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The Tethyan orogenic belt extends from the western Mediterranean to southeast Asia and 

the exposed rocks and landscapes present today are records of multiple orogenic events. The 

most recent, the Alpine-Himalayan orogeny, evolved during the Mesozoic-Cenozoic closure of 

the Neotethys Ocean during the convergence of Gondwana with Laurasia. Over the last few 

decades, significant advances in geochemical and geochronological methods and their 

widespread application have created a high-resolution temporal framework that reveals that 

various proxy records of intercontinental collisions across the Alpine-Himalayan belt differ by 

tens of millions of years. Consequently, new questions have arisen, including how to unite these 

seemingly disparate records of subduction and collision into a temporally and spatially credible 

reconstruction. 



 

 

 

The work set forth in this dissertation situates the Anatolian segment of the Alpine-

Himalayan orogenic belt in the broader discussion on the timescales and drivers of 

intercontinental collisions and their effect on biogeography. The various suture zones in Anatolia 

that delineate former branches of the Neotethys Ocean have complex and unresolved 

geodynamic reconstructions, including single and double subduction systems, pre-collisional 

subduction of lower plate terranes, forearc and backarc extension, ophiolite obduction, and 

protracted collisional deformation. Resolving these competing geodynamic scenarios is essential 

for paleogeographic reconstructions for refining the mechanistic links between subduction, 

accretion, and collision processes. Furthermore, the role of collisions in the early Cenozoic 

Anatolian archipelago in facilitating mammalian faunal exchange, including anthropoid 

primates, between Europe, Asia and Africa relies on accurate paleogeographic and topographic 

reconstructions. 

Near-continuous deposition in western Anatolian sedimentary basins preserves an 

unbroken record of subduction through collision that is unparalleled across the Tethyan realm. 

This dissertation utilizes this sedimentary record by providing new stratigraphic, sedimentologic, 

petro- and geochronologic, and sedimentary provenance constraints on the chronology of 

collision along the İzmir-Ankara-Erzincan suture zone and the Intra-Pontide suture zone in 

western Anatolia. The sedimentary basin reconstructions presented in this dissertation, 

synthesized with existing datasets, provide a model for multi-stage continental collision that is 

applicable across the Tethyan realm. 

Detrital zircon U-Pb geochronology and sandstone petrography data from the forearc-

foreland Central Sakarya Basin in western Anatolia indicate that collision along the İzmir-

Ankara-Erzincan suture zone began at 76 Ma, recorded as a major shift in provenance and the 



 

 

 

onset of exhumation, sediment recycling, and suture zone uplift. Furthermore, new stratigraphy, 

sedimentology and sedimentary provenance studies from the foreland Sarıcakaya Basin in 

western Anatolia reveal that significant upper plate deformation was delayed by 20 Myr. By 54 

Ma, the Central Sakarya Basin was partitioned by a basement-involved thrust fault, and flexural 

loading from the thrust created the Sarıcakaya Basin. This 20 Myr protracted collision along the 

İzmir-Ankara-Erzincan suture zone can be explained by three Tethyan models for multi-stage 

collision: slab breakoff, relict basin closure, or subduction of thinned passive margin lithosphere.  

The validity of relict basin closure is evaluated using detrital zircon U-Pb geochronology, 

detrital rutile U-Pb and trace element geochemistry, and sandstone petrography from 

sedimentary units across the Intra-Pontide suture. A major shift in provenance in the Paleocene-

early Eocene caused by accretionary prism exhumation demonstrates that collisional stress from 

incipient İzmir-Ankara-Erzincan suturing could have been taken up by the Intra-Pontide suture. 

Furthermore, the sedimentary evolution of both suture zones reveals that the uplift and 

exhumation of the accretionary prism is an important signal of collisional geodynamics. Even 

though continental collisions assembled a larger landmass that favored trans-Tethyan 

mammalian dispersals, for 30 Myr after initial collision, collisional deformation did not form 

significant topography; marine barriers and endemism persisted until the late Eocene. 

Accretionary orogenies, like those in Anatolia, likely have an important control on 

biogeography. The findings presented in this dissertation bear on fundamental questions 

regarding the interconnectedness of Earth systems, including the effects of plate tectonics, the 

causes of topographic change, and the geologic drivers of biodiversity. 
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Chapter 1. Introduction  

1.1 Motivation 

The Tethyan orogenic belt stretches from the western Mediterranean to southeast Asia and 

is one of the largest collision belts on Earth. The landscapes and rocks present today preserve a 

history of multiple cycles of oceanic basin opening and closing. The most recent event, the Alpine-

Himalayan orogeny, marks the Mesozoic-Cenozoic closure of the Neotethys Ocean during the 

convergence of Afro-Arabia with Eurasia. The Alpine-Himalayan belt is one of the most well-

studied ancient orogenic systems, defining our current conceptual models of subduction initiation 

and ophiolite formation and emplacement (van Hinsbergen et al., 2015; Plunder et al., 2015; 

Pourteau et al., 2019), forearc and backarc extension and basin formation (Görür, 1988; Royden, 

1993; Maffione et al., 2015), subduction zone thermal regime and metamorphism (Whitney and 

Davis, 2006; Agard et al., 2018; Kotowski and Behr, 2019; Holt and Condit, 2021), topographic 

development and plateau formation (Clark and Royden, 2000; Schildgen et al., 2012; Göğüş et al., 

2017; Meijers et al., 2018), and the structural, metamorphic, sedimentary and geodynamic 

evolution of accretionary and collisional events (Royden and Burchfiel, 1989; von Blanckenburg 

and Davies, 1995; Beaumont et al., 1996; Sinclair, 1997; Kaymakci et al., 2009; Soret et al., 2021). 

Furthermore, extensive reconstructions of the Neotethyan realm elucidate how convergent margin 

tectonics and paleogeography exert first-order controls on species migration and evolution (Sen, 

2013; Beard, 2016; Métais et al., 2017, 2018; Whittaker et al., 2017) and atmospheric circulation, 

hydrology and global climate change (Raymo and Ruddiman, 1992; Kerrick and Caldeira, 1998; 

Clift et al., 2008; Goddéris et al., 2014; Licht et al., 2014; Zhang et al., 2014; Caves et al., 2014; 

Jagoutz et al., 2016). Consequently, it is a scientific priority to continue to discover the mechanistic 
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links between convergent margin tectonics, geodynamics, biology and climate in order to 

reconstruct Earth’s past and predict Earth’s future (Huntington and Klepeis et al., 2018; NASEM, 

2020). 

Even with decades of research on Tethyan collisions, there is significant disagreement on 

their timing and dynamics. A variety of proxies are used to determine the onset of collision, as 

defined by the disappearance of intervening oceanic lithosphere: the slowing of convergence 

velocity, paleo-position of continents, appearance of upper plate material on the lower plate, 

cessation of subduction-related arc magmatism, ophiolite obduction, high-pressure 

metamorphism, “significant” contractional deformation, and faunal exchange (Ding et al., 2005; 

Najman et al., 2010; Hu et al., 2016, p. 201; Kapp and DeCelles, 2019). Yet, these proxies result 

in significant discrepancies of collision age, for example, ~40 Myr for India-Asia (65-25 Ma) (Hu 

et al., 2016; Kapp and DeCelles, 2019) and ~20 Myr for Arabia-Eurasia (40-20 Ma) (McQuarrie 

et al., 2003; Okay et al., 2010; Ballato et al., 2011, 2018; Cowgill et al., 2016; Darin et al., 2018). 

It is important to resolve whether these discrepancies are an artifact of inter-proxy comparison 

(i.e., magmatism, sedimentation, deformation, exhumation, metamorphism), comparisons across 

geographical area (e.g., diachronous collision, non-linear margins), or a genuine signal of 

collisional processes. In order to explain the discrepancy in collision ages, a variety of geodynamic 

mechanisms have been proposed to explain the driving forces behind protracted intercontinental 

collisions. Multi-phased collisions have been proposed numerous times in the Tethyan domain and 

contain a variety of driving mechanisms: subduction of a large oceanic basin (van Hinsbergen et 

al., 2011, 2012), arc-continent collision (Jagoutz et al., 2016; Martin et al., 2020), relict basin 

closure (Cowgill et al., 2016), increased lower plate lithospheric thickness (Ballato et al., 2011; 

Soret et al., 2021), and slab breakoff (Sinclair, 1997; DeCelles et al., 2011). Resolving the driving 
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forces of protracted collision requires a refined along-strike chronology of collision and a self-

consistent geodynamic model that integrates all proxies. 

This dissertation focuses on (1) resolving the collision chronology in the western Anatolian 

segment of the Alpine-Himalayan orogeny, and (2) documenting the tectonic processes at play in 

all continental collisions. The Anatolian part of the orogen comprises a series of Gondwanan- and 

Laurasian-derived oceanic and continental units that accreted and collided in the late Mesozoic 

through Cenozoic (Şengör and Yilmaz, 1981). Despite the large volume of work on the numerous 

Neotethyan suturing events in Anatolia, basic tectonic and geodynamic questions remain 

enigmatic, including the number and polarity of subduction zones, number of terranes and their 

collision chronology, style of collisional deformation, and development of topography and thrust 

belts (Şengör and Yilmaz, 1981; Moix et al., 2008; Meijers et al., 2010; Lefebvre et al., 2013; 

Pourteau et al., 2016; Akbayram et al., 2016; Göğüş et al., 2017; Gürer and van Hinsbergen, 2018; 

van Hinsbergen et al., 2020). Western Anatolia includes, from north to south, the Pontides, İzmir-

Ankara-Erzincan suture (İAES)—the main Neotethyan suture zone, Anatolides, and Taurides 

(Şengör and Yilmaz, 1981; Moix et al., 2008). The closure of Neotethyan oceans at the İAES was 

facilitated by one or two synchronous or asynchronous subduction zones (Göncüoğlu et al., 2000, 

2014; Okay and Whitney, 2010; Speciale et al., 2012; Shin et al., 2013; Pourteau et al., 2016; 

Akbayram et al., 2016; Gürer and van Hinsbergen, 2018; Marroni et al., 2020). The pre-collisional 

subduction and metamorphism of lower plate Anatolide terranes (i.e., Tavşanlı Zone, Afyon Zone, 

Kırşehir Block), low convergence rates, small changes in paleolatitude, and multiple subduction 

zones make it difficult to date collision along the İAES by shortening, metamorphism, ophiolite 

obduction, or paleolatitude (Gürer and van Hinsbergen, 2018). Collision estimates along the İAES 

span more than 20 Myr, from the Late Cretaceous to early Eocene, based on ophiolite obduction 
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and Barrovian metamorphism (Göncüoğlu et al., 2000; Seaton et al., 2009; Whitney et al., 2011), 

structural deformation (Meijers et al., 2010; Lefebvre et al., 2013; Şahin et al., 2019), magmatism 

(Harris et al., 1994; Dilek and Altunkaynak, 2009; Kasapoğlu et al., 2016; Ersoy et al., 2017a; 

Schleiffarth et al., 2018), and sedimentary basin analysis (Okay et al., 2001; Kaymakci et al., 2009; 

Licht et al., 2017; Ocakoğlu et al., 2018; Mueller et al., 2019). To explain this range, various 

collision scenarios for the İAES are proposed (Pourteau et al., 2016 and references therein), 

including a pre-collisional non-linear Pontide or Anatolide-Tauride margin (Floyd et al., 2000; 

Yaliniz et al., 2000; Kaymakci et al., 2003; Meijers et al., 2010), subdividing the Anatolide-

Tauride into multiple terranes that accreted diachronously (Moix et al., 2008; van Hinsbergen et 

al., 2016; Gürer and van Hinsbergen, 2018), and an initial “soft” collision followed by a final 

“hard” collision (Görür et al., 1984, 1998; Kaymakci et al., 2009; Robertson et al., 2009; Pourteau 

et al., 2010; Menant et al., 2016; Licht et al., 2017). 

Geodynamic reconstructions are only further complicated by the synchronous evolution of 

the Intra-Pontide suture zone (IPS). The Intra-Pontide Ocean was also closed by one, two or three 

subduction zones of debated polarity that initiated in the Late Jurassic to Early Cretaceous 

(Akbayram et al., 2013; Göncüoğlu et al., 2014; Çimen et al., 2017, p. 201; Marroni et al., 2020), 

followed by Intra-Pontide suturing sometime from the Early Cretaceous through Eocene (Okay et 

al., 1994; Akbayram et al., 2013, 2016; Catanzariti et al., 2013; Göncüoğlu et al., 2014; Frassi et 

al., 2017; Di Rosa et al., 2019; Marroni et al., 2020; Akdoğan et al., 2020). 

Resolving the chronology of collision is critical for paleogeographic and biogeographic 

reconstructions. The Anatolian archipelago could have played a key role in Paleogene trans-

Tethyan biotic interchanges due to its location at the intersection of Afro-Arabia, Asia and Europe 

(Sen, 2013). For example, Anatolia is along one of the potential dispersal routes for anthropoid 
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primates that originated in Asia then colonized the then-island continents of Africa and South 

America in the middle Paleogene (Jaeger et al., 2010; Chaimanee et al., 2012; de Queiroz, 2014; 

Beard, 2016; Beard et al., 2020). Yet, the migration of species via island-hopping or rafting across 

wide marine barriers (i.e., sweepstakes dispersal) are subject to intense debate (e.g., de Queiroz, 

2014; Beard, 2016). The tectonic convergence of formerly isolated terranes, in concert with global 

climate and sea-level change, is directly linked to the opening of dispersal corridors and large-

scale biotic interchanges (Whittaker et al., 2017). However, the geodynamic, tectonic, topographic 

and climatic context for trans-Tethyan dispersals is missing in Anatolia. 

The Pontides were isolated from Eurasia in the middle Cretaceous during backarc rifting 

and Black Sea spreading (Görür, 1988; Okay et al., 1994; Hippolyte et al., 2010; Akdoğan et al., 

2019), likely setting the stage for faunal endemism. In Cretaceous-Paleogene times, Anatolia 

resembled an island archipelago separated from Afro-Arabia, Europe and Asia by remnants of the 

Paleotethys (e.g., Turgai strait) and Neotethys oceans (Barrier and Vrielynck, 2008; van 

Hinsbergen et al., 2020). Gradual Late Cretaceous to early Eocene collision and deformation from 

İAES suturing assembled a larger, emergent terrestrial landmass (e.g., MTA, 2002). Laurasian and 

Gondwanan mammalian clades (e.g., omomyid primates, embrithopods, marsupials, ungulates) 

colonized the Pontides in the Paleocene-Eocene via sweepstakes dispersal (Kappelman et al., 

1996; Sen, 2013; Métais et al., 2017, 2018; Jones et al., 2018; Beard et al., 2020), perhaps aided 

by the Eocene expansion of mid-latitude monsoon ecosystems across the Tethyan margin (Licht 

et al., 2014, 2017). Some vertebrate mammal fauna (e.g., ungulates) persisted millions of years 

longer on the Pontides than in Europe, and their endemic radiations indicate that there was in situ 

diversification (Maas et al., 2001; Métais et al., 2018). This extreme provincialism persisted until 

at least the Lutetian (44-43 Ma; Licht et al., 2017) when many Anatolian sedimentary basins record 
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a marine incursion (Racey, 2001; MTA, 2002; Ocakoğlu et al., 2012; Lygina et al., 2016; Licht et 

al., 2017; Özcan et al., 2019). Endemism signifies that the Pontides were isolated from the 

Paleocene through Lutetian, though the Pontides could have been a dispersal corridor between 

Europe and Asia in the Priabonian-Bartonian (Sen, 2013; Métais et al., 2017, 2018; Licht et al., 

2017; Jones et al., 2018; Beard et al., 2020). It is unknown whether tectonics or climate forcing 

were responsible for emerging land bridges that reconnected Anatolia with Europe and Asia (Sen, 

2013). The influence of tectonics on Anatolian biogeography and trans-Tethyan dispersals cannot 

be properly evaluated without improved reconstructions of Mediterranean paleogeography and 

topographic development. 

Anatolia is therefore the ideal location to parse the links between geodynamics, tectonics, 

and biogeography. Compared with other collisions in the Alpine-Himalayan orogeny, Anatolia 

had low convergence rates (i.e., 50-60 mm/yr on average and up to 140 mm/yr for India-Asia 

versus 20 mm/yr or less for Anatolia; Jagoutz et al., 2015; van Hinsbergen et al., 2020) and it is 

extremely rare for collision zones to preserve a continuous record of sedimentation. Therefore, the 

near-continuous Jurassic through Eocene deposition in forearc-to-foreland sedimentary basins on 

the western Pontides (i.e., Kocaeli, Central Sakarya, Sarıcakaya basins) provides an invaluable, 

uninterrupted archive of subduction through collision. This dissertation reconstructs the Late 

Cretaceous through Eocene tectonostratigraphic evolution of western Anatolian sedimentary 

basins using sedimentology, stratigraphy, geochronology, and sedimentary provenance proxies. 

The sedimentary basins record uplift, exhumation and sediment recycling near the suture zone 

during initial collision, followed by basement-involved deformation and basin partitioning ca. 20 

Myr later. The work presented here integrates sedimentary basin analysis with existing structural, 
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metamorphic and magmatic records to propose a protracted collisional model applicable across 

the Tethyan realm. 

1.2 Dissertation Organization 

This dissertation is subdivided into the following subsequent chapters: 

Chapter 2 presents the first tectonostratigraphic analysis of the Sarıcakaya Basin, a small 

sedimentary basin in western Anatolia containing Eocene terrestrial sedimentary deposits and 

volcanic units and bounded by the İAES and basement-involved Söğüt thrust fault. The results 

from measured stratigraphic sections, geochronologic age constraints, interpreted depositional 

environments, and provenance proxies indicate that the Sarıcakaya Basin is a flexural basin formed 

by loading from the Söğüt Thrust which partitioned the Central Sakarya foreland basin by the early 

Eocene. The evolution of the Sarıcakaya Basin demonstrates that collision between the Pontides 

and Taurides occurred before the early Eocene in western Anatolia and was therefore synchronous 

in western and central Anatolia, with implications for the paleogeography of Tauride terranes. 

Furthermore, the new evidence for early Eocene contractional deformation calls into question 

previous interpretations of Eocene slab breakoff. 

Eocene thick-skinned deformation and basin formation in western Anatolia provides an 

upper limit to Pontide-Tauride collision in western Anatolia (Chapter 2; Mueller et al., 2019), yet 

collision proxies such as ophiolite obduction and Barrovian metamorphism (Göncüoğlu et al., 

2000; Seaton et al., 2009; Whitney et al., 2011), sedimentary basin changes (Okay et al., 2001; 

Açıkalın et al., 2016; Ocakoğlu et al., 2018), magmatism (Harris et al., 1994; Dilek and 

Altunkaynak, 2009; Kasapoğlu et al., 2016; Ersoy et al., 2017), and structural deformation (Şahin 

et al., 2019) indicate that collision was sometime from the Late Cretaceous through Eocene. 
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Chapter 3 reconstructs the sedimentary provenance evolution of the Central Sakarya basin from 

the Late Cretaceous through Eocene. The results indicate that there was sediment recycling and 

uplift and exhumation of the suture zone starting at 76 Ma which, in tandem with other records, is 

interpreted as the early signal of intercontinental collision. This reveals a ~20 Myr long multi-stage 

collision, during which significant thrust belt development was delayed due to changes in plate 

coupling from thinned passive margin subduction, relict basin closure, and/or slab breakoff. 

Emergent landmasses and terrestrial environments only appeared on the Pontides and Taurides in 

the later stages of collision, highlighting a geodynamic effect on Paleocene-Eocene biogeography.  

In collisions between large continental domains, such as Afro-Arabia with Eurasia, the 

early stages of collisional deformation can be modulated by the closure or relict upper plate 

backarc basins (e.g., Cowgill et al., 2016). Accordingly, Chapter 3 hypothesizes that relict basin 

closure at the Intra-Pontide suture is one possible mechanism to control the protracted collisional 

evolution in western Anatolia. However, it is unknown whether this mechanism is applicable 

among smaller terrane collisions, such as between the Pontides and Taurides, especially because 

of the wide range in estimates for the closure of the Intra-Pontide suture (i.e., Early Cretaceous 

through Eocene; Akbayram et al., 2013, 2016; Robertson and Ustaömer, 2004). Chapter 4 uses 

detrital zircon U-Pb geochronology, detrital rutile U-Pb and trace element geochemistry, and 

sandstone petrography to compare the evolution of sedimentary provenance across the Intra-

Pontide suture. A significant provenance shift in the Paleocene-early Eocene associated with 

accretionary prism uplift and exhumation indicates that the closure of the Intra-Pontide oceanic 

basin could have delayed collisional deformation from İAES suturing. 
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The final chapter, Chapter 5, contains concluding remarks about the state of tectonics, 

geodynamics, and biogeography in Anatolia and across the Tethyan realm. Supplementary 

materials for each chapter are included in the appendices. Large data tables are included separately. 

1.3 Positionality in the Geosciences 

I grew up in Michigan as a settler on Peoria and Anishinaabe land. As a kid, my family 

spent summers “up north” in northern Michigan doing all things water: swimming in the lake, 

fishing, canoeing, water skiing, boating, and floating. My family shaped my love of water, 

especially in their dedication to and joy in water skiing. My grandparents and parents taught me to 

water ski in the same way they were taught. The waters have been one of the highlights to 

completing my PhD in Seattle. I frequently watched the salmon, seal, and cormorants, always 

hoping to spot orcas and river otters. I have been a temporary settler here on the ancestral lands of 

the Duwamish and Coast Salish tribes. I grew up experientially learning that the land has inherent 

value and is worth protecting in its own right, but in Seattle, I have learned to ask, who makes 

decisions on behalf of the land, and how do we know if the land consents? I have started to join 

the movements to return land, including the power of decision making, to Indigenous people.  

Benefitting from the wisdom, expertise and support of the faculty and peers in the UW 

College of Education, part of my graduate studies has been dedicated to developing my own 

pedagogical framework in the geosciences. Dr. Emma Elliott-Groves expanded my vision for 

geoscience through her class’s framework of land as pedagogy and introduced me to incredible 

scholars and teachers. The work of Coulthard (2014), Simpson (2014) and Kimmerer (2020) 

outlined my foundational ethical commitments to human-land interactions. Wildcat (2001) and 

Bang (2020) taught me to consider the connection between land and human health, and the role of 
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land in cultivating intellectual health. Mentors and peers helped me see that the intersection of 

geoscience and Indigenous sovereignty is rooted in both land and place. From this, Whyte (2018) 

sparked a vision for how to incorporate land, place-based pedagogy, and Indigenous sovereignty 

with local Pacific Northwest geology in classroom settings. My endeavors to create geoscience 

curriculum that includes land as pedagogy is part of my journey to integrate my moral and ethical 

commitments to land, passion for geoscience, and the Indigenous sovereignty, resurgence, and 

decolonization movements. My goal is that every student who enrolls in a geoscience course 

develops both technical skills and their moral and ethical frameworks to be accountable for co-

creating a sustainable and equitable future. The seminal piece, Decolonization is not a metaphor, 

Tuck and Yang (2012) reframed my understanding of decolonization and pushed my intellectual 

interests out of the classroom into the rest of my life. In interviews, the authors of Education in 

movement spaces: Standing Rock to Chicago Freedom Square (Shield et al., 2020) gifted me their 

vision for collective freedom that continues to sustain and inspire me.
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Abstract 

Debate persists concerning the timing and geodynamics of intercontinental collision, style 

of syn-collisional deformation, and development of topography and fold‐and‐thrust belts along the 

>1,700‐km‐long İzmir‐Ankara‐Erzincan suture zone (İAES) in Turkey. Resolving this 

debate is a necessary precursor to evaluating the integrity of convergent margin models and 

kinematic, topographic, and biogeographic reconstructions of the Mediterranean domain. 

Geodynamic models argue either for a synchronous or diachronous collision during either the Late 

Cretaceous and/or Eocene, followed by Eocene slab breakoff and post-collisional magmatism. 

We investigate the collision chronology in western Anatolia as recorded in the sedimentary 

archives of the 90‐km‐long Sarıcakaya Basin perched at shallow structural levels along the İAES. 

Based on new zircon U‐Pb geochronology and depositional environment and sedimentary 

provenance results, we demonstrate that the Sarıcakaya Basin is an Eocene sedimentary basin with 
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sediment sourced from both the İAES and Söğüt Thrust fault to the south and north, respectively, 

and formed primarily by flexural loading from north‐south shortening along the syn-collisional 

Söğüt Thrust. Our results refine the timing of collision between the Anatolides and Pontide terranes 

in western Anatolia to Maastrichtian‐Middle Paleocene and Early Eocene crustal shortening and 

basin formation. Furthermore, we demonstrate contemporaneous collision, deformation, and 

magmatism across the İAES, supporting synchronous collision models. We show that regional 

post-collisional magmatism can be explained by renewed underthrusting instead of slab breakoff. 

This new İAES chronology provides additional constraints for kinematic, geodynamic, and 

biogeographic reconstructions of the Mediterranean domain. 

2.1 Introduction 

Anatolia is a complex mosaic of Gondwanan and Laurasian microcontinents that collided 

from the Late Cretaceous through the Paleogene (Şengör and Yilmaz, 1981). Today, the >1,700‐

km‐long İzmir‐Ankara‐ Erzincan suture zone (İAES) demarcates the Pontides in the north from 

the Anatolide‐Tauride Block (ATB) to the south (Figure 2.1). It is debated whether Pontide‐ATB 

collision was synchronous or diachronous along strike (Kaymakci et al., 2003, 2009; van 

Hinsbergen et al., 2016). These different models resulted in competitive paleogeographic scenarios 

requiring unique geodynamic (e.g., Pourteau et al., 2016) and biogeographic (Sen, 2013; Métais 

et al., 2017; Jones et al., 2018) reconstructions of the Mediterranean domain and the broader 

Alpine‐Zagros‐Himalayan‐Tibetan orogen. Synchronous collision models suggest 

contemporaneous collision in central and western Anatolia whereas diachronous collision models 

suggest westward younging of collision and suturing across Anatolia (cf. Section 2.2). In western 

Anatolia, the timing of Pontide‐ATB collision is poorly resolved, sometime in the Late Cretaceous, 
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Paleocene, or Early Eocene (e.g., Pourteau et al., 2016). Eocene slab breakoff is inferred from 

geochemical data (Harris et al., 1994; e.g., Altunkaynak, 2007; Dilek and Altunkaynak, 2009; 

Yildiz et al., 2015; Kasapoğlu et al., 2016; Ersoy et al., 2017b, 2017a) but is either not supported 

or unresolved in mantle tomography (e.g., van Hinsbergen et al., 2010; Portner et al., 2018) or 

topographic expression (e.g., Okay et al., 2001; Ustaömer et al., 2009). Models consistent with 

collision or slab breakoff can be tested by examining the stratigraphic record against the expected 

crustal response. Slab breakoff predicts surface uplift, erosion, and local extension (Davies and 

von Blanckenburg, 1995; e.g., von Blanckenburg and Davies, 1995), whereas continued 

underthrusting predicts shortening, basin development, and syntectonic sedimentation. 

This study presents the first tectonostratigraphic analysis of the Sarıcakaya Basin in 

western Anatolia. We refine depositional ages through volcanic zircon U‐Pb geochronology, 

interpret depositional environments from measured sections, and evaluate provenance through 

detrital zircon U‐Pb geochronology and sandstone petrography. We use the Sarıcakaya Basin to 

appraise models of intercontinental collision and slab breakoff in northwest Turkey and to discuss 

the implications of our results for geodynamic models of the İAES. 

2.2 Geological Context 

2.2.1 Western Anatolian Tectonic Provinces 

Northwestern Anatolia encompasses four major tectonic domains, including, from south to 

north, the Tavşanlı Zone, İAES, Sakarya Zone, and Istanbul Zone (Figure 2.1 and Figure 2.2). The 

ATB zones display distinct and varied metamorphic gradients (van Hinsbergen et al., 2016). The 

northernmost zone is the Tavşanlı Zone, a mélange of HP/LT blueschist‐ and eclogite‐facies rocks 

(Okay, 2002). Today, the Tavşanlı Zone comprises, from highest to lowest structural levels, 
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Eocene and Neogene siliciclastic and volcanic rocks of the peripheral Eskişehir foreland basin, 

obducted Cretaceous ophiolites of the İAES, metamorphosed Paleozoic basement, and Late 

Cretaceous and Eocene‐early Oligocene granitoids intruded into the ophiolites and basement 

(Harris et al., 1994; Okay et al., 1998; Sherlock et al., 1999; Okay and Whitney, 2010; Şengüler 

and Izladi, 2013). The HT/LP Kırşehir Block in central Anatolia (also known as the Kırşehir 

Massif or Central Anatolian Crystalline Complex) is arguably either a distinct terrane (e.g., Görür 

et al., 1984) or the lateral continuation of the Tavşanlı Zone (Yaliniz et al., 2000; van Hinsbergen 

et al., 2016; Plunder et al., 2018). 

North of the Tavşanlı Zone is a highly deformed accretionary prism of metamorphosed 

oceanic crust and former continental margin units termed the İAES. The İAES marks the former 

location of Tethyan oceans that opened and closed in the Mesozoic‐Paleogene (Şengör, 1979, and 

references therein) and consists mainly of ophiolitic mélange, serpentinite, blueschist, and 

amphibolite rocks (Okay et al., 2002; Okay and Whitney, 2010; Plunder et al., 2013a; Sarıfakıoğlu 

et al., 2017). 

The Sakarya Zone of the Pontides is directly north of the İAES. The two basement units in 

the Sakarya Zone are (1) Central Sakarya Basement, composed of Precambrian to Paleozoic 

crystalline basement, metamorphosed continental units called the Söğüt Metamorphics, and 

Carboniferous Söğüt granodiorites (also termed Söğüt magmatics, Central Sakarya granite, and 

Sarıcakaya granitoid) (Okay, 2000; Okay and Göncüoglu, 2004; Kibici et al., 2010; Ustaömer et 

al., 2016) and (2) the Permian‐Triassic subduction‐accretion Karakaya Complex composed of 

metamorphic rocks, ophiolitic mélange, deformed flysch, and limestone (Okay, 2000; Okay and 

Göncüoglu, 2004; Ustaömer et al., 2016). Basement rock units are exposed in south directed thrust 

sheets and overlain by a thick sequence of unmetamorphosed Jurassic‐Miocene sedimentary and 
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volcanic rocks, which are well exposed in the Sarıcakaya and Central Sakarya Basins (Yildiz et 

al., 2015; Kasapoğlu et al., 2016; Ocakoğlu et al., 2018). North of the İAES and Karakaya Complex 

is the Sarıcakaya Basin (SB), a triangular sedimentary basin (~90 × 0 × 10 km) delimited to the 

north by the Söğüt Thrust (also termed Nallıhan Thrust), a south directed, basement‐involved 

thrust fault. The thrust fault juxtaposes SB sedimentary units in the footwall under Central Sakarya 

Basement and Mesozoic‐Cenozoic sedimentary units belonging to the forearc‐to‐foreland Central 

Sakarya Basin (CSB; also termed the Mudurnu‐Göynük Basin) in the hanging wall (Altiner et al., 

1991; Okay et al., 2001; Açıkalın et al., 2015, 2016; Ocakoğlu et al., 2018). 

The controversial Intra‐Pontide Suture Zone, now occupied by the North Anatolian Fault, 

demarcates the northern extent of the Sakarya Zone from the Istanbul Zone (Robertson and 

Ustaömer, 2004; Akbayram et al., 2016). 

