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Abstract

The llgin Basin in Central Anatolia is the southeastern extension of the Aksehir-Afyon
Basin, situated at the eastern periphery of the Isparta Angle region. The basin geometry, its
patterns of sediment infill and its kinematics are controlled by the interference between Late
Cenozoic (i.e. neotectonic) overprints and re-activation of old, largely pre-Cenozoic,
structures. This thesis provides new structural and geomorphological data aiming to
understand the structural complexities involved with such interference and a critical note
about the relevance of outcrop-scale observations for regional-scale interpretations of the
associated kinematics. The interconnectivity and interaction between intersecting faults and
the presence of pre-existing basement structures in the Ilgin Basin and adjacent basin regions
are major complications to the application of the stress inversion method. An integration of
outcrop-based fault slip data and structural analysis using a Digital Elevation Model is
therefore essential to reconstruct their meaning in terms of kinematic evolution of the Ilgin
Basin. Fault geometries and their kinematic analysis indicate that transtension in the llgin
basin is influenced by a small but geometrically significant, left-lateral shear component. This
kinematic model inferred for the Ilgin Basin is not in line and therefore difficult to correlate
with the deformation kinematics of Late Cenozoic fault zones to the north and northeast.
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Introduction

The llgin Basin is a relatively small (~50x50 km) Neogene to recent, fault-controlled
depression in the Central Anatolian region of Turkey (Figure 1). It is situated at
approximately 38° 8.700 N latitude and 31° 51.800 E longitude, between the main towns of
Konya (at 60 km to the southeast) and Aksechir (at 45 km to the northwest). The
geomorphology is controlled by a major NW-SE trending fault zone, known as the Aksehir
Fault zone. The Sultandagi is a mountainous upthrown region to the SW of the basin, elevated
to nearly 2000 m, and characterized by exposed metamorphic rocks of largely Cambrian to
Permian age.

The Ilgin Basin is a neotectonic fault-controlled basin, filled with Miocene to Quaternary
lacustrine sediments on top of a Cambrian to Mesozoic basement. Details on the evolution of
the llgin Basin are relatively unknown and poorly documented (General Directorate of
Mineral Research and Exploration, Ankara/Turkey, 2009), while literature about the region on
the early-plate tectonic history (e.g., Robertson, 2000; van Hinsbergen et al 2009) and the
neo-tectonic setting (e.g., Sengor et al., 1985; Bozkurt , 2001) is substantial.

The Ilgin Basin shares its Late Cenozoic development and sediment infill with a number
of larger and somewhat better known fault-controlled basins in Central Anatolia, such as the
basins of the inner Isparta Angle (i.e., Lycian, Aksu, Koépri and Manavgat basins; Flecker et
al., 2004), Aksehir-Afyon (Kogyigit et al., 2003), Tuzg6lu (e.g. Cemen et al., 1999) and Sivas
(e.g., Yilmaz et al., 2006). The primary structure of the basement in these analogue basin
settings is different and is associated with variable histories of deformation. Moreover, the
Late Cenozoic to present-day basin evolution is laterally non-uniform, time-transgressive and
controlled by local kinematics.

Late Cenozoic deformation in the Ilgin Basin seems to be controlled by interference
between the regional-scale basement structure (i.e. the paleo-structural setting), and the
currently active neo-tectonic setting. The basin geometry, its patterns of sediment infill and its
kinematics are controlled by Late Cenozoic overprints and re-activation of old (largely pre-
Cenozoic) anisotropic structures. A contribution to understand structural complexities
involved with this interference, based on new fault-kinematic and geomorphological field

observations is the main objective of this thesis.
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Figure 1. Simplified tectonic map of Anatolia showing the major neotectonic structures and provinces
(modified from Bozkurt, 2001). NAFZ — North Anatolian Fault Zone, EAFZ — East Anatolian Fault Zone,
DSFZ — Dead Sea Fault Zone, IA — Isparta Angle. Heavy lines with half arrows are the major strike-slip zones,
heavy lines with triangles indicate the active subduction zone at the Aegean, Hellenic and Cyprus arcs.. Othe
heavy line with triangles indicate the major fold and thrust belt at the Bitlis-Zagros Suture. Red box is the
location of the study area. Dark arrows indicate relative direction of movement of the Arabian and African
plates; light grey arrows indicate relative movement of Anatolia.

