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A MULTI-PROXY STUDY OF THE KIZILIRMAK RIVER TERRACES AND
ITS DELTA, NORTHERN TURKEY: IMPLICATIONS FOR TECTONICS,
SEDIMENTATION, SEA LEVEL AND ENVIRONMENTAL CHANGES

SUMMARY

River deltas as one end feature of a river are affected by a number of factors
determining their shape, presence and longevity. At present, those landforms give
space for large human populations as well as agricultural farmland. Aside, plenty of
species, including several threatened and rare ones, inhabit the delta’s wetlands
creating valuable ecosystems of international importance. Nevertheless, delta plains
are highly variable environments reacting quickly to changes in sediment influx from
the river as well as wave, tides and current activity. The sediment transport of a river
to the delta is highly depending on external and internal environmental factors. These
sediments contain data about the evolution of past climate, sea level and
geodynamics on local over regional to global scales. On the other hand, several river
deltas worldwide are distinctly affected by human activities such as river dams which
reduce the sediment transportation downstream to the delta. Those impacts lead to
artificially-induced changes in their morphology, i.e., shoreline retreats.

The lower stream of the Kizilirmak River in northern Anatolia comprises of
ecologically rich wetlands on the present delta plain as well as elevated fluvial and
delta terraces. The Kizilirmak River delta is located at the border between the Central
Anatolian Plateau and the Black Sea. The Central Anatolian Plateau is a major
feature of the Alpidic orogeny in Anatolia and uplifted slowly during Quaternary.
The North Anatolian Fault Zone, forming a broad restraining bend in the central
section of the Pontide Mountains, tectonically impacts the northern margin of the
plateau. This northward progressing deformation is suggested to accelerate the uplift
of the northern margin of the Central Anatolian Plateau until the southern coast of
the Black Sea. The dating of fluvial and marine terraces has now been established to
temporally constrain and reconstruct active tectonics impacting this delta during
Quaternary.

On the other hand, the Black Sea is the largest semi-enclosed sea with a globally
unique fauna due to its repeated disconnection from the world ocean. It was
disconnected during the Last Glacial Maximum (ca. 20 ka) until it became
reconnected to the Mediterranean Sea in early Holocene. Ostracod faunal
assemblages are well established proxies for marine, as well as limnic,
palaeoenvironmental reconstructions due to the high preservation potential of their
valves in sediments. Those characteristics create the opportunity to apply quantified
statistical analyses of their faunal assemblages to identify principal influencing
factors. Cyprideis torosa (Jones) is a brackish water ostracod that lives mainly in
marginal environments, but can withstand a wide variety of conditions. This species
forms phenotypic adaptations of its carapace to cope with environmental changes
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with up to severe hypersaline conditions. Recent studies started to use those
morphological  variations to  create transfer functions  determining
palaeoenvironmental variables, i.e. salinity.

The aim of this thesis is the reconstruction of the Quaternary evolution of the lower
stream and delta of the Kizilirmak River. This goal will be achieved by identifying
the geodynamics at the northern margin of the Central Anatolian Plateau combined
with the influence of the North Anatolian Fault Zone, which creates several fluvial
terrace levels along the lower course of the Kizilirmak River; and unraveling the
Holocene palacoenvironmental evolution of the delta with its dependencies to the
Anatolian climate and Black Sea sea level changes, based on ostracod faunal
assemblages. In addition, we analyse how the environmental conditions modify in
turn the size and shell thickness variation of Cyprideis torosa (Jones) as phenotypic
morphological adaptations for a future improved characterization of marginal marine
palaeoenvironments.

In the first part of the thesis, the interplay between coastal uplift, sea level change in
the Black Sea, and incision of the Kizilirmak River in northern Turkey is analysed.
These processes have created multiple co-genetic fluvial and marine terrace
sequences that serve as excellent strain markers to assess the ongoing evolution of
the Pontide orogenic wedge and the growth of the northern margin of the Central
Anatolian Plateau. Newly acquired high-resolution topographic data and OSL ages
accompanied by published information on past sea levels were used to analyse the
spatiotemporal evolution of these terraces; a regional uplift model for the northward-
advancing orogenic wedge Pontides was derived that supports the notion of laterally
variable uplift rates along the flanks of the Pontides. The best-fit uplift model defines
a constant long-term uplift rate of 0.28 + 0.07 m/ka for the last 545 ka. This model
explains the evolution of the terrace sequence in light of active tectonic processes
and superposed cycles of climate-controlled sea-level change. Those new data reveal
regional uplift characteristics that are comparable to the inner sectors of the Central
Pontides; accordingly, the rate of uplift diminishes with increasing distance from the
main strand of the restraining bend of the North Anatolian Fault Zone (NAFZ). This
spatial relationship between the regional impact of the restraining bend of the NAFZ
and uplift of the Pontide wedge thus suggests a strong link between the activity of the
NAFZ, deformation and uplift in the Pontide orogenic wedge, and the sustained
lateral growth of the Central Anatolian Plateau flank.

In the second part of the thesis, the analysis of a 14.5-m-long sediment core, drilled
into the eastern delta wetlands, is presented. The palacoenvironmental impact on the
delta plain was analysed using palaeoecological ostracod assemblages accompanied
by a palaeo-salinity reconstruction based on sieve pore shape variations on the
ostracod Cyprideis torosa (Jones). This study depicts the interplay of terrestrial and
marine settings forming mesohaline, shallow lagoons and deltaic lakes since ca. 7.9
ka cal BP. Lagoons with a-mesohaline to polyhaline salinities and -mesohaline to
oligohaline lake environments were identified. Reconstructed palaeo-sea level
estimations depict a remarkable environmental variability. The lagoon habitats at 7.9
to 7.0 and 5.3 to 4 ka cal BP were dominated by Cyprideis torosa. Marine influence
led to ostracod associations with Loxoconcha spp. and Tyrrhenocythere amnicola
especially between 7.9 and 7.0 ka cal BP. Riverine influence in the same period, but
especially at about 7.7 ka cal BP, caused dominating Amnicythere spp. Assemblages
dominated by Cyprideis torosa and Candona neglecta characterise short phases of a
mesohaline deltaic lake environments at about 7.7 and 7.0 ka cal BP as well as after
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4 ka cal BP. With a subsequent salinity decrease, C. neglecta and (later on)
Pseudocandona marchica became dominant with an interruption by another short-
term lagoonal phase that might be associated with a ‘megadrought’ between 3.7 and
3.0 ka cal BP.

In the final part of the thesis, the valve size of adult and penultimate ontogenetic
individuals and shell thickness of Cyprideis torosa was measured in relation to the
changes in palaeoenvironmental conditions. A good positive correlation between the
size of female valves and the prevailing salinity (correlation coefficient: 0.56) can be
reported, while such a correlation is lacking for ontogenetic stage A-1. The absence
of large individuals is indicated to be a local effect of the Black Sea fauna. No
changes of the height/length ratio of the valves were recognizable along the salinity
gradient. Shells are significantly thicker under relatively stable, higher saline
conditions, but thinner in highly variable and low saline deltaic lakes. Both
morphological features, size and shell thickness of C. forosa, are thus potential tools
to give palaecoenvironmental information, especially in C. forosa-dominated, low
diversity marginal marine environments.

In overall, the study shows that the impact of the North Anatolian Fault deforms the
northern margin of the Central Anatolian Plateau until the Black Sea coast in the
range of the central Pontide Mountains since at least 545 ka. Hence, the southern part
of the Kizilirmak Delta becomes uplifted at an accelerated rate. In addition, the
Kizilirmak Delta reacts rapidly on changes in Anatolian climate and Black Sea sea
levels forming an alternation of lagoonal and deltaic lake environments in its eastern
part since Mid-Holocene. While sea level changes predominantly modify the
environments during the early Mid-Holocene, the climate changes have a much
higher impact during Late Holocene. In turn, those environmental changes leading to
salinity variations correlate to phenotypic changes in the morphology of the ostracod
Cyprideis torosa (Jones).
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KIZILIRMAK NEHIR TERASLARI VE DELTASININ COKLU-PROKSI
YONTEMI ILE CALISMASI: TEKTONIK, SEDIMANTASYON, DENiZ
SEVIYESI VE CEVRESEL DEGISIKLIKLER iLE ILGILi CIKARIMLAR

OZET

Su anda, bu topraklar tarim alanlarinin yani sira biiylik insan niifusuna da yer
vermektedir. Bunun yani sira, tehdit altinda ve nadir olan birgok tiir, deltanin sulak
alanlarinda yasar ve uluslararas1 6neme sahip degerli ekosistemler yaratir. Bununla
birlikte, delta ovalar1 nehirdeki sediman akisindaki degisikliklere, dalga, gelgitlere ve
mevcut aktiviteye hizla tepki veren oldukca degisken ortamlardir. Bir nehrin deltaya
sediman tasinimi, i¢ ve dis g¢evresel faktorlere baglidir. Bu sedimanlar, ge¢mis
iklimin, deniz seviyesinin ve yerelden bolgesel ve kiiresel dlgekte jeodinamiklerin
gelisimi hakkinda veri igermektedir. Ote yandan, diinyadaki bazi nehir deltalar,
deltalarin asagi havasinda bulunan sediman tagimimini azaltan barajlar gibi insan
faaliyetlerinden agikca etkilenir. Bu etkiler, morfolojilerinde, yani kiy1 seridi
cekilmelerinde yapay olarak meydana gelen degisikliklere yol agmaktadir.

Bunun yani sira, ostrakod guruplari, kapakg¢iklarinin sediman iginde yiiksek
korunabilme potansiyeli nedeniyle, limnik palaeo-¢evre rekonstriiksiyonlari i¢in iyi
bir proksi konumundadirlar. Genis dagilimlari ve bolluklar1 nedeniyle, ortami
etkileyen faktorleri tanimlamak igin ostrakondlar istatistiksel analizler i¢in ¢ok
uygundurlar. Cyprideis torosa (Jones), marjinal ortamlarda yasayan bir act su
ostrakodu olup c¢evresel degisikliklere hizla uyum saglayabilir. Son calismalar
palaeco-gevresel degisiklikleri, yani tuzluluk diizeyini belirlemek ve transfer
fonksiyonlar1 olusturmak i¢in bu morfolojik varyasyonlar1 kullanmaya baglamistir.

Bu tezin amaci, Orta Anadolu Platosu'nun kuzey kenarinda yer alan jeodinamik
ozellikleri belirleyen Kizilirmak deltas1 etrafindaki nehir teraslar1 araciligiyla
Kizilirmak Nehri’nin Kuvaterner gelisimine 151k tutmaktir. Bunun yani sira, deltanin
Holosen paleo-cevresel evrimi, Anadolu iklimi ve Karadeniz deniz seviyesi ile
ostrakod faunasindaki degisimler gozoniine alinarak ortaya konmaya calisilmigtir.

Ayrica bu bolge, Cyprideis torosa'nin (Jones) boyutu ve kabuk kalinlig1 degisimini,
marjinal deniz palaeo-ortamlarmin gelismis bir karakterizasyonu i¢in fenotipik
morfolojik vekiller olarak test etme imkani sunmaktadir.

Tezin birinci boliimiinde, kuzeydeki kiyilarin yiikselmesi, Karadeniz'in deniz
seviyesi degisimi ve Kizilirmak Nehri'nin kesilmesi arasindaki etkilesim
incelenmistir. Bu islemler, Pontid orojenik kamalarin devam eden evrimini ve Orta
Anadolu Platosu'nun kuzey smirmin biiylimesini degerlendirmek i¢in miikkemmel
zorlanma belirtecleri olarak hizmet veren ¢oklu kogenetik fluvial ve deniz terasi
dizileri yaratmistir. Yeni elde edilen yiiksek c¢oziiniirliklii topografik veriler ve
gecmis deniz seviyelerinde yayimlanan bilgilerle birlikte verilen OSL yaslari, bu
teraslarin mekansal-zamansal evrimini analiz etmek i¢in kullanilmistir; kuzeye dogru
ilerleyen orojenik kama Pontidler i¢in bolgesel bir yiikselme modeli, Pontidlerin
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yanlar1 boyunca da yanal degisken yiikselme oranlar1 kavramini desteklemektedir.
En uygun yiikseltme modeli, son 545 ka i¢in sabit ve uzun vadeli bir yiikselme orani
olan 0,28 = 0,07 m / ka'ya denk gelmektedir. Bu model, teras dizisinin aktif tektonik
stirecler ve iklim kontrollii deniz seviyesindeki degisim dongiileri 1s18indaki evrimini
aciklar. Bu yeni veriler, Orta Pontidlerin i¢ sektorleriyle karsilastirilabilir bolgesel
gelisme Ozelliklerini ortaya koymaktadir; buna bagh olarak, yiikselme orani, Kuzey
Anadolu Fay Zonu Bolgesinin (NAFZ) kisitlayic1 biikiilmesinin ana seridinden
uzaklastikga azalmaktadir. NAFZ'nin kisitlayict biikiilmesinin bolgesel etkisi ile
Pontid kamasinin yiikseltilmesi arasindaki bu mekansal iliski, NAFZ'nun aktivitesi,
Pontid orojenik kamadaki deformasyon ve yiikselme ile Orta Anadolu'nun siirekli
yanal biiylimesi arasinda gii¢lii bir baglant1 oldugunu ortaya koymaktadir.

Tezin ikinci boliimiinde, dogu delta sulak alanlarina 14,5 m uzunlugunda bir karot
incelenmistir. Delta ovasi lizerindeki paleo-cevresel etki, ostrakod Cyprideis torosa
(Jones) iizerindeki elek gozenek sekli degisikliklerine dayanan palaeo-tuzluluk
rekonstriiksiyonlar: esliginde palacoekolojik ostrakod topluluklar: kullanilarak analiz
edilmistir. Bu calisma, mezohalin, s1g lagiin ve deltaik goller olusturan karasal ve
deniz ortamlarinin etkilesimini ca. 7,9 ka cal BP’dan giinlimiize ortaya koymaktadir.
a-mesohalin ile polihalin tuzluluklarina ve B-mesohalin ve oligohalin g6l ortamlari
tespit edilmistir. Yeniden yapilandirilmis paleo-deniz seviyesi tahminleri dikkate
deger bir ¢evresel degiskenlik gostermektedir. Cyprideis torosa'da lagiin habitatlar
7,9 ila 7,0 ve 5,3 ila 4 ka'lik BP'lerde baskindir. Deniz etkisi, Loxoconcha spp. ve
Tyrhenocythere amnicola gibi ostarkod gruplerinin 6zellikle 7,9 ila 7,0 ka cal BP
arasinda gelisimine olanak vermistir. Ayn1 donemde olusan nehir etkisi (6zellikle
yaklasik 7.7 ka cal BP'de), nedeniyle Amnicythere spp., Cyprideis torosa ve Candona
neglecta baskin hale gelmis ve mesohaline deltaik gol yaklasik 7,7 ve 7,0 ka cal
BP'de ve ayrica 4 ka cal BP arasinda olusmustur. Bir sonraki tuzluluk azalmasiyla, C.
neglecta ve (daha sonra) Pseudocandona marchica, “megakuraklik” ile iliskili
olabilecek kisa vadeli bir lagiin evresinin kesilmesiyle baskin hale gelmistir.

Tezin son boliimiinde, yetiskin ontogenetik bireylerin kapak boyutu ve Cyprideis
torosa'nim kabuk kalinlig1 palaeo-ortam kosullarindaki degisikliklerle iligkili olarak
Ol¢lilmiistiir. Disi kapakgiklarin biiytikliigi ile hakim tuzluluk arasinda iyi bir pozitif
korelasyon (korelasyon katsayisi: 0,56) bildirilirken, bdyle bir korelasyon
ontogenetik evre A-1 ic¢in eksiktir. Biiyiikk bireylerin yoklugunun Karadeniz
faunasinin yerel bir etkisi oldugu belirtilmektedir. Tuzluluk derecesi boyunca
kapakgiklarin yilikseklik / wuzunluk oraninda herhangi bir degisiklik tespit
edilmemistir. Kabuklar nispeten kararli, daha yiiksek tuzlu su kosullar1 altinda
belirgin sekilde daha kalindir, ancak oldukca degisken ve diisiik tuzlu deltaik
golleride ise daha incedir. Bu nedenle, morfolojik 6zellikler, C. torosa'nin biiytikliigi
ve kabuk kalinligi, 6zellikle C. forosa'nmin hakim oldugu, diisiik ¢esitlilige sahip
marjinal deniz ortamlarinda paleo-gevre bilgisi vermek i¢in potansiyel araclardir.

Genel olarak, ¢aligma, Kuzey Anadolu Fayi'nin etkisinin Orta Anadolu Platosu'nun
kuzey smirmi, en az 545 ka'dan bu yana orta Pontid Daglar1 araliginda Karadeniz
kiyilarina kadar deforme ettigini gostermektedir. Bu sekilde, Kizilirmak Deltasi'nin
giineyi, hiz1 artan bir oranda ylikselmektedir. Buna ek olarak, Kizilirmak Deltasi,
Anadoludaki iklim ile Karadeniz deniz seviyelerinde meydana gelen degisikliklere,
dogu kesimindeki lagiin ve deltaik g6l ortamlarinin Orta-Holosen’den gilinlimiize
ardalanmasi ile hizli bir tepki vermektedir. Deniz seviyesi degisimleri, erken Orta
Holosen’de ortamlar1 agirlikli olarak degistirirken, iklim degisikligi Ge¢ Holosen
doneminde ¢ok daha yiliksek bir etkiye sahiptir. Buna karsilik, tuzluluk
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degisimlerinin eslik ettigi bu cevresel degisiklikler, ostrakod Cyprideis torosanim
(Jones) morfolojisindeki fenotipik degisikliklerle denestirilebilmektedir.
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1. INTRODUCTION

Rivers play a very important role for natural environments as well as human
civilizations in several ways, for example forming valleys with arable land and trade
pathways (e.g., Polanyi, 1963; Berger et al., 2016). Those large natural streams flow
towards a lake, sea or ocean and are generally fed by a large number of smaller
tributaries, which form the drainage basin of a river. Rivers with high sediment
transport form deltas at their mouth into a water-filled basin and are strongly affected
by any hydrological changes in the drainage basin and water levels (e.g., Meade,
1996; Bhattacharya, 2003). All of those factors modify the river’s flow so that delta
environments react sensitively to changes in precipitation patterns, base levels and
tectonic movements (e.g., Vandenberghe, 2008; Burbank and Anderson, 2011). The
delta sediments are thus highly valuable recorders for past regional long- and short-
term changes. However, many of those environments are highly threatened
worldwide, due to intense human activities and modifications. For example, large
scale damming of the river’s course leads to sediment load reduction and intense

groundwater use exacerbates natural subsidence rates of deltas (Giosan et al., 2014).

Delta plains are located very close to the sea level and build the home to a very rich
and diverse fauna and flora (Giosan et al., 2014). One class inhabiting aquatic delta
environments are Ostracoda (Frenzel and Boomer, 2005). These small, mostly
benthic-living crustaceans are abundant in nearly all aquatic environments worldwide
and appear already since Palacozoic (Horne et al., 2002). A delta plain, as a landform
at the border between mainland and sea, is a highly variable environment with a
number of influencing factors of both realms leading to delta pro- and
retrogradations (shifts of the shoreline) (Bhattacharya, 2003). Accordingly,
assemblages of the ostracod fauna in delta sediments can be used to reconstruct

palaeo-deltaic environments with highly variable conditions (e.g., Rossi, 2009).

The study area of this thesis is the delta of the Kizilirmak River, formerly called
Halys. The Kizilirmak River is the largest river of Turkey that flows in a large bend

across the Central Anatolian high plateau. Subsequently, the river crosses the North



Anatolian Fault and traverses the Central Pontides. Eventually, the Kizilirmak River
reaches the southern central Black Sea coast of Turkey. There, it forms a wave-
dominated wide delta plain, the Kizilirmak Delta or Bafra Plain. The delta contains
large Ramsar wetlands including swamps, marshes, brackish lakes and dunes, which
are highly threatened by human activities and active retreat of the coastline

(Samsunlu et al., 2002; Oztiirk et al., 2015).

The Kizilirmak Delta is also located at the northern margin of the Central Anatolian
Plateau (CAP), a main feature of Anatolia, which is enclosed by the continent-
continent collision zone of Eastern Anatolia and the subduction zone with
extensional tectonics in the Aegean region (Kuzucuoglu et al., 2019). Orogenic
plateaux like the CAP are prime features in tectonic collision zones (Burbank and
Anderson, 2011). The CAP is a rather small plateau with an average height of about
1 km, which is bordered by the Pontide Mountains to the north and the Tauride
Mountains to the south (Ciner et al., 2013). The CAP was formed by the collisional
accretion of the Afyon and Kirsehir blocks as well as the Tauride carbonate platform
with the Pontide magmatic arc from Eocene to Early Oligocene (e.g., Sengér and
Yilmaz, 1981; Gortir et al., 1998; Sengor et al., 2005; Van Hinsbergen et al., 2016).
Subsequently, it experienced a significant uplift of about 1 km since Miocene (e.g.,
Cosentino et al., 2012; Schildgen et al., 2012, 2014; Aydar et al., 2013; Ciner et al.,
2015). This section of the Alpidic orogeny transformed Anatolia from a former
continental margin of Eurasia to the present intracontinental basin of Central

Anatolia.

To the north of the Pontide arc, the Black Sea basin has opened as two separate
extensive back-arc basins (West and East Black Sea basins) in Late Cretaceous and
Early Eocene, respectively, as part of the Paratethys, which had a limited connection
to the open ocean (e.g., Okay et al., 1994; Rogl, 1999). The extension of the basins
ended with the collision of the Arabian Plate with Eurasia until Middle Miocene
(e.g., Okay et al., 1994; Robinson et al. 1996; Cavazza et al., 2018). This collision
largely isolated the eastern Paratethys from the world ocean leading to a salinity drop
and high endemism of the fauna (Rogl, 1999). Then, this domain had only a limited
connection to the Palacomediterranean (southern Paratethys) until the Plio-
Pleistocene transition (Van Baak et al., 2015, 2019; Palcu et al., 2018). Since Lower

Pleistocene, this connection was broken until Middle Pleistocene and the Paratethys



degraded into the Black and Caspian seas (Kochegura and Zubakov, 1978; Yanko-
Hombach, 2013), with a reconnection of the Black Sea to the world ocean during
interglacial periods since at least 460 ka (Kochegura and Zubakov, 1978; Shmuratko,
2001). At last, it was reconnected to the world ocean over the Bosphorus and
Dardanelles in Early Holocene (Filipova-Marinova, 2007) and is today the largest
semi-enclosed sea of the world. The timing and duration of this reconnection is hotly
debated since the last two decades (e.g., Aksu et al., 2002; Ryan et al., 2003).
Research about the subsequent development of the Black Sea led to highly different

reconstructions (Erginal et al., 2013).

Contemporary with the Miocene collision of the Arabian Plate with Anatolia, the
activity of the North Anatolian Fault Zone (NAFZ) started between 11 and 13 Ma
ago and propagated towards west (Okay et al., 1994; Sengor et al., 2005). The NAFZ
is a major dextral transform fault striking from East Anatolia to the Aegean Sea,
which separates the CAP’s interior from its northern margin, the central section of
the Pontide Mountains (Central Pontides) (Sengér et al., 2005). It impacted on the
Central Pontides between 8.5 and 5 Ma ago (Hubert-Ferrari et al., 2002), where it
forms a broad restraining bend (Emre et al., 2009). At this bend of the NAFZ,
contraction is increased, which is suggested to lead to an accelerated uplift of the
Central Pontides as an orogenic wedge (Yildirnm et al., 2011, 2013a,b). Several
uplifted fluvial terraces are exposed along the Kizilirmak’s course inside the Central

Pontides up to the delta plain (Demir et al., 2004).

This thesis aims to unravel the Quaternary development and evolution of the
Kizilirmak Delta, at the boundary between the Black Sea, which has a very unique
environment, and the tectonically active Anatolian plate. It will also contribute to the

development of new, very sensitive ostracod proxies for marginal marine settings.

Chapter 2 aims to reconstruct the rate of regional uplift that explains the formation
and level of the Kizilirmak River’s fluvial, deltaic and marine terraces and compare
it with the uplift information from former studies of the CAP. To achieve this goal,
the fluvial and deltaic terraces of its lower stream were dated by using optically-
stimulated luminescence to reconstruct the Quaternary regional uplift at the northern

margin of the CAP.



