studied sections are generally recognized as 

marine influence environmental deposits. These sandstone-dominated intervals 

exhibit aggradational to progradational stacking pattern in the Dağhacılar, Kösüre and 

Karahisar studied successions (Figure 7.6). The highstand systems tract deposits are 

composed of relatively thin to medium intervals of turbiditic sandstones of lacustrine 

to marine offshore transitional deposits in the Dağhacılar, Kösüre and Karahisar 

studied successions (Figure 7.6) (Lin et al., 2001; Dix and Parras, 2014). In the Sünnet 

section, the highstand systems tract depositional sequence is comprised of coarser 

sandstone intervals with occasional pebbly conglomeratic horizons and calcirudite and 

are representing progradational stacking pattern (Figures 7.5; 7.6). Generally, the 

rudstone (calcirudite) with abundant bivalve, gastropod and benthic foraminifera in 

the Sünnet section are interpreted as rapid relative sea-level rise and are overlain by 

calcareous siliciclastic deposits (Figures 2.47; 3.37; 7.6). It is interpreted as the 

depositional sequence of the highstand systems tract with progradational stacking 

pattern (El-Azabi, 2006; Dix and Parras, 2014; Paredes et al., 2015). 
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Figure 7.6. Correlation of the sequence stratigraphic interpretation of the studied sections and 

relative change of the sea-level/lacustrine level in the studied sections. (FS-flooding surface; MFZ-

maximum flooding zones; OS-oil-shale; M-marl; LL-Lime mudstone; Wp-wackestone-packstone; SS-

sandstone; Cc-conglomeratic) 
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Figure 7.6. Continued. 
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Figure 7.7. Correlation of Sequences and maximum flooding zones between the studied sections and 

with Eustatic Sea-level Curve chart (Haq et al., 1987). 
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CHAPTER 8  

 

8. GEOCHEMICAL ANALYSES AND HYDROCARBON DEPOSITS 

 

8.1. Introduction 

The organic-rich deposits are generally deposited in the different environmental 

conditions, either lacustrine or brackish or marine depositional environment. 

Generally, the most favorable condition for the deposition of organic-rich facies is 

anoxic lacustrine environment (Wartes et al., 2000; Martínek et al., 2006; Lyons et al., 

2011; Tänavsuu-Milkeviciene et al., 2017). It has been documented that the well 

preserved organic-rich facies mostly occur in the deep, fresh to the alkaline lacustrine 

environment. Such conditions are formed during the humid and warm climate 

intervals and are associated with transgressive phases depositional condition 

(Martínek et al., 2006; Lyons et al., 2011; Tänavsuu-Milkeviciene et al., 2017). In 

terms of oil-shale, some of the largest and richest oil-shales have been reported from 

the large lacustrine basins such as Green River Formation of Eocene age in the western 

United States, the Albert Shale of Early Carboniferous (Mississippian) age in New 

Brunswick, Canada, and Cenozoic deposits in Europe and Asia. Organic-rich facies 

of lacustrine and marine deposited are correspondingly important source rock and 

unconventional reservoir rock (Bruhn, 1999; Carroll and Bohacs, 2001; Bohacs et al., 

2003; Wang et al., 2011; Ma et al., 2015; Ma et al., 2016). In the studied sections, 

organic-rich facies were deposited in two sets during the Middle Eocene time, 

including the lacustrine and marine member. Firstly, the transgressive phase in the 

lacustrine environment deposited the organic-rich deposits, and then followed by 

another transgressive phase having organic-rich deposits are related to marine 

incursion to the lacustrine depositional condition in the studied sections. Therefore, 

the organic-rich facies are not only observed in a lacustrine environment in the studied 

sections but also associated with the marine conditions in the upper portion of the 
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studied sections (Figures 8.3; 8.7; 8.11; 8.15 and 8.19). The presence of high organic 

content in the marine successions is related to a change in the physiochemical 

condition, which is occurred during the transgression of the marine environment to a 

lacustrine environmental condition (Mingram, 1998). Generally, the organic-rich 

deposits with the alkaline character in the lacustrine and in the marine environment 

are likely to be richer in organic matter content (Yen and Chilingarian, 1976). 

According to Bohacs et al. (2000), more than 20 percent of the world`s hydrocarbon 

production is probably related to lacustrine deposits.  

The aim of this chapter is to study the organic content in the Middle Eocene facies, 

their relationship with other minerals (inorganic matter) and their source rock 

characteristics. In the studied sections, the organic-rich character is possessed by marl, 

carbonate and predominantly oil-shale, and defined as hydrocarbon deposits or oil-

shale. The term “Oil-shale” in this chapter is not only restricted to the shale lithofacies. 

It also includes the sedimentary rock such as carbonate and marl which have immature 

high organic content and can yield the oil through destructive distillations or pyrolysis 

(Tissot and Welte, 1984; Suárez-Ruiz et al., 2012; Sun et al., 2013; Alali et al., 2015).  

8.2. Minerals and Organic Matter 

The dominant constituents throughout the Middle Eocene studied sections are 

carbonate, organic matter, clay materials, and quartz/feldspar, based on the 

microscopic studies and geochemical analysis (Tables 3.2; 3.7; 3.9; 3.12; 3.15; 

Appendices A1; A2; A3; A4; A5; A6; A7; A8; A9; A10). The organic matter and 

minerals component (inorganic matter) are varying in their chemical and physical 

properties, which depends on the physical, chemical and biological processes that 

occur during the depositional setting. As a result, a series of organic matters and 

minerals association are formed. Therefore, the study of organic matter and their 

association with minerals are important to analyze their different interaction in the oil 

deposits facies (Zeng et al., 2018). In this study, the organic matter and minerals 

component (inorganic matter component) are studied to recognize induvial character, 
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their relationship and source rock character in the limestone facies, marl facies and 

oil-shale facies (Figures 8.3; 8.5; 8.8; 8.9; 8.11; 8.12; 8.13; 8.15; 8.16; 8.17; 8.19; 

8.20; 8.21; 8.22; 8.23; 8.24; 8.25; 8.26; 8.27; 8.28; 8.29; 8.30; 8.31; 8.33). The studied 

sections display distinct mineral and organic matter composition (Tables 8.1; 8.2; 8.3; 

8.4; 8.5; Appendices A2; A4; A6; A8; A10; Figures 8.28; 8.29; 8.30; 8.31). The 

average carbonate content is highest in the Dağhacılar section and lowest in the Sünnet 

section. The average clay content is highest in the Karahisar section and lowest in the 

Sünnet measured section; The average weight percent of quartz/feldspar content are 

highest in the Sünnet section and lowest in the Kösüre studied sections (Figures 8.21; 

8.28; 8.30; 8.31). The average organic matter content decreases from high to low in 

the Karahisar section> Hasanlar section> Sünnet section> Dağhacılar section> Kösüre 

section, respectively (Tables 8.1; 8.2; 8.3; 8.4; 8.5; Figures 8.2; 8.5; 8.8; 8.11; 8.14; 

8.21; 8.29). 

8.2.1. Carbonate Content in the Studied Sections 

Generally, high calcareous and siliceous minerals content lithofacies possesses brittle 

character and susceptible to fracturing (Jiang et al., 2015; Tingwei et al., 2017). The 

calcareous and/or siliceous content in the lithofacies should be more than 40% to 

achieve the brittleness character. It is interpreted that the carbonate-rich lithofacies 

(oil-shale, marl and limestone) are of particular interest, as they include some of the 

high-grade oil deposits accumulation (Yen and Chilingarian, 1976). In this study, the 

observed carbonate content in the lithofacies of measured sections are mostly higher 

than 40% (Figures 8.2; 8.5; 8.8; 8.11; 8.14; 8.21). The carbonate content in the 

Dağhacılar measured section is ranging from 21 wt.% to 89.03 wt.% with an average 

of 56.42 wt.% (Appendices A2). In terms of lithofacies, the packstone microfacies 

show high carbonate content around 78.43wt.% average value, then followed by 

wackestone (76.13wt.% average value)> lime mudstone (71.06wt.% average value)> 

oil-shale (51.71 wt.% average value)> marls (38.28 wt.% average value) (Table 8.1; 

Figure 8.2). The littoral-sublittoral successions in the Dağhacılar section represent  
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Figure 8.1. Photomicrographs of the Dağhacılar lithofacies, examined for chemical analysis (PPl, 

x4). 
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Figure 8. 1: Continues… 

 

Table 8.1. The minimum, maximum and average weight percent values of lithofacies from the 

Dağhacılar measured section. 

Lithofacies % Weight carbonate % Weight Organic Matter  % Weight Clay  % Weight Quartz/Feldspar 

 Min Max Average Min Max Average Min Max Average Min Max Average 

Lime 

Mudstone 
54.37 88.33 71.06 4.49 13.47 8.09 9.18 39.16 19.73 0.00 3.50 1.13 

Wackestone 61.80 89.03 76.13 8.71 18.28 10.58 2.48 22.92 12.95 0.00 2.00 0.33 

Packstone 61.55 81.08 78.43 8.27 12.35 8.56 10.63 28.11 18.76 0.00 1.00 0.25 

Marl 16.00 63.95 38.28 8.91 16.42 9.65 10.60 68.45 37.27 0.00 60.10 16.42 

Oil-shale 24.78 77.86 51.71 3.30 18.99 11.90 0.00 67.23 23.92 0.00 53.57 14.96 

Overall 

Section 
16.00 89.03 58.42 3.30 18.99 10.55 0.00 68.45 24.04 0.00 60.10 10.47 
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Figure 8.2. The pie chart of average weight percent values of lithofacies from the Dağhacılar 

measured section. 
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Figure 8.3. Representing the Dağhacılar measured stratigraphic log and graphical representation of 

geochemical analysis data of weight percent CaCO3, organic matter, clay and quartz/feldspar and 

their comparison along the measured stratigraphic log. 
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Figure 8.4. Photomicrographs of the Hasanlar lithofacies, examined for chemical analysis (PPl, x4). 

 

Table 8.2. The minimum, maximum and average weight percent value of lithofacies from the 

Hasanlar section. 

Lithofacies % Weight carbonate % Weight Organic Matter  % Weight Clay  % Weight Quartz/Feldspar 

 Min Max Average Min Max Average Min Max Average Min Max Average 

Lime 

Mudstone 
44.27 64.70 54.49 7.74 11.66 9.70 21.64 47.99 34.82 0.00 2.00 1.00 

Wackestone 7.31 79.32 43.31 7.85 14.26 11.06 12.83 78.43 44.13 0.00 3.00 1.50 

Oil-shale 18.43 76.45 53.35 8.31 16.39 12.87 4.95 51.87 26.96 0.00 28.57 8.08 

Overall 7.31 79.32 51.86 8.31 16.39 12.04 12.83 78.43 31.13 0.00 28.57 28.57 

 



 

 

 

295 

 

 

 
Figure 8.5. The pie chart of average weight percent values of lithofacies from the Hasanlar measured 

section. 

 

 
Figure 8.6. Representing the Hasanlar measured stratigraphic log and graphical representation of 

geochemical analysis data of weight percent CaCO3, Organic Matter, Clay and Quartz/feldspar and 

their comparison along the measured stratigraphic log. 
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Figure 8.7. Photomicrographs of the Kösüre lithofacies, examined for chemical analysis (PPl, x4). 

 

Table 8.3. The minimum, maximum and average weight percent data of lithofacies from the Kösüre 

measured section. 

Lithofacies % Weight Carbonate % Weight Organic Matter  % Weight Clay  % Weight Quartz/Feldspar 

 Min Max Average Min Max Average Min Max Average Min Max Average 

Wackestone 42.18 92.66 78.74 2.43 11.46 6.77 3.10 47.65 14.49 0.00 0.00 0.00 

Packstone 84.57 90.44 87.50 4.94 8.42 6.68 4.63 7.01 8.82 0.00 0.00 0.00 

Marl 33.11 64.48 49.57 8.49 17.10 10.62 21.88 63.86 39.03 0.00 18.69 4.74 

Oil-shale 17.72 47.55 31.79 0.35 18.99 10.26 39.10 78.66 58.73 1.37 20.92 8.28 

Overall 17.72 92.66 53.93 0.35 18.99 8.29 3.10 78.66 39.72 0.00 20.92 1.18 
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Figure 8.8. The pie chart of average weight percent data of lithofacies from the Kösüre measured 

section. 

 
Figure 8.9. Representing the Kösüre measured stratigraphic log and graphical representation of 

geochemical analysis data of weight percent CaCO3, Organic Matter, Clay and quartz/feldspar and 

their comparison along the measured stratigraphic log. 
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Figure 8.10. Photomicrographs of the Karahisar lithofacies, examined for chemical analysis (PPl, 

x4). 

 

Table 8.4. The minimum, maximum and average weight percent values of lithofacies from the 

Karahisar measured section. 

Lithofacies % Weight carbonate % Weight Organic Matter  % Weight Clay  % Weight Quartz/Feldspar 

 Min Max Average Min Max Average Min Max Average Min Max Average 

Lime 

Mudstone 
24.71 56.22 38.69 7.56 17.94 12.52 34.74 63.46 48.79 0.00 0.00 0.00 

Oil-shale 38.31 66.84 52.44 8.03 19.93 12.42 3.80 44.72 27.22 0.00 38.11 8.65 

Overall 24.71 66.84 47.86 8.03 19.93 12.45 3.80 63.46 34.41 0.00 38.11 8.77 
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Figure 8.11. The pie chart of average weight percent values of lithofacies from the Karahisar section. 

 

 
Figure 8.12. Representing the Karahisar measured stratigraphic log and graphical representation of 

geochemical analysis data of weight percent CaCO3, Organic Matter, Clay and Quartz/feldspar and 

their comparison along the measured stratigraphic log. 
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Figure 8.13. Photomicrographs of the Sünnet lithofacies, examined for chemical analysis (PPl, x4). 
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Table 8.5. The minimum, maximum and average weight percent values of lithofacies from the Sünnet 

measured section. 

Lithofacies % Weight carbonate % Weight Organic Matter  % Weight Clay  % Weight Quartz/Feldspar 

 Min Max Average Min Max Average Min Max Average Min Max Average 

Wackestone 73.20 79.50 76.35 16.01 18.35 17.18 0.00 38.35 17.68 8.45 31.64 20.05 

Packstone 54.35 54.35 54.35 29.91 29.91 29.91 0.00 0.00 0.00 18.74 18.74 18.74 

Rudstone 36.34 58.56 48.95 4.36 4.64 4.50 0.00 0.00 0.00 39.80 59.31 49.55 

Oil-shale 4.33 39.16 20.12 8.09 21.05 10.09 0.00 41.81 18.40 41.67 70.69 58.20 

Overall 4.33 79.50 34.28 4.36 29.91 11.72 0.00 41.81 14.35 8.45 70.69 48.48 

 

 

 
Figure 8.14. The pie chart of average weight percent values of lithofacies from the Sünnet measured 

section. 
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Figure 8.15. Representing the Sünnet measured stratigraphic log and graphical representation of 

geochemical analysis data of weight percent CaCO3, organic matter, Clay and quartz/feldspar and 

their comparison along the measured stratigraphic log. 

 

maximum carbonate content curve as compared to a sublittoral-profundal zone, which 

mostly show relatively low carbonate content. In the transitional zone, there is a 

sudden decrease in the carbonate content, then followed by an increasing trend toward 

the top. The sandstone-shale intervals in the marine zone, there is a gradual decreasing 

in the carbonate content curve line (Figure 8.3). In the Hasanlar section, the minimum 

and maximum carbonate weight percent are 7.31 wt.% and 79.32 wt.%, respectively. 