Research Objective

The main objective of this study is to understand the structural history of the Late Cenozoic
llgin Basin and to elucidate the tectonic history of Central Anatolia, with emphasis on (sub)
recent faulting. The Ilgin Basin in Central Anatolia is located in a transition zone between two
regional-scale tectonic domains. East Anatolia forms an easterly domain showing a tectonic
evolution dominated by collision of Arabia and Eurasia. Western Anatolia on the other hand
is severely affected by back-arc extension associated with roll-back of the African Plate. In
the transition zone between these two domains, terrestrial basins including the Ilgin Basin
were associated with and modified by transtensional deformation. Structural studies in this
basin setting are crucial to understand the interaction between the above mentioned dynamic
processes and their kinematic consequences. With the aim to link the basin-scale observations
with the regional structural setting, this thesis proposes a plausible kinematic scenario for the
evolution of the Ilgin Basin using new fault-slip and geomorphological data as well as a
detailed DEM (Digital Elevation Model) analysis.



Outline of this thesis

Section 1 provides a short summary of the regional geological history and (plate-tectonic)
framework of Anatolia to present the paleo-setting of the basin substratum and its major
structures.

In Section 2 the focus will be on the regional setting of major structures and fault zones in
Anatolia. I will zoom in on the Isparta Angle and Ilgin Basin setting.

The newly acquired data of the Ilgin Basin and their analysis are presented in section 3.
This includes fault-slip measurements from several outcrops in the basin and a structural
DEM analysis of the region.

In section 4, an integration of the new structural data and regional evaluations of section 1,
2, and 3 are presented, with the aim to give an explanation for the relationship between the
fault orientations and kinematics and basin geometry.

In section 5 I will discuss the interpretations and implications of the proposed kinematic
basin model and integrate the results with the regional geology of Central Anatolia. Section 6

provides a brief summary of the main conclusions of this thesis.



1. Regional geological history of Anatolia

Early evolution

In the Early Cretaceous (~110 Ma) the Tethys Ocean separated the Supercontinent
Gondwana in the South from the Eurasian assembly in the North. Instead of a single ocean,
the Tethys Ocean consisted of several oceanic seaways, separated by island arcs and micro-
continents. This seaway formed a gateway, connecting what is now known as the Indian
Ocean through the Mediterranean Sea to the Atlantic Ocean. From the Early Cretaceous
onward, the progressive closure of the Tethys resulted in the accretion and almagation of
continental fragments, followed by continent-continent collision, forming the single landmass
of Anatolia in the course of the Cenozoic. Generally two branches of Neotethys are
recognized in the present-day configuration, a northern Neotethys, and a southern Neotethys.
Northern regions, called the Strandja, Istanbul and Sakarya terranes are parts of the Pontides.
The Anatolide-Tauride terranes are located in the southern Anatolia. Although still heavily
debated what affinities the northern and southern terranes of Anatolia have, it is generally
thought that the Pontides show affinity with Laurussia while the Anatolide-Tauride terrane
has a Gondwana affinity. In the Late Cretaceous oceanic closure was followed by continent-
continent collision between the northern and the southern terranes. Intra-oceanic subduction
resulted in widespread ophiolite emplacement and high-pressure metamorphism (Robertson et
al 2009; van Hinsbergen et al., 2009). The subduction thrusts between the terranes were
relocated northward during the Paleocene-Eocene, leading to the final continent-continent
collision between the Taurides and Pontides (Roberston et al 2009; Kaymakci et al 2009; van
Hinsbergen et al., 2009). By Oligocene time, Anatolia was largely a single landmass, highly
non-uniform by inheritance from the terrane amalgamation during its preceding structural
history. Inevitably, a multitude of strength anisotropies must have played a prominent role in
the Late Cenozoic to neo-tectonic evolution and basin development. Re-activation of pre-
existing structures has influenced the structural style, the tectono-stratigraphy, and the
kinematics of deformation in the llgin Basin, the objective of this study.