In chapter 3, a sediment core, which was drilled into the eastern delta wetlands, was
analysed by using ostracod assemblages and morphometries. Those analyses are
supported by geochemical measurements and radiocarbon dating. This study aims to
reconstruct the palaeo-delta environments during Holocene. In addition, the
reconstructed palacoenvironments are intended to give insight into palaeo-sea levels
and the conditions during settlement phases of likiztepe, a town located at the
northernmost peak of the delta terraces, which was discontinuously inhabited since

Late Chalcolithic.

Chapter 4 deals with the palacoenvironmental changes shaping the morphology of
Cyprideis torosa (Jones), a brackish water ostracod species that is abundant in
marginal marine settings over large parts of the world (Frenzel et al., 2010).
Environmental changes cause phenotypic adaptations of individuals of this species
(e.g., Van Harten, 1975; Boomer et al., 2017). The size of adult individuals as well as
ones in the penultimate ontogenetic stage and their shell thicknesses are measured.
This study aims at a correlation of those intraspecific features to environmental
factors of the Holocene eastern Kizilirmak Delta as possible proxies for

palaeoenvironment reconstructions, especially in low-diverse environments.

In chapter 5 are given conclusions and future prospects.



2. QUATERNARY UPLIFT OF THE NORTHERN MARGIN OF THE
CENTRAL ANATOLIAN PLATEAU: NEW OSL DATES OF FLUVIAL AND
DELTA-TERRACE DEPOSITS OF THE KIZILIRMAK RIVER, BLACK
SEA COAST, TURKEY'

2.1 Introduction

Cenozoic orogenic plateaus are premier tectonic features that are characterized by
low internal relief, pronounced relief contrasts along their flanks, and high average
elevation. As such, they influence the tectonic evolution of adjacent forelands, cause
changes in atmospheric circulation patterns, determine the distribution of rainfall and
the efficiency of weathering and erosion, and impact pathways for speciation (e.g.,
Ruddiman and Kutzbach, 1991; Ramstein et al., 1997; Strecker et al., 2007; Placzek
et al., 2009).

The world's largest Cenozoic orogenic plateaus, such as Tibet and the Altiplano-Puna
of the Central Andes, are thought to have resulted from a wide range of deep-seated
processes involving lithospheric delamination, crustal shortening and thickening, and
underplating (e.g., Allmendinger et al., 1997; Tapponnier et al., 2001; Garzione et
al., 2017). It has also been suggested that the construction of orogenic rainfall
barriers along the plateau flanks, in concert with resulting changes in surface
processes, may contribute to the morphologic evolution of these areas (Métivier et
al., 1998; Sobel et al., 2003). In combination, all of these aspects may influence
plateau growth over time in terms of elevation as well as areal extent (e.g., Isacks,
1988; Masek et al., 1994; Allmendinger et al., 1997; Tapponnier et al., 2001; Sobel
et al., 2003). However, the mechanisms that are responsible for the lateral growth of
these regions and the timescales that are necessary to generate topography remain
subjects of debate (e.g., Riller and Oncken, 2003; Strecker et al., 2009; Schildgen et
al., 2012; Allen et al., 2013). This lack of consensus may be related in part to the lack

! This chapter is based on the paper “Berndt, C., et al., Quaternary uplift of the northern margin of the
Central Anatolian Plateau: New OSL dates of fluvial and delta-terrace deposits of the Kizilirmak
River, Black Sea coast, Turkey. Quaternary Science Reviews, 2018, 201: p. 446-469”



of suitable rocks for thermochronology, the limited availability of proxy indicators
for changes in topography through time, and the absence of chronologically well-

constrained strain markers.
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Figure 2.1 : (a) Tectonic overview of the Eastern Mediterranean region (ALOS 3D
WorldDEM; modified from Robertson et al., 2012 and Emre et al., 2012); GPS-
derived slip rates are taken from Tatar et al. (2012) (NAFZ) and Ozener et al. (2010)
(EAFZ); black arrows denote plate motions; the red arrow marks the direction of the
greatest horizontal stress (SHmax) acting upon the NAFZ and the Central Pontides
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faults (Demir, 2005; Yildirim et al., 2011; Emre et al., 2012; Yildirim et al., 2013a;
b; Espurt et al., 2014; Hippolyte et al., 2016); isobaths are shown with 200 m
contours; (c) Copernicus Sentinel-2 image (2015) of the study area with sampling
locations indicated by numbered red dots; 1 - ikiztepe (T3: IKZ1; T6: IKZ2), 2 -
Aktekke (T1: AK2; T4: AK1), 3 - Selemelik (TX: SE1; T7: SE2; ST1: SE3), 4 -
Yakintas (T3: YAK), 5 - Hidirellez (T6: HIR), 6 - Kizilirmak (T0: KI1Z), 7 - Kolay
(ST1/T6: KOL). This and all following maps are based on a UTM 32N projection of
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The Central Anatolian Plateau is the smallest and lowest Cenozoic orogenic plateau;
it may represent an early-stage analog to the world's larger orogenic plateaus or the
plateaus that have been inferred to have existed in the distant geological past (e.g.,
Schildgen et al., 2014). Flights of fluvial terraces exist at the northern and southern
Anatolian plateau flanks (Yildirim et al., 2011, 2013a; Schildgen et al., 2014), and
delta deposits have been uplifted in front of the northern plateau margin (Akkan,
1970), an integral part of the growing Pontide orogenic wedge. Miocene to
Pleistocene marine carbonates (Cosentino et al., 2012) and the provenance of
conglomerates along the southern plateau margin (Radeff et al., 2017) allow an
additional assessment to be made regarding the long-term tectonic history of the
plateau's evolution. The Central Anatolian Plateau therefore presents an opportunity
for studying young geological structures, tectonic landforms reflecting deformation
at different scales, and the overall response of the evolving landscape with respect to
plateau-building processes. Uplifted and deformed fluvial and marine terraces are

key to these considerations and constitute the focus of this study.

The Central Anatolian Plateau is traversed by the Kizilirmak River, which, at a
length of 1355 km, is Turkey's longest river. The Kizilirmak River is well known for
its incised meanders, multiple terrace sequences, and extensive delta at the southern
coast of the Black Sea (Akkan, 1970; Demir et al., 2004; Ciner et al., 2015) (Figure
2.1). The river originates in the western part of Eastern Anatolia and crosses the
extensional Central Anatolian Plateau interior in the southwestward direction before
changing its course toward the northeast; it then crosses the North Anatolian Fault
Zone and traverses the tectonically active Pontide Mountain range of north-central
Turkey before reaching the Black Sea. The river thus traverses the entire northern
flank of the Central Anatolian Plateau and the Pontide orogenic wedge; the interplay
between plateau-margin uplift, sea level change in the Black Sea, and incision of the
Kizilirmak River has created a well-preserved staircase morphology of Quaternary
fluvial terraces that may correlate with uplifted coastal terraces at the Black Sea coast
(Akkan, 1970; Demir et al., 2004) and thus allow an assessment to be made

regarding tectonic plateau margin processes on timescales of several 10*-10° years.

Fluvial and marine terraces such as those that exist in the Pontide orogenic wedge are
excellent strain markers. For example, Merritts and Bull (1989) and Merritts et al.

(1994) used fluvial and associated marine terraces as strain markers in tectonically



active plate boundary settings. Previous morphotectonic studies carried out in
northern Turkey have addressed the young tectonic evolution of the plateau margin
(Keskin et al., 2011; Yidirim et al., 2011, 2013a; b), but the spatiotemporal
characteristics of deformation and uplift processes in the Central Pontide region

remain largely enigmatic and poorly understood.

The Central Pontides are compressional ranges that reach elevations of up to 2000 m;
they constitute an orogenic wedge between offshore structures in the Black Sea and
the North Anatolian Fault Zone (NAFZ) (Yildirim et al., 2011, 2013a; b). The dextral
NAFZ is one of the most seismically active transform faults on Earth (Sengor et al.,
2005). The fault has an extensive restraining bend in the transition between eastern
and western Anatolia. This sector of the fault coincides with the Central Pontides
(Okay and Tiiysiiz, 1999; Yildirim et al., 2011, 2013b). Despite the well-known
Quaternary activity of the NAFZ (e.g., Ozden et al., 2008), the characteristics of
activity of coastal and offshore structures beyond the bend are only known to the first
order. However, faulted and uplifted river terraces in the Gokirmak Basin and coastal
terraces on the Sinop Peninsula (Yildinm et al., 2011, 2013a) unambiguously
document Quaternary tectonic activity and a northward-directed migration of Pontide

wedge deformation.

In light of these observations and questions particularly ones concerning plateau
margin evolution, the aim of this study was to unravel the complex interplay between
tectonic uplift and superposed Quaternary sea level changes in the Black Sea acting
on the flanks of the Central Pontides. We present (1) new, detailed geomorphic
mapping of fluvial terraces in the lower reaches of the Kizilirmak River and
associated palaco-delta levels at the Black Sea coast; (2) new OSL ages of the fluvial
terraces and palaeo-delta levels, as well as their temporal relationships with
Quaternary sea level changes documented at the Black Sea coast; and (3) a
calculation of the incision rate of the Kizilirmak River as a proxy for regional uplift
to facilitate a better understanding of the lateral and vertical growth of orogenic

plateau margins.

2.2 Regional Setting

The northward-sloping Pontide orogenic wedge is located between the Central

Anatolian Plateau and the Black Sea Basin where the northward-convex bend of the



NAFZ occurs (Meijers et al., 2010; Yildirim et al., 2011) (Figure 2.1). The Pontides
comprise Triassic to Paleocene island-arc rocks and Eocene flysch units related to
the Alpidic orogeny (Sengér and Yilmaz, 1981; Goriir, 1988; Okay and Tiiysliz,
1999; Stephenson and Schellart, 2010; Tiiysiiz, 1999; Rangin et al., 2002; Nikishin et
al., 2015).
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Figure 2.2 : Geologic map of the eastern Central Pontides with faults and folds
(modified after Demir, 2005; Uguz and Sevin, 2009; Emre et al., 2012). The main
features are the parallel ridges in folded Cretaceous and Eocene flysch units that
form the local basement of the southern terraces. Pre-Quaternary units north of the
Eocene flysch are not exposed.

Beyond its confluence with the Gokirmak River, the Kizilirmak River flows through
folded Mesozoic bedrock and Maastrichtian to Lower Paleocene transitional
marine/continental sedimentary rocks of the Akveren Formation north of Burunca
(Figure 2.2). The NW-SE-striking Bafra Fault defines the northern boundary of this
formation (Figure 2.2). To the north of the fault, Eocene andesitic rocks and
terrestrial northward-dipping sedimentary rocks of the Eocene Tekkekdy and Kusuri
Formations represent the bedrock until ca. 6 km SW of Bafra (Demir, 2005; Uguz



and Sevin, 2007, 2009). These Eocene units are normal-faulted, but structural
reconstructions and seismic reflection profiling have shown that these old
anisotropies are being inverted during the present-day tectonic regime (Robinson et

al., 1996; Rangin et al., 2002).
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Figure 2.3 : Earthquakes between 1904 and 2017 recorded by the Kandilli
Observatory and Earthquake Research Institute of Bogazigi University (2017). The
dashed circles highlight the most active seismogenic zones; large-magnitude
earthquakes occurred exclusively offshore.

The Bafra Fault is a major onshore structure in the study area, but its kinematics
remains uncertain (Emre et al., 2012). The fault corresponds with a distinct lineament
and coincides with the transition between the different uplifted delta deposit levels
and the rugged high topography to the south. A neotectonic offshore graben, the
Sinop Trough (Rangin et al., 2002), is a major structure immediately north of the
Kizilirmak Delta. The bounding normal faults strike NW-SE, parallel to the Bafra
Fault, and record activity until the Pliocene (Rangin et al., 2002). Rangin et al.
(2002) described the Sinop Trough as an extensional step-over in an area of right-

lateral shearing associated with incipient motion along the NAFZ.
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The region around the Kizilirmak River gorge and delta plain is characterized by
small-magnitude, low-frequency earthquakes (Kalafat and Toksoz, 2017). The only
historical large-magnitude earthquakes in the region have occurred along the NAFZ
(Bohnhoff et al., 2016). Earthquake magnitudes in the study region range between 2
and 4.6 (Bogazi¢i University, Kandilli Observatory and Earthquake Research
Institute, 2017). A prominent seismically active zone is located south of the
Kizilirmak Delta on the eastern side of the Kizilirmak River and is oriented NE-SW
(Figure 2.3). Here, earthquakes reach magnitudes of up to Mg. 4.4 at depths between
4 and 10 km, but deeper earthquakes with depths of ca. 22 km have also been
recorded (Bogazi¢i University, Kandilli Observatory and Earthquake Research
Institute, 2017). Another seismically active zone that is oriented NE-SW is located at
the western margin of the delta (Figure 2.3). This area has produced earthquakes with
magnitudes of up to Mg. 4.2 at depths between 9 and 15 km; these hypocenters
extended into the area of the southern margin of the Sinop Trough. Furthermore,
widespread, isolated low-magnitude events have occurred between the Eastern

Pontides in the SE and the Sinop Trough, reaching magnitudes of up to Mg. 4.6.

Landslides are common on the northern side of the Bafra Fault overlying Eocene
graben fill deposits, and may have been linked with seismogenic activity; creeping
landslips are common in the areas featuring exposures of Eocene rocks (Duman et

al., 2011) (Figure 2.3).

The Black Sea is the largest semi-enclosed inland sea in the world. During the
Quaternary, the Black Sea Basin was disconnected from the global ocean until MIS
12 (Kochegura and Zubakov, 1978; Champion et al., 1981). However, the possibility
of the basin's temporal connection with the Mediterranean since 780 ka has also been
proposed (e.g., Yanko-Hombach et al., 2013). With regards to transient connectivity
to the World Ocean, sea level oscillations in the Black Sea are difficult to compare
with globally recorded sea level changes. Although the Black Sea attained several
highstands similar to present sea level and was connected to the World Ocean during
interglacials over at least the last 460 ka (Kochegura and Zubakov, 1978; Champion
et al., 1981), the Black Sea Basin turned into a large lake when global sea levels fell
below a sill depth of ca. 32 m at the Bosphorus (Badertscher et al., 2011). The Black
Sea was also repeatedly connected to the Caspian Sea since the Pliocene (e.g.,

Grigorovich et al., 2003; Badertscher et al., 2011); this connection has been strongly
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dependent upon regional climate. In summary, during the Pleistocene, the sea level
of the Black and Caspian Sea system often reacted differently than that of the World
Ocean (see Svitoch et al., 2000; Panin and Popescu, 2007; Badertscher et al., 2011).

The deltas of the Kizilirmak and Yesilirmak rivers are the largest deltas along the
Turkish coast of the Black Sea (Figure 2.1). The Kizilirmak Delta is characterized by
an extensive and smooth surface delimited by steep slopes of the elevated palaeo-
delta levels (Akkan, 1970). Demir et al. (2004) tentatively correlated the lower
elevated delta levels with MIS 5e (Karangatian stage) and the upper levels with MIS
7 or MIS 9, related to the terrace levels of the Akgay River further east (Bilgin,
1963). In addition to the varying delta levels, multiple flights of fluvial terrace levels
occur along the bedrock gorge of the Kizilirmak River (Akkan, 1970).

2.3 Data and Methods

2.3.1 Geomorphic mapping and analysis

With the aid of satellite-derived elevation data, including data from ALOS (The
Advanced Land Observing Satellite) World 3D, SRTM 1 (Shuttle Radar Topography
Mission), and ASTER (Advanced Spaceborne Thermal Emission and Reflection), we
updated the geomorphological map of Akkan (1970) using digital elevation models.
Topographical maps published in 1959 (prior to the construction of the Derbent
Dam) were used to determine the terrace tread elevations with respect to the position
of the present-day valley floor. We additionally acquired new, high-resolution
Digital Surface Models (DSM) at each sampling site (see below) to constrain the
height and extent of each terrace with differential GPS measurements within the
DSM area. The new GPS points were measured with a mobile Leica dGPS device,
while our Sensefly eBee UAV (Unmanned Aviation Vehicle) acquired aerial images
of the area with 12 MP resolution; the data have a front overlap (along track) of 75%
and a side overlap (across track) of 70%. The ground-sampling distance of the
derived DSM was 6-8 cm. The aerial photos were orthorectified using the dGPS
points, and a point cloud was created using the SfM (Structure-from Motion)
algorithm (Snavely et al., 2007). The vegetation points from the surficial imagery
point clouds of the DSMs were excluded using the CloudCompare CSF (cloth
simulation filter) algorithm (Zhang et al., 2016; CloudCompare 2.8.0, 2016), which

inverted the point cloud. Based on this data set, the remaining ground points were
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connected via triangulation to form the DTM. The shoreline-angle calculation of

coastal terraces was carried out using the TerraceM algorithm (Jara-Mufioz et al.,

2016).
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Figure 2.4 : Outcrop conditions at and close to a representative suite of sampling
locations in the study area. (a) Kolay sampling site; (b) SE3 sampling site; (c) SE2
sampling site; (d) outcrop 500 m SE of the AK2 sampling site at low sun-angle
conditions to highlight internal bedding; (e) outcrop approximately 100 m S of IKZ1;
(f) IKZ2 sampling site and post- sedimentary normal faulting; (g) YAK sampling
site.
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2.3.2 OSL sampling and dating

Sediment samples for dating the elevated terraces were collected in line with two
different procedures, selected depending on the cohesion of the sediments in
question. First, a hole at least 40 cm in depth was dug into the outcrop wall to
remove the recently irradiated surface material. As a second step, a lightproof plastic
tube (6.5 cm in diameter, 4 mm thick, and 40 cm long) was driven into the
sediments. During the recovery of the tube, at least 600g of the material surrounding
the tube was collected to determine the environmental dose rate of the sampling
location. The OSL sample tube was subsequently wrapped in black plastic bags and
sealed with a cap. Unfortunately, it was not always possible to insert the tube into
outcrops with very cohesive sediments; for this reason, night sampling was carried
out at sampling locations IKZ1 (two out of three samples), IKZ2, AK1, HIR, KIZ,
SE1, SE2, and SE3. Accordingly, holes at least 20 cm in depth were dug inside the
outcrop in the absence of artificial light, and the sampling tubes and sample bags
were filled with material which had been scratched from sediment deep within the
deposit. Three samples were taken from each location to minimize the impact of
incomplete bleaching and sediment inhomogeneity. The samples were collected at
depths between 2 and 14 m below each terrace tread. The outcrop conditions of
several samples are shown in Figure 2.4, and descriptions of each outcrop are
provided below. Further information regarding the preparation and procedures for

OSL signal measurements can be found in the Appendix A.

2.4 The Kizihrmak Fluvial Terrace Sequence

2.4.1 Geomorphology and stratigraphy of strath terraces

We identified nine fluvial terrace levels along the northern Kizilirmak River gorge
(Figure 2.5). These are named TO to T8, indicating increasing tread height and age
above the current river course. The lowermost terrace, T0, is located 7-9 m above the
river and contains gravels that are partly reworked. The subsequent terrace levels are
T1 (16 m above the valley floor), T2 (26 m above the valley floor), T3 (42 m above
the valley floor), T4 (48-49 m above the valley floor), T5 (58 m above the valley
floor), T6 (82 m above the valley floor), T7 (100-104 m above the valley floor), and
T8 (118-123 m above the valley floor) (Figure 2.5).
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Figure 2.5 : (a) Terrace sequences at the lower sectors of the Kizilirmak River and
its delta, with strath terraces inside the narrow river valley in the south, alluvial fill
terraces inside river valleys, delta terraces forming the delta platform (esp. T5 and
T7), and coastal terraces at the northern margins of the delta platform (hatched); (b)
SW-NE oriented maximum elevation profiles across the eastern delta platform with a
complete terrace sequence; (c) detailed SW-NE oriented maximum elevation profile
of the Gerzeliler OSL sampling site; (d) overview of the locations of Figures 2.6-

2.11.

Along the Derbent Dam, three point-bar risers exist at the western shore, and two on

the eastern side (Figure 2.5a). Only the western point-bar risers contain distinctly
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elevated fluvial terraces. These terraces are well preserved at the villages of Kolay
and Selemelik and contain a thick alluvial sedimentary cover upon the exposed

bedrock with relatively planar terrace surfaces (Figures 2.6 and 2.7).
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Figure 2.6 : Map (a) and topographic profile (b) across the sampling location at
Kolay.

The southernmost strath terrace is located at Kolay (Figure 2.6). The original
elevation of the valley floor at the time of terrace formation was ca. 40 m above sea
level. We identified only one terrace with a well-preserved tread at this location. The
height of the terrace tread is 82 m (T6), and the strath level is 72 m above the river
valley floor (Figure 2.6b). This 10-m-thick terrace deposit consists of two sequences
that are overlain by an approximately 30-cm-thick colluvium (Figure 2.4a). The
lower sequence comprises gravel-to boulder-sized (up to > 40 cm in diameter)
channel fill with a sandy matrix; a wide channel structure and internally variable

beds can be identified. The complete layer is 5.5-m-thick. Although few lenses are
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sand-rich, most of the clasts are pebble-sized. This layer is topped by a well-sorted,
fining-upward sand layer composed of medium to fine sand; in the uppermost 50 cm
of this layer, silt content increases and nodular calcrete formation is notable. Another
40-cm-thick, well-sorted medium sand layer overlies this sequence. This deposit is
superseded by poorly sorted 80-cm-thick pebbly strata with a sandy matrix that is
covered by a gravelly sand layer. This layer has an erosional unconformity where the
fine-grained layers to the east have been increasingly removed. The top of the
sequence is formed by silty sand to sandy-silt layer displaying evidence of
pedogenesis. The pebbles of both sequences are subangular to rounded. We took
OSL samples (KOL) from the sandy part of the lower sequence on top of the pebble
layer (Figure 2.4a).

Downstream of Selemelik, we identified and mapped five levels of strath terraces
and estimated the original valley floor height to be 32 m above sea level (Figures 2.4
and 2.7). The tread height of the lowermost level, TX, is 35 m above the river valley
floor, and the strath of the terrace is lower than the reservoir level. This terrace
constitutes fine-grained overbank deposits containing a massive silty fine sand layer

that is at least 3 m thick. This terrace deposit was sampled (SE1).

The tread height of the second level is ca. 42 m (T3) and features a strath at 32 m
above the valley floor, which is very close to the reservoir level. The sedimentary
veneer of the terrace rests on mafic volcanic bedrock and shows a fining-upward
sequence from sandy-gravelly conglomerate to cross-bedded sands overlain by silty
overbank deposits (Figure 2.4b). The material is poorly sorted, 1.5 m thick, and
contains rounded pebble-to boulder-sized clasts up to 50+ cm in diameter; the matrix
is sandy gravel and carbonate-cemented. Above this, boulders are replaced by sorted
pebbles, while the matrix remains sandy and the sequence grades into finer gravel
and coarse sand deposits with cross-stratification. Eventually the gravel disappears,
and the top of the sequence is dominated by fine sand and silt. The exposure of this
unit is ca. 6 m high, but the thickness of the terrace deposit reaches ca. 10 m, with at
least one more sequence on top; the tread surface is eroded. The top of the exposed
lower sequence shows a step in the morphology and might represent another
degraded tread. We sampled this terrace a few centimeters above the strath by

collecting the sandy matrix of the conglomerate (SE3).
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The third level of the terrace sequence (T5) belongs to a very degraded terrace with
an exposed strath at 48 m and an estimated tread height of 58 m above the valley
floor. The next-higher terrace tread level (T7) has a tread height of ca. 100 m above
the river and consists of massive silty fine sands (Figure 2.4c). These sediments and
the tread elevations are very similar to the terrace exposed at Burunca (between
Kolay and Selemelik). We also took OSL samples (SE2) from this level at Selemelik.
The highest terrace (T8) forms the basement of the upper part of Selemelik, with a
tread height of ca. 123 m above the valley and a strath located ca. 115 m above the

valley floor (Figure 2.7).
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Figure 2.7 : Map (a) and topographic profile (b) of the Selemelik sampling site (c1,
c2, and c3 are sections of the profile).
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2.4.2 Geomorphology and stratigraphy of fill terraces

Modern delta deposits and different palaeo-delta levels are exposed where the
Kizilirmak River exits its gorge and enters a large floodplain immediately north of
the Derbent Dam (Figure 2.5). We mapped nine abandoned fill terrace levels along
the course of the Kizilirmak River; three of these levels are adjusted to coastal
terrace levels that were sculpted into the palaco-delta levels. We evaluated these
terraces regarding their overall spatial distribution (Figure 2.5). Akkan (1970)
mapped two extensive palaeo-delta levels as the upper and lower levels, respectively,
and tentatively assigned a Pleistocene age to them. According to Akkan, terrace T2
corresponds to the lower level, and terraces TS5 and T6 correspond to the upper levels
(1970). Akkan's “fossil wave-cut platform™ corresponds to delta terraces T7 and T8
because of their well-developed staircase morphology and sedimentary

characteristics (c.f. Figure 2.5).
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Figure 2.8 : Map (a) and topographic profiles (b, c) of the Aktekke sampling sites.
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The lowermost surface corresponds to the modern floodplain (T0), located ca. 7-9 m
above the present-day river course (Figure 2.5). Although the tread surface is
extensively modified by anthropogenic activity, there are still some preserved
unmodified areas. The height above the recent river level increases downstream from
7 m near the Derbent Dam to 9 m at the northern termination of the valley. The
terrace comprises unconsolidated sandy gravel deposits. These poorly sorted
sediments crop out over a long distance along the river channel. The sediments are
mainly matrix-supported gravels with occasional cobbles. We took OSL samples
(KIZ) from this level close to the Derbent Dam wall and used the matrix after
excluding large grains. Another outcrop of this terrace deposit, located ca. 1.6 km
upstream along the tributary adjusted to the Kizilirmak River at the KIZ sampling
site, exposes similar deposits, with higher contents of coarser, poorly sorted gravel
and cobbles. These strata are covered by an approximately 80-cm-thick layer of
coarse sand to fine gravel; massive, sandy mud forms the top of the sequence. These

two finer-grained layers are missing at the KIZ sampling site.

