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ABSTRACT 

Although the North Anatolian Shear Zone is one of the main lithospheric-scale strike-slip 

deformation zones in the world, playing a prominent role in the complex geodynamic interaction 

between the Eurasian, Anatolian and Arabian plates, the onset time of its activity remains highly 

controversial. Here, we tackle this issue by utilizing nannofossil biostratigraphy on deposits from 

the Taşcilar basin, a pull-apart basin that we have identified inside the North Anatolian Shear 

Zone overprinting the Intra-Pontide suture zone. The syn-tectonic sedimentary succession of the 

Taşcilar basin developed completely during the early Eocene (Ypresian; CNE4–CNE5 Zones). 

The strike-slip faulting related to the initial onset of the North Anatolian Shear Zone can likely 

be constrained within the Ypresian, suggesting that the westward escape of the Anatolian plate 

along the North Anatolian Shear Zone started in the early Eocene. 

 

1. INTRODUCTION 

The North Anatolian Shear Zone (NASZ; Şengör et al., 2005; Ellero et al., 2015a), representing 

the collision zone between the Anatolian and Eurasian plates, provides a global case study of a 

continental plate boundary. The NASZ is developed as a broad, up to 100 km wide, deformation 

zone across all of northern Turkey, extending for more than 1400 km in an approximately E–W 

direction (Figure 1). Along its western and central branches, the NASZ overprints the Intra-

Pontide suture zone, an ophiolitic suture originating from the continental collision between two 

terranes of Eurasian affinity (i.e. the Istanbul-Zonguldak and Sakarya terranes) originally 

separated by a branch of the Neotethys (i.e. Intra-Pontide ocean) (Okay & Tüysüz, 1999). 

The NASZ is characterized by systems of strike-slip faults and associated structures showing an 

overall right-lateral displacement. Within the NASZ, several pull-apart basins have developed 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

(Barka et al., 2000; Şengör et al., 2005). Based on the ages of the fault-related basin deposits, the 

onset of NASZ activity is commonly constrained to the late Miocene (Şengör et al., 2005 and 

references therein). However, the timing of NASZ onset is still controversial, and different ages 

have been proposed (Barka, 1992; Armijo et al., 1999; Koçyiğit et al., 2001; Hubert-Ferrari et 

al., 2002, 2009; Zattin et al., 2005, 2010; Uysal et al., 2006; Boles et al., 2015; Türkoğlu et al., 

2016). 

The multidisciplinary study (structural geology, sedimentological and micropalaeontological 

analyses and volcanic geochemistry) that we carried out within the bending area of the NASZ 

identified an early Eocene pull-apart basin, namely the Taşcilar basin, suggesting the early 

Eocene as the onset age of the NASZ. This timing constraint for the initiation of NASZ activity 

contributes to the discussion of the post-collisional geodynamic evolution of the Anatolian plate. 

 

2. TECTONIC SETTING OF THE TAŞCILAR BASIN 

The Taşcilar basin is an approximately 5 km long and 2 km wide basin located within the central 

bend of the NASZ (Figure 2; Appendix S1). The Taşcilar basin unconformably developed inside 

two tectonic units belonging to the imbricate stack of the Intra-Pontide suture zone (Göncüoğlu 

et al., 2008, 2012; Okay et al., 2013; Frassi et al., 2016; Sayit et al., 2016): the Upper Cretaceous 

ophiolite-bearing Arkot Dağ Mélange (Göncüoğlu et al., 2014) and the Domuz Dağ metamorphic 

Unit (Okay et al., 2006). The basin shows a roughly trapezoidal shape and is bounded by a 

complex network of high-angle faults, where the master faults, corresponding to the northern and 

southern margins of the basin, are parallel to the NASZ system (Figure 2). The complex fault 

array, which includes cross-basin faults that link the master fault offset, was responsible for 

localized intrabasinal subsidence, separating different depocentres inside the basin. The tectonic-
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controlled architecture is also responsible for the sudden lateral facies changes that can be 

observed both on geological maps and in cross-section (Figure 2; Appendix S1). The basement-

involved faulting was accompanied by subalkaline basaltic volcanism (Figure 2; see Section 4). 

The brittle structural analysis performed in the Taşcilar basin area highlighted that faults are 

predominantly high-angle strike-slip faults trending along three main directions (Figure 3), 

locally displaying cataclastic zones (Appendix S2). Clear cross-cutting relationships between 

different faults, or fault planes bearing multiple generations of slickenlines, were not detected 

during the fieldwork. 