The average value of carbonate content in the Hasanlar is around 51.86 wt.% 

(Appendices A4). 54.49 wt.%, 53.35 wt.% and 43.31 wt.% average values are 

obtained from lime mudstone>oil-shale> wackestone, respectively (Table 8.2; Figure 

8.5).  The carbonate curve line in the Hasanlar section is mostly on the maximum 

value side with few left trend curves. At the middle portion in the measured section, 

there is sudden shift of the carbonate content line to left and show decrease in the 

carbonate content and then followed by right shift in the curve line and represent 

increasing trend in the carbonate content (Figure 8.6). The Kösüre section lithofacies 

are composed of 17.72 wt.% to 92.66 wt.% of carbonate content (Table 8.3). 53.93 
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wt.% is average wt.% carbonate content in the studied section (Appendices A6). The 

average minimum values of carbonate content in the Kösüre section lithofacies are 

represented by oil-shale <marl <wackestone <packstone (Table 8.3; Figure 8.8). The 

general trend in the carbonate content curve in the studied section is relatively low and 

then followed by the relatively increasing trend. This trend sharply decreases in the 

begin of the sublittoral-profundal zone.  After that, there is gradually increasing and 

then decreasing trend in the carbonate curve line in the Kösüre section. There is a 

steady increasing in the carbonate content toward the transitional zone. The 

transitional zone carbonate content is at maximum with few minimum carbonates 

trend curve line. In the marine zone, there is decreasing in the carbonate content 

toward the top in the studied section (Figure 8.9). The obtained weight percent of 

carbonate content in the Karahisar section is ranging from 24.71 wt.% to 66.84 wt.% 

and the average value is 47.86 wt.% (Appendices A8). The average value of the 

carbonate content in the Karahisar lithofacies is 38.69 % in the lime mudstone and 

52.44 wt.% in the oil-shale (Table 8.4; Figure 8.11). The carbonate curve line in the 

Karahisar section is generally a stable curve line with few left peaks along the 

measured stratigraphic column. At the beginning of the transitional lacustrine-marine 

zone, there is observation of left shift in the carbonate content curve line and then 

followed by right shift in the curve line and the relatively constant trend toward the 

upper portion of the studied section (Figure 8.12). The Sünnet section indicates 4.33 

wt.% minimum, 79.50 wt.% maximum and 34.28 wt.% average value carbonate 

content (Appendices A10). In the lithofacies of the Sünnet section, the carbonate 

content is decreasing from wackestone> packstone> rudstone> oil-shale (Table 8.5; 

Figure 8.14). The carbonate content in the lower portion of the studied section is 

appeared low. Toward the top, there is an increase in the carbonate content and curve 

line shifted toward the right. In the marine condition zone, the carbonate trend line 

define a decreasing trend and followed by increasing and again decreasing trend 

(Figure 8.15). Generally, the observed decreasing curve peaks in the carbonate content 

along the studied sections are characterized as a transitional change from arid climatic 

stage to warm-humid climatic condition (He et al., 2017). 
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8.2.2. Clay Content in the Studied Sections 

Generally, the lithofacies with a clay content more than 40% represent strong plasticity 

character. Such lithofacies are least favorable to fracturing (Jiang et al., 2015; Tingwei 

et al., 2017). The clay constituent in the lithofacies are present in the form of clay-rich 

laminae or homogeneous mud matrix or association with organic-rich laminae. The 

clay-rich feature and matrix are formed as result of flocculation of clay minerals or 

other minerals particles during dominant terrigenous influx (Liu and Wang, 2013; 

Zeng et al., 2018). In the studied sections, the clay content is second dominated 

inorganic constituents after the carbonate content except for the Sünnet section. The 

average weight percent values observed in the studied sections are 24.04 wt.% in the 

Dağhacılar section, 31.23 wt.% in the Hasanlar section, 39.72 wt.% in the Kösüre 

section, 34.41 wt.% in the Karahisar section and 14.35 wt.% in the Sünnet section 

(Appendices A2; A4; A6; A8; A10; Figure 8.21). In the studied section, the clay 

content curve lines indicate mostly opposite relation to the carbonate content except 

for the Sünnet Section (Figures 8.3; 8.6; 8.9; 8.12; 8.15). Generally, it is observed 

along the measured stratigraphic sections, i.e if there is an increase in the clay content, 

in response, there will be a decrease in carbonate content in the lithofacies and vice 

versa (Figures 8.3; 8.6; 8.9; 8.12). In the Dağhacılar section, the average clay content 

weight percent is higher in the marl lithofacies (37.27 wt.%) compared to other 

lithofacies in the measured section, i.e (37.27 wt.%) marl> (23.92 wt.%) oil-shale> 

(19.73 wt.%) lime mudstone> (18.76 wt.%) packstone> (12.95 wt.%) wackestone 

(Table 8.1; Figure 8.2). The minimum, maximum and overall average clay content in 

the studied section are 0.00 wt.%, 68.45 wt.%, and 24.04 wt.%, respectively 

(Appendices A2; Table 8.1; Figure 8.2).  The graphic curve line of the clay content in 

the Dağhacılar section is on the left side in the lower portion. Then, there is a shift in 

the curve line to higher values with occasional lower values diverted peaks in the 

middle portion of the studied section. In the upper portion, there is high value peak in 

the clay curve line in the transitional zone, and then toward the top, the clay curve line 

is shifted to the left side of graphs with comparatively constant character in the upper 



 

 

 

305 

 

portion of the studied section (Figure 8.3). In the Hasanlar section, the clay content in 

the studied samples are ranging from 4.95 wt.% to 78.43 wt.% and the average clay 

content in the studied section is 31.13 wt.% (Appendices A4; Figure 8.21). The 

average clay content in the Hasanlar section lithofacies are (4.13 wt.% in the 

wackestone> 34.82 wt.% in the lime mudstone> 26.96 wt.% in the oil-shale (Table 

8.2; Figure 8.5). In the graphic diagram of the Hasanlar section, the clay content curve 

line in the lower portion indicate lower value peaks with few high peaks and then 

followed by higher value curve line in the upper portion and toppled by lower peak 

values curve line (Figure 8.6). In the Kösüre section, the documented clay content 

values are between 3.10 wt.% to 78.66 wt.% and 39.72 wt.% average clay content 

value (Appendices A6; Figure 8.21). The high clay content is observed in the oil-shale 

lithofacies with 58.73 average wt.%. In the other lithofacies, the average clay content 

is 39.03 wt.% in marl, 14.49 wt.% in wackestone and 8.82 wt.% in the packstone 

(Table 8.3; Figure 8.8). The clay content curve along the measured section indicate 

high peaks in the marl and oil-shale. The curve line of clay content is minimum in the 

wackestone and packstone intervals in the Kösüre section (Figure 8.9). The low, high 

and average weight percent of clay content in the Karahisar section is 3.80 wt.%, 63.46 

wt.% and 34.41 wt.%, respectively (Appendices A8). The average clay content values 

in the lime mudstone and oil-shale lithofacies are 48.79 wt.% and 27.22 wt.%, 

respectively (Table 8.4; Figure 8.11). In the Karahisar section, the oil-shale intervals 

in the stratigraphic section indicate generally high trend curve line except for few 

intervals. The sublittoral-profundal zone of the studied section shows low clay content 

trend line. In the transitional zone, the clay curve line moves toward the right side and 

then followed by relative constant curve line pattern toward the top. In the marine 

zone, the curve line of clay content illustrates high-value peaks and then relatively 

low-value curve line toward the top (Figure 8.12). The observed clay content in the 

Sünnet section is comparable lower than the other studied sections (Figure 8.21). The 

observed weight percent of clay content is ranging from 0.00 wt.% to 41.81 wt.% with 

14.35 wt.% average values in the Sünnet section (Appendices A10; Table 8.5; Figure 

8.21). Along the stratigraphic section, the clay curve line appears as low peaks in the 
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floodplain, which is increased near transitional condition environment. In the 

transitional zone, there is an episodically shift from high to low values in the clay 

content curve line. In the marine condition, there is occasional appearance of relatively 

low to high clay content (Figure 8.15). 

8.2.3. Quartz/Feldspar Content in the Studied Sections 

The quartz/feldspar contents are characterized as the detrital grains. The appearance 

of quartz/feldspar content in the rock suggest that quartz/feldspar constituents are 

deposited in the basin via gravity flow under influence of gravity and hydrodynamics, 

and aeolian processes (Reynolds et al., 1991; Yang et al., 2015). On average, the 

quartz/feldspar content in the Dağhacılar section is 11.75 wt.%. The quartz/feldspar 

content in the Dağhacılar section are ranging from 0.00 wt.% to 65.52 wt.% 

(Appendices A2). The quartz/feldspar average weight percent in the lithofacies of the 

Dağhacılar section are 16.42 wt.% in marl> 14.96 wt.% in oil-shale> 1.13 wt.% in 

lime mudstone> 0.33 wt.% in wackestone> 0.25 wt.% in packstone (Table 8.1; Figure 

8.2). The profile curve of quartz/feldspar content in the lower portion of the Dağhacılar 

section indicate low weight percent quartz/feldspar curve line, near to 0.00 wt.%. In 

the sublittoral-profundal, the quartz/feldspar profile curve show moderate peaks and 

then followed by low peaks near and after the transitional environment. In the upper 

portion, the quartz/feldspar curve illustrate shift to the higher values. Generally, there 

is an increase in quartz/feldspar content toward the upper portion of the studied section 

(Figure 8.3). The Hasanlar studied section is characterized by low quartz/feldspar 

content. The observed low and high values in the studied section are 0.00 wt.% and 

25.57 wt.%, respectively (Appendices A4). The average obtained value of the 

quartz/feldspar content in the Hasanlar section is 5.80 wt.%. The oil-shale (8.08 

wt.%)> wackestone (1.50 wt.%)> lime mudstone (1.00 wt.%) are the average values 

of quartz/feldspar content in the studied section lithofacies (Table 8.2; Figure 8.5). 

Low-value peaks of quartz/feldspar profile curve line are present in the lower portion 

and high-value peaks curve line of quartz/feldspar are observed in the upper portion 

(Figure 8.6). In the Kösüre section, the limestone microfacies show zero 
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quartz/feldspar content (Appendices A6). The oil-shale and marl facies represent 0.00 

wt.% to 18.69 wt.% and 1.37 wt.% to 20.92 wt.% quartz/feldspar content in the Kösüre 

section, respectively (Appendices A6; Table 8.3; Figure 8.8). The overall average 

value of the quartz/feldspar content in the Kösüre section is 1.18 wt.% (Figure 8.21). 

The graphic line of quartz/feldspar content along the Kösüre section show few peaks 

in the lower, middle and upper portion of the studied section (Figure 8.9). In the 

Karahisar section, a lower quartz/feldspar content is observed in the lithofacies which 

is ranging from 0.00 wt.% to 38.11 wt.% (Appendices A8). The average weight 

percent of quartz/feldspar content in the studied section is 5.77 wt.% (Figure 8.21). 

The lime mudstone facies show zero quartz/feldspar content, while oil-shale 

lithofacies display 8.65 wt.% average value (Table 8.4; Figure 8.11). In the Karahisar 

profile, the quartz/feldspar peaks are occasionally observed along the stratigraphic 

column (Figure 8.12). In the Sünnet section, the quartz/feldspar content observed to 

be 70.69 wt.% at maximum and 8.45 wt.% at a minimum (Appendices A10). The 

obtained average of quartz/feldspar content in the Sünnet section is 48.48 wt.%. On 

average, quartz/feldspar content in the lithofacies are 58.20 wt.% in oil-shale> 49.55 

wt.% in rudstone/calcirudite> 20.05 wt.% in wackestone> 15.74 wt.% in packstone 

(Table 8.5: Figure 8.14). Generally, quartz/feldspar content profile line of the Sünnet 

section indicate high-value peaks along the stratigraphic column from bottom to top 

portion with occasional few low peaks interval in the transitional zone and near top 

portion in the marine offshore zone (Figure 8.15).  

8.2.4. Organic Matter Content in the Studied Sections 

The organic matter accumulation of oil-rich lithofacies in a depositional environment 

is the result of numerous factors, including the organic matter source, deposition and 

preservation. These factors are commonly linked to high organic matter influx, anoxic 

depositional condition and the combination of both factors (Xu et al., 2015; He et al., 

2017). The organic matter is preserved in the sedimentary rock in the form of organic-

rich laminae or organic-rich mud matrix or high plant fragments (Zeng et al., 2018). 

The obtained geochemical analysis data shows that organic matter content in the 
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studied sections are ranging from 0.35 wt.% to 29.91 wt.% (Figure 8.21; 8.26). In the 

Dağhacılar section, minimum, maximum and average organic matter content in the 

each of lithofacies are 4.49 wt.%, 13.47 wt.% and 8.09 wt.% in lime mudstone; 5.71 

wt.%, 15.28 wt.% and 10.58 wt.% in wackestone; 5.27 wt.%, 12.35 wt.% and 8.56 

wt.% in packstone; 5.91 wt.%, 16.42 wt.% and 9.65 wt.% in marl; 3.30 wt.%, 18.99 

wt.% and 11.90 wt.% in oil-shale, respectively (Appendices A2; Table 8.1: Figure 

8.2). In the profile view, the organic matter content mostly displays increasing 

character with declining carbonate content and linear relation with clay content 

(Figure 8.3). The sublittoral-profundal zone exhibit high organic matter content curve 

line trend as compared to other sub-depositional zones (Figure 8.3). The organic 

matter content in the Hasanlar section is ranging from 5.31 wt.% to 16.39 wt.% with 

an average of 12.04 wt.% (Appendices A4; Figure 8.21). In each lithofacies of the 

Hasanlar section, the average organic matter content decrease from high to low in oil-

shale (12.87 wt.%), wackestone (11.06 wt.%) and lime mudstone (9.70 wt.%) (Table 

8.2; Figure 8.5). In the graphic presentation, the organic matter content mostly 

displays similar pattern as clay content curve line along the Hasanlar section. The 

lower portion of the studied section show negative encroachment organic matter curve 

line, whereas display a positive trend in the upper portion of the studied section (Figure 

8.6). The obtained organic matter data from the Kösüre section samples are 0.35 wt.% 

to 18.99 wt.% (Appendices A6). The organic matter content in each of lithofacies is 

different from each other; marl lithofacies has highest average organic matter content 

of 10.62 wt.%, followed by oil-shale (10.26 wt.%), wackestone (6.77 wt.%) and 

packstone (6.68 wt.%) (Table 8.3: Figure 8.8). In the profile assessment, the organic 

matter content line is present at higher value side, which is followed by a gradually 

decline pattern in the organic matter curve line. At the sublittoral-profundal zone, there 

is a sudden increase in the organic matter trend line and then followed by relative fall 

in the organic matter curve line. At the start of the marine condition, organic matter 

content curve line display rapid fall and then followed by rapid stepwise rise in the 

organic matter curve line toward the upper portion of the studied section (Figure 8.9).  

The minimum and maximum organic matter content in the Karahisar section is 5.03 
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wt.% and 19.93 wt.%, respectively, with a mean value of 12.45 wt.% (Appendices 

A8). The average organic matter content in the lime mudstone and oil-shale lithofacies 

are 12.45 wt.% and 12.42 wt.%, respectively (Table 8.4; Figure 8.11). The Karahisar 

section begin with a low weight percent of organic matter content curve line and then 

sudden high peaks and followed by a gradual fall in the organic matter curve line. This 

gradual fall in the organic matter curve line is followed by another sudden rise in the 

organic matter curve line and then steady fall and rise in the curve line of organic 

matter toward the upper portion of the studied section (Figure 8.12). The average of 

organic matter values in the Sünnet section lithofacies are 29.91 wt.% in packstone, 

17.18 wt.% in wackestone, 10.09 wt.% in oil-shale and 4.50 wt.% in the 

rudstone/calcirudite (Appendices A10; Table 8.5: Figure 8.14). The profile view of 

the Sünnet section displays an increase in the organic matter with few low-value 

peaks. After reaching to a maximum value, there is a gradual decline in the organic 

matter curve line along the measured section toward the top (Figure 8.15). 

8.3. Organic Matter and mineral associations 

Numerous types of minerals and organic matter types would show in the various 

organic matter and minerals associations, as a result of the difference in their 

properties. The organic matter and minerals vary in their physical and chemical 

properties. These physical and chemical properties are influenced by the chemical, 

physical and biological processes that occur during sedimentation. During chemical, 

physical and biological processes, a series of organic matter and mineral association 

types are formed (Bennet et al., 1991). The facies and minerals deposition in different 

lithofacies are dominated by different processes. The study of the relationship between 

minerals and organic matter is based on the chemical and petrographic data 

parameters. In this study, the relationship between organic matter with CaCO3, Clay 

content and detrital content (quartz/feldspar) is observed and discuss the reflected 

result as below; 
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8.3.1. The relationship between CaCO3 vs Organic matter 

The total carbonate content in the Dağhacılar, Hasanlar, Kösüre, Karahisar and Sünnet 

section is ranging from 16 wt.% to 89.23 wt.%, 7.31 wt.% to 79.32 wt.%, 17.72 wt.% 

to 92.66 wt.%, 24.71 wt.% to 66.84 wt.% and 4.33 wt.% to 79.50 wt.%, respectively 

(Appendices A2; A4; A6; A8; A10; Figure 8.28). The CaCO3 vs organic matter cross-

plots represent scatter points with negative correlation coefficient (r) except for the 

Sünnet section (Figures 8.16; 8.17; 8.18; 8.19; 8.20). This negative relationship is 

interpreted as declining in the organic matter with increasing of CaCO3 content 

(Figures 8.3; 8.6; 8.9; 8.12; 8.15). The changes in the carbonate influx may be as a 

result of differences in the primary productivity, cementation or dissolution which 

concentrated or diluted the organic matter of the deposits. The Hasanlar section 

(number of samples (n) = 12; correlation coefficient (r) = -0.47) <Kösüre section (n = 

25; r = -0.39) <Karahisar Section (n= 21; r = -0.37) <Dağhacılar Section (n= 42; r = -

0.33) shows high negative correlation coefficient with organic matter (Figures 8.16; 

8.17; 8.18; 8.19). According to Liu (2013) and Zeng et al. (2018), the negative 

correlation coefficient of the carbonate content vs organic matters is related with 

precipitation of carbonate minerals by microbes or nanoplankton activity and 

deposited through biochemical process. The CaCO3 and organic matter in the Sünnet 

section reflects positive correlation coefficient (n = 14; r = 0.27) (Figure 8.20). The 

positive correlation coefficient suggests that a relative decrease in productivity in the 

basin, which result in diluting the carbonate component and causing a decrease in the 

organic matter and a synchronized increase in the clastic content in the studied section. 