Towards the north, the first group of fill terraces is located at the eastern slope of the
Kizilirmak River valley at the village of Aktekke (Figure 2.8). Two levels of the fill
terraces and one strath terrace were identified at this location. The tread height of the
lower fill terrace level (T1) is approximately 20 m above the confluence of a major
tributary to the Kizilirmak River, located close to Aktekke and 44 m above the river.
This terrace contains a stack of well-sorted silty sand layers, each ca. 50 cm thick,
with no pronounced changes in composition and, consequently, rather indistinct layer
boundaries (Figure 2.4d). The layers are light yellowish in color and extend from
close to the tributary mouth upstream until at least the village of Dogankaya. The
basement is not exposed. We sampled terrace (AK2) for OSL age determination. The
next-higher level (T2) is a small strath terrace remnant located at the confluence,
with a tread height of 26 m above the river. This terrace contains trough cross-
bedded deposits (with a large channel structure at the base) that unconformably
overlie north-dipping andesitic volcaniclastic deposits with a minimum strath height
of ca. 6 m above the river. The width and the grain size of the trough cross bedding
decreases towards the top. The sediments are cohesive, and deep holes occur on the
tread. The third terrace level at this location (T4) has a degraded tread 49 m above

the river and is at least 10 m thick. The terrace contains massive, light gray-yellowish
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sandy silt, which we sampled for OSL dating (AK1). The nature of higher possible

terrace levels and their deposits remains ambiguous (Figure 2.8).

The Hidirellez terraces are located at the western slope of the valley (Figure 2.9). We
identified two levels here, located 104 m (T7) and at 123 m (T8) above the river. The
deposits associated with the lower level (T7) are exposed along the confluence of the
Kizilirmak River and the Gokcesu River; the terrace continues northward along the
Kizilirmak River, where it forms the top delta terrace. The upper terrace (T8) forms a
smooth plateau at the top and extends along the northern side of the Gokgesu River
valley (Figure 2.9). The terrace deposits constitute sandy conglomerates with
southward- dipping pebble imbrications and an intercalated, well-sorted, 30-cm-thick
sand lens. Sediments from this lens were sampled (HIR) approximately 14 m below
the terrace tread. The conglomerate has a minimum thickness of 25 m. We did not
observe lower terrace levels at the confluence of the Gok¢esu and Kizilirmak Rivers

or on the western slope of the main stem.
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Figure 2.9 : Map (a) and topographic profile (b) of the Hidirellez sampling site.
Only the deposits of terrace levels T7 and T8 are exposed at the confluence of the
Gokgesu and Kizilirmak Rivers. Since large parts of terrace T7 were covered by
dense vegetation, no high-resolution DSM data could be acquired. Instead, a
combination of publicly available data was used to further map this terrace.
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Figure 2.10 : Map (a) and topographic profile (b) of the Ikiztepe sampling site. The

delta terrace T7 is partly modified by the formation of terraces T6 and MT3 on both

sides of the ridge. The area was affected by a SE-dipping normal fault that abuts the
T6 surface. The ikiztepe archeological site is located on MT3.

The northernmost group of terraces is located south of Ikiztepe, which is an

important archeological site that has been repeatedly occupied since the Late
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Chalcolithic (Ozbal et al., 2002; Alkim et al., 2003; Welton, 2010). Four fluvial
terrace levels were identified. Their tread heights were located at approximately 16 m
(T1), 26.5 m (T2), and 47 m (T4) above the recent valley floor, as well as 104 m (T7)
above the recent delta level (Figure 2.10). Although the higher two terrace levels are
severely eroded, the lower two terrace levels are well-preserved. A landslide close to
the northernmost section of the valley overprints all of the terraces in the river valley.
Only T1 and T2 sediments are exposed farther north. The lowermost terrace (T1)
extends along the valley in the northern and southern sections. This level is replaced
by the second terrace (T2) in the central part, and a smaller terrace appears at the

back of the northern section of the lowermost terrace (Figure 2.10).

Terrace T4 extends along the back of the two lower terraces, and the uppermost
terrace (T7) is represented by a long ridge bordering the western side of the river
valley between lkiztepe and Hidirellez (Figure 2.10). The ridge is increasingly
incised northward on its main valley side, forming another tread level (T6) from
Hidirellez to Ikiztepe. At IKZ2, we sampled the uppermost terrace level within a
sequence of four conformable sediment layers overlying sandy silt deposits that host
palaeosols at the top of all layers. All of these layers have a thickness of 5-7 m; the
layers are primarily light yellowish in color and change to a brownish-red color at the
top, reflecting a higher clay content. Calcrete was formed at several layers of the

clayey sections (Figure 2.4f).

We identified a normal fault that cuts these deposits, but the fault has no geomorphic
expression at the surface (Figure 2.10). Additional small normal faults were found
with a similar strike in the footwall of this structure (Figure 2.4f). The fault
displacement reaches ca. 9 m close to the IKZ2 sampling site, indicating the fault's
post-depositional activity. The sediments are sub-horizontal along the main valley

and dip gently northward at IKZ2 (Figure 2.4f).

2.4.3 Geomorphology and stratigraphy of coastal terraces

MTT1 corresponds to TO at ca. 9 m above sea level close to Ikiztepe and Gerzeliler
(Figures 2.5, 2.10 and 2.11). It is mainly exposed at the distributaries draining the
delta platform on the western side, and forms an extended area of a former delta lobe
north of the eastern platform. Above this level, the eastern rim has a relatively

straight, NW-SE oriented coastline, and hosts coastal and delta terraces of the
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Kizilirmak River and its tributaries between palaco and Ondokuzmayis. The northern
margin of the western palaeo-delta platform has a concave rim between ikiztepe and
the mouth of the Yenice River (Figures 2.1c and 2.5). Furthermore, we identified two
marine palaeo-cliffs with shoreline angle elevations be- tween 16 and 20 m (MT2)
and 42 m (MT3) above sea level on the northernmost limits of the palaeo-delta

levels; these correspond to the depositional terrace levels T1 (MT2) and T3 (MT3),

respectively.
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Figure 2.11 : (a) Map of the Gerzeliler sampling site at the mouths of distributaries
draining the eastern Kizilirmak Delta platform; (b) profile across the Gerzeliler
sampling site.

The lower coastal terrace (MT2) features preserved surfaces at Ikiztepe and
Gerzeliler and is located on the eastern- and westernmost convex parts of the
elongated rim of the delta platform to the west of Ondokuzmayis and the east of
Goltepe (Figure 2.5). This terrace seems to be depositional (delta progradation) on

the eastern side and erosional (marine terrace) to the west of the river valley. It has a

tread height of approximately 16-20 m above the present-day delta in the east and
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approximately 14 m above the sea level in the west, respectively. This coastal terrace

spatially corresponds to the lowermost fluvial terrace inside the river valley.

The equivalent surfaces of the upper coastal terrace (MT3) are exposed again on both
sides of the Kizilirmak River valley. Although the western coastal terrace forms an
approximately 4-km-long and up to ~750-m-wide surface between Ikiztepe and
Goltepe on the western side and an elongated surface with variable width and a total
length of approximately 4 km, the tread of the eastern terrace is degraded by the
tributaries originating on the delta platform. The tread of this terrace forms the
margin of the concave (west) and convex (east) portions of delta platform rims
(Figure 2.5). The sediments at the sampling location associated with this terrace are
massive, gray-yellowish, sandy-silty deposits that are at least 8 m thick at ikiztepe
(IKZT1). About 150 m south of IKZ, the deposits are overlain by unconsolidated
yellowish fine to medium sand (Figure 2.4¢). On the eastern side of the valley, stacks
of well-sorted, medium to coarse sand deposits (partly fine gravel) exhibit several
decimeter-scale layers with distinct cross-stratification, interrupted by two V-shaped
incised channels that contain medium-grained sorted gravel; these strata are exposed
at a recently excavated outcrop close to Gerzeliler (Figure 2.4g). These deposits are
eroded and covered by approximately 1-m-thick unsorted clay to coarse gravel layer.
Samples for OSL geochronology (YAK) were taken from the sandbar deposits in the
central part of the outcrop and ca. 1 m north of the gravel deposits (Figure 2.4g).
Furthermore, four higher palaeo-delta terrace tread levels are exposed at
approximately 58 m (T5), 82 m (T6), 95 m (T7), and 108 m (T8) on the eastern side
of the Kizilirmak River. There is an even higher, yet very eroded, level located
approximately 150 m above the present-day delta (Figure 2.5). The lower delta
terrace forms the eastern valley slope from the town of Bafra northward, up to the
northern margin of the palaeo-terraces. The intermediate palaco-delta terrace forms
an approximately 3-km-wide dissected strip to the southeast of Bafra, and the third
delta terrace continues southward until it is deeply incised by a stream near Aktekke.
The highest delta terrace extends from the area east of Aktekke southward to the

Derbent Dam, mainly along the eastern valley slope (Figure 2.5).

Most of the sediments sampled for this study (SE1, SE2, IKZ1, IKZ2, AKI1, and
AK2) contain thick, well-sorted silty sand to sandy silt with partly increased clay

contents and occasionally appearing calcrete; as such, they are inferred to be palaeo-
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floodplain deposits with palacosol development. In contrast, the other outcrops
contain coarse-grained channel deposits at the bases and sandy to silty sandy flood
plain deposits at the tops. KOL exhibits two of those sequences, while the covering
floodplain sediments are removed at KIZ, as seen in outcrops relatively close to one
another. The sediments at KIZ contain fewer pebbles inside the implied palaeo-
channel deposits and feature higher matrix content as compared to the outcrops at
KOL and HIR. Although the sampled sediment from the most of the channel deposits
is rather loose, the sediment at SE3 is highly cemented, presumably due to its high
carbonate content. Since the matrix of all channel sediments is sandy, we inferred
confluence with the influx of coarse tributary sediments (pebbles to cobbles and
occasionally even boulders) and sands to fine gravel from the main trunk until

Hidirellez.

The YAK deposits consist of well-sorted sand with sediment structures indicating
sandbars from a larger river that are subsequently incised by coarser-grained channel
deposits. Both are subsequently eroded and covered by shortly transported
sediments. We related the well-sorted sandy sediments at YAK to the main trunk that
implies an absence of the recent blockage of the elevated terraces at the time of

deposition, i.e., T5.

2.5 Results

2.5.1 OSL age determination

All of our sampling sites have low environmental radiation levels with a dose rate of
ca. 0.5 Gy/ka; as a result, all of the samples were within the possible age range of
OSL dating, since the growth curve is distant from saturation (Murray et al., 2008;
Appendix Figure 2.1). The carbonate content of the material was generally low, with
a maximum content of 18.18%, but it was high in samples IKZ2 and SE3, where it
reached nearly 50%. Carbonate was absent from the sample taken from the YAK
site. All of the samples provided reliable, stratigraphically meaningful ages, although
a few of them yielded outliers (Table 2.1). We sampled detrital sediments with
different grain sizes; incomplete bleaching may thus have influenced sediments with
larger grain sizes. Furthermore, post-depositional reworking may have taken place

while the uplift rates were potentially relatively low; this may have caused the river

26



to rework the sediments. Despite these limitations, our dates clearly document that

all of the terraces were formed between the Middle and Late Pleistocene.

2.5.1.1 OSL ages of the strath terraces

Samples collected at the terrace at Kolay (KOL) yielded ages of 317.7 + 31.6 ka,
338.1 + 32 ka, and 355.3 + 46.7 ka. These ages agree well with one another and

result in a combined mean age of 334 + 20 ka.

The ages of the terraces at Selemelik recorded deposition at 36.9 + 2.4 ka, 32.0 £ 1.8
ka, and 43.2 £ 4.0 ka (SE1; TX); 402.9 + 35.6 ka, 358.2 + 26.6 ka, and 493.7 = 39.1
ka (SE2; T7); and 449.8 + 114.3 ka, 545.7 + 79.3 ka, and 547.2 =+ 39.1 ka (SE3; T3),
respectively. The age determination for SE1 resulted in a pronounced spread, but the
ages still fit well with one another; we thus used the mean age (36.4 + 2.4 ka) of all
three samples (Table 2.1) for our terrace age assignment. The ages of SE2 have a
large spread. Here, we considered the oldest age to represent the primary
depositional phase and interpreted the younger ages in the context of reworking. Due
to accessibility constraints, material from SE3 was taken from the matrix-supported
conglomerate; as a consequence, incomplete bleaching may have influenced the age
of this sample and accounted for the two older ages. The youngest sample from SE3
has a significantly younger age with a large error, suggesting reworking. The mean

age of the older samples is 547 + 49 ka.

2.5.1.2 OSL ages of the fluvial fill terraces

Modern floodplain samples from the Kizilirmak River yielded ages between 14.4 +
3.1ka, 14.9 £ 2.3 ka, and 18.9 + 6.4 ka. The third sample is considered an outlier due
to its greater age and large error margin as compared to the other ages. The
sediments of the dated strata were relatively coarse (gravelly). We therefore omitted
the older sample from further age calculations. The corresponding mean age is 14.7 £
1.8 ka (Table 2.1). The samples of the lower terrace (AK2; T1) were dated to 77.3 £
5.6 ka, 71.2 + 4.4 ka, and 59.3 £ 6.2 ka. The third age is significantly younger than
the other two samples. However, the samples were taken at distances of ca. 2 m from
each other within the same stratigraphic layer. Based on all three samples, the
calculated mean age is 71.1 £+ 3.0 ka. Nevertheless, since the two older samples are
consistent, we used the mean age of these samples only; the corresponding age is

73.7 £ 3.5 ka (Table 2.1).

27



Tab. 2.1 : Results of the OSL signal measurements (in decreasing order by age), cosmic dose, measurements of the radioactive elements (U, Th,
and K) and carbonate content used to determine the environmental dose. The OSL ages highlighted in gray are considered outliers and were not
included in the mean-age calculations.

Location  Sample Coordinates Tread Terrace Depth Dose Dose rate  Cosmic  Carbonate U Th K Measured OSL
(Terrace) Name (Lat/Long) elevation Type (below tread) (Gy) (Gy/ka) (Gy/ka) (%) (ppm) (ppm) (%) Age (ka) Age (ka)
- 5 449.8+114.3
SE3 2[5.3 ; N 41.451534 uvial 127.05429.06 X ) ) , 0 0
(T7/T3?) E3- E 35.845594 48 m fluvia 5m 154.14£14.55  0.28+0.03 0.14 45 0.5 13 006 545.7+79.3 547+4
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K72 IKZ2-1 41 506401 ‘ 225.29+6.62
T7/T6) IKZ22 £ as'esnrar 104 m marine 23m 220.58+8.1  0.52+0.02 0.17 48.09 0.6 4 0.14  521.4+31.7 532419
( Kz2-3 39852742 230.38+10.84 544.6436.8
. g 402.9+35.6
SE2 SE2-1 a1 451713 1 189.44+13.38
™ SE2-2  pasezmens 100 m fluvial 8m 168.4248.76  0.47+0.02 0.11 15.15 0.5 44 0.19  3582426.6  493.7+39.1
( SE2-3 8376 232.12413.68 493.7439.1
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YAK YAK-L ) s66816 ‘ 143.18+13.66
ramrs | YAK2  Easoccans 42m marine 14m 166.1713.64  0.37+0.03 0.07 0 0.6 27 007 450.2+52.6 460436
(TAMT3) | yak-3 86 172.74+11.9 468450.5
; 2 472.8+38.9
AKI1 ARLT 41 524328 4 258.84+17.13
= AKI-2 oo oea303 49 m fluvial 6m 229.22+17.17  0.55+0.03 0.13 17.57 0.5 43 0.1  418.740.5 448427
an AKI1-3 ’ 238.86+10.64 436.3+33
; 2 412.7+57.8
HIR HIR-T (4 s50904 ‘ 156.74+19.72
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ramrn | K212 paceeaios 42m marine 6.63 m 194.83+8.88  0.52+0.02 0.12 14.14 0.5 48 024  377.8+25 385431
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] 3
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The samples from the upper terrace at Aktekke (AK1) were taken at the exposed
scarp of a landslide and provided ages of 472.8 + 38.9 ka, 418.7 + 40.5 ka, and 436.3
+ 33.0 ka. All three ages appear to be reliable, and a mean age of 448.0 + 27.0 ka
(Table 2.1) was calculated.

At Hidirellez, we dated a sand lens that is intercalated within a matrix-supported
conglomerate, indicating a rather short transport distance. The three samples yielded
ages of 412.7 + 57.8 ka, 437.3 + 37.0 ka, and 419.3 = 90.9 ka (HIR; T8). Although
the error margin of the third sample is relatively large, the three ages are consistent

with each other and result in a mean age of 429.0 £+ 29.0 ka (Table 2.1).

OSL dating of samples from the coastal terrace at ikiztepe (IKZ1; MT3) resulted in
ages between 276.9 + 19.4 ka, 377.8 £ 25 ka, and 393.3 + 28.5 ka. The dated
material of the youngest sample was probably reworked, and we therefore excluded
it from further age calculations. However, the older two ages are in good mutual
agreement and provide a mean age of 385.0 + 31.0 ka (Table 2.1). The delta terrace
samples of IKZ2 (T7 overprinted by T6) yielded ages of 532.5 + 30.2 ka, 521.4 +
31.7 ka, and 544.6 + 36.8 ka, and provide a consistent age range. We calculated a
mean age of 532.0 £+ 19.0 ka for this terrace (Table 2.1).

The Gerzeliler (YAK) samples yielded ages between 387.9 + 49.1 ka, 450.2 + 52.6
ka, and 468 + 50.5 ka. The error ranges of all samples overlap. We therefore
calculated a mean age of 460.0 &+ 36.0 ka (Table 2.1).

2.6 Discussion

2.6.1 Tectonic versus climatic processes

Fluvial processes are strongly dependent on tectonic, climatic and lithologic
characteristics of the underlying bedrock. These factors may force a complex
response of the fluvial system and modulate aggradation and vertical incision along a
river's course and ultimately result in strath and fill terraces or cut and fill terraces
(e.g., Lavé and Avouac, 2001; Burbank and Anderson, 2011). Climatic factors might
be very efficient forcing factors, especially with regards to the nature of runoff, slope
and transport processes at different latitudes and elevations (e.g., Bull, 1991;
Whipple and Tucker, 1999; Whipple et al., 1999; Blum and Toérnqvist, 2000).

Another impact of climatic influence on fluvial processes is determined by changing
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the base level of large rivers that discharge into the oceans that are subjected to
orbitally-controlled oscillations in water volume. In turn, climatically driven sea-
level lowering may trigger flexural bedrock uplift as a response to water unloading.
With respect to our study area Bartol and Govers (2009) calculated flexural bedrock
uplift following a 1730 m drop in sea level during the Messinian Salinity Crisis
(5.96-5.59 Ma); in addition, they predicted a maximum uplift of 200 m along the
Black Sea coasts. Since the time frames of the sea-level falls affecting fluvial
processes studied by us were much shorter (max. 20 ka) and sea-level fall amounted
to a maximum of 120 m (e.g., Shmuratko, 2001; Badertscher et al., 2011), we neglect
this effect in our models. Nevertheless, flights of several fluvial strath terrace and
palaco-delta levels in our study area result from long-term rock uplift that
progressively elevated older straths and palaeo-delta levels to higher elevations
(Maddy et al., 2001; Demir et al., 2004; Dogan, 2011; Yildirnm et al., 2011;
Schildgen et al., 2012; Ciner et al., 2015).

Collectively, our results document the uplift of fluvial terraces and deltas; this
constitutes unambiguous geomorphic manifestations that record lateral growth and
uplift of the Pontide wedge, and thus the expansion of the northern margin of the
Central Anatolian Plateau. In combination, fluvial terrace sequences, associated top-
set layers of delta deposition, and co-genetic coastal terraces along the Black Sea
clearly record the interplay between sea-level variations, sediment supply, and
vertical crustal movements leading to the abandonment of river courses. In this
context, the uplifted Kizilirmak Delta represents a first-order geomorphic feature
associated with vertical tectonic motions in this region immediately to the north of

the bend in the NAFZ since at least Middle Pleistocene time.

2.6.2 Timing and rate of long-term uplift

We used the elevations of the dated palaco-delta levels and terraces as geomorphic
markers to constrain uplift rates. Our geomorphic mapping and conceptual model
show that the formation of each palaeo-delta level was associated with protracted sea

level high- and lowstands during the Quaternary.

Overall, we identified ten terrace-formation episodes associated with sea-level
changes since the Middle Pleistocene (MIS 14) (Figures 2.13 and 2.14). The first

important stage of delta uplift and accompanying incision was dated to 547 + 49 ka.
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This mean age represents the deposition of a veneer of sediment on top of a strath

terrace during the terminal phase of MIS 14; this sediment veneer is an older remnant

that was overprinted by subsequent terrace formation processes (Figure 2.14a).

However, the last depositional phase documented in this environment during the Late

Pleistocene occurred during MIS 3

inside the Kizilirmak gorge; the mean age of this

event is 36.4 + 2.4 ka (Figures 2.6 and 2.13). The corresponding terrace surface is

associated with floodplain sediments and was formed ca. 35 m above the present-day

river level.
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Figure 2.12 : Elevation/time plot of the OSL dating results. The inferred positions
for terraces corresponding to MIS 5e and MIS 7 have been added to illustrate
extrapolated terrace elevations; the lower delta platform at 58 m (T9) is assigned to
MIS 7, and an extensive coastal terrace with a pronounced shoreline angle at an
elevation of 42 m (MT3) is correlated with MIS 5e. The time ranges highlighted in
gray correspond to odd numbers of MIS (Lisiecki and Raymo, 2005). The sea level
curves emphasize differences between the reconstructions of past sea level
oscillations in the Black Sea (red: Shmuratko, 2001; green: Bintanja et al., 2005; blue
pentagons represent sea level estimations based on the constant uplift model).

Accordingly, we developed a conceptual model for the uplifted palaeco-delta levels

based on the relative position of palaeco-sea level high- and lowstands with respect to
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modern elevation of the palaeo-delta levels since MIS 13 (Figure 2.14). The palaeo-
sea level estimations are based on the sea-level reconstructions by Shmuratko (2001),
Bintanja et al. (2005), and Panin and Popescu (2007). Based on these
reconstructions, eight out of ten delta levels should have been generated during sea
level highstands. The other two delta levels at ca. 26 m and 48 m above the recent
river level were generated during two lowstands of MIS 10 and MIS 12. These two
terrace levels are at higher elevations now, as are the eight highstand terrace levels
(Figures 2.12-2.14c¢ and e). Such a scenario suggests that lowstand delta levels might
have been exposed, provided that the uplift was greater than the elevation difference
between palaco- and subsequent sea levels. In our model, we estimated a quasi-
constant uplift rate of ca. 0.28 £ 0.07 m/ka to build the overall morphology and
stratigraphic sequence. The terrace levels therefore formed during glacials and
interglacials; we therefore infer that tectonically controlled base level processes were
the major driving forces while regional climate changes seem to have played a

subordinate role.