Collision and collapse

The northward movement of Africa and Arabia towards Eurasia is at present still active
and ongoing. In the Anatolian region major embayments along the converging continental
margins have a prominent influence on lateral changes in structural setting from east to west.
In the east, continent-continent collision between Arabia and Anatolia is followed by break-
off of the subducted Arabian slab in the Miocene (Keskin 2003; Faccenna et al. 2006;
Hafkenscheid et al. 2006; Huising et al. 2009; van Hinsbergen et al., 2009). This is in line with
the study of Husing et al. (2009), who studied the youngest foreland basin deposits associated
with the collision of Arabia with the Anatolide-Tauride region and suggested that these
sediments with an age of 11 Ma are linked to slab break-off, marking the end of subduction of
the Arabian plate. In the west, at the Hellenic and Cyprus arcs, subduction of the African slab
under Anatolia is associated with roll-back of the subducting slab, slab break-off and activity
of Subduction Transform Edge Propagation faults (STEPs; Govers & Wortel, 2005). During
and in response to these processes, Anatolia is laterally extruding westward, accommodated
along major strike-slip fault zones, i.e. the North Anatolian Fault Zone and the East Anatolian
Fault Zone (Dewey & Seng0r, 1979; Sengor et al., 1985, 2005; Hubert-Ferrari et al., 2002;
2009). This is in line with the study of Hubert-Ferrari et al. (2002, 2009) who suggest an age
of 12-10 Ma for the onset of the activity of the North Anatolian Fault Zone. The development
of the NAFZ and the EAFZ together with the westward movement of Anatolia are associated
with the relative difference in velocity between the overall northward migrating Arabian and
African plate. The Arabian plate moves to the N to NW at a rate of 25 mm/yr (Reilinger et al.,
1997; Oral et al., 1995; DeMets et al., 1990, 1994; Barka et al., 1997) and Africa has a
northward movement at a rate of 10 mm/yr (Oral et al., 1995; Barka et al., 1997). The relative
difference in velocity is accommodated by left-lateral strike-slip displacement along the Dead
Sea Fault Zone. As a consequence to these processes of slab-break off, roll-back and
westward lateral extrusion, Anatolia is divided into partly overlapping domains of
exhumation, deformation and sedimentation (Hinsbergen et al., 2009). It is likely that during
and in respond to these tectonic processes, pre-existing structures or strength anisotropies are
easily reactivated and may play a significant role in the orientation and kinematics of newly
developed structures. These ‘weak’ zones are present as a basement fabric, associated with
variable histories of deformation. The transition between these two tectonic domains of
collision in the east and ~N-S back-arc extension due to roll-back in the west, is located at the

Aegean and western Anatolian regions. These regions are affected by continental extension



and exhumation of metamorphic core complexes (e.g., the Menderes Metamorphic Core
Complex. Lister et al. 1984; Gautier et al. 1993; Gautier & Brun 1994; Bozkurt & Oberhénsli
2001; Gessner et al. 2001; Jolivet 2001; Ring & Reishmann 2002; Jolivet et al. 2003;
Edwards & Grasemann 2009; Papanikolaou et al. 2009; Sen & Seyitoglu 2009; Tirel et al.
2009; van Hinsbergen & Boekhout 2009; van Hinsbergen et al., 2009) and a lateral change in
type of volcanism (Pe-Piper & Piper 2002; Dilek & Altunkaynak 2009). The onset of
widespread volcanism at 13-11 Ma is associated with a rapid uplift of eastern Anatolia
(Dewey et al. 1986; Pearce et al. 1990; Keskin 2003; Sengor et al. 2003; Hising et al., 2009),
related to detachment of the northward dipping subducted lithosphere at the Arabian-Eurasian
convergence zone (Keskin 2003; Faccenna et al. 2006; Hafkenscheid et al.2006; Hsing et al.,
2009). Dilek & Altunkaynak (2009)studied the igneous and metamorphic rocks of Anatolia
and found a southward migration and compositional variation of volcanism and magmatism
since the Eocene. Van Hinsbergen summarized the main findings of Dilek & Altunkaynak
(2009) as follows: volcanism was initiated by slab-break-off and changed its composition
southward due to asthenospheric flow as a consequence of lithospheric delamination.
Volcanism in the Middle Miocene is related to lithospheric extension and the formation of the
Menderes metamorphic core complex. In the Quaternary, volcanism in western Anatolia

changed to an alkaline composition, related to uncontaminated mantle flow.