The palaeostress reconstructions indicate two different stress tensors characterized by sub-

vertical 2 intermediate stress axes. The first one displays a sub-horizontal 1 axis directed NE–

SW, which is consistent with ENE–WSW-trending sinistral strike-slip faulting and roughly N–S 

dextral strike-slip faulting (Figure 3d). The second stress tensor has a WNW–ESE-directed 1 

axis and matches NE–SW-trending dextral strike-slip faults with NW–SE-directed sinistral 

strike-slip faults (Figure 3e). This latter stress tensor is consistent with palaeostress directions 

elaborated for adjacent NASZ sectors (Ellero et al., 2015a), where the strain partitioning is 

characterized by transpression. This feature is also evidenced in the Taşcilar basin, by reverse 

faults that segment the stratigraphic succession (Figure 2b). 

 

3. STRATIGRAPHIC EVOLUTION OF THE TAŞCILAR BASIN 

The stratigraphic succession of the Taşcilar basin includes three formations, which are, from the 

bottom to the top, the Delibey, the Taşcilar and the Hatip Formations (Figures 2, 4 and 5). The 

Delibey Formation shows facies associations characteristic of hyperconcentrated flood flow 

developed in a mass-flow-dominated alluvial fan (cf. Nemec & Steel, 1984). This formation 
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grades to the overlying Taşcilar Formation, interpreted as shallow-marine deltaic deposits. The 

Taşcilar Formation shows a transition from a lower part characterized by high-density small-

volume flows developed in a steep depositional environment such as a delta slope and/or delta 

front (cf. Sohn et al., 1997), to an upper part characterized by deposits from the frontal margin of 

a relatively deep fluvial-influenced mouth bar (cf. Sohn & Son, 2004). Subalkaline basalts are 

interbedded as syn-sedimentary pillow lavas in poorly lithified sediments in the uppermost part 

of the Taşcilar Formation (Figure 6a). The Hatip Formation, which is separated from the Taşcilar 

Formation by an angular unconformity (Figure 4f), is interpreted as a coarse shallow-marine 

inner-deltaic system strongly influenced by fluvial floods. Overall, the clasts of the Taşcilar 

basin succession are dominated by lithologies from the units of the underlying Intra-Pontide 

suture zone basement. The Taşcilar and Hatip Formations were sampled in order to identify the 

depositional age and environments of the Taşcilar basin (Appendix S3). 

 

3.1. Nannofossil Biostratigraphy 

We collected 41 marly mudstone samples, of which 39 samples contained well- to poorly 

preserved calcareous nannofossils varying in abundance from abundant to few (Figure 5; 

Appendix S4). The lower 50 metres of the sampled Taşcilar section contain 12 samples with 

well-preserved calcareous nannofossil specimens that include Dictyococcites sp., 

Reticulofenestra dictyoda, Coccolithus crassus, Tribrachiatus orthostylus, Girgisia gammation, 

Toweius spp., Discoaster lodoensis, Discoaster kuepperi and Discoaster barbadiensis. This 

assemblage can be attributed to the upper part of the early Eocene CNE4 Zone of Agnini et al. 

(2014), characterized by the co-occurrence of C. crassus and Noelaerhabdaceae members (R. 

dictyoda and Dictyococcites), T. orthostylus and Toweius spp., and roughly corresponding to the 
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upper part of C23n and the lowermost part of C22r (Appendix S3), with an age estimated 

between 50.93 Ma (age of the lowest occurrence of C. crassus) and 50.66 Ma (age of the highest 

occurrence of T. orthostylus). Twenty samples coming from the remaining 250 m of the Taşcilar 

Formation contain Noelaerhabdaceae members, Toweius spp. and C. crassus and can be 

attributed to the early Eocene CNE5 Zone, constrained between the highest occurrence of 

common and continuous T. orthostylus and the lowest occurrence of Discoaster sublodoensis. In 

the upper part of the Taşcilar Formation, seven samples from a 6 metre thick level are 

characterized by assemblages containing T. orthostylus and Toweius spp. without 

Noelaerhabdaceae members, which point to the lower part of the CNE4 Zone, suggesting that 

intrabasinal landslides triggered by the tectonic activity of the basin margins reworked part of the 

older succession. Only one sample from the Hatip Formation yielded calcareous nannofossils 

that allowed biostratigraphic characterization. The occurrence of high proportions of R. dictyoda, 

Dictyococcites sp. and Cyclicargolithus floridanus (Noelaerhabdaceae), which bloom in the 

middle part of the CNE5 Zone (Agnini et al., 2014), suggests a biostratigraphic position 

corresponding to the upper part of the CNE5 Zone. 