Our uplift determination is based on a mean uplift rate starting with terrace T8,
which was formed during MIS 11 (Figure 2.14). The age of terrace T6 inside the
mountainous area to the south was determined to correspond to MIS 9. The OSL
ages of this terrace result in a base level-independent mean uplift rate of 0.24 + 0.03
m/ka since then. In case the terrace formation was base level-forced, the
corresponding age of terrace abandonment would correspond to the end of the MIS 9
highstand at ca. 300 ka. This would imply an uplift rate of 0.27 m/ka, which
corresponds well with the predictions of our uplift model. Therefore, the overall

uplift rate is inferred to have been similar between MIS 11 and MIS 9.

Terrace level T1 yielded two OSL ages related to the end of MIS 5a and the
beginning of MIS 3, respectively. The sea level highstand during MIS 5a existed at a
position, which is comparable to the present-day level (Shmuratko, 2001). The
derived uplift rates thus scatter between 0.24 and 0.38 m/ka. However, we found
coastal terrace remnants corresponding to this level in the northeast and northwest of
the delta terrace platform suggesting a base level-dependency and an uplift rate of

0.28m/ka since the time of abandonment.

All of these three terrace levels suggest an apparent base level-dependency. We did

not date the lower major delta platform (T5), but determined the minimum
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depositional age to 277 + 19 ka and maximum depositional ages of the highest
coastal terraces to 460 + 36 ka and 385 + 31 ka. Those ages thus suggest a maximum
age of MIS 7 for T3 as well. Together, the ages of the younger and older terraces
suggest similar tectonic uplift rates, which results in a MIS 7 age for T5 and a MIS
5e age for T3. Consequently, since MIS 7a or 7e (T5) average uplift rates of 0.25-
0.31 m/ka dominated the coastal areas, while rates of ca. 0.29-0.33 m/ka can be

assigned to the terraces that started to be abandoned after MIS 5Se.
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Figure 2.13 : (a) Spatial and vertical distribution of terrace flights and sampling sites
along the lower reaches of the Kizilirmak River. Marine isotope stages and colors are
correlated with the ages of terrace formation according to the uplift model; (b)
Terrace flights with two MIS correlations document the timing of primary deposition
and subsequent overprint by incision and renewed terrace formation.
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Terrace T7 is older (MIS 13) than T8 (MIS 11); accordingly, the older terrace
sediment appears to have constituted the substrate for T8 and thus significant erosion
might have impacted T7. This implies that the original terrace tread could have been
higher than at present and erosion is responsible for the large scattering of ages from
this level until MIS 10. However, the ridge top elevation between Ikiztepe and
Hidirellez at 100 m corresponds well with the terrace flights at Hidirellez and

Selemelik, suggesting a low impact of erosional degradation.

The dated sediment overlying the strath at Kolay results in a mean incision rate of
0.21 m/ka or ca. 0.27 m/ka since MIS 9, depending on whether the recent river is a
bedrock river or alluvial river. In addition, the uplift model provides the opportunity
to date indirectly the sequence of strath terrace levels at Selemelik as well. T8 and T5
exhibit as of yet undated bedrock-terrace sediment interfaces (straths) at this location
- a strath elevation for T7 remains ambiguous (Figure 2.7). For the overlying
sediments, our conceptual uplift model suggests a depositional age of MIS 11 and
MIS 7, respectively. The sediment on top of the lowermost exposed strath (T3) at
Selemelik (SE3) lies directly on basement rocks and was dated to MIS 14, which
provides an overall minimum incision rate of ca. 0.06 m/ka since MIS 14, depending
on whether the sub-recent river is a bedrock or alluvial river at this location.
However, we interpret the date corresponding to the SE3 sediment sample in the
context of an older terrace remnant that was overprinted by renewed terrace
formation. Our conceptual uplift model indicates an ultimate strath formation during

MIS Se.

In line with studies by Vandenberghe (2008), we assume an end of incision, i.e., the
timing of final strath formation, at the transitions between even and odd MIS. The
strath terraces in the mountainous, southern part of the study area (Figures 2.6 and
2.7) thus record decreasing incision rates from 0.49 m/ka (MIS 11 to MIS 9) over
0.29 m/ka (MIS 9 to MIS 7) to 0.11 m/ka (MIS 7 to MIS 5e), followed by a possible
increase to 0.25 m/ka until the present day. The discrepancy between incision and
uplift rates might be a result of hydrological changes in the contributing drainage
area. A distinct indication for lower incision rates compared to the regional rock
uplift are knickpoints along the river course (Howard et al., 1994) and longitudinal
river profiles that are significantly out-of-equilibrium. Both criteria agree well with

the current characteristics of the Kizilirmak River (Yildirim et al., 2011).
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Taken together, the cut-and-fill (north) and strath (south) terrace sequences agree
well with the notion of a sustained constant uplift rate in relation to major sea level
oscillations since MIS 11, but short-term variations since MIS 14 might have taken
place as well. Especially the position of the youngest terrace levels (T1 and TX)
suggests significantly higher uplift rates since MIS 3 and the Last Glacial Maximum.
Interestingly, our rates are comparable with rates obtained from uplifted coastal
terraces (Yildirim et al., 2013b) and incised fluvial terraces along the central flank of

the Central Pontides (Y1ildirim et al., 2013a).

2.6.3 Implications for plateau margin deformation and lateral plateau growth

As the smallest Cenozoic orogenic plateau, the lateral growth of the northern margin
of the Central Anatolian Plateau may provide insights about the evolution of larger
plateau margins, especially in low strain settings. Our geomorphic mapping and
dating efforts provide timing and rate of this growth process at the north-eastern
flank of the northern margin of the Anatolian Plateau, but questions of what
ultimately controls or supports this growth, still remain. In this context, the only
active local onshore structure is the Bafra Fault. The kinematics of this fault is not
well documented, but based on its NW-SE strike and its distinct morphologic
expression it might correspond a transtensional structure that delimits the
topographic boundary between delta levels in the north and rugged mountainous
topography in the south. However, uplifted delta levels are also located on the
hanging-wall block of this fault and with the exception of the Ikiztepe terrace no

deformation was observed within the delta levels.

Alternatively, offshore structures may drive the uplift of terraces in this region. The
major offshore structure is the Sinop Trough, a graben delimited by NW-SE striking
normal faults (Rangin et al., 2002). This trough is located immediately north of the
Kizilirmak Delta and a normal fault delimits its southern sectors. Evidence for the
existence of Quaternary activity along this structure is ambiguous, however,
especially if flexural footwall uplift of a normal fault bounded basin is taken into
account. In a normal-faulting scenario an asymmetric uplift pattern of terraces would
be expected, with coeval higher terraces in the north and lower terraces in the south.
We did not observe such spatial disparity in uplift patterns; the normal-fault bounded
basin may thus represent a secondary structure of localized extension within the

orogenic wedge, which appears to be inactive under the current tectonic stress field.
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The North Anatolian Fault is a major structure that accommodates high strain along
its strike, which may be responsible for contraction across the Pontides (Yildirim et
al., 2011). This contraction, however, is not equally distributed. For example, a
recent study carried out in the valley of the Filyos River (western flank) at a distance
of only 40 km from the NAFZ's main strand, McClain et al. (2018) reported an
average local uplift rate of ca. 0.34 m/ka over the last 542 ka. At the western Sinop
Peninsula (central flank), maximum uplift rates of 0.2-0.26 m/ka have been sustained
since 570 ka (Yildirim et al., 2013a). The analysis of uplifted river terraces in our
study area revealed uplift rates of 0.28 m/ka. However, Keskin et al. (2011) showed
that farther east in the Trabzon area, uplift rates calculated with an onset at MIS 11
decrease from 0.17 + 0.03 m/ka to 0.07 = 0.05 m/ka. This eastward regional decrease
in uplift rates along the Black Sea coast may be explained by the distance from the
NAFZ's main strand and a corresponding difference in strain accumulation along the
coast. This phenomenon could thus be interpreted to be related to the change in
shortening direction and amount that drive uplift and deformation in the restraining
bend of the NAFZ. For example, the Trabzon region studied by Keskin et al. (2011)
is rather far away from the sector constituting the restraining bend of the NAFZ (ca.
130 km). In contrast, our study area is much closer (<70 km) and is thus expected to
be under a more pronounced influence of this feature. In turn, the uplifted terraces of
the Sinop area (Yildirim et al., 2013a) are 90-110 km away from the NAFZ. We
therefore suggest that uplift rate and lateral growth of the Pontide wedge are closely
coupled with the overall geometry of the NAFZ, and thus the lateral growth of the
Central Anatolian Plateau; moreover, the uplift rate variability along the Black Sea
coast appears to be determined by the distance to the restraining bend of the NAFZ
(also see Yildirim et al., 2013a,b).

2.7 Conclusions

We documented multiple sequences of uplifted Quaternary coastal, delta front, and
fluvial terraces along the lower Kizilirmak River in the area of the northern flank of
the Anatolian Plateau. We used detailed field observations, stratigraphy, remote
sensing, and OSL dating to quantify our observations. Based on these studies, we
derived a new terrace chronology that spans the ultimate 545 ka (MIS 14); this helps

to constrain sea level changes in the Black Sea. Uplift has been relatively uniform
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along the Kizilirmak valley in a N-S direction, with a sustained rate of 0.28 + 0.07
m/ka. We explained the uplift of the Kizilirmak Delta and the corresponding fluvial
terraces along the main stem within the context of the advancing Pontide orogenic
wedge. Our study supports the notion that uplift rates along the southern Black Sea
coast decrease eastward and diminish away from the Central Pontides, where
pronounced shortening is parallel to regional GPS trajectories in the restraining bend
area of the North Anatolian Fault Zone. Structurally, the uplifting sector along the
Black Sea coast thus corresponds to the northward-growing Pontide orogenic wedge,
a positive flower structure related to a restraining bend of the North Anatolian Fault

Zone that constitutes part of the northern margin of the Anatolian Plateau.
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3. HOLOCENE MARGINAL MARINE OSTRACOD SUCCESSIONS FROM
THE KIZILIRMAK RIVER DELTA; IMPLICATIONS FOR
DEPOSITIONAL ENVIRONMENTS AND SEA-LEVEL CHANGES AT THE
SOUTHERN BLACK SEA COAST?

3.1 Introduction

The quantitative analysis of ostracod associations is an often used and powerful tool
for reconstructing the development of a large variety of aquatic palacoenvironments
(e.g., Holmes, 1992; Smith and Horne, 2002; Frenzel and Boomer, 2005; Rossi,
2009; Boomer et al., 2010; Dabkowski et al., 2016; Kihn et al., 2017). It has been
previously shown that, besides specific assemblage compositions characteristic for
the prevailing habitat, some ostracod species respond to the physicochemical
conditions of the ambient water such as salinity (Rosenfeld and Vesper, 1977;
Boomer and Eisenhauer, 2002; Frenzel and Boomer, 2005; Fiirstenberg et al., 2015),
substrate (Zhai et al., 2010) and water chemistry (Ramos et al., 2015) by phenotypic
variation. While the genotypic patterns may cause morphological variation in other
species (e.g., Yin et al., 1999), the phenotypic variability of the brackish water
species Cyprideis torosa (Jones, 1850) has been proven under both natural and
laboratory conditions (e.g., Engel et al., 2012; Frenzel et al., 2016; Berndt et al.,
2019).

Deltaic systems are located at the border between marine and terrestrial settings,
where a river with high sediment load enters a water-filled basin, and their elevation
is strictly controlled by the water level of the basin and the sediment load of the river
(Posamentier and Morris, 2000). The ecology of a delta plain is dependent on the
hydrological (sediment and water supply and marine currents) and climatic

conditions (Reineck and Singh, 1980). Due to high sedimentation rates, delta systems

? This chapter is based on the paper “Berndt, C., et al., Holocene marginal marine ostracod successions from the
Kizilirmak River delta; Implications for depositional environments and sea-level changes at the Southern Black
Sea coast. Sedimentary Geology, 2019, 382: p. 103-121”
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react rapidly to changing conditions and keep even pace with relatively fast sea-level

changes (Posamentier and Morris, 2000).

Among others, paralic swamps and marshes associated with lakes and floodplain
muds are common features of the subaerial delta and their deposits can be interpreted
as delta topset deposits slightly at or above prevailing sea level (Reineck and Singh,
1980). These deposits and their microfauna can be used as good indicators for

relative palaeo-sea levels (Briickner et al., 2010).

The Black Sea is a restricted brackish water basin that exchanges water with the
world's oceans only via the Bosphorus (ca. 35 m sill depth) — Marmara Sea —
Dardanelles (ca. 85 m water depth) seaway and formed, along with the Caspian Sea,
the Ponto-Caspian meltwater trap during the Late Glacial period (e.g., Bahr et al.,
2005; Eris et al., 2007). The Black Sea has been decoupled from the world's oceans
during glacial periods, but has been partially connected with the Caspian Sea, and
became reconnected with the world's oceans during transitions to interglacial periods
when global sea levels rose to the level of the Bosphorus sill (e.g., Shmuratko, 2001;
Badertscher et al., 2011). Due to these changes and the periodic decoupling from the
world's oceans as well as the Caspian Sea, the ecology of the Black Sea is globally
unique and the rapid ecological changes taking place during reconnection were
drastic, especially because of salinity differences along the fresh to mesohaline
Caspian Sea — meso- to polyhaline Black Sea — normal marine to hyperhaline

Mediterranean Sea corridor (e.g., Mudie et al., 2002; Yanko- Hombach, 2007).

While most research in the shallow marine Black Sea is concentrated on the western
and northern basins, little is known about the ecological impact of hydrological
reconnection and subsequent development of the eastern Turkish Black Sea coast. Its
response to the rapidly changing environmental conditions during the Holocene is
studied here on the basis of ostracod successions and their morphological responses,
thus giving insights into the local sea level and confest for the region's archaeological

history.

3.2 Regional Setting

The Black Sea is the world's largest semi-enclosed, microtidal inland sea with an

area of 423,000 km” and a maximum depth of 2212 m (Zaitsev and Mamaev, 1997).
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The Kizilirmak Delta is located on the Black Sea coast of Turkey between Sinop and
Samsun bays within the province of Samsun (Figure 3.1a). The wave-dominated
delta plain comprises an area of 50,000 ha with wetlands covering 15,000 ha
(Demirkalp et al., 2010). Of these, 11,000 ha are a Ramsar site as wetlands of
international ecological importance. Those delta wetlands were added to the tentative
list of UNESCO World Heritage Sites in 2016
(http://whc.unesco.org/en/tentativelists/6125/).

General
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— Beachridges [ Eocene
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Figure 3.1 : (a) Overview of the Kizilirmak Delta and its location in Turkey; Area of
the delta wetlands and the sediment core location (BW). (b) Geology,
geomorphology and sampling sites. Holocene: Recent delta plain, Pleistocene:
elevated riverine, deltaic and marine terraces of former delta plains, Eocene:
volcanoclastics. Atbagi Fm.: volcanics, Paleocene: volcanics, Upper Cretaceous:
volcanics and carbonates. Recent samples: KD-1: Karabogaz Lake, KD-4: Sahilkent
estuary, KD-7: Liman Lake, KD-9: NE-delta beach.

The Kizilirmak River is the longest river in Turkey with a length of 1355 km, a
discharge of 5.9 km’/yr (average flow: 185 m’/s) and a drainage area of 78,646 km?
(Y1lmaz, 2005). It flows across the Anatolian Plateau in a large bend, converges with
the Devrez and Delice rivers, and crosses the North Anatolian Fault Zone (Ketin,
1948; Sengor, 1979; Sengor et al., 2005). The Kizilirmak River reaches the Black
Sea after traversing the Central Pontide Mountains, where it converges with the

Gokirmak River, and finally discharges into the southern central Black Sea.

Large parts of the former delta plains have been uplifted during the Quaternary
(Akkan, 1970; Demir et al., 2004; Berndt et al., 2018) so the river channel drains
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between the older delta terraces (Figure 3.1b). The recent Kizilirmak Delta forms an
alluvial fan on top of Neogene (Pontian) marine sediments (Robinson et al., 1996;
Tunoglu, 2001) along the southern shoulder of the spreading Sinop Trough
(Hasimoglu et al., 2016) as the south-eastern extension of the Western Black Sea

basin (Okay et al., 1991).

The local climate of the Kizilirmak Delta is dominated by the Black Sea and thus it
shows a maritime climate of the temperate climate zone ‘C1’ to ‘C2’ (Sensoy et al.,
2008; Kose et al., 2014). Air humidity is relatively high at >70% throughout most of
the year (Arslan et al., 2007). Nevertheless, the climate of the delta plain is semi-arid
to semi-humid and thus drier than the adjacent coastal regions of Sinop and Samsun,
which are semi-humid to humid with relatively cool summers and mild winters
(Sensoy et al., 2008; Kose et al., 2014). The region south of the delta plain is semi-
arid (Sensoy et al., 2008).

3.2.1 Regional Black Sea oceanography

The regional Black Sea surface water temperatures range from 9°C in February to
23°C in September (Ozsoy and Unliiata, 1997). The tides of the Black Sea are small
at 3-9 cm (Defant, 1961) so that seasonal variations of the wind pattern have a
dominating influence with a difference of 19 cm between low (October/November)
and high levels (May/June) (Alpar et al., 2000). The sea has a surface salinity of ca.
18%o0 (Hay et al., 1991) that rises to 22.3%0 between 50 and 150 m water depth with
an oxygenated zone above 60-200 m water depth (Murray et al., 1991; Oguz et al.,
1992; Purcell et al.,, 2001). The surface salinity is lower close to deltas due to

freshwater run-off.

The strong cyclonic rim circulation of the Black Sea surface water currents with an
eastward current along its southern margin dominates the coastal regions (Ozsoy and
Unliiata, 1997), which splits into minor anticyclonic eddies due to the rapidly
changing morphology at the Turkish Black Sea coast. Of those, the mushroom-like,
but variably shaped, Kizilirmak eddy develops in front of the Kizilirmak Delta (Oguz
et al.,, 1992; Korotaev et al., 2003). The Kizilirmak eddy creates a nearshore,
anticyclonic spiral-eddy chain that acts between the Sinop Peninsula, Kizilirmak and
Yesilirmak deltas (Karimova, 2011). These currents influence the shape of the

Kizilirmak River delta and modify the deposition of the river sediments. This
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western sea current with eastward transport creates a concave, erosive coastline in
the western delta (Alpar, 2009). The sediment is deposited at the eastern delta plain
producing a convex coastline and a large area of beach ridge formation (Alpar, 2009;

Erginal and Oztiirk, 2010).

3.2.2 Ecological conditions of the eastern delta plain

The recent wetland lakes of the Kizilirmak Delta plain are remnants of a large deltaic
lake that extended southwards until the elevated delta terraces (Butler, 1907;
Turoglu, 2010). Landsat images depict a seasonal reconnection of the remnant lakes
today. Studies on the recent ecology of the wetland lakes have concentrated mainly
on zooplankton (Saygi et al., 2011; Can and Tas, 2012; Ustaoglu et al., 2012;
Gilindiiz et al., 2013) and measured the ecological characteristics of the lakes
(Demirkalp et al., 2004, 2006, 2010; Saygi et al., 2011; Ustaoglu et al., 2012) (Figure
3.2). According to these studies, the salinity of most of the lakes is changing from
fresh to brackish conditions depending on precipitation. While Cernek Lake is mixo-
mesohaline, the lakes to the south are mixo-oligohaline according to the

classification of brackish waters (Remane and Schlieper, 1971).

Liman Lake
1,96 - 4.06 psu
5.7-24.1°C

<1.5-3.75m

&
&
N
N
&

Farming area
with large-scale
irrigation Balik Lake
0-6 psu
12.9-26.9°C
0.9-1-5m

Uzun Lake
0 0-2psu
12.5-26.8°C
» 06-15m

Ostracoda

Cypria ophthalmica: Balik,

Uzun and Gici lakes

Cyprideis torosa: Balik and Gici
lakes

Sarscypridopsis aculeata: Uzun
and Tatli lakes

Potamocypris arcuata: Gic Lake

Tath Lake
0-4psu

13.4-27.9°C
0.8-1m

Figure 3.2 : Ecological conditions (salinity, temperature and water depth; pH for all
lakes ca. 8.1 to 9-10) of the Recent delta lakes and the recent occurrence of ostracods
(collected in 1995 and 1996; Ustaoglu et al., 2012). Satellite image by Sentinel-2
30.11.2017 [modified]. White dot indicates the location of the sediment core BW
(this study).
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All southern lakes are between 1.0 and 1.5 m deep and have a water temperature of
ca. 12 to 27°C, and are all interconnected (Figure 3.2). The water temperature range
is similar to the northern lakes (5.7-24.1°C; Ustaoglu et al., 2012). Cernek Lake
reaches >30°C (Ustaoglu et al., 2012). The largest lake, Balik Lake with an area of
1300 ha, reaches up to 6%o salinity (a-oligohaline). The other surrounding lakes
change only from freshwater to B-oligohaline conditions (Figure 3.2). Only Liman
Lake has a permanent connection to the sea and shows lower salinity fluctuations
between 2 and 4%., i.e., brackish with mixo-oligohaline conditions, with no

continuous stratification and well-oxygenated water (Demirkalp et al., 2010).

3.3 Methodology

We obtained a 14.5 m-long sediment core (BW) at 41°34’40"N and 36°02'51"E at
about 1 m above sea level, from the wetland ca. 10 km ENE of Bafra (Samsun) and
ca. 800 m W of the Gic1 Lake using rotary drilling (diameter: 76 mm). The coring
process comprised taking 4 m-long cored units to minimize the disturbance of the
sediments. The drilling was carried out in October 2015 and the sediment core was
preserved in plastic boxes. The original final depth of the drilling process was 32 m.

The sediment core contains partly highly compressed sediments with a recovery of

about 50%.

Subsamples (5 and 10 cm-long) were taken with gaps of 10 or 30 cm, and
subsequently sieved with a mesh size stack of 125, 200 and 500 um. We took a total
of 31 sediment samples between 1.3 and 14.5 m depth (depth reference points below
surface level are represented by the centre of the sample; Table 3.1). The samples
containing high amounts of adhesive material were dispersed in hydrogen peroxide

and washed with tap water.

In addition, we sampled different recent environments across the deltaic plain
including two restricted estuaries at the western part of the delta plain at Karabogaz
Lake (KD-1; 41°4029.22"N, 35°48'44.80" E) and near Sahilkent (KD-3;
41°41'27.72"'N, 35°51'18.95"E). On the eastern plain, we sampled Liman Lake (KD-
7; 41°41'9.19"N, 36°1'12.40"E) and its northeast beach (KD-9; 41°38'18.37"N,
36°6'3.97"E) (Figure 3.1b, Table 3.1). All recent surface samples were taken at water
depths of ca. 15 to 20 cm with a small shovel with an estimated sample size of at

least 100 mL sediment volume.
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Table 3.1 : Samples of sediment core BW with mean core depth in m and recent
samples (KD).

Samples of sediment core BW with depth in m below surface level

BW-1M 14 BW-8M 8.28
BW-2M 1.7 BW-9M 8.38
BW-2C 2.46 BW-9B 8.63
BW-2A 2.58 BW-9A 8.95
BW-2B 3.15 BW-9C 9.22
BW-3M 3.51 BW-10M 9.42
BW-3B 3.68 BW-10B 9.75
BW-3A 4.07 BW-10A 9.99
BW-4M 4.49 BW-10C 10.33
BW-4A 4,99 BW-11M 10.67
BW-5M 5.5 BW-11B 10.87
BW-5A 5.93 BW-11A 10.98
BW-6M 6.37 BW-11C 11.2
BW-6A 7.06 BW-12M 114
BW-7M 7.67 BW-12A 12.05
BW-7A 8.03 BW-12B 14.5

KD-1 Karabogaz Lake KD-7 Liman Lake
KD-4 Sahilkent estuary KD-9 NE-Delta beach

All samples were dried at 60°C in an oven. The sediment volume of several samples
was high, especially in the lower part of the core, so that the samples were split and

picked in order to collect a minimum of 100 individual ostracod valves per sample.