8.3.2. The relationship between clay content vs organic matter 

The obtained Clay content data in the studied section are ranging from 0.00 wt.% to 

68.45 wt.% in the Dağhacılar section, 4.95 wt.% to 75.43 wt.% in the Hasanlar, 3.10 

wt.%  to 75.66 wt.% in the Kösüre section, 3.80 wt.% to 63.46 wt.% in the Karahisar 

section and 0.00 wt.% to 41.81 wt.% in the Sünnet section (Appendices A2; A4; A6; 

A8; A10; Figure 8.30). In the studied sections, the cross-plot of Clay content vs 
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organic matter of the studied samples indicate positive correlation coefficient. The 

observed positive correlation coefficient in the studied sections are (n = 12, r = 0.36) 

in the Hasanlar section< (n = 25, r = 0.28) in the Kösüre section< (n = 21, r = 0.26) in 

the Karahisar section< (n = 14, r = 0.18) in the Sünnet section and < (n = 42, r = 0.10) 

in the Dağhacılar section (Figures 8.16; 8.17; 8.18; 8.19; 8.20). The observed very 

weak positive correlation coefficient in the studied sections exhibit that with increase 

of clay content, there is a relative increase in the organic matter content or show no 

obvious effect on the deposition environment during the accumulation of organic 

matter. The positive correlation coefficient of clay content with organic matter 

suggests that deposition of clay content with organic matter is physiochemical and 

biochemical process accumulation (Zeng et al., 2018). 

8.3.3. The relationship between Quartz/Feldspar vs organic matter 

In the depositional sediment, the variations in the detrital input can also affect the 

organic matter content (Ding et al., 2015). Enhanced detrital input may lead to 

providing the sites for organic matter adsorption in and on the aluminosilicates or 

either serving as a variable that controls the dilution of the organic matter (Rimmer et 

al., 2004). It may influence indirectly by rapid burial rate of the organic matter which 

controls the bacterial decomposition of the organic matter (Canfield, 1994; He et al., 

2017). The Quartz/feldspar content in the Dağhacılar section, Hasanlar section, 

Kösüre section, Karahisar section and Sünnet section are ranging from 0.00 wt.% to 

60.10 wt.%; 0.00 wt.% to 25.57 wt.%; 0.00 wt.% to 20.92 wt.%; 0.00 wt.% to 38.11 

wt.% and 8.45 wt.% to 70.69 wt.%, respectively (Appendices A2; A4; A6; A8; A10; 

Figure 8.31). The correlation coefficient analysis of the quartz/feldspar content and 

organic matter reflect very weakly positive correlation or no correlation. The obtained 

quartz/feldspar content vs organic matter correlation coefficient in the studied section 

are (n = 42, r = 0.06) in the Dağhacılar section, (n = 12, r = 0.07) in the Hasanlar 

section  and (n = 25, r = 0.13)  in the Kösüre section (Figures 8.16, 8.17, 8.18). It 

indicates that the positive relationship of the quartz/feldspar content with organic 

matter favored to the organic matter deposition and preservation. Whereas, 
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quartz/feldspar vs organic matter cross-plot exhibit negative correlation coefficient in 

the Karahisar (n = 21, r = -0.37) and Sünnet sections (n = 14, r = -0.68) (Figures 8.19, 

8.20). This relation indicates decreasing in the organic matter content with increasing 

the quartz/ feldspar content (Figures 8.3; 8.6; 8.8; 8.12; 8.15). The negative correlation 

also indicates a rapid influx of quartz/feldspar content to the depositional environment, 

which help in the rapid burial of the organic matter and controls the bacterial 

decomposition (Li and Bennett, 1991; Homewood, 2001; Zeng et al., 2018). 

 

 

 
Figure 8.16. Cross-Plot of wt.% Organic matter vs wt.% CaCO3, wt.% organic matter vs wt.% clay 

content and wt.% organic matter vs wt.% quartz/feldspar content of the Dağhacılar geochemical 

studied samples data. CaCO3 represent a negative linear trend to organic matter, Clay and quartz 

/feldspar show a positive linear trend to organic matter (Solid line shows a linear trend of the 

minerals component). 
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Figure 8.17. Cross-Plot of wt.% Organic matter vs wt.% CaCO3, wt.% organic matter vs wt.% clay 

content and wt.% organic matter vs wt.% quartz/feldspar content of the Hasanlar geochemical 

studied samples data. CaCO3 represent a negative linear trend to organic matter, Clay and quartz 

/feldspar show a positive linear trend to organic matter (Solid line shows a linear trend of the mineral 

component). 

 
Figure 8.18. Cross-Plot of wt.% Organic matter vs wt.% CaCO3, wt.% organic matter vs wt.% clay 

content and wt.% organic matter vs wt.% quartz/feldspar content of the Kösüre geochemical studied 

samples data. CaCO3 represent a negative linear trend to organic matter, Clay and quartz /feldspar 

show a positive linear trend to organic matter (Solid line shows a linear trend of the mineral 

component). 
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Figure 8.19. Cross-Plot of wt.% Organic matter vs wt.% CaCO3, wt.% organic matter vs wt.% clay 

content and wt.% organic matter vs wt.% quartz/feldspar content of the Karahisar geochemical 

studied samples data. CaCO3 represent a negative linear trend to organic matter, Clay and quartz 

/feldspar show a positive linear trend to organic matter (Solid line shows a linear trend of the mineral 

component). 

 
Figure 8.20. Cross-Plot of wt.% Organic matter vs wt.% CaCO3, wt.% organic matter vs wt.% clay 

content and wt.% organic matter vs wt.% quartz/feldspar content of the Sünnet geochemical studied 

samples data. CaCO3 represent a negative linear trend to organic matter, Clay and quartz /feldspar 

show a positive linear trend to organic matter (Solid line shows a linear trend of the minerals 

component). 
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Figure 8.21. The pie chart of average weight percent values of the CaCO3, organic matter, clay 

content and quartz/feldspar in the Dağhacılar, Hasanlar, Kösüre, Karahisar and Sünnet measured 

sections. 

 

8.3.4. Characterization and interpretation of the CaCO3, Clay, Quartz/ Feldspar 

contents vs Organic matter 

The organic matter preservation is enhanced by biological blooms. It can produce a 

large amount of organic matter, which causes depletion in oxygen due to oxygen 
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consumption by the biological activity. Therefore, it creates favorable condition for 

the preservation of organic matter (Curtis, 2002). A humid climatic condition and low 

salinity are the favorable conditions for the nourishment of biological activity. In 

addition, the terrestrial influx supplies the nutrient for the development of biological 

activity (Deng and Qian, 1990). The development of the anoxic condition in the water 

column protects the organic matter from oxidation (Zhang et al., 2013). In the case of 

carbonate content, clear and enclosed water without detrital influx provides a 

favorable depositional environment for carbonate deposition (Scholle et al., 1983; Zhu 

et al., 2005). Therefore, the carbonate content exhibits a negative correlation with clay 

and quartz/feldspar contents in the studied sections. Generally, the appropriate 

environment for the deposition of carbonate content is related to high salinity. Such 

conditions are unfavorable for the development of biological activity but favorable for 

the development of anaerobic bacteria i.e cyanobacteria and sulfate bacteria (Yang et 

al., 2012; Tingwei et al., 2017). Hence, the negative correlation observed between 

carbonate content and organic matter in the studied sections except for the Sünnet 

section (Figures 8.16; 8.17; 8.18; 8.19; 8.20). It is interpreted that relatively high 

deposition of carbonate content in the lacustrine environment indicate hydrological 

open environmental condition with temporary linkage of marine environment (Figure 

8.28) (Fuhrmann, 2002; Cyr et al., 2014). The high occurrence of carbonate content 

in the studied sections also indicate transgressive depositional environment in the 

region (Figures 8.21, 8.28) (Lash & Blood, 2011). A negative correlation interprets as 

exhibiting dilution of organic matter and terrigenous clay content by carbonate influx 

(Ricken, 1993). Generally, four major sources of calcium carbonate precipitation are 

suggested, which are responsible for their deposition. These carbonate sources are 

detrital carbonate from fluvial, biogenic carbonate from various organism skeletal, 

inorganically-precipitation and diagenetic carbonate (Jones & Bowser, 1978; 

Fuhrmann, 2002).   

The weakly positive correlation of the clay content with organic matter in the 

measured studied sections indicate dual depositional character which can either amass 
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with organic matter or co-deposits with detrital sediments (Zeng et al., 2018). In the 

Karahisar and Sünnet sections, the positive relation of organic matter with clay content 

and negative relation with quartz/feldspar content exhibit rapid incursion of terrestrial 

influx to the depositional system (Figures 8.19; 8.20) (Tingwei et al., 2017). A 

substantial amount of organic-rich sediments can be preserved to deposit organic-rich 

lithofacies by increase the accommodation and relatively rapid influx of clastic 

sediments and organic productivity (Huang et al., 2013). Therefore, this correlation 

suggests that relatively high rate of clastic sedimentation occur in the depositional 

setting and lead to the development of the oxygen-deficient condition in the 

depositional setting. 

8.4. Porosity Types and Visual Estimated Porosity  

The petrographic analyses and imageJ software processed petrographic images of 

selected samples from the five Middle Eocene studied sections are evaluated for the 

porosity types and their potential percentage calculation. In last decade, a number of 

researches have been carried out to describe and recognize different types of pore in 

lithofacies (Loucks et al., 2012; Schieber, 2013). The petrographic image studies used 

to obtain total visible porosity estimate by the help of ImageJ software (Tables 8.6; 

8.7; 8.8; 8.9; 8.10; Figures 8.22; 8.23; 8.24; 8.25; 8.26; 8.27). The total porosity values 

are estimated in the oil-shale, marl and limestone lithofacies from the Dağhacılar, 

Hasanlar, Kösüre, Karahisar and Sünnet sections, which mostly have high organic 

matter content (Figure 8.21). The obtained total porosity in the Dağhacılar, Hasanlar, 

Kösüre, Karahisar and Sünnet sections are ranging from 0.00% to 22.76%, 0.04% 

to3.36%, 0.00% to 11.49%, 0.00% to 5.50% and 0.00% to 23.15%, respectively 

(Tables 8.6; 8.7; 8.8; 8.9; 8.10). The average total porosity in the studied sections are 

5.35% in the Sünnet Section >4.72% in the Dağhacılar section >1.84% in the Kösüre 

section >1.47% in the Hasanlar section and >0.73% in the Karahisar section (Tables 

8.6; 8.7; 8.8; 8.9; 8.10). By using microscopic analysis and ImageJ software, different 

types of pore and micro-fracture porosity are identified and classified in the studied 

sections (Figures 8.23, 8.24). The observed pore types and micro-fracture related  
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Table 8.6. Total porosity % and types of porosity in the Dağhacılar section. 

Sample No. Lithofacies Visible Porosity % Types of Porosity 

D03 Lime Mudstone 0.00 Nil 

D04 Wackestone 18.04 Intraparticle pores 

D06 Wackestone 0.00 Nil 

D10 Oil-shale 9.53 Interparticle pores and Intraparticle pores 

D11 Packstone 6.68 Intraparticle pores 

D14 Wackestone 4.16 Intraparticle pores and Fracture type 

D15 Wackestone 2.83 Intraparticle pores 

D17 Wackestone 0.00 Nil 

D18 Lime Mudstone 0.00 Nil 

D19 Packstone 22.76 Intraparticle pores 

D21 Marl 0.66 Interparticle pores 

D23 Wackestone 1.88 Intraparticle pores and Interparticle pores 

D25 Marl 5.91 Intraparticle pores and Fracture type 

D27 Wackestone 14.32 Interparticle pores 

D28 Oil-shale 7.15 Fracture type 

D29 Lime Mudstone 18.04 Interparticle pores 

D30 Wackestone 2.28 Intraparticle pores 

D33 Lime Mudstone 1.71 Interparticle pores 

D35 Oil-shale 0.00 Nil 

D36 Oil-shale 0.66 Intraparticle pores 

D38 Oil-shale 0.57 Interparticle pores 

D40 Oil-shale 1.61 Intraparticle pores 

D41 Oil-shale 0.12 Intraparticle pores 

D45 Marl 1.35 Interparticle pores 

D52 Oil-shale 0.03 Intraparticle pores and Interparticle pores 

D59 Oil-shale 0.04 Intraparticle pores 

D69 Oil-shale 7.62 Interparticle pores and Fracture type 

D73 Marl 4.15 Interparticle pores and Fracture type 

    

 Average  4.72  

 Min 0.00  

 Max 22.76  

 

Table 8.7. Total porosity % and types of porosity in the Hasanlar section. 

Sample No. Lithofacies Visible Porosity % Types of Porosity 

H0A Wackestone 2.27 Intraparticle pores and Interparticle pores 

H0B Oil-shale 0.11 Intraparticle pores 

H01 Oil-shale 0.04 Intraparticle pores 

H03 Oil-shale 2.79 Interparticle pores and Fracture type 

H04 Lime Mudstone 0.05 Intraparticle pores 

H05 Lime Mudstone 0.43 Intraparticle pores 

H08 Oil-shale 0.00 Nil 

H09 Oil-shale 0.19 Interparticle pores 

H10 Wackestone 2.59 Interparticle pores 

H12 Wackestone 1.38 Intraparticle pores 

H13 Oil-shale 0.62 Interparticle pores 

H14 Oil-shale 3.36 Interparticle pores and Fracture type 

H15 Oil-shale 2.55 Interparticle pores 

H19 Lime Mudstone 2.21 Intraparticle pores 

H20 Oil-shale 2.02 Interparticle pores 

    

 Average  1.47  

 Min 0.04  

 Max 3.36  
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Table 8.8. Total porosity % and types of porosity in the Kösüre section. 

Sample No. Lithofacies Visible Porosity % Types of Porosity 

K02 Marl 8.74 Interparticle pores and Fracture type 

K06 Wackestone 1.12 Interparticle pores 

K09 Wackestone 0.49 Interparticle pores 

K11 Packstone 0.15 Interparticle pores and Fracture type 

K13 Oil-shale 11.49 Interparticle pores and Fracture type 

K16 Wackestone 0.01 Intraparticle pores 

K19 Oil-shale 0.14 Interparticle pores 

K21 Wackestone 0.00 Nil 

K24 Oil-shale 0.09 Interparticle pores 

K25 Wackestone 3.45 Interparticle pores and Fracture type 

K40 Oil-shale 0.01 Interparticle pores 

K45 Oil-shale 0.03 Intraparticle pores 

    

 Average  1.84  

 Min 0.00  

 Max 11.49  

 

Table 8.9. Total porosity % and types of porosity in the Karahisar section. 

Sample No. Porosity % Visible Porosity % Types of Porosity 

T01 Oil-shale 5.50 Interparticle pores and Fracture type 

T04 Oil-shale 1.10 Interparticle pores and Fracture type 

T05 Oil-shale 0.53 Interparticle pores 

T07 Lime Mudstone 0.36 Interparticle pores and Fracture type 

T08 Lime Mudstone 0.10 Intraparticle pores 

T09 Oil-shale 0.09 Intraparticle pores 

T12 Lime Mudstone 0.00 Nil 

T13 Lime Mudstone 0.01 Intraparticle pores 

T16 Lime Mudstone 0.00 Nil 

T17 Oil-shale 0.69 Interparticle pores and Fracture type 

T22 Oil-shale 0.40 Interparticle pores 

T23 Lime Mudstone 0.00 Nil 

    

 Average  0.73  

 Min 0.00  

 Max 5.50  

 

Table 8.10. Total porosity % and types of porosity in the Sünnet section. 

Sample No. Lithofacies Visible Porosity % Types of Porosity 

S6 Oil-shale 3.30 Interparticle pores 

S7 Oil-shale 2.30 Interparticle pores 

S11 Oil-shale 9.11 Interparticle pores 

S12 Lime Mudstone 0.00 Nil 

S13 Oil-shale 23.15 Interparticle pores 

S15 Oil-shale 1.93 Interparticle pores and Fracture type 

S16 Wackestone 0.01 Nil 

S17 Packstone 12.77 Interparticle pores 

S20 Oil-shale 6.12 Interparticle pores and Fracture type 

S22 Oil-shale 0.00 Nil 

S26 Wackestone 0.21 Intraparticle pores 

S28 Rudstone 0.00 Nil 

    

 Average  5.35  

 Min 0.00  

 Max 23.15  
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Figure 8.22. Graphic presentation of total porosity% along measured stratigraphic section of the 

Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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porosity are classified by using Loucks et al. (2012) pore type classification (Tables 

8.6; 8.7; 8.8; 8.9; 8.10).  Based on Loucks et al. (2012) pore types classification, the 

identified pore types in the studied sections sample are intraparticle pores, interparticle 

pores and microfracture-related porosity (Tables 8.6; 8.7; 8.8; 8.9; 8.10; Figures 8.23; 

8.24; 8.25; 8.26; 8.27). 

8.4.1. Intraparticle Pores Type 

In general, the intraparticle pores are related to the pore spaces, occurring within the 

particles (Loucks et al., 2012).  It is identified in the form of moldic, intracrystalline 

and dissolution rim. In the studied sections, intraparticle pore spaces are mostly 

diagenetic, but some might be primary in the origin. The observed intraparticle pores 

in the studied sections are in the form of moldic which is developed after the fractional 

or comprehensive dissolution of a fossil shell fragment, intrafossil pores, 

intracrystalline, intragranular pores and dissolution rim (Figures 8.23; 8.24; 8.25; 

8.26; 8.27).  

8.4.2. Interparticle Pores Type 

The interparticle pores are identified as pore spaces that are formed among mineral 

grains within the matrix (Loucks et al., 2012). It is also characterized as framework 

pores. It is generally occurred as primary porosity but also occur as secondary 

porosity. The secondary interparticle porosity is form due to the partial or complete 

dissolution or removal of matrix from the lithofacies during diagenetic alternations. 