 

3.2. Ostracods and Benthic Foraminifera 

Eleven samples were collected for analysis of ostracods and benthic foraminifera (Figure 5; 

Appendix S5). The sampled section is characterized by ostracods that testify to a bathymetric 

decrease from an upper bathyal (with Dutoitella eocenica, Legitimocythere presequenta, 

Trachyleberidea pisinensis, Bairdia ilaroensis and Cytherella gr. serratula) to an outer neritic 

environment (with B. ilaroensis and C. gr. serratula and without D. eocenica, L. presequenta and 

T. pisinensis) (Dall’Antonia et al., 2003). Benthic foraminifera recognized in the Taşcilar 
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Formation testify to a wider bathymetric range from outer neritic to upper bathyal. A sample 

from the Hatip Formation, barren of ostracods and foraminifera, contains a displaced assemblage 

of macroforaminifera (mostly Nummulites, Operculina and Discocyclina) that points to a fan 

delta environment. 

 

4. GEOCHEMISTRY OF THE VOLCANISM IN THE TAŞCILAR BASIN 

Three samples were analyzed to examine the petrogenesis of the syn-sedimentary volcanism in 

the Taşcilar basin (Appendix S6). The samples are classified as subalkaline basalts and exhibit 

enrichment in incompatible elements compared to N-MORB (Figure 6b). Negative Nb anomalies 

are present, which may be due to contamination by continental crust and/or a contribution from 

metasomatized subcontinental lithospheric mantle (SCLM). However, enrichment levels in the 

Taşcilar lavas are very low compared with lithologies involving a dominant contribution from 

SCLM (such as lamproites) (e.g. Gibson et al. 1993). This may suggest a role for asthenospheric 

melts that have been contaminated by continental lithosphere (via mixing with melts of 

metasomatized SCLM and/or contamination with continental crust) (Figure 6c). The slightly 

fractionated HREE patterns may indicate mixing of garnet-facies and spinel-facies melts (Figure 

6c). The overall geochemical characteristics suggest that the Tascilar magmatism was triggered 

by decompression associated with stretching of the continental lithosphere. 

 

5. DISCUSSION AND GEODYNAMIC IMPLICATIONS 

The tectono-stratigraphic results indicate that the Taşcilar sedimentary succession was deposited 

in a basin whose evolution was strongly controlled by strike-slip tectonics, showing typical pull-

apart basin features such as basin asymmetry, rapid subsidence and uplift stages, abrupt lateral 
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facies changes and unconformities (Christie-Blick & Biddle, 1985). The different fault-bounded 

basin sectors characterized by different stratigraphies indicate the syn-sedimentary nature of the 

faults. Subsidence is highlighted by the deepening of the sedimentary facies, which evolved from 

continental to shallow marine to relatively deep marine environments (outer neritic–upper 

bathyal environments; Figure 5). The subsident trend stops at the unconformity between the 

Taşcilar and Hatip Formations. The unconformity and the palaeo-environment indicate a 

shallowing of the basin, which is interpreted as an uplift driven by transpressive faulting. The 

change from tectonic subsidence to uplift was driven by the inversion of the stress regime from 

transtensive to transpressive. This tectonic inversion fits with the results of the structural 

analysis, allowing us to propose a two-stage tectonic model for the onset and development of the 

Taşcilar pull-apart basin. The first tectonic stage, which included the nucleation of the basin, was 

generated by the activation of releasing step-over areas along sinistral strike-slip master faults 

(Figure 3d). The contemporary development of synthetic and antithetic high-angle faults set up 

the transtensional conditions for the formation of the pull-apart basin, where the deposition 

started in a context of fast subsidence. The second tectonic stage was characterized by a WNW–

ESE-directed 1 axis transpressional tectonic regime (Figure 3e), with the consequent 

reactivation of the master faults as dextral strike-slip faults in agreement with the general strike-

slip movement of the NASZ. 