Ostracods were identified with support of SEM images and reference to several
publications regarding the ostracod fauna of the Black Sea or in Europe, mostly
Schornikov (1972), Meisch (2000) and Dykan (2016). The ecological preferences for
each species were taken from Frenzel et al. (2010), Bony et al. (2015) and Dykan
(2016).

Diversity indices were determined and principal components analysis (PCA) was
employed by using PAST (Hammer et al., 2001) while cluster analysis was
employed using the CONISS method of the R-Package Rioja (Grimm, 1987; Juggins,

2012) based on relative abundances of species.

The sieve pore shape analysis (SPA) on valves of Cyprideis torosa was executed
with the aid of a polarized microscope by counting round and non-round sieve pores,
following the methodology successfully used in previous studies (e.g., Frenzel et al.,
2011, 2016). For radiocarbon dating, we selected six cleaned, larger shells of

Cerastoderma edule (Linnaeus, 1758) and three samples of peat from evenly
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distributed intervals of the core. One wood piece was dated to validate the reservoir
effect correction. The calibrations of all our samples were done by BETA Analytic
Inc. using High Probability Density Range (HPD) method connected with Marinel3
and IntCall3 (Reimer et al., 2013). We used the Venice System (Symposium on the

Classification of Brackish Waters, 1958) for salinity classification.

In addition, the upper 12.3 m of the sediment core were continuously subsampled by
using U-channels. The elemental content of the subsampled sediment was measured
by using ITRAX X-ray fluorescence (XRF)-core scanner at Eastern Mediterranean
Centre for Oceanography and Limnology of Istanbul Technical University (ITU-
EMCOL) with 2.5 mm intervals. For a comparison of the elemental content with the
ostracod samples, mean values of the sediment range related to the ostracod samples

were calculated (Figure 3.3).

3.4 Results

3.4.1 Sediment core description

The whole sediment core profile shows a fine-bedded and laminated alternation of
detrital sediments that are sedimentologically classified into four major units (Figure

3.3).

Unit A (14.5 to 8.23 m depth) shows a general fining-upward sequence from grey
sand to darker grey, and slightly brownish sandy silt. The light grey lower unit (A-1)
(14.5 to 11.4 m depth) contains high amounts of fine to coarse sand (mainly fine to
medium sand). The darker grey unit above shows increasing contents of mud until
9.65 m. A 3-cm-thick greenish layer appears at 9.78 to 9.75 m depth. A 5 cm-thick
black mud layer tops this part. Above this layer, another fining-up sequence
continues with light grey fine sandy silt (few thin middle sandy layers) with
occasional broken shells and few gravel grains that turn into dark greyish silt with
decreasing sand content. The top of the unit is represented by a 10-cm thick black

mud layer (8.23 to 8.33 m depth) with very high organic content (peat).

Unit B (8.23 to 3.75 m depth) follows-up discontinuously with medium dark grey
sandy silt in its lower part. In this unit, the grey tones become generally darker with
the darkest sediment between 6.5 and 5.7 m depth. The silty fine sand deposits of the

unit are relatively continuous with slight changes in its fine to very fine sand content.
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At 6.2 and 6.3 m depth are two shell break layers. The upper part until the top of this
unit (3.75 m depth) turns into a roughly dm-scale alternation of very light, greenish
grey and very dark, slightly violet, fine sandy silts. The layers contain shell break and
whole shells of Cerastoderma edule (Linné) until 4 m depth. Another layer
containing big shells appears 10-20 cm below the top of the unit (3.9 to 4 m depth).

In unit C (3.75 to 0.93 m depth) the mean grain size of the sediment decreases while
the clay content remains high and the sand content almost disappears. A shell break
layer appears at the basis of the unit. The colour is reddish-brown grey within the
lower 40 cm and turns sharply into a light brownish medium grey. A sharp change to
dark grey alternates with very dark to medium dark grey mud until the top of the
unit. One lighter unit is visible between 2.1 and 2.5 m depth and contains five
discontinuities. A thinner unit between 1.5 and 1.7 m depth contains black mud and

large amount of plant remains. Dots and patches of iron oxide are observed regularly.

Within the lowermost 20 cm of the uppermost unit D (above 0.93 m depth) the dark
grey mud turns alternatingly into unstructured medium greyish brown silty sand with
a thin layer of dark mud (0.85 to 0.88 m depth) and a dark brown coarse sand layer
between 0.78 and 0.75 m depth. Two discontinuities were observed at 0.26 and 0.72
m depth, respectively.

3.4.2 Elemental content

The content of several chemical elements in the sediment core BW was determined
for the upper 12.3 m of the sediment column. In this study, we implement the
contents of Ca, Sr/Ca and Fe/Ca as shown in Figure 3.3. While the Ca content is
highly variable, the Fe content continuously increases causing a Ca/Fe ratio variation
similar to this of Ca but at a relatively low level. The two peat layers at 9.65 to 9.6 m
depth and 8.33 to 8.23 m depth correspond to very low Ca contents. Very high Ca
peaks in unit B correspond with shell-rich layers and/or larger embedded shells. The
Ca content shows three separated sections of very low values in unit C, which
become more extensive towards the top of the unit. The Sr/Ca ratio is very low
throughout unit A. The lower half of unit B is characterized by relatively stable
intermediate Sr/Ca ratios ending in high values at around 6 m depth. Above, the
variability of Sr/Ca increases continuously until only an alternation of very low and

very high values remains throughout unit C.
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3.4.3 Radiocarbon dating

Six single valves of the bivalve Cerastoderma edule, two peat samples and a piece of
wood were radiocarbon dated, including 3'*0 and 8'°C values, from nine locations of
the sediment core (Table 3.2, Figure 3.4). The two samples RC-2 (wood piece, taken
directly from the sediment core) with a conventional age of 6820 + 30 yrs BP and
RC-2A (shell of C. edule) with a conventional age of 7210 + 30 yrs BP were taken
from 24 cm vertical distance to each other for determining the local reservoir effect.
With reference to the depth-age curve (Figure 3.4) an age difference, i.e., reservoir
effect, of 417 yrs can be estimated. This is very similar to the surface water marine
reservoir effect of 415 + 90 "C yrs BP in the Black Sea (Siani et al., 2000; Reimer et
al., 2013). We therefore applied a reservoir effect of 415 yrs to all dated aquatic
samples and calibrated the resulting conventional ages. Accordingly, the two
lowermost dated samples of shells yield overlapping ages of 7800 + 155 yrs cal BP
and 7880 + 145 yrs cal BP and a shell from the top of the middle unit was dated to
4085 + 220 yrs cal BP. The only dated sample from the upper unit gave an exceeding
'C content indicating a sub-recent age (after 1950s) with some probability that the

plant material was formed since the 18th century.

Age in ka cal BP

0 1 2 3 - 5 6 7 8 9
0 L ! 1 1 1 1

Bottema et al. (1995)

10 4

Depth below surface in m

12 4

14 4

Figure 3.4 : Calibrated radiocarbon ages according to the depth with added
conventional (blue) and calibrated (red) date of Bottema et al. (1995).
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Table 3.2 : Radiocarbon dating results (Beta Analytics, USA).
Age Age (conv.) d®0 d“C

Sample Lab.code Depth

Sample  igin  [BETA-] [m] el P BP]  [%]  [%l]
RC-8  Core 436513  1.54 cat i;?:eje;: H2Lx 4 26
- . X. . d. -

P 0.03 pMC
century)

RC-5 BW-4M 436511 4.49 shell 4085 +£220 4090 + 30 -2 -0.2
RC-4 BW-6M 436510 6.37 shell 5035+245 4770+ 30 -1 -14
BW-7A BW-7A 465361 8.03 shell 5353+ 156 5080+40 -2.6 -2.6
RC-3 BW-8M 436509 8.28 peat 6975 £ 30 611030 n.d. -284
RC-2A BW-10 436514 9.42 shell 7648 £143  7210+30 -3.2 -0.4
RC-2 Core 436508 9.66 wood 7650 + 40 6820+30 n.d. -26.5
RC-1 Core 436507 11.88 shell 7880+ 145 7470+30 -2.4 0
RC-0 Core 436506 13.25 shell 7800 £ 155 7380+40 -4.5 1.5

3.4.4 Ostracoda

The 27 ostracod-bearing core samples contain 35 species belonging to 18 genera.
Five of these species were found in the sample of the recent Liman Lake as well.
Table 3.3 shows a taxonomic list of all ostracod taxa encountered. A representative
panel of the most important ostracods in this study is shown in Figure 3.5. Out of
these species, Cyprideis torosa, Candona neglecta (mostly juveniles),
Pseudocandona? marchica (mostly juveniles), Heterocypris salina, Amnicythere
longa and Amnicythere quinquetuberculata are the most abundant and dominate the

faunal assemblages.

3.4.4.1 Ostracods from the samples of the recent delta plain

Only one sample (KD-7) from Liman Lake contained some valves of ostracods.
While all other recent samples were sand-rich, the substrate of KD-7 was composed
of mud. This sample contained valves of P. marchica, Candona sp., 1. bradyi, H.
salina and C. torosa with only a few individuals, and therefore has no statistical

significance.

3.4.4.2 Faunal associations of the sediment core

The ostracod associations along the sediment core BW change rapidly upwards as
shown in Figure 3.6. The lower unit contains two different parts. The lower part until
9.71 m depth is characterized by changes between nearly monospecific C. torosa-
dominated faunas with minor constituents of L. rhomboidea and Candona sp. and
more diverse samples. The more diverse samples contain either higher contents of

Amnicythere spp. (i.e., A. longa and A. quinquetuberculata) or high contents of
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Candona sp., H. salina and Pseudocandona sp. accompanied by other limnic species

(Figure 3.6).

Figure 3.5 : (Scale bars: 100 um) (1) Candona neglecta Sars, 1887, male LV,
exterior. (2) Pseudocandona marchica (Hartwig, 1899), adult LV, exterior. (3)
Cyclocypris ovum (Jurine, 1820), adult carapace from left. (4) Physocypria
kraepelini G. W. Miiller, 1903, adult LV, interior. (5) Heterocypris salina (Brady,
1868), adult LV, exterior. (6) Ilyocypris bradyi Sars, 1890, adult RV, exterior. (7)
Ilyocypris gibba (Ramdohr, 1808), adult LV, exterior. (8) Cyprideis torosa (Jones,
1850), female LV, exterior. (9) C. torosa, male LV, exterior. (10) C. ?forosa, instar
A-1, RV, exterior. (10a) ornamentation. (11) C. torosa, adult RV, sieve pore. (12)
Cyprideis pontica Krstic, 1968, female LV, exterior. (13) Tyrrhenocythere amnicola
(Sars, 1888), adult RV, exterior. (14) Amnicythere longa (Negadaev, 1955), adult
LV, exterior. (15) Amnicythere quinquetuberculata (Schweyer, 1949), adult LV,
exterior. (16) Euxinocythere bacuana (Livental, 1929), adult LV, exterior. (17)
Euxinocythere crebra (Suzin, 1959), adult RV, exterior. (18) Limnocythere inopinata
(Baird, 1843), juvenile RV, exterior. (19) Metacypris cordata Brady and Robertson,
1870, adult LV, exterior. (20) Cytheromorpha fuscata (Brady, 1869), female RV,
exterior. (21) Loxoconcha bulgarica Caraion, 1960, adult LV, exterior. (22)
Loxoconcha gibboides Livental, 1949, adult RV, exterior. (23) Loxoconcha
rhomboidea Fischer, 1855, adult RV, exterior. (24) Xestoleberis aurantia (Baird,
1838), adult RV, interior. (25) Xestoleberis cornelii Caraion, 1963, adult LV,
exterior; (26) Darwinula sp., juvenile LV, exterior. (27) gen. et sp. inc., exterior.

51



Table 3.3 : Ostracod taxa of sediment core BW. The systematic follows Brandao et
al. (2018).

Suborder Cypridocopina Jones, 1901
Superfamily Cypridoidea Baird, 1845
Family Candonidae Kaufmann, 1900
Genus Candona Baird, 1845

C. neglecta Sars, 1887

Subfamily Candoninae Kaufmann, 1900
Genus Pseudocandona Kaufmann, 1900
P. marchica (Hartwig, 1899)

Subfamily Cyclocypridinae Kaufmann, 1900
Genus Cyclocypris Brady and Norman, 1889

C. ovum (Jurine, 1820)
Genus Physocypria Vavra, 1897
P. kraepelini G. W. Miiller, 1903

Family Cyprididae Baird, 1845

Genus Cypria Sinroth, 1910

C. 2candonaeformis (Schweyer, 1949)
Genus Heterocypris Claus, 1893

H. salina (Brady, 1868)

Genus Ilyocypris Brady and Norman, 1889
L. bradyi Sars, 1890

1. gibba (Ramdohr, 1808)

Subfamily Cypridopsinae Kaufmann, 1900
Genus Potamocypris Brady, 1870

P. fallax Fox, 1967

P. pallida Alm, 1914

Genus Sarscypridopsis McKenzie, 1977
S. aculeata (Costa, 1847)

Suborder Cytherocopina Baird, 1850
Superfamily Cytheroidea Baird, 1850
Family Cytherideidae Sars, 1925
Genus Cyprideis (Jones, 1857)

C. acervumis Dykan, 2016

C. pontica Krstic, 1968
C. torosa (Jones, 1850)

Family Hemicytheridae Puri, 1953

Genus Tyrrhenocythere Ruggieri, 1955
T. amnicola (Sars, 1888)

Family Leptocytheridae Hanai, 1957
Genus Amnicythere Devoto, 1965

A. longa (Negadaev, 1955)

A. quinquetuberculata (Schweyer, 1949)
Genus Euxinocythere Stancheva, 1968
E. bacuana (Livental, 1929)

E. crebra (Suzin, 1959)

Family Limnocytheridae Klie, 1938
Genus Limnocythere Brady, 1867

L. inopinata Baird, 1843

Subfamily Timiriaseviinae
Mandelstam, 1960

Genus Metacypris Brady and
Robertson, 1870

M. cordata Brady and Robertson, 1870
Family Loxoconchidae Sars, 1925
Genus Cytheromorpha Hirschmann, 1909
C. fuscata (Brady, 1869)

Genus Loxoconcha Sars, 1866

L. bulgarica Caraion, 1960

L. gibboides Livental, 1949

L. rhomboidea (Fischer, 1855)

Family Paradoxostomatidae Brady and
Norman, 1889

Genus Paradoxostoma Fischer, 1855

P. guttatum Schornikov, 1965

Family Xestoleberididae Sars, 1866
Genus Xestoleberis Sars, 1866

X. aurantia (Baird, 1838)

X. cornelii Caraion, 1963

X. decipiens G. W. Miiller, 1894
Suborder Darwinulacopina Brandao, 2010
Superfamily Darwinuloidea Brady and
Norman, 1889

Family Darwinulidae Brady and
Robertson, 1885

Genus Darwinula Brady and

Robertson, 1885

Darwinula sp.
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Figure 3.6 : Abundance (valves/100 g), principal ostracod-associations and diversity
of Ostracoda along the sediment core. Red lines indicate the overall mean and grey
bars the major peat level between 8.23 and 8.33 m below surface.

The transition to the upper part is sharp with a dominance of C. torosa along with the
highest values of Loxoconcha (here: L. rhomboidea). C. torosa increases in relative
abundance after the transition and Loxoconcha spp. (predominantly L. gibboides)
remain as primary minor constituents (Figure 3.6). Subsequently, C. torosa is
replaced gradually by H. salina and Candona sp. In addition, Pseudocandona sp. and
Ilyocypris spp. appear in the highest samples of the lower unit along with the marine

species T. amnicola and Amnicythere spp. (Figure 3.6).

The middle unit from 8.03 to 4.07 m depth is largely dominated by C. forosa with

only scarce appearances of other species (X. cornelii and L. bulgarica) (Figure 3.6).

The upper unit starts with two transitional samples at 3.68 m and 3.51 m depth with a
marked increase in Candona sp. that leads to a monospecific assemblage at 3.15 m
depth. The low abundance assemblage changes to a dominance of C. torosa at 2.58
m depth accompanied by minor constituents of H. salina and Pseudocandona sp. The
topmost ostracod-bearing sample (2.45 m depth) is dominated by Candona sp.

accompanied by some Pseudocandona sp. (Figure 3.6).

Throughout the sediment core, the preservation of specimens is generally good with
traces of dissolution in parts of the lower unit and some broken valves observed in

the lower part of the middle and upper units. Sample BW-6M (6.37 m depth, middle
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unit) shows a clear dominance of adult and instar A-1 specimens while all other
samples show a dominant number of juvenile individuals. We did not sample the unit

above 0.93 m depth because of soil formation and anthropogenic reworking.

3.4.4.3 Abundances and diversity

The abundance of ostracods in the lower unit is relatively low with ca. 100
valves/mL sediment, while the samples from ca. 8.03 m to 4.07 m depth (middle
unit) show high abundances (11,591 to 22,545 valves/100 mL sediment). The
ostracod-bearing samples of the upper part of the profile (above 4.07 m depth) show
variable abundances (Figure 3.6). Ostracods are too low in number in two samples

for statistical applications, and are absent in three other samples.

The Fischer's alpha diversity increases significantly within the lower unit from 0.42
to 2.95 in the lower part and decreases with relatively large variations to 1.6 until the
top of the unit. The samples of the middle unit are mostly monospecific and highly

fluctuating in diversity in the upper unit (Figure 3.6).

3.4.4.4 Cluster analysis

For the purpose of sub-zonation of the sediment core according to the environmental
changes indicated by ostracod associations, a constrained cluster analysis was
executed. Eight clusters were identified that correspond well to the lithological units
A—C (Figure 3.7). The lower unit contains the clusters 1 to 3 and the middle unit
coincides with cluster 4. Clusters 3 and 5 appear as transitional clusters between the
main units. We classify cluster 3 as part of the lower unit because of the low
abundance and appearance of lower diversity of ostracods, and cluster 5 as part of the
upper unit based on the first appearance of Candona sp. in significant numbers and
lower total abundances. The uppermost three clusters (6—8) contain only one sample

each due to significant differences in ostracod contents.
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Figure 3.7 : Cluster analysis (Method: Coniss) with ostracod units, cluster,
assemblage and sub-assemblage classification.

3.4.4.5 Principal component analysis and assemblages

For the principal component analysis, we used the percentages of the taxa. At first,
we excluded the highly correlating (>0.90 and <-0.90) taxa. Amnicythere longa
correlates highly with E. bacuana. Furthermore, E. relicta and X. cf. decipiens were

removed due to the high correlation with C. candonaeformis and M. cordata.

Two significant principal components impacting the environments have been
identified (Figure 3.8). The first component (PC 1) explains 74% of the variance.
The scores of this component correlate strongly positive with C. forosa (and the
ecological group of opportunists) with ca. 98%, and negatively with Candona sp.

(Figure 3.8c). The lower unit shows a varying impact of this component. Several
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samples of the lower unit correlate with the scores of PC 1 in a positive way and the
samples in between are strongly negatively correlated. The negative loading
decreases throughout the lower unit from —48 to —7 (Figure 3.9). All samples of the
middle unit are strongly positively correlated to the scores of this component, but
turn strongly negative at the transition to the upper unit, and those scores vary

significantly between the upper three samples (Figure 3.9).

The second component (PC 2) is an environmental parameter that is represented
mainly by Candona sp. juv., but also H. salina (Figure 3.9). This component
explains 16% of the variance and its scores alternate between decreasing negative
impact and no significant influence in the lower unit. It has a consistently small
positive impact on the samples of the middle unit and largely mirrors the impact of
PC 1 beginning with the transition to the upper unit (Figure 3.9). The scores of this

component negatively correlate by 77% to the marine ecological species group.
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Figure 3.8 : Principal components that account for 90% of the variance [%] (PC 1:
74%, PC 2: 16%) representing main influencing factors (components). Sample
names are given by their depth and colours refer to the units (brown: lower unit,
blue: middle unit and green: upper unit). (a) Components 1 and 2, (b) Components 2
and 3.
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Table 3.4 : Categorization of the four main assemblage types and their sub-

assemblages.

Sub-assemblages Associated taxa

1a C. torosa dominating; Loxoconcha spp., Amnicythere spp. and
T. amnicola (partly only L. rhomboidea as minor constituent)

1b C. torosa dominating; abundant Candona sp. juv., Pseudocandona
sp. and H. salina (plus I. ?bradyi and other rare
low salinity species) with variable amounts

1c Nearly monospecific and high abundance of C. torosa; rarely
X. cornelii and Loxoconcha spp. (mainly L. bulgarica)

2a Equal ratio between C. torosa and the total of all other taxa;
relatively high content of E. bacuana, Loxoconcha spp. and
T. amnicola; ratio between A. quinquetuberculata and
A. longa is 1:2

2b Dominance of Amnicythere spp. and high relative abundance
of L. gibboides; ratio between A. quinquetuberculata and
A. longa is about 1:3; limnic species are rare (Candona sp.,
Ilyocypris sp. and M. cordata)

2c High proportion of L. rhomboidea, T. amnicola and C. fuscata

3a H. salina and lower but relatively high amounts of Candona sp.
and low amount of Pseudocandona sp. with small content of
Amnicythere spp. and Loxoconcha spp.

3b Like assemblage 3a, but with an equal amount of and
Pseudocandona sp. with Candona sp.

3¢ Like assemblage 3a, but higher (>60%) amount of C. torosa

3d Like assemblage 3c, but a low amount of marine species

4a Only Candona sp. (C. torosa is absent)

4b Strongly dominated by Candona sp., lower content of
Pseudocandona sp. and a low amount of C. torosa

Opportunists Marine taxa Limnic taxa Temporary  potian taxa Salinity PC1 PC 2 (limnic only)
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Figure 3.9 : Distribution of the ecological groups, salinity (based on sieve pore-
analysis) and principal components along the sediment core. Thin scale lines indicate

sample depths.
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The sediment core contains four main ostracod assemblages, which indicate
distinctly different environments with short and long-term changes (Table 3.4). The
assemblages of the sediment core are distinct and can be explained by the
combination of the two formerly named environmental factors by 85% in total. In
addition, 15 sub-assemblages were identified within the eight clusters based on

dominant and primary minor constituents (cf., Figures 3.7-3.9, Table 3.4).

3.4.5 Morphological analysis

Due to the ubiquity of the holeuryhaline species C. forosa throughout most of the
section, we applied sieve pore analysis to reconstruct palaeo-salinity. The salinity
was reconstructed by using the revised transfer function of Frenzel et al. (2016)
based on usually at least ten adult valves so that the reconstructed salinity displays
the mean value for the sample. The complete profile shows predominant mesohaline
conditions (5 to 18%o) but varies significantly within its range and approaches the
threshold to oligohaline (ca. 6%o) and polyhaline (ca. 20%o) conditions (Figure 3.9).
Not enough adult and well-preserved specimens were recovered for the sieve pore
analysis in most samples of the lower unit, and only five samples contained a useful
number of specimens. The valves of which a definite assignment was not possible

were excluded. Most of the shells are smooth and noding appears only very rarely.

Salinity is well constrained along the middle unit until the base of the upper unit
(Figure 3.9). The base of the middle unit (BW-7A) shows a salinity of 11.7 + 2.5%0
that increases constantly to 20.5 £ 1.4%o in BW-6M. In the next higher sample, the
salinity is slightly lower with 15.6 = 1.1%o and the reconstructed salinity decreases

continuously to 6.9 & 1.1%o at the basis of the upper unit (BW-3B).

3.5 Discussion

3.5.1 Environmental control on the ostracod assemblages and sediment

chemistry

Most of the assemblages are dominated by C. torosa, which is a brackish water
species and mostly found in shallow marine and lagoonal settings, although it can
survive in a wide range from freshwater to hyperhaline environments (Vesper, 1972;
Almogi-Labin et al., 1992; Handl et al., 1999; Meisch, 2000; Berndt et al., 2019).

The dominance of this species varies negatively with the occurrence of limnic and
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marine specialists (Figure 3.9) reflecting marginal marine conditions with a varying

degree of confinement.