The interparticle pore types are identified within the samples of the Dağhacılar, 

Hasanlar, Kösüre, Karahisar and Sünnet studied sections (Tables 8.6; 8.7; 8.8; 8.9; 

8.10; Figures 8.23; 8.24; 8.25; 8.26; 8.27). It is randomly observed in the studied 

sections and poorly to moderately connected. 

8.4.3. Micro-Fracture Type Porosity 

In the microscopic studies, micro-fracture and laminae-fractures containing porosity 

are noticed within the selected studied sections samples (Figures 8.23; 8.24; 8.25;  
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Figure 8.23. Photomicrographs and porosity sketch of the Dağhacılar section (D) samples. The red 

color indicates pore spaces in the photomicrographs. Black patches within the white square 

background indicates pore spaces sketch in the photomicrographic image. (PPl, x04). 
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Figure 8.24. Photomicrographs and porosity sketch of the Dağhacılar section (D) and Hasanlar 

section (H) samples. The red color indicates pore spaces in the photomicrographs. Black patches 

within the white square background indicates pore spaces sketch in the photomicrographic image. 

(PPl, x04). 
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Figure 8.25. Photomicrographs and porosity sketch of the Hasanlar section (H) and Kösüre section 

(K) samples. The red color indicates pore spaces in the photomicrographs. Black patches within the 

white square background indicates pore spaces sketch in the photomicrographic image. (PPl, x04). 
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Figure 8.26. Photomicrographs and porosity sketch of the Kösüre section (K) and Karahisar section 

(T) samples. The red color indicates pore spaces in the photomicrographs. Black patches within the 

white square background indicates pore spaces sketch in the photomicrographic image. (PPl, x04) 
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Figure 8.27. Photomicrographs and porosity sketch of the Karahisar section (T) and Sünnet section 

(S) samples. The red color indicates pore spaces in the photomicrographs. Black patches within the 

white square background indicates pore spaces sketch in the photomicrographic image. (PPl, x04). 
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8.26; 8.27). The micro-fracture porosity is formed as a result of tectonic stress on the 

high brittle mineral content bearing lithofacies. The laminae-fracture porosity types 

are defined as the dissolution of calcite laminae along the laminae edge and/or fracture 

opening along the laminae features. 

8.5. Source Rock Potential on the Petrographic and Geochemical Approaches in 

the Studied Sections 

Source rocks are defined as organic-rich sediments that can be deposited in a various 

sedimentary environment with oxygen-depleted conditions such as deep marine, 

lacustrine and deltaic environmental settings (Hunt, 1991; Magoon and Dow, 1994). 

Generally, the term source rock is used to a rock that contains enough organic matter 

and suitable chemical composition to generate and extract hydrocarbons through 

biogenic or thermal methods (Miles, 1994). The source rock term is applied regardless 

of whether its organic matter is mature or immature (Tissot and Welte, 1984; Belaid 

et al., 2010). The organic matter content in the source rock may be less than 1% 

(Taylor et al., 1998). Generally, the 1-2 wt.% organic carbon content (TOC) in the 

shale and carbonate-type are good source rock and higher than 2 wt.% are 

characterized as very good source rock (Cornford, 1998; Feng, 2011; Cornford et al., 

2014). Higher organic matter content precedes to higher production of hydrocarbon. 

The Oil-shale is defined as sedimentary rock types (carbonate, shale and marl) that 

contain immature high organic matter content. The immature organic matter contents 

in the oil-shale are insoluble in organic solvent but extract liquid oil-like hydrocarbon 

through destructive distillations, i.e 500-600 oC temperature with a minimum oil yield 

of approximately 5% (Alali et al., 2015).  The estimated organic matter content in the 

organic-rich lithofacies in the studied sections are generally high, which are between 

0.35wt.% to 29.91wt.% (Appendices A2; A4; A6; A8; A10; Figure 8.29).  The 

obtained values of organic matter from Middle Eocene measured stratigraphic sections 

are approximately identical to the Himmetoğlu oil-shale and Hatıldağ oil-shale field 

in Göynük (Şener and Gündoğdu, 1996; Şener and Şengüler, 1998), Beypazarı oil-
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shales (Şener et al., 2013), Seyitömer oil-shale (Kök et al., 2001), Paleocene-Eocene 

oil-shales in the Nallıhan Region (Sari & Aliyev, 2006; Altun et al., 2006). 

In the recent era, around the world, the organic-rich deposits are mainly focused for 

the oil and gas exploration and as well as unconventional exploration (Liang et al., 

2017). For this purpose, the source rock potential in the studied sections are evaluated 

through the analysis of geochemical obtained data and petrographic studies. The 

geochemical data and microscopic image analyses help in the identifying the intervals 

of high organic matter content, carbonate content, clay content and detrital grains 

content and visual porosity character in the studied sections (Figures 8.28; 8.29; 8.30; 

8.31; 8.33). Generally, organic-rich deposits refer to fine-grained sedimentary rocks, 

such as shale and mudstone associated with marine, marine-terrestrial transitional and 

lacustrine (Zou et al., 2010). In the study, the oil-shale term is not only associated with 

organic-rich shale or marl lithofacies but also includes organic-rich limestone facies, 

which indicate source rock character and possesses high organic matter content 

(Figure 8.33).  In the exploration geology and geochemical studies, the term oil-shale 

is used for the rocks that are immature regarding hydrocarbon generation. In general, 

any sedimentary rock which generates oil through pyrolysis, are characterized as oil-

shale (Tissot and Welte, 1984).  Therefore, oil systems are used to describe the 

organic-rich deposits, which yielding the oil upon the pyrolysis (Tissot and Welte, 

1984; Suárez-Ruiz et al., 2012).   

The organic-rich shale lithofacies in the studied sections generally have highest brittle 

character mineral content, relatively low clay content and having microscale porosity 

(Figures 8.22; 8.23; 8.24; 8.25; 8.26; 8.27; 8.28; 8.29; 8.30; 8.31; 8.33). Similarly, the 

limestone units in the studied sections have a brittle character with microscale porosity 

and having high organic matter content. Generally, the amount of organic matter in 

the sedimentary rock are also described as total organic carbon (Hunt, 1995). It is 

purposed that the good unconventional oil-shale reservoir composed of TOC more 

than 2% and more than 40% brittle character (Table 8.11) (Zou et al., 2010; Wang et 

al., 2014; Ma and Holditch, 2015; Jiang et al., 2016). Along the organic matter content 
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and brittle character, low-permeability and nano to microscale pores are also important 

factor for the productivity of unconventional reservoir (Curtis et al., 2010; Afsharpoor 

and Javadpour, 2016). The evaluation of the organic geochemical data and 

microscopic analysis indicate that organic-rich oil-shale, organic-rich marl and 

organic-rich limestone facies in the studied sections possess relatively excellent 

potential as source rock and may have good reservoir character (Figure 8.21; 8.33). 

The observed pore types in the organic-rich lithofacies of the studied sections are 

interparticle pores, intraparticle pore and micro-facture (Figures 8.23; 8.24; 8.25; 8.26; 

8.27). The presence of high brittle mineral content and low clay content in the 

lithofacies of studied sections promote natural and artificial fractures, which are 

important characteristics, more specifically in terms of unconventional reservoir 

exploration (Figures 8.21; 8.33).  

The organic-rich lithofacies of the studied sections possess high organic content (0.35 

wt.% to 29.91 wt.%), high carbonate content (7.31 wt. % to 92.66 wt.%) and relatively 

moderate porosity (Appendices A2; A4; A6; A8; A10; Figures 8.22; 8.28; 8.29). The 

organic-rich lithofacies in the Dağhacılar section, Hasanlar section and Sünnet section 

are characterized as excellent source rock potential and can have good reservoir 

properties except certain level along the measured stratigraphic column, where the 

organic matter content is less than 3.5 wt. %, relatively high clay content and relatively 

zero or near to zero porosity (Figure 8.33) (Hongjun et al., 2016). The Kösüre and 

Karahisar sections are identified as good-excellent source rock potential with mostly 

ductile rock character, based on the relatively high clay content at certain levels and 

very low porosity character. Generally, sublittoral-profundal depositional intervals in 

the studied sections indicate high organic matter content with brittle mineral content 

and specify the excellent source rock character. The marine condition in the studied 

sections are mostly dominated by sandstone lithofacies with interbedded organic-rich 

shale and occasional marl. The organic-rich shale in the marine intervals possesses 

good source rock potential (Figure 8.33). The sandstone in the intervals are well 

cemented character and illustrate poor reservoir feature. 
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Based on the geochemical data and petrographic analysis, the most prospective oil 

intervals in the region are in the Sünnet section and Dağhacılar measured section and 

then followed by the Hasanlar, Karahisar and Kösüre sections (Figure 8.33).   

8.5.1. Source rock potential on the petrographic and geochemical approaches in 

the Dağhacılar section 

The Dağhacılar section lithofacies indicate high average organic matter content 

(around 10 average wt.%) and 4.72 average wt.% visible porosity (Appendices A2; 

Table 8.6; Figure 8.21). The lithofacies of the studied section represent high carbonate 

content (58.42 average wt.%), low clay content (24.04 average wt.%) and detrital 

grains (10.47 average wt.%) (Figure 8.21). The identified porosity types in the 

lithofacies are intraparticle pores, interparticle pores and fracture porosity (Figures 

8.23; 8.24). In the measured stratigraphic section, the porosity is higher in the lower 

and middle portion as compared to the upper portion of the studied section (Figure 

8.22). Based on the geochemical data and petrographic analyses, it is interpreted that 

the Dağhacılar section describes excellent source rock potential (Tables 8.1, 8.11; 

Figure 8.33). In the Dağhacılar section, there is also observation of oil staining in the 

oil-shale at certain level (Figure 8.32) 

8.5.2. Source rock potential on the petrographic and geochemical approaches in 

the Hasanlar section 

In the Hasanlar section, the 12.04 average wt.% organic matter content is observed 

with 1.47 % average visible porosity calculated in the organic-rich lithofacies 

(Appendices A4; Table 8.7; Figure 8.21). Generally, the Hasanlar section is 

characterized by high carbonate content, relatively low clay content and low detrital 

grains (Table 8.7). The recognized pores type in the lithofacies are intraparticle pores 

type, interparticle pores type and occasionally micro-fracture porosity (Figures 8.24, 

8.25). The Hasanlar section is defining relatively excellent source rock potential 

(Tables 8.2, 8.11). It possesses high organic matter content and low visible porosity in 

the lithofacies (Figure 8.33).  
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8.5.3. Source rock potential on the petrographic and geochemical approaches in 

the Kösüre section 

The samples of the Kösüre section are characterized by variable organic matter 

content, clay content and detrital content at different intervals (Appendices A6; Figure 

8.9). The average organic matter content, average carbonate content, average clay 

content and average detrital content are 8.29 wt.%, 53.93 wt.%, 39.72 wt.% and 1.18 

wt.% (Appendices A6; Figures 8.21). This studied section shows low visible porosity 

percent compared to Dağhacılar studied section (Figures 8.22; 8.25; 8.26). The 

average visible porosity in the studied section is 1.84% (Table 8.8). The studied 

section indicates good to very good source rock. At certain level in the studied section, 

source rocks indicate ductile character source having high clay content (more than 

40%) and/or very low percent of visible porosity (Figures 8.9; 8.22; 8.25; 8.26). 

Generally, the Kösüre section characterize as very good to excellent source rock 

(Tables 8.3, 8.11; Figure 8.33).  

 

Table 8.11. Geochemical parameters used to determine the oil potential (Quantity) of an immature 

source rock. (Tissot and Welte, 1984; Jarvie, 1991; Peters and Cass, 1994) 

Peters and Cass (1994) Tissot and Welte (1984) Jarvie (1991) 

Corganic (wt. 

%) 
Oil potential  

Corganic (wt. 

%) 
Oil potential  

Corganic (wt. 

%) 
Oil potential  

0 - 0.5 Poor 0.1 – 0.5 Weak  0 – 0.5  Insufficient 

0.5 - 1 Fair 0.5 – 1 Moderate 0.5 – 1 Moderate 

1 - 2 Good 1 – 2 Good > 1 Enough 

2 – 4 Very Good 2 - 10 Rich   

> 4 Excellent     

 

8.5.4. Source rock potential on the petrographic and geochemical approaches in 

the Karahisar section 

The lithofacies of the Karahisar section contains around 12.45 average weight percent 

organic matter content, 47.86 average wt.% carbonate content, 34.41 average wt.% 

clay content and 8.77 average wt.% detrital grains (Appendices A8; Figures 8.12; 
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8.21). The porosity types in the studied section are commonly interparticle pores, 

intraparticle pores and micro-fracture porosity (Figures 8.26; 8.27). The observed 

porosity in the lithofacies is very low. The obtained average visible porosity from the 

studied samples is 0.73% which is lowest compared to other studied sections (Table 

8.3; Figure 8.22). The Karahisar section is identified as excellent source rock potential 

(Tables 8.4, 8.11; Appendices A8).  

8.5.5. Source rock potential on the petrographic and geochemical approaches in 

the Sünnet section 

The Sünnet section lithofacies have the highest detrital contents (8.45 wt.%-70.69 

wt.%), and moderate carbonate enrichment (about 34.28 wt.%) (Appendices A10). 

The content of organic matter in the studied section is high, with 4.36 wt.% minimum, 

29.91 wt.% maximum and 11.72 average wt.% value (Appendices A10). The 

dominant porosity types in the samples are interparticle pores with a good connectivity 

and occasionally presence of fracture porosity and intraparticle porosity (Figure 8.27). 

The fields studies, petrographic analysis and geochemical data interpret that the 

Sünnet section is composed of organic-rich deposits with brittle mineral content and 

abundant detrital grains (Figure 8.15). The Middle portion of the studied section is 

categorized as excellent source rock potential (Tables 8.5, 8.11; Figure 8.33). At 

certain horizon in the studied section, there is observation of oil staining in the 

sandstone lithofacies (Figure 8.32). 
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Figure 8.28. Graphic presentation of the CaCO3 wt.% along measured stratigraphic sections of the 

Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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Figure 8.29. Graphic presentation of the organic matter content wt.% along measured stratigraphic 

sections of the Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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Figure 8.30. Graphic presentation of the clay content wt.% along measured stratigraphic sections of 

the Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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Figure 8.31. Graphic presentation of the quartz/feldspar content wt.% along measured stratigraphic 

sections of the Dağhacılar, Kösüre, Karahisar and Sünnet sections and their correlation. 
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Figure 8.32. Representing photomicrographs of oil stained shale and sandstone from the A) 

Dağhacılar (sample D40, x4, PPl), B) Hasanlar (sample H13, x10, PPl), C) Karahisar (sample T1, 

x4, PPl) and D-E) Sünnet sections (S1 and S29, x4, PPl). 
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Figure 8.33. Graphic presentation of the source rock, porosity and brittle character composition 

along measured stratigraphic section of the Dağhacılar, Kösüre, Karahisar and Sünnet sections. 
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CHAPTER 9  

 

9. DISCUSSION  

 

The Middle Eocene (Lutetian-Bartonian) successions are measured from five different 

localities in the Mudurnu-Göynük basin, Northwestern Turkey. Generally, it has been 

interpreted that the several lacustrine basins are developed in the central and western 

Anatolia, during the Paleocene to Upper Miocene. Such tectonic settings in the region 

are resulted in the response of basin-scale uplift at the end of the Late Cretaceous and 

ends at the end of the Eocene period. This tectonic event is related to the opening and 

closing of the Neo-Tethys ocean. The resulting depositional facies in the region are 

characterized by continental- shallow marine deposits in the southern part of the basin 

and deep marine deposits in the northern part of the basin (Saner, 1977, 1980b; Şengör 

and Yılmaz, 1981; Şener, et al., 1995; Şener and Göncüoğlu, 1996; Ocakoğlu et al., 

2007). During the Paleogene, the development of lagoonal/lacustrine systems in the 

Mudurnu-Göynük basin and the adjacent regions are associated to this Neo-Tethys 

tectonic event.  It has been reported that some of them are important for the oil-shale 

and coal exploration. The lagoonal/lacustrine deposits in the studied basin are overlain 

by marine deposits (Saner, 1980b; Şener, et al., 1995; Şener and Gündoğdu, 1996; 

Sarı and Aliyev, 2005; Ocakoğlu et al., 2007, 2012) (Figure 1.4). In this study, the 

measured Middle Eocene (Lutetian-Bartonian) successions in the Mudurnu-Göynük 

basin are carried out for the oil-shale facies, sedimentology analysis, depositional 

environment, depositional cyclic stacking pattern and sequence stratigraphic 

interpretation, source rock; their visual porosity and geochemical character. 

Tectonically and geologically, the studied successions describe lacustrine deposits 

with episodic marine-influence and overlain by marine deposits from north to south. 

It has been interpreted that the lacustrine deposits in the Mudurnu-Göynük basin are 

separated from marine environment in the north by barrier deposits (Figures 5.11, 5.12 
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and 5.13) (Saner, 1977, 1980b; Şengör and Yılmaz, 1981; Şener, et al., 1995; Şener 

and Göncüoğlu, 1996; Ocakoğlu et al., 2007, 2012). 