The results of the nannofossil biostratigraphy constrain the age of the Taşcilar Formation to 

between the upper part of the CNE4 Zone and the lower part of the CNE5 Zone, indicating the 

middle part of the early Eocene. The deposition age of the Hatip Formation is constrained to the 

middle part of the early Eocene CNE5 Zone. The lower, undated, Delibey Formation, which is 
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characterized by a high sedimentation rate and reduced thickness, can be confidently ascribed to 

the early Eocene. 

Overall, our new data indicate that the Taşcilar pull-apart basin developed within a strike-slip 

tectonic regime during the Ypresian (early Eocene). The first implication of our results is that the 

strike-slip movements linked to the onset of the NASZ were likely established in the Ypresian, 

after the Selandian (middle Palaeocene) collision between the Sakarya and Istanbul-Zonguldak 

terranes. The collision age is constrained by the age of the ophiolite-bearing mass gravity 

deposits deposited in a foredeep basin immediately before the collision (Taraklı Flysch; 

Catanzariti et al., 2013). The transcurrence along the Intra-Pontide suture zone after the 

continental collision could have been triggered by oblique collision, which was suggested as the 

process for the closure of the Intra-Pontide ocean (Göncüoğlu & Erendil, 1990). 

The post-collisional activation of the NASZ along the Intra-Pontide suture zone is consistent 

with the large-scale strike-slip faulting affecting suture zones that has been recognized as a 

characteristic of continental collisions (McKenzie, 1972; Molnar and Tapponier, 1975; 

Tapponier et al., 1982; Dewey et al., 1986; Phillips et al., 2004, and references therein). 

The post-collisional evolution of northern Turkey across the Intra-Pontide suture zone can thus 

be delineated (Figure 7). In the Ypresian, inside the Intra-Pontide suture zone, strike-slip activity 

of the NASZ started within a transtensional tectonic regime characterized by a NE–SW-directed 

1 axis (Figure 7a). The post-collisional Eocene volcanism, confined to a narrow band trending 

parallel to the Intra-Pontide suture zone (Keskin et al., 2008; Altunkaynak and Dilek, 2013), can 

be related to transcurrence along the NASZ, as is the case for the volcanism associated with the 

Taşcilar pull-apart basin. The switch from a transtensional to a transpressional regime, related to 

the rotation of the 1 axis from NE–SW to WNW–ESE, occurred during the upper part of the 
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Ypresian (Figure 7b). After the initiation of strike-slip faulting, displacements along the NASZ 

have continued up to the Present with successive steps (Zattin et al., 2010 and references therein; 

Yolsal-Çevikbilen et al., 2012 and references therein) involving a progressively wider 

deformation zone. During this long evolution, the late Miocene represents a main step of fault 

activity intensification (Figure 7c; Uysal et al., 2006) rather than the age of NASZ onset (Şengör 

et al., 2005). 

The radiometric data on fault gouges that document the onset of significant strike-slip faulting 

along the NASZ in the Eocene (ca 57 Ma, Uysal et al., 2006; ca 40 Ma, Boles et al., 2015) can be 

reconsidered in the proposed geodynamic scenario. 

The presented results contribute to the discussion about the geodynamic interactions between the 

Anatolia, Arabia and Eurasia plates (e.g., Jolivet & Faccenna, 2000; Faccenna et al., 2006; Okay 

et al., 2010; Jolivet et al., 2013). Our study documents that dextral strike-slip faulting in an E–W 

direction in the central sector of the NASZ developed in the Ypresian, consequently indicating 

that the westward translation of the Anatolian plate started during the early Eocene. The 

inception of the westward translation of the Anatolian plate in the middle Eocene, or even 

earlier, has also been indicated by the age of dextral mylonitic shearing from the westernmost 

part of the NASZ (Türkoğlu et al., 2016). 

The geochemistry of the syn-sedimentary subalkaline basalts from the Taşcilar basin points to 

the asthenospheric upper mantle as the main source of the Ypresian magmatism, supporting the 

idea that the NASZ propagated through the lithosphere (cf. Fichtner et al., 2013) as a long-lived 

strike-slip deformation zone formed along the Intra-Pontide suture zone. 
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6. CONCLUSIONS 

Our data on the Taşcilar pull-apart basin provide biostratigraphical constraints for the Ypresian 

onset of the lithospheric strike-slip deformation along the Intra-Pontide suture zone that started 

the generation of the NASZ. The proposed geodynamic model indicates that the westward escape 

of the Anatolian plate began in the early Eocene. 
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FIGURE CAPTIONS 

 

Figure 1. Tectonic map of the eastern Mediterranean–Middle East region (modified from Barka, 

1992 and Ellero et al., 2015a). ISZ: Intra-Pontide suture zone. Yellow arrows show current 

relative plate motion with respect to Eurasia. Solid lines are strike-slip faults; lines with triangles 

are thrust faults. The offshore tectonic lineaments are indicated in white. 