The first assemblage is characterized by a high amount of C. forosa indicating a
shallow brackish water habitat (e.g., Frenzel et al., 2010). High abundances of this
species are often associated with stressed and very shallow lagoon environments at
shallow water depths (3—5 m) (Gofman, 1966). This assemblage is highly correlative
with PC 1 and thus is considered as the dominating factor. The minor constituents
are mostly marine taxa (especially Loxoconcha spp. and Amnicythere spp.) indicating
a connection to the open sea. A predominance of limnic species (i.e., Candona sp.)
and species indicative of confined stressed, low-salinity environments like H. salina
(Smith and Horne, 2002) indicate closed lagoons or coastal lakes (Meisch, 2000),
which are largely influenced by freshwater influx (Figure 3.9). The appearance of
only one regularly associated species indicates environment instability so that no
other species succeeded under the prevailing conditions. The positive correlation of
PC 1 with both (open marine and limnic) environment types points to stress by
strong salinity variation and temporary oxygen deficiency under restricted conditions
(Figure 3.8). The component correlates inversely strongest with Assemblage 1b

(Table 3.4) indicating the ecological instability of the lagoon (cf., Figures 3.8, 3.9).

The second principal component correlates well with the appearance of the limnic
species Candona sp. and thus assemblages 3 and 4; partly also with C. forosa
(opportunist) with positive loadings. It correlates negatively with the endemic
shallow marine, but delta-related (oligo- to [p-mesohaline) species A.
quinquetuberculata (Opreanu, 2008; Chekhovskaya et al., 2014; Dykan, 2016) and
the coastal marine species L. gibboides (Dykan, 2016) of assemblage 2 (Figures 3.8,
3.9). Additionally, it also shows negative loadings for H. salina as an indicator for a
restricted or possibly even temporary lake. Specimens of Candona and
Pseudocandona are identifiable in most cases only at a genus level due to a
problematic assignment of juvenile specimens. However, it is very likely that these
specimens are mostly or completely juveniles of C. neglecta and P. marchica of
which adults were rarely found. These species occur often concurrently within the
core and their ecological preferences (lower oxygenated, fresh to mesohaline coastal
pond) largely overlap (Meisch, 2000; Frenzel et al., 2010). A. quinquetuberculata is

related to sandy substrates (Opreanu, 2008), which means a relatively high current
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activity due to a proximity and/or wave actions close to the river mouth. Based on
the inverse relationship, we interpret decreasing salinity to be represented by
component 2. The lower section is reflecting restricted, relatively small water bodies
(pond/lake). Larger freshwater bodies promote the dominance of C. neglecta in the

upper unit.

All reconstructed salinities range between oligo- and polyhaline while the Black Sea
surface salinity is reconstructed to about 13—15%o from 8 to 6 ka cal BP with a
subsequent increase to about 17—-19%0 between 6 and 4 ka cal BP after which it
remained relatively stable until today (Mertens et al., 2012). Salinity values for the
lower unit of the sediment core are reconstructed only at certain points, but show the
same range as the middle unit with well-constrained salinity development until the
upper unit. Near-polyhaline conditions are reached between 7.9 and 7.7 ka cal BP
indicating slightly hyperhaline conditions shortly after a river-dominated phase with
significantly lower salinity. At this time, the lagoon environment had a salinity
similar to the open sea shortly after onset of the lagoonal phase. This indicates a
relatively open environment that is supported by the dominance of Loxoconcha spp.
The salinity falls to oligohaline values until 7 ka cal BP indicating delta progradation
with increasing freshwater influx. Low lagoonal salinities with larger errors are
found in the lowermost part of the middle unit implying a variable but significant
freshwater influence during salinization of the Black Sea. The Black Sea salinization
seems to have impacted the lagoonal environment with a steady increase in salinity
until 5 ka cal BP although the lagoon reached even slightly hyperhaline conditions
due to its restriction from the open sea and a negative water balance under a more
arid climate. Subsequently, salinity fell due to increasing freshwater impact
following a continuously proceeding separation from the sea, accompanied by higher
impacts of riverine and meteoric water impact leading to oligohaline conditions like

in today's delta lakes.

The content of calcium (Ca) the ratios Sr/Ca and Ca/Fe, are commonly applied to
give insight into the extent of biogenic carbonate sedimentation and the detrital
influx (Ca and Ca/Fe) as well as an authigenic carbonate precipitation (Sr/Ca)
(Rothwell and Croudace, 2015). There is a high Ca content nearly throughout the
sediment core indicating a high influence of sea water and authigenic carbonate

production. Only the upper unit shows very low values alternating with two short
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peaks of higher Ca values, indicating a lack of marine influence except in two short
periods. The Ca content of the lower unit is slightly higher than the one of the middle
unit that might be related to lower Ca-bearing detrital influx. The low Ca/Fe ratios
throughout the sediment core indicate a strong detrital input. However, the co-
variability of Ca/Fe with Ca means that the detrital and detritus input is rather
constant, while the influx of seawater seems to be the primary factor. An overall
increasing Fe content is likely caused by changes in the source of the detritus, which
might be climate-related. The St/Ca ratio is very low in the lower unit. This could be
caused by a lower temperature and salinity, reducing authigenic carbonate
precipitation in the lower unit. In the central part of the middle unit, high values of
St/Ca are recorded which seems to be caused by higher degrees of confinement
leading to increased evaporation. Subsequently, the variability of Sr/Ca increasing in
frequency and amplitude indicates an alternatingly higher temporal freshwater
impact due to separation from the sea influence and increasing evaporation rates due

to progressive hydrological isolation.

The major environmental control on sediment core BW is the restriction from the
open sea with its strong currents and thus the mixing between freshwater (fluvial,
meteoric and groundwater) and brackish seawaters. The influence of both water
types is often concurrent and changes with the level of confinement of environmental
and climatic conditions. The prevailing salinity is mainly reconstructed by sieve pore
analysis, and oligohaline conditions can be confirmed by the appearance of the
freshwater species P. marchica (Meisch, 2000) and a dominance of limnic species,

i.e., in the lower and upper units.

We dated shells of C. edule and peat levels in our study. Datings of paralic peats are
often-used sea level indicators (e.g., Briickner et al., 2010). Peat levels since ca. 6 ka
cal BP are located close to recent sea level position and older levels cover a range of
tens of meters but do not reach the present level thus reflecting a transgressive trend

(compare Figure 7 of Briickner et al., 2010).

Kwiecien et al. (2008) showed that the Mid- to Late Holocene reservoir effects of
Black Sea surface waters have remained about 400 "“C yrs since ~8300 '*C yrs BP.
This time range covers the total time range of our studied core section and re-
samples our reservoir effect estimate of about 415 '*C yr. The §"°C of C. edule is in a

typical range for a marine organism with carbonate shell (Bradley, 2015). The §'°0
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ratio in a marine environment is negative correlated to temperature changes, but also
highly dependent on a changing precipitation-evaporation ratio and salinity (Hoefs,
2009). The increasing ratio thus indicates a significant increase in evaporation caused
by a drier regional climate while global temperatures increase during the Holocene
(Bradley, 2015). Another important factor for both ratios is the influx of river waters,
which is more pronounced in the lower unit that brings nutrients, but also low-8'°0
and 8"°C-modified river waters, to the river mouth (Bradley, 2015). This implies that
higher 5"°C and §'°0 values are highly affected by terrestrial impact, but lagoons
also contain local vegetation as a carbon source as well (Keith and Parker, 1965).
The riverine input can cause significant hard water effects so that the radiocarbon
used to form the shells, especially in the lower unit, might be old. This could partly
explain the apparent long-lasting hiatus from 7 to 5.3 ka cal BP although the dating
of wood and peat at the end of both regression cycles contradicts a large impact of

hard water effects.

3.5.2 Holocene environments compared to recent delta lakes

In comparison with today's wetland lakes of the delta plain, we observe some
similarities between the past and recent conditions. Most of the recent lakes of the
eastern delta wetlands show seasonal salinity and temperature variations (Ustaoglu et
al., 2012). The low-salinity environments of the past correspond well to the
measured recent wetland lake salinities, which are seasonally highly variable (Figure

3.2).

Only KD-7 from Liman Lake contained ostracod valves and shows similar species
(C. neglecta, P. marchica, S. aculeata, 1. bradyi and C. torosa) to the final stages of
both regression cycles of the lower and upper units, so that these stages are indicated
to have been similar to today's Liman Lake (Figure 3.2). This lake shows relatively
constant oligohaline conditions (Figure 3.2). Ilyocypris bradyi with an ecological
range from freshwater to oligohaline salinities (Meisch, 2000; Chekhovskaya et al.,
2014) appears only in the lower unit of the sediment core under highly unstable
conditions. Cyprideis torosa is very abundant nearly throughout the unit, S. aculeata
was found only in one sample within an inferred restricted pond environment of the
lowermost part of the core (BW-10C). This matches well with ecological preferences

of both species (Meisch, 2000) and with recent conditions (Figure 3.2).
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(Near-)oligohaline conditions also prevailed in each of the remnant ponds of each
succession in the lower part of the core. Candona? candonaeformis coexists with
Pseudocandona sp. indicating the habitat being (at least temporally) oligohaline
(Frenzel et al., 2010; Dykan, 2016) during both the lower unit and the upper part of
the upper unit. We infer a similar setting to recent times for the lower and upper parts
of the core (final stages of each regressive cycle), but to a smaller extent, similar to
the Uzun and Tatl lakes, and proximity to the seashore like Liman Lake. The recent
wetland lakes around the sediment core location mostly reach only freshwater to
oligohaline conditions so we can compare them to the near-final stage of the
environments at the top of both core units before swamp formation. The marine
assemblages show o-mesohaline to polyhaline salinities that were significantly

higher than in any recent wetland lake.

3.5.3 Processes forming the lagoons of the Kizihrmak Delta

The primary factors for creating lagoonal and restricted lake environments during
interglacials, such as the Holocene, are the hydrography of the Kizilirmak River, i.e.,
its watershed and local conditions, as well as oceanographic current patterns of the
Southern Black Sea. Ridges of previous beaches of a prograding shoreline are
primary features at the eastern delta plain which show two orthogonal aligned
patterns (Erginal and Oztiirk, 2010). The northward-migrated beach ridges are cut by
the eastward-migrated ones in the northern part originating close to the Kizilirmak
River. These landforms confirm a wave-domination of the delta during the Holocene
at least since sea level reached a level close to its present elevation about five
thousand years ago. The juvenation pattern of the ridges indicates that the Kizilirmak
River resulted in a mouth bar forming the E-W-directed beach ridges. This mouth bar
originates north of the elevated delta terrace platform (Berndt et al., 2018) that might
have reduced river influence on the lagoon and increased the restriction of the lagoon
environment. This suggests that nearshore water current eddies restricted the delta
growth with a retreating and erosive western and prograding and depositional eastern
shore resulting in a concavo-convex pattern of the delta margins. A similar shoreline
pattern is seen in the Quaternary delta terraces south of the recent delta plain (Berndt
et al.,, 2018), thus regional sea current patterns seem to have remained relatively

stable (at least during Middle to Late Pleistocene highstand conditions). In addition,
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historic maps show a large lagoon on the eastern delta plain enclosed by a similar

spit-like structure (Butler, 1907).

Today's semi-arid Central Anatolian Plateau as the watershed of the Kizilirmak River
experienced precipitation values during the Last Glacial Maximum (LGM) similar to
today although its lakes reached their maximum water levels and higher than at
present (Van Zeist et al., 1975; Kuzucuoglu and Roberts, 1997; Sarikaya et al.,
2009). This discrepancy is explained by low evaporation, but higher catchment
runoff by snow-glacier melting (Kuzucuoglu and Roberts, 1997). It also caused
active down-cutting of the Kizilirmak River while the vegetation cover composed of
cold steppe, woody steppe and coniferous forest prevented sediment influx so that
the water discharge was high with a low sediment supply (Dogan, 2010; Ciner et al.,
2015). On the other hand, increased intra-basinal aggradation took place during
warmer and drier conditions on the post-LGM plateau (Dogan, 2010). This process
stored sediment on the plateau instead of transporting it to the delta. Generally,
sediment transport is highest during transitional phases (cold to warm and warm to
cold) and lower during high and low precipitation periods due to buffering by
vegetation and stream power effects (e.g., Langbein and Schumm, 1958;
Vandenberghe, 2008; Dogan, 2010). However, the Mediterranean regional climate
was wetter during glacial periods and drier during interglacials (Leeder et al., 1998).
This indicates primary sediment transport to the delta took place with moderate
precipitation and temperatures (drier/warmer than Late Glacial and wetter/cooler
than the warm semi-arid Late Holocene) in the Central Anatolian Plateau. Following
this scenario, it is apparent that regionally moderately cooler phases, in a warm and
wet period like the Holocene, increase the sediment influx and thus delta

progradation.

The drilling location was selected in the northwest of the Pleistocene delta terraces
(Akkan, 1970; Berndt et al., 2018) so that it is likely that most of the direct riverine
influx came from the streams draining down the Pontide Mountains and Kizilirmak
Delta terraces rather than the main trunk of the Kizilirmak River. However,
deflection of the main river waters into the Black Sea and mixing with the sea water
towards the east is likely due to the appearance of A. quinquetuberculata and A.

longa (Bony et al., 2015; Dykan, 2016).

64



Consequently, the balance between sediment supply from the Kizilirmak River,
possibly also from the Yesilirmak River to the east, and modification of the
depositional centre through Black Sea currents helped to retain the sediment bars
which enclose the lagoon of the Kizilirmak Delta. This process, together with
transgression leading to erosion and re-deposition by sea currents, was essential for

the palacogeographic development of the Kizilirmak Delta.

3.5.4 Holocene environmental development of the eastern Kizihrmak Delta

plain

The lower unit is highly impacted by riverine detrital influx. The two restriction
phases of the lower unit (lithological unit A) evolving from a lagoon to pond
environment with frequent connection to the sea took place between ca. 7.9 and 7.65
ka cal BP, and from 7.65 to 6.8 ka cal BP. Salinity seems to have been close to the a-
meso- to polyhaline range at this time with a dominance of C. forosa during open
phases and oligo-mesohaline during restricted phases. Nevertheless, marine taxa (i.e.,
Loxoconcha spp. and Amnicythere sp.) appear in low amounts throughout the whole
lower unit and indicate at least a temporary connection to the sea during limnic
phases. Until the top of the lower unit, the environment returned to relatively wide-
open lagoonal conditions with a connection to the open sea, although subsequent
restriction and final desiccation took place gradually. The limnic phases were
suppressed or shorter, but became more distinct towards the top. The final phase of
the lower core unit is represented by an ostracod-free peat layer (BW-8M) that we
interpret as a sub- or anoxic pond remnant after continuous restriction at 6975 + 30

cal BP.

This peat layer (8.23—8.33 m depth) was similarly identified at 8.14—7.6 m below the
Tath Lake level by Bottema et al. (1995). It is significantly thicker in their profile
compared to our sediment core, which indicates longer-lasting deposition under
lagoonal and sub(an-)oxic conditions or a wetter area with higher production of
organic material. Bottema et al. (1995) dated the peat at 7.98-8.06 m to 5945 + 45
'“C BP (conventional age) and identified this boundary as a significant hydrological
change with a vanishing riverine influx. We calibrated their peat age to 6779 + 108
cal yr BP, which corresponds approximately with our own calibrated age (6975 + 30
cal yr BP). An increasingly higher mud content indicates a decreasing sedimentation

rate in the lower unit at this stage. The ostracod abundance of the higher succession
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is about twice to three times high compared to the lower parts. The inferred mean
sedimentation rate is ca. 1.0-1.6 mm/yr, which seems to decelerate through this
regressive period. The delta plain was most likely exposed and/or became eroded

between 6.8 ka cal BP and 5.3 ka cal BP.

The middle unit (lithological unit B) does not have a faunal transition accompanied
by largely broken mollusc and ostracod shells, which is typical for a rapid
transgressive or erosive environment (Swift, 1968). The transgression started to
impact shortly before 5.3 ka cal BP and salinity increased suddenly by ca. 6%o
(Figure 3.9). This unit shows a stable lagoonal environment largely dominated by C.
torosa and lasting until a few centuries after 4 ka cal BP. There are no indications of
open marine conditions as observed at the base of the marine succession in the lower
core (assemblage la in clusters 1 and 3), thus a barrier must have been already
present. Increased carbonate precipitation at this time clearly shows an immediate
and continuous marine water influence. Salinity increases from low a-mesohaline to
low polyhaline up to the central part of the core (Figure 3.9). Although salinity
increases to low polyhaline and decreases subsequently to near-oligohaline
conditions, there is no faunal change. This might indicate that the restriction of the
lagoon through the barrier remained, and that the water of the restricted basin
became more saline through increased evaporation, which caused a significant
increase in authigenic carbonate inside the sediment, and later less saline but more
variable conditions due to higher freshwater influx and decoupling from the sea. This
salinity variation in a stable habitat indicates that salinity does not solely define the
faunal distribution, but rather the complete setting and the complex interplay of

different variables (especially restriction) at least within the oligo-mesohaline range.

The upper unit (lithological unit C) shows the development from 4 ka cal BP to
recent with a major faunal change from a near monospecific occurrence of C. torosa
to a dominance of limnic species accompanied by an absence of sea water influence
and sandy detritus. After a transitional period with a co-existence of Candona sp. and
C. torosa (Assemblage 4) combined with highly variable sea water influence and
frequent changes in evaporation representing confinement and transformation into a
brackish lake, Candona sp. replaces all marine species (Assemblage 4a) and
evaporation rates reach their maximum while marine influence is not recognisable.

This indicates that the contact to the open sea was blocked. The lake experienced two
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short-term seawater incursions introducing unstable lagoonal phases based on the
dominant appearance of C. forosa and H. salina found in the older phase of the

intrusion, causing further restriction and return to an oligohaline lake.

Subsequently, the habitat's pH and oxygen content are indicated to lower
significantly so that ostracods were absent and/or dissolved post-depositionally, with
high organic mud and plant detritus content that desiccated to a peat layer. This peat
layer was deposited very recently so that the sediment above is classified as sub-
recent. Dissolution of valves might also cause their absence in low-salinity habitats.
In contrast to the low-salinity parts of the lower core, the upper part shows an
absence of marine influence within the reconstructed limnic units. The inferred mean
sedimentation rate until the top of the upper unit is the lowest over the whole profile

with ca. 1 mm/yr.

3.5.5 Relative water depth estimation

Local vertical accommodation space is controlled by Black Sea sea level, while
sediment influx is controlled by the Kizilirmak River's sediment load, which is
largely a result of climate (i.e., precipitation) in the hinterland (Central Anatolia).
During the Holocene, vertical accommodation space is created due to global sea-
level rise. On the other hand, delta progradation acts regressively as a result of a
surplus of sediment influx filling the created subaquatic space (e.g., Bard et al., 1996;
Allen, 2000; Bhattacharya, 2003; Behre, 2003; Seeliger et al., 2017). Additionally,
erosion and re-deposition take place through longshore sea currents (spit formation)

restricting the size of the wave-dominated delta (Bhattacharya, 2003).

The analysed section of the sediment core BW covers the Mid- to Late Holocene as
the transitional time between the wet and fast transgressional Early to Mid-Holocene
to the Late Holocene recent dry period of the Anatolian Plateau with relative sea
level stability. Based on habitat changes inferred from our sediment core, the relative
sea-level can be calculated semi-quantitatively. A depiction of local water depth
estimations is given in Figure 3.10. The exact sediment depth information remains
questionable. The recovery of about 50% is relatively low, but is rather related to
drilling-induced sediment compaction than to missing sediment. The compaction rate
is relatively similar throughout the upper 8.3 m of the core, but reaches variable

values in the lower unit due to highly porous sediment. Herein, we use core-meters
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(distance along the sediment core from top) as depth although the depth of deposition
might be originally different because those correspond best to results of previous sea-
level studies (e.g., Seeliger et al., 2017) in combination to our radiocarbon dating.
We thus interpret no loss in sediment recovery but drilling-induced compaction of

the cored delta sediment.

Local water depth during the lagoonal phases is inferred to be between 0 and 5 m due
to the appearance of L. bulgarica and A. longa (Bony et al., 2015; Dykan, 2016)
accompanied with a dominance of shallow-marine water taxa (C. torosa, T. amnicola
and Loxoconcha spp.) throughout the core (Figure 3.9). Environments of the
regression cycle between 7.8/7.9 and 7.65 ka cal BP are quickly changing between
limnic (C. neglecta, H. salina, Ilyocypris spp., M. cordata and P. marchica) with
only shallow to very shallow marine species (i.e., Amnicythere spp., Loxoconcha
spp. and the dominating species C. forosa) (Frenzel et al., 2010; Dykan, 2016) so we

estimate a shallow water depth (<3 m) and more likely a water depth of <1 m.
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Figure 3.10 : Water depth range estimations based on the ostracod fauna
(*Tyuleneva et al., 2014; R — regression, T — transgression, t — possible
terrestrialization). Dark grey ranges before 7 ka cal BP are ranges of higher
probability of the surrounding rectangle and light grey rectangles with dashed
margins indirectly dated.

Information about water depth throughout most of the middle unit is limited because
of the mostly monospecific dominance of the shallow-marine C. forosa with a
general depth range of 0 to maximum 30 m (Dykan, 2016). However, high

population densities occur only in water depths between 3 and 5 m (Dykan, 2016) so
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we infer the depth of the lagoon during the Mid Holocene to be within this range. In
several parts of the lower and upper units, marine species co-occur with limnic
species (Figure 3.9), thus rapid changes between marine-lagoonal and limnic
conditions, and even shallower (<3 m) water depths are implied (Figure 3.10). The
recent lakes (except Liman Lake) have a maximum water depth between 1.0 and 1.5
m with a level at about sea level (Figure 3.2). This seems to be a good water depth

approximation also for the palaco-wetland lakes.

Higher amounts of limnic taxa indicate the predominance of limnic conditions during
a regressive phase in alternation with marine waters. The final phase of such a
regressive period is the deposition of peat that takes place very close to the lake and

sea level within swampy wetlands of the delta plain.
3.5.6 Holocene sea level and climate of the Black Sea region

3.5.6.1 Middle Holocene wet period and rapid rising sea levels

The timing and style of the Early Holocene Black Sea reconnection to the
Mediterranean Sea - and thus to the world ocean - is highly disputed (e.g., Goriir et
al., 2001; Aksu et al., 2002; Ryan et al., 2003; Bahr et al., 2008; Eris et al., 2011;
Ivanova et al., 2015), but it is commonly agreed that the Black Sea was connected to
the Mediterranean Sea within the last 7.9 ka (Filipova-Marinova, 2007). The base of

the herein studied sediment core shows development since this re-connection.

Climatic shifts might have caused variations in the Holocene transgression of the
Black Sea and modified the sediment influx of the Kizilirmak River. The regional
climate ameliorated since the Late Glacial until ca. 8.8 ka cal BP (Filipova-
Marinova, 2007). Mixed oak forests replaced the herb communities of the circum-
Pontian region gradually around the Black Sea since Boreal (ca. 9.6 to 8.2 ka cal BP)
(Filipova-Marinova, 2007). Nevertheless, Late Glacial and Holocene climate records
of Anatolia are only regionally valid and show significant disagreements. By
comparing the dated samples showing direct sea-level indicators (peat and
limnic/marine-mixed fauna) with recent independent sea level, our sea-level
estimation is partly correlative but especially local regressions and transgressions

depict a distinct regional control (Figure 3.11).
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Figure 3.11 : Sea level variability between 8 and 2 ka cal BP. (a) Reconstruction of
the absolute Black Sea level (this study; c. f. Figure 3.10) and comparison to the
Mediterranean Sea (Seeliger et al., 2017) and the sea level indications (peat) for the
Danube Delta (blue: Giosan et al., 2006), Taman Peninsula (light green: Briickner et

al., 2010 and dark green: Bolikhovskaya et al., 2018) and Rioni River delta (grey:

non-p

eat estimations and brown: peat levels; yellow: Laermanns et al., 2018). (b)

Timeframe of Yanko-Hombach (2007). (c¢) Black Sea level reconstructions (data
from Erginal et al., 2013). (d) Sea level curves from the Mediterranean Sea, North
Sea and Northern Atlantic (USA) (compilation of Ramsey and Baxter, 1996; Behre,

2003,

Briickner et al., 2010 and references therein). Grey shade indicates the total
range of sea level curves of Greece (Vott, 2007).
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Figure 3.12 : (a) Holocene environments of the Kizilirmak Delta (2 to 8 ka cal BP)
(this study; marine: blue and limnic: yellow). (b) Stalagmite 8"°C of Sofular Cave
(black) and Z*U/**U (red) (SW Black Sea coast; data from Goktiirk et al., 2011). (c)
Simplified climate oscillations of the Holocene of Europe (Schonwiese, 1995). (d)
Climate and sea level variation of Taman Peninsula (NE Black Sea coast; modified
from Bolikhovskaya et al., 2018). (e—g) Wet (black) and very dry phases of the lakes
Eski Acigol and Nar Golii (e; Central Anatolia; Turner et al., 2008; Berger et al.,
2016), Tecer Lake (f; Northern Anatolia; Kuzucuoglu et al., 2011) and Western
Anatolian lakes (g; based on Akger On, 2011 and Ocakoglu et al., 2013). (h)
Occupation phases of Ikiztepe (based on Alkim et al., 1988; Alkim et al., 2003 and
Welton, 2010). The red vertical barrens in (d) and (f) refer to the basis of the related
record.