9.1. Facies Distribution in the Middle Eocene (Lutetian-Bartonian) studied 

sections 

The Middle Eocene (Lutetian-Bartonian) studied sections are recognized in this study 

as Upper Kızılçay Formation and Halidiye Formation, based on stratigraphic position 

and previous stratigraphic studies of the studied region (Ocakoğlu et al., 2007, 2012; 

Şafak et al., 2015). Based on the recorded fossil assemblages in the Kızılçay 

Formation and Halidiye Formation, it has been identified that the formations belong 

to Lutetian-Priabonian periods (Ocakoğlu et al., 2007, 2012; Şafak et al., 2015). In 

this study, the measured successions in the Dağhacılar, Hasanlar, Kösüre and 

Karahisar regions are brackish-lacustrine depositional succession, which are overlain 

by marine-transitional deposits in the basin toward the top. Near the Sünnet village, 

the formation indicates floodplain deposits at the base, which is toppled by marine 

offshore transitional deposits. Simply, the transgression in the basin result in the 

eventual linkage of lacustrine environment in the south to the marine depositional 

environment in the north. In the study, it is estimated that the lacustrine environment 

is approximately >35km wide between the Kösüre marginal southwest section and the 

Sünnet floodplain-marine environment (Barrier) succession in the north; and 

approximately >25km wide between the Karahisar relative deeper marginal southeast 

section and the Sünnet floodplain-marine environment (Barrier) succession in the 

north. Based on this framework, the Dağhacılar section and Hasanlar section are 

characterized as the central portion of the lacustrine environment in the studied region. 

The studied sections generally comprise of limestone, oil-shale, intercalating marl 

intervals and fine to coarser-grained sandstone lithofacies. In the northern studied 

section, near the Sünnet village, presences of occasional conglomeratic beds and 

calcirudite beds are observed. The recorded fauna in the measured sections are 

ostracods, brackish charophytes, gastropods, bivalvia, benthic Foraminifera 

(including nummulites and other Foraminifera), fish-teeth and scales, echinoderms, 



 

 

 

341 

 

algal filamentous and plant fragments. In the proximity of the Dağhacılar village, the 

measured section consists of very thick to very thin bedded, ostracod-gastropod 

bearing limestone, lime mudstone, marl, laminated and non-laminated oil-shale and 

very fine to coarser sandstone. The measured section in the basin represents central 

portion of the lacustrine depositional environment and is overlain by the siliciclastic, 

oil-shale and marl facies of marine deposits towards the top. To the southwest and 

southeast of the Dağhacılar section, the measured section includes Kösüre section and 

Karahisar section, which depicts the marginal to relative deeper lacustrine deposits, 

composed of limestone with interbedded marl, lime mudstone, occasional oil-shale, 

sandstone lithofacies; and intercalating oil-shale-lime mudstone units, respectively.  

Furthermore, the upper portion of the Kösüre section indicate siliciclastic-oil-shale 

and occasional limestone units of marine origin. The Karahisar section suggested 

restricted lacustrine environment deposits, which is overlain by the marine lime 

mudstone-oil-shale with occasional Fe-Mn spherical nodule and sandstone deposits. 

The Hasanlar section, in the west of the Dağhacılar measured section is composed of 

lime mudstone and oil-shale with occasional marl and define central portion of the 

lacustrine environment. In the north of the Dağhacılar measured section, the barrier 

deposits in the Sünnet section are composed of siliciclastic floodplain deposits, which 

is overlain by marine shelf deposits. The marine shelf deposits are composed of 

predominate fine and coarser siliciclastic deposits with association of fossiliferous 

limestone and organic rich shale. Generally, the shale lithofacies in the studied 

sections are predominately of calcareous character. Similarly, the sandstone 

lithofacies also possess calcareous character. The interpreted depositional setting in 

the studied region indicate lacustrine-marine offshore-transitional deposits in the 

south and barrier -marine deposits in the north (Figures 5.11; 5.12 and 5.13). 

9.2. Paleoenvironment and Age; based on fossil assemblages 

The paleontological evidences from the studied sections are also important in terms of 

depositional condition, paleoenvironmental setting and interpretation of stratigraphic 

position of the successions in the studied region. In the studied sections, the Dağhacılar 
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section and Sünnet section contain high abundance of fauna as compared to the Kösüre 

section> Hasanlar section> Karahisar section (Figure 5.6). The recorded fauna in the 

studied sections are freshwater-brackish ostracods, brackish-charophyte gyrogonites, 

gastropod, bivalve, nummulites, echinoderms, algal filamentous, fish-teeth, fish scales 

and plant fragments (Figures 3.9; 3.12; 3.25; 3.36; 3.37; 3.42; 3.43; 3.44; 3.45; 4.3; 

4.4; 4.5; 4.6). The extracted ostracods and charophytes fauna species from the studied 

sections indicate Oligo-Mesohaline lacustrine depositional setting which is 

transgressively overlain by marine environment toward the top. In the wackestone-

packstone microfacies, the presence of ostracods, gastropods and charophytes indicate 

deposition in the alkaline environment setting with slightly brackish character (Freytet 

and Plaziat, 1982; Tunoğlu, 2001; Sanjuan & Martín-Closas, 2012). The demise of the 

freshwater, brackish lacustrine fauna and appearance of marine fauna at different 

locates such as nummulites, echinoderms, bivalve, gastropod and ostracod also 

support the marine transgression into lacustrine environment in the studied 

successions. The recorded marine fauna and flora in the successions refer to the marine 

depositional condition (Martín-closas, 2009). 

The Middle Eocene (Lutetian-Bartonian) age has been assigned to the measured 

sections by recording ostracod assemblages that includes Cyclocypris sp., Candona 

sp., Potamocypris sp., Heterocypris sp., Stenocypris sp., Neocyprideis sp. genera and 

associated charophyte gyrogonites. The ostracods and charophyte assemblages age are 

also supported by stratigraphic position and equivalent to different stratigraphic 

successions in the region (Şener and Şengüler, 1997, 1998; Gedik and Aksay, 2002; 

Ocakoğlu et al., 2007, 2012; Şafak et al., 2015). Based on these evidences, it is also 

predicted that the Dağhacılar section, Hasanlar section, Kösüre section, Karahisar 

section and Sünnet section may approximately correspond to 6.0 Ma (45.0 to 39.0 

±1.0Ma), ≈1.0 Ma (42.5 to 41.5 ±1.0Ma)  ≈2.5 Ma (42.0 to 39.5 ±1.0Ma),  ≈2.0 Ma 

(41.5 to 39.5 ±1.0Ma) and  ≈2.0 Ma (42.0 to 40.0 ±1.0Ma), respectively. 

The lithological character and recorded fauna assemblages in the studied sections also 

support the Oligo-Mesohaline to brackish-lacustrine depositional environment. Such 
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Oligo-Mesohaline to brackish-lacustrine depositional condition in the studied sections 

occur due to episodical marine incursion to lacustrine environment.  Relatively high 

percent of carbonate content deposition in the lacustrine environment in the studied 

sections support hydrological open environment, which have temporary linked with 

marine environment (Figure 8.28) (Fuhrmann, 2002; Cyr et al., 2014). The weakly 

positive correlation in the clay content and organic matter also indicate marine 

influence on the lacustrine environmental condition (Zeng et al., 2018). The overlain 

siliciclastic successions with occasional association of marine fauna indicate a switch 

from the lacustrine depositional condition to the transgressive marine environment, 

close to the Lutetian-Bartonian boundary. The fluctuation of mix fauna, lateral and 

vertical lithofacies variation in the studied region significant reflect the variation in 

the salinities and paleoenvironmental condition. 

9.3. Variation in the relative lacustrine level and relative sea-level (Oligo-

Mesohaline/Brackish-lacustrine and marine offshore transitional) 

Based on the facies association study, the Middle Eocene studied sections in the 

Mudurnu-Göynük Basin are divided into littoral-sublittoral to sublittoral-profundal 

lacustrine facies, marine offshore transitional depositional facies and floodplain 

paleosols facies to marine shelf environment facies. In the studied sections, the 

sediments generally reflect the deposition in the lacustrine environment, which later 

switches to marine environment. 

In the Dağhacılar and Kösüre sections, the intercalating limestone-marl facies are 

related to the deposition in the littoral-sublittoral lacustrine condition (Pierce, 1993; 

Ramos et al., 2001 and Cabrera et al., 2001). The intercalating limestone-marl facies 

is characterized as inner lacustrine facies. The observation of lime mudstone-marl 

intercalation with occasional charophytes, ostracods and gastropods represent 

sublittoral condition with relative shallow lacustrine environment in the Dağhacılar 

section. The abundant gastropod-ostracod bearing wackestone-packstone facies with 

interbedded organic-rich shale and marl indicate littoral-sublittoral brackish-lacustrine 
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deposits in the Dağhacılar section. The brackish character gastropods, ostracods, 

charophytes and the presence of occasional nummulites in the studied section signify 

episodic marine incursion to the lacustrine basin (Willmann, 1985; Pierce, 1993; 

Sanjuan & Martín-Closas, 2012; Abimbola, 2016). In the southwest, the Kösüre 

section facies association indicate relative shallow oxygenate, calm condition, slightly 

brackish-lacustrine environment as compared to the Dağhacılar section. In the north, 

the Sünnet section facies association are characterized by floodplain deposits. The 

floodplain deposits are composed of coarser sandstone to fine-grained sandstone with 

conglomeratic, silty shale with gray mottling (Dini et al., 1998; Ranson, 2012). The 

floodplain deposits are toppled by marine fossils bearing carbonate, fossiliferous 

coarser sandstone and bivalvia bearing organic rich shale and indicate paralic-marine 

shelf environmental deposits (Li et al., 2009). 

In the next phase, the lacustrine successions in the Dağhacılar section, the southeast 

Karahisar section and southwest Kösüre section indicate relative rise in the lacustrine 

water depth. The relative shallow lacustrine facies are replaced by the dysoxic to 

anoxic condition, deeper facies such as predominate oil-shale with occasional 

interbedded marl and fine-grained sandstone in the central region, oil-shale with 

intercalating lime mudstone in the southeast studied section (Karahisar) and marl with 

interbedded limestone and oil-shale in the southwest region (Kösüre). This phase of 

the lacustrine deposition is categorized by dysoxic to anoxic condition, sublittoral-

profundal lacustrine environment. Rhythmic symmetry within the succession indicate 

probable linkage to climatic fluctuation (Caillaud et al., 2017). The episodic 

siliciclastic beds in this studied intervals are related with periodic influx of terrigenous 

to the lacustrine in the low energy depositional condition (Platt and Wright 1991; 

Mingram, 1998; Calvo et al. 2000; Gierlowski-Kordesch 2010). 

The transitional zone in the studied sections is the zone where a gradual change of 

open lacustrine environment transgressed into the marine depositional environment. 

In the Dağhacılar section and Karahisar section, the transitional zone is described by 

low sedimentation rate and comparatively high organic matter content, which occur 
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in response to change in the physiochemical condition (Mingram, 1998). In the Kösüre 

section, the transitional zone is defined by limestone-marl intercalation. The limestone 

unit is occasional characterized by abundant octahedral pyrite and appearance of 

echinoderms (Brown and Cohen, 1995; Baumiller & Gazdzicki, 1996; Elattaar, 2018). 

In the Sünnet section, the transitional zone is defined by abundant charophytes, 

brackish ostracods and plant fragment carbonate deposits (Sanjuan & Martín-Closas, 

2012; Argakoesoemah, 2017). In the contrast, the Karahisar section represents 

restricted depositional condition. The transitional zone is described by the appearance 

of Fe-Mn spherical nodules bearing limestone with intercalating oil-shale lithofacies. 

The development of Fe-Mn spherical nodules in the limestone intervals are linked with 

physiochemical changes, and occur because of marine transgression into lacustrine 

condition, which possesses Fe-Mn concentration (Bolton & Frakes, 1985; Delian et 

al., 1992; Roy, 1992; Fuhrmann, 2002; Alçiçek et al., 2007; Wang et al., 2014; Yu et 

al., 2016). 

The later phase in the basin, the lacustrine depositional environment in the studied 

sections are prevailed by marine environment from north to south. The facies 

associations define marine offshore transitional environment. In the Dağhacılar and 

Kösüre sections, the marine offshore transitional deposits are characterized by the 

predominate calcareous sandstone-oil-shale intercalation lithofacies with occasional 

marl and fossiliferous limestone and are deposited between fair-weather and storm 

wave base (Abimbola, 2016). These heterolithic character lithofacies are associated 

with turbiditic origin. There is also presence of occasional intervals of episodic storm 

deposits of Tempestite character in the Dağhacılar and Kösüre sections (Büyükutku et 

al., 2005; Ranson, 2012; Siddiqui et al., 2014; Abimbola, 2016; Johansen, 2016)). In 

the north, the Sünnet section also indicates a change in the relative sea-level rise and 

deposited marine shelf lithofacies and marine fauna over the floodplain deposits. The 

rapid transition to marine shelf environment is specified by the bivalvia bearing 

organic rich shale and calcareous sandstone-organic rich shale interbeds deposits. The 

upper Sünnet section is characterized by abundant Nummulites-gastropod bivalve 
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limestone (bio-calcirudite) with conglomerate interval, coarser sandstone and 

occasional organic rich shale and indicate marine transgression phase (Carvalho et al., 

2000; Li et al., 2009). The southeast Karahisar section represents relatively restricted 

depositional condition. The marine transgression into the lacustrine deposits in the 

Karahisar section is evident by the Fe-Mn small spherical nodules occurrence in the 

limestone deposits. The Fe-Mn small spherical nodules are of hydrogenetic origin and 

linked with physiochemical changes in the relatively restricted depositional condition. 

It occurrs due to the concentration of Fe-Mn dissolution in the restricted lacustrine 

environment. It interacts with marine environmental condition and causes the 

formation of the Fe-Mn small spherical nodules at the interface and deposited at the 

depositional base (Bolton & Frakes, 1985; Delian et al., 1992; Roy, 1992; Fuhrmann, 

2002; Alçiçek et al., 2007). The marine-offshore transitional environment in the 

Karahisar section is also argued by the wavy ripple calcareous sandstone beds with 

interbedded oil-shale and lime mudstone units. 

Based on the facies analyses, biotic observation and facies association, the studied 

Middle Eocene (Lutetian-Bartonian) sections in the Mudurnu-Göynük basin indicate 

Oligo-Mesohaline lacustrine deposits in the south and barrier-marine deposits in the 

north. During the Middle Eocene (Lutetian-Bartonian), the lacustrine and marine 

environment shows progressive transgression in the region, which results in the 

linkage of lacustrine with marine environment in the north. Later on, formerly 

lacustrine deposits switch to marine-offshore transitional deposits (Figures 5.11; 5.12 

and 5.13). 

9.4. Type of Lacustrine Basin and Marine transgression  

Based on the Carrol and Bohacs`s (1999) and Bohacs et al.`s (2000) lacustrine basin 

classification, it is interpreted that lacustrine deposits in the Dağhacılar, Hasanlar and 

Kösüre studied sections comprise of balanced-fill lake basin type and occasionally 

evolved to overfilled-lake basin type character between successions. The Karahisar 

section is interpreted as balanced-fill lake basin type with close lake hydrology. The 
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first stage of lacustrine basin indicates fresh to brackish water, retrogradational 

depositional patterns and moderate to high organic matter content (Figures 7.6; 8.29). 

In the next stage, lacustrine basin is characterized by facies association of 

predominately fluctuating sublittoral-profundal environment and having 

retrogradational to aggradational depositional trend (Figures 7.6; 8.30). This zone in 

the studied sections indicates relatively high organic matter content and comprises of 

marl-oil-shale with occasional sandstone in the Dağhacılar section, oil-shale, marl-

lime mudstone in the Kösüre section and Oil-shale with occasional interbedded lime 

mudstone in the Karahisar section. The evaporate facies are absent in the studied 

sections, which also figures out that the lacustrine basin in the studied region is of 

balance-fill lake type basin with open lake hydrology. In the later stages, the 

depositional pattern of the facies consists of aggradational to progradational 

depositional pattern in the studied sections, which are characterized by calcareous 

sandstone from north to southwest and southeast in the studied sections and can be 

interpreted as an overfilled lake type (Figures 5.8; 7.6). This stage is related with the 

evolution of lacustrine to the marine depositional environment. It is interpreted that 

the lacustrine basin evolved to marine-offshore transitional environment from north 

to south (Figures 5.11; 5.12 and 5.13). The lacustrine evolution to marine 

transgression in the studied regime occurs in the open lacustrine phase. The 

transgression of marine environment is interpreted as a gradual change from the 

lacustrine successions. Therefore, continuous sedimentation is recorded across the 

transition from lacustrine to marine environment and deposition of the unchanged 

lithofacies across the evolution of lake into marine transgression environment. The 

continuous sediment successions are characterized by calcareous fine-grained 

sandstone and organic-rich shale in the central and southern studied sections. In such 

cases, it is difficult to recognize the transitional boundary between deeper lacustrine 

deposits and marine-offshore transitional deposits. Therefore, the absence or presence 

of fauna and algal structures are important evidence to predict the environmental 

changes in the studied sections (Willmann, 1985; Nichols, 2009; Lorente et al., 2014). 

The change of fauna, algal structure, presence of calcareous oil-shale and calcareous 
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sandstone in the studied sections illustrate alternatively opening and closing of 

lacustrine basin and changing the environmental condition from lacustrine to saline 

condition (Carroll and Bohacs, 1999; Bohacs et al., 2000). It is proposed that 

geographic setting, tectonics and predominately climatic changes are factors involved 

in the marine incursion to lacustrine in the measured stratigraphic successions. The 

Sünnet section in the north describe barrier deposits, and occur as a result of marine 

regression and basin-scale tectonic uplift in the Paleogene period (Saner, 1978a, 

1980b; Ocakoğlu et al., 2007; Şafak et al., 2015). The recorded fauna and depositional 

succession in the Sünnet section is divided into floodplain deposits, which are 

transgressively overlain by open shelf marine environment (Figure 5.9). The 

transitional zone between floodplain and marine depositional environment reflect 

fluvio-lacustrine facies deposits, which illustrate the linkage of lacustrine basin with 

marine environment in the north. Later on, the rise in the relative Sea-level invaded 

the lacustrine environment from north and result in the deposition of marine-offshore 

deposits from north to south and replaced the previously lacustrine environment in the 

studied basin. 