Neogene basin development

During the Miocene to Quaternary, intramontane, extensional/transtensional and fault
bounded basins developed mainly in the western and central regions of Anatolia. (Sengér and
Yilmaz, 1981; Robertson and Dixon, 1984; Sengdr et al., 1985; Zanchi et al., 1993). In mid-
Pliocene to recent times, several of these young, neotectonic basins are connected and
characterized by marine sedimentation. These include the Aksu, Koprii, Manavgat, Adana,
Mut and Ermenek basins in southern Anatolia (e.g., Flecker et al., 1995, 2004; Glover and
Robertson, 1998a; Tanar and Gokgen, 1990; Karabiyikoglu et al., 2000; Satur et al., 2000;
Ilgar and Nemec, 2004; Algicek et al., 2005). Other basins, such as the inner Biiylik Menderes
Basin, Burdur, Alasehir/Gediz, Simav, Aksehir-Afyon, llgin and Cameli basin, remained fully
terrestrial and are characterized by alluvial and lacustrine sedimentation (e.g., Price and Scott,
1991; Seyitoglu and Scott,1996; Seyitoglu, 1997; Kogyigit et al., 2000a; Bozkurt,2000;
Alcicek, 2001). The development of many of these Neogene to Quaternary basins are often

related to multiple episodes or pulses of extension (e.g. Kogyigit et al., 2000a; 2003), but



several basins experienced tectonic inversion, related to pulses of post-orogenic compression
or transtension during the mid-Miocene and/or Pliocene (Flecker et al., 1995, 2004; Kogigit it
et al., 1999, 2000; Karabiyikoglu et al., 2000). Many studies on these basins are focused on
the lithological and stratigraphic characteristics (e.g., Becker-Platen, 1970; Erakman et al.,
1982; MeYhur and AkpVnar, 1984; Sfzbilir and Emre, 1990; Xenel, 19974, b, c) but little is
known about the sedimentation patterns and deformation structures such that the subsidence
and fault kinematic history of the basins remained unconstrained. Moreover, the llgin Basin is
documented in terms of its lithological and stratigraphic character, but a structural study is
lacking. The Ilgin Basin is located next to, and connected with the Aksehir-Afyon Basin to
the northwest. The Sultandagi Mountain range, and its parallel-trending Aksehir Fault zone,
forms the southwestern boundary for both basins. Based on similarities in lithological
character, their common NW-SE trend and western bounding margin, the Ilgin and Aksehir-
Afyon basins may have experienced a similar early evolution in deformation and deposition.
The boundary between both basins is therefore, not clearly defined.



2.  Regional structural setting

The active dextral North Anatolian Fault Zone (NAFZ) and the sinistral East Anatolian
Fault Zone (EAFZ) are considered as the main tectonic boundary zones of the Central
Anatolia highland (Figure 2). These major structures are, together with the Dead Sea Fault
Zone (DSFZ) and the subduction-related processes at the Hellenic and Cyprus arcs,
responsible for a broad region of distributed and overlapping zones of active deformation in
Anatolia (Gorsdy 2003; see also paper from Bozkurt 2001). Secondary faults bifurcate off
from the NAFZ and EAF Fault zones, and divide Central Anatolia in smaller domains of more
local deformation. These faults form patterns of smaller, en-echelon relaying fault segments,
extending hundreds of kilometers into Central Anatolia. These segmented zones are
characterized by both left and right-lateral strike-slip components. Moreover, in eastern
Central Anatolia, most E-W trending zones are characterized by strike-slip with reverse
components, while the NE- to NNE trending fault zones generally have a normal oblique-slip
character (e.g. Bozkurt and Kogyigit 1996; Bozkurt, 2001) Major active fault zones include
the NE-SW-trending left lateral Central Anatolian Fault zone (CAFZ), the NW-SE trending
right-lateral Tuzgoli Fault zone (TFZ), the WNW-ESE-trending Eskisehir, and NNW-SSE-
trending Aksehir oblique-slip normal fault zones.