 

Figure 2. (a) Simplified geological map of the Central Pontides (Northern Turkey), showing the 

location of the study area. (b) Geological sketch map and geological cross-section of the Taşcilar 

basin. The rose diagrams, displaying the strike and dip of the main mapped faults (27 data), 

highlight the occurrence of two main systems of high-angle faults trending NNE–SSW and 

roughly E–W. 

 

Figure 3. Statistical analysis of all the faults measured in the Taşcilar basin (107 data) 

highlighted that faults are predominantly high-angle (>60°) strike-slip faults trending along three 

main directions: about E–W, NE–SW and about N–S. (a) Orientation statistics of poles to fault 

planes. (b,c) Diagrams showing the dips of the fault planes and the plunges of slickensides on the 

faults, respectively. (d,e) Palaeostress strike-slip tensors from five measurement stations of 

mesoscale brittle structures (see locations in Appendix S1). Stereograms show traces of strike-

slip faults with observed slip lines and slip senses (equal-area stereographic projections, lower 

hemisphere). The principal stress axes (σ1, σ2, σ3) and types of stress tensor were obtained using 

the Win_TENSOR software (Delvaux & Sperner, 2003). 
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Figure 4. Field occurrence of the main lithologies recognized in the Taşcilar basin. (a,b) The 

Delibey Formation consists of an about 180 m thick succession of polymict poorly sorted and 

clast-supported crudely stratified rudites and arenitic-rudites. In (b) the Delibey Formation close 

to the fault-bounded northern margin of the Taşcilar basin shows an almost vertical bedding 

surface (S0). (c) Coarse-grained matrix-supported rudites of the Taşcilar Formation. (d) Marine 

ruditic-arenites of the Taşcilar Formation. Cross-bedding, clay chips and an erosive surface are 

indicated. (e) Fine-grained arenites and pelites (thin-bedded facies) in the upper part of the 

Taşcilar Formation, showing the lenticular shape (arrows) of the arenitic interval. (f) Angular 

unconformity between the Hatip Formation and the Taşcilar Formation. The Hatip Formation is 

characterized by thick and coarse-grained clast-supported conglomerates interbedded with minor 

coarse- to fine-arenites and rare marls. The bedding surface (S0) in the Taşcilar Formation is 

indicated. 

 

Figure 5. Representative stratigraphy and biostratigraphy of the Taşcilar basin succession. 

Palaeobathymetry and depositional environments scheme modified from Okosun & Osterloff 

(2014); bathymetric range for the upper bathyal interval from Berggren & Miller (1989); the dark 

blue intervals are those constrained by micropalaeontological data. IPSZ: Intra-Pontide suture 

zone. A detailed stratigraphic log of the sampled interval and the complete 

micropalaeontological database are provided in Appendices S2, S3 and S4, respectively. 

 

Figure 6. (a) Field occurrence of basalts in the Taşcilar basin. The emplacement of the volcanic 

rocks produced syn-sedimentary deformation in poorly lithified sediments (pelites of the Taşcilar 

Formation). Arrows indicate the “soft sediment” deformation. (b) Chemical classification of the 
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Taşcilar basalts (after Winchester and Floyd 1977, modified by Pearce 1996). (c) Trace element 

and REE patterns of the Taşcilar basalts (normalization values from Sun and McDonough 1989). 

The samples display some gains and losses in elements with low ionic potential (e.g. Ba, Rb and 

Sr), which can be attributed to the alteration. The high field strength elements and REE, 

however, appear to have remained immobile, thus reflecting the pristine chemistry. 

 

Figure 7. Block diagrams illustrating the post-collisional geodynamic evolution of northern 

Anatolia across the Intra-Pontide suture zone, from (a,b) the Ypresian (early Eocene) to (c) the 

late Miocene. IZT: Istanbul-Zonguldak Terrane; ISZ: Intra-Pontide suture zone; SAT: Sakarya 

Terrane; NASZ: North Anatolian Shear Zone. For constraints on the current lithosphere–

asthenosphere boundary depth and tomographic models of northern Anatolia see Fichtner et al. 

(2013) and Kind et al. (2015). 
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