2.2.2 Evolution of the İzmir‐Ankara‐Erzincan Suture Zone 

Collision in central Anatolia involved three terranes: the Pontides, the Kırşehir Block (KB) 

and ATB (Figure 2.1). Based on the wealth of data from central Anatolia, three different collision 

scenarios are envisaged. (1) In the diachronous promontory collision model, the KB was a 

promontory of the ATB. Initial collision of the apex of the KB in the latest Cretaceous preceded 

collision in western and eastern Anatolia (Figure 2.3a; Floyd et al., 2000; Yaliniz et al., 2000; 

Kaymakci et al., 2003; Meijers et al., 2010). Ophiolitic belts at the southern KB were from 

foreland‐propagating thrust nappes from the İAES not an Intra‐Tauride Suture Zone. (2) In a 

second diachronous model, the soft‐hard collision model, the KB was an isolated terrane bounded 

to the north and south by subduction zones of debated polarity (Görür et al., 1984, 1998; Robertson 

et al., 2009; Menant et al., 2016). Incipient Pontides‐KB “soft” collision in the Maastrichtian‐ 
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Paleocene was followed by the ATB colliding with southern KB at the Intra‐Tauride Suture Zone 

in a final, “hard” Eocene collision (Figure 2.3b; Kaymakci et al., 2009; Pourteau et al., 2010; Licht 

et al., 2017). The presence of the Intra‐Tauride Suture Zone is highly debated (Lefebvre et al., 

2013; Advokaat et al., 2014; Menant et al., 2016). In both diachronous models, Pontide‐KB 

collision predated Pontide‐ATB collision. (3) The synchronous collision model suggests that the 

KB was the lateral continuation of the Tavşanlı Zone (Figure 2.3c). Contemporaneous Paleocene 

collision of Tavşanlı‐KB with the Pontides was followed by a Miocene collision of the eastern 

ATB with the Pontides (van Hinsbergen et al., 2016; Gürer et al., 2016; Gürer and van Hinsbergen, 

2018). Key to this model is the interpretation that contrasting metamorphic grades between the KB 

and Tavşanlı Zone resulted from NE verging oblique subduction of the KB into an east dipping 

subduction zone (Lefebvre et al., 2013; Plunder et al., 2018). The synchronous model does not 

advocate for or against an Intra‐Tauride suture but allows for an oceanic basin separating the 

Tavşanlı‐KB from the rest of the ATB. 

Several models have been proposed for the evolution of subduction and collision in western 

Anatolia (Pourteau et al., 2016, and references therein). Regardless of which model is correct, most 

invoke two Late Cretaceous subduction zones. In the north, the Sakarya Zone was an Andean‐type 

margin (Pourteau et al., 2016; Ocakoğlu et al., 2018), with a volcanic arc occupying E‐W trending 

Campanian extensional structures (Ocakoğlu et al., 2018). In the south, an intra-oceanic 

subduction zone was also active and eventually obducted onto the Tavşanlı Zone, which was itself 

subducted to blueschist and eclogite facies between 95 and 85 Ma (Okay et al., 1998; Pourteau et 

al., 2010; Plunder et al., 2013a). 

The absence of the KB in western Anatolia provides the perfect location to appraise 

competing Pontide‐ATB collisional scenarios. All models agree upon a latest Cretaceous‐earliest 
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Paleocene Pontide‐KB collision. Therefore, in western Anatolia, a latest Cretaceous‐early 

Paleocene collision would support the synchronous collision model, whereas finding a post‐

Paleocene collision would support a diachronous suturing model. 

2.2.3 Syn-collisional Evolution 

The timing of Tavşanlı‐Sakarya collision remains imprecise in the literature, with most 

citing a Late Cretaceous‐Eocene collision due to the CSB transition from flysch to molasse (Okay 

et al., 1998, 2001; Göncüoğlu et al., 2000; Pourteau et al., 2016). Açıkalın et al. (2016) proposed 

an early collision at 71 Ma due to the sudden influx of mafic material into the CSB. Yet changes 

in subduction dynamics or Tavşanlı Zone slab breakoff between 85 and 75 Ma (Okay and Whitney, 

2010) could explain pre-collisional accretionary prism uplift. On the other hand, collision was 

dated at ~61 Ma based on coeval uplift and an angular unconformity at the southern CSB and 

prograding deltaic sequences deeper into the basin (Ocakoğlu et al., 2018). 

Collision is loosely constrained by structural relationships. Along the suture zone, 

Paleogene units are the oldest to unconformably overlie both Karakaya Complex and accretionary 

mélange, indicating that thrust faults juxtaposed the Karakaya Complex and mélange (Figure 2.2) 

sometime between deposition of the Upper Cretaceous and lower Paleogene strata (Göncüoğlu et 

al., 2000) and likely date the age of collision. The east‐west trending folds and thin‐skinned thrust 

faults in the CSB and SB comprise the syn-collisional Eocene to Mio‐Pliocene fold‐and‐thrust belt 

(e.g., Okay et al., 2001; Şahin et al., 2019). The most significant thrust is a basement‐involved 

structure, the Söğüt Thrust, which has an along‐strike length of ~150‐km parallel to the suture 

zone. At its western end, the Söğüt Thrust juxtaposes Central Sakarya Basement over the Karakaya 

Complex and Mesozoic‐Paleogene sedimentary units. Whereas in the east, Cenozoic sedimentary 
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and volcanic units are in the hanging wall and footwall. Based on a simple linear scaling 

relationship between fault trace length and amount of displacement, it is reasonable to estimate 15 

km of displacement along the ~150‐km‐long Söğüt Thrust (Walsh and Watterson, 1988; Marrett 

and Allmendinger, 1991; Cowie and Scholz, 1992). The Söğüt Thrust likely reactivated the paleo-

suture zone between the accreted Karakaya Complex and the Pontide crystalline basement (Central 

Sakarya Basement) as there is no Karakaya Complex exposed along the thrust or further north and 

no Central Sakarya Basement exposed south of the thrust. It would be unlikely for convergent‐

margin deformation in the accretionary prism to be accommodated along a lithospheric‐scale 

structure like the Söğüt Thrust (e.g., Noda, 2016). Şahin et al. (2019) argue that this fault was syn-

collisional and active by at least the Eocene but refined dating of the Söğüt Thrust would fine‐tune 

the collision age.  

In most places in the SB, the thick Paleogene sedimentary sequence unconformably 

overlies the Karakaya Complex (Figure 2.2; Gedik and Aksay, 2002). The basal Paleogene unit is 

dated from Early Paleocene to Middle Eocene and given various names: the Mihalgazi Formation, 

including the Çamaklı Member (Yildiz et al., 2015), Kabalar Formation, and Kızılçay 

Member/Group (Gedik and Aksay, 2002; Kasapoğlu et al., 2016). Uğuz (2013) briefly describes 

and interprets this unit as debris flow, alluvial fan, flood plain, and lacustrine limestone facies. 

Based on the rapid Paleocene‐Eocene lateral facies changes and coeval magmatism, Göncüoğlu et 

al. (2000) interpreted the SB as a transtensional basin. Conversely, mapping and structural analysis 

by Şahin et al. (2019) determined that Paleogene‐Miocene units were deposited in a contractional 

regime. 

Volcanism migrated southward from the Late Cretaceous to Eocene (Ocakoğlu et al., 

2018). Eocene Nallıhan volcanic rocks are presently between 6‐ and 10‐km north of the İAES, 
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implying slab rollback or steepening between the Late Cretaceous and Eocene, perhaps due to syn-

collisional slowing of the convergence velocity. Here we remain consistent with the published 

body of literature by using the term “post-collisional” for Eocene magmatism but include it within 

the “syn-collisional” evolution because underthrusting and deformation was active from at least 

the Cenomanian through Miocene (e.g., Şahin et al., 2019). 

The tectonic setting and geodynamic implications of post-collisional magmatism is 

debated. There are three belts of post-collisional magmatism in western Anatolia: (1) 54‐ to 48‐

Ma granodiorite plutons and associated HP/LT metamorphism in the Tavşanlı Zone (Figure 2.2; 

Harris et al., 1994; Okay and Satir, 2006; Altunkaynak, 2007; Dilek and Altunkaynak, 2009; 

Özdamar et al., 2018); (2) 53‐ to 47‐Ma basaltic to rhyolitic Nallıhan volcanic rocks in the SB and 

eastern CSB (Figure 2.2; Harris et al., 1994; Yildiz et al., 2015; Kasapoğlu et al., 2016); and (3) 

the Kizderbent belt of 53‐ to 38‐Ma volcano‐plutonic rocks ~80‐km north of the İAES 

(Altunkaynak, 2007; Ersoy et al., 2017b, 2017a). Because the Kizderbent volcanic rocks exhibit 

different geochemical properties (Ersoy et al., 2017b) and could belong to a different subduction 

system (Okay and Satir, 2006), we only consider the Nallıhan and Tavşanlı igneous rocks. Whole 

rock major and trace elements and Sr–Nd–Pb isotopic compositions of the Nallıhan rocks indicate 

some fractional crystallization and crustal contamination, and mixture modeling supports 

increased asthenospheric (Ersoy et al., 2017b) or metasomatized mantle lithospheric sources 

(Altunkaynak, 2007). The geochemistry, in addition to the linear geometry of the volcano‐plutonic 

belt, the late Paleocene‐early Eocene transition from marine to terrestrial deposition (e.g., Okay et 

al., 2001), and a possible relict slab interpreted from seismic tomography (van Hinsbergen et al., 

2010; Portner et al., 2018) have led many authors to conclude that slab breakoff or delamination 

processes generated the volcanism (Altunkaynak, 2007; Altunkaynak et al., 2012; Yildiz et al., 
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2015; Kasapoğlu et al., 2016; Ersoy et al., 2017a). However, (Ustaömer et al., 2009) outlined the 

inconsistencies in the slab breakoff hypothesis, most notably that magmatism from slab breakoff 

or delamination is emplaced into thickened and elevated crust, yet there was Early‐Middle Eocene 

marine deposition in the three foreland basins. Furthermore, new papers argue that slab breakoff 

is amagmatic (Niu, 2017; Garzanti et al., 2018). Alternative hypotheses are that the Tavşanlı 

plutons and Nallıhan volcanic rocks were derived from the mantle wedge or anatexis of the lower 

continental crust (Harris et al., 1994; Okay et al., 1998), or that magmatism could be explained by 

migration of the volcanic front toward the suture zone where the crust is thinner (Chapman et al., 

2017). 

All these different approaches yield contrasting results regarding the timing of Sakarya‐

Tavşanlı collision and syn-collisional deformation and geodynamics. In this part of western 

Anatolia, the interpretation of slab breakoff has not been tested outside of geochemical analyses. 

Provenance, deformation, and magmatism have yet to be integrated into a broader model 

describing collisional evolution. Our work in the Sarıcakaya Basin presents a new holistic model 

of suturing in this region of western Anatolia. 

2.3 Methods 

2.3.1 Sedimentology 

To determine the Paleogene evolution of the Sarıcakaya Basin, we measured 13 

stratigraphic sections at decimeter‐ to‐meter resolution at four localities—Mayıslar, İğdir, 

Kapıkaya, and Ozanköy—in a ~130‐km‐wide area between Sarıcakaya and Ozanköy (Figure 2.2), 

starting at the oldest exposure at the base of the Paleogene series. We subdivide the basin fill into 

six units and designate informal member names. From the measured sections, we construct a 
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composite stratigraphic section. We describe the sedimentary facies, group them into five main 

lithofacies, and interpret depositional environments. In our study area, the SB is less than 10‐km 

wide and the Söğüt Thrust has around 15 km of displacement, assuming simple displacement‐ 

length scaling relationships (Cowie and Scholz, 1992). Therefore, our stratigraphic sections 

totaling 1.5 km likely do not reflect significant change in north‐south position; in other words, we 

interpret stratigraphic changes as temporal not spatial evolution because they do not represent any 

consequential upsection migration toward the thrust front. 

2.3.2 Zircon U-Pb Geochronology 

Zircon U‐Pb geochronology is used to determine the age of SB sedimentary strata, 

provenance of the basin sedimentary units, and signatures of potential sediment sources. We 

collected 12 samples along our stratigraphic sections. Additionally, we analyzed two samples from 

the İAES and one from the Söğüt Thrust hanging wall to characterize the age distributions in these 

two potential source areas. 

The zircon separation, mounting, LA‐ICP‐MS analysis, and data reduction follow the 

University of Washington protocol (Licht et al., 2018). Zircons were separated by standard heavy 

mineral separation methods. A minimum of 140 grains per sample were randomly selected, 

mounted with standards (Black et al., 2004; Sláma et al., 2008; Eddy et al., 2016), and analyzed 

using a laser ablation‐inductively coupled plasma‐mass spectrometer (LA‐ICP‐MS) at the 

University of Washington. The data were reduced with Iolite using their Geochron Data Reduction 

Scheme to calculate U‐Pb ages uncorrected for common lead (Paton et al., 2011). Individual 

zircons with >20% discordance, >5% reverse discordance, or abnormal patterns in raw signal 

intensity were excluded from analyses and interpretations (after Gehrels, 2012, 2014). 
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Crystallization ages of the volcaniclastic zircon samples were determined using TuffZirc (Ludwig, 

2012). Kernel density estimates were calculated using the plug‐in adaptive bandwidth selection 

method (Botev et al., 2010). Supporting information includes data and detailed analytical 

protocols. 

2.3.3 Sandstone Petrography 

In addition to U‐Pb geochronology, we evaluated the provenance of the SB strata from 

modal sandstone compositions determined through petrographic analysis. Thin sections from 25 

fine‐ to coarse‐grained sandstone samples were prepared by National Petrographic Service, Inc. 

and at the University of Washington. Poorly indurated samples were sieved, and the 63‐ to 250‐

μm fractions were mounted in epoxy cups then made into thin sections. At least 340 points per 

slide were counted using the Gazzi‐Dickinson point‐counting method (Dickinson, 1985). Ternary 

diagrams were plotted using Triplot (Graham and Midgley, 2000a) and interpreted using typical 

provenance source fields (Dickinson and Suczek, 1979; Dickinson et al., 1983; Dickinson, 1985). 

Quartz grains include monocrystalline quartz (Qm) and polycrystalline quartz (Qp); feldspar grains 

(F) include plagioclase and orthoclase; lithic fragments include metamorphic (Lm), sedimentary 

(Ls; chert, mudstone, siltstone, and sandstone), and volcanic (Lv). The supplemental data files 

include the modal data. 

2.4 Results 

2.4.1 Sedimentology of the Eocene Deposits in the Sarıcakaya Basin 

We combined individual measured sections into a composite stratigraphic section (Figure 

2.4). There are many small reverse faults throughout the basin, so all measured thicknesses are 
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minimum thicknesses measured from continuous sections. In our study area, contacts between the 

Karakaya Complex, Jurassic limestone, Cretaceous marine deposits, and Paleogene deposits were 

reactivated as thrust fault contacts. Growth strata and paleocurrent indicators were not observed, 

primarily due to faulting, limited exposure, and advanced weathering; weathering also made 

sedimentary structures difficult to observe. The clastic units are given informal member names 

and are described from oldest to youngest in the following section: Basal Conglomerate, Lower 

Lacustrine, Andesitic, Red, Lower Purple, Brown Conglomerate, and Upper Lacustrine Members. 

We observed depositional contacts between all units (Figure B.1, Figure B.2, Figure B.3, and 

Figure B.4); thrust faults in Figure 2.4 represent small faults observed in some measured section 

locations. The main lithofacies are synthesized in Table 2.1. 

The Basal Conglomerate Member unconformably overlies Karakaya Complex, Jurassic 

limestone, or thin remnants of Late Cretaceous marine clastics (Gedik and Aksay, 2002; Timur 

and Aksay, 2002). The Basal Conglomerate Member is mainly 1‐ to 3‐m‐thick massive sets of 

matrix‐ and clast‐supported conglomerates with very angular serpentinite, chert and greenschist 

clasts (LF1 in Table 2.1; Figure 2.5a). Weakly to strongly calcareous brown mudstones, siltstones, 

and sandstones are interbedded with the conglomerates. 

The base of the Lower Lacustrine Member is made of cross‐bedded conglomerate beds 

interbedded with strongly developed paleosols with root traces and carbonate nodules (LF2), 

sometimes forming 10‐ to 50‐cm‐thick caliches (LF3). The strata then grade into green and gray 

mudstones and siltstones (LF3), interbedded with 50‐ to 100‐cm‐thick white, tabular, and 

continuous limestone beds (LF4), thick coarse sandstones and isolated conglomerate lenses 

containing serpentinite, andesitic, and sparse greenschist clasts (LF5). 
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The Lower Lacustrine Member is capped by the Andesitic Member, which is andesite‐

bearing volcanic conglomerate beds and massive andesite (Figure 2.5b). This member is overlain 

by the Red Member (Figure 2.5c and Figure 2.5d), comprising thick red‐brown mudstones with 

gray‐green and brown mottling, carbonate nodules, sparse root traces, and isolated greenschist and 

carbonate clasts (LF2). Typically, the mudstones are capped by either a 50‐ to 200‐cm‐thick caliche 

with isolated clastic matrix (LF3) or 50‐ to 800‐cm‐thick tabular and lenticular (5‐ to 10‐m wide) 

conglomerate beds with clasts of serpentinite, andesite, carbonate, and chert (LF5) (Figure 2.5d). 

The Lower Purple Member is characterized by heavily mottled, carbonaceous purple 

mudstone (Figure 2.5e) and siltstone with root traces and isolated clasts (LF2). These mudstones 

and siltstones are interbedded with <50‐cm‐thick organic‐rich mudstone and lignite and tabular to 

lenticular conglomerate and gravel with well‐rounded greenschist, quartz, chert, gneiss, schist, and 

carbonate clasts (LF5; Figure 2.5f). 

The contact between the Lower Purple and Brown Conglomerate Member is an angular 

unconformity (Figure 2.5g). The Brown Conglomerate Member is characterized by 1‐ to 12‐m‐

thick packages of pebble to boulder clast‐supported, fining‐upward, trough cross‐bedded 

conglomerate with well‐rounded clasts of greenschist, carbonate, gneiss, schist, and quartz (LF5; 

Figure 2.5h and Figure 2.5i). Conglomerate troughs are interbedded with mudstones, siltstone, and 

sandstone with root traces, mottling, pedogenic carbonate nodules, and 50‐ to 150‐cm‐thick caliche 

horizons (LF2; Figure 2.5j). 

The Brown Conglomerate Member vertically transitions into the Upper Lacustrine 

Member (Figure 2.5k). Brown‐gray mudstone and siltstones with root traces, mottling, pedogenic 

carbonate nodules (LF2), and 50‐ to 300‐cm caliche (LF3) characterize the basal Upper Lacustrine 

Member. Additionally, trough crossbedded conglomerates with quartz, gneiss, greenschist, and 
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carbonate clasts are present (LF5). The top of the Upper Lacustrine Member is red‐brown planar 

laminated very fine, mature (quartz, mica) sand interbedded with mudstone with small, wavy 

ripples, trough cross lamination, load casts, mudcracks, and trace fossils (Figure 2.5l and Figure 

2.5m), as well as 5‐ to 20‐cm thick, continuous tabular limestone beds (LF4). 

2.4.2 Volcaniclastic Zircon U-Pb Ages 

We present the ages of SB volcaniclastic samples in Table 2.2 and their stratigraphic 

location in Figure 2.4. We also include one volcaniclastic sample from Campbell (2017). 

Volcaniclastic layers are massive, gray‐green mudstones predominantly composed of feldspar, 

which we interpret as weathered pyroclastics (LF3). Zircon grains are angular to rounded, 

predominantly euhedral, tabular to prismatic, and some grains are broken. The age spectra reveal 

a single age population (Figure B.5; after Vermeesch, 2018) interpreted to reflect a single 

provenance tied to an eruption event rather than a mixed provenance reflecting recycling from 

multiple age source areas. 

Together, the results constrain deposition of the Basal Conglomerate through Red 

Members to 52.4 through 48.0 Ma (Figure 2.4). Results refine the age of these strata as lower 

Eocene (Ypresian), previously described as upper Paleocene to lower Eocene (Gedik and Aksay, 

2002; Yildiz et al., 2015). Deposition was coeval with 53‐ to 47‐Ma Nallıhan volcanism 

(Kasapoğlu et al., 2016). Maximum depositional ages from sandstones (cf. Section 2.4.3) were 

also calculated and are compatible with volcaniclastic ages without bringing any additional 

constraint so are not provided. The age of the Lower Purple through Upper Lacustrine Members 

is poorly constrained due to the absence of volcanic layers and young zircons. However, laterally 

correlative deposits in the eastern SB are interbedded with 51.7‐ to 44.7‐Ma lavas and tuffs 



26 

 

 

(Kasapoğlu et al., 2016; Şahin et al., 2019). Therefore, we suspect that our SB sections extend into 

the middle Eocene. 

2.4.3 Detrital Zircon U-Pb Ages 

Detrital zircon grains from eight SB samples (n = 759) yielded ages with acceptable 

concordance and precision for geochronologic interpretation. Within each sample, zircon grains 

vary from angular to rounded and euhedral to anhedral, and some contain inclusions. The results, 

plus two detrital samples (n = 242) from Campbell (2017), are presented in their stratigraphic 

position in Figure 4. Sample 16SKY04 has a prominent Ypresian peak and minor Jurassic, 

Triassic, and Carboniferous age peaks. Sample 16SKY23 has a prominent Ypresian age peak. 

Sample 16SKY26 has prominent Jurassic, Triassic, and Carboniferous age peaks and a minor 

Devonian age peak. Sample 15YP08 has broad Permian‐Devonian and Silurian‐Ordovician age 

peaks. Sample 16SKY37 has a broad Phanerozoic age peak centered around the Triassic‐

Carboniferous. Sample 15YP09 has Ypresian, Carboniferous, and Devonian age peaks. Sample 

16SKY42 has broad Jurassic and Devonian age peaks. Sample 17OZK05 displays a broad peak 

centering around the late Neoproterozoic. Sample 17OZK12 only has one broad peak centering 

around the Devonian and no zircons younger than the earliest Cretaceous. All samples except 

16SKY04, 16SKY23, and 17OZK12 have late Neoproterozoic (~600 Ma) and late 

Mesoproterozoic (~1,000 Ma) age zircons. All samples except the two oldest (16SKY04 and 

16SKY23) have various minor Paleoproterozoic‐late Archean age peaks. 

The apparent temporal trends in SB samples are the appearance of Precambrian age peaks 

starting at the top of the Red Member (16SKY26; after 48.0 Ma), the appearance of Late 

Cretaceous age zircons starting at the top of the Lower Purple Member, and the disappearance of 
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<120‐ and >2,000‐Ma zircons at the top of the Upper Lacustrine Member (17OZK12). These 

trends are not associated with any trend in depositional environments. A multidimensional scaling 

map, a visual assessment of misfit between age distributions, is provided in Appendix B (Figure 

B.6; Vermeesch, 2013). 

We present new (n = 223) and include previously published zircon U‐Pb data (n = 769) to 

characterize provenance source regions (Table 2.3 and Figure 2.6). Sample 15YP12, a Karakaya 

Complex schist, has one prominent Carboniferous age peak (Campbell, 2017). Sample KK.10 is a 

sandstone sample from the Upper Karakaya Complex in our study region and has prominent late 

Carboniferous‐early Permian and Triassic age peaks (Ustaömer et al., 2016). New modern river 

samples drain the accretionary prism mélange: 17RIVER01 contains minor Carboniferous, 

Permian, Triassic, and Eocene age peaks, and 16ESK01 has a prominent Carboniferous age peak. 

Together these samples characterize the İAES age distribution. Samples north of the basin 

characterize the zircon signature of sediment derived from the Söğüt Thrust hanging wall. The 

sample included from (Ustaömer et al., 2012; named here SgtMeta), a sillimanite‐garnet schist 

from Central Sakarya Basement, contains only zircons older than 500 Ma, with two prominent 

Neoproterozoic age peaks. Sample 17BASE01 is a new gneiss sample from the Söğüt 

Metamorphics and has one prominent Ordovician peak. Together, SgtMeta and 17BASE01 

characterize the Central Sakarya Basement signature. Central Sakarya Basin detrital sandstone 

samples from Ocakoğlu et al. (2018) and Campbell (2017) are included to characterize the 

sedimentary strata of the Söğüt Thrust hanging wall that could be reworked and deposited in the 

SB. Jurassic 15YP04 has one Carboniferous age peak, Upper Cretaceous sample 15YP13 contains 

one prominent Campanian peak, and Upper Cretaceous 15GO02 and Paleocene‐Eocene(?) 

15YP14 have a prominent Campanian age peaks and a minor Carboniferous peak. 
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Next, we grouped all samples by location—north (Söğüt Thrust hanging wall) and south 

(İAES) of the SB— to evaluate the similarity and relative contribution of each source area to the 

SB strata (Figure 2.7). Therefore, we plot both all Söğüt Thrust hanging wall samples and only 

Central Sakarya Basement samples (no Mesozoic‐Cenozoic sedimentary samples), and all İAES 

samples and only Karakaya Complex samples. The Central Sakarya Basement has characteristic 

age peaks >450 Ma. The signal from the Late Cretaceous arc is unique to the Upper Cretaceous 

and Paleo‐Eocene(?) sedimentary samples in the Söğüt Thrust compilation. The Triassic age peak 

is characteristic of the Karakaya Complex. 

2.4.4 Sandstone Petrography 

The modal framework grain composition of 25 SB samples is shown in four ternary 

diagrams (Figure 8). The majority of samples classify as lithic, quartzo‐lithic, and litho‐quartzose 

sandstones with <10% feldspar and varying proportions of quartz and lithic grains (after Garzanti, 

2018); three lower lacustrine member samples contain larger proportions of feldspar. Most samples 

plot within the recycled orogen and magmatic arc province fields. The Red through Upper 

Lacustrine Members display a trend of increasing proportions of monocrystalline and 

polycrystalline quartz. On average, accessory minerals, including epidote, white mica, biotite, 

zircon, serpentine, amphibole, calcite, and opaque minerals, comprise 10%–30% of total 

framework grains. and magmatic arc province fields.  
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2.5 Interpretation 

2.5.1 Depositional Environments 

The Sarıcakaya Basin sedimentary facies reflect three main depositional environments: 

alluvial fan, fluvial (channels and floodplain), and lacustrine. There is no evidence for marine 

deposition. 

Laterally extensive, clast‐supported, massive conglomerate beds with very angular clasts 

and an erosive base, interbedded with medium‐to‐coarse sandstone and mudstone, are interpreted 

as debris flow deposits on alluvial fans (LF1; Table 2.1; Prothero and Schwab, 1996; Nichols, 

2009). Massive, matrix‐supported conglomerates are interpreted as proximal fluvial and sheetflood 

deposits within alluvial fans (LF1; Nichols, 2009). Structureless, red‐brown mudstones are 

massive and laterally extensive; they commonly coarse upward and are capped by caliche. Due to 

the abundant root traces, carbonate nodules, mottling, we interpret these facies as pedogenized 

overbank deposits (LF2; Retallack, 1988). Continuous, tabular, unfossiliferous, and laminated 

limestones can be easily distinguished from massive, nodular caliches (LF3) and are interpreted as 

lacustrine limestones (LF4; Prothero and Schwab, 1996). Conglomerate and sandstone bodies 

display the characteristic wing shape and fining upward sequence with erosive, coarse basal lags 

found in fluvial channel bodies (LF5; Nichols, 2009). 

Overall, the depositional environments reflect long‐term, repetitive changes along an 

alluvial fan‐floodplain-lake system. The juxtaposition of well‐developed soil horizons on top of 

alluvial fans and fluvial channels suggests frequent alluvial fan lobe and fluvial channel avulsions. 

Lacustrine limestone formation suggests periods of low sedimentary input. 
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2.5.2 Sedimentary Provenance 

The provenance results from detrital zircon, modal sandstone, and field observations 

establish that the SB sediments contain detritus sourced from the İzmir‐Ankara‐Erzincan suture 

zone and Söğüt Thrust fault hanging wall. 

2.5.2.1 Detrital Zircon U-Pb Geochronology 

Here we interpret the source of zircons found in SB samples, from oldest to youngest, based 

on the comparison with potential sediment sources (Figure 2.7). Early Paleozoic and Precambrian 

zircons present in SB samples younger than 48.0 Ma are derived from exposed Central Sakarya 

Basement. Minor Proterozoic peaks present in the SB are not present in the two source 

compilations, such as the 1,500‐Ma peak (0.5%). This could indicate that there were other 

sedimentary sources, or it could be an artifact of sample size. The Devonian age peak (~400 Ma) 

is not useful for provenance because it is present in both sources. Similarly, our dataset does not 

determine whether Carboniferous zircons in the SB are from Central Sakarya Basement exposed 

by the Söğüt Thrust, Karakaya Complex, or reworked Söğüt Thrust sedimentary strata. Triassic 

zircons are abundant in the SB and İAES (especially KK.10) and minorly present in the post‐ 

Jurassic Söğüt Thrust samples (2.7%). We suggest that Triassic zircons in the SB reflect sediment 

input from the Karakaya Complex in the suture zone. Jurassic zircons in the SB do not appear to 

be derived from either potential source. The Late Cretaceous zircons are present in the post‐

Jurassic Söğüt Thrust sedimentary samples and in most SB samples younger than 48.0 Ma. These 

zircons could come directly from the Cretaceous volcanic arc in the CSB or Beypazarı plutons or 

reworked Söğüt Thrust hanging wall. Eocene volcanism is well documented within the SB; 



31 

 

 

therefore, Eocene zircons likely reflect sediment or ash derived directly from the arc. The Eocene 

age peak in the İAES samples could be from Nallıhan volcanic rocks or Tavşanlı plutons. 

We summarize and interpret the provenance data as follows. The oldest SB detrital zircon 

sample (Basal Conglomerate Member) contains Triassic zircons, which are characteristic of 

Karakaya Complex, and almost no pre‐Carboniferous zircons, suggesting a predominant input of 

material from the İAES and locally from the Nallıhan volcanics around 52.4 Ma. The dominance 

of the Eocene peak in 16SKY23 suggests continued sediment sourcing from the Nallıhan arc 

through 48.0 Ma. There is a change in provenance around 48.0 Ma. Samples from the Red through 

Upper Lacustrine Members contain age peaks uniquely associated with the Central Sakarya 

Basement (>450 Ma). This signal demonstrates that Central Sakarya Basement was exposed along 

the Söğüt Thrust by 48.0 Ma, and the continued presence of Triassic age zircons demonstrates 

sustained input from the İAES. 

2.5.2.2 Sandstone Petrography and Clast Composition 

Modal sandstone compositions affirm the same provenance trends as the detrital zircon 

data (Figure 2.8). The Basal Conglomerate through Red Members samples plot in the oceanic 

affinity region of the recycled orogenic province or volcanic arc province. Lower Purple through 

Upper Lacustrine Members demonstrate an upsection increase in quartz and plot in the mixed or 

continental affinity region of the recycled orogenic province, especially the Brown Conglomerate 

and Upper Lacustrine Members. The İAES lithologies are low in quartz and feldspar unlike the 

exposed Central Sakarya Basement and overlying sedimentary units. Therefore, we interpret the 

upsection trend as an increase in sediment supply from the Söğüt Thrust hanging wall. The 

dominance of sedimentary lithics suggests that material was reworked from the İAES, Söğüt 

Thrust, and/or within the SB. 
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Field observations suggest similar changes in conglomerate clast compositions upsection, 

from predominantly greenschist, serpentine, red radiolarian chert, and andesitic clasts in the lower 

half of the section to mostly quartz, gneiss, and schist in the upper half. Field observations suggest 

that carbonate clasts are derived from two sources: eroded and reworked caliche and lacustrine 

limestone and from Jurassic limestone. Reworked carbonate clasts indicate progressive 

deformation of sedimentary strata in the SB, supporting syntectonic deposition. 