The CAFZ extends ~730 km from east Anatolia to the Eastern Mediterranean Sea,
parallel along the East Anatolian Fault zone. NE-SW trending, left-lateral strike-slip faults
are associated with reactivation of NE-SW extending, paleotectonic structures (i.e. the Ecemis
Corridor or Ecemis Fault; Bozkurt, 2001) during the Plio-Quaternary. Pull-apart basins
located within the CAFZ indicate significant amounts of extension associated with left-lateral
transtension. Paleomagnetic data from 1-2 Ma volcanics located in the same region indicate
~10° anticlockwise rotation during the last 1 Ma (Tatar et al., 2000), suggesting relatively
recent fault activity.

The Tuzg6ll Fault zone is a prominent geomorphological structure that trends 200 km to
the NW-SE. The Tuzgoll pull-apart basin, located along this zone indicates that right-lateral

transtension is associated with a significant component of normal-slip.



Deformation in the NW-SE trending Eskisehir Fault zone is associated with minor
components of right-lateral displacement (Ocakoglu 2007). The NW-SE Aksehir Fault zone
along the Sultandagi Mountain range is a normal-oblique fault zone, located at the outer
eastern flank of the Isparta Angle (Blumenthal, 1963). Displacements along this fault zone are
associated with transtension with a minor left-lateral component (this study). The Aksehir-
Afyon and llgin Basins are located at the hanging-wall side of the Aksehir Fault, along the
NW-trending Sultandagi Mountain range that forms the footwall. This prominent mountain
range forms the eastern outer flank of the triangular-shaped Isparta Angle. In order to place
the studied Ilgin Basin in a regional structural context, the structural and geomorphological

characteristics of the Isparta Angle will be described in the next section.
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Figure 2. Simplified map showing the main structural elements of Anatolia (modified from Bozkurt, 2001).
Heavy lines with half arrows are the major strike-slip zones, heavy lines with hachures are normal-oblique faults.
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Aksehir-Afyon and Ilgin Basin.
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Isparta Angle

The Isparta Angle (Blumenthal, 1963) is located at the inland boundary between the
Cyprus Arc to the east and the Hellenic Arc to the west, and is considered as a transition zone
between domains of different plate tectonics and associated regional deformation. The Isparta
Angle (I1A) is approximately 120 km long and 50 km wide at its southern end, and extends
offshore into the Antalya basin (Verhaert et al., 2006). It forms an important key boundary
structure between active extensional deformation in the Aegean to West Anatolia, and uplift
of the Anatolian plateau in Central Anatolia (Flecker et al., 2004). The NE-SW trending, left-
lateral Fethiye-Burdur fault zone can be considered as the westernmost outer margin of the
Isparta Angle, and the NW- trending Aksehir Fault zone forms the boundary at the eastern
outer flank of the angle. The Isparta Angle is characterized by a basin and range type
morphology and records the emplacement of large-scale carbonate platforms and ophiolites
during the opening and partial closure of the Neotethyan ocean in the Mesozoic-Early Tertiary
(Poisson, 1977, 1984; Poisson et al., 2003a; Woodcock and Robertson, 1977; Robertson and
Woodcock, 1982; Waldron, 1984; Robertson et al., 1991; Robertson, 1993; Flecker et al.,
2005). Pliocene to Quaternary (i.e. neotectonic) deformation in the IA records both extension
and compression (e.g. Poisson, 1977; Dupoux, 1983; Price and Scott, 1994; Frizon de
Lamotte et al., 1995; Glover and Robertson, 1998a,b; Temiz et al., 1997; Flecker et al., 2005;
Verhaert et al., 2006). During the Miocene, roll-back related extension behind the Cyprus-
Hellenic arcs is active. Little is known about how this regional tectonic context affected
sedimentation and deformation within the Isparta Angle during the Miocene.