The sediments of the lower unit of the core were deposited under wet and warm
conditions prevailing during the Atlantic period (8.8 to 5.8 ka cal BP) supporting
mixed oak forests even in higher elevations in Europe and Anatolia (Schonwiese,
1995; Wick et al., 2003; Filipova-Marinova, 2007; Cagatay et al., 2014) (Figure
3.12). Within this period, the time between 7.9 and 6.5 ka cal BP is recorded as the
wettest phase of Central Anatolia during the Holocene (Goktiirk, 2011; Kuzucuoglu,
2015; Berger et al., 2016) (Figure 3.12). The wet climate even prevailed until 5.4 ka
cal BP in Anatolia (Goktirk, 2011; Kiiclikuysal and Yavuz, 2017), which is
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supported further by glacier advances in Anatolia until the middle Atlantic (e.g.,
Sarikaya and Ciner, 2015, 2017, and references therein). The precipitation in eastern
Anatolia even increased until 6.2 ka cal BP (Landmann et al., 1996). On the other
hand, the climate in northwest Anatolia became drier already between 7.3 and 6 ka

cal BP (Ocakoglu et al., 2013).

The sea level rose from 11.4 to 9.6 m below the recent surface level from ca. 7.9 to
7.65 ka cal BP. Nonetheless, the delta plain was fast prograding (Figure 3.11) due to
high discharge with high sedimentary influx under wet conditions (Figures 3.11,
3.12). Subsequently, the site flooded very rapidly at ca. 7.65 ka cal BP by a sea level
rise of at least 1.4 m. The sea level implications agree well with Herrle et al. (2018),
who connect this rise of sea level to Laurentide ice sheet collapse (Tornqvist and
Hijma, 2012). Subsequently, sea level remained constant or a slight regression
occurred until 7 ka cal BP with a final sea level position at ca. 8.3 m below recent
surface level (Figures 3.10, 3.11). The flooded plain returned to a swamp due to
lagoon silting up. At our core site, a peat formed atop 8.33 m sediment depth, which
is ca. 20 cm deeper than in Bottema et al. (1995). This difference in depth of the peat
levels might be due to preceding accumulation of organic matter of a more marginal
swamp area. An earlier terrestrialization of our location might have led to erosion
and thus could have created a small topographic difference between both drilling

sites.

Subsequently, the study site was exposed for up to 1700 years (7 to 5.3 ka cal BP). A
millennium of sea-level stability or fall could accelerate delta progradation even
without hydrological changes within the watershed. However, this phase is
accompanied by increasingly drier conditions in Anatolia (Figure 3.12) so that the
terrestrialization seems to be primarily associated with a delta progradation or
(slight) sea-level fall (Figure 3.11). A regression is also indicated by a peat studied
by Bolikhovskaya et al. (2018) at Taman Peninsula (NE Black Sea), while Briickner
et al. (2010) found a slightly younger peat at —5.6 m depth, which implies a
transgression above the peat level until 6.3 ka cal BP. This transgression might
account for peat erosion, but storm surges cannot be excluded. A hard water effect
might explain partly the apparent long-lasting hiatus, but the ages and sea level
estimations of the lower unit correspond well with a major transgression identified

by Herrle et al. (2018) and the top-level peat age of the lower unit is similar to the
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one of Bottema et al. (1995). Future studies of the Kizilirmak Delta might answer the
question about the origin of the 1700 year-long hiatus and the previous delta

development since the last glacial.

3.5.6.2 From the Middle Holocene climatic optimum to the semiarid Late

Holocene

The sea reached a near-recent level at 5 ka cal BP that coincides well with the sea-
level estimations of Giosan et al. (2006) from the Danube Delta (Figure 3.11).
However, this is significantly earlier than reconstructed by Seeliger et al. (2017)
(Figure 3.11). The subsequent sea level highstand from 5 to 4 ka cal BP is
represented by a lagoon in our study area under warmer than present and relatively
wet conditions of the Holocene Climate Optimum (6.2 to 4 ka cal BP) in Anatolia

(Schonwiese, 1995) (Figure 3.12).

The overall climate of Anatolia in this period oscillates towards drier conditions and
the Black Sea region beginning at 6.4 ka cal BP (Landmann et al.,, 1996;
Kremenetski et al., 1999; Roberts et al., 2001, 2011; Wick et al., 2003; Eastwood et
al., 2007; Fulton et al., 2012; Kiicilikuysal and Yavuz, 2017). Several cooling and
drought events were superimposed on the Holocene warming trend in Anatolia and
the Northern Aegean Sea that reflects significant climate instability in the Mid-
Holocene (Triantaphyllou et al., 2010; Ocakoglu et al., 2013; Berger et al., 2016).
Arid phases occurred in the Eastern Mediterranean from 5.3 to 5.0 ka cal BP and 4.5
to 4.0 ka cal BP (Nicoll and Kiigiikuysal, 2013) that are coherent with the findings of
Erginal et al. (2013). An increasingly arid phase happened between 4.0 and 3.3 ka cal
BP, which was interrupted by a particularly wet phase at about 3.7 ka cal BP
(Eastwood et al., 2007; Nicoll and Kiiglikuysal, 2013; Roberts et al., 2016). The
moderate climate in the watershed associated with moderate discharge of Kizilirmak
River prevented closing of the lagoon while very dry climate between 4.0 and 3.3 ka
cal BP might have led to lagoon closure due to lower sediment retention in the
watershed. A contemporary relative regression is expressed in Balabanov (2007) as a
steep absolute regression of ca. 10 m terminating at 3.3 ka cal BP, while our
estimations and the majority of the other available Black Sea level curves show only
small sea-level variations of a few centimetres to a few meters (Figure 3.12). Our sea
level estimations (Figure 3.11) indicate a minor regression of less than or ca. 2 m,

which is in good agreement with the findings of Erginal et al. (2012, 2013) and
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Giosan et al. (2006). Recent research has shown strong indications for a tectonic
origin of the so-called Phanagorian Regression (Fouache et al., 2012) and estimated
sea level at about 0.35 and 2.35 m below the recent sea level that fits well to our sea-
level estimation, although our data indicate a minor regression only. Earlier studies
suggested a sea level fall by 5 to 6 m or even more (e.g., Fedorov, 1977; Ostrovsky

et al., 1977; Chepalyga, 2002).

The lagoon coincides well with the first and primary inhabitation phase of Ikiztepe
on the western slope of the delta platform (Figure 3.12). The Late Chalcolithic to
Middle Bronze Age town of Ikiztepe relied upon fishing, which implies a much
closer shoreline than at present (Alkim et al., 1988; Alkim et al., 2003; Turoglu,
2005; Welton, 2010), as the town is located today 9 km away from the sea and 3 km
from the Kizilirmak River. It is possible that this somewhat drier phase created a
large-scale delta progradation converting the lagoon to a shallow lake with
increasing distance of the settlement to the sea. This period of ikiztepe habitation
ended at the latest at 3.75 ka cal BP (Burney, 1956; Alkim et al., 1988; Alkim et al.,
2003). We thus infer a contemporaneous development of the lagoon and habitation
of Ikiztepe. This socio-environmental correlation between lagoonal conditions and
the occupation of ikiztepe might imply that the lagoon was an advantageous location

for historic settlement as a possible harbour for trade and boat protection.

After the abandonment of Ikiztepe, the deltaic lake once more became a shallow
marine lagoon. The timing of this phase is unclear. However, the Central Anatolian
Plateau experienced a significant arid phase for ca. 300 years between 3.1 and 2.8 ka
cal BP (Nicoll and Kiigiikuysal, 2013; Kaniewski et al., 2015) or even slightly longer
from 3.2 to 2.6 ka cal BP according to Roberts et al. (2016). During that time, the
water levels and carrying capacity of the Kizilirmak River might have been highly
reduced, while sea level rose constantly with ca. 1 mm/yr from 3 ka cal BP onwards

(Mater and Turoglu, 2014) creating a renewed lagoonal phase.

The town of ikiztepe became repopulated between the end of the third millennium
BC and 2.65 ka cal BP (Bilgi, 1999) (Figure 3.12). It seems apparent that people re-
occupied the town of Ikiztepe by taking advantage of the renewed lagoonal phase.
Nevertheless, warmer and wetter conditions prevailed in Central Anatolia from the
Beysehir Occupation until Hellenistic period (Bakker et al., 2012) and lead to a final

transformation of the lagoon to a swamp environment. Although the lagoon was
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eventually silted-up, the people of ikiztepe continued to inhabit the town until at least
Hellenistic times, which might have been possible due to a vanishing importance of

the lagoon as economic and/or cultural factor.

3.6 Conclusions

Our study of the ostracod associations and salinity reconstruction through sieve pore
analysis of C. forosa from the sediment core BW depicts the development of the
Kizilirmak Delta since ca. 7.9 ka cal BP in Black Sea that had been reconnected to
the Mediterranean Sea. The sediment core shows an alternation of marginal marine
lagoonal and restricted lacustrine environments indicating variable sea-level changes
of several meters during the Mid-Holocene while reaching a near-recent sea level by

ca. 5 ka cal BP.

Lagoonal phases with relative water depths up to ca. 5 m are dominated by C. forosa.
The more open marine lagoonal settings are additionally characterized by a high
content of Loxoconcha spp., while the riverine (deltaic) influence leads to a
dominance of A. quinquetuberculata and A. longa. Limnic phases show a dominance

of C. neglecta and H. salina.

In addition, P. marchica appears in settings with oligohaline salinities. The salinity
of the lagoon reaches generally a-mesohaline to low-polyhaline levels at ca. 5.3 ka
cal BP. The lake environments were frequently connected to the open sea leading to
B-mesohaline conditions. Oligohaline conditions evolved with further restriction of

the lagoons from the sea.

The sieve pore analysis was successfully applied with the aid of faunal
characteristics reconstructing the salinity of the brackish palacoenvironments.

Eventually, a local sea-level reconstruction for the Southern Black Sea was created.

While Holocene delta plain environmental changes until 7 ka cal BP are mainly
forced by sea-level variability of the Black Sea under generally wet regional climate,
climate variability in the Central Anatolian Plateau became a dominating factor for
the delta development by regulating sediment influx. Absolute sea-level variations
affected the delta progradation as well. The sediment influx was highest during drier
conditions in the elevated Central Anatolian Plateau during the Middle and Late

Holocene.
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The delta mostly kept pace with sea-level changes during phases of moderate
precipitation. Sea level is estimated to have risen rapidly from 7.9 to 7.65 ka cal BP.
The delta submerged quickly at 7.65 ka cal BP due to rapid sea-level rise or tectonic
submergence with subsequent phases of stagnation or regression until 5.3 ka cal BP
when the delta submerged again and sea level reached a near present day position
until 5 ka cal BP. Subsequently, sea level fell by up to 2 m and rose slowly until
today.

Another lagoon developed during the major drought of the Late Bronze Age (ca. 3.7
to 3 ka cal BP), while a subsequent wet phase during the Iron Age (ca. 2.8 to 2.3 ka
cal BP) led to its final restriction, which remains until today. Wetter phases from ca.
7.9 to 7.65 ka cal BP and from 6.8 to 5.0 ka cal BP re-opened the connection to the

sea forming lagoonal habitats. Drier phases resulted in restriction and desiccation.

Both lagoonal phases correspond well with the occupation phases of the historic
Ikiztepe. These phases are indicated to be a major economic and/or cultural factor for
the historic town of Ikiztepe. Subsequently, the lagoon was silted-up and converted

to the recent delta wetland environment.
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4. INTRASPECIFIC LENGTH VARIATION AND SHELL THICKNESS OF
THE OSTRACOD CYPRIDEIS TOROSA (JONES, 1850) AS A POTENTIAL
TOOL FOR PALAEOSALINITY CHARACTERIZATION®

4.1 Introduction

Ostracoda are small crustaceans (typically 0.5-2.0 mm long in the adult stage)
enclosed by a two-valved mineralized carapace. They populate nearly all aquatic
realms (Horne et al., 2002). Their highly variable calcareous carapace preserves
easily, and thus ostracods show a good geological record since the Palaeozoic times.
Based on their wide distribution, often high abundance, and diversity and taxon-
specific ecological preferences and tolerances, they are highly suitable for
environmental reconstructions (Horne et al., 2002; Boomer et al., 2003). An integral
part of every ostracod is its carapace as it protects the animal against predators or
harsh environmental conditions, plays an important role for the contact with the
surrounding environment, supports its mode of life, and gives stability for the
benthonic lifestyle (Hartmann, 1963; Karanovic, 2012). The identification and use of
each ostracod species to reconstruct environments in the geological past is highly

based on the morphology of their shells (Horne et al., 2002).

Ostracod valves grow discontinuously by molting, i.e., their instars shed their valves
and calcify new ones in defined ontological stages. There are eight instar stages, and
adults are characterized by a strong sexual dimorphism in Cyprideis torosa (Heip,
1976). The carapace of an ostracod is formed by the uptake of Ca-ions from the
surrounding water before or after molting, thus producing a new fully-calcified
carapace (Turpen and Angell, 1971). In this way, the shell chemistry can only be
related to the environmental conditions which prevail in this specific timespan (De
Deckker and Forester, 1988). Especially the carbonate availability and construction

time determine shell calcification and growth in ostracods as in bivalves alike

> This chapter is based on the paper “Berndt, C., et al., Intraspecific Length Variation and Shell
Thickness of the Ostracod Cyprideis torosa (Jones, 1850) as a Potential Tool for Palacosalinity
Characterization. Geosciences, 2019, 9(2): p. 83”
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(Remane, 1958; Keyser and Walter, 2004), but also the prevailing water
temperatures during calcification play a role (Roca and Wansard, 1997). While the
intraspecific shell thickness of marine taxa is well known to be significantly larger in
marine waters than in brackish waters, such intraspecific changes are recognized

mostly in mollusks, i.e., bivalves, so far (Remane, 1958).

A common and widely distributed ostracod species is Cyprideis torosa (Jones, 1850).
It is recognized as an indicator of environmental changes displayed in its phenotypic
morphological adaptation (Meisch, 2000). This species is very common nearly
worldwide in marginal marine and paralic environments over a large salinity range
from oligohaline to hypersaline water bodies (Heip, 1976; Van Harten, 1975, 1996
and 2000; Mezquita et al., 2000). High population densities up to several tens of
thousands of individuals of this plant detritus-feeding species within one-meter
square are seen in stressed environments where other ostracod species are absent
(Heip, 1976). This brackish species lives preferentially in brackish water
environments at water depths of 0.5-30 m while reaching high population densities
between 3 and 5 m under 0-25 °C water temperature (Dykan, 2016). It prefers
vegetated, silty, and muddy sand substrates (Dykan, 2016).

Several former studies demonstrate a phenotypic salinity-dependency of various
morphological shell features in C. forosa. After the first descriptions of the ostracod
valve structure (Miiller, 1900), three other morphologically variable features on the
shell of C. forosa were found to be related to the ambient salinity of the surrounding
waters. A variable noded character of the valve’s morphology appears in individuals
of this species living in low-salinity environments, which was discussed already in
Van Morkhoven (1962). The living cultures of Frenzel et al. (2012) imply their
phenotypic appearance with decreasing salinity below 7 %o. Furthermore, the ratio
between rounded and non-rounded sieve pores is related to salinity as well
(Rosenfeld and Vesper, 1977). A length variation of the female adult valves was
observed by Van Harten (1975). Boomer et al. (2017) gathered new data from
modern sediments of different seas for the size-salinity relationship and confirmed
the threshold of Harten (1975) at about 8 %o with small valves above and larger
valves below this point. However, there is still a significant lack of data in between,

1.e., between 8 and 13 %eo.
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The Kizilirmak Delta is a wave-dominated delta at the central Black Sea coast of
Turkey (Erginal and Oztiirk, 2010) (Figure 4.1). It is fed by Kizilirmak River, the
longest river of Turkey (1355 km long) that flows across the Anatolian Plateau in a
large bend and traverses the North Anatolian Fault Zone and Central Pontide
Mountains until it mouths into the Sinop Graben in Samsun province where it forms
an extensive delta plain. The North Anatolian Fault Zone is indicated to actively
uplift the Southern delta plain since the Mid-Pleistocene forming of several terrace

levels of palaeo-delta plains (Berndt et al., 2018).

Today, the Eastern delta plain has extensive wetlands (Ramsar site) with nine

shallow fresh to brackish lakes (Figure 4.1) as remnants of the Mid- to Late

Holocene lagoon in a semi-arid to semi-humid maritime climate (Turoglu, 2010;

Ustaoglu et al., 2012; Kdse et al., 2014; Berndt et al., 2019).

General Geology
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Figure 4.1 : Natural-colored image (a) and geological-geomorphological map (b) of
the Kizilirmak Delta with sediment core (BW) (modified from Berndt et al., 2019).

Berndt et al. (2018) gave the first insight into the Quaternary fluvio-deltaic
development of the Kizilirmak Delta. Berndt et al. (2019) analyzed the sediment core
BW (41°34'40" N and 36°02'51" E) at the Eastern Kizilirmak Delta plain dealing
with ostracod associations and sieve pore shape analysis of C. forosa to reconstruct
the Holocene environmental development of the Kizilirmak Delta (Figure 4.1). The
studied sediment core has been radiocarbon-dated by using shells of Cerastoderma
edule (Linné), wood, and paralic peats. It covers the development of the delta plain

since about 7.9 ka cal BP with a major hiatus between 7.0 and 5.3 ka cal BP. The
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palaeoenvironment is described to change back-and-forth from a mesohaline to a
polyhaline lagoon with up to about 6 m water depth, and to (near-)oligohaline lakes,
which were similar to the recent wetland lakes (Berndt et al., 2019). According to
Berndt et al. (2019), the main factors controlling the Holocene environments are
indicated to be the rising sea level and an increasingly arid regional climate of the
Anatolian Plateau. While sea level changes have a major impact until the sea level
reached a near-recent level at the latest 5 ka cal BP, the regional climate is the major

forcing factor thereafter (Berndt et al., 2019).

Herein, we aim to test the size-salinity relationship of C. forosa along the Holocene
profile from the Kizilirmak Delta at the Black Sea coast of Turkey to prove its
applicability for palacoenvironmental studies. The reconstructed salinity of the
related palaeoenvironments ranges from oligohaline to polyhaline (ca. 6 to 20%o).
Thus, our study is covering the range well with the lack of data in the study of
Boomer et al. (2017) about the variability of carapace size in C. torosa along the
salinity gradient. Furthermore, we introduce the thickness of its shells as a new
palaeoenvironmental indicator in marginal marine settings. Both potential proxies
aim to give important information about palacoenvironments, especially within low-

diversity or even monospecific assemblages dominated by C. forosa.

4.2 Materials and Methods

We analyzed 17 of already prepared samples taken from the sediment core BW by
Berndt et al. (2019). Sample preparation, species identification, and counting were
previously described in Berndt et al. (2019). The samples contain the instars A-3 to
A (adult) of C. forosa due to the chosen analyzed fraction of the samples (> 200 pum).

Thus, smaller individuals were excluded during the sieving process.

For the analyses, all available valves of C. torosa of the largest two stages were used.
The samples along the core are of changing quality for the used methodology. The
occurrence of adult valves is limited in many samples; hence, we chose to merge the
size data of right and left valves of female individuals, although a size difference of
about 3% was observed that is consistent with the results of Boomer et al. (2017).
Nine samples in the lower and upper units were excluded from the analysis because

of the very low content of usable valves of C. torosa.
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We measured lengths and heights of all A-1 (penultimate ontogenetic stage) and A
(adult) valves in 19 samples by using a light microscope with an ocular scale. Size
differences were visible between the adult male and female specimens, but only
tentative in the A-1 stage like already observed in Boomer et al. (2017). We thus
used only the female adult individuals to receive results comparable to the studies of
Van Harten (1975) and Boomer et al. (2017), and all specimens of the stage A-1. A
linear regression model for the salinity-length relationship was performed using

PAST (Hammer et al., 2001).

During the sieve pore analysis of Berndt et al. (2019), apparent color differences
between the valves were recognized using a transmitted light microscope. The adult
valves were grouped into three classes according to their translucence. To measure
the shell thickness and to exclude a dissolution effect, we took SEM images of two

broken valves per valve type.

4.3 Results

4.3.1 Length variation

The length of an ostracod is the distance from anterior to posterior margin and the
height is the distance from ventral to dorsal margin (Bradley, 1941). The adult
specimens of our material vary in size and have mean lengths between 0.77 and
1.036 mm (female) and 0.903 and 1106 mm (male). The measurement error is about

+2 to 3%.

The mean length of instar A-1 varies between 0.58 and 0.76 mm and the mean height
between 0.36 and 0.44 mm (Figure 4.2). The measurement error ranges between +3
and 4%. The largest specimens of this instar are seen in BW-3M and BW-11A, while
BW-10C contains the smallest. The deviation between length and height shows a
similar pattern like the pure length variations at both instars, although there are small
differences—the length deviation of A-1 remains at constant during the middle to
upper unit, while the length is slightly increased and the length deviation of the adult
specimens is slightly lower in the lowermost two samples and higher at the base of
the middle unit with transition to the upper unit. However, there are neither clear

patterns nor large deviations recognizable (Figure 4.2).
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Figure 4.2 : Sediment core BW with lithology appearance of larger shells of C. edule and gravel, sedimentological (A-D) and ecological
zonation (blue: Marine, green: Lacustrine), radiocarbon ages, ostracod ecology, reconstructed salinity, length and height measurements of female
adult and instar A-1 C. torosa valves, valves thickness variation, sample names according to their depth below surface, total number of C. torosa

valves (nta1), number of adult C. torosa valves (na) and number of valves of the instar A-1 (na.;) (modified from Berndt et al., 2019 and

combined with new data of this study).
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4.3.2 Valve thickness

The observation using SEM revealed that the colorless-translucent valves are the
thinnest with about 12—13 um, the brown ones are of intermediate thickness with 18—
19 um, and the opaque ones had a thickness with a relatively large range of about
21-30 pm (Figure 4.3). The threshold between translucent and opaque valves is thus
indicated to be at about 20 um. The translucent valve type is separated from a brown-
translucent valve type by its absence of a distinct/continuous colored appearance
(brown) of the valve although this change is rather gradual. Valves with slightly
brownish central areas, while the rest of the valve is colorless, are still counted as

colorless (Figure 4.3).

937 x 523 um (BW-7M)
colourless + translucent

1073 x 613 um (BW-6M) 910 x 515 pm (BW-6M)
brown + translucent opaque

oF ;4

Figure 4.3 : Examples of valve microstructure of female adult valves of C. forosa.
All scales: 10 um.

The preservation of the identified valves inspected with the aid of SEM was good,
except the thinner ones of the translucent-brown and opaque valves, which have
valve surface-parallel dissolution traces (lower middle and lower right images of
Figure 4.3). The opaque valves are two-three times thicker than the colorless
translucent valves. We therefore name the categories as thin-walled (colorless-
translucent), medium thick-walled (brown translucent), and thick-walled (opaque)
specimens. The brownish coloring of translucent valves seems to be rather variable

between the valves, but it is always particularly intense in the back of the central
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muscle scars. None of the shells showed internal sub-layering under the SEM.
Dissolution traces were absent in the thin shells and occur only in the medium-thick

and thick valves.

The amounts of the different thickness classes are shown in Figure 4.2. Throughout
the lower unit (11.4-8.2 m below surface), the number of thin valves is
predominating with about 83 + 6%, while thicker valves are less abundant (7.2 +
6.2% for medium thick valves and 9.5 = 9.3%). While the number of thick-walled
specimens is generally higher than the medium thick-walled ones from the base to
BW-10A, the number of medium thick valves is higher above until the top of the
lower unit. The middle unit (8.2—3.9 m) shows two samples (BW-7M and BW-6M)
with very low amounts (13 and 6.7%, respectively) of thin-walled specimens and a
high amount of medium thick-walled specimens (BW-6A). In samples with very low
amounts of thin-walled specimens, the amount of medium thick-walled specimens is
highest in BW-7M and low in BW-6M. The amounts of thick-walled specimen are

increased throughout the lower part of the middle unit up to 85%.