2.5.3 History and Origin of the Sarıcakaya Basin 

In this section, we synthesize geochronologic, provenance, and sedimentologic data to 

describe the origin and evolution of the Sarıcakaya Basin. We conclude that the SB was a broken 

foreland basin formed by flexural loading from the Söğüt Thrust. 

We used volcaniclastic U‐Pb ages to determine that the oldest exposed Paleogene deposits 

are ~52.4 Ma. Therefore, the SB was set up by at least 52 Ma and deposition continued through at 

least 48 Ma. Deposition was coeval with post-collisional magmatism. Because there were no tuffs 

to constrain the upper age of our section, the duration of deposition is uncertain. Correlative 

deposits in the eastern SB are interbedded with 51.7‐ to 44.7‐Ma lavas and tuffs, and our section 

is entirely terrestrial, so it is possible that our section captures at least the early Lutetian prior to 

the late Lutetian‐Bartonian/Priabonian(?) marine incursion (Ocakoğlu et al., 2018; Şahin et al., 

2019).  

All provenance data are consistent with the SB system being fed by the hanging wall of the 

Söğüt Thrust and İAES. Detrital zircon and sandstone petrography results display a similar trend 

of increasing relative proportions of Central Sakarya Basement material, starting at the top of the 

Red Member around 48.0 Ma. 



33 

 

 

The presence of Central Sakarya Basement material demonstrates that the Söğüt Thrust 

was active and accommodating syn-collisional convergence by at least 48 Ma. The presence of a 

sedimentary basin requires a mechanism of formation and accommodation space creation. Models 

for sedimentation in foreland basins correlate periods of fold‐and‐thrust belt buildup (flexural 

loading) to depositional environments. It is debated whether coarse‐grained deposition in foreland 

basins reflects periods of tectonic activity in the fold‐and‐thrust belt or isostatic adjustment and 

progradation during fold-and‐thrust belt quiescence. Either (1) tectonically driven uplift and 

erosion increases subsidence rate, sediment flux, and grain size (Burbank et al., 1988; Heller and 

Paola, 1992; Paola et al., 1992) or (2) periods of rapid tectonic loading from fold‐and‐thrust belt 

activity flex the crust and increase both accommodation space and subsidence rates to drive fine‐

grained deposition (deeper facies) in the basin (Flemings and Jordan, 1990; Heller and Paola, 1992; 

Paola et al., 1992). Neither model is universally applicable (Burbank et al., 1988), but both confirm 

that the repetitive change between coarse‐ and fine‐grained deposition is characteristic of thrust‐

loading flexural basins. 

The provenance data support an active thrust and repetitive changes from coarse‐grained 

alluvial fan and fluvial channel facies to fined‐grained overbank and lake facies (Figure 2.4) by 

48.0 Ma. Therefore, we classify the SB as a Laramide‐style broken foreland basin by 48.0 Ma 

(Dickinson et al., 1988). We argue that the SB was likely formed as a broken foreland basin as 

early as 52.4 Ma because the same repetitive change in depositional environments are present by 

52.4 Ma. The delay in Central Sakarya Basement material in the zircon results and in quartz‐rich 

compositions until around 48.0 Ma can be explained in two ways. First, we measured section along 

the southern limb of the basin; it would have taken some to overfill the basin such that material 

from the northern limb reached the southern limb. Second, based on measured sections (Ocakoğlu 
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et al., 2018), field observations and local geologic maps (Duru and Aksay, 2002; Gedik and Aksay, 

2002; Timur and Aksay, 2002), there was at least 2 km of Jurassic‐Cretaceous sedimentary cover 

at the southern margin of the CSB. Therefore, there must have been at least 2 km of throw and 

correlative erosion on the Söğüt Thrust by about 48.0 Ma to shed basement‐derived zircons into 

the SB. 

2.6 Discussion 

2.6.1 Western İzmir‐Ankara‐Erzincan Suturing and Geodynamics 

2.6.1.1 Sakarya‐Tavşanlı Collision 

We refine the age of Sakarya‐Tavşanlı collision via two pieces of evidence. First, we 

constrain the minimum age for the onset of syn-collisional deformation to 52.4 Ma. Yet, collision 

was likely much earlier because the Söğüt Thrust must have been active before the onset of 

deposition in the SB. Second, the timing of collision is further constrained by our geochronologic 

dataset of magmatic flare‐ups and lulls in western Anatolia near the İAES: 73‐ to 115‐Ma 

magmatism, 59‐ to 72‐Ma lull, and 44‐ to 58‐Ma magmatism. This magmatic cyclicity suggests 

that the Late Cretaceous arc was active until 72 Ma and collision occurred sometime in the 

Maastrichtian‐Middle Paleocene. This 72‐ to 59‐Ma lull is compatible with both ages previously 

proposed in western Anatolia, 71 and 61 Ma (Açıkalın et al., 2016; Ocakoğlu et al., 2018), and 

with the age of collision in central Anatolia (Kaymakci et al., 2009). 

2.6.1.2 Slab Dynamics in Western Anatolia 

Without conclusive mantle tomography, slab breakoff must be identified by its surface 

expression: uplift, local extension, and extensional exhumation. No Paleogene extensional features 
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have been described. There are three periods of uplift and erosion that could be correlated to slab 

breakoff. (1) The SB and CSB Paleogene deposits are in angular unconformity with underlying 

units (Ocakoğlu et al., 2018; Şahin et al., 2019). Therefore, there was uplift and erosion sometime 

between the Late Cretaceous and 52 Ma, during a magmatic lull. If slab breakoff is amagmatic 

(Niu, 2017; Garzanti et al., 2018), then this period could encompass initial Tavşanlı‐Sakarya 

collision, slab rollback, and/or steepening and slab breakoff. This is the best candidate for slab 

breakoff, and this scenario does not change the interpretation of the Eocene SB. (2) Our data 

demonstrate there was uplift and erosion at the southern and northern SB coeval with post-

collisional magmatism. Yet, the Söğüt Thrust was accommodating shortening in the Paleogene 

(Şahin et al., 2019) and the Central Sakarya Basement was exposed by the Ypresian. The SB could 

not have formed during an extensional regime: the Söğüt Thrust is the boundary between Karakaya 

Complex and Central Sakarya Basement, so any extension along this structure would not expose 

Central Sakarya Basement. (3) The angular unconformity at the base of the Brown Conglomerate 

Member likely reflects a period of uplift and erosion. The unconformity is poorly constrained to 

younger than 48.0 Ma. There is no clear change in depositional style or provenance before and 

after the unconformity. There is no evidence to suggest the unconformity represents a long period 

of major uplift, exhumation, and erosion. 

Based on the contractional regime in the Early Eocene, we prefer the interpretation that the 

Nallıhan and Tavşanlı igneous rocks are consistent with continued underthrusting, southward 

mantle wedge migration, and magmatism, as opposed to slab breakoff, lithospheric delamination, 

or arc root foundering (Figure 2.9). Syn-collisional convergence is facilitated by continued slab 

pull from the Tavşanlı slab and/or a southward jump in subduction to the Afyon‐Tavşanlı Zone 

interface or the northern margin of the African plate (Figure 2.1; e.g., Pourteau et al., 2016). There 
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was ~250 km of convergence between Africa and Europe from 50 to 35 Ma (van Hinsbergen et 

al., 2010). If the Söğüt Thrust only accommodated 15 km of convergence, faults in the accretionary 

prism and/or the Intra‐Pontide suture, in addition to southern active subduction zones, might have 

accommodated a significant amount of shortening. 

The geochemical signature of the Nallıhan and Tavşanlı igneous rocks is interpreted as 

from an asthenospheric (Ersoy et al., 2017b) or metasomatized lithospheric mantle source 

(Altunkaynak, 2007). Alternatively, the magmatic rocks could be the result of several factors other 

than slab breakoff. First, the Sakarya Zone, a rifted terrane (Ustaömer et al., 2012), could have 

been thin in the Eocene, as the Tavşanlı Zone crust was only 30‐km thick at that time (Okay et al., 

1998). Second, if the Söğüt Thrust marks the boundary between Central Sakarya Basement and 

Karakaya Complex, then the crust beneath the SB was thin and oceanic, explaining why there was 

little crustal contamination (Altunkaynak, 2007). Lastly, the Eocene volcanic front, located within 

5 km of the accretionary mélange, could have been derived from the mantle wedge (Harris et al., 

1994; Okay et al., 1998). 

2.6.2 Geodynamic Model 

In this section, we synthesize the Sarıcakaya Basin interpretation into a holistic model for 

the evolution of this part of western Anatolia (Figure 2.9). 

1) Prior to Sakarya‐Tavşanlı collision, the CSB was one large forearc‐backarc basin 

complex bisected by the Late Cretaceous volcanic arc (Açıkalın et al., 2016; 

Ocakoğlu et al., 2018). 

2) Initial collision in the Maastrichtian‐Middle Paleocene was marked by a magmatic 

lull (72–59 Ma; Figure 2.7). Collision was marked in the CSB stratigraphic record 
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as uplift, northward deltaic progradation, shallowing, increased sedimentation 

rates, and an angular unconformity (Ocakoğlu et al., 2018). Shortening and 

underthrusting were accommodated by the Söğüt Thrust, the paleosuture between 

Karakaya Complex and Central Sakarya Basement. There was syn-collisional slab 

rollback. 

3) By 52 Ma, the SB formed by flexural loading from Söğüt Thrust and was 

partitioned from the CSB. Sediment was initially sourced from the volcanic arc and 

suture zone and likely the sedimentary cover in the Söğüt Thrust hanging wall. 

Around 48.0 Ma, Central Sakarya Basement was exposed along the thrust and 

feeding the SB. Post-collisional Nallıhan and Tavşanlı magmatism occurred over a 

14‐Myr span, from 58 to 44 Ma. The slab was steeply dipping, evidenced by the 

short distance from the suture zone to volcanic front. 

2.6.3 Central-Western Anatolian Geodynamics 

The three collision models for central Anatolia estimate Pontides‐Kırşehir Block collision 

was in the Maastrichtian‐early Paleocene based on stratigraphic, metamorphic, magmatic, and 

structural analyses (Görür et al., 1984, 1998; Kaymakci et al., 2009; Robertson et al., 2009; Meijers 

et al., 2010; Lefebvre et al., 2013; van Hinsbergen et al., 2016; Licht et al., 2017). Here we affirm 

a Maastrichtian‐Middle Paleocene collision in western Anatolia, supporting the synchronous 

collision model (e.g., Gürer and van Hinsbergen, 2018). 

Furthermore, there is coeval deformation and basin formation along the İAES. We 

demonstrate fold‐and-thrust belt development and basin formation by 52 Ma. Large Cretaceous‐

Eocene peripheral and retro‐arc foreland basins and fold‐and‐thrust belts developed in central 
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Anatolia (Janbu et al., 2007; Leren et al., 2007; Hippolyte et al., 2016) and generally recorded a 

switch from Late Cretaceous extension to syn-collisional contraction in the Paleocene‐Early 

Eocene (Kaymakci et al., 2009; Nairn et al., 2013). There are a few differences, such as, after 

collision in central Anatolia, deformation fronts of thin‐skinned thrust belts and depocenters 

migrated perpendicularly away from the suture zone (Kaymakci et al., 2009; Advokaat et al., 2014) 

as opposed to deposition in the SB near the suture zone. Also, thick‐skinned deformation in the 

west preceded Middle‐Late Eocene thick‐skinned deformation in central Anatolia (e.g., Kaymakci 

et al., 2009; Nairn et al., 2013). This along‐strike change in deformation remains unexplained in 

collision models but could be a result of changes in lithology, basement thickness, preexisting 

structures, or effects of oblique subduction on orogen dynamics (Plunder et al., 2018). 

In addition, magmatic flare‐ups and lulls were synchronous along the İAES. From a large, 

compiled dataset (n = 702) of <100‐Ma magmatism in central and eastern Anatolia, (Schleiffarth 

et al., 2018) find a high‐flux magmatic event from 73 to 100 Ma, magmatic lull from 60 to 72 Ma, 

and flare‐up from 40 to 58 Ma. This is almost exactly the results of our dataset (n = 2,245): 73‐ to 

115‐Ma magmatism, 59‐ to 72‐Ma lull, and 44‐ to 58‐Ma magmatism.  

Contemporaneous collision, deformation, and magmatism across the western and central 

İAES all suggest that the synchronous collision model is the most suitable. Our data and 

interpretations of the SB are more aligned with a coeval collision of the KB and Tavşanlı Zone 

with the Pontides, suggesting that the KB is the lateral equivalent of the Tavşanlı Zone and not a 

promontory or separate terrane. 
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2.7 Conclusions 

We constrain Pontide‐Tavşanlı Zone collision to Maastrichtian‐Middle Paleocene. We 

demonstrate that the Sarıcakaya Basin was a syn-collisional, Eocene broken foreland basin that 

formed by flexural loading from the Söğüt Thrust by 52 Ma. Sediment was sourced from both the 

İzmir‐Ankara‐Erzincan suture zone and basement‐involved Söğüt Thrust. The SB cautions against 

the overuse of slab breakoff to explain post-collisional magmatism (Niu, 2017; Garzanti et al., 

2018). Our reconstruction of the SB elucidates complete opposite crustal response than what is 

predicted by slab breakoff. The SB formed in contractional regime, with significant basin 

subsidence coeval with post-collisional magmatism. We provide a new model of syn-collisional 

evolution in western Anatolia in which convergence, underthrusting, and accommodation space 

creation dominate during the early Eocene. Compared to the record of collisional evolution in 

central Anatolia, we demonstrate a synchronous magmatic history and onset of deformation along 

the İzmir‐Ankara‐Erzincan suture zone. Contemporaneous collision supports synchronous 

collision models which imply the Kırşehir Block was the lateral continuation of the Tavşanlı Zone 

not an independent terrane or promontory. 
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Figure 2.1. Generalized and simplified tectonic map of Anatolia (modified from Licht et al., 

2017; Pourteau et al., 2013; van Hinsbergen et al., 2016, and references therein). İAES = İzmir‐

Ankara‐Erzincan suture; IPS = Intra‐Pontide suture; ITS = Intra-Tauride suture. 
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Figure 2.2. Regional geologic map and schematic cross section of the southern Central Sakarya 

Basin, Sarıcakaya Basin, İzmir‐Ankara‐Erzincan suture zone, and Eskişehir Basin (modified from 

Aksay et al., 2002; Duru and Aksay, 2002; Gedik and Aksay, 2002; Timur and Aksay, 2002; 

Turhan, 2002; Ustaömer et al., 2012; Şengüler and Izladi, 2013; Kasapoğlu et al., 2016). İAES and 

Söğüt Thrust detrital zircon sample locations are labeled (including those from Campbell, 2017); 

measured sections locations include SB detrital zircon and sandstone petrography samples (M = 

Mayıslar sections, I = Iğdir sections, K = Kapıkaya sections, and O= Ozanköy sections). The 

Paleogene volcano‐plutonic unit includes the Nallıhan volcanic rocks and Tavşanlı Zone plutons. 

See Figure 2.1 for location. 
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Figure 2.3. Simplified schematics of various İAES evolution models; see text for discussion. (a) 

Diachronous promontory collision model with the Kırşehir Block as a promontory of the 

Anatolide‐Tauride Block. (b) Diachronous soft‐hard collision model with the Kırşehir Block as a 

distinct terrane bound to the north and south by oceanic basins and subduction zones. (c) 

Synchronous collision model: the Kırşehir Block and Tavşanlı Zone are connected to the entire 

ATB and subjected to differing metamorphic conditions during subduction and ophiolite 

obduction. ATB = Anatolide‐Tauride Block; İAESZ = İzmir‐Ankara‐Erzincan suture zone; ITS = 

Intra‐Tauride suture; KB = Kırşehir Block; Tav = Tavşanlı Zone (part of ATB in a and b). 
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Figure 2.4. Composite stratigraphic section of the Sarıcakaya Basin with volcaniclastic zircon U‐

Pb ages. Fill colors correspond with informal members; sedimentary structures symbols and the 

one fill pattern (carbonate) are defined in the legend. Here observed thrust faults are depicted; see 
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Figure B.1, Figure B.2, Figure B.3 and Figure B.4 for depositional contacts. The main depositional 

environment (DE) is given to the left. To the right of the stratigraphic column, histograms, and 

kernel density estimates (Botev et al., 2010) display detrital zircon age distributions from this study 

and (Campbell, 2017). Histograms display all ages in 20‐Myr bins in the right column and only 

ages <500 Ma in 10‐Myr bins on the left. Gray arrows connect detrital zircon data to their 

respective stratigraphic location. 

  



46 

 

 

 
 

Figure 2.5. Field photographs. (a) Basal conglomerate member with poorly sorted, angular to 

rounded andesitic and weathered greenschist clasts (LF1). (b) Andesitic Member (sample 

16SKY18). (c) View of the Red Member looking toward the west (predominantly LF2) and (d) 

photograph of lenticular coarse sand to cobble conglomerate with clasts of ophiolitic material, 
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andesite, carbonate, and chert in the Red Member (LF5). (e) Mottled, carbonaceous purple 

mudstone (LF2/3), and (f) well‐rounded to subrounded greenschist, chert, and serpentinite clasts 

in the Lower Purple Member. (g) View looking toward the north of the Red, Lower Purple, and 

Brown Conglomerate Members in the Kapıkaya Section. (h) Coarse sand‐sized clasts of 

greenschist, carbonate, gneiss, chert, and quartz in the Brown Conglomerate Member, (i) a trough 

cross‐bedded channel body with rounded boulders (LF5) eroded into a pedogenized brown 

mudstone (LF2), and (j) a stacked caliche horizon (LF3). (k) View looking toward the west of the 

Upper Lacustrine Member with laterally continuous, tabular lacustrine limestones (LF5), including 

(l) mudcracks and (m) trace fossils. 
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Figure 2.6. Detrital zircon spectra of potential Saricakaya Basin sediment sources. Histograms and 

kernel density estimate diagrams for detrital zircon age distributions of samples characterizing 

potential Sarıcakaya Basin sedimentary sources. Samples are grouped by potential source regions 

and stacked in stratigraphic order: Sedimentary units and Central Sakarya Basement of Söğüt 

Thrust hanging wall (light gray, top) characterize sediment derived from the north; Karakaya 

Complex and modern rivers draining the İAES characterize the south (dark gray, bottom). All ages 

are displayed in the right column in 20‐Myr bins and only ages <500 Ma in 10‐Myr bins on the 

left. CS = Central Sakarya; J = Jurassic; K = Cretaceous; Pg = Paleogene; * previously published 

data (Table 2.3).  
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Figure 2.7. Histograms and kernel density estimate diagrams of sample groups: Sarıcakaya Basin 

(dark gray), Söğüt Thrust hanging wall and only Central Sakarya Basement samples (light gray), 

and İAES and only Karakaya Complex samples (medium gray). Colored bars highlight both 

Cretaceous‐Paleogene magmatic cyclicity, and age peaks diagnostic of SB provenance. 

Histograms are in 10‐Myr bins for ages <500 Ma, and 50‐Myr bins for ages >500 Ma. 
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Figure 2.8. Ternary diagrams of sandstone modal 

framework‐grain composition from the Sarıcakaya Basin 

showing petrographic ranges of typical source provinces 

following (Dickinson and Suczek, 1979; Dickinson, 

1985; Garzanti, 2018). Points are colored by informal 

sedimentary members. Black dashed arrows indicate 

general upsection trends where present. Province fields 

and trends are labeled with dark gray text and arrows. 

Light gray lines and numbers label the axes. Ternary 

diagram poles—Qt = total quartz (Qm = monocrystalline 

quartz and Qp = polycrystalline quartz), F = total 

feldspar, L = lithic fragments (Lm = metamorphic, Ls = 

sedimentary, Lv = volcanic, Lt = total lithic fragments 

including polycrystalline quartz). 
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Figure 2.9. Conceptual model of the Sarıcakaya, Eskişehir, and Central Sakarya Basins and İzmir‐

Ankara‐Erzincan suture zone. See text for detailed discussion and Figure 2.1 for location. (a) 

Reconstruction of the İzmir‐Ankara subduction zone in the latest Cretaceous prior to collision of 

the Sakarya Zone with the Tavşanlı Zone at 66 Ma. (b) Reconstruction of the Sarıcakaya Basin in 

the Early Eocene (~52–47 Ma) based on interpreted depositional environments and provenance. 

  



52 

 

 

Table 2.1. Main lithofacies identified in the Sarıcakaya Basin. Note: Lithofacies numbers 

correspond to this in the text. 

Lithofacies Description Members Present Depositional 

Environment 

Interpretation 

LF1 Clast-

supported 

conglomerate 

Clast-supported, massive 

conglomerate unit of 1-3-m 

plurimetric sets with very 

angular, 15- to100-cm clasts; 

erosive base; laterally 

extensive; occasionally 

matrix-supported 

Basal Conglomerate Alluvial fan 

LF2 Red-brown 

mudstone 

Red-brown mudstone; 

structureless, massive and 

laterally extensive; root traces, 

carbonate nodules, isolated 

clasts and gray-green to brown 

mottling; ~1- to 8-m thick; 

commonly coarsen upward to 

silt or fine sand and capped by 

caliche 

Lower Lacustrine, 

Red, Lower Purple, 

Upper Lacustrine 

Pedogenized overbank 

deposits 

LF3 Caliche 10- to 200-cm thick, nodular, 

massive carbonate horizon, 

often with isolated clastic 

matrix 

Lower Lacustrine, 

Red, Lower Purple, 

Brown 

Conglomerate, Upper 

Lacustrine 

Paleosol Bk to K 

horizon 

LF4 Tabular 

limestone 

White, tabular, laminated to 

massive, laterally continuous 

limestone; 5- to 100-cm thick; 

afossiliferous 

Lower Lacustrine, 

Upper Lacustrine 

Lacustrine limestone 

LF5 Trough 

cross-bedded 

conglomerate 

Pebble- to boulder-sized, clast-

supported, well-rounded, 

trough cross-bedded 

conglomerate; 1- to 12-m thick 

lenticular troughs with erosive 

base and coarse basal lag that 

commonly fines upward to 

coarse sand to cobble 

conglomerate 

Lower Lacustrine, 

Lower Purple, Brown 

Conglomerate, Upper 

Lacustrine 

River channels 
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Table 2.2. Volcaniclastic zircon U-Pb ages from the Sarıcakaya Basin. Note: Mean square 

weighted deviation (MSWD) reflects the degree to which the calculated age and uncertainty are 

representative of a single population. We provide the 2s error with and without the 1.3% modelling 

error (see Appendix A for discussion). 15YP11 is from Campbell (2017); N0 is the total number 

of grains; N is the number of grains used in weighted mean age calculation. 

 

Sample 

Name 

Source Age 

(Ma) 

±2σ 

abs 

±2σ abs 

incl. 

modeling 

error 

MSW

D 

Member N0 N 

15YP11 Campbell 

(2017) 

52.4 0.6 0.8 0.99 Basal 

Conglomerate Mbr 

98 56 

16SKY11 this study 49.6 0.1 0.7 1.30 Lower Lacustrine 

Mbr 

108 20 

16SKY18 this study 48.7 0.2 0.7 0.51 Lower Lacustrine 

Mbr 

24 24 

16SKY17 this study 48.1 1.3 1.4 0.09 Andesitic Mbr 27 14 

16SKY24 this study 48.0 1.2 1.4 0.28 Red Mbr 8 8 
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Table 2.3. Detrital zircon U‐Pb samples from this study and from previously published sources 

categorized by provenance source regions. 

Sample 

Name 

Source Provenance Category Stratigraphic Unit and 

Lithology 

15YP12 Campbell (2017) İAESZ Upper Karakaya Complex 

greenschist 

KK.10 Ustaömer et al. (2016) İAESZ Upper Triassic Kendirli Fm 

(Karakaya Complex) sandstone 

17RIVER01 this study İAESZ Modern river sand draining the 

accretionary prism into 

Sarıcakaya Basin 

16ESK01 this study İAESZ Modern river sample draining 

accretionary prism and 

Karakaya Complex 

16SKY04 this study Sarıcakaya Basin Basal Conglomerate Mbr 

sandstone 

16SKY23 this study Sarıcakaya Basin Red Mbr sandstone 

16SKY26 this study Sarıcakaya Basin Red Mbr sandstone 

15YP08 Campbell (2017) Sarıcakaya Basin Lower Purple Mbr sandstone 

16SKY37 this study Sarıcakaya Basin Lower Purple Mbr sandstone 

15YP09 Campbell (2017) Sarıcakaya Basin Brown Conglomerate Mbr 

sandstone 

16SKY42 this study Sarıcakaya Basin Brown Conglomerate Mbr 

sandstone 

16SKY50 this study Sarıcakaya Basin Upper Lacustrine Mbr 

sandstone 

17OZK05 this study Sarıcakaya Basin Upper Lacustrine Mbr 

sandstone 

17OZK12 this study Sarıcakaya Basin Upper Lacustrine Mbr 

sandstone 

SgtMeta Ustaömer et al. (2012) Söğüt Thrust Hanging Wall Central Sakarya Basement 

sillimanite-garnet schist 

17BASE01 this study Söğüt Thrust Hanging Wall Gneiss from the Söğüt 

Metamorphics 

15YP04 Campbell (2017) Söğüt Thrust Hanging Wall Jurassic Bilecik Fm sandstone 

15YP13 Campbell (2017) Söğüt Thrust Hanging Wall Upper Cretaceous Yenipazar 

Fm sandstone 

15GO02 Campbell (2017); 

Ocakoğlu et al. (2018) 

Söğüt Thrust Hanging Wall Upper Cretaceous Yenipazar 

Fm conglomerate 

15YP14 Campbell (2017) Söğüt Thrust Hanging Wall Paleogene Kizilçay Fm 

sandstone 
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Chapter 3. Closing the Neotethys in Western Anatolia: Protracted 

Intercontinental Collision from Evolving Plate Coupling 

The content of this chapter is part of companion manuscripts submitted for publication in 

Geochemistry, Geophysics, Geosystems: 

Megan A. Mueller, Alexis Licht, Clay F. Campbell, Faruk Ocakoğlu, Gui Aksit, Grégoire Métais, 

Pauline M. C. Coster, K. Christopher Beard, Michael H. Taylor. Closing the Neotethys in 

Western Anatolia, Part 2: Protracted Intercontinental Collision from Evolving Plate 

Coupling. 

Clay F. Campbell, Megan A. Mueller, Michael H. Taylor, Faruk Ocakoğlu, Andreas Möller, 

Grégoire Métais, Pauline M. C. Coster, K. Christopher Beard, Alexis Licht. Closing the 

Neotethys in Western Anatolia, Part 1: Evidence for Protracted Extension as Continental 

Lithosphere Subducted in Late Cretaceous Times. 

 

Abstract 

The closure of the northern branch of the Neotethys Ocean along the İzmir-Ankara-

Erzincan suture in Anatolia has been variously estimated from the Late Cretaceous to Eocene. It 

remains unclear whether this age range results from a protracted, multi-phase collision or 

disparities between proxies and geographic location. Here, we leverage the Cretaceous-Eocene 

evolution of the forearc-to-foreland Central Sakarya Basin system in western Anatolia to 

determine when and how collision progressed. By integrating sedimentary provenance with other 

geologic proxies, we show the onset of intercontinental collision at 76 Ma, marked by sediment 

recycling and uplift of the suture. This first contractional phase is followed by thick-skinned 
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deformation and basin partitioning starting at ca. 54 Ma, coeval to regional syn-collisional 

magmatism. Three non-exclusive mechanisms potentially explain a change in plate coupling 

during this protracted regime: relict basin closure north and south of the İAES, gradual 

underthrusting of thicker lithosphere, and Paleocene slab breakoff. Protracted collision along the 

İAES highlights links between geodynamics, topography and biogeography in small continental 

collisions. 

3.1 Introduction 

Continental collisions across the Tethyan realm are striking by their protracted and 

polygenetic history, often resulting in significant discrepancies among proxies of collision age: 

~40 Myr for India-Asia (65-25 Ma; Ding et al., 2005; Hu et al., 2016; Kapp & DeCelles, 2019; 

Najman et al., 2010) and ~20 Myr for Arabia-Eurasia (Ballato et al., 2011; Cowgill et al., 2016; 

Darin et al., 2018; McQuarrie et al., 2003; Okay et al., 2010). Their unusual duration and 

complexity have even put into question the nature of the forces driving intercontinental 

convergence (Alvarez, 2010), leading to multi-phase scenarios either involving either varying plate 

coupling at the subduction interface (Beaumont et al., 1996; Ballato et al., 2011; Tye et al., 2020) 

or the role of forearc, backarc, and other remnant basins as early buffers of deformation (Cowgill 

et al., 2016).  

Collision age discrepancies are also found in western Anatolia where continental collision 

between the Pontides and the Anatolide-affinity Tavşanlı Zone (TVZ) along the İzmir-Ankara-

Erzincan suture (İAES) closed the Neotethys Ocean (Figure 3.1; Şengör & Yilmaz, 1981). 

Collision estimates along the İAES span 20 Myr from the Late Cretaceous to early Eocene based 

on ophiolite obduction and Barrovian metamorphism (Göncüoğlu et al., 2000; Seaton et al., 2009; 
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Whitney et al., 2011), structural deformation (Meijers et al., 2010; Lefebvre et al., 2013; Şahin et 

al., 2019), magmatism (Dilek and Altunkaynak, 2009; Kasapoğlu et al., 2016; Ersoy et al., 2017a), 

and sedimentary basin analysis (Kaymakci et al., 2009; Okay, 2011; Ocakoğlu et al., 2018). 

However, a model that encompasses the insights from all proxies is still missing. To address this, 

we leverage the power of a ~50 Myr continuous depositional record from the Central Sakarya 

Basin system, a forearc-to-foreland basin directly north of the İAES. Integrating new sedimentary 

provenance data with previously published stratigraphic and provenance data reveals a multi-phase 

collisional evolution. The TVZ was subducted to ca. 80 km depth sometime 95 to 85 Ma in an 

intra-oceanic subduction zone (Plunder et al., 2015; Pourteau et al., 2019) during which the Central 

Sakarya Basin was a forearc basin. The underthrusting of TVZ continental lithosphere beneath the 

Pontides initiated at 76 Ma, resulting in sediment recycling and uplift of the accretionary complex, 

followed ~20 Myr later with thick-skinned deformation and basin partitioning at 54 Ma. We 

evaluate the timing of this protracted deformation in light of previously proposed multi-phase 

collision models for the Tethyan realm, including passive margin subduction, relict basin closure, 

and slab breakoff.  