Flecker et al. (2005) studied the facies patterns and structural trends of four Miocene
basins located in the inner parts of the Isparta Angle: Lycian, Aksu, Kopri and Manavgat
basins. Their palaeogeographic reconstructions suggest that during the Early Miocene, the
western Lycian basin and adjacent Aksu basin experienced flexural subsidence, related to the
southeastward thrusting and loading of the Lycian Nappes. As a consequence of nappe
emplacement, a forbulge formed and caused uplift in the Aksu and Képri basins, initiating
half-graben formation. The Manavgat basin was little influenced by these processes. Only the
margins of this basin were influenced by flexure due to Lycian Nappe emplacement. Further
development and deformation of these basins is not linked to the Lycian flexure, but is
associated with the influence of tectonic evolution of the intersecting Cyprus and south
Aegean arcs. The Kopri and Aksu basins are kinematically linked with the Kyrenia
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lineament, which forms a part of the Cyprus arc (Flecker et al., 2005). The western outer flank
of the IA includes the NE-trending Fethiye-Burdur fault zone, and is interpreted at the
landward continuation of the Pliny Strabo trench (ten Veen and Kleinspehn, 2002; ten Veen,
2004).

The eastern flank of the Isparta angle comprises mainly NW-trending, elongated and
fault-bounded basins, including the Yalvag, Apa, Beysehir, Aksehir-Afyon Graben and llgin
Basin (Figure 3) which are separated by mountain ranges of deformed and partly
metamorphosed Paleozoic and Mesozoic rocks. The Akschir-Afyon Graben and the Ilgin
Basin are located at the outer eastern flank of the Isparta Angle, along the Sultandagi
mountain range. The bounding Aksehir Fault was initially interpreted as a thrust (also referred
to as the Sultandagi thrust) instead of a normal fault, and the neotectonic deformation
structures were linked to compressional deformation after the early Messinian (Boray et al.
1985; Barka et al. 1995; Uysal 1995; Altunel et al. 1999). Kogyigit (1996, 2000) and Kogyigit
et al. (2000a, 2003) suggests that the northeastern part of the Aksehir-Afyon Basin is related
to NE-SW extension, based on fault-slip data and focal mechanism solutions of mainly the
northern region along the Aksehir Fault and the Aksehir-Afyon Basin. The study of IA in
terms of its geometry and its neotectonic (i.e. Neogene) deformation structures can provide
more insights on the Late Cenozoic deformation history of the IA and thereby on the
kinematics of different overlapping tectonic domains in Central Anatolia. While the
stratigraphy and structures of the northern part of the Aksehir-Afyon Basin and the Aksehir
Fault have been studied mainly by Kogigit (1996, 2000) and Kogigit et al. (2000a, 2003), the
southern region of the Aksehir-Afyon Basin and the Ilgin basin are less well-documented and

field data are scarce.

Previous studies on the Aksehir-Afyon Basin

Previous studies of the northern part of the Aksehir-Afyon Basin record extensional, syn-
sedimentary deformation structures, identified in the Pliocene to Quarternay basin sediments
(Kogyigit et al., 2000a, 2003). The older, middle Miocene sediments are folded and thrusted
and are therefore associated with an early phase of compressional deformation in the northern
part of the Aksehir-Afyon Basin (Kogyigit et al., 2000a, 2003). Several studies focused on the
sense of displacement along the northern part of the Aksehir Fault that forms the eastern
boundary of the Sultandagi Mountain range. Boray et al. (1985) suggests that the fault is an
active, dextral strike-slip fault and mentions its significance to the development of the Isparta
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Angle. Saroglu et al. (1987) and Barka et al. (1995) consider the Isparta Angle as a
compressional structure, and Saroglu et al. (1987) suggests a change in fault movement from
dextral strike-slip to a presently active reverse fault. More recent studies identified a normal-
oblique sense of recent fault displacement and show that these findings correlate well with
focal mechanisms of two recent seismic events: the 2000 December 15" Sultandagi
Earthquake with a Mw = 6.0 (Taymaz and Tan, 2001), and the 2002 February the 3" Cay
Earthquake, with a Mw = 6.5 (Kogyigit et al., 2000; 2003; Ergin et al., 2009). However, the
lateral slip component is not well constrained by seismological data. GPS data modeling
provides insights on present-day surface displacements and verifies a normal sense of
displacement and a left-lateral slip for the Cay Earthquake on a nearly E-W orientated fault
segment (Aktug et al., 2010).
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3. Stratigraphy and structural framework of the llgin Basin