9.5. Cyclostratigraphic Framework 

In the Mudurnu-Göynük basin, the cyclostratigraphic framework of the Middle 

Eocene (Lutetian-Bartonian) lacustrine to marine-offshore studied successions 

suggest orbital control forced climatic changes and minor tectonic influence. 

Similarly, the orbital forced climatic changes are also interpreted by Ocakoğlu et al. 

(2012) in the Mudurnu-Göynük basin. The depositional cyclic stacking patterns in the 

studied sections are identified on the basis of limestone-marl, limestone-oil-shale, 

limestone (packstone-wackestone), oil-shale-marl, sandstone-oil-shale and sandstone-

marl intercalation. In the studied sections, different cyclic hierarchies of various 

frequencies are observed within the measured section (Figure 6.6; 6.7). It occurs due 

to the repetitive change in the depth of lacustrine-marine environment and/or 

fluctuating sediments influx in the basin. It also results in the development of the 

symmetrical rhythmic cycles to asymmetrical cycles in the studied sections (Cabrera 
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et al., 2001). In the studied sections, the identified cycles are corresponding to the 

centimeter to meter scale order cycles (Figures 6.1; 6.2; 6.3; 6.4; 6.5; 6.7). Generally, 

in the studied sections, centimeter to meter scale order cycles exhibit relatively 

deepening stacking pattern to shallowing stacking pattern towards the top. It indicates 

that there is an increase in the accommodation space, followed by a decrease in 

accommodation space in the regime. The Fischer plot diagrams of the studied sections 

also indicate similar interpretation the studied successions (Figures 6.6; 6.7; 6.8; 6.9). 

The indicated changes in the relative accommodation space in relation with water-

level fluctuations with time are marked by the Fischer plot and yielded comparatively 

similar pattern for the studied sections (Figures 6.8; 6.9; 6.10). These centimeter-meter 

scale order cycles in the Middle Eocene (Lutetian-Bartonian) studied sections are 

linked with obliquity Milankovitch orbital element. With global cyclostratigraphy 

model, the transgressive-regressive cycles evolution of the Middle Eocene (Lutetian-

Bartonian) studied successions have approximately linear relation with sea-level 

fluctuation. The complex interaction of centimeter-meter scale order cycles in the 

studied sections are established in the time scale of around cycle is 55.55ka, 43.47ka, 

59.52ka, 95.24ka and 83.33ka (Tables 6.1; 6.2). These higher frequency cycles in the 

studied sections suggest orbitally forced event. Similarly, the high frequency cycles 

are determined with 20 ka – 500 ka in the Green River formation and are related with 

orbital driven forces (Matthews and Perlmutter, 1994) (Tables 6.1; 6.2). Therefore, it 

is interpreted that the depositional cyclic stacking patterns in the studied sections 

correspond to changes in earth`s orbitally forced and belong to obliquity band (Einsele 

et a., 1991). These depositional centimeter to meter scale cycles in the studied section 

are suggested to be linked with climatic changes, which are induced by earth`s 

orbitally forces as a background external control forces in the studied regime and also 

accompanied by tectonic factors in the later stages. The change in relative water-level 

linked with minor tectonic subsidence factors are asserted by siliciclastic influxes in 

the upper depositional cycles pattern (Devlin et al., 1993; Matthews and Perlmutter, 

1994; Ocakoğlu et al., 2012). 
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9.6. Sequence Stratigraphic Framework 

In the sequence stratigraphic framework, it is indicated that Middle Eocene (Lutetian-

Bartonian) sections show transgression in the lacustrine successions in the south, 

central and in the marine environment in the north (Figures 5.11; 5.13). Later on, this 

transgression in the Middle Eocene (Lutetian-Bartonian) sections in the region 

overcome the barrier deposits and lead to lacustrine environment to evolve into 

marine-offshore transitional environment from north to south, during Middle Eocene 

(Lutetian-Bartonian). Based on the chemical analysis, the determination of alkaline 

environmental conditions in the studied sections also support the transgression in the 

depositional environment. These alkaline environmental conditions are related with 

humid and warm climate and transgressive condition (Martínek et al., 2006; Lyons et 

al., 2011; Tänavsuu-Milkeviciene et al., 2017). The geochemical determination of 

high carbonate content in the lithofacies of the studied sections reflect transgressive 

depositional condition in the regime (Figures 8.21; 8.28) (Lash & Blood, 2011). The 

interpreted relative water-level curve in the Middle Eocene (Lutetian-Bartonian) 

exhibits relative synchronous with global sea level curve of Middle Eocene (Lutetian-

Bartonian) period (Figure 7.7) (Haq et al., 1987; Wang and Li, 2009). 

In the studied sections, the sequence stratigraphic framework is demonstrated by the 

changes in the marine level and lake level from north to south (Figures 7.1; 7.6).  The 

sequence stratigraphic framework in the studied sections are determined by on the 

basis of field studies, sedimentological analysis and depositional cyclic stacking 

pattern.  In the lacustrine successions of the Dağhacılar, Hasanlar, Kösüre and 

Karahisar sections, the limestone-marl facies are overlain by oil-shale-marl facies, 

which indicates retrogradational depositional stacking pattern. It reveals the relative 

rise in the water-level in the studied sections and is associated with transgressive 

systems tract (Figure 7.6). In the north, floodplain-dominated siliciclastic deposits of 

lowstand systems tract are transgressively replaced by the marine shelf deposits, 

which are calcareous sandstone with oil silty shale, fossiliferous oil-shale and rare 

limestone having marine fauna, this displays retrogradational stacking pattern. The 
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flooding surface in the north is marked by first appearance of the organic rich shale 

and calcareous sandstone of the marine environment, which overlies the floodplain- 

siliciclastic deposits.  It reflects relative rise in the Neo-Tethys sea-level in the north 

and displays a change in transgressive systems tract deposits.  

From north to south, the upper portion studied sections are graded into marine deposits 

with aggradational-progradational depositional stacking patterns. The marine deposits 

are composed of siliciclastic-oil-shale intercalation and limestone in the south and 

center, and coarser siliciclastic-oil-shale horizons, mollusc-rich siliciclastic-carbonate 

and pebbly conglomerate in the north (Figures 5.9; 7.6). These marine successions are 

associated with highstand systems tract deposits and reflect maximum shift of the 

Neo-Tethys from north to south in the studied region during the Middle Eocene 

(Lutetian-Bartonian) period (Figures 5.11; 5.12; 5.13; 7.6). In the south, the maximum 

flooding zones is defined within lacustrine-marine transitional successions, which is 

composed of organic rich shale deposits and/or carbonate. Thereafter, the depositional 

successions are graded into siliciclastic-dominate lithofacies (calcareous sandstone 

intercalating with oil-shale/marls) of marine environment. It is suggested from the 

marine deposit thicknesses that the relative sea-level rises upto >30m approximately 

in the studied basin (estimated after replaced lacustrine succession). In the north, the 

maximum flooding zones is characterized by the first appearance of mollusc-rich 

siliciclastic-carbonate (Figures 7.5; 7.6) (El-Azabi, 2006; Ocakoğlu et al., 2007; Dix 

and Parras, 2014). Inclusive, the maximum flooding zones in the studied sections is 

marked around Lutetian-Bartonian boundary (approximately 40.60 + 0.5 Ma) and can 

be correlatable with Haq et al.`s (1987) and Ocakoğlu et al.`s (2007, 2012) Lutetian-

Bartonian maximum flooding surfaces. In the studied sections, the lateral and vertical 

changes in the depositional environment indicate tectonically active regime which was 

anticipated by rise and fall of Northern Neo-Tethys oceans during the Eocene period.  
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9.7. Source rock potential on the petrographic and geochemical approaches  

Generally, the oil-shale lithofacies are deposited in the dysoxic or anoxic condition in 

different depositional environment, which could be brackish, lacustrine or marine 

environmental setting (Wartes et al., 2000; Martínek et al., 2006; Lyons et al., 2011; 

Tänavsuu-Milkeviciene et al., 2017). Therefore, both lacustrine and marine oil-shale 

deposits are similar substantial source rock and unconventional reservoir potential 

(Bruhn, 1999; Carroll and Bohacs, 2001; Bohacs et al., 2003; Wang et al., 2011; Ma 

et al., 2015; Ma et al., 2016). In the studied sections, the oil-shale deposits comprise 

of marl, carbonate and predominantly oil-shale, which has high percent of immature 

organic matter content and can yield oil through destructive distillation or pyrolysis. 

In the Middle Eocene (Lutetian-Bartonian) studied sections, oil-shale rocks are 

determined in the lacustrine intervals and also in the transgressively overlying marine 

deposits (Figures 8.3; 8.8; 8.11; 8.15 and 8.19). It is evaluated that the oil-shale in the 

studied sections are settled in the alkaline environmental condition, which result in the 

deposition and well preservation of organic-rich facies in the studied regime. It also 

indicates that the oil-shale lithofacies attains high percent organic matter content in 

the studied Middle Eocene (Lutetian-Bartonian) successions (Martínek et al., 2006; 

Lyons et al., 2011; Tänavsuu-Milkeviciene et al., 2017). The geochemical analysis 

indicates the high percent carbonate content in the oil-shale lithofacies. It shows that 

the oil-shale is deposited in the hydrological open lacustrine environmental setting and 

transgressive phase and have temporary linkage with marine environment (Figure 

5.11; 5.13; 8.21; 8.28) (Fuhrmann, 2002; Cyr et al., 2014). Later on, this transgressive 

phase in the studied region result in the marine environment shift into the lacustrine 

environment from north to south (Figures 5.11; 5.13). The negative correlation 

coefficient between clay and quartz/feldspar content in the studied sections define 

episodic marine-influence into the lacustrine depositional setting. The positive 

correlation of organic matter with clay content and negative correlation with 

quartz/feldspar contents suggest relatively high rate of sedimentation influx and lead 
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to the development of the dysoxic-anoxic condition in the depositional environment 

(Figures 8.20; 8.21) (Huang et al., 2013). 

The geochemical analysis and petrographic studies of oil-shale are useful tools to 

evaluate organic matter content and their source rock properties in the studied regime. 

Based on the obtained statistical data of the lithofacies, it is observed that the average 

organic matter content in the studied sections is higher than 8 wt. % (Table 9.1). The 

higher organic matter content in the studied sections might provide to be higher oil 

yield through pyrolysis. The average higher organic matter content in the lithofacies 

indicate excellent source rock potential in the Middle Eocene (Lutetian-Bartonian) 

studied successions (Figures 8.21; 8.33). The geochemical character and geochemical 

properties of the oil-shale of the studied sections are evaluated through the study of 

the organic matter content, carbonate content, clay content, detrital grains content and 

visual microscopic porosity determination (Table 9.1; Figures 8.21; 8.22; 8.23; 8.24; 

8.25; 8.26; 8.27; 8.28; 8.29; 8.30; 8.31; 8.33). The formation of different types of pore 

structures and late impact on the reservoir is controlled by different mineral 

compositions in the rocks.  In the studied sections, the organic-rich lithofacies 

generally possess high content of brittle minerals (> 40%) and relatively low clay 

content (<40%) (Table 9.1; Figure 8.21). The high brittle mineral content in the 

studied lithofacies facilitates nature and artificial fracturing and may interconnect the 

pores during the oil-shale exploitation. The average visual porosity percent is 4.72 % 

in the Dağhacılar section, 1.47 % in the Hasanlar, 1.84 % in the Kösüre section, 0.73 

% in the Karahisar section and 5.35 % in the Sünnet section (Tables 8.6; 8.7; 8.8; 8.9; 

8.10; 9.2; Figures 8.22; 8.23; 8.24; 8.25; 8.26; 8.27; 8.28; 8.29; 8.30; 8.31; 8.33). For 

the excellent unconventional reservoir, it is proposed that the organic matter content 

in the oil-shale should be more than 4%, while the brittle mineral content should be 

greater than 40% (Table 8.11; Figure 8.21) (Zou et al., 2010; Wang et al., 2014; Ma 

and Holditch, 2015; Jiang et al., 2016). The statistical data of the organic matter 

content, brittle mineral content, clay content and visual porosity percent in the Middle 

Eocene (Lutetian-Bartonian) studied sections determine excellent source rock 
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potential and brittle geochemical character of the oil-shale deposits in the studied 

regime and are graded as higher percent brittle mineral content in the north and central 

regime and low brittle mineral content in the southwest and southeast in the studied 

regime (Table 9.1; Figures 8.21; 8.22; 8.33). Based on the geochemical analyses and 

petrographic studies, it is interpreted that the Dağhacılar and Sünnet sections are 

considered as excellent source rock potential, possessing high brittle geochemical 

mineral character oil-shale deposits (Figure 8.33). 

 

Table 9.1. The obtained minimum, maximum and average weight percent of CaCO3, organic matter, 

clay content, quartz/feldspar content and visual porosity from the Middle Eocene (Lutetian-

Bartonian) measured succession. 

Studied Sections 
Dağhacılar 

section 

Hasanlar 

section 

Kösüre 

section 

Karahisar 

section 

Sünnet 

section 

W
e
ig

h
t 

p
e
r
c
e
n

t 

C
a

r
b

o
n

a
te

 Min 16.00 7.31 17.72 24.71 24.71 

Max 89.03 79.32 92.66 66.84 79.5 

Average 58.42 51.86 53.93 47.86 34.28 

O
rg

a
n

ic
 

M
a

tt
e
r
 

Min 3.30 8.31 0.35 8.03 4.36 

Max 18.99 16.39 18.99 19.93 29.91 

Average 10.55 12.04 8.29 12.45 11.72 

C
la

y
 

Min 0.00 12.83 3.10 3.80 0.00 

Max 68.45 78.43 78.66 63.46 41.81 

Average 24.04 31.13 39.72 34.41 14.35 

Q
u

a
r
tz

/ 

F
e
ld

sp
a

r
 Min 0.00 0.00 0.00 0.00 8.45 

Max 60.1 28.57 20.92 38.11 70.69 

Average 10.47 28.57 1.18 8.77 48.48 

Visual Porosity 

% 

Min 0.00 0.04 0.00 0.00 0.00 

Max 22.76 3.36 11.49 5.5 23.15 

Average 4.72 1.47 1.84 0.73 5.35 
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Figure 9.1. Correlation of the sequence stratigraphic interpretation, centimeter-meter scale cycles, 

relative lake level/sea-level, organic matter content, CaCO3, and charophytes and ostracods within 

the studied sections from south to central to north. (FS-flooding surface; MFZ-maximum flooding 

zones; OS-oil-shale; M-marl; LL-Lime mudstone; Wp-wackestone-packstone; SS-sandstone; Cc-

conglomeratic) 
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Figure 9.1. Continues…  
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CHAPTER 10  

 

10. CONCLUSION 

 

• The studied area is located in the Bolu province, NW Anatolia, Turkey. The 

five stratigraphic sections are measured in the vicinity of Dağhacılar village, 

Hasanlar village, Kösüre village, Karahisar village and Sünnet village. These 

sections were measured through the Middle Eocene (Lutetian-Bartonian) 

Upper Kızılçay Formation and the Halidiye Formation in the Mudurnu-

Göynük Basin, NW Turkey (Ocakoğlu et al., 2007, 2012 and Şafak et al., 

2015). 

 

• The recognized lithofacies are generally composed of limestone, marl, 

calcareous oil-shale, fine to coarser sandstone and occasional conglomeratic 

beds and calcirudite. A total of 4, 3, 4, 4, 4 microfacies with sub-microfacies 

are identified in the Dağhacılar, Hasanlar, Kösüre, Karahisar and Sünnet 

section, respectively. The recorded fauna along the stratigraphic sections at 

different intervals are ostracods, charophyte gyrogonites, gastropods, bivalve 

and occasionally benthic foraminifera, rare fish-teeth and scale, echinoderms, 

algal filamentous and plant fragments. 

 

• Based on the recorded ostracod assemblages (Cyclocypris sp., Candona sp., 

Potamocypris sp., Heterocypris sp., Stenocypris sp., Neocyprideis sp.) and 

associated charophyte gyrogonites, the Middle Eocene (Lutetian-Bartonian) 

age is assigned to the studied intervals.  

 

• The lithofacies and recorded fossil assemblages indicate Oligo-Mesohaline to 

brackish-lacustrine depositional environment in the lower portion of the 
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studied sections. Relatively high carbonate content, weak but positive 

correlation of clay content with organic matter suggest episodic marine 

incursion into the lacustrine environmental condition of the studied sections.  

 

• The predominated siliciclastic successions with oil-shale and marl 

intercalation and presence of occasional marine benthic fauna indicate a shift 

from the lacustrine depositional environment to the transgressive marine 

environment, around the Lutetian-Bartonian boundary. Overall, the studied 

sedimentary sequence initially reflect deposition in the lacustrine environment 

and then is transformed to marine depositional environment. Based on the 

unchanged lithofacies across the transition and continuous sedimentation 

across the transitional interval suggest that the marine transgression into the 

lacustrine setting occurred in an open lacustrine phase.  