3.2 Background 

The tectonic units in northwest Anatolia include, from north to south, the İstanbul Zone 

and Sakarya Zone (SKZ) of the Eurasian-affinity Pontides, the İzmir-Ankara-Erzincan suture zone 

(İAES), and the Tavşanlı Zone (TVZ) of the Gondwanan-affinity Anatolides (Figure 3.1). The 

Pontides rifted from the Eurasian margin between 94 and 75 Ma by backarc spreading of the Black 

Sea (Okay et al., 2013), and formed an isolated microcontinent where faunal endemism prevailed 

until the late Paleogene (Métais et al., 2018). The SKZ, bound to the north by the Intra-Pontide 
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suture zone, presently occupied by the North Anatolian Fault, comprises Sakarya Zone basement 

units and the forearc-to-foreland Central Sakarya Basin system (Figure 3.2). The Sakarya Zone 

continental basement is subdivided into two units: (1) the Central Sakarya Basement (also called 

Söğüt metamorphics) comprising Paleozoic paragneiss, schist and amphibolite rocks intruded by 

Carboniferous granitoids called the Söğüt magmatics, Central Sakarya granite, or Sarıcakaya 

granitoid (Göncüoğlu et al., 2000; Ustaömer et al., 2012), and (2) the Permian-Triassic Karakaya 

Complex, partly metamorphosed clastic and volcanic rocks from either a rift or subduction-

accretion complex setting (see Okay & Göncüoglu, 2004). The Central Sakarya Basin system is 

divided into the Jurassic-Eocene forearc-to-foreland Central Sakarya Basin (CSB; also called the 

Mudurnu-Göynük Basin) to the north and the Eocene broken foreland Sarıcakaya Basin (SB) to 

the south (e.g., Ocakoğlu et al., 2007; Okay et al., 2001). The basement-involved Tuzaklı-Gümele 

Thrust (also termed the Söğüt Thrust and Nallıhan Thrust) structurally partitioned the CSB by the 

early Eocene and flexural loading formed the SB. Sakarya Zone basement units are exposed in the 

hanging wall (Duru and Aksay, 2002; Gedik and Aksay, 2002). The SB contains Eocene terrestrial 

deposits and hosts one of the Eocene volcanic belts (Yildiz et al., 2015; Kasapoğlu et al., 2016). 

The fold-thrust belt is located within the basin system; W-E and SW-NE striking oblique thrust 

faults and folds deform Jurassic through Eocene units. Thin-skinned thrust faults in the CSB are 

likely reversed extensional faults from a phase of Santonian-Campanian extension (Ocakoğlu et 

al., 2018). The SKZ and İstanbul Zone are intruded by Eocene (58-41 Ma) syn-collisional plutons 

disputedly attributed to TVZ slab breakoff, lithospheric delamination, or anatexis of the lower 

crust (Harris et al., 1994; van Hinsbergen et al., 2010; Kasapoğlu et al., 2016; Mueller et al., 2019; 

Ustaömer et al., 2009). 
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The SKZ is bound to the south by the İAES, a highly deformed accretionary complex 

containing obducted ophiolite, ophiolitic mélange and metamorphic rocks (MTA, 2002). To the 

south, the TVZ is generally considered the passive margin of the northernmost Gondwana-derived 

Anatolide-Tauride Block (e.g., Okay, 2011; Okay et al., 1996). Platform carbonates and passive 

margin clastics were subducted and metamorphosed to blueschist facies between 92 and 83 Ma 

(e.g., Okay et al., 1998; Plunder et al., 2015; Sherlock et al., 1999; Whitney et al., 2011), exhumed 

sometime 85-60 Ma (Seaton et al., 2009; Sherlock et al., 1999; Whitney & Davis, 2006), then 

underwent Barrovian-type metamorphism from 63 to 57 Ma (Seaton et al., 2009; Whitney et al., 

2011). The blueschist unit is tectonically overlain by metamorphosed accretionary complexes 

(Plunder et al., 2013b) and obducted ophiolites and mélange (Yaliniz et al., 2000; Göncüoğlu, 

2010). The western Anatolian ophiolites, considered similar or larger in size than the Semail 

ophiolite in Oman, have metamorphic sole ages between 101 and 88 Ma (Harris et al., 1994; Dilek 

et al., 1999; Pourteau et al., 2019) and are cut by 92 to 90 Ma mafic dikes (Dilek et al., 1999), and, 

therefore, were obducted sometime after ~90 Ma during pre-collisional TVS subduction (Okay & 

Whitney, 2010; Robertson et al., 2009). The blueschists and ophiolites are intruded by Eocene 

granodiorites (Harris et al., 1994) and unconformably overlain by lower Eocene shallow marine 

limestones and siliciclastic rocks (Baş, 1986; Özgen-Erdem et al., 2007) and lower-to-middle(?) 

Eocene continental deposits (Turhan, 2002).  

3.3 Central Sakarya Basin Stratigraphy 

Jurassic through Eocene sedimentation is preserved in the Central Sakarya Basin (e.g., 

Aksay et al., 2002). Figure 3.3 displays stratigraphic columns with biostratigraphic ages for the 
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Upper Cretaceous through Eocene units along two transects across the CSB (after Ocakoğlu et al., 

2018).  

Unconformably overlying Sakarya Zone basement units are the Jurassic through Lower 

Cretaceous series of shallow water platform carbonates (Bilecik Fm.), pelagic micrites and 

calciturbidites (Soğukçam Fm.), and interbedded volcanics (Mudurnu Fm.) (Altiner et al., 1991; 

Genç and Tüysüz, 2010). The CSB formed as a rift basin, as indicated by overall basin deepening 

facies and bimodal Jurassic volcanism (Altiner et al., 1991; Göncüoğlu et al., 2000; Genç and 

Tüysüz, 2010), bounded by two branches of the Neotethys Ocean: the Intra-Pontide ocean to the 

north and the İzmir-Ankara Ocean to the south. There is uninterrupted Jurassic through Paleocene 

sedimentation in the eastern CSB (e.g., Nallıhan transect in Figure 3.3), whereas much of the 

Albian through Lower Campanian section is missing in the western CSB (e.g., Okay et al., 2001). 

The Albian-Lower Campanian sequence exhibits complex basin architecture, for which Ocakoğlu 

et al. (2018) provided updated biostratigraphic ages and tectonostratigraphic interpretations. This 

interval includes siliciclastic turbidites and pelagic mudstones (Yenipazar and Seben Fms.) 

interfingered with the Albian-Turonian Üzümlü Mbr. volcaniclastics and submarine lava flows, 

the Santonian-Lower Campanian Değirmenözü Fm./Mbr. pelagic carbonates, and lower to middle 

Campanian Eymür Mbr. submarine fan deposits. The shallow marine to deltaic Paleocene Taraklı 

Fm. conformably overlies the Yenipazar Fm. The shelf was likely located near the Nallıhan 

section, where deltaic progradation began sometime early Paleocene, then deltaic sands and muds 

reached the northern Taraklı section in the late Paleocene where sedimentation rates were up to 

420 m/Myr (Ocakoğlu et al., 2018). 

In the Yenipazar section in the west, the Kızılçay Fm. unconformably overlies the 

Yenipazar Fm, whereas in the Nallıhan section in the east, the Kızılçay Fm. conformably overlies 
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the Taraklı Fm. The shoaling sequence is overlain by coal beds, cross bedded sandstones and 

caliches of the Kızılçay Fm. (Ocakoğlu et al., 2018). Ostracod fauna indicate a Ypresian age 

(Ocakoğlu et al., 2018). In the proximal Nallıhan and Yenipazar sections, fluvial conglomerates 

contain reworked Upper Cretaceous clasts and marine microfauna, and cross beds and clast 

imbrications indicate paleocurrent directions to the NW and NE. The Kızılçay Fm. grades 

northward into the Yenipazar Fm. where prograding delta-front sandstones are present in the 

Akdoğan section (Ocakoğlu et al., 2018). The Kızılçay Fm. is likely correlative with the Ypresian 

to Lutetian(?) continental clastics and volcanics of the Mihalgazi Fm. in the Sarıcakaya Basin 

(Gedik and Aksay, 2002; Yildiz et al., 2015; Kasapoğlu et al., 2016; Mueller et al., 2019; Şahin et 

al., 2019). The coarse marine clastics, alternating sands and muds, and turbidite deposits of the 

Kabalar Mbr. of the Kızılçay Fm. and the conformably overlying Güvenç Fm., Çataltepe Fm., and 

Halidiye Fm. record a Ypresian through early Bartonian marine transgression (Ocakoğlu et al., 

2012, 2018). The Lutetian maximum flooding surface is recorded in sedimentary basins across the 

Black Sea region, including Anatolia, Crimea and the Caucasus (Racey, 2001; MTA, 2002; Lygina 

et al., 2016; e.g., Licht et al., 2017; Özcan et al., 2019). The Gemiciköy Fm. comprises mudstone 

and cross-bedded sandstones that coarsen upward to fluvial conglomerates with clasts of reworked 

Cretaceous-Paleocene units (Ocakoğlu et al., 2007); it only crops out north of Yenipazar where it 

conformably overlies the Güvenç Fm. (Gedik and Aksay, 2002; Ocakoğlu et al., 2018).  

3.4 Methods 

We collected 37 new sandstone samples from Cretaceous through Eocene strata in the CSB 

and 2 new gneiss samples from the Central Sakarya Basement (Figure 3.3, Table 3.1). The 

sandstone samples were collected along five published measured sections from two proximal 
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(south) to distal (north) transects through the CSB (Figure 3.2; Ocakoğlu et al., 2018). The 

provenance of 19 sandstone samples was evaluated using detrital zircon (DZ) U-Pb geochronology 

and sandstone petrography.  

 For new CSB samples, heavy mineral separation, analysis, and data reduction followed 

the University of Washington TraceLab protocol (Licht et al., 2018; Shekut & Licht, 2020). 

Zircons were separated following standard heavy mineral separation procedures. A minimum of 

140 grains per sample were randomly selected, mounted with reference materials, imaged in a 

backscattered electron detector with a scanning electron microscope, and analyzed using a 

quadrupole laser ablation‐inductively coupled plasma‐mass spectrometer (LA‐ICP‐MS). The data 

were reduced in Iolite using the Geochron Data Reduction Scheme (Paton et al., 2011) in order to 

calculate U‐Pb ages uncorrected for common lead (Shekut and Licht, 2020). Individual zircons 

with abnormal patterns in raw signal intensity, >20% discordance, or >5% reverse discordance are 

reported in the supporting information but are excluded from analyses and interpretations 

(following Gehrels, 2012, 2014). All zircon U-Pb data are presented as histograms, probability 

density functions and kernel density estimates with an optimized fixed bandwidth, all plotted using 

detritalPy (Sharman et al., 2018). 

The ages of the sedimentary samples were constrained by published biostratigraphic and 

volcanic zircon U-Pb ages along the measured sections (Campbell, 2017; Ocakoğlu et al., 2018). 

Maximum depositional ages, calculated using the youngest cluster of 2 or more ages with 

overlapping 2s uncertainties (Sharman et al., 2018), are included in Table 4.2 but do not provide 

any new age constraint on the samples.  

We characterize the zircon age signature of potential sediment sources from new Central 

Sakarya Basement bedrock samples alongside published Central Sakarya Basement, Karakaya 
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Complex, and İAES bedrock and modern river samples (Campbell, 2017; Mueller et al., 2019; P. 

Ustaömer et al., 2012; T. Ustaömer et al., 2016). We also include the crystallization ages of 

Cretaceous-Eocene plutons in Central and Western Anatolia compiled in Scheliffarth et al. (2018). 

The two new basement samples and one CSB sample (15YP15) were analyzed at the University 

of Kansas Isotope Geochemistry Laboratory following the analytical protocol outlined in 

Campbell (2017). Zircons were separated following standard methods, mounted with international 

standards, and analyzed in a high resolution sector-field LA-ICP-MS. Data were reduced in Iolite 

(Paton et al., 2011) and ET_Redux (McLean et al., 2016) and are presented uncorrected for 

common lead.  

We further characterize sedimentary provenance using petrographic analysis of sandstone 

samples (N=31). Thin sections were made by National Petrographic Service, Inc., then at least 400 

framework grains per sample were point counted according to the Gazzi-Dickinson method 

(Dickinson, 1985). The new CSB sandstone modal composition data are presented as ternary 

diagrams (Triplot; Graham and Midgley, 2000b) and interpreted following standard source fields 

(Dickinson and Suczek, 1979; Dickinson, 1985).  

3.5 Provenance Results and Interpretation 

3.5.1 Provenance Results 

New DZ data are presented with published DZ data (N=13; Campbell, 2017; Mueller et 

al., 2019; Ocakoğlu et al., 2018). Additionally, Campbell et al. (in review) present εHf isotopic 

data from the detrital zircons extracted from CSB samples. The εHf isotopic data are synthesized 

in the figures and discussion; see (Campbell et al., in review) for a detailed discussion. 
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Detrital zircon distributions of potential sources and basin samples are given in Figure 3.4 

and Figure 3.5, respectively. To facilitate comparison, distributions are colored according to the 

ages of known late Neoproterozoic and Eocene volcanic and plutonic outcrops across the Black 

Sea region (Figure 3.6). Sandstone petrography results of new CSB samples are displayed in 

Figure 3.7. 

New (n=169) and published (n=769) bedrock and modern river zircon U-Pb ages 

characterize the zircon signature of basement units (Figure 3.4). The Central and Western 

Anatolian volcanic arc is characterized by 30-56 Ma and 67-99 Ma peaks. The Karakaya Complex 

samples are characterized by 200-250 and 325 Ma populations, and, additionally, the modern river 

sample (17RIVER01) draining the İAES contains minor Eocene, Late Cretaceous, Triassic, and 

Paleozoic populations. The Central Sakarya Basement bedrock samples exhibit a prominent ~325 

Ma peak, and the oldest samples include 375-500 Ma age populations; the metasedimentary 

sample (‘SgtMeta’ from Ustaömer et al., 2012) contains a range of Proterozoic-Archean zircons 

with peaks centered around 600 Ma, 1000 Ma, 2000 Ma, and 2650 Ma. The absence of Devonian-

Precambrian age zircons in some bedrock samples is due to the lithology of the samples (i.e., 

zircons from gneiss versus metasedimentary units). 

New (n=3199) and published (n=1457) CSB and SB detrital zircon results (Figure 3.5) and 

new sandstone petrography results (Figure 3.7) characterize the provenance of sediment. The 

oldest CSB samples are Cenomanian to lower Campanian in age and are characterized by a major 

76-110 Ma peak; few zircons are older than 110 Ma (n=22/660). These samples plot in the volcanic 

arc and recycled orogen fields. Samples younger than the lower Campanian have prominent Late 

Cretaceous (67-110 Ma) and Carboniferous (~325 Ma) peaks. The youngest CSB samples also 

contain a prominent Eocene peak (~41-58 Ma). About half of these samples have major or minor 
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Triassic (~250 Ma), Devonian (375-400 Ma), and Proterozoic peaks around 600 Ma, 1000 Ma and 

2000 Ma. The Sarıcakaya Basin samples have a similar distribution of DZ ages, yet for many SB 

samples, the pre-Cretaceous populations are more prevalent. 

3.5.2 Three Phases of the Central Sakarya Basin System 

We subdivide the samples into three age groups based on changes in major changes in DZ 

age distributions and sedimentary basin evolution (Figure 3.5, Figure 3.7, and Figure 3.8). The 

sample ages, and therefore sample groups, are constrained in the CSB using published 

biostratigraphy, primarily planktonic foraminifera, and one tuff and one maximum depositional 

zircon U-Pb age (Ocakoğlu et al., 2018). The age of the SB samples is constrained by volcaniclastic 

U-Pb ages (Mueller et al., 2019). Paleogene continental deposits are not well dated and the 

maximum depositional ages do not offer much insight (Table 4.2).  

Phase 1 includes Turonian through lower Campanian (94-76 Ma) DZ samples from the 

eastern CSB. This phase is characterized by a major 76-110 Ma peak; few zircons are older than 

110 Ma (n=22/660) (Figure 3.5 and Figure 3.8). The Late Cretaceous volcanic arc was located 

along the present-day Black Sea coast north of the CSB (Figure 3.6; Keskin & Tüysüz, 2018). 

However, there is an outcrop of 95-70 Ma granitoids on the Pontides to the southeast of the CSB 

(i.e., Beypazarı granitoid; Speciale et al., 2012). Ocakoğlu et al. (2018) find Upper Cretaceous 

pyroclastic flows in Yenipazar section and tuffs in the Göynük and Okçular sections, and postulate 

there was Late Cretaceous submarine centers within the southern margin of the CSB. Given the 

proximity to the submarine volcanism, the volcanic arc sediment compositions and the prevalence 

of Late Cretaceous zircon ages, Phase 1 strata are presumably first-cycle detritus derived from the 

southern Late Cretaceous volcanic center. 
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Phase 2 is defined by a major change in DZ spectra (Figure 3.5), increased sedimentation 

rates (Ocakoğlu et al., 2018) and the onset of a lowstand systems tract (Ocakoğlu et al., 2007) 

around 76 Ma. In the Nallıhan section, the oldest samples in this phase fall between 77.61 Ma and 

76.82 Ma based on planktonic foraminifera, and in the Göynük section the oldest Phase 2 sample 

has a published maximum depositional age of 76.4 ± 1.7 Ma based on the youngest 19 zircons 

(Ocakoğlu et al., 2018). The middle Campanian through lower Eocene (76-54 Ma) sandstone 

compositions plot in the recycled orogen and volcanic arc fields. A trend of increasing quartz and 

sedimentary and metamorphic lithic compositions (Figure 3.7) coincides with the appearance of 

Paleozoic-Precambrian zircons. DZ samples are generally characterized by 67-90 Ma, 300-450 

Ma and 550-700 Ma peaks. The presence of Carboniferous zircons alone or in tandem with 

Devonian and older zircons are either first-cycle zircons from Central Sakarya Basement or poly-

cyclic zircons. The Central Sakarya Basement, containing Devonian and older zircon ages, was 

intruded by Variscan Carboniferous granitoids that are together exposed in the hanging wall of the 

Tuzaklı-Gümele Thrust (Figure 3.2 and Figure 3.4). The exposures of Devonian through upper 

Neoproterozic plutons and crystalline basement rocks to the west and north of the CSB are an 

unlikely sediment source due to the NE to NW paleocurrent directions (Ocakoğlu et al., 2018). 

The absence of Precambrian-aged zircons in most Central Sakarya Basement samples is likely due 

to sampling bias as most of the samples are gneiss and granitoids, with only one metasedimentary 

sample (‘SgtMeta’ from Ustaömer et al., 2012). The fact that there was not deposition in the 

flexural SB until 52 Ma indicates that the Tuzaklı-Gümele Thrust likely did not expose basement 

rocks in Phase 2. Therefore, during Phase 2, the basement-age zircons in the CSB appear from 

sediment recycling during uplift and deformation of the southern margin of the Pontides. It is 
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uncertain exactly where sediment recycling occurred or which structures were active, but it could 

be from the unroofing older sedimentary strata on the hanging wall of the Tuzaklı-Gümele Thrust.  

Partitioning of the CSB by the basement-involved Tuzaklı-Gümele Thrust formed the 

broken-foreland SB. The Phase 2 to Phase 3 transition is defined by the onset of deposition in the 

SB, which is determined at 52.4 ± 0.6 Ma by volcaniclastic bed at the base of the Paleogene series 

in the SB (Campbell, 2017; Mueller et al., 2019). CSB sandstone compositions plot in the recycled 

orogen and volcanic arc fields, and lithics are predominantly sedimentary (Figure 3.7). Middle to 

upper Eocene (38-48 Ma) CSB samples are similar to those in Phase 2, with the addition of a 41-

58 Ma peak. Eocene SB DZ samples are generally characterized by a 46-58 Ma peak along with 

200-250 Ma, 325 Ma, 375-400 Ma, 600 Ma, 1000 Ma, 2000 Ma and 2600 Ma peaks. The increase 

in sedimentary lithics along with negligible changes in CSB DZ age spectra—except for the 

appearance of Eocene zircons—are consistent with continued sediment recycling and no major 

change in provenance. 

The SB is interpreted as a flexural basin formed during partitioning of the CSB by the 

Tuzaklı-Gümele Thrust (Mueller et al., 2019). The SB received sediment from the Eocene volcanic 

arc, Karakaya Complex, and Central Sakarya Basement (Figure 3.5 and Figure 3.8; Mueller et al., 

2019). The SB is in the footwall of the Tuzaklı-Gümele Thrust; depositional environments, detrital 

zircon ages, and pebbles and boulders of quartz, mica and gneiss indicate that the Central Sakarya 

Basement was exposed in the hanging wall of the thrust by 52 Ma (Mueller et al., 2019). Therefore, 

the CSB received sediment from the hanging wall of the thrust, including recycled Phase 1 and 

Phase 2 deposits. The Eocene CSB samples contain Eocene zircons likely derived directly from 

Eocene volcanic and plutonic rocks located at the northern margin of the CSB or within the SB 

(Figure 3.2 and Figure 3.6). The Triassic and Carboniferous age doublet is distinctively Karakaya 
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Complex in origin (Figure 3.4) and, given the absence of Triassic igneous rocks across Anatolia 

(Figure 3.6), the presence of this doublet indicates poly-cyclic zircons recycled from the Karakaya 

Complex. Only a few CSB samples received sediment from the Karakaya Complex (i.e., 18TBTG 

and 18TK01 from the Taraklı section in Phase 2), yet the Karakaya Complex is a prominent source 

to the Eocene SB samples. Therefore, sediment was likely sourced from exposed Karakaya 

Complex units near the suture zone into the nearby SB, and the absence of the Triassic-

Carboniferous doublet in middle to upper Eocene CSB samples could point to disconnected CSB 

and SB depocenters. In addition, the scarcity of Silurian and older zircons in the middle to upper 

Eocene CSB samples and the difference in εHf values between the CSB and SB (Figure C.1; 

Campbell et al., in review) also support disconnected drainage networks.  

3.6 Evolution of the Central Sakarya Basin in Context 

All CSB and SB DZ ages from 150 to 30 Ma are combined and plotted alongside simplified 

composite stratigraphic columns (Figure 3.9). We interpret the combined DZ ages from 150 to 30 

Ma as the magmatic arc tempo (Paterson and Ducea, 2015). The apparent magmatic lulls at 67-58 

Ma and starting at 41 Ma agree with the 72-58 Ma and 40-20 Ma magmatic lulls in central and 

eastern Anatolia based on a compilation of 100-0 Ma bedrock crystallization and cooling ages 

(Schleiffarth et al., 2018). 

We discuss the three major provenance phases in terms of basin evolution. During Phase 1 

(110-76 Ma), the Late Cretaceous volcanic arc, located within the CSB (Gedik and Aksay, 2002; 

Ocakoğlu et al., 2018) and along the southern Black Sea coast (Keskin and Tüysüz, 2018), was the 

dominant source of sediment to the forearc CSB (Figure 3.5; Yilmaz et al., 2010). This 34 Myr-

long phase is not associated with any change in depositional style, accumulation rate (Ocakoğlu et 
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al., 2018) or provenance (Figure 3.5 and Figure 3.7). This period corresponds to a standard 

Andean-type active margin setting (Okay et al., 1994) with a phase of Santonian-Campanian 

extension (Ocakoğlu et al., 2018). The brief magmatic lull and switch from juvenile to evolved 

εHf values at 88 Ma (Figure 3.9 and Figure C.1) could be the signal of pre-collisional TVZ 

subduction (Campbell et al., in review). 

During Phase 2 (76-54 Ma), CSB strata are characterized by DZ ages typical of Pontide 

basement units (Figure 3.4; Ustaömer et al., 2012) and evolve toward quartz- and sedimentary 

lithic-rich compositions suggesting an unroofing sequence in which poly-cyclic basement-aged 

zircons appeared in the basin. Input of ophiolitic material into the CSB starting at ca. 73 Ma, as 

shown by increased mafic/felsic element ratios (Ni/Zr, Ni/Y, Cr/Zr) in the distal İsmailler section 

(Açıkalın et al., 2016), pinpoint the area of exhumation to the İAES where ophiolitic units and the 

Karakaya Complex are exposed today. Flute casts and asymmetrical ripples record paleocurrent 

directions ranging from the NE to NW (Ocakoğlu et al., 2018). Together this indicates that the 

southern margin of the SKZ, including the İAES accretionary complex, began uplifting, exhuming, 

and creating south-to-north flowing, transverse drainage systems in the southern CSB at 76 Ma. 

Arc shutdown and initial underthrusting is contemporaneous with the slowing of convergence 

rates: convergence rates slowed from 28 mm/yr from 110-76 Ma to 5 mm/yr from 76 Ma onwards 

(rates calculated from plate reconstructions based on paleomagnetic and kinematic data in van 

Hinsbergen et al., 2020). Evolved εHf values in Late Cretaceous zircons indicate either crustal 

thickening, lower plate continental underthrusting, or arc migration into evolved continental crust; 

we favor lower plate underthrusting due to the coeval decrease in magmatic tempo (Campbell et 

al., in review; Figure 3.9 and Figure C.1). Exhumation and underthrusting continued, recorded as 

the onset of northward prograding deltas at 61 Ma, development of a major unconformity in the 
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proximal (southern) CSB, transition from flysch to molasse, and an order of magnitude increase 

in CSB accumulation rates (Açıkalın et al., 2016; Ocakoğlu et al., 2018). These CSB changes 

coincide with a 67-58 Ma magmatic lull (Figure 3.5), and 63-57 Ma TVZ Barrovian 

metamorphism to greenschist and amphibolite facies (e.g., Whitney et al., 2011) and subsequent 

60 Ma exhumation as indicated by white mica 40Ar/39Ar cooling ages (Seaton et al., 2009).  

The Phase 2 to Phase 3 transition (~54 Ma) is marked by the onset of deposition in the SB 

by 52.4 Ma (Mueller et al., 2019) and partitioning of the CSB by the basement-involved Tuzaklı-

Gümele Thrust. Basin partitioning is coeval with the resumption of deposition in the southern CSB 

and the transition to continental facies and prograding clastic wedges in the CSB sometime around 

58-54 Ma (Ocakoğlu et al., 2018). There was continued sediment recycling and no significant 

provenance change in the CSB (Figure 3.4 and Figure 3.7). Deformation and exhumation 

propagated north of the İAES; basement-involved shortening (Şahin et al., 2019) structurally 

partitioned the SB and CSB foreland along the lithospheric-scale Karakaya Complex–Central 

Sakarya Basement boundary (Tuzaklı-Gümele Thrust in Figure 3.2; Mueller et al., 2019). The 

difference in Precambrian zircon abundance between the CSB and SB likely indicates fully 

disconnected basin depocenters (Figure 3.5). This phase is coeval with linear belts of Eocene 

magmatism (58-41 Ma) along the İAES and Intra-Pontide suture zones (Altunkaynak, 2007; 

Altunkaynak et al., 2012; Dilek & Altunkaynak, 2009; Ersoy, Akal, et al., 2017; Ersoy, Palmer, et 

al., 2017; Harris et al., 1994; Kasapoğlu et al., 2016; Okay & Satir, 2006; Yildiz et al., 2015). 

Lutetian-Priabonian marine deposition in the distal (northern) CSB (e.g., Ocakoğlu et al., 2018) 

suggests a >15 Myr delay between TVZ underthrusting and regional uplift. 
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3.7 Implications for Multi-Phase Collision Scenarios 

3.7.1 Geodynamic Controls on Biogeography 

This section explores the possible geodynamic mechanisms that could explain a ~20 Myr 

long, multi-phase collision along the İAES. Even though it is difficult to pinpoint a specific 

mechanism for protracted collision, our results highlight a direct—and unexpected—geodynamic 

and paleogeographic control on the regional fauna. Backarc rifting in the middle Cretaceous 

isolated the Pontides from Eurasia (Akdoğan et al., 2019; Okay & Nikishin, 2015), setting the 

stage for Paleogene endemism. In Cretaceous-Paleogene times, Anatolia was an island archipelago 

separated from large continental domains (i.e., Afro-Arabia, Europe and Asia) by strands of the 

Paleotethys and Neotethys oceans (Barrier and Vrielynck, 2008; van Hinsbergen et al., 2020). 

Gradual Late Cretaceous to early Eocene İAES closure favored colonization of the Pontides by 

Gondwanan and Laurasian mammalian clades via “island hopping” across the Neotethyan 

archipelago (Beard et al., 2020; Jones et al., 2018; Kappelman et al., 1996; Licht et al., 2017; 

Métais et al., 2017; Sen, 2013). The TVZ-SKZ collision assembled a larger terrestrial landmass 

that further promoted in situ diversification of endemic taxa (Maas et al., 2001; Métais et al., 2018). 

Endemism persisted until at least the Lutetian (44-43 Ma; Licht et al., 2017), a time when much 

of Anatolia was near sea level—many sedimentary basins record a Lutetian marine incursion 

(Racey, 2001; MTA, 2002; Ocakoğlu et al., 2012; Lygina et al., 2016; e.g., Licht et al., 2017; 

Özcan et al., 2019). Finally, the late Paleogene demise of endemism evidences the reconnection of 

Anatolia to Eurasia (Métais et al., 2018), after which Anatolia could have been a dispersal corridor 

between Europe and Asia in the Priabonian-Bartonian (Sen, 2013; Licht et al., 2017; Jones et al., 

2018; Métais et al., 2018; Beard et al., 2020). The protracted nature of İAES collision is relevant 
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to the evolution of emergent landmasses and exemplifies a direct influence of geodynamics and 

tectonics on biogeography. 

3.7.2 Geodynamic Mechanisms for Protracted Collision 

Multi-phased, “soft-hard” collisions have been proposed numerous times in the Tethyan 

domain and world-wide (Beaumont et al., 1996; Kaymakci et al., 2009; Pourteau et al., 2016; 

Jagoutz et al., 2016; Darin et al., 2018; e.g., Ballato et al., 2018; Tye et al., 2020). These scenarios 

are based on a variety of mechanisms: subduction of a large oceanic basin (van Hinsbergen et al., 

2011, 2012), arc-continent collision (Jagoutz et al., 2016; Martin et al., 2020), upper plate pre-

exiting structures and sediment thickness (Jones et al., 1998, 2011; Parker and Pearson, 2021), 

relict basin closure (Cowgill et al., 2016), increased lower plate lithospheric thickness (Ballato et 

al., 2011; Soret et al., 2021), and slab breakoff (Sinclair, 1997; DeCelles et al., 2011). One or a 

combination of these scenarios could explain the protracted nature of intercontinental collision in 

western Anatolia, including thick-skinned deformation and basin partitioning at 54 Ma.  

Several mechanisms for protracted Tethyan collisions are not applicable in western 

Anatolia. In order to account for shortening and convergence deficits (Hu et al., 2016; Kapp and 

DeCelles, 2019 and references therein), the large oceanic basin model proposes a significantly 

wider pre-collisional lower plate (i.e., Greater India Basin; van Hinsbergen et al., 2011, 2012). 

However, there is no known shortening deficit in Anatolia, so no need to invoke a wide oceanic 

basin. The arc-continent hypothesis splits the lower plate (here the TVZ) into several individual 

fragments separated by oceanic arcs (Jagoutz et al., 2015, 2016; Martin et al., 2020), but the 

absence of volcanic arc units in the western İAES does not support an accreted oceanic arc between 

the TVZ and SKZ. Upper plate conditions, such as those proposed for the North American 
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Cordillera (i.e., sediment thickness, pre-existing structures, cratonic keel; e.g., Jones et al., 1998, 

2011; Parker & Pearson, 2021), could control the activation of the thick-skinned Tuzaklı-Gümele 

Thrust, which could be the reactivation of the boundary between the accreted Karakaya Complex 

and the SKZ crystalline basement, but there is no evidence for insufficient sediment thickness in 

the CSB that would cause thick-skinned deformation. In the remaining part of the discussion, we 

focus on the three mechanisms that we think are the most viable for the İAES closure. 