Above a transitional sample with 73% of thin-walled specimens accompanied by a
slightly increased proportion of medium thick-walled specimens (BW-5A at 5.93 m),
the amounts of thin-walled specimens are strongly dominant until the upper unit
(above 3.9 m below surface) again (between 83 and 98%). The top sample (BW-2A
at 2.58 m) shows slightly lower amounts (63%) of thin-walled specimens, but the

number of analyzed valves is low (8 valves).

4.4 Discussion

This study is a pioneering attempt to apply the size and thickness variation of the
valves of C. torosa in a natural setting in a fossil (Holocene) succession and the first

study using length and height variations of the A-1 (oldest juvenile) and adult instars.

The length and height variations of both instar A-1 and adult specimens along the
section show significant changes. In contrast to the studies of Van Harten (1975) and
Boomer et al. (2017), our samples contained only short adult female individuals, and
despite the reconstructions of Berndt et al. (2019) indicated salinities of about 6—7%o
for at least two samples (Figures 4.2 and 4.4). The intraspecific valve thickness of

this species was not described as a phenotypic feature of C. torosa so far. This
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thickness appears to be highly sensitive to environmental changes throughout the
regarded period of the Holocene (Figure 4.2).
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Figure 4.4 : ITRAX-XRF (Ca, Sr/Ca and Ca/Fe) measurements (XRF data from
Berndt et al., 2019), valve length and thickness of C. torosa (this study). Red lines
are mean XRF values for the ostracod sampling ranges. Remark: There are different
scales between the ITRAX-XRF record and subsampled mean values.

4.4.1 Valve size-salinity relationship

The length and height on both A-1 and adult specimens correlate very well at 98%
(A-1) and 91% (female adult) with each other. This implies a primary total size
variation instead of a nearly pure lengthening of adult individuals within errors
(Figure 4.5) and is in rough agreement with Van Harten (1975) and Boomer et al.
(2017).

By comparing the size measurements of adults with the salinity reconstruction of
Berndt et al. (2019), we neglected the lower unit measurements due to their punctual
character in a highly variable environment (Figure 4.5). The numbers of individuals
of the lower unit and within the two lowermost samples of the middle unit are small,
and the salinity reconstruction of Berndt et al. (2019) shows larger errors. The
studied period for the analysis is thus from 5.3 ka cal BP to about 4 ka cal BP in
which a major lagoonal phase was prevailing at the eastern part of the Kizilirmak
Delta covering the middle to upper units of the sediment core (Berndt et al., 2019).

This phase contains two environmental shifts. At first, the lagoon formed with an
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extension of a barrier leading to higher salinities due to evaporation exceeding the
open sea conditions at about 5 ka cal BP. Subsequently, the lagoon was highly
restricted and an increasing freshwater impact lead to low salinities with a final -
mesohaline to oligohaline lake phase starting at about 4 ka cal BP (Berndt et al.,
2019).

129 oligohaline |—| mesohaline polyhaline euhaline
| y = 0.0051x + 0.86 ()
1.1 4 | | - - - 95% Confidence intervall
s (p = 0.089)
- z=0.0025x + 0.89 (-)
E I Data of former studies
c 14 I _ - # Data of this studies
< P
5 - | -
c
et .
0.9
0.8 T T T T 1
0 20 25 30 35 40

Salinity in o/oo

Figure 4.5 : The valve length-salinity relationship with data of former studies in grey
(data from Van Harten, 1975 and Boomer et al., 2017). The trend line y excludes our
whole dataset and the trend line z includes data from the lower unit.

In this part of the sediment core, the average sizes of the female adult individuals
correlate well with the salinity in a positive way (Pearson correlation coefficient for
height and salinity: 0.54; length and salinity: 0.56), while the size variations of instar
A-1 are insignificant, and thus only the size results of female adult measurements are
regarded below (Figure 4.2). Above salinities of 15%o, the length of adults is rather
variable within a similar range (Figure 4.2). The error due to size differences
between the left and right female valves is lower than the measurement error so that
we neglect this potential error. The p-value (0.089) of the salinity-length relationship
is only slightly above 0.05, indicating that other factors might influence this
relationship as well. The linear regression model accepted a slope equal to zero with
a p-value of 1.26*e-08. We thus cannot exclude an independent result. However, we
explain this high p-value with the low sample number and an indicated temporal
offset between salinity and size. The palaco-environment might still reach
(seasonally?) previous temporal salinity values after its reconstructed salinity

maximum.
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The Sr/Ca ratio is related to evaporation that increases the prevailing salinity but is
temperature-dependent as well (Rothwell and Croudace, 2015; Berndt et al., 2019)
and correlates positively with the reconstructed salinity and length measurements
(with a Pearson correlation coefficient of about 0.7 for each) (Figure 4.4). In contrast,
the Ca content and Ca/Fe ratio as indicators for marine influence are negatively
correlated to the salinity and Sr/Ca in a similar way and to the length to a lower
degree (with a Pearson correlation coefficient of —0.3) as well (Figure 4.4). This
indicates that the evaporation rates mainly control the salinity of the lagoon. This is
explained as an effect of the restriction caused by increased freshwater or lower

saline seawater input (Berndt et al., 2019).

The riverine freshwater input, and thus a decrease in salinity, had no significant
impact on the size before the salinity dropped below 15.9%o0 (Figure 4.2). The
difference between sieve pore shapes and size variability might be caused by a
different formation time. While the size of the valves is determined during its growth
period within the molting process (Turpen and Angell, 1971; Martens, 1985), the
sieve pore shape is finalized during the subsequent valve calcification process (De
Deckker, 2002). This relationship additionally rules out a major impact of food

availability on the size of the detrivorous species.

The deltaic plain system experienced rapid water mass changes due to mainly intra-
annual to inter-annual precipitation and insolation changes and storms. Ustaoglu et
al. (2012) shows that the Kizilirmak Delta plain lakes experience large salinity
fluctuations between freshwater and intermediate mesohaline conditions in the recent
deltaic lakes. This means that the osmoregulation of the local population of C. torosa
is capable of managing or adapting to such low salinities and transforms its sieve
pores accordingly. This high variability may lead to short-term salinities up to about
8%o as well (Figures 4.2, 4.4 and 4.5). It is thus possible that C. forosa might molt
preferentially to smaller-sized adult individuals, which are not expressed in juvenile

instars in higher saline conditions while the mean salinity drops below 15%o.

Aladin (1989) described two kinds of osmotic regulation styles within the euryhaline
species C. torosa: Amphiosmotic (oligohaline origin) and confohyperosmotic
(brackish with marine origin). This separation agrees well with the former
differentiation between C. torosa forma torosa, which displays a reaction to low

saline environments, and C. forosa forma littoralis, which is dominant in marine
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environments (Meisch, 2000; Frenzel et al., 2012). The individuals of our study are
smallest during (near-)oligohaline conditions and at significantly lower salinities than
the size-break (Boomer et al., 2017). This might confirm Aladin (1989), which
mentions that C. forosa of the Black Sea is mainly amphiosmotic (C. torosa forma
torosa). This further implies that both morphotypes are phenotypic variations of one
species in shifting salinities by changing their style of osmoregulation (Frenzel et al.,
2012), or that the populations of different water bodies developed specific
osmoregulation (Aladin, 1989). This could explain the discrepancy between the
results of Van Harten (1975), Boomer et al. (2017) and ours. However, nodes that
appear regularly in C. forosa forma torosa are absent in our study, which might be
caused by the lower salinity contrast between marine and terrestrial environments,
which show a salinity rarely below 7%o, or environments giving sufficient time to

molt in preferred conditions (Frenzel et al., 2012).

Based on these results, the salinity or the conditions bound to salinity have a
significant impact on size variation. For example, Roca and Wansard (1997) showed
a strong temperature relationship of Herpetocypris brevicaudata Kaufmann 1900 in a
laboratory experiment. During the evolution of the Kizilirmak lagoon, the restriction
seems to promote an increase in salinity and increasing variability of surface
temperatures in the shallower and smaller water body (compare Den Hartog, 1964).
Adult C. ftorosa seem to form larger valves under a-mesohaline and more stable
conditions (Boomer et al., 2017). Smaller, oligohaline water bodies with increased
seasonal salinity and temperature variability are expected to produce smaller valves
instead. In addition, the restriction of the lagoon might cause an oxygen deficiency,
which is known to be a critical factor in the growth of mollusks, e.g., Hamburger et
al. (1983) and McClain and Rex (2001). However, dominance of C. forosa is seen in
sub- to anoxic environments like harbor basins (Delile et al., 2013; Berndt, 2014),
indicating a high ability to withstand oxygen deficiency. The smaller-sized adults in
the lower part of the lagoonal phase of the sediment core BW with an interpreted
good connection to the open sea (Berndt et al., 2019) seem to disagree with the major
influence of oxygenation on size as well. Furthermore, Van Harten (1975) mentioned
a possible dependency on increased environmental stress that is concurrent with the

approximation of low saline environments. This seems to be plausible as a cause of
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smaller valves and a final replacement by other taxa when the salinity becomes too

low.

Overall, we observed a positive size feedback on salinity changes in the mesohaline
range. This finding is in good agreement with the studies done on mollusks (Remane
1934; Trahms, 1939). These results fill partly the salinity gap of the former studies of
Van Harten (1975) and Boomer et al. (2017). In contrast to those studies, no break in
size variation by salinity was observed, although the mean salinities decreased to
even near-oligohaline conditions (Berndt et al., 2019) (Figure 4.4). The absence of
this size break observed by Van Harten (1975) and Boomer et al. (2017) seems to be
caused by the adaptation ability of the local population or high variability of the
environment. The reconstructed salinity by Berndt et al. (2019) must be taken as a
mean value over a multi-decadal to multi-centennial time period so that a high
variability of the salinity can be expected. Nevertheless, a causal dependency
between size and osmoregulatory capabilities or stresses of this species in lower
salinities needs to be tested in laboratory studies. Furthermore, the sample size is
relatively low, and this study deals with material from only one location, so both

should be expanded in future studies to test the applicability of this proxy further.

4.4.2 Valve thickness

The thickness of ostracod shells has been already recognized to be environmentally
caused by Scott (1961). Carbonel (1988) pointed out that the ornamentation of
ostracods is primarily controlled by physiology (intensity of the ornamentation) and
genetics (shape of the ornamentation). In addition, Carbonel and Pinson (1979) and
Carbonel (1980) described a positive correlation of the reticulation intensity of

Cyprideis with an increased ionic concentration in the water (evaporation).

The differentiation of three different classes of valves thicknesses (translucent,
brownish-less translucent, and opaque valves) unraveled significant differences along
the Holocene sediment record and reflects some of the major ecological variations
(Figures 4.2 and 4.3). The samples are dominated by thin-walled specimens
throughout the lower and beginning in the upper middle unit to the top. Both units of
the sediment core show mainly freshwater-influenced, highly variable, and more
restricted environments (Berndt et al., 2019). The thicker valves dominate largely the

marine lower part of the lagoon, although some variability prevails.
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The pattern of the occurrence of the thicker valves reflects a good connection to the
open sea, while rather restricted environments are populated by thinner specimens
(Berndt et al., 2019) (Figure 4.2). Medium-thickness valves appear in large amounts
in the more stable, but lower saline part of the lagoon, while thick valves dominate
increasingly until the highest salinity caused by a further restriction of the lagoon and
lack of freshwater influx. This agrees well with the positive valve thickness
correlation and ionic concentration of the water (Remane, 1958; Carbonel, 1988). In
agreement with Keyser and Walter (2004), a better connection to the higher saline
open sea and its salinization improves the conditions to form thicker shells,
especially in regard to ion concentration, which is crucial for the shell calcification,
like calcium. In addition, the available time to calcify the shell is longest within
periods of good connection to the sea, and shortest in the highly variable brackish
delta plain environment. Both might explain further the dominance of thick-shelled
individuals in the lower part of the middle unit. An abundance maximum of thin
specimens in between might relate to an increased freshwater input/seasonality of the

lagoon.

Furthermore, a good connection to the open sea implies higher oxygenation and
lower but more stable temperatures. Both might be necessary to form thicker valves
as well. The upper part of the lagoon is indicated to be more restricted so that periods
of oxygen deficiency increase due to higher oxygen consumption following high
primary productivity and restricted water mass exchange with the open sea. Lower
water temperatures trigger a higher solubility of calcium carbonate (Frear and
Johnston, 1929) so that the calcium ion availability is higher and more constant. This

could support an easier, and thus thicker, shell calcification.

In addition, taphonomic processes like mechanical destruction and transport effects
due to sorting by weight can affect preferably thin and thus more fragile and lighter
specimens (Kaesler et al., 1993). This can lead to an under-representation of thinner
specimens compared to the thicker, more robust ones. The lower part of the lagoonal
phase is more exposed to currents, which might rework, carry away, and crush
fragile specimens. Indeed, this part of the core contains a sample with a skewed
assemblage (BW-6M) and plenty of broken valves (BW-7A). However, other
samples showed none of both effects, thus making strong taphonomic alteration

improbable.

90



Based on these implications, the valve thickness might be a good proxy for the
differentiation of estuarine water bodies with freshwater influx and marine realms
and appears to be a continuation of the loss in ornamentation by decreasing salinity
within the mesohaline salinity range. This finding aims to extend the range of the
application of the semi-quantitative approach of Carbonel and Pinson (1979) to
reconstruct the (palaeo-)salinity by the surface characteristic of this species to
mesohaline salinities, especially because the salinity range is characterized by a very
low ostracod diversity that makes additional proxies necessary for environmental
reconstructions. The number of samples and specimens in our study is relatively low
so that future studies with more samples and comparisons between different settings
are necessary to validate these preliminary interpretations, which might lead to a
reliable and fast quantitative proxy to improve palaeo-reconstructions using fossil

Cyprideis-dominated associations.

4.5 Conclusions

The current study shows a phenotypic reaction of C. torosa in a marginal marine
environment driven by the transformation of a relatively open to a restricted lagoon
and deltaic lakes in the Eastern Kizilirmak Delta. Good positive coupling of the size
of adult specimens of this species in the local population and salinity was observed
between about 6 and 20 %o (correlation coefficient of salinity to length: 0.56). This
coupling seems to originate either directly from salinity changes as the main driving
factor or stress that arises in more variable environments. A size break in lower
mesohaline salinities, as suggested by former studies, could not be observed. That
might be an osmoregulatory effect or result of molting preferences of the local
population. Surprisingly, instar A-1 sizes seem to be independent of the surrounding

salinity and change in significant levels only in highly variable environments.

The valve thickness seems to work as a simple proxy for evaluating marginal marine
environments dominated by freshwater (thin) or marine (thick) influence. Our results
imply a similar reaction of C. forosa like mollusks to decreasing or shorter
availabilities of sufficient calcium ion concentrations in the habitat by forming

thinner shells.
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6. CONCLUSIONS AND FUTURE PROSPECTS

River deltas are one of the most variable environments of the world. Those
landforms are affected by several factors determining their shape and appearance.
The deposited sediments are recorders for local, regional and global environmental
changes over different timescales so that those bear a wealth of information about the
geological past. The aim of the study was to understand the processes impacting on
the development of the Kizilirmak Delta at the northern margin Central Anatolian
Plateau to the Black Sea. In this thesis, I studied the Late Quaternary tectonic impact
of the North Anatolian Fault on the Kizilirmak Delta, the palacoenvironmental
evolution of this delta during Holocene and how the environmental factors, in turn,

modified the morphometric appearance on ostracod species.

In the first part of the thesis I focused on the tectonic impact of the North Anatolian
Fault on the Kizilirmak Delta. Mapping of fluvial, marine and delta terraces along
the lower stream of Kizilirmak River revealed the presence of nine terrace levels up
to 123 m above the river; the lowermost one being equal to the recent river plain and
three of them forming major delta terraces. In addition, the sea sculpted coastal
terraces at three levels into the northern fringe of the delta terrace platform. The
OSL-dating of the terrace sediments together with a newly developed best-fit uplift
model revealed that those terraces have formed by a relatively constant uplift of 0.28
m/ka since 545 ka. This tectonic displacement even raised up two terrace levels,
which were formed during MIS 12 and MIS 10 lowstands of the Black Sea. The
uplift rate together with regional information from northern and central Turkey
indicate a differential uplift with distance to the main strand of the North Anatolian
Fault, which causes compressive accelerated regional uplift compared to the slowly
uplifting Central Anatolian Plateau. The relatively constant and sub-horizontal

movement implies a deep-rooted source forcing this uplift.

The second part of the thesis addresses the Holocene evolution of the Kizilirmak
Delta by using ostracod assemblages and morphometries in the sediment core BW

supported by the sediment’s geochemistry. This study revealed a
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palaeoenvironmental development since 7.9 ka cal BP at the eastern part of the delta
plain. The environments were a-mesohaline to polyhaline and up to 5 m deep palaeo-
lagoons while freshwater impact during restrictive periods leads to B-mesohaline and
eventually oligohaline conditions similar to the delta lakes at present. The two major
influencing factors affecting the ostracod associations are the restriction from the
open sea and the stability of the lake habitats. Lagoonal environments are represented
predominantly by the appearance of Cyprideis torosa (Jones). This species co-
inhabits the palaco-lagoons with Loxoconcha spp. in phases with better connection to
the open sea and Amnicythere spp. in phases of increased fluvial water impact. The
transformation to limnic environments lead to a dominance of Candona sp. and

Pseudocandona sp. dominates in an oligohaline lake environment.

Lagoonal restrictions and openings between 7.9 and 7 ka cal BP are forced primarily
by frequent sea level variations accompanied by high sedimentation rates and fluvial
impact. An apparent 1700 year-long hiatus with questionable origin occurs from 7 to
5.3 ka cal BP. The plateau became drier over time triggering a relatively stable
lagoonal environment. Salinity of the palaco-lagoon increases to polyhaline
conditions until about 5 ka cal BP due to increased restriction, while the Black Sea
sea level reached near-recent levels. Freshwater influence reduces the salinity and
progressive restriction from the open sea transforms the palaco-lagoon to a
mesohaline lake short after 4 ka cal BP. Another short-term lagoon forms
presumably as a result of the ‘Late Bronze Age megadrought’ between 3.7 and 3 ka
cal BP. A correlation of the historic population phases of Ikiztepe with the lagoonal
phases indicates a cultural or economic dependency on the prevailing

palaeogeographic setting during Late Chalcolithic and Bronze Ages.

The third part of the thesis deals with the retro-action of the environmental factors on
the species. The valve size and shell thickness of Cyprideis torosa were studied
along a Holocene sediment core section. The size variability of adult individuals
shows a good positive correlation to salinity changes along the sediment core BW
within the mesohaline range. A lack of large-sized individuals is interpreted as the
effect of the local population. The size of individuals of the penultimate ontogenetic
stage lacks of a clear correlation to the salinity variations. The shell thickness is
rather thin throughout most of the studied core section, but thick within a relatively

stable lagoon phase with increased marine influence. This presence of mainly thick-
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shelled individuals indicates a similar relation of the intraspecific shell thickness to a

marine environment like mollusks.

In conclusion, the Kizilirmak Delta is highly affected by the tectonic activity of the
North Anatolian Fault Zone. The delta’s environment is shaped by the climate of
Anatolia and sea level variations during Holocene. In turn, those environmental

factors modify also the morphological appearance of ostracod species.

However, the studied delta terrace platform and lower stream of the Kizilirmak River
represents a rather narrow area within the orogenic wedge of the Central Pontides
and no significant uplift variation was observed. More spatial and long-term data
need to be acquired, especially from higher elevated geomorphological features (e.g.,
wind gaps). Those future investigations will help to examine the evolution of the
northern margin of the Central Anatolian Plateau in relation with the impact of the

North Anatolian Fault.

Future studies might be able to recover deeper sediments of the Kizilirmak Delta to
examine the delta development before and during the highly-disputed last
reconnection of the Black Sea. Furthermore, the 1700 year-long hiatus (7 to 5.3 ka
cal BP) remains of questionable origin and this should be further investigated. In
addition, a high-resolved study of the sediment core BW might give an important

insight into the climate of Anatolia, its future and the degree of antropogenic impact.

Finally, the phenotypic morphological variability of this species has been recognized
as a valuable proxy over the last decades for environmental changes. Because of that,
the morphological variability seems to show a good potential to create a future
transfer function of the size and shell thickness of this or other species to
environmental parameters. Such quantification could expand the ostracodological
toolbox for palacoenvironmental reconstructions and can give valuable information

of (palaeo-) environments containing a low diverse ostracod fauna.
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APPENDIX

OSL dating

Optically Stimulated Luminescence dating of sedimentary de- posits is based on the
following equation: OSL age 14 De/Drwhere the equivalent dose (De) is the
absorbed radiation dose (Huntley, 1985) and the radiation dose rate (Dr) is calculated
from mea- surements of the radioactive isotopes within the sample and its

surroundings plus the radiation dose rate from cosmic rays.

Sample preparation

The samples were prepared under subdued red light at the Istanbul OSL Research
and Archeometry Lab. The center portions of the sediment tubes were wet-sieved,
and the 90-180 mm fraction was used for further analysis. The sediment was washed
and treated with 10% HCI to remove carbonate particles, with 30% H,0O, to remove
organic material, with 36-38% HF to remove feldspar grains and to etch the quartz
grains twice, and with 10% HCI to remove possible remnant carbonate particles.

Finally, the etched quartz grains were dried at 50°C.

These quartz grains were scattered over a 9 mm stainless steel disc with a silicon
spray for OSL measurements. The OSL equivalent dose was measured using an
automated Risg DA-15 TL-OSL system (equipped with an internal 90Sr-90Y beta
source giving a dose rate of 89 mGy/s and 40 mW/cm” to the sample) and detected
by an EMI 9635QA photomultiplier tube fitted with 7.5-mm-thick Hoya U-340
filters (Botter-Jensen, 1997).

Equivalent dose measurement

Banerjee et al. (1999) and Murray and Wintle (2000) presented the Single-Aliquot
Regenerative Dose (SAR) protocol after an earlier proposal by Huntley (1985) to
obtain estimates of absorbed natural radiation doses of samples. These samples
contain light-emitting minerals such as quartz, feldspar, and calcite, making the

method suitable for dating particularly sandy samples. The radiation dose absorbed

121



by the material during its burial time in the natural environment is proportional to the
intensity of the emitted light. Equivalent doses of quartz grains were determined

using the OSL- SAR protocol (A. Table; Murray and Wintle, 2000).

A.Table : The sequence of the Single-Aliquot Regenerative Dose (SAR) protocol

Regenerative Dose (D;)

Preheating at 260 °C for 10s

OSL measurement at 125 °C for 40s (L;)

Test dose (Tp)

TL to 180°C

Test dose OSL measurement at 125 °C for 40s (T;)

Ok WN =

The SAR protocol used involves six measurement cycles, including one natural
dose, three regenerative doses, one zero-dose cycle, and a repeat of the first
regenerative dose. The fixed-test dose (Tp) was employed prior to cut-heat
temperature to test sensitivity correction, with the aim of building a dose-response
curve using the corrected dose points. Subsequently, the equivalent dose was
determined by interpolating the natural OSL signal over the dose- effect curve (A.1).
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Figure A.1 : OSL dose-response curve constructed for the sample IKZ1-1 using
sensitivity-corrected dose points.
The fixed test dose (Tp) was employed prior to the cut-heat temperature for the
sensitivity correction and build-up of dose-response curves based on the corrected
dose points, and the equivalent dose was determined by interpolating the natural OSL
over the dose-effect curve. Precision analysis based on the Analist program is

presented in A.2 for representative samples of IKZ1-3 and KOL-1. The equivalent
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dose used in age calculation was the arithmetic mean of the values obtained for

aliquots (subsamples) using the SAR protocol as described above.

Dose-rate estimate

Concentrations of the radioactive isotopes U, Th, and 40K and the moisture content
of the samples were measured at Acme Analytical Laboratories Ltd. (Vancouver,
Canada) to estimate the dose rate. Cosmic radiation contributions were measured
using the sampling depth, elevation, and location (Olley et al., 1996; Prescott and
Hutton, 1988, 1994). External alpha contributions to the dose rates were neglected

for the quartz grains.
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Figure A.2 : Precision analyses based on the Analist program for representative
samples of IKZ1-3 and KOL-1 (ten aliquots for each sample).
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