 

• In the north, the Sünnet studied section, the successions with dominate-

siliciclastic deposits with oil-shale, fossiliferous limestone, coarser to pebble 

conglomerate and calcirudite indicate barrier deposits with transgressively 

overlying marine environment. 

 

• Based on the detailed studies of facies associations, five depositional patterns 

as sub-environment are recognized in the studied sections. In the central and 

south sections, facies associations are composed of littoral-sublittoral 

lacustrine, sublittoral-profundal lacustrine and marine offshore-transitional 

deposits. In the north, facies associations comprise of floodplain deposits and 

marine shelf deposits.  

 

• Two major types of depositional environments are identified in the Middle 

Eocene (Lutetian to Bartonian) studied sections from bottom to top, in the 

Mudurnu-Göynük Basin, based on the detailed studies of lithofacies and facies 
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associations. In the central and southern sections, the lacustrine deposits are 

transitional overlain by the marine-offshore deposits. In the north, there is 

absence of lacustrine deposits. In this region, the siliciclastic dominated 

floodplain deposits of fluvio-lacustrine environment are overlain by paralic-

marine shelf deposits. 

 

• The lacustrine lithofacies and facies associations in the Dağhacılar, Hasanlar, 

Kösüre and Karahisar section show balanced-fill lake basin type deposits and 

marine offshore transitional deposits towards the top. The Dağhacılar and 

Hasanlar sections depict the central portion of the lake. The Kösüre and 

Karahisar sections characterize marginal to relatively deeper lake marginal 

deposits, respectively. In the north, the Sünnet section exhibit barrier deposits 

(between lacustrine and marine environmental setting) and marine shelf 

deposits towards the top.  

 

• During Middle Eocene (Lutetian-Bartonian), the lacustrine environment 

gradually transgressed to marine environment due to the relative rise in the 

sea-level, in the Mudurnu-Göynük Basin. 

 

• Within the Middle Eocene (Lutetian-Bartonian) studied successions, the 

established hierarchical order cyclicity are identified as centimeter to meter 

scale order cycles. The hierarchical high order depositional cycles in the 

studied sections are recorded by limestone-marl, limestone-oil-shale, 

limestone (packstone-wackestone), oil-shale-marl, sandstone-oil-shale and 

sandstone-marl. The symmetrical rhythmic cycles in the studied sections 

reflect repetitive changes in the relative water-depth and/or fluctuating 

sediments influx. The centimeter to meter scale order cycles are cycle is 

55.55ka, 43.47ka, 59.52ka, 95.24ka and 83.33ka duration, which correspond 

to the Milankovitch cycles of obliquity band range. These changes in the 
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Middle Eocene (Lutetian-Bartonian) period indicate a linkage with the 

changes in earth`s orbital forces. The Fischer plot diagram display 

comparatively similar accommodation spaces graphic pattern within studied 

sections. It indicates the relatively similar changes in relative depositional 

space in relation to fluctuation of the relative water-level with time in the 

studied sections. 

  

• In the sequence stratigraphic framework, the Middle Eocene (Lutetian-

Bartonian) sediments are recognized as transgressive systems tract and 

highstand systems tract deposits. In the central to southeast and southwest, the 

lacustrine deposits in the studied regime belong to transgressive systems tract, 

then are overlain by marine offshore-transitional deposits, which are 

interpreted as highstand systems tract. In the north section (Sünnet section), 

the floodplain deposits associated lowstand systems tract are overlain by 

marine deposits, which are interpreted as transgressive systems tract and 

highstand systems tract deposits. 

 

• The obtained relative water-level curve in the studied successions exhibit 

comparatively synchronous trend with global sea level curve in Middle Eocene 

(Lutetian-Bartonian) period of Haq et al. (1987). The identified maximum 

flooding zones in the studied sections is determined around Lutetian-Bartonian 

boundary (approximately 40.60 + 0.5 Ma), which relatively coincide with Haq 

et al.`s (1987) and Ocakoğlu et al.`s (2007, 2012) Lutetian-Bartonian 

maximum flooding surface at 40.40 Ma.  

 

• Geochemical data and petrographic analysis indicate that both lacustrine and 

marine organic-rich lithofacies (oil-shale, marl and limestone) in the studied 

sections interpret excellent source rock potential. The organic matter content 

in the lithofacies are ranging from 0.35wt.% to 29.91wt.% with effectively 
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thick intervals. The identified pore types in the studied samples are 

intraparticle pores, interparticle pores and microfracture related porosity.  

 

• The geochemical and petrographic studies interpret that the organic rich 

lithofacies in the central (Dağhacılar section, Hasanlar section) and north 

sections (Sünnet section) are characterized as high brittle mineral content and 

relatively low clay content, which facilitates both natural and artificial 

fractures and inferring good unconventional reservoir properties. The 

southwest (Kösüre section) and southeast (Karahisar section) sections have 

relatively high clay content at certain levels and very low porosity. The 

southwest (Kösüre section) and southeast (Karahisar section) sections are 

categorized as low-quality unconventional reservoir character. Therefore, it is 

concluded that oil-shale in the Dağhacılar, Hasanlar and Sünnet sections are 

favorable potential target for exploration and production of hydrocarbon. 
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APPENDICES 

 

APPENDIX A. Geochemical Data of the Studied Sections 

Appendices A 1: Geochemical data of the Dağhacılar measured section. 

S
a
m

p
le

 N
o
. Lithofacies 

T
o
ta

l 
W

ei
g
h

t 
(g

) 

W
a
te

r 
L

o
ss

 a
ft

er
 1

0
0
 o

C
 

D
ry

 W
ei

g
h

t 
(g

) 

W
ei

g
h

t 
A

ft
er

 H
C

l 
(g

) 

C
a
C

O
3
 (

g
) 

W
ei

g
h

t 
A

ft
er

 H
2
O

2
 (

g
) 

O
rg

a
n

ic
 M

a
tt

er
 (

g
) 

R
es

id
u

es
 (

g
) 

Obtained weight % of organic matter 

and minerals 

Carbonate  
Organic 

Matter  
Residues 

D01 Lime mudstone 10 0.15 9.85 2.62 7.23 1.30 1.33 1.30 73.38 13.47 13.15 

D03 Lime Mudstone 10 0.11 9.89 1.45 8.43 1.01 0.44 1.01 85.33 4.49 10.18 

D04 Wackestone 10 0.22 9.78 1.37 8.41 0.79 0.58 0.79 85.99 5.98 8.03 

D06 Wackestone 10 0.14 9.86 3.10 6.76 1.75 1.35 1.75 68.52 13.73 17.74 

D08 Packstone 10 0.21 9.79 2.09 7.71 1.34 0.75 1.34 78.70 7.64 13.66 

D10 Oil-shale 10 0.14 9.86 3.51 6.35 2.44 1.07 2.44 64.40 10.81 24.79 

D11 Packstone 10 0.24 9.76 3.75 6.01 2.55 1.20 2.55 61.55 12.35 26.11 

D13 Packstone 10 0.23 9.77 1.85 7.92 1.33 0.51 1.33 81.08 5.27 13.64 

D14 Wackestone 10 0.26 9.74 3.09 6.65 1.69 1.39 1.69 68.30 14.31 17.38 

D17 Wackestone 10 0.16 9.84 1.08 8.76 0.24 0.83 0.24 89.03 8.49 2.48 

D19 Packstone 10 0.16 9.84 1.93 7.91 1.05 0.88 1.05 80.38 9.00 10.63 

D20 Marl 10 0.32 9.68 7.13 2.55 5.54 1.59 5.54 26.37 16.42 57.21 

D21 Marl 10 0.20 9.80 5.38 4.42 4.06 1.32 4.06 45.10 13.45 41.45 

D24 Marl 10 0.66 9.34 3.86 5.48 3.27 0.58 3.27 58.70 6.23 35.07 

D25 Marl 10 0.32 9.68 3.49 6.19 2.65 0.84 2.65 63.95 8.63 27.42 

D27 Wackestone 10 0.21 9.79 1.65 8.14 1.09 0.56 1.09 83.12 5.71 11.17 

D28 Oil-shale 10 0.24 9.76 6.03 3.73 4.51 1.52 4.51 38.23 15.55 46.22 

D29 Lime Mudstone 10 0.16 9.84 2.84 7.00 2.06 0.78 2.06 71.15 7.93 20.92 

D30 Wackestone 10 0.27 9.73 3.72 6.01 2.23 1.49 2.23 61.80 15.28 22.92 

D31 Lime Mudstone 10 0.24 9.76 4.45 5.31 3.82 0.63 3.82 54.37 6.47 39.16 

D34 Marl 10 0.25 9.75 6.81 2.94 5.79 1.03 5.79 30.15 10.54 59.31 

D35 Oil-shale 10 0.20 9.80 4.85 4.95 2.99 1.86 2.99 50.52 18.99 30.50 

D36 Oil-shale 10 0.17 9.83 4.86 4.97 3.66 1.20 3.66 50.54 12.20 37.26 

D37 Oil-shale 10 0.24 9.76 5.03 4.73 3.20 1.83 3.20 48.46 18.74 32.81 

D38 Oil-shale 10 0.20 9.80 4.31 5.49 3.26 1.05 3.26 56.00 10.74 33.26 

D40 Oil-shale 10 0.29 9.71 4.31 5.40 2.96 1.35 2.96 55.61 13.88 30.51 

D41 Oil-shale 10 0.18 9.82 5.21 4.61 3.81 1.40 3.81 46.97 14.26 38.78 

D43 Marl 10 0.30 9.70 5.11 4.58 4.39 0.73 4.39 47.25 7.50 45.25 

D45 Marl 10 0.29 9.71 6.37 3.34 5.41 0.97 5.41 34.37 9.96 55.67 

D50 Oil-shale 10 0.24 9.76 4.59 5.17 3.63 0.96 3.63 52.95 9.81 37.24 

D51 Oil-shale 10 0.19 9.81 4.37 5.44 4.04 0.32 4.04 55.48 3.30 41.21 

D52 Oil-shale 10 0.02 9.98 3.42 6.56 2.66 0.76 2.66 65.72 7.63 26.66 

D54 Oil-shale 10 0.15 9.85 7.06 2.78 5.90 1.16 5.90 28.26 11.79 59.94 

D55 Oil-shale 10 0.18 9.82 7.39 2.43 6.33 1.06 6.33 24.78 10.75 64.47 

D58 Oil-shale 10 0.23 9.77 3.02 6.75 1.80 1.22 1.80 69.09 12.50 18.42 

D59 Oil-shale 10 0.34 9.66 3.11 6.55 2.16 0.95 2.16 67.78 9.83 22.38 

D62 Oil-shale 10 0.30 9.70 2.15 7.55 1.24 0.91 1.24 77.86 9.40 12.74 

D66 Marl 10 0.26 9.74 7.13 2.62 6.33 0.80 6.33 26.86 8.20 64.95 

D69 Oil-shale 10 0.19 9.81 5.34 4.47 3.88 1.46 3.88 45.55 14.85 39.59 

D71 Oil-shale 10 0.06 9.94 7.21 2.74 6.18 1.03 6.18 27.52 10.35 62.13 

D72 Oil-shale 10 0.29 9.71 4.20 5.51 3.16 1.04 3.16 56.74 10.69 32.57 

D73 Marl 10 0.21 9.79 7.63 2.17 7.05 0.58 7.05 22.11 5.91 71.98 
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Appendices A 2: Organic matter and minerals component weight percent data of geochemical 

analysis and petrographic data of selected samples from the Dağhacılar section. 
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content (brittle 

mineral content > 

40%) 
Carbonate  Organic Matter  Clay  Quartz/Feldspar  

D01 Lime mudstone 73.38 13.47 13.15 0.00    

D03 Lime Mudstone 85.33 4.49 9.18 1.00    

D04 Wackestone 85.99 5.98 8.03 0.00    

D06 Wackestone 68.52 13.73 15.74 2.00    

D08 Packstone 78.70 7.64 13.66 0.00    

D10 Oil-shale 64.40 10.81 12.38 0.00    

D11 Packstone 61.55 12.35 25.11 1.00    

D13 Packstone 81.08 5.27 13.64 0.00    

D14 Wackestone 68.30 14.31 17.38 0.00    

D17 Wackestone 89.03 8.49 2.48 0.00    

D19 Packstone 80.38 9.00 10.63 0.00    

D20 Marl 26.37 16.42 68.45 0.00    

D21 Marl 45.10 13.45 33.19 2.84    

D24 Marl 58.70 6.23 35.40 2.00    

D25 Marl 63.95 8.63 22.83 5.60    

D27 Wackestone 83.12 5.71 11.17 0.00    

D28 Oil-shale 38.23 15.55 47.60 7.13    

D29 Lime Mudstone 71.15 7.93 17.42 3.50    

D30 Wackestone 61.80 15.28 22.92 0.00    

D31 Lime Mudstone 54.37 6.47 39.16 0.00    

D34 Marl 30.15 10.54 66.30 0.00    

D35 Oil-shale 50.52 18.99 0.76 22.72    

D36 Oil-shale 50.54 12.20 0.00 37.25    

D37 Oil-shale 48.46 18.74 40.37 0.00    

D38 Oil-shale 56.00 10.74 4.11 25.23    

D40 Oil-shale 55.61 13.88 0.59 34.83    

D41 Oil-shale 46.97 14.26 22.43 21.49    

D43 Marl 47.25 7.50 44.50 4.42    

D45 Marl 34.37 9.96 38.01 18.83    

D50 Oil-shale 52.95 9.81 41.29 0.00    

D51 Oil-shale 55.48 3.30 42.62 0.00    

D52 Oil-shale 65.72 7.63 23.45 5.41    

D54 Oil-shale 28.26 11.79 60.00 7.96    

D55 Oil-shale 24.78 10.75 67.23 5.00    

D58 Oil-shale 69.09 12.50 21.05 0.00    

D59 Oil-shale 67.78 9.83 12.62 12.20    

D62 Oil-shale 77.86 9.40 14.06 0.00    

D66 Marl 26.86 8.20 10.60 60.10    

D69 Oil-shale 45.55 14.85 16.96 26.20    

D71 Oil-shale 27.52 10.35 15.74 53.57    

D72 Oil-shale 56.74 10.69 11.20 25.27    

D73 Marl 22.11 5.91 16.17 53.99    

         

 Average 56.42 10.55 24.04 10.47    

 Min 16.00 3.30 0.00 0.00    

 Max 89.03 18.99 68.45 60.10    
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Appendices A 3: Geochemical data of the Hasanlar measured section. 
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Obtained weight % of organic matter and 

minerals  

Carbonate  Organic Matter  Residues  

H0A Wackestone 10 0.29 9.71 9.00 0.71 7.62 1.38 7.62 7.31 14.26 78.43 

H0B Oil-shale 10 0.43 9.57 2.25 7.32 1.75 0.51 1.75 76.45 5.31 18.24 

H03 Oil-shale 10 1.00 9.00 2.65 6.35 1.85 0.80 1.85 70.56 8.89 20.56 

H07 Lime Mudstone 10 0.11 9.89 5.51 4.38 4.75 0.77 4.75 44.27 7.74 47.99 

H08 Oil-shale 10 0.14 9.86 4.29 5.57 2.83 1.46 2.83 56.50 14.82 28.68 

H12 Wackestone 10 0.08 9.92 2.05 7.87 1.27 0.78 1.27 79.32 7.85 12.83 

H13 Oil-shale 10 0.36 9.64 5.74 3.90 4.45 1.30 4.45 40.43 13.43 46.13 

H14 Oil-shale 10 0.12 9.88 3.59 6.29 2.03 1.56 2.03 63.68 15.79 20.53 

H15 Oil-shale 10 0.45 9.55 7.79 1.76 6.54 1.25 6.54 18.43 13.05 68.52 

H18 Oil-shale 10 0.47 9.53 5.34 4.19 3.78 1.56 3.78 43.99 16.39 39.62 

H20 Oil-shale 10 0.12 9.88 4.27 5.60 2.77 1.51 2.77 56.74 15.25 28.01 

H21 Lime Mudstone 10 0.18 9.82 3.47 6.35 2.32 1.14 2.32 64.70 11.66 23.64 

 

Appendices A 4: Organic matter and minerals component weight percent data of geochemical 

analysis and petrographic data of selected samples from the Hasanlar section. 
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content (brittle 

mineral content > 

40%) Carbonate Organic Matter Clay Quartz/Feldspar 

H0A Wackestone 7.31 14.26 75.43 3.00    

H0B Oil-shale 76.45 5.31 13.75 5.51    

H03 Oil-shale 70.56 8.89 4.95 6.87    

H07 Lime mudstone 44.27 7.74 47.99 0.00    

H08 Oil-shale 56.50 14.82 33.67 0.00    

H12 Wackestone 79.32 7.85 12.83 0.00    

H13 Oil-shale 40.43 13.43 30.31 19.37    

H14 Oil-shale 63.68 15.79 22.54 0.00    

H15 Oil-shale 18.43 13.05 51.87 25.57    

H18 Oil-shale 43.99 16.39 47.39 0.00    

H20 Oil-shale 56.74 15.25 11.17 7.27    

H21 Lime mudstone 64.70 11.66 21.64 2.00    

         

 Average 51.86 12.04 31.13 5.80    

 Min 7.31 5.31 4.95 0.00    

 Max 79.32 16.39 75.43 25.57    
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Appendices A 5: Geochemical data of the Kösüre measured section. 
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Obtained weight % of organic matter and minerals 