3.7.2.1 Slab Dynamics 

Slab breakoff is a mechanism commonly employed to explain coeval surface uplift, 

extension and magmatism (Davies and von Blanckenburg, 1995; von Blanckenburg and Davies, 

1995), although its prevalence in the geologic past and connection to magmatism is questioned 

(Niu, 2017; Garzanti et al., 2018). In western Anatolia, slab breakoff can explain the timing and 

geochemical signature of ~58-40 Ma magmatism (Harris et al., 1994; Dilek and Altunkaynak, 

2009; Altunkaynak et al., 2012; Kasapoğlu et al., 2016; Ersoy et al., 2017b, 2017a; Campbell et 

al., in review). However this interpretation is questioned (Ustaömer et al., 2009; see also Mueller 

et al., 2019; Okay & Whitney, 2010; Okay & Satir, 2006; van Hinsbergen et al., 2010) for four 

main reasons: (1) the TVZ slab was subducted to mantle depths in the Late Cretaceous and the 

exhumation of blueschists in the Campanian-Maastrichtian suggests slab breakoff was in the Late 

Cretaceous not Eocene (e.g., Okay & Satir, 2006); (2) during early Eocene magmatism, there was 

not significant uplift as marine deposition is recorded in the CSB and south of the suture near 

Eskisehir (Figure 3.2); (3) there was early Eocene contractional deformation in the SB and no 

evidence for extension (Mueller et al., 2019; Şahin et al., 2019); (4) magmatism was 

contemporaneous across three parallel volcano-plutonic belts at the northern margin of the CSB, 

bisecting the SB, and in the TVZ (Figure 3.6; e.g., Ersoy, Akal, et al., 2017; Ersoy, Palmer, et al., 
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2017; Harris et al., 1994; Kasapoğlu et al., 2016). Slab breakoff should be recorded in extensional 

sedimentary basins as alternating clastic and lacustrine deposits, an overall fining-upward 

sedimentary succession, high sedimentation rates, and an absence of contractional growth 

structures (DeCelles et al., 2011; Leary et al., 2016). Although the SB contains alternating 

floodplain clastic and lacustrine limestone deposits and no contractional growth strata, clasts of 

quartz, mica and gneiss in coarse-grained fluvial deposits along with the presence of basement-

aged zircons indicates that the basement-involved Tuzaklı-Gümele Thrust was active in the early 

Eocene (Mueller et al., 2019). Geodynamic explanations for Eocene magmatism remain 

inconclusive; alternative arguments include lithospheric delamination (van Hinsbergen et al., 

2010; Pourteau et al., 2013), arc volcanism from a different subduction zone system (Okay & Satir, 

2006), and mid-to-late Eocene orogenic collapse and extension (Ustaömer et al., 2009). Yet, if slab 

breakoff was amagmatic (Niu, 2017; Garzanti et al., 2018), it could have occurred ~10 Myr after 

initial collision during the 67-58 Ma magmatic lull. Although this model fails to explain many 

observations of Paleogene deformation, it remains a popular mechanism. Therefore, this scenario 

is possible if amagmatic slab breakoff occurred in the Paleocene, shortly followed by Eocene 

continental underthrusting, contractional deformation, and juvenile magmatism (Figure 3.10c). 

3.7.2.2 Relict Basin Closure 

Although slightly different in nature, in both the Arabia-Eurasia and India-Asia collisions, 

the initial collision of upper plate island arcs or continental terranes with the lower plate continental 

lithosphere results in upper plate backarc basin closure (Jagoutz et al., 2015; e.g., Cowgill et al., 

2016; Kapp and DeCelles, 2019). Initial Arabian collision is inferred from the coeval ca. 36 Ma 

magmatic lull and switch in kinematic regime from extensional to contractional in the Alborz 

Mountains of Iran (Ballato et al., 2011), and increased exhumation rates in the eastern Taurides 
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(Darin et al., 2018) and in the central Pontides (Ballato et al., 2018), for example. Yet initial 

foreland basin sedimentation (Ballato et al., 2011), slowed convergence rates (McQuarrie et al., 

2003), increased exhumation near the Bitlis suture zone (Okay et al., 2010) was delayed until at 

20-17 Ma. Cowgill et al. (2016) suggest that significant upper plate deformation from the Arabia-

Eurasia collision was delayed by ~15-20 Myr by northward jumping deformation. In this scenario, 

collisional stress was transferred through the lithosphere and closed several upper plate basins 

(Cowgill et al., 2016). Eocene-Oligocene Arabian collision along the Bitlis-Zagros suture 

(McQuarrie et al., 2003; McQuarrie and van Hinsbergen, 2013; e.g., Koshnaw et al., 2019) 

initiated backarc basin subduction between the Lesser and Greater Caucasus (e.g., Avdeev and 

Niemi, 2011); then, basin closure around 5 Ma produced a 10-fold increase in Greater Caucasus 

exhumation rates (Avdeev and Niemi, 2011) coincident with foreland basin erosion and non-

deposition, mixing of sediment from the upper and lower plates, and provenance signatures of 

progressive crustal exhuming (e.g., Tye et al., 2020). 

In line with this relict basin closure scenario, major collisional deformation from initial 

TVZ-SKZ underthrusting could be delayed by >20 Myr due to the closure of relict basins to the 

north or south of the İAES (Figure 3.10a). The closure of the Intra-Pontide suture zone is a strong 

candidate to explain this delay because the timing of suturing remains unclear, with proposed ages 

spanning from the Early Cretaceous (Akbayram et al., 2013), Late Cretaceous-Paleocene 

(Göncüoğlu et al., 2000; Robertson and Ustaömer, 2004; Özcan et al., 2012; Di Rosa et al., 2019) 

to the Paleocene-Eocene (Akbayram et al., 2016; Göncüoğlu et al., 2014; Okay et al., 1994). Major 

contractional deformation could also be delayed by the hypothesized southward-jumping 

subduction zones synchronously or sequentially facilitating the closure of Neotethyan oceanic 

basins between Anatolide and Tauride terranes south of the İAES (Pourteau et al., 2013, 2016). 
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Resumed or increased continental underthrusting at 54 Ma along the İAES could partly explain 

the renewal of magmatism without explaining its regional distribution. The lack of clear 

constraints on the IPS suturing age makes it difficult to estimate the accuracy of this mechanism. 

3.7.2.3 Increasing Lithospheric Thickness of the Lower Plate 

An alternate two-stage collision scenario, also invoked for Tethyan collisions, involves the 

gradual increase in thickness of underthrusting lower plate lithosphere (e.g., Ballato et al., 2011; 

Darin et al., 2018; Soret et al., 2021). In the Himalayan sector, the initial collision of India with 

Asia is generally accepted to be 60-55 Ma, when the final vestiges of Neotehyan oceanic crust 

were subducted (Hu et al., 2016 and references therein). In northern Pakistan, Barrovian 

metamorphism from 47 to 38 Ma is coincident with the formation and exhumation of eclogites 

(Soret et al., 2021) along with a >50% decrease in convergence rates at 50-45 Ma (van Hinsbergen 

et al., 2011) and increased exhumation in the Himalaya starting around 35 Ma (Ding et al., 2016). 

Soret et al. (2012) suggest that initial collision, as defined by oceanic basin closure, was followed 

by a phase of “continental subduction” when there was Barrovian metamorphism and convergence 

was accommodated by underplating and tectonic stacking during the slow underthrusting of 

thinned passive margin lithosphere beneath Asia. Then, “collisional initiation” began ca. 38 Ma 

when increased mechanical coupling between India and Asia significantly increased thrust faulting 

(i.e., Main Mantle thrust, Karakorum fault), exhumation, uplift and erosion rates (Soret et al., 

2021).  

Therefore, multi-phase collision in western Anatolia could be attributed to the arrival of 

progressively thicker, buoyant TVZ continental lithosphere beneath the SKZ (Figure 3.10b). At 

76 Ma, the initial “soft” collision, or “continental subduction,” involving thin passive margin 

lithosphere locked the subduction zone megathrust and triggered upper plate shortening 
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(Beaumont et al., 1996; Tye et al., 2020). The appearance of basement-aged zircons in the CSB at 

76 Ma is closely followed by a regional unconformity (Ocakoğlu et al., 2007), magmatic lull (67-

58 Ma), TVZ Barrovian metamorphism (63-57 Ma; e.g., Whitney et al., 2011), and TVZ 

exhumation (60 Ma; Seaton et al., 2009). Then, thick-skinned deformation and basin partitioning 

by 54 Ma (Mueller et al., 2019; Şahin et al., 2019) would represent the final “hard” collision, or 

“collisional initiation,” defined by the arrival of full-thickness continental lithosphere along the 

subduction zone and a more substantial plate coupling manifested as widespread regional 

contractional deformation. A convergence rate of ~5 mm/yr from 76 to 54 Ma (van Hinsbergen et 

al., 2020) predicts 110 km of TVZ underthrusting, which is on the order of narrower passive 

margins on Earth today and significantly smaller than estimates for the amount of underthrust 

thinned, passive margin Arabian lithosphere (~400-480 km; Ballato et al., 2011; Darin et al., 2018). 

This could point to the unknown effect of pre-collisional subduction and ophiolite emplacement 

of the TVZ on its syn-collisional passive margin width and lithospheric thickness. 

3.8 Conclusion 

Our results confirm the protracted nature of the closure of the Neotethys and TVZ-SKZ 

collision in western Anatolia. The first step of Neotethyan closure (i.e., the obduction of 

Neotethyan ophiolitic material on the TVZ at ca. 95 Ma) left barely any mark on the CSB forearc 

basin. This first phase was associated with backarc spreading (i.e., Black Sea basin) that separated 

the Pontides from the Eurasian margin, thus highlighting that extension rather than shortening 

dominated upper plate dynamics (Okay et al., 2013; Okay and Nikishin, 2015; Ocakoğlu et al., 

2018; Campbell et al., in review). During that time, the CSB forearc basin received detritus from 

the Pontide volcanic arc and was unaffected by TVZ subduction and subsequent exhumation. This 
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confirms that this first phase occurred far offshore the SKZ margin, at ca. 750 km based on 

calculations from the plate reconstructions in van Hinsbergen et al. (2020). It remains unclear if 

this first phase corresponds to the obduction of an intra-oceanic arc, or the distal part of a wide 

oceanic forearc basin, as proposed for the India-Asia collision zone (van Hinsbergen et al., 2011, 

2012). Phase 2 started at 76 Ma with the appearance of basement-derived zircons in CSB strata 

followed by the onset of northward prograding deltas and increased in mafic input (Açıkalın et al., 

2016; Ocakoğlu et al., 2018; this study). These results all highlight an onset of İAES uplift and 

exhumation, and indicate a switch in deformation regime at the southern margin of the basin. These 

events are coeval to a regional arc shutdown, and are thus attributed to the onset of TVZ-SKZ 

continental collision and the beginning of TVZ underthrusting below SKZ. Phase 3 began at 54 

Ma and is associated with basin partitioning, shift from thin- to thick-skinned thrusting, and 

regional syn-collisional magmatism. These events indicate a second shift of deformation regime 

and highlight the protracted nature of the collision. 

The structural complexity of the Anatolian lithosphere with numerous tectonic units and 

sutures calls for a polygenetic evolution. İAES closure and suturing may be explained best by 

aspects of three multi-phase collision models: slab breakoff, relict basin closure, and subduction 

of progressively thicker lithosphere. Given the debated chronology of Intra-Pontide suturing and 

Eocene magmatism, the subduction of progressively thicker lithosphere remains the best and 

simplest explanation for protracted collision in western Anatolia. The uninterrupted sedimentary 

record of the forearc-foreland Central Sakarya Basin records a complete history of progressive 

intercontinental collision that can serve as an example for Tethyan collisions. This sedimentary 

basin highlights how the 15-40 Myr discrepancies of collision age across the Alpine-Himalaya belt 
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can be reconciled and synthesized into a holistic model for protracted collisions with changing 

plate coupling. 
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Figure 3.1. Simplified terrane map of Anatolia including hypothesized suture zones (dashed lines) 

modified from Licht et al. (2017). İAES: İzmir-Ankara-Erzincan suture zone; IPS: Intra-Pontide 

suture zone. 
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Figure 3.2. Simplified geologic map of northwestern Anatolia (after Aksay et al., 2002; Duru and 

Aksay, 2002; Gedik and Aksay, 2002; Timur and Aksay, 2002; Turhan, 2002; Şahin et al., 2019). 

See Figure 3.1 for location. 
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Figure 3.3. Simplified Upper Cretaceous through Eocene stratigraphic columns, biostratigraphic 

ages, and sample locations in the Central Sakarya Basin. Stratigraphic columns and age constraints 

are from Ocakoğlu et al. (2018). See Figure 3.2 for stratigraphic column locations. 
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Figure 3.4. Detrital zircon age spectra 

characterizing potential sediment sources  

displayed as histograms (50 Myr bins), 

probability density functions (black lines) 

and optimized fixed bandwidth kernel 

density estimates (gray lines and shading). 

The Karakaya Complex samples are from 

Triassic sedimentary rocks and one 

modern river sample draining the İzmir-

Ankara-Erzincan suture zone. The Central 

Sakarya Basement compilation includes 

bedrock and metasedimentary samples. 

Figure 3.5 contains the legend for DZ 

colors. Data sources: Campbell (2017); 

Mueller et al. (2019); P. Ustaömer et al. 

(2012); T. Ustaömer et al. (2016); this 

study.  
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Figure 3.5. Detrital zircon age spectra from Central Sakarya Basin and Sarıcakaya Basin grouped 

by Phase (see main text); Phase 3 is split into CSB and SB groups. Data are displayed as histograms 

(50 Myr bins), probability density functions (black lines) and optimized fixed bandwidth kernel 

density estimates (colored lines and shading). Data sources: Campbell (2017); Mueller et al. 

(2019); Ocakoğlu et al. (2018); this study. 
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Figure 3.6. Bedrock map of northern Anatolia. Outcrops and isotopic ages of late Neoproterozoic 

through Eocene magmatic and metamorphic rocks adapted from Akdoğan et al. (2017), Ersoy, 

Akal, et al. (2017), and Okay & Nikishin (2015) and references therein. 
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Figure 3.7. Ternary diagrams of CSB sandstone modal compositions. Samples are grouped by the 

sedimentary basin phases discussed in the text. Poles: Qt: total quartz; Qm: monocrystalline quartz; 

F: feldspar; L: lithics; Lm: metamorphic lithics; Ls: sedimentary lithics; Lv: volcanic lithics; Lt: 

total lithics (L + polycrystalline quartz). 
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Figure 3.8. Detrital zircon spectra of sample groups. Histograms (50 Myr bins), probability density 

functions (black lines) and optimized fixed bandwidth kernel density estimates (black lines and 

colored shading) of all bedrock, modern and detrital zircon ages 10-3000 Ma, grouped by basement 

terrane, basin, and stratigraphic age. See main text for discussion. Figure 3.5 contains the legend 

for DZ colors. 
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Figure 3.9. Detrital zircon U-Pb and 

εHf alongside stratigraphic columns. 

SB and CSB εHf data are plotted as a 

40-pt running median, and gray and 

dark gray envelopes represent the 95% 

(2-sigma) and 99.7% (3-sigma) 

confidence intervals, respectively, of 

bivariate optimized-bandwidth kernel 

density estimates (data from Campbell 

et al., in review). All detrital zircon 

ages from 150 to 30 Ma from a 

compilation of all SB and CSB samples 

are displayed as a histogram (1 Myr 

bin) and probability density function. 

The CSB and SB composite 

stratigraphic columns are after Ocakoğlu et al. (2018) and Mueller et al. (2019), respectively (see 

Figure 3.3). The histogram (1 Myr bin) and probability density function depict all 150 to 30 Ma 

SB and CSB DZ ages. Shading highlights the three sedimentary basin phases discussed in the text. 

The CSB and SB composite stratigraphic columns are after Ocakoğlu et al. (2018) and Mueller et 

al. (2019), respectively. DM: depleted mantle; CHUR: chondritic uniform reservoir. 
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Figure 3.10. Schematic diagram of multi-phase collision scenarios (Göncüoğlu et al., 2014; 

inspired by Darin et al., 2018; Di Rosa et al., 2019). (a) Relict basin closure between the Sakarya 

(SKZ) and Istanbul (IST) Zones in the north and/or the Tavşanlı Zone (TVZ) and Afyon Zone or 

Tauride terrane (AF-TAU) in the south (see Figure 3.1). (b) Subduction and underthrusting of 

progressively thicker Tavşanlı Zone lithosphere. (c) Tavşanlı Zone slab breakoff. 
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Table 3.1. New and published samples, units, ages, groups, sample types, and sources. See Figure 3.2 for sample locations.DZ: detrital 

zircon; TS: thin section. (Data sources: 1: Ustaömer et al., 2012, 2: Ustaömer 2016; 3: Campbell, 2017; 4: Ocakoğlu et al., 2018; 5: 

Schleiffarth et al., 2018 and references therein; 6: Mueller et al., 2019; 7: this study). 

Sample Unit Age Group 
Sample 

Type 

Data 

Source 

Central Sakarya Basin 

Yenipazar Section  

15YP13 Yenipazar Fm  Maastrichtian Middle Campanian-lower Eocene DZ 3 

15YP14 Kızılçay Fm  Paleocene Middle Campanian-lower Eocene DZ 3 

18YEN05 Kızılçay Fm  Paleocene-lower Eocene Middle Campanian-lower Eocene DZ, TS 7 

18YEN04 Güvenç Fm Lutetian Middle-upper Eocene DZ, TS 7 

18YEN03 Güvenç Fm Lutetian-Bartonian Middle-upper Eocene TS 7 

17MGB02 Gemiciköy Fm 

Upper Lutetian-Lower 

Bartonian Middle-upper Eocene DZ 7 

18YEN02 Gemiciköy Fm Bartonian-Priabonian Middle-upper Eocene TS 7 

18YEN01 Gemiciköy Fm Bartonian-Priabonian Middle-upper Eocene DZ, TS 7 

Taraklı Section 

18TB01 Taraklı Fm Paleocene-lower Eocene Middle Campanian-lower Eocene DZ, TS 7 

18TB62 Taraklı Fm Paleocene-lower Eocene Middle Campanian-lower Eocene TS 7 

18TBTG Taraklı Fm Paleocene-lower Eocene Middle Campanian-lower Eocene DZ, TS 7 

18T95 Kızılçay Fm Paleocene-lower Eocene Middle Campanian-lower Eocene TS 7 

15YP15 Kızılçay Fm Paleocene-lower Eocene Middle Campanian-lower Eocene DZ 7 

18TK01 Çataltepe Fm Paleocene-lower Eocene Middle Campanian-lower Eocene DZ 7 

Nallıhan Section  

CC082918-01 Yenipazar Fm Cenomanian-Turonian Turonian-lower Campanian DZ, TS 7 

18NAL03 Yenipazar Fm Lower Campanian Turonian-lower Campanian TS 7 

18NAL09 Yenipazar Fm Lower Campanian Turonian-lower Campanian TS 7 

18NAL11 Yenipazar Fm Lower Campanian Turonian-lower Campanian TS 7 
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18NAL04 Yenipazar Fm Lower Campanian Turonian-lower Campanian TS 7 

18NAL05 Yenipazar Fm Middle Campanian Middle Campanian-lower Eocene DZ, TS 7 

18NAL06 Yenipazar Fm Middle Campanian Middle Campanian-lower Eocene TS 7 

18NAL07 Yenipazar Fm Middle Campanian Middle Campanian-lower Eocene TS 7 

18NAL08 Yenipazar Fm Middle Campanian Middle Campanian-lower Eocene TS 7 

18NAL12 Yenipazar Fm 

Upper Campanian-

Maastrichtian Middle Campanian-lower Eocene DZ, TS 7 

18NAL13 Taraklı Fm 

Upper Campanian-

Maastrichtian Middle Campanian-lower Eocene DZ, TS 7 

18NAL14 Taraklı Fm 

Upper Campanian-

Maastrichtian Middle Campanian-lower Eocene TS 7 

CC082918-02 Taraklı Fm 

Upper Campanian-

Maastrichtian Middle Campanian-lower Eocene DZ, TS 7 

Okçular Section  

18YP02 Değirmenözü Fm Santonian-Campanian Turonian-lower Campanian DZ 7 

18DMN01 Değirmenözü Fm Santonian Turonian-lower Campanian DZ 7 

18YP03 Yenipazar Fm Lower Paleocene Middle Campanian-lower Eocene DZ, TS 7 

18YP04 Taraklı Fm Lower-middle Paleocene Middle Campanian-lower Eocene TS 7 

18YP07 Taraklı Fm Lower-middle Paleocene Middle Campanian-lower Eocene TS 7 

18YP06 Taraklı Fm Lower-middle Paleocene Middle Campanian-lower Eocene TS 7 

18YP05 Taraklı Fm Lower-middle Paleocene Middle Campanian-lower Eocene TS 7 

18KIZ01 Kızılçay Fm Paleocene-lower Eocene Middle Campanian-lower Eocene DZ, TS 7 

18HAL01 Halidiye Fm Lutetian Middle-upper Eocene DZ, TS 7 

18HAL02 Halidiye Fm Lutetian Middle-upper Eocene TS 7 

Göynük Section 

17MGB01 Değirmenözü Fm Middle Cretaceous Turonian-lower Campanian DZ 7 

18YP01 Değirmenözü Fm Lower Campanian Turonian-lower Campanian TS 7 

15GO02 Yenipazar Fm Middle-upper Campanian  Middle Campanian-lower Eocene DZ 3, 4 

Saricakaya Basin  

Mayıslar Section  

16SKY04 Kızılçay Gp Ypresian Lower-middle Eocene DZ 6 
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Iğdir Section 

16SKY23 Kızılçay Gp Ypresian Lower-middle Eocene DZ 6 

16SKY26 Kızılçay Gp Ypresian-Lutetian Lower-middle Eocene DZ 6 

Kapıkaya Section  

15YP08 Kızılçay Gp Ypresian-Lutetian Lower-middle Eocene DZ 3 

16SKY37 Kızılçay Gp Ypresian-Lutetian Lower-middle Eocene DZ 6 

15YP09 Kızılçay Gp Ypresian-Lutetian Lower-middle Eocene DZ 3 

16SKY42 Kızılçay Gp Ypresian-Lutetian Lower-middle Eocene DZ 6 

16SKY50 Kızılçay Gp Ypresian-Lutetian Lower-middle Eocene DZ 6 

Ozanköy Section  

17OZK05 Kızılçay Gp Ypresian-Lutetian Lower-middle Eocene DZ 6 

17OZK12 Kızılçay Gp Ypresian-Lutetian Lower-middle Eocene DZ 6 

Provenance Sources  

Catli Söğüt magmatics Carboniferous Central Sakarya Basement Bedrock 1 

Kuplu Söğüt magmatics Carboniferous Central Sakarya Basement Bedrock 1 

Borcak Söğüt magmatics Carboniferous Central Sakarya Basement Bedrock 1 

17BASE01 Söğüt metamorphics Devonian Central Sakarya Basement 

Metased 

DZ 6 

SgtMeta 

Central Sakarya 

Basement Neoproterozoic Central Sakarya Basement Bedrock 1 

090717-6 Paragneiss Carboniferous Central Sakarya Basement Bedrock 7 

090717-16 Orthogneiss Carboniferous Central Sakarya Basement Bedrock 7 

17RIVER01 

Modern river 

draining 

accretionary prism Quaternary İzmir-Ankara-Erzincan Suture 

Modern 

river sand 6 

KK.10 Kendirli Fm Upper Triassic Karakaya Complex Bedrock 2 

K.12.102 Cambazkaya Fm Norian Karakaya Complex Bedrock 2 

K.12.91 Cambazkaya Fm Norian Karakaya Complex Bedrock 2 

15YP12 Greenschist unit Carboniferous Karakaya Complex Bedrock 3 

Central-Eastern Pontides 

Magmatism 

Igneous units 

compilation 100-30 Ma Central-Eastern Pontides Bedrock 5 
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Chapter 4. Resolving the chronology of Intra-Pontide suturing using 

multi-proxy sedimentary provenance analysis 

The content of this chapter is in preparation:  

Megan A. Mueller, Clay F. Campbell, Faruk Ocakoğlu, Andreas Möller, Cailey B. Condit, Michael 

H. Taylor, K. Christopher Beard, Grégoire Métais, Pauline M. C. Coster, Kyle Lowery, 

Samuel Shekut, Abel Guihou, Alexis Licht. in prep. Resolving the chronology of Intra-

Pontide suturing using multi-proxy sedimentary provenance analysis. 

 

Abstract 

This study presents sedimentary provenance results from northwest Anatolia in order to 

evaluate the chronology of Intra-Pontide suturing. Detrital rutile results yielded highly discordant 

ages and we discuss a path forward to utilizing detrital rutile as a provenance proxy in accretionary 

collisional settings. Detrital zircon and sandstone petrography results from across the Intra-Pontide 

suture demonstrate Paleocene exhumation and sediment recycling of the accretionary prism 

associated with the onset of collision. Accretionary prism uplift, exhumation and contractional 

deformation at the Intra-Pontide suture coincided with the onset of basement-involved 

contractional deformation along the İzmir-Ankara-Erzincan suture. This means that collisional 

deformation from the İzmir-Ankara-Erzincan suture was taken up at the Intra-Pontide suture zone 

until Paleocene times. Relict basin closure, therefore, plays an important role in controlling the 

tempo and style of collisional deformation. This study highlights how close-proximity subduction 

systems and continental collisions exert a first-order control on collisional geodynamics. 
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4.1 Introduction 

Tectonic reconstructions of the opening and closing of the Neotethys Ocean during the 

Mesozoic through Cenozoic convergence of Afro-Arabia with Eurasia foundationally underlies 

our present understanding of subduction zone geodynamics and accretionary collisional tectonics 

(Royden and Burchfiel, 1989; Royden, 1993; Davies and von Blanckenburg, 1995; Jolivet and 

Faccenna, 2000). The chronology of subduction, accretion, and collision of these continental 

domains is heavily debated (Pourteau et al., 2016; Hu et al., 2016; Kapp and DeCelles, 2019; van 

Hinsbergen et al., 2020). Even though the relative plate motions of Eurasia and Afro-Arabia are 

well-established, the trajectories of eastern Mediterranean continental terranes are poorly resolved 

by paleomagnetism, with uncertainties of ± 3-5° latitude (± 300-500 km; Meijers et al., 2015). The 

location of tectonic units through time is only further complicated by the non-cylindrical nature of 

the orogens (Gürer and van Hinsbergen, 2018). Plus, the opposing forces of subduction and 

backarc extension (Royden and Burchfiel, 1989; Stampfli and Borel, 2002), the timing and extent 

of which are debated, affect the location of continental margins through time. Numerical models 

of double subduction zones, which are proposed for various branches of the Neotethys Ocean 

(Speciale et al., 2012; Shin et al., 2013; Plunder et al., 2013a; Jagoutz et al., 2015; Pourteau et al., 

2016; van Hinsbergen et al., 2016; Gürer et al., 2018), demonstrate that feedback between the 

downgoing slabs control subduction speed and trench retreat and advance (Jagoutz et al., 2015; 

Faccenna et al., 2017; Holt et al., 2018). In addition, in western Anatolia, backarc extension was 

possibly initiated by the pre-collisional subduction of the lower plate passive margin (i.e., Tavşanlı 

Zone; Figure 4.1; Campbell et al., in review), demonstrating complex feedbacks between double 

subduction systems in collisional events. Furthermore, the transfer of collisional stress through the 



95 

 

 

lithosphere to adjacent subduction systems could control the tempo and style of collisional 

deformation (Cowgill et al., 2016; see also Chapter 3: Mueller et al., in review). 

Therefore, Anatolia is the ideal location to investigate the mechanisms controlling double 

subduction systems and protracted continental collisions. In northwest Anatolia, the main 

Neotethyan suture, the İzmir-Ankara-Erzincan suture (İAES), is located ~30-100 km south of the 

Intra-Pontide suture (Figure 4.1). Each suture zone marks the location of one branch of the 

Neotethys Ocean; their Mesozoic-Cenozoic closures were facilitated by one or two synchronous 

or episodic subduction zones in each oceanic basin (Moix et al., 2008; Speciale et al., 2012; Shin 

et al., 2013; Pourteau et al., 2016). However, the number and polarity of subduction zones and the 

timing of collisions is highly debated, ranging from the Triassic to Eocene (e.g., Şengör and 

Yilmaz, 1981; Moix et al., 2008; Pourteau et al., 2016; Akbayram et al., 2016). Sedimentary 

deposits across the suture zones record near continuous Jurassic through Eocene deposition 

(Altiner et al., 1991; Tüysüz, 1999; Yiğitbaş et al., 1999; Okay et al., 2001; Ocakoğlu et al., 2018), 

and therefore preserve the history of suturing in both locations. Sedimentary facies and provenance 

reconstructions from the forearc-foreland Central Sakarya Basin north of the İAES (Figure 4.2) 

demonstrate that collision along the İAES began at ca. 76 Ma (Açıkalın et al., 2016; Ocakoğlu et 

al., 2018; Chapter 3: Mueller et al., in review), yet major contractional deformation and foreland 

partitioning was delayed by ~20 Myr (Mueller et al., 2019). Geodynamic explanations for 

protracted İAES suturing include slab breakoff (Harris et al., 1994; Altunkaynak and Dilek, 2006; 

Kasapoğlu et al., 2016; Ersoy et al., 2017a), and subduction of thinned passive margin lithosphere 

and relict basin closure at the Intra-Pontide suture (Chapter 3: Mueller et al., in review). 

We present new detrital zircon U-Pb, detrital rutile U-Pb and sandstone petrography results 

from Late Cretaceous-Eocene sedimentary units from the Intra-Pontide suture zone and the 



96 

 

 

western Central Sakarya Basin on the Sakarya Zone (Figure 4.2). The provenance results are 

compared to those from the main Central Sakarya basin, located on the Sakarya Zone south of the 

IPS. There was not shared provenance across the IPS during the Late Cretaceous to Eocene. The 

evolution of sedimentary provenance in the IPS demonstrates that collision between the Istanbul 

and Sakarya Zones occurred sometime in the Paleocene-early Eocene.  

4.2 Geologic Background 

4.2.1 Chronology of the Intra-Pontide Suture 

Resolving the timing of the Intra-Pontide suturing is critical for geodynamic and tectonic 

reconstructions of the İAES. The ~750-km long Intra-Pontide suture (IPS) demarcates the Istanbul 

Zone (IST) from the Sakarya Zone (SKZ; Figure 4.1) and marks the former location of the Intra-

Pontide Ocean, which opened sometime in the Early Triassic to Jurassic (Robertson and Ustaömer, 

2004; Akbayram et al., 2013; Marroni et al., 2020). The closure of the Intra-Pontide ocean began 

by the Early Cretaceous and was facilitated by one, two, or three north- or south-dipping 

subduction zones (Akbayram et al., 2013; Marroni et al., 2020). The timing of suturing is difficult 

to determine, in part because of the along-strike variability in lithologic units and extensive late 

Cenozoic deformation of the Intra-Pontide suture zone by the dextral North Anatolian Fault (ca. 

50 to 100 km offset, Şengör et al., 2005). Based on the age of the first transgressive sediments 

across the suture zone and the timing of metamorphism, a range of collision ages are suggested: 

Triassic (Bozkurt et al., 2013), Early Cretaceous (Okay et al., 2013; Akbayram et al., 2013; Frassi 

et al., 2017; Marroni et al., 2020), pre-Santonian (Özcan et al., 2012), Late Cretaceous (Robertson 

and Ustaömer, 2004; Keskin and Tüysüz, 2018), Paleocene-early Eocene (Şengör and Yilmaz, 

1981; Okay et al., 1994; Catanzariti et al., 2013; Göncüoğlu et al., 2014; Akbayram et al., 2016). 
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It is generally agreed that Triassic metamorphism records an earlier Sakarya-Istanbul collision 

event (Bozkurt et al., 2013), which was followed by Late Triassic rifting between Sakarya-Istanbul 

(e.g., Marroni et al., 2020). Subduction initiation is recorded by Late Jurassic-Early Cretaceous 

metamorphism (155-135 Ma: Akbayram et al., 2013; Marroni et al., 2020) and is coeveal with 

supra-subduction zone ophiolite formation (Marroni et al., 2020 and references therein). Early 

Cretaceous metamorphism (135-119 Ma) and the regional transgression of Santonian-Campanian 

and younger sedimentary units covering the suture zone are interpreted as an Early Cretaceous age 

for IST-SKZ collision (Akbayram et al., 2013; Marroni et al., 2020). The Late Cretaceous 

blueschist-eclogite facies metamorphic rocks identified in the eastern and western segments of the 

IPS are instead considered representative of IST-SKZ collision (Marroni et al., 2020) and their 

absence in the central segment could be due to late Cenozoic displacement along the North 

Anatolian Fault (Akbayram et al., 2016). In contrast, Akbayram et al. (2016) rely on Late 

Paleocene unconformities in the Istanbul and Sakarya Zones (Özcan et al., 2012) to argue that the 

first transgressive molasse units are Ypresian in age. 

4.2.2 Istanbul Zone 

The Istanbul Zone (IST) is a ~750 km long, 55-km wide continental fragment located along 

the southwest coast of the Black Sea (Figure 4.1). The IST is separated from the Central Pontides 

to the east and Sakarya Zone to the south by the Intra-Pontide Suture (IPS), which contains 

ophiolitic and accretionary prism units (Akbayram et al., 2016; Marroni et al., 2020). The IST 

basement units are correlated with Avalonian terranes (Okay et al., 1994, 2008, 2011; Ustaömer 

et al., 2011), and paleogeographic reconstructions place the IST between the Moesian Platform 

and Crimea until Aptian-Albian times (Okay et al., 1994). The IST metamorphic basement (i.e., 

Pamukova Complex, Bolu Massif) comprises Neoproterozoic gneisses and amphibolites intruded 
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by late Neoproterozoic-Ordovician granites (Chen et al., 2002; Ustaömer et al., 2005; Okay et al., 

2008; Akbayram et al., 2013). The IST basement is unconformably overlain by a Paleozoic 

sedimentary sequence intruded by Permian granitoids (Akbayram et al., 2013; Akdoğan et al., 

2020), which is in turn unconformably overlain by Triassic deep marine limestone and flysch 

(Akbayram et al., 2013). The Paleozoic-Triassic sequence is unconformably overlain by the 

Kocaeli Basin strata (Akbayram et al., 2013). Late Cretaceous volcanic and plutonic rocks are 

widespread along the southern Black Sea coast (Okay and Nikishin, 2015; Keskin and Tüysüz, 

2018; Aydin et al., 2020).  

The units within the Intra-Pontide suture, located on the Armutlu Peninsula within the 

North Anatolian Fault zone, are poorly exposed, and their names, structural relationships, lateral 

continuity, and tectonic setting are inconsistent across the literature (see Akbayram et al., 2013). 

The units that crop out in the central segment of the suture zone are summarized, from top to 

bottom. The Campanian-Eocene sedimentary units unconformably overlie all older units 

(Akbayram et al., 2013) and potentially belong to the Kocaeli Basin. The Istanbul Zone basement 

(Pamukova Complex) is exposed and imbricated with the Late Jurassic-Early Cretaceous Gemlik 

Mélange (Akbayram et al., 2013). The Istanbul Zone basement tectonically overlies an Early 

Cretaceous accretionary prism of greenschist facies metabasites, serpentinites, metachert and 

phyllite (Sapanca Complex; Akbayram et al., 2013). The protoliths are undated but the phyllite 

has a Rb-Sr muscovite age of 110.8 ± 3.4 Ma (Akbayram et al., 2013). Tectonically underlying the 

Sapanca Complex are the Triassic arkosic metasandstones and marbles of the Maşukiye Group, 

metamorphosed to greenschist facies in the Early Cretaceous (Akbayram et al., 2013). This unit is 

the Triassic IST continental margin succession, variably interpreted as rift basin fill in the Intra-

Pontide ocean basin, the equivalent of the Karakaya Complex in the Sakarya Zone, or the lateral 
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equivalent of the Rhodope-Strandja Zone passive margin (Robertson and Ustaömer, 2004; 

Akbayram et al., 2013). 

South of the Istanbul Zone, the Sakarya Zone is the western segment of the Pontides (Figure 

4.1 and Figure 4.2). The Sakarya Zone basement is composed of early Paleozoic metamorphosed 

continental units intruded by Carboniferous granitoids called the Central Sakarya Basement 

(Göncüoğlu et al., 2000; P. Ustaömer et al., 2012; T. Ustaömer et al., 2016) and the Permian-

Triassic subduction-accretion complex, the Karakaya Complex (Okay and Göncüoglu, 2004). The 

basement units are unconformably overlain by non-metamorphosed Jurassic through Eocene 

sedimentary units belonging to the Central Sakarya Basin (CSB; Aksay et al., 2002). The Central 

Sakarya Basin includes the Eocene broken foreland Sarıcakaya Basin (Mueller et al., 2019) which 

is bound to the south by the İzmir-Ankara-Erzincan suture zone. 

4.2.3 Upper Cretaceous through Eocene Stratigraphy 

4.2.3.1 Kocaeli Peninsula  

In the eastern IST, the Kocaeli Basin consists of a near-continuous series of Jurassic 

through Eocene strata (Akbayram et al., 2016), whereas in the western IST, the Kocaeli Basin 

consists of Late Cretaceous-Eocene strata (Özcan et al., 2012). Upper Cretaceous through Eocene 

deposition was nearly continuous in the Kocaeli Peninsula (Figure 4.3; Özcan et al., 2012). Near 

the Black Sea coast, the Santonian-Campanian volcanic and volcaniclastic Yemişliçay Group 

unconformably overlies Triassic and older sedimentary units (Özcan et al., 2012). The Yemişliçay 

Group was deposited in a northern magmatic arc basin; a ridge separated the northern 

volcaniclastic units from the southern siliciclastic turbidites and calcarenites in the Armutlu 

Peninsula (cf. Section 4.2.2.3; Özcan et al., 2012). The Yemişliçay Group and the southern sub-

basin units are conformably overlain by the Campanian-Thanetian Akveren Formation, which 
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grades into the Thanetian-Ilerdian marl and shale Atbaşı Formation. Across the Istanbul Zone, 

there is a lower Eocene unconformity (Özcan et al., 2012). Deposition resumes with the Ypresian 

Çaycuma Formation flysch series, which is unconformably overlain by the early Lutetian shallow 

marine limestone Yunuslubayır Formation (Özcan et al., 2012).  

4.2.3.2 Intra-Pontide Suture 

Akbayram et al. (2016) identified seven Late Cretaceous-Eocene sedimentary units within 

the Intra-Pontide suture zone near Geyve and Pamukova (Figure 4.2) and presented a refined 

stratigraphy with new paleontologic ages (Figure 4.3): the Upper Cretaceous Gemlik Mélange 

comprising blocks of ophiolite, metasediments and limestone in a graywacke-phyllite matrix, the 

Cenomanian–Santonian Vezirhan Formation containing pelagic limestone and shale, and the 

Maastrichtian neritic Taşlıtepe Limestone unit. The following four units are possibly conformable 

in some locations: the Campanian-Maastrichtian Osmanyie Formation comprised of clastic rocks, 

debris flow deposits and limestone blocks, the Paleocene debris flows of the Kaşıkçılar Formation, 

the carbonate debris of the Kadirler Formation which is upper Paleocene to lower Eocene but 

Maastrichtian in age in places, and the lower Eocene the Bakacak Formation containing debris 

flows and flysch matrix (Akbayram et al., 2016). The tectonic setting of the IPS units is unclear, 

but Akbayram et al. (2016) states that the Osmaniye Fm was deposited in a “tectonically active 

basin, possibly a foredeep” and the Kadirler Fm is a mélange formed during subduction of the 

Intra-Pontide Ocean. 

4.2.3.3 Armutlu Peninsula 

The Armutlu Peninsula stratigraphy (Figure 4.3) includes the Campanian basal deep 

marine clastic, debris flow and proximal siliciclastic flysch sequence of the Osmaniye Formation, 
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which is in tectonic contact with the Istanbul Zone metamorphic basement (Özcan et al., 2012). 

The Osmaniye Formation was deposited in a forearc sub-basin separated from the northern 

Yemişliçay Group by a forearc ridge (Özcan et al., 2012). The Campanian-Paleocene pelagic 

limestone Akveren Formation in the north passes laterally into the clayey limestones, marls and 

calciturbidites of the Üreğil Formation (Özcan et al., 2012). The Paleocene strata are 

unconformably overlain by the Ypresian-Lutetian shallow marine clastic Çaycuma Formation 

which, in some places, is capped by andesitic volcaniclastics. The Armutlu Peninsula was 

originally considered part of the Sakarya Zone (Yiğitbaş et al., 1999), yet correlation of 

sedimentary, plutonic metamorphic units along the IPS place the Armutlu Peninsula in the Istanbul 

Zone (Okay et al., 2008; Akbayram et al., 2016).  

In the south, the Yemişliçay Group is absent and the Akveren Formation unconformably 

overlies Triassic and older units (Özcan et al., 2012). The Akveren Formation contains pelagic 

limestones and coarse-grained turbidites and is disconformably overlain by the Ypresian-Lutetian 

shallow marine Çaycuma Formation (Özcan et al., 2012). 

4.2.3.4 Sakarya Zone 

The main sedimentary basin of the Sakarya Zone is the Central Sakarya Basin (CSB). The 

Jurassic through Lower Cretaceous CSB series includes platform carbonates, calciturbidites and 

interbedded volcaniclastics (Altiner et al., 1991; Genç and Tüysüz, 2010). Overall, the Upper 

Cretaceous flysch deposits are unconformably overlain by Paleocene-Eocene molasse deposits 

(e.g., Okay et al., 2001; Açıkalın et al., 2016; Ocakoğlu et al., 2018). The Upper Cretaceous-

Eocene deposits record closure of the southern Neotethys Ocean and progressive collision along 

the İzmir-Ankara-Erzincan suture zone (Figure 4.1; Okay et al., 2001; Ocakoğlu et al., 2007, 2018; 

Açıkalın et al., 2016; Chapter 3). The southern CSB transitions from a forearc to foreland basin 
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fed by north-flowing drainage systems (Ocakoğlu et al., 2018; Chapter 3). In the northern CSB, 

slide blocks in the Maastrichtian-Paleocene flysch were derived from the Intra-Pontide suture (Di 

Rosa et al., 2019). Basement-involved deformation was active by the Eocene, during which the 

Tuzaklı-Gümele Thrust partitioned the CSB and formed the broken foreland Sarıcakaya Basin 

(SB). 

Upper Cretaceous through Eocene sedimentary units crop out north of Bursa in the Sakarya 

Zone (Figure 4.2). Upper Cretaceous rocks unconformably overlie Jurassic limestones or the 

Permian-Triassic Karakaya Complex; the Turonian-Santonian Vezirhan Formation of the 

Gölpazarı Group consists of basal conglomerate and sandstone units and overlying pelagic 

limestone which passes into the Gölpazarı Group flysch (Özcan et al., 2012). The Lower Eocene 

series, first defined by (Genç, 1986), includes the Ypresian terrigenous conglomerates of the 

Kuşkayası Formation, Ypresian (middle Cuisian) shallow marine clastics and limestones of the 

Fındıcak Formation, Ypresian-Lutetian andesitic lava flows of the Sarıkaya Formation, Lutetian 

fluvial clastics of the Dürdane Formation, and Lutetian volcaniclastic, sandstone and shallow 

marine limestones of the Müslümsölöz Formation (Özcan et al., 2012). 

In a regional correlation of Bursa region of the Sakarya Zone, Armutlu Peninsula, and 

Kocaeli Peninsula (Figure 4.2), Özcan et al. (2012) suggest that the Santonian-Campanian and 

younger units are laterally continuous across this entire region. Transgressive sedimentary 

sequences across the IPS support at pre-Santonian collision between the Sakarya and Istanbul 

Zones (Özcan et al., 2012; Akbayram et al., 2016; Marroni et al., 2020). This implies that the strata 

in the Bursa region are part of the Central Sakarya Basin and, by extension, that the Kocaeli and 

Central Sakarya Basins were connected from the Upper Cretaceous through Eocene. We 

tentatively consider the Bursa region stratigraphy as the western CSB. 
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4.3 Analytical Methods 

This study presents new sedimentary provenance data from across the Istanbul Zone. 

Samples were collected from Late Cretaceous-Eocene sedimentary units in the western CSB 

(Bursa region), Armutlu Peninsula, Intra-Pontide suture zone near Geyve, and the Kocaeli 

Peninsula (Figure 4.2).  

4.3.1 Detrital Zircon Geochronology 

The 12 new detrital zircon samples (Table 4.1) were collected from the Bursa region of the 

Central Sakarya Basin, the Armutlu Peninsula, and the Intra-Pontide Suture Zone. Samples were 

also collected from the Kocaeli Peninsula but are not included in the results and discussion at this 

time (Figure 4.3). The samples were processed following standard procedures for detrital heavy 

mineral separation, including mechanical crushing and density and magnetic separation. The grain 

size of analyzed grains was not measured directly but ranged from silt- to sand-sized in most 

samples. Zircons were mounted with reference materials in 25-mm epoxy cups and imaged with a 

TFS Apreo-S with Lovac Scanning Electron Microscope (SEM). The samples were analyzed in 

two labs at two different times. Samples from the Intra-Pontide suture (i.e., ‘17IST’ samples) were 

first analyzed at the University of Washington TraceLab using an iCAP RQ quadrupole ICP-MS 

coupled to a Photon Machines AnalyteG2 excimer laser ablation system. Analyses were performed 

using a 25-μm beam diameter and were normalized against the Plešovice zircon (337 Ma; Sláma 

et al., 2008) and a suite of secondary reference materials (Table A.1). In addition, the ‘CC’ samples 

and additional zircons from the ‘17IST’ samples were analyzed at CEREGE using an Element XR 

ICP-MS coupled to an ESI NWR213 laser ablation system using a 20-μm beam diameter and were 

calibrated against the same suite of reference materials. The data were reduced in iolite (Paton et 
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al., 2011) and an in-house MATLAB algorithm for updating age uncertainties according to current 

practices in U-Pb geochronology (see Shekut and Licht, 2020). Detrital zircon U-Pb ages are 

presented with 2-sgima measurement error and uncorrected for common lead; typical measurement 

uncertainties are 1%-4% and the systematic uncertainties are 1%-3%. All detrital zircon methods 

and data are included in the supporting information, including U-Pb ages corrected for common 

lead with the Andersen Routine of the VizualAge Data Reduction scheme (Chew et al., 2014). 

Detrital zircon results are presented as histograms, pie charts, kernel density estimates and 

probability density functions (detritalPy: Sharman et al., 2018). We group the new Istanbul Zone 

samples by stratigraphic age and compare the results to published detrital zircon age spectra from 

the Istanbul Zone, Central Sakarya Basin, Sarıcakaya Basin, Karakaya Complex, and Central 

Sakarya Basement. Sample information is given in Table 4.1 and data are included in the 

supplemental data files. 

Maximum depositional ages of the new detrital zircon samples were calculated using 

detritalPy (Sharman et al., 2018). Three maximum depositional ages are presented: the youngest 

single grain, the youngest cluster of 2 or more ages with overlapping 1-sigma uncertainties, and 

the youngest cluster of 3 or more ages with overlapping 2-sigma uncertainties (Table 4.2). 

4.3.2 Sandstone Petrography 

Modal sandstone compositions were determined using the Gazzi-Dickinson point counting 

method (Dickinson, 1985). Petrographic thin sections were prepared by National Petrographic 

Service, Inc. and by Alpine Vantage Geological Consulting, LLC. Between 384 and 437 points 

per slide were counted then plotted on ternary diagrams using Triplot (Graham and Midgley, 

2000b). Ternary diagrams are interpreted using typical provenance source fields (Dickinson and 
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Suczek, 1979; Dickinson et al., 1983; Dickinson, 1985). Modal data are included in the 

supplemental data files.  

4.3.3 Detrital Rutile Geochronology 

4.3.3.1 Detrital Rutile as a Provenance Proxy for Accreted Terranes 

Rutile is a durable and abundant heavy mineral in sedimentary rocks and preserves 

information about the last metamorphic cycle (Zack et al., 2004a). Detrital rutile as a provenance 

proxy is becoming more popular (Zack et al., 2004a; Meinhold, 2010; Okay et al., 2011; Triebold 

et al., 2012; Gaschnig, 2019; Odlum et al., 2019; Pereira et al., 2020) and is especially 

advantageous when tracking sediment flux from moderate- to high-temperature metapelitic and 

metabasic rocks (Zack and Kooijman, 2017). Rutile U-Pb, with a closure temperature of 490–640 

°C (Kooijman et al., 2010), records cooling through greenschist facies conditions following higher 

grade metamorphism (Zack et al., 2004b; Kooijman et al., 2010; Zack and Kooijman, 2017). 

Therefore, detrital rutile is a promising sedimentary provenance proxy in forearc-foreland basin 

settings, like northwestern Anatolia, in which accreted terranes and exhumed accretionary prism 

units are thought to be a significant sediment source.  

The lithologies of potential sediment sources must be considered when choosing which 

rutile grains to analyze. Rutile varies in U concentration depending on the metamorphic protolith: 

rutile from eclogites have, on average, 75% less U than those from metapelites (i.e., 5 ppm vs. 21 

ppm; Meinhold, 2010). Some detrital rutile methods propose to first analyze trace elements in 

order to selectively filter out rutile grains with low U concentrations (ca. < 4-5 ppm; Zack et al., 

2004; Okay et al., 2011; Rösel et al., 2019). Although filtering out low U rutile produces a higher 

proportion of concordant analyses and reduces U-Pb analytical times, it introduces bias into the 

provenance results: not analyzing low U rutile may introduce bias by not fully capturing sediment 
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flux from mafic sources. For example, when using a filter of [U] > 4 ppm, Rösel et al. (2014) 

determined that 94% of analyzed rutile were metapelitic in origin. This method may make sense 

for some studies based on the lithologies of potential sediment sources (e.g., Rösel et al., 2014). 

However, metamafic suture zone units, presumably with low U rutile, are expected to be a major 

contributor of detritus to northwestern Anatolian basins. Therefore, analyzing detrital rutile of all 

U concentrations offers the opportunity to reconstruct sedimentary provenance in forearc and 

accretionary tectonic settings.  

4.3.3.2 Rutile Separation and EDS Imaging 

In order to extract detrital rutile, all heavy mineral fractions from post-water table 

separation steps were recombined and reprocessed. Samples were first separated in heavy liquids 

(i.e., methylene iodide). The Frantz magnetic separator was set to 20° side slope and 20° forward 

slope such that rutile grains were separated into the 0.3 to 0.7 amp. fraction (Rosenblum and 

Brownfield, 2000). Rutile grains were handpicked with a Leica M205C binocular microscope 

using transmitted and polarized light. For samples with a small quantity of heavy mineral grains, 

rutile was picked from all 0.3 to >1.5 amp. magnetic fractions. Rutile grains were red-brown-

yellow color in reflected light, red to opaque in plane polarized light, and displayed a resinous to 

vitreous luster; grains were well rounded to euhedral with many displaying twinning characteristic 

of rutile’s tetragonal crystal system and striations parallel to the long axis. Grains were placed on 

Kapton tape and mounted in epoxy in 25-mm diameter cups. The mounts were polished to expose 

the internal structure of the grains. 

Rutile mounts were carbon coated and imaged with a TFS Apreo-S with Lovac SEM with 

an energy-dispersive detector (EDS) to distinguish rutile grains from other spurious heavy 

minerals. The carbon coat was removed first with isopropanol and in an ultrasonic. The epoxy 
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mounts were polished again with 1 um and 0.25 um grit in felt. Samples were soaked in 2M nitric 

acid (HNO3) in the ultrasonic, then in ultra-pure water in the ultrasonic. 

4.3.3.3 Rutile U-Pb Analytical Protocol, Validation, and Data Reduction  

Detrital rutile U-Pb geochronology and trace element analysis was conducted at the Isotope 

Geochemistry Lab at the University of Kansas using a Thermo Element2 magnetic sector field 

ICP-MS coupled to a Photon Machines AnalyteG2 excimer laser ablation system. We used a 

modified protocol from Rösel et al. (2019). Because metamafic rocks, which have low U 

concentrations, were suspected to be an important sedimentary source, we designed a protocol to 

maximize U sensitivity. We spent a significant amount of time tuning acquisition parameters and 

in the end opted for a beam diameter of laser beam diameter of 50 μm, running the secondary 

electron multiplier in ‘both mode’ to handle both the high U counts in the standards and low U 

counts in the unknowns, and using a long washout time of 15 seconds time to get a steady, low 

238U background. Rutile unknowns were calibrated against a suite of reference materials: R10 

(Luvizotto et al., 2009), Wodgina (Ewing, 2011), 9826J (Kylander-Clark, 2008), LJ04-08 (Apen 

et al., 2020), and Kragerø (Kellett et al., 2018). The protocols reproduced the published ages of 

the reference materials (Figure A.1). 

The data were reduced in iolite 4 (Paton et al., 2011), calibrated against the R10 standard. 

Individual analyses with >15% discordance in 207Pb/206Pb ratios (Lippert, 2014) or abnormal 

patterns in raw signal intensity were excluded from analyses and interpretations but are included 

in the supplementary data files.  
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4.3.3.4 Discordance and Best Age Calculation 

We encountered several complications in collecting, reducing, and interpreting the data, 

mostly revolving around low U and high common Pb concentrations. The incorporation of 

common (non-radiogenic) Pb and low initial U concentration which only decays to a small amount 

of radiogenic Pb, makes common Pb corrections important (Cherniak, 2000; Meinhold, 2010). 

Common Pb corrections use either measured 208Pb (Zack et al., 2011) or isochrons on concordia 

diagrams (Tera and Wasserburg, 1972; Meinhold, 2010). Most of the analyzed detrital rutile are 

discordant and many have high concentrations of common Pb. An initial attempt at a 208Pb 

correction increased the average discordance by 50% (following Odlum et al., 2019; M. Odlum, 

pers. comm., 2021). Therefore, we use the Tera-Wasserburg method to evaluate discordia arrays; 

results were plotted using IsoplotR (Vermeesch, 2018) with a 238U/235U value of 137.88 (Steiger 

and Jäger, 1977) and unanchored discordia linear regressions calculate the age of rutile 

populations.  

4.4 Sedimentary Provenance Results 

4.4.1 Detrital Zircon Results 

4.4.1.1 Maximum Depositional Age 

We present new detrital zircon ages (N=12, n=3114) from Late Cretaceous through Eocene 

strata and modern river sands in the Istanbul Zone (Figure 4.4; Table 4.1). The maximum 

depositional ages (MDAs) provide age constraint for 5 of the 10 pre-Quaternary samples (Table 

4.2). For 5 samples (17IST01, 17IST05, 17IST03, CC083118-02, CC090118-02), the youngest 

zircons are ~40-150 Myr older than published biostratigraphic ages so do not offer additional age 

constraints (Özcan et al., 2012; Akbayram et al., 2016). For 3 of the samples (CC083118-07, 
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CC083118-06, CC090118-01), the three calculated MDA ages agree within 1-2 Myr and are 

aligned with published biostratigraphic ages (Özcan et al., 2012). Sample 17IST04 was collected 

from the lower Eocene Bakacak Formation (Figure 4.3) and has one zircon at 39.9 ± 1.4 Ma (1s) 

and the next youngest zircon is 109.7 ± 1.4 Ma (1s), and the youngest cluster with overlapping 1-

sigma error gives an MDA of 145.1 ± 1.7 Ma (1s). Even though the MDA from the youngest single 

grain can be spurious (Dickinson and Gehrels, 2009), we accept a Ypresian age for sample 

17IST04. Similarly, sample 17IST02 was collected from the Kadirler Fm and has a youngest single 

grain MDA of 52.7 ± 0.8 Ma (1s) and the youngest cluster with overlapping 1-sigma error gives 

an MDA of 65.5 ± 0.8 Ma (1s). Sample 17IST02 is important for provenance and geodynamic 

interpretations (cf. Section 4.5), therefore we prefer to conservatively consider this sample upper 

Paleocene-lower Eocene.  

4.4.1.2 Istanbul Zone 

The three Upper Cretaceous samples from the Armutlu Peninsula and IPS have a prominent 

age peak around 300-315 Ma, a broad 450-650 Ma peak, and a small proportion of zircons older 

than 650 Ma (Figure 4.4). The upper Paleocene-lower Eocene sample has a wide range of zircon 

ages, including a prominent 80 Ma peak, minor peaks around 50 Ma, 160 Ma, 235 Ma and 300 

Ma, and a broad distribution of 400-800 Ma zircons. The two Lower Eocene samples have a 

prominent 315 Ma peak and smaller 150-175 Ma, 225-250 Ma, and 380 Ma peaks, and a range of 

Proterozoic age zircons, including 425-650 Ma grains. Additionally, these samples have very few 

Eocene grains (n=1/615), no Late Cretaceous grains, few Early Cretaceous grains (n=3/615). The 

Quaternary sample that was collected from a river draining Upper Cretaceous-Eocene strata in the 

Kocaeli Peninsula contains prominent peaks around 80 Ma, 300 Ma, 450 Ma, and 525-575 Ma; 

there is one Eocene zircon (54 Ma), and minor populations around 150 Ma and >800 Ma. 
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4.4.1.3 Western Central Sakarya Basin 

Samples from the Bursa region of the Sakarya Zone are possibly the western Central 

Sakarya Basin (Figure 4.2; cf. Section 4.2.3.4). Upper Cretaceous through Eocene samples are 

characterized by zircon age peaks at 250 Ma and 325 Ma with minor populations around 425-475 

Ma and 525-700 Ma (Figure 4.4). The Upper Cretaceous samples contain Late Cretaceous zircons 

and a minor proportion of ca. 900 Ma and 1800 Ma zircons. Two samples, CC090118-01 

(Santonian) and CC083118-06 (Ypresian) have a minor Jurassic age peak. The Eocene samples 

have a large proportion of early Eocene age zircons. Additionally, the modern river sample and 

Santonian sample contain a small proportion of Devonian age zircons. 

4.4.1.4 Age Signature of Potential Sediment Sources 

The new detrital zircon samples are grouped into broad age bins by geographic region 

(Figure 4.5). The sample groups are used to compare with compilations of detrital and bedrock 

zircon U-Pb ages from northwest Anatolia (cf. Chapter 3; Table 4.1; Figure 4.5). In short, 

Carboniferous-Ordovician sedimentary rocks from the Istanbul Zone are characterized by a ~350 

Ma peak and a broad 450-675 Ma peak (Ustaömer et al., 2011; Okay et al., 2011; Okay and Topuz, 

2017). Ustaömer et al. (2016) demonstrate that Triassic sandstones from the Kocaeli Peninsula 

have abundant Carboniferous (297-339 Ma) and Neoproterozoic (554-655 Ma) populations and 

no Triassic-aged zircons. Outcrops of the Istanbul Zone basement (i.e., Bolu Massif) contain 

Triassic intrusions. The main Central Sakarya Basement is characterized by 300 Ma, 400 Ma and 

475 Ma populations with minor >500 Ma ages (Ustaömer et al., 2012; Mueller et al., 2019; Chapter 

3). The Karakaya Complex has a characteristic doublet around 235 and 325 Ma (e.g., Ustaömer et 

al., 2016). In the main Central Sakarya Basin, Turonian-Lower Campanian (>76 Ma) samples are 

characterized by a Late Cretaceous peak (110-76 Ma) and the absence of >150 Ma zircons; both 
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the middle Campanian-Maastrichtian and Paleocene-Eocene groups have 325 Ma and 400 Ma 

peaks as well as Late Cretaceous and Eocene peaks (depending on sample age). The Sarıcakaya 

Basin samples are similar to the middle Campanian through Eocene CSB samples, except the SB 

samples have a slightly larger proportion of the populations centered around ca. 175 Ma, 235 Ma, 

425 Ma, 600 Ma, 1000 Ma, 2000 Ma, and 2650 Ma. 

One significant complication is that the potential sediment sources in the Istanbul and 

Sakarya Zone have similar age peaks (Figure 4.5). The sediment sources can be parsed with careful 

consideration. The Central Sakarya Basement and Karakaya Complex on the Sakarya Zone have 

the same Triassic, Carboniferous and Proterozoic age peaks that are present in the Paleozoic strata 

and basement units in the Istanbul Zone. The main distinctions are the presence of Devonian ages 

in the Central Sakarya Basement, the Neoproterozoic peak (ca. 600 Ma) and minor 

Mesoproterozoic ages (ca. 1200-1600 Ma) in the Istanbul Zone Proterozoic sedimentary rocks. 

The Ordovician intrusions in the Istanbul Zone are not captured in the included published ages but 

are present in the Istanbul Zone basement (Chen et al., 2002; Ustaömer et al., 2005; Okay et al., 

2008; Akbayram et al., 2013). 

4.4.2 Sandstone Petrography Results 

The five new Istanbul Zone samples plot within the recycled orogen field and are 

dominated by sedimentary lithics (Figure 4.6). There does not appear to be a temporal trend in 

sandstone composition. The sandstone petrography results demonstrate sediment recycling during 

the Late Cretaceous through Eocene. 
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4.4.3 Preliminary Detrital Rutile Results 

Preliminary results from 4 Ypresian samples from the Sarıcakaya Basin are depicted on a 

Tera-Wasserburg diagram (Figure 4.7a). When plotted together, one age population around 187 

Ma, defined by 176 rutile ages, becomes apparent, in addition to a small number of Paleozoic rutile 

grains. Figure 4.7b depicts one Ypresian sample from the Central Sakarya Basin (18YEN05) and 

two Ypresian samples from the western Central Sakarya Basin (CC083118-06 and CC083118-07). 

These preliminary results suggest dissimilar sediment sources in the SB, CSB and western CSB in 

Ypresian times. Both the CSB and western CSB samples appear to have a more diverse population 

of Paleozoic-Proterozoic and late Mesozoic ages. The dissimilarity of the western CSB samples to 

the SB and CSB could be due to lateral changes in sediment source terranes across the CSB or 

because the western CSB deposits do not belong to the CSB. 

The preliminary results highlight two important findings regarding the utility of detrital 

rutile as a sedimentary provenance proxy. First, detrital rutile grains from northwest Anatolia have 

low U concentrations, and a 4-5 ppm U concentration filter would remove most analyses. Even 

though rutile grains with low U and high Pb are discordant, calculating ages using discordia offers 

a promising avenue forward. This introduces a second important finding: increasing the samples 

size highlights the need for an objective method to select sub-group populations. Figure 4.7c 

displays results from sample 16SKY37, including the discordia linear regression for all Mesozoic-

aged rutile grains and two sub-group populations. The sub-groups were chosen by visually 

inspecting the Tera-Wasserburg diagram.  