Carbonate  Organic Matter  Residues  

K01 Marl 10 0.31 9.69 5.47 4.22 3.97 1.50 3.97 43.53 15.49 40.98 

K02 Marl 10 0.31 9.69 5.39 4.30 4.54 0.86 4.54 44.38 8.83 46.79 

K05 Marl 10 0.21 9.79 4.28 5.51 3.37 0.91 3.37 56.30 9.29 34.41 

K07 Wackestone 10 0.12 9.88 0.72 9.15 0.31 0.42 0.31 92.66 4.23 3.10 

K09 Wackestone 10 0.07 9.93 1.48 8.46 0.34 1.14 0.34 85.13 11.46 3.41 

K11 Packstone 10 0.06 9.94 1.53 8.40 0.70 0.84 0.70 84.57 8.42 7.01 

K12 Packstone 10 0.12 9.88 0.95 8.94 0.46 0.49 0.46 90.44 4.94 4.63 

K13 Oil-shale 10 0.81 9.19 6.26 2.93 6.23 0.03 6.23 31.86 0.35 67.80 

K15 Marl 10 0.44 9.56 5.07 4.48 3.44 1.63 3.44 46.91 17.10 35.99 

K19 Oil-shale 10 0.20 9.80 6.00 3.80 4.51 1.49 4.51 38.78 15.20 46.02 

K20 Marl 10 0.22 9.78 3.47 6.31 1.99 1.48 1.99 64.48 15.18 20.34 

K21 Wackestone 10 0.16 9.84 1.71 8.12 1.00 0.72 1.00 82.61 7.27 10.12 

K22 Marl 10 0.42 9.58 6.41 3.17 5.70 0.71 5.70 33.11 7.37 59.51 

K24 Oil-shale 10 0.50 9.50 6.81 2.70 5.91 0.89 5.91 28.40 9.41 62.18 

K26 Marl 10 0.54 9.46 5.42 4.04 4.77 0.66 4.77 42.71 6.94 50.35 

K28 Marl 10 0.17 9.83 3.86 5.97 2.88 0.97 2.88 60.78 9.88 29.34 

K30 Wackestone 10 0.10 9.90 1.48 8.42 0.78 0.70 0.78 85.07 7.03 7.90 

K31 Marl 10 0.15 9.85 4.53 5.32 3.99 0.54 3.99 53.96 5.49 40.55 

K33 Wackestone 10 0.15 9.85 1.35 8.50 0.53 0.82 0.53 86.28 8.30 5.43 

K34 Wackestone 10 0.15 9.85 3.02 6.83 2.78 0.24 2.78 69.35 2.43 28.22 

K35 Wackestone 10 0.19 9.81 1.31 8.50 0.99 0.32 0.99 86.68 3.25 10.07 

K38 Wackestone 10 0.12 9.88 5.71 4.17 4.71 1.01 4.71 42.18 10.17 47.65 

K40 Oil-shale 10 0.53 9.47 4.97 4.50 4.87 0.10 4.87 47.55 1.02 51.44 

K45 Oil-shale 10 0.39 9.61 7.07 2.54 5.47 1.60 5.47 26.45 16.63 56.92 

K46 Oil-shale 10 0.38 9.62 7.91 1.70 6.09 1.83 6.09 17.72 18.99 63.29 

 

Appendices A 6: Organic matter and minerals component weight percent data of geochemical 

analysis and petrographic data of selected samples from the Kösüre section. 
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Brittle mineral 

content (brittle 

mineral content > 

40%) 
Carbonate Organic Matter Clay  Quartz/Feldspar  

K01 Marl  43.53 15.49 40.61 6.62    

K02 Marl 44.38 8.83 37.91 11.71    

K05 Marl  56.30 9.29 33.52 4.41    

K07 Wackestone 92.66 4.23 3.10 0.00    

K09 Wackestone 85.13 11.46 3.41 0.00    

K11 Packstone 84.57 8.42 7.01 0.00    

K12 Packstone 90.44 4.94 4.63 0.00    

K13 Oil-shale 31.86 0.35 46.78 20.92    

K15 Marl  46.91 17.10 24.73 18.69    

K19 Oil-shale 38.78 15.20 39.10 14.61    

K20 Marl 64.48 15.18 21.88 1.19    

K21 Wackestone 82.61 7.27 10.12 0.00    

K22 Marl 33.11 7.37 63.86 0.00    

K24 Oil-shale  28.40 9.41 66.20 1.37    

K26 Marl 42.71 6.94 54.11 0.00    

K28 Marl 60.78 9.88 31.80 0.00    

K30 Wackestone 85.07 7.03 7.90 0.00    

K31 Marl 53.96 5.49 42.90 0.00    

K33 Wackestone 86.28 8.30 5.43 0.00    

K34 Wackestone 69.35 2.43 28.22 0.00    

K35 Wackestone 86.68 3.25 10.07 0.00    

K38 Wackestone 42.18 10.17 47.65 0.00    

K40 Oil-shale 47.55 1.02 43.28 7.64    

K45 Oil-shale  26.45 16.63 63.37 2.67    

K46 Oil-shale 17.72 18.99 75.66 2.47    

         

 Average 53.93 8.29 39.72 1.18    

 Min 17.72 0.35 3.10 0.00    

 Max 92.66 18.99 75.66 20.92    
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Appendices A 7: Geochemical data of the Karahisar measured section. 
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Obtained weight % of organic matter 

and minerals 

Carbonate 
Organic 

Matter 
Residues 

T01 Oil-shale 10 1.14 8.86 2.94 5.92 2.23 0.71 2.23 66.84 8.02 25.15 

T03 Oil-shale 10 0.19 9.81 3.48 6.33 2.13 1.36 2.13 64.52 13.81 21.66 

T04 Oil-shale 10 0.31 9.69 4.71 4.98 2.94 1.77 2.94 51.42 18.25 30.32 

T05 Oil-shale 10 0.72 9.28 4.01 5.26 2.86 1.15 2.86 56.74 12.41 30.85 

T06 Oil-shale 10 0.24 9.76 3.48 6.27 2.76 0.73 2.76 64.29 7.45 28.26 

T08 Lime Mudstone 10 0.19 9.81 4.29 5.51 3.50 0.79 3.50 56.22 8.06 35.72 

T09 Oil-shale 10 0.33 9.67 4.34 5.34 3.85 0.49 3.85 55.17 5.03 39.80 

T10 Oil-shale 10 0.68 9.32 4.43 4.89 3.51 0.92 3.51 52.46 9.88 37.66 

T12 Lime Mudstone 10 0.21 9.79 6.83 2.96 5.60 1.23 5.60 30.24 12.57 57.19 

T13 Lime Mudstone 10 0.25 9.75 7.12 2.64 5.37 1.75 5.37 27.03 17.94 55.03 

T14 Oil-shale 10 0.34 9.66 5.96 3.70 4.03 1.93 4.03 38.31 19.93 41.76 

T16 Lime Mudstone 10 0.09 9.91 7.46 2.45 5.99 1.47 5.99 24.71 14.83 60.47 

T17 Oil-shale 10 0.23 9.77 4.88 4.88 3.86 1.02 3.86 49.98 10.47 39.54 

T18 Oil-shale 10 0.37 9.63 4.99 4.64 3.59 1.40 3.59 48.19 14.55 37.26 

T20 Oil-shale 10 0.21 9.79 4.99 4.79 3.12 1.88 3.12 48.99 19.16 31.85 

T21 Lime Mudstone 10 0.08 9.92 5.04 4.88 3.45 1.59 3.45 49.20 16.06 34.74 

T22 Oil-shale 10 0.32 9.68 4.86 4.82 3.85 1.00 3.85 49.82 10.38 39.80 

T24 Oil-shale 10 0.29 9.71 5.43 4.29 4.20 1.22 4.20 44.12 12.60 43.28 

T26 Lime Mudstone 10 0.37 9.63 6.84 2.79 6.11 0.73 6.11 28.98 7.56 63.46 

T28 Lime Mudstone 10 0.28 9.72 4.43 5.29 3.40 1.03 3.40 54.43 10.63 34.93 

T29 Oil-shale 10 0.25 9.75 5.53 4.23 4.36 1.16 4.36 43.36 11.92 44.72 

 

Appendices A 8: Organic matter and minerals component weight percent data of geochemical 

analysis and petrographic data of selected samples from the Karahisar section. 
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Brittle mineral 

content (brittle 

mineral 

content > 40%) 
Carbonate  

Organic 

Matter  
Clay  Quartz/Feldspar  

T01 Oil-shale 66.84 8.02 8.94 18.40    

T03 Oil-shale 64.52 13.81 21.66 0.00    

T04 Oil-shale 51.42 18.25 15.63 21.46    

T05 Oil-shale 56.74 12.41 19.14 7.00    

T06 Oil-shale 64.29 7.45 28.26 0.00    

T08 Lime Mudstone 56.22 8.06 35.72 0.00    

T09 Oil-shale 55.17 5.03 3.80 38.11    

T10 Oil-shale 52.46 9.88 37.66 0.00    

T12 Lime Mudstone 30.24 12.57 57.19 0.00    

T13 Lime Mudstone 27.03 17.94 55.03 0.00    

T14 Oil-shale 38.31 19.93 41.76 0.00    

T16 Lime Mudstone 24.71 14.83 60.47 0.00    

T17 Oil-shale 49.98 10.47 24.39 17.76    

T18 Oil-shale 48.19 14.55 37.26 0.00    

T20 Oil-shale 48.99 19.16 31.85 0.00    

T21 Lime Mudstone 49.20 16.06 34.74 0.00    

T22 Oil-shale 49.82 10.38 22.67 18.34    

T24 Oil-shale 44.12 12.60 43.28 0.00    

T26 Lime Mudstone 28.98 7.56 63.46 0.00    

T28 Lime Mudstone 54.43 10.63 34.93 0.00    

T29 Oil-shale 43.36 11.92 44.72 0.00    

         

 Average 47.86 12.45 34.41 5.77    

 Min 24.71 5.03 3.80 0.00    

 Max 66.84 19.93 63.46 38.11    
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Appendices A 9: Geochemical data of the Sünnet measured section. 
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Obtained weight % of organic matter and 

minerals 

Carbonate  
Organic 

Matter 
Residues 

S06 Oil-shale 10 0.31 9.69 6.64 3.06 6.14 0.49 6.14 31.55 5.09 63.36 

S07 Oil-shale 10 0.43 9.57 8.23 1.34 7.38 0.85 7.38 14.03 8.86 77.10 

S11 Oil-shale 10 0.41 9.59 9.18 0.42 8.38 0.80 8.38 4.33 8.32 87.35 

S13 Oil-shale 10 0.39 9.61 8.61 1.00 6.59 2.02 6.59 10.40 21.05 68.56 

S14 Oil-shale 10 0.30 9.70 5.90 3.80 5.39 0.51 5.39 39.16 5.26 55.57 

S15 Oil-shale 10 0.44 9.56 8.04 1.53 6.88 1.16 6.88 15.96 12.13 71.92 

S16 Wackestone 10 0.12 9.88 2.65 7.23 0.84 1.81 0.84 73.20 18.35 8.45 

S17 Packstone 10 0.29 9.71 4.43 5.28 1.53 2.90 1.53 54.35 29.91 15.74 

S20 Oil-shale 10 0.41 9.59 8.04 1.55 6.78 1.26 6.78 16.15 13.17 70.69 

S22 Oil-shale 10 0.00 10.00 7.39 2.61 6.29 1.10 6.29 26.08 10.99 62.93 

S26 Wackestone 10 0.05 9.95 2.04 7.91 0.45 1.59 0.45 79.50 16.01 4.49 

S28 Rudstone 10 0.07 9.93 4.41 5.52 3.95 0.46 3.95 55.56 4.64 39.80 

S30 Oil-shale 10 0.00 10.00 7.66 2.34 7.07 0.59 7.07 23.40 5.90 70.69 

S32 Rudstone 10 0.20 9.80 6.24 3.56 5.81 0.43 5.81 36.34 4.36 59.31 

 

Appendices A 10: Organic matter and minerals component weight percent data of geochemical 

analysis of selected samples from the Sünnet section. 
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Brittle mineral 

content (brittle 

mineral 

content > 40%) 
Carbonate  

Organic 

Matter  
Clay  Quartz/Feldspar  

S06 Oil-shale 31.55 5.09 1.59 64.04    

S07 Oil-shale 14.03 8.86 21.27 60.64    

S11 Oil-shale 4.33 8.32 40.00 55.23    

S13 Oil-shale 10.40 21.05 41.81 44.66    

S14 Oil-shale 39.16 5.26 3.00 52.57    

S15 Oil-shale 15.96 12.13 40.17 41.67    

S16 Wackestone 73.20 18.35 0.00 8.45    

S17 Packstone 54.35 29.91 0.00 15.74    

S20 Oil-shale 16.15 13.17 0.00 70.69    

S22 Oil-shale 26.08 10.99 17.76 63.64    

S26 Wackestone 79.50 16.01 35.35 31.64    

S28 Rudstone 55.56 4.64 0.00 39.80    

S30 Oil-shale 23.40 5.90 0.00 70.69    

S32 Rudstone 36.34 4.36 0.00 59.31    

         

 Average 34.28 11.72 14.35 48.48    

 Min 4.33 4.36 0.00 8.45    

 Max 79.50 29.91 41.81 70.69    
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APPENDIX B. EXTRACTED OSTRACODS AND CHAROPHYTE GYROGONITES 

STATISTICAL DATA 

Appendices B 1: (50% Diluted) CH3COOH + (15% Diluted) H2O2 extracted Ostracods and 

Charophyte fossils statistical data and thin section data from the Dağhacılar section. 
Sample 

No. 
Lithofacies Solvent (1:3) 

Timing 

(Minutes) 

Extracted 

Microfossil % 
Thin Section Studies % 

D01 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 1 

D03 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 3 3 

D04 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 1 40 (Ghost features) 

D06 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 10 20 

D08 Packstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 5 5 

D10 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 15mins 25 49 

D11 Packstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 25 53 

D13 Packstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D14 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 20 35 

D17 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 5 7 

D19 Packstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 15mins 3 10 

D20 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 25 25 

D21 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

D24 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 15 15 

D27 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 1 2 

D28 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D29 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D30 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 20 53 

D31 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D34 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

D35 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D36 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 5 

D37 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D38 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D40 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D41 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D43 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

D45 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D50 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D51 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D52 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D54 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D55 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D58 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D59 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D62 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

D66 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

D69 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

D71 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

D72 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

D73 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 
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Appendices B 2: (50% Diluted) CH3COOH + (15% Diluted) H2O2 extracted Ostracods and 

Charophyte fossils statistical data and thin section data from the Hasanlar section. 
Sample 

No. 
Lithofacies Solvent (1:3) 

Timing 

(Minutes) 

Extracted 

Microfossil % 
Thin Section Studies % 

H0a Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 11 

H0b Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

H03 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 15mins 0 0 

H04 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

H07 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

H08 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 15mins 0 0 

H10 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

H12 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 2 

H13 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 2 20 

H15 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

H18 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 15mins 0 0 

H19 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 5 

H20 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 15mins 0 5 

H21 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 2 2 

 

Appendices B 3: (50% Diluted) CH3COOH + (15% Diluted) H2O2 extracted Ostracods and 

Charophyte fossils statistical data and thin section data from the Kösüre section. 
Sample 

No. 
Lithofacies Solvent (1:3) 

Timing 

(Minutes) 

Extracted 

Microfossil % 
Thin Section Studies % 

K01 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

K02 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

K05 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 1 1 

K07 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

K09 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

K11 Packstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 1 5 

K12 Packstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

K13 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 1 0 

K15 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 2 0 

K19 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

K20 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 15mins 15 15 

K21 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 5 

K22 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 3 3 

K24 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

K25 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 2 11 

K26 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

K28 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 10 10 

K30 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

K31 Marl (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 10 10 

K33 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 15 15 

K34 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

K35 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

K38 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 15mins 0 0 

K40 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

K45 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

K46 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 
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Appendices B 4: (50% Diluted) CH3COOH + (15% Diluted) H2O2 extracted Ostracods and 

Charophyte fossils statistical data and thin section data from the Karahisar section. 
Sample 

No 
Lithofacies Solvent (1:3) 

Timing 

(Minutes) 

Extracted 

Microfossil % 
Thin Section Studies % 

T01 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T03 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T04 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T05 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T06 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T08 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T09 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T10 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T12 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 1 

T13 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T14 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T16 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T17 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

T18 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T20 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T21 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T22 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T24 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T26 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T28 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

T29 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

 

Appendices B 5: (50% Diluted) CH3COOH + (15% Diluted) H2O2 extracted Ostracods and 

Charophyte fossils statistical data and thin section data from the Sünnet section. 
Sample 

No 
Lithofacies Solvent (1:3) 

Timing 

(Minutes) 

Extracted 

Microfossil % 
Thin Section Studies % 

S06 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

S07 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

S11 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 0 0 

S12 Lime Mudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

S13 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 20mins 2 2 

S14 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

S15 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

S16 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 5 13 

S17 Packstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 10mins 37 42 

S20 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

S22 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

S26 Wackestone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 11 11 

S28 Rudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

S30 Oil-shale (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 

S32 Rudstone (50% Diluted) CH3COOH+ (15% Diluted) H2O2 30mins 0 0 
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