The path forward is to use the trace element composition of detrital rutile to differentiate 

sediment sources. Trace element data was collected to better differentiate age populations (49Ti, 

51V, 53Cr, 56Fe, 66Zn, 69Ga, 89Y, 90Zr, 93Nb, 95Mo, 118Sn, 121Sb, 177Hf, 181Ta, and 182W). In addition 
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to using trace element compositions to distinguish age populations, the data can also be used to 

gather information about the source rock. The Cr/Nb ratio is demonstrated to be an effective proxy 

to distinguish mafic from pelitic sources (Zack et al., 2004b; Meinhold, 2010; Triebold et al., 2011, 

2012) and Zr concentrations can be used to calculate Zr-in-rutile thermometry estimates which can 

further elucidate the thermal history of sediment sources (e.g., Zack et al., 2004b; Tomkins et al., 

2007; Meinhold et al., 2008; Triebold et al., 2012). 

4.5 Sedimentary Provenance Interpretation 

4.5.1 Late Cretaceous Sedimentary Provenance 

The detrital zircon age spectra from the Late Cretaceous Istanbul Zone (both the IPS and 

Armutlu Peninsula), western CSB, and (main) CSB differ in several important ways (Figure 4.5). 

First, the Turonian-Santonian CSB samples are dominated by Late Cretaceous aged zircons 

whereas the Turonian-Santonian western CSB samples have a wide range of zircon ages, including 

a doublet around 235 and 325 Ma. Therefore, the western CSB and main CSB were either not part 

of the same basin or had significantly different sediment sources along-strike. The western CSB 

samples have age spectra similar to the Karakaya Complex and Central Sakarya Basement which 

is likely from uplift and recycling within the Sakarya Zone (cf. Chapter 3). Second, in the 

Campanian-Maastrichtian, the CSB remains dominated by Late Cretaceous zircons with minor 

Carboniferous and Devonian peaks with minor Proterozoic ages, and the IST samples have a 

different age spectrum, consisting of Carboniferous and Neoproterozoic peaks. The appearance of 

Carboniferous, Devonian and Proterozoic grains in the CSB in the middle Campanian was 

previously interpreted as uplift, exhumation and sediment recycling near the İAES due to incipient 

collision along the İAES (Chapter 3). The absence of Late Cretaceous zircons confirms that the 
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IST forearc basin was isolated from the magmatic arc by a broad ridge (Özcan et al., 2012). The 

sediment recycling signature of the sandstone petrography results and the prominent 

Neoproterozoic age peak in the Late Cretaceous IST samples suggests that Paleozoic strata were 

unroofed and recycled in the Late Cretaceous. The sandstone compositions do not indicate that 

sediment was derived directly from the IST basement. Carboniferous igneous and metamorphic 

rocks are absent in the IST, therefore their presence in Paleozoic strata is interpreted as evidence 

for the Carboniferous-Triassic juxtaposition of the Sakarya and Istanbul Zones (Akdoğan et al., 

2020). The included IST Paleozoic strata are older than 325 Ma, and therefore do not capture the 

middle Carboniferous event. In any case, the presence of the Carboniferous age peak in the Late 

Cretaceous IST samples is likely derived from reworked Carboniferous-Triassic sedimentary 

units. The Paleozoic samples contain a ca. 350 Ma peak that is absent in the Late Cretaceous IST 

samples, which could be a result of sampling bias. The dissimilarity of the Late Cretaceous IST 

and CSB detrital zircon spectra indicates that the Sakarya and Istanbul Zones drainage networks 

were not connected in the Late Cretaceous.  

4.5.2 Paleocene-Eocene Sedimentary Provenance 

The dissimilarity of Paleocene-Eocene detrital zircon ages for the IST, western CSB and 

CSB indicate that there were not similar sediment sources at that time (Figure 4.5). The zircon age 

spectra from the CSB and western CSB display no major provenance shifts from the middle 

Campanian through Eocene. The CSB and western CSB differ in their proportions of Late 

Cretaceous and Eocene aged zircons. Additionally, the CSB has Carboniferous and Devonian age 

peaks characteristic of the Central Sakarya Basement whereas the western CSB appears more 

similar to the Karakaya Complex; neither have the Proterozoic ages characteristic of the Istanbul 

Zone. The preliminary detrital rutile results also display different age populations for the main and 
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western CSB (Figure 4.7). This does not preclude that the western CSB was disconnected from 

the CSB as east-west differences in uplift and exhumation patterns could have differentially 

exposed older Sakarya Zone units.  

Unlike the CSB samples, the IST samples display a major provenance shift from the 

Maastrichtian to Paleocene-Eocene. The Paleocene-Eocene samples still plot in the recycled 

orogenic field (Figure 4.6), yet Cretaceous, Jurassic, Triassic and Ordovician aged zircons appear 

(Figure 4.5). The IST samples differ from the Sakarya Zone samples in the proportion of Eocene, 

Triassic, Devonian, and Ordovician and older zircon populations. The larger proportion of 

Ordovician and Meosproterozoic zircons in the IST samples suggests that an IST sediment source 

is more likely than a Sakarya Zone source. Given that the Istanbul and Sakarya Zones were 

connected until Late Triassic rifting (e.g., Marroni et al., 2020), it is not surprising that similar 

zircon ages appear in sedimentary units across the suture zone. Unlike other Tethyan collision for 

which the appearance of upper plate detritus on the lower plate is a marker of collision (e.g., Wang 

et al., 2011), this method is not an unequivocal marker of intercontinental collision along the IPS. 

Even still, the major provenance shift in the IPS samples records uplifts and exhumation 

along the IPS. The Paleocene-Eocene IST samples are most similar to the SB. However, the 

provenance results from the intervening CSB do not indicate that the IST, CSB and SB were 

connected in one sedimentary basin system. Therefore, the similarly of the IST and SB samples, 

especially with respect to Triassic-Carboniferous age zircons, likely reflects the input of sediment 

from accretionary prism units. Jurassic age plutons are present in the Intra-Pontide suture and were 

metamorphosed to greenschist facies in the Early Cretaceous (Marroni et al., 2020). Furthermore, 

the Triassic IST units present in the IPS are considered the conjugate margin of the Karakaya 



116 

 

 

Complex which crops out in the İzmir-Ankara-Erzincan suture. The similarity in IST and SB 

samples likely reflects the uplift and erosion of the suture zone. 

4.6 Collision at the Intra-Pontide Suture 

4.6.1 Timing of IPS Closure 

The Intra-Pontide Ocean formed during Late Triassic rifting between the Istanbul and 

Sakarya Zones (e.g., Göncüoğlu et al., 2014). Intra-oceanic subduction began in the Late Jurassic-

Early Cretaceous (155-135 Ma: Akbayram et al., 2013; Göncüoğlu et al., 2014; Marroni et al., 

2020), coeveal with supra-subduction zone ophiolite formation (Marroni et al., 2020 and 

references therein). Early Cretaceous metamorphism (135-119 Ma) during the accumulation of 

subduction-accretion complexes (e.g., Okay et al., 2006; Marroni et al., 2020) was closely 

followed by Albian underplating and basal accretion along the subduction interface (Aygül et al., 

2016). Increased sediment flux to the trench forced Turonian exhumation of HP/LT metamorphic 

rocks in the forearc (Aygül et al., 2016) and coincided with Black Sea basin extension (Görür, 

1988; Okay et al., 2013; Okay and Nikishin, 2015). We tentatively suggest that this forearc 

extensional regime set the stage for Late Cretaceous forearc basin partitioning as inferred from an 

unconformity related to a forearc ridge (Özcan et al., 2012) and dissimilar detrital zircon results 

across the forearc (Figure 4.4). In the Campanian-Maastrichtian, the limestone, shale and debris 

flow deposits containing ophiolitic and limestone clasts were deposited in the Istanbul Zone 

forearc basin, which was disconnected from the magmatic arc along the Black Sea coast (Özcan 

et al., 2012). Recycling of Paleozoic strata could have taken place along the ridge that separated 

the forearc basin from the volcanic arc (Özcan et al., 2012; this study). The regional transgression 



117 

 

 

of late Campanian-Paleocene IST sedimentary units connected the two forearc sub-basins (Özcan 

et al., 2012), but did not reach the Sakarya Zone (Özcan et al., 2012; this study).  

In Paleocene-Eocene times, the appearance of Jurassic and Triassic aged zircons suggests 

the exhumation and erosion of accretionary prism units and the appearance of Ordovician aged 

zircons suggests IST basement exposure. The provenance data presented here do not indicate 

sediment flux from the IST into the CSB in the Paleogene. However, olistostromes of IPS 

accretionary prism material are found in Paleocene CSB deposits (Di Rosa et al., 2019). There was 

a late Paleocene-early Eocene unconformity across the Istanbul Zone (Özcan et al., 2012) and early 

Eocene units record exhumation, uplift and erosion of the accretionary prism and basement units 

(this study). During the middle to late Eocene, Lutetian and older sedimentary units were folded 

and thrusted in the IPS region and Istanbul Zone basement rocks were thrust over lower Eocene 

sedimentary units; at the same time, Paleozoic sedimentary units were back-thrusted over Late 

Cretaceous arc rocks in the Kocaeli Peninsula in a north-south shortening regime (Akbayram et 

al., 2016). Sediment recycling, accretionary prism uplift, a regional unconformity, and thin- and 

thick-skinned deformation indicate that collision occurred in the Paleocene. 

4.6.2 Geodynamic Mechanisms of Collision in Western Anatolia 

Resolving western Anatolian geodynamics is particularly difficult due to synchronous 

subduction and collision at the İzmir-Ankara-Erzincan suture and Intra-Pontide suture and late 

Cenozoic deformation along the North Anatolian Fault. A refined chronology of İAES suturing 

indicates that collision at 76 Ma was marked by accretionary prism uplift and exhumation and the 

recycling of pre-collisional forearc strata, yet significant upper plate deformation was delayed by 

ca. 20 Myr (Chapter 3: Mueller et al., in review). One mechanism to explain this delay is relict 

basin closure (Cowgill et al., 2016; Chapter 3: Mueller et al., in review). Collisional stress 
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transferred through the lithosphere and taken up by the closure of relict basins would delay 

collisional deformation in the upper plate (Cowgill et al., 2016). The chronology of suturing 

presented for the IPS in this study is compatible with relict basin closure. Unlike the İAES, 

accretionary prism uplift, sediment recycling, and thin- and thick-skinned deformation occur 

nearly simultaneously at the IPS. Without another upper plate relict basin to mitigate the stress of 

IPS closure, collision processes occurred all together instead of over a 20 Myr period. This means 

that nearby subduction zone systems and relict basins play an important role in controlling the 

tempo and style of continental collisions. 

4.7 Conclusion 

Anatolia is a complex mosaic of terranes whose chronology of accretion and collision are 

debated. In western Anatolia in particular, there are up to 5 separate continental fragments that 

accreted and collided throughout the Mesozoic-Cenozoic (e.g., Şengör and Yilmaz, 1981; Moix et 

al., 2008; Pourteau et al., 2016). Therefore, Anatolia is an ideal location to resolve how subduction 

and collision dynamics evolve in systems with coeval and geographically close collisions. It is 

hypothesized that collisional deformation from the main Neotethyan suture, the İzmir-Ankara-

Erzincan suture, was mitigated by concurrent relict basin closure along the Intra-Pontide suture 

zone. Due to the cycles of collision and rifting in the eastern Mediterranean continental domains, 

sediment recycling and the persistence of age populations prohibits definitive provenance 

reconstructions. Preliminary detrital rutile results indicate that this proxy is viable for tracing 

sediment flux in accretionary orogenies and future work is needed to differentiate sediment sources 

of similar age. Provenance results from the Intra-Pontide suture zone indicate accretionary prism 

uplift and exhumation was underway by the Eocene, supporting a Paleocene closure. Therefore, 
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collisional deformation from incipient collision at the İzmir-Ankara-Erzincan at 76 Ma was in part 

taken up by Intra-Pontide subduction. Paleocene closure at the Intra-Pontide suture resulted in 

accretionary prism uplift, exhumation and contractional deformation at the Intra-Pontide suture 

and coincided with the onset of basement-involved contractional deformation along the İzmir-

Ankara-Erzincan suture. Close-proximity subduction systems and continental collisions exert a 

first-order control on the tempo and location of collision processes and therefore pose an exciting 

frontier for continued investigation. 
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Figure 4.1. Simplified terrane map of Anatolia, modified from Campbell, 2017. The Kocaeli Basin (KB) and Central Sakarya-Sarıcakaya 

basin system (CSB-SB) are highlighted in pink. Active Quaternary faults are in dark pink. 
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Figure 4.2. Simplified geologic map of northwest Anatolia depicting outcrops of Cretaceous-Eocene sedimentary and igneous units 

(after Aksay et al., 2002; Duru and Aksay, 2002; Gedik and Aksay, 2002; Timur and Aksay, 2002; Özcan et al., 2012). The southern 

strand of the North Anatolian Fault occupies the Intra-Pontide suture. Samples were collected from published stratigraphic sections 

(aAkbayram et al., 2016; bÖzcan et al., 2012; cOcakoğlu et al., 2018; dMueller et al., 2019). See Figure 4.1 for location. 
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Figure 4.3. Stratigraphic correlation chart for northwest Anatolia. New detrital rutile (red: included 

in this study; see main text) and new (yellow) and published (gray) detrital zircon samples are 

depicted schematically. The new modern river samples are not shown. (Stratigraphy after Özcan 

et al., 2012; Yildiz et al., 2015; Akbayram et al., 2016; Ocakoğlu et al., 2018; Mueller et al., 2019). 
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Figure 4.4. New detrital zircon results plotted as histograms (<800 Ma, 25 Myr bins; >800 Ma, 50 

Myr bins), pie charts, probability density functions (black lines) and optimized fixed bandwidth 

kernel density estimates (colored shading). The samples are grouped by geographic location and 

ordered by age. Data were plotted with detritalPy (Sharman et al., 2018). 
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Figure 4.5. Comparison of zircon ages across northwest Anatolia. Individual samples are grouped 

together by age, and age groups are ordered from oldest (bottom) to youngest (top). All zircon 

ages 0-3500 Ma are displayed as pie charts, probability density functions (black lines) and 

optimized fixed bandwidth kernel density estimates (colored shading). Note the y-axis scale jump 

at 800 Ma. Data were plotted with detritalPy (Sharman et al., 2018). References for published 

samples are given in Table 4.1. 
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Figure 4.6. Ternary diagrams of IST sandstone modal compositions. Samples are colored by age. 

Poles: Qt: total quartz; Qm: monocrystalline quartz; F: feldspar; L: lithics; Lm: metamorphic 

lithics; Ls: sedimentary lithics; Lv: volcanic lithics; Lt: total lithics (L + polycrystalline quartz). 
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Figure 4.7. Detrital rutile results from 

Ypresian samples shown on Tera-

Wasserburg diagrams. (A) A linear 

regression of discordant grains shows a 

cluster of Early Jurassic aged rutile grains in 

Ypresian samples from the Sarıcakaya Basin. 

(B) Ypresian samples from the Central 

Sakarya Basin (18YEN05) and the western 

Central Sakarya Basin (CC083118-06, 

CC083118-07) appear to have more diverse 

rutile populations than the Sarıcakaya Basin. 

(C) For detrital samples with potentially 

several age populations, choosing sub-groups 

of samples makes calculating ages from 

discordia arrays subjective.  
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Table 4.1. List of new and published zircon U-Pb samples ordered approximately from oldest (top) 

to youngest within groupings. Source column refers to data sources (1: P. Ustaömer et al., 2005, 

2: P. Ustaömer 2011, 3: P. Ustaömer 2012, 4: T. Ustaömer 2016; 5: Okay et al., 2011; 6: Bozkurt 

et al., 2013; 7: Campbell, 2017; 8: Okay and Topuz, 2017; 9: Ocakoğlu et al., 2018; 10: Mueller 

et al., 2019, 11: Chapter 3: Mueller et al., in review). Data from this study are in the supplementary 

data files.  

Sample 

Name 
Unit 

Sample 

Type 
Category Age 

Data 

Source 

New Samples 

17IST03 Osmaniye Fm DZ Intra-Pontide Suture Camp.-Maast. 10 

17IST05 Volcaniclastic SS DZ Intra-Pontide Suture Camp.-Maast. 10 

17IST02 Kadirler Fm DZ Intra-Pontide Suture Paleocene 10 

17IST01 Bakacak Fm DZ Intra-Pontide Suture Lower Eocene 10 

17IST04 Bakacak Fm DZ Intra-Pontide Suture Lower Eocene 10 

17IST06 Modern river sand DZ Intra-Pontide Suture Quaternary 10 

CC083118-02 Osmaniye Fm DZ Armutlu Peninsula Campanian 10 

CC090118-03 Modern river sand DZ Western CSB Quaternary 10 

CC083118-07 Müslümsölöz Fm  DZ Western CSB Middle Lutetian 10 

CC083118-06 Fındıcak Fm DZ Western CSB Ypresian 10 

CC090118-02 Vezirhan Fm DZ Western CSB Santonian 10 

CC090118-01 Vezirhan Fm DZ Western CSB Turonian 10 

Published Basin Samples 

17MGB01 Değirmenözü Fm DZ 
Turonian to lower 

Campanian (main CSB) 
Upper Aptian 

9 

18DMN01 Değirmenözü Fm DZ 
Turonian to lower 

Campanian (main CSB) 
Santonian 

9 

CC082918-01 Yenipazar Fm DZ 
Turonian to lower 

Campanian (main CSB) 
Turonian 

9 

18YP02 Değirmenözü Fm DZ 
Turonian to lower 

Campanian (main CSB) 

Santonian-

Campanian 9 

CC082918-02 Taraklı Fm DZ 
Middle Campanian to 

Maastrichtian (main CSB) 

Upper Camp.-

Maastrichtian 9 

18NAL13 Taraklı Fm DZ 
Middle Campanian to 

Maastrichtian (main CSB) 

Upper Camp.-

Maastrichtian 9 

15GO02 Yenipazar Fm DZ 
Middle Campanian to 

Maastrichtian (main CSB) 
Campanian  

5,7 

18NAL05 Yenipazar Fm DZ 
Middle Campanian to 

Maastrichtian (main CSB) 
Middle Campanian  

9 

18NAL12 Yenipazar Fm DZ 
Middle Campanian to 

Maastrichtian (main CSB) 

Upper Camp.-

Maast. 9 
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15YP13 Yenipazar Fm DZ 
Middle Campanian to 

Maastrichtian (main CSB) 
Maastrichtian 

5 

18TK01 Çataltepe Fm DZ 
Paleocene-Eocene (main 

CSB) 

Paleocene-lower 

Eocene 9 

18KIZ01 Kızılçay Fm DZ 
Paleocene-Eocene (main 

CSB) 

Paleocene-lower 

Eocene 9 

15YP15 Kızılçay Fm DZ 
Paleocene-Eocene (main 

CSB) 

Paleocene-lower 

Eocene 9 

15YP14 Kızılçay Fm DZ 
Paleocene-Eocene (main 

CSB) 
Paleocene 

5 

18YEN05 Kızılçay Fm DZ 
Paleocene-Eocene (main 

CSB) 

Paleocene-lower 

Eocene 9 

18TB01 Taraklı Fm DZ 
Paleocene-Eocene (main 

CSB) 

Paleocene-lower 

Eocene 9 

18TBTG Taraklı Fm DZ 
Paleocene-Eocene (main 

CSB) 

Paleocene-lower 

Eocene 9 

18YP03 Yenipazar Fm DZ 
Paleocene-Eocene (main 

CSB) 
Lower Paleocene 

9 

17MGB02 Gemiciköy Fm DZ 
Paleocene-Eocene (main 

CSB) 

Up. Lutetian-Low. 

Bartonian 9 

18YEN01 Gemiciköy Fm DZ 
Paleocene-Eocene (main 

CSB) 

Upper Bartonian-

Priabonian 9 

18YEN04 Güvenç Fm DZ 
Paleocene-Eocene (main 

CSB) 
Lutetian  

9 

18HAL01 Halidiye Fm DZ 
Paleocene-Eocene (main 

CSB) 
Lutetian 

9 

16SB26 Mihalgazi Fm DZ Lower Eocene (SB) Ypresian-Lutetian 8 

16SB23 Mihalgazi Fm DZ Lower Eocene (SB) Ypresian 8 

15YP08 Mihalgazi Fm DZ Lower Eocene (SB) Ypresian-Lutetian 5 

15YP09 Mihalgazi Fm DZ Lower Eocene (SB) Ypresian-Lutetian 5 

16SB37 Mihalgazi Fm DZ Lower Eocene (SB) Ypresian-Lutetian 8 

16SB42 Mihalgazi Fm DZ Lower Eocene (SB) Ypresian-Lutetian 8 

16SB50 Mihalgazi Fm DZ Lower Eocene (SB) Ypresian-Lutetian 8 

16SB04 Mihalgazi Fm DZ Lower Eocene (SB) Ypresian 8 

17OZK05 Mihalgazi Fm DZ Lower Eocene (SB) Ypresian-Lutetian 8 

17OZK12 Mihalgazi Fm DZ Lower Eocene (SB) Ypresian-Lutetian 8 

Published Pre-Mesozoic Samples 

17BASE01 Gneiss Bedrock Central Sakarya Basement -- 8 

SgtMeta 
Söğüt 

metamorphics 

Metased. 

DZ 
Central Sakarya Basement -- 

2 

090717-6 Paragneiss Bedrock Central Sakarya Basement -- 9 

090717-16 Orthogneiss Bedrock Central Sakarya Basement -- 9 

Catli Söğüt magmatics Bedrock Central Sakarya Basement Carboniferous 2 

Kuplu Söğüt magmatics Bedrock Central Sakarya Basement Carboniferous 2 

Borcak Söğüt magmatics Bedrock Central Sakarya Basement Carboniferous 2 

K.12.102 Cambazkaya Fm DZ Karakaya Complex Carnian–Norian 3 

K.12.91 Cambazkaya Fm DZ Karakaya Complex Carnian–Norian 3 

KK.10 Kendirli Fm DZ Karakaya Complex Carnian–Norian 3 
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15YP12 Greenschist 
Metased. 

DZ 
Karakaya Complex -- 

5 

K.12.42 Ortaoba Unit DZ Karakaya Complex Carnian 3 

K.12.43 Ortaoba Unit DZ Karakaya Complex Carnian 3 

K.12.45 Ortaoba Unit DZ Karakaya Complex Carnian 3 

K.12.63 Hodul Unit DZ Karakaya Complex Norian 3 

K.12.64 Hodul Unit DZ Karakaya Complex Norian 3 

K.12.65 Hodul Unit DZ Karakaya Complex Norian 3 

K.12.71 Hodul Unit DZ Karakaya Complex Norian 3 

K.13.44 Çal Unit DZ 
Karakaya Complex 

Artinskian-

Kungurian 3 

K.13.91 Nilufer Unit 

Metased. 

DZ 
Karakaya Complex 

Norian 3 

Sample3 Trakya Fm DZ Istanbul Zone Carboniferous 4 

Sample8 Trakya Fm DZ Istanbul Zone Carboniferous 4 

Sample1B Trakya Fm DZ Istanbul Zone Carboniferous 4 

Sample18 Trakya Fm DZ Istanbul Zone Carboniferous 4 

Sample3550 Alacaağzı Fm DZ Istanbul Zone Late Carboniferous  6 

Ustaomer2011 Quartzite 

Metased. 

DZ Istanbul Zone Lower Ordovician 1 

K.12.9 Bolu Massif Bedrock Istanbul Zone Triassic 3 

BY-1 Bolu Massif Bedrock Istanbul Zone Triassic 6 

Bozkurt30 Bolu Massif Bedrock Istanbul Zone Triassic 6 

EBII Bolu Massif Bedrock Istanbul Zone Triassic 6 

D1 Bolu Massif Bedrock Istanbul Zone Triassic 6 

Y1A Bolu Massif Bedrock Istanbul Zone Triassic 6 

R1 Bolu Massif Bedrock Istanbul Zone Triassic 6 

99-3B Kapıkaya Pluton Bedrock Istanbul Zone Triassic 1 

99-5 Tüllükiriş Pluton Bedrock Istanbul Zone Triassic 1 

99-13 

Sünnice Meta-

granitoid Bedrock Istanbul Zone Triassic 1 
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Table 4.2. Maximum depositional ages of the new detrital zircon samples calculated using 

detritalPy (Sharman et al., 2018). Depositional ages are calculated in three ways: the youngest 

single grain (YSG), the youngest cluster of 2 or more ages with overlapping 1-sigma uncertainties 

(YC1S), and the youngest cluster of 3 or more ages with overlapping 2-sigma uncertainties 

(YC2S). The two modern river sand samples are excluded. 

Sample N YSG 

1s 

err. YC1S 

1s 

err. 

YC1S 

MSWD 

YC1S 

cluster 

size YC2S 

1s 

err. 

YC2S 

MSWD 

YC2S 

cluster 

size 

17IST01 349 150.0 2.7 151.0 1.4 0.2 4 153.4 1.1 1.5 7 

17IST04 266 39.9 0.7 145.1 1.7 0.0 2 167.0 1.3 3.0 4 

17IST02 333 52.7 0.8 65.5 0.8 1.4 2 77.1 0.3 1.0 17 

17IST05 289 256.0 4.8 261.1 2.5 0.8 3 264.9 1.7 2.0 4 

17IST03 375 266.0 5.6 271.5 3.9 1.9 2 300.5 1.3 1.6 8 

CC083118-02 237 252.6 3.7 290.4 2.5 0.4 5 298.9 1.1 1.0 23 

CC083118-07 255 42.5 0.8 43.2 0.3 0.6 7 44.3 0.2 1.2 21 

CC083118-06 249 52.3 0.8 53.0 0.4 0.6 6 53.8 0.3 1.5 11 

CC090118-01 221 84.5 1.6 85.5 1.0 0.3 3 85.5 1.0 0.3 3 

CC090118-02 209 106.5 2.2 107.4 1.6 0.4 2 229.7 1.5 1.7 9 
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Chapter 5. The State of Tethyan Collisions 

Since the recognition and wide acceptance of plate tectonics, decades of work have steadily 

advanced our understanding of convergent margin processes, including the interrelated links 

between tectonics, landscape evolution, global climate, and species evolution (Burbank et al., 

1988; Royden and Burchfiel, 1989; Raymo and Ruddiman, 1992; von Blanckenburg and Davies, 

1995; Beaumont et al., 1996; Yin and Harrison, 2000; Zeitler et al., 2001; Zachos et al., 2001; 

Rowley et al., 2001; Willett and Brandon, 2002; Clark et al., 2004; Ruhl and Hodges, 2005; Clift 

et al., 2008; Carrapa, 2009; Lippert et al., 2014; Ballato and Strecker, 2014; Goddéris et al., 2014; 

Licht et al., 2014; Caves et al., 2015; Beard, 2016). In the last two decades in particular, significant 

advances in geo-, petro- and thermochronologic methods and their widespread application have 

created a high-resolution temporal framework of convergent margin processes. The structural, 

metamorphic, magmatic, and sedimentary records of intercontinental collisions across the Alpine-

Himalayan belt, for example, differ by 15-40 Myr. Consequently, new questions have arisen, 

including how to unite the structural, metamorphic, magmatic, and sedimentary evolution of 

individual subduction zones and their subsequent collisions into a temporally, spatially, and 

geologically credible reconstruction. A series of multi-stage collision models have been proposed 

as solutions to the protracted nature of Tethyan collisions. 

The work set forth in this dissertation, in concert with contemporaneous work, situates the 

Anatolian segment of the Alpine-Himalayan orogenic belt in the broader discussion on the 

timescales, drivers and effects of intercontinental collisions. In fact, near-continuous deposition in 

western Anatolian sedimentary basins preserve an unbroken record of subduction through collision 

that is unparalleled across the Tethyan realm. The work included here includes stratigraphic, 
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sedimentologic, geochronologic and provenance constraints on the chronology of two suturing 

events in western Anatolia: collision along the İzmir-Ankara-Erzincan suture zone and collision 

along the Intra-Pontide suture zone. 

Forearc and suture zone sedimentary strata from both suturing events reveal a similar basin 

response to initial intercontinental collision. Initial intercontinental collisions at the İAES and IPS 

are recorded as uplift, exhumation and sediment flux from the accretionary prism and sediment 

recycling (e.g., Açıkalın et al., 2016; Chapter 3 and Chapter 4). For the next 15 Myr along the 

İAES, as collision progressed, sedimentary basins record prograding deltas, transverse drainages, 

proximal angular unconformities, and increased sedimentation rates, (Ocakoğlu et al., 2018). The 

sedimentary basin changes were coeval with Barrovian metamorphism and subsequent 

exhumation (Seaton et al., 2009; Whitney et al., 2011) and a magmatic lull observed across the 

entire Pontides (Kasapoğlu et al., 2016; Schleiffarth et al., 2018; Mueller et al., 2019; Chapter 3). 

During this phase, the along-strike segment in the Central Pontides experienced oroclinal bending 

(Kaymakci et al., 2003; Meijers et al., 2010), lower plate deformation and rotation (Lefebvre et 

al., 2013), and foreland-propagating thrust belts, depocenters, and syntectonic unconformities 

(Kaymakci et al., 2009). Similar changes across the western and central Pontides support a 

synchronous İAES collision along-strike (van Hinsbergen et al., 2016; Gürer et al., 2016; Gürer 

and van Hinsbergen, 2018; Mueller et al., 2019: Chapter 2). 

In the western Pontides, the İAES exhibits a distinct second phase of collision 20 Myr after 

initial collision. The main forearc-foreland basin was partitioned by a ~150-km long basement-

involved thrust fault (Mueller et al. 2019: Chapter 2), and flexural loading from the fault formed a 

broken foreland sub-basin (Mueller et al. 2019: Chapter 2). Both thin-and thick-skinned 

deformation occurred within the forearc-foreland basin (Şahin et al., 2019; Mueller et al., 2019: 
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Chapter 2). Around the same time, deposition resumed in the proximal region of the main foreland 

basin and transitioned from flysch to molasse facies (Ocakoğlu et al., 2018), and magmatism 

resumed across the Pontides (Harris et al., 1994; Okay and Satir, 2006; Altunkaynak, 2007; Dilek 

and Altunkaynak, 2009; Yildiz et al., 2015; Kasapoğlu et al., 2016; Ersoy et al., 2017b, 2017a; 

Schleiffarth et al., 2018; Mueller et al., 2019). Lutetian marine deposition across the Pontides and 

Anatolides (e.g., Racey, 2001; MTA, 2002; Ocakoğlu et al., 2012; Lygina et al., 2016; Licht et al., 

2017; Özcan et al., 2019) implies that, for at least 30 Myr following collision, continental 

landmasses remained near sea level and there was not significant topographic development. Future 

work is needed to resolve the timing and mechanisms controlling topographic development in 

collisions between small, accreted continental domains like Anatolia. 

Reconstructing the evolution of continental collisions using the nearly uninterrupted 

depositional record of western Anatolian sedimentary basins can unify other proxies for collision 

into a consistent temporal framework. This dissertation has two main implications in terms of 

Tethyan geodynamics and biogeography. First, three, non-exclusive mechanisms proposed for 

collisions across the Tethyan realm can explain the protracted nature of Anatolian collisions: slab 

breakoff, relict basin closure, and subduction of progressively thicker lithosphere (cf. Chapter 3). 

Suturing at the Intra-Pontide suture during the second phase of İAES collision indicates that relict 

basin closure may be an important mechanism in transferring collisional stress through the 

lithosphere and delaying upper plate deformation (cf. Chapter 4). Second, the onset of terrestrial 

deposition on the Pontides occurred around 15 Myr after initial continental collision (Okay et al., 

2001; Ocakoğlu et al., 2018), coinciding with the colonization of the Pontides by Laurasian and 

Gondwanan mammalian fauna (Kappelman et al., 1996; Sen, 2013; Métais et al., 2017; Jones et 

al., 2018; Beard et al., 2020). Even in the late stages of collision, the persistence of marine barriers 
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kept the Pontides isolated such that endemism remained (Maas et al., 2001; Licht et al., 2017; 

Métais et al., 2018). Therefore, topography in continental collision between small, accreted 

terranes takes millions of years to develop such that dispersals are perhaps related to other 

geodynamic or climatic mechanisms (e.g., Licht et al., 2014, 2017; Göğüş et al., 2017). Future 

work on the topographic and climatic evolution of western Anatolia is poised to advance our 

understanding of links between tectonics, geodynamics and biogeography. 
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Appendix A. 

Geochronologic and Geochemical Methods 

Zircon U-Pb Dating Methods at the University of Washington 

Our methods follow the zircon U-Pb geochronology protocol at the University of 

Washington, first reported in Licht et al. (2018) and updated in Shekut and Licht (2020). All 

samples in Chapter 2 and all samples except three in Chapter 3 were analyzed at the University of 

Washington. Metadata are given in Table A.1. 

Zircon Extraction 

At the University of Washington, traditional methods are used to extract zircon crystals 

from samples of 1 to 5 kg. Crushing and grinding is followed by separation with a Holman-Wilfley 

gravity shaking table, heavy liquids (methylene iodide), and Frantz magnetic separator. Aliquots 

of 100-1000 zircons (less for samples with poor zircon yields), including all grain sizes, are 

mounted in 1”-diameter epoxy cups with fragments of zircon standards. The mounts are polished 

to expose the internal structure of the zircon grains, then imaged with a backscattered electron 

detector with a JEOL 733 Superprobe microprobe backscattered electron detector (BSE) or TFS 

Apreo-S with Lovac Scanning Electron Microscope (SEM) to distinguish zircon from other heavy 

minerals. Finally, the epoxy mounts are polished again in preparation for isotopic analysis. 

Zircon Standards 

We use a suite of international and in-house standards for calibration. The Plešovice (PLS) 

international standard zircon is used as the primary standard, and has an ID-TIMS U–Pb age of 

337.13±0.37 Ma (2s) (Sláma et al., 2008). The secondary standards are FC-1, with an ID-TIMS 

age of 1099.5 ± 0.33 Ma (2σ) (Paces and Miller, 1993), R33, with an ID-TIMS age of 419.26±0.39 

Ma (2s) (Black et al., 2004), and Green Horn Batholith (GHB), the internal standard at the 
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University of Washington. The GHB standard has an average CA-ID-TIMS age of 48.20±0.02 Ma 

(2s) (Eddy et al., 2016) and comes from the hypersolvus granite of the Golden Horn Batholith in 

the North Cascades Mountains, WA. 

LA-ICP-MS 

Zircon U-Pb geochronology analyses at the University of Washington are conducted via 

laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) with an iCAP RQ 

Quadrupole ICP-MS coupled to an Analyte G2 excimer laser. The ICP-MS is tuned daily using 

the QTegra auto-tuning plug-in with custom in-house tuning parameters and NIST SRM 612 

reference material glass to yield Th/U ratios close to unity (typically between 0.95 and 1.05) and 

low oxide production rates (ThO+/Th+ typically < 0.15%) while keeping 238U sensitivity high. 

For each detrital sample, ~100-300 zircon grains (> 25-μm diameter) are selected for 

ablation; for each volcaniclastic sample, ~10-100 zircon grains are selected. Small-n zircon 

analyses are limited by the number of zircons in the sample. All zircons—standards and 

unknowns—are pre-ablated with an Analyte G2 excimer laser operating at a 193-nm wavelength 

and 10-Hz pulse repetition rate before the analytical session: 2 ablation shots with a laser spot 

diameter at 50 microns and fluence of 1.47 J/cm2. The zircons are ablated with an Analyte G2 

excimer laser operating at a 193-nm wavelength, 25-μm spot diameter, 10-Hz pulse repetition rate, 

and 4.12 J/cm2 energy fluence. The ablated material is carried in helium gas and mixed with 

nitrogen gas into the plasma source of an iCAP RQ Quadrupole ICP-MS. Each 40-s analysis 

consists of (1) a background baseline established by a 10-s integration on peaks with the laser off, 

(2) 38 s of acquisition with the laser firing, and (3) a 17-s delay to purge the previous sample and 

prepare for the next analysis. Analyzed masses include 238U, 235U, 232Th, 207Pb, 206Pb, and 204Pb, 

for a total, combined dwell time of ~0.4 s.  
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Data Reduction and Presentation 

Data reduction is performed with the Geochron Data Reduction Scheme in Iolite to get U-

Pb ages uncorrected for common lead (204Pb) (Paton et al., 2011), and with the Andersen Routine 

of the Vizualage Data Reduction scheme (Chew et al., 2014) to correct U-Pb ages common lead. 

To ensure that grains with a complex history (e.g., inheritance, Pb loss, overgrowths, or detectable 

amount of 204Pb) do not compromise data quality, the time‐resolved pattern of 206Pb/238U is 

scrutinized during data reduction, and analyses with abnormal patterns (e.g., different fractionation 

from standards or jumps in value) are rejected (e.g. Gehrels, 2012, 2014).  

The U-Pb results are presented in three ways: (1) measured isotopic ratios corrected for 

downhole fractionation and instrument bias with Iolite, (2) U-Pb ages uncorrected for common 

lead, and (3) U-Pb ages corrected for common lead using the Andersen Routine. The measurement 

errors for each analysis result in ∼1-3% (2s) uncertainty for the 206Pb/238U age. Similarly, the 

measurement error results in ~1-3% (2s) uncertainty for 206Pb/207Pb ages that are >1 Ga, but the 

low intensity 207Pb signal produces significantly larger uncertainties in the <1.0 Ga ages. The 

crossover precision from the 206Pb/238U to 206Pb/207Pb ages occurs at ~1.2 to 1.4 Ga. For this reason, 

the best age for every analysis is determined from the 206Pb/238U age for analyses with a 206Pb /238U 

age < 1.2 Ga for Chapter 2 and <1.4 Ga for Chapter 3 and from the 206Pb/207Pb age for analyses 

with 206Pb /238U age above the crossover age.  

Shekut and Licht (2020) presented two years of analyses of igneous ages and found 

additional systematic uncertainty during the sessions: ~2.67% for 206Pb/238U ratio, and ~1.17% 

for 206Pb/207Pb ratio (2s). This is a conservative estimate. 

Discordant data are present in the supplementary data tables but omitted from the results 

and interpretation. Ages are marked as “discordant” if: (1) the 206Pb/238U age is >1300 Ma and 
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with >20% discordance (<80% concordance) or with >5% reverse discordance (<105% 

concordance) following the ratio of 206Pb/238U and 206Pb/207Pb ages; or (2) the 206Pb/238U 

age is between 300 and 1300 Ma and with >20% discordance (<80% concordance) or with >5% 

reverse discordance (<105% concordance) following the ratio of 207Pb/235U and 206Pb/238U 

ages. Ages are noted as “high age uncertainty” zircons and excluded when the “Best Age” 2s error 

is >20%. 

Protocol Calibration and Accuracy 

The University of Washington protocol is regularly tested with our in-house GHB standard 

and a suite of international standards. The accuracy of measurements is detailed in (Licht et al., 

2018), but, in short, the ages uncorrected for common lead for all standards are offset by < 1.5% 

from the TIMS U-Pb age. Ages corrected for common lead display a larger offset (~1.5% to 3-5% 

for Proterozoic grains), so we prefer ages uncorrected for common lead. 

The uncertainty resulting from the calibration correction is generally 1-2% (2‐sigma) for 

both 206Pb/207Pb and 206Pb/238U ages. Uncertainties from this calibration correction are not included 

in the age uncertainties provided in the supporting information and should be combined 

(quadratically) with the uncertainty of the age of the standard to yield an external uncertainty for 

each sample. Therefore, we provide a minimum uncertainty for each set of analyses. However, we 

do report the volcaniclastic zircon U-Pb age uncertainty including the 1.3% modeling error in 

Table 2.2.  
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Zircon U-Pb Geochronology Methods at the University of Kansas IGL 

Three samples presented in Chapter 3—15YP15, 090717-6 and 090717-16—were 

analyzed at the University of Kansas Isotope Geochemistry Laboratory (IGL) following the U-Pb 

analytical protocol outlined in Campbell (2017). Metadata are given in Table A.2. 

 

Detrital Rutile U-Pb Geochronology Methods 

Rutile Extraction 

Conventional heavy mineral separation methods were used to extract rutile crystals from 

samples of 1 to 5 kg. Crushing and grinding was followed by water table separation with a Holman-

Wilfley or Gemeni table then heavy liquids (methylene iodide). The Frantz magnetic separator 

was set to 20° side slope and 20° forward slope such that rutile grains were separated into the 0.3 

to 0.7 amp. fraction (Rosenblum and Brownfield, 2000). Rutile grains were handpicked with a 

Leica M205C binocular microscope using transmitted and polarized light. Rutile grains were 

identified by red-brown-yellow color in reflected light, red to opaque in PPL, resinous to vitreous 

luster; grains were well rounded to euhedral, many displaying twinning characteristic of rutile’s 

tetragonal crystal system and striations parallel to the long axis. Grains were placed on Kapton 

tape and mounted in epoxy in 25-mm diameter cups. The mounts were polished to expose the 

internal structure of the grains. 

Rutile mounts were carbon coated (10 nm) and imaged with a TFS Apreo-S with Lovac 

Scanning Electron Microscope (SEM) using an energy-dispersive (EDS) detector to distinguish 

rutile grains from other spurious heavy minerals. The carbon coat was removed with isopropanol 

and in an ultrasonic, then by polishing the mounts with 1-μm and 0.25-μm grit in felt. Samples 

were soaked in 2M nitric acid (HNO3) in the ultrasonic, then in ultra-pure water in the ultrasonic. 
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Rutile Standards and Protocol Accuracy 

The accuracy of the protocol was evaluated using a suite of international standards. The 

concordia age for the reference materials over 3 analytical sessions reproduces the published ages 

(Figure A.1): 1090 Ma (n=155) for R10 is within 0.1% of the TIMS age (1091.6 Ma; Luvizotto et 

al., 2009); 2824 Ma (n=47) for Wodgina is within 0.8% of the TIMS age (2845.8 Ma; Ewing, 

2011); 1087 Ma (n=18) for Kragerø is within 1.7% of the TIMS age (1085.7 Ma; Kellett et al., 

2018); 380 Ma (n=50) for 9826J is within 0.5% of the TIMS age (382 Ma; Kylander-Clark, 2008); 

498 Ma for LJ04-08 (n=32) is within 4% of the LA-ICP-MS age (498 Ma; Apen et al., 2020). 

Many of the Wodgina analyses display an atypical downhole fractionation pattern (Figure 

A.2). The Pb signal increased throughout the analysis. This is a problem because it means that the 

downhole fractionation correction, based on the calibration standard R10, does not work for the 

atypical grains. This could explain the large discordance in many Wodgina analyses (Figure A.1). 

This finding suggests that the use of Wodgina as a LA-ICP-MS reference material needs more 

investigation.  

LA-ICP-MS 

Detrital rutile U-Pb geochronology analyses at the University of Kansas Isotope 

Geochemistry Lab (IGL) are conducted via laser ablation-inductively coupled plasma-mass 

spectrometry (LA-ICP-MS) with a Thermo Element2 magnetic sector field ICP-MS coupled to a 

Photon Machines AnalyteG2 excimer laser ablation system. We used a modified protocol from 

Rösel et al. (2019). an iCAP RQ Quadrupole ICP-MS coupled to an Analyte G2 excimer laser. 

The ICP-MS is tuned daily manually using NIST SRM 612 reference material glass to yield Th/U 

ratios close to 0.8 and low oxide production rates while keeping 238U sensitivity high. We spent a 
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significant amount of time adjusting the analytical parameters and present the final methods in 

Table A.3. 

Data Reduction and Presentation 

Data reduction is performed with the U-Pb Geochronology Data Reduction Scheme in 

Iolite 4 to get U-Pb ages uncorrected for common lead (Paton et al., 2011). To ensure that grains 

with a complex history (e.g., inheritance, Pb loss, or overgrowths) or inclusions do not compromise 

data quality, the time‐resolved pattern of 206Pb, 232Th, and 238U counts per second are scrutinized 

during data reduction. Analyses with abnormal patterns (e.g., different fractionation from 

standards or jumps in value) are not rejected in Iolite, but instead the analyses are rejected by the 

>15% discordance cutoff for 207Pb/206Pb ratios. The U-Pb results are presented in two ways: (1) 

measured isotopic ratios corrected for downhole fractionation and instrument bias with Iolite 4, 

and (2) U-Pb ages and 2-sigma propagated errors uncorrected for common lead. See the main text 

for a discussion on the treatment of discordant data.  
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Figure A.1. Concordia ages of rutile reference materials displayed on Tera-Wasserburg plots 

created with IsoplotR (Vermeesch, 2018) with 2-sigma uncertainty ellipses. Reference materials 

were analyzed in three LA-ICP-MS sessions. There is no discordance or outlier filter. 
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Figure A.2. Wodgina downhole fractionation. Representative examples of downhole fractionation 

pattern in Wodgina. The typical U-Pb LA-ICP-MS downhole fractionation pattern where the signal 

decreases throughout the ablation duration (top). Some Wodgina analyses showed an inverse 

relationship between Pb and U, where Pb increased throughout the analysis (bottom). 
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Table A.1. University of Washington TraceLab zircon U-Pb metadata, following reporting 

recommendations (Horstwood et al., 2016).  

Laboratory and Sample Preparation 

Laboratory name TraceLab, University of Washington, Seattle 

Sample type/mineral Zircons 

Sample preparation 
Conventional mineral separation, 1-inch epoxy mount, 5 μm polish to 

finish 

Imaging 
TFS Apreo-S with Lovac Scanning Electron Microscope and Directional-

backscatter (DBS) 

Laser Ablation System 

Make, Model & type Analyte-G2 Excimer 

Ablation cell HelEx 2-volume sample cell 

Laser wavelength (nm) 193 nm 

Pulse width (ns) < 5 ns 

Fluence (J/cm2) 4.12 J/cm2 

Repetition rate (Hz) 10 Hz 

Ablation duration (s) 38 seconds 

Ablation pit depth / ablation rate 
18 μm pit depth, measured using a SEM and a profilometer, equivalent to 

0.05 μm/pulse 

Spot diameter (μm) nominal/actual 25 μm / 29 μm 

Sampling mode / pattern Static spot ablation 

Carrier gas 100% He in the cell, N2 added downstream 

Cell carrier gas flow (L/min) 
0.5 L/min for He (Mass Flow Controller 1), 0.2 L/min for He (Mass Flow 

Controller 2), and 10 mL/min for N2 (Mass Flow Controller 3) 

ICP-MS Instrument 

Make, Model & type iCAP RQ, Q-ICP-MS 

Sample introduction Ablation aerosol 

RF power (W) 1150 W 

Make-up gas flow (L/min) Cool flow 14 L/min, Auxiliary gas flow 0.8 L/min 

Detection system Dual mode secondary electron multiplier (SEM) 

Masses measured 90Zr, 204 Pb, 206-208 Pb, 232Th, 235U, 238U 

Integration time per peak/dwell times (ms); 

quadrupole settling time between mass jumps 

90Zr: 0.01s; 204Pb: 0.01s; 206Pb: 0.015s; 207Pb: 0.012s; 208Pb: 0.1s; 

232Th: 0.1s; 235U: 0.01s; 238U: 0.12s 

Total integration time per output datapoint 0.62s 

‘Sensitivity’ as useful yield (%, element) 0.2% U 

ICP-MS dead time (ns) 40 ns 

Data Processing 

Gas blank 27 second on-peak zero subtracted 

Calibration strategy 
Plešovice (PLS) used as primary reference material, GHB and FC-1 used 

as secondary reference materials and validation 

Reference material information 

Plešovice (Sláma et al., 2008) 

GHB (Eddy et al., 2016) 

FC-1 (Paces and Miller, 1993) 

Data processing package used / Correction for 

LIEF 

Iolite (U_Pb_Geochron4 and VizualAge DRS) (Paton et al., 2011; Chew et 

al., 2014) 

Mass discrimination 
NIST612 used for initial mass bias correction during autotuning, then 

207Pb/206Pb and 206Pb/238U normalized to reference material 

Common-Pb correction, composition and 

uncertainty 

No common-Pb correction applied (see discussion in Shekut and Licht 

(2020) supplementary materials) 

Uncertainty level & propagation Ages are quotes as 2s absolute, propagation is by quadratic addition 

Quality control / Validation 

GHB and FC-1 used as secondary reference materials. See also Shekut and 

Licht (2020) (Table 2 in their Supplemental File 1) for validation of 

international reference materials 
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Table A.2. University of Kansas IGL zircon U-Pb metadata from Campbell (2017). 

Laboratory and Sample Preparation 

Laboratory name KU Geology Isotope Geochemistry Laboratories 

Sample type/mineral Zircon 

Sample preparation Standard mineral separation & epoxy grain mount 

Laser Ablation System 

Make, Model & type ArF excimer 193 nm, Photon Machines Analyte G2, ATLEX 300 

Ablation cell Helex 2, two-volume cell 

Laser wavelength (nm) 193 

Pulse width (ns) 5 ns 

Fluence (J/cm2) 2 J/cm2 

Repetition rate (Hz) 10 Hz 

Ablation duration (s) 26 seconds 

Spot diameter (μm) nominal/actual 20 μm / 20 μm 

Sampling mode / pattern Single spot ablation 

Carrier gas He, 1.01 (cell); Ar, 1.1 

ICP-MS Instrument 

Make, Model & type Thermo Element2 magnetic sector field ICP-MS 

Sample introduction Ablation aerosol 

RF power (W) 1100 W 

Make-up gas flow (L/min) Ar, 1.1/min 

Detection system Single detector, counting & analog 

Masses measured 206Pb, 207Pb, 208Pb, 232Th, 238U 

Integration time per peak (ms) 1-5 (long) 

Total integration time per reading (secs) 23 (long) 

Total method time (secs) 42 (long) 

Sensitivity/Efficiency ~0.1% U, GJ-1 

UO+/U+(%) < 0.01 

238
U+/ 

232
Th+

 > 0.6 

Data Processing 

Gas blank 21 (long) 

Calibration strategy 

Sample/ standard bracketing. GJ-1 used as primary calibration 

standard. Plešovice and Fish Canyon Tuff used as secondary 

reference materials. 

Reference material information 

GJ-1 (Jackson et al., 2004) 

Plešovice (Sláma et al., 2008) 

Fish Canyon Tuff (Wotzlaw et al., 2013) 

Data processing package used ET_Redux-3.6.14 (McLean et al., 2016), IGOR PRO, Iolite 2.5 

Mass discrimination Y-Intercept, Downhole 

Common-Pb correction, composition and 

uncertainty 

No common-Pb correction applied to the data 

Uncertainty level & propagation 
Age uncertainties at ±2σ absolute, propagation is by quadratic 

addition following McLean et al., 2016 and Paton et al., 2010 

Quality control / Validation 
Plešovice and Fish Canyon Tuff used as secondary reference 

materials 
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Table A.3. University of Kansas IGL detrital rutile U-Pb metadata.  

Laboratory and Sample Preparation 

Laboratory name The University of Kansas, Dept. of Geology, Isotope Geochemistry Lab 

Sample type/mineral Rutile 

Sample preparation 1-in epoxy rounds 

Imaging EDS in SEM 

Laser Ablation System 

Make, model & type ATL ArF excimer laser (193 nm), Photon Machines AnalyteG2 

Ablation cell & volume HeLex 9-sample cell 

Laser wavelength 193 nm 

Pulse width (ns) 5 ns 

Fluence 3.0 J/cm2 (77% at 5mJ output) 

Repetition rate 10 Hz 

Spot size (um) Trace elements: 25 µm; U-Pb: 50 µm 

Sampling mode / 

pattern 

Single spots 

Carrier gas He, 1.1 l/min, Ar, 1.07 l/min 

Ablation duration 25s 

Cell carrier gas flow  He, 1.1 l/min 

ICP-MS Instrument 

Make, Model & type Thermo Element2 magnetic sector field ICP-MS (single collector) 

Sample introduction Aerosol with sample + He was mixed with Ar using a T-connector 15 cm upstream from 

torch 

RF power 1200–1250 W 

Make-up gas flow  Ar, 1.07 l/min 

Sampling depth ca. 20 µm 

Detection system single detector (SEM), counting & analog modes 

Elements/ isotopes 

analyzed 

Trace elements: 49Ti, 51V, 53Cr, 56Fe, 66Zn, 69Ga, 90Zr, 93Nb, 95Mo, 118Sn, 121Sb, 

177Hf, 181Ta, 182W. U-Pb: 206Pb, 207Pb, 208Pb, 232Th, 238U 

Integration time per 

channel (Sample Time) 

Trace elements: 49Ti=3 ms, 90Zr=20 ms, and 10 ms for all other isotopes; U-Pb: 206=8 

ms, 207=10 ms, 208=2 ms, 232=2 ms, 238=4 ms 

Total integration time       

(Segment Duration) 

Trace elements: 49Ti=9 ms, 90Zr=20 ms, and 10 ms for all other isotopes; U-Pb: 

206Pb=32 ms, 207Pb=40 ms, 208Pb=8 ms, 232Th=8 ms, 238U=20 ms 

Total method time Trace elements: 40s (120 runs, 1 pass); U-Pb: 31s (100 runs, 3 passes) 

ICP Dead time 6 ns 

UO+/U+ ≤0.25% 

232Th+/238U+ >0.75 

…continued on next page  
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Data Processing 

Gas blank Trace elements: 7-15 s, U-Pb: 7-15 s 

Calibration strategy Trace elements: standard-sampling bracketing + internal standardization assuming 

99% TiO2; U-Pb: standard-sampling bracketing 

Reference material info Trace elements: GSD-1G (Guillong et al., 2005; Jochum et al., 2005); U-Pb: R10 

(Luvizotto et al., 2009) 

Internal std for trace 

elements 

49Ti 

Data processing 

package used / 

Correction for LIEF 

Iolite 4 (Paton et al., 2011): Trace elements: Trace Elements data reduction scheme; U-

Pb: U-Pb Geochronology data reduction scheme; exponential LIEF correction for U-Pb 

ratios. 

Common-Pb correction, 

composition and 

uncertainty 

Not performed 

Uncertainty level & 

propagation 

Trace elements: 2se internal uncertainty; U:Pb: 2se propogated uncertainty from U-Pb 

Geochronology data reduction scheme. Concordia diagrams were plotted using 

IsoplotR (Vermeesch, 2018) with 2s uncertainty ellipses 

Reproducibility Trace elements: 5–7%. U-Pb ratios: 2–4% 

Quality control / 

Validation 

Trace elements: R10 (Luvizotto et al., 2009) and GSC-1G (Guillong et al., 2005; Jochum 

et al., 2005); U-Pb: Wodgina (Ewing, 2011), Kragerø (Kellett et al., 2018), 9826J 

(Kylander-Clark, 2008), LJ04-08 (Apen et al., 2020)  
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Appendix B. 

Supplementary 

Materials for 

Chapter 2 

 

 

Figure B.1. Measured 

sections in the 

Mayıslar area of the 

Sarıcakaya Basin. 

Measured section 

locations are given in 

Table B.2 and 

displayed on Figure 

2.2. 

  



170 

 

 

  

Figure B.2. 

Measured sections 

in the Iğdir area of 

the Sarıcakaya 

Basin. Measured at 

10 to 50-cm 

resolution. Legend 

in Figure B.1. 

Measured section 

locations are given 

in Table B.2 and 

displayed on Figure 

2.2.
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Figure B.3. 

Measured sections 

in the Kapıkaya 

area of the 

Sarıcakaya Basin. 

Measured at 10 to 

50-cm resolution. 

Legend in Figure 

B.1. Measured 

section locations 

are given in Table 

B.2 and displayed 

on Figure 2.2. 
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Figure B.4. Measured sections in the Ozanköy area of the Sarıcakaya Basin. Measured at 1.5-m 

resolution, except 0 to 50 m of Ozanköy Section 01 which was measured at 0.5-m resolution. 

Legend in Figure B.1. Measured section locations are given in Table B.2 and displayed on Figure 

2.2.
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Figure B.5. Weighted mean age of new volcaniclastic samples calculated using IsoplotR 

(Vermeesch, 2018). Black line and gray bar depict the weighted mean age and the 2-sigma error 

not including the modelling error. N are the zircon ages ordered from youngest to oldest. Raw data 

are in in the appendix files. 
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Figure B.6. Multidimensional scaling map showing the dissimilarities between individual 

Sarıcakaya Basin samples from this study and Campbell (2017). Solid lines connect closest 

neighbors (least dissimilar) and dashed lines connect second closest neighbors. Axes are in 

dimensionless “KeS units” (–1 < KS < 1) of dissimilarity between samples. Final “stress” value is 

0.018, indicating a goodness-of-fit between “excellent” and “perfect” (Vermeesch, 2013). 
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Table B.1. Detrital and volcaniclastic zircon samples, IGSN, location and description. 

Sample 

Name 

IGSN Latitude Longitude Description 

16SKY04 IEMUE0017 40°01'48.9''N 30°39'08.3''E Sandstone, Mayıslar 02, 2 m 

16SKY11 IEMUE001A 40°01'59.7''N 30°39'04.4''E Volcaniclastic, Mayıslar 04, 

24.5 m 

16SKY18 IEMUE001G 40°01'59.7''N 30°39'04.4''E Volcaniclastic, Mayıslar 04, 

54 m 

16SKY17 IEMUE001F 40°02'13.4''N 30°39'01.6''E Volcaniclastic, Mayıslar 06, 

81 m 

16SKY23 IEMUE001H 40°03'28.1''N 30°41'12.6''E Sandstone, Iğdir 02, 8.5 m 

16SKY24 IEMUE001I 40°03'28.1''N 30°41'12.6''E Volcaniclastic, Iğdir 02, 28 m 

16SKY26 IEMUE001K 40°03'30.9''N 30°41'17.1''E Sandstone, Iğdir 03, 85 m 

16SKY37 IEMUE001Q 40°04'22.4''N 30°44'30.5''E Sandstone, Kapıkaya 02, 4.5 m 

16SKY42 IEMUE001T 40°04'28.2''N 30°44'38.2''E Conglomerate, Kapıkaya 03, 

127 m 

16SKY50 IEMUE001W 40°04'43.1''N 30°44'41.0''E Conglomerate, Kapıkaya 04, 

127 m 

17OZK05 IEMUE001Z 40°08'20.1''N 30°55'52.0''E Sandstone, Ozanköy 01, 113 m 

17OZK12 IEMUE0020 40°08'30.5''N 30°55'9.8''E Sandstone, Ozanköy 02, 121 m 

16ESK01 IEMUE0014 39°42'15.7''N 30°55'33.8''E Modern river draining 

accretionary prism and 

Karakaya Complex schist 

17RIVER01 IEMUE0021 40°00'07.9''N 30°34'18.3''E Modern river draining the 

accretionary prism into 

Sarıcakaya Basin 

17BASE01 IEMUE001Y 40°02'31.7''N 30°28'18.2''E Gneiss from Söğüt 

Metamorphics 
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Table B.2. GPS location of measured stratigraphic sections depicted in Figure 2.2, Figure 2.4, 

Figure B.1, Figure B.2, Figure B.3, and Figure B.4. 

Measured Section Latitude Longitude 

Mayıslar 01 Base 40°01'45.9''N 30°39'11.5''E 

Mayıslar 02 Base 40°01'48.9''N 30°39'08.3''E 

Mayıslar 03 Base 40°01'53.1''N 30°39'07.7''E 

Mayıslar 04 Base 40°01'59.7''N 30°39'04.4''E 

Mayıslar 05 Base 40°02'07.4''N 30°38'56.5''E 

Mayıslar 05 Top 40°02'08.8''N 30°39'01.2''E 

Mayıslar 06 Base 40°02'08.8''N 30°39'01.2''E 

Mayıslar 06 Top 40°02'13.4''N 30°39'01.6''E 

Iğdir 01 Base 40°03'22.6''N 30°41'20.4''E 

Iğdir 02 Base 40°03'28.1''N 30°41'12.6''E 

Iğdir 03 Base 40°03'30.9''N 30°41'17.1''E 

Kapıkaya 01 Base 40°04'14.4''N 30°44'22.0''E 

Kapıkaya 02 Base 40°04'22.4''N 30°44'30.5''E 

Kapıkaya 03 Base 40°04'28.2''N 30°44'38.2''E 

Kapıkaya 03 Top 40°04'38.8''N 30°44'32.6''E 

Kapıkaya 04 Base 40°04'43.1''N 30°44'41.0''E 

Ozanköy 01 Base 40°08'20.1''N 30°55'52.0''E 

Ozanköy 02 Base 40°08'30.5''N 30°55'59.8''E 
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Table B.3. Description of published detrital zircon samples. Raw data included in the appendix 

files. 

Sample Name Source Location Description 

15YP09 Campbell (2017) N40°04'09.6'' 

E30°44'37.5'' 

Volcaniclastic sandstone in 

Paleogene series of Saricakaya, 

15 m above the major 

unconformity 

15YP08 Campbell (2017) N40°04'09.6'' 

E30°44'37.5'' 

Volcaniclastic sandstone in 

Paleogene series of Saricakaya, 

15 m below the major 

unconformity 

15YP12 Campbell (2017) N40°01'18.9'' 

E30°39'22.9'' 

Greenschist, basement of 

Pontides, below Pg section and 

next to suture 

15YP14 Campbell (2017) N40°10'01.7'' 

E30°31'18.5'' 

Paleogene sandstone, Yenipazar 

section, 10m above the 

disconformity with Maastrichian 

flysch 

15YP13 Campbell (2017) N40°10'01.7'' 

E30°31'18.5'' 

Volcaniclastic sandstone in 

Maastrichian(?) flysch, Yenipazar 

section, 5m below the 

disconformity 

15YP04 Campbell (2017) N40°06'06.0'' 

E30°37'02.3'' 

Lower Jurassic sandstone, base of 

the Tethyan series, South of 

Yenipazar 

15YP11 Campbell (2017) N40°01'18.9'' 

E30°39'22.9'' 

Volcaniclastic sandstone in 

Paleogene series of Saricakaya, 

~30 m above the base of the Pg 

section 

15GO02 Campbell (2017);  

Ocakoğlu et al. 

(2018) 

40°24'21.6''N 

30°47'00.5''E 

Upper Cretaceous Yenipazar Fm 

conglomerate 

SgtMeta Ustaömer et al. 

(2012) 

40°07'24.2"N 

30°00'09.0"E  

Central Sakarya Basement 

sillimanite-garnet schist 

KK.10 Ustaömer et al. 

(2016) 

40°08'49.4"N 

29°50'05.9"E 

Upper Triassic Kendirli Fm 

(Karakaya Complex) sandstone 

 

  



178 

 

 

Appendix C. 

Supplementary Materials for Chapter 3 

 

 

 

Figure C.1. Volcaniclastic and detrital zircon U-Pb and εHf isotopic data for samples from the 

Central Sakarya and Sarıcakaya basins. The data are from (Campbell et al., in review) and 

visualized using HafniumPlotter (Sundell et al., 2019). All results are plotted as individual data 

points (circles) and a 40-point running medians (lines). Gray envelopes represent the 95% (2-

sigma) and 99.7% (3-sigma) confidence intervals for bivariate kernel density estimates. DM: 

depleted mantle; CHUR: chondritic uniform reservoir.  