The Ilgin Basin is the southeastern continuation of the Aksehir-Afyon Basin (also
referred to as the Aksehir-Afyon Graben (AAG) by Kogyigit et al.(2003)). The llgin Basin
and Aksehir-Ayon Basin form an elongated topographic depression, approximately 100 km
long and ~50 km wide, which trend parallel along the Aksehir Fault zone and Sultandagi
Mountain range (Figures 3-5). The basin region is surrounded by the Paleozoic and Mesozoic
metamorphic mountains of the Sultandagi Stratigraphic Unit to the west and by several blocks
of the Gavurdagi and Teknedagi to the north and northeast and by the Doganishar Unit
southeast (Geological map of Ilgin, scale 1:100.000, MTA, General Directorate of Mineral
Research and Exploration, 2009). The basin is connected by a NE trending corridor with the
Chavusgol basin to the northeast and, via a narrow passage to the southeast with the Apa
basin. The basin sediments are best exposed in the central part of the Ilgin Basin, while in the
north to northwest, they are covered with recent alluvial fan deposits and paleosoils. Most of
the sediments are of middle to late Miocene, Pliocene and Quaternary age, deposited mainly
in a lacustrine environment. Intercalations of alluvial fan deposits indicate tectonic
disturbances in an overall lacustrine depositional environment. The Ilgin basin becomes
progressively younger towards the north, as evident by the relative ages of the basin
sediments. The ages change from mainly early to middle Miocene in the llgin basin to late
Miocene, Pliocene and Quaternary towards the north, into the Aksehir-Afyon basin. The
stratigraphy has been studied in the southeastern part of the AAG and the Ilgin basin and,
partially, in the Chavusgol sub-basin. More in particular, Lower to Upper Miocene sediments
are mostly studied in the center and south of the Ilgin basin. The youngest, Pliocene to
Quaternary sediments are mostly studied in the Chavusgol basin. The basin sediments lie
unconformably on pre- early Miocene, mainly metamorphic rocks of the Sultandagi,
Gavurdagi, Teknedagi and Doganishar mountains (Geological map of Ilgin, scale 1:100.000,
MTA, General Directorate of Mineral Research and Exploration, 2009). The rocks of the
~100 km long, NW-trending Sultandagi mountain range are mainly Cambrian to Upper
Devonian quartzites and dolomitized limestones, which are partly overthrusted by NW-SE
trending stacks of Devonian to Permian schists and recrystallized limestones.. These NW-SE

basement trends are also present in the llgin basin sediments. The relatively smaller basement
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blocks of Gavurdagi, Teknedagi and Doganishar consist of mainly Carboniferous to Jurassic
recrystallized limestones, dolomite, and red sandstones (Geological map of Ilgin, scale
1:100.000, MTA, General Directorate of Mineral Research & Exploration, 2009). Unlike the
Sultandagi Mountain range at the western basin margin, the eastern and southeastern margin
of the Ilgin basin consists of three separated and fault-bounded basement blocks. Faults within
and along the margins of these basement blocks, identified in the field and on the DEM, are
NW and NE to ENE trending. Similar trends are also identified in the basin sediments. The
contact between the basement blocks and basin sediments are steeply dipping and most likely
normal faults, confirmed by slickensides and striations on fault plane exposures of basement
blocks adjacent to basin sediments. These tectonic contacts are studied to some extent, but
there is no control on the timing of faulting between basin sediments and the basement. Focus
lies therefore on the structures — preferably syn-sedimentary structures - within the Late
Miocene to Quaternary basin sediments. The variable orientations of active oblique-normal
faults in the basin sediments indicate that extension is accommodated into multiple directions.
Study on the origin and deformation history of the metamorphic basement rocks is beyond the

scope of this thesis.

Methods

Stratigraphic analysis

The stratigraphy is studied the southern part of the Aksehir-Afyon Basin and the llgin
Basin. Geological maps and stratigraphic data from previous studies (Geological map of
Turkey, scale: 1/500.000. Geological map of Ilgin, scale: 1/100.000, MTA, General
Directorate of Mineral Research & Exploration, 2009) are used mainly to determine the
relative age of the stratigraphy and the studied deformation structures found in different
outcrops. The Ilgin Basin continues laterally towards the northwest Aksehir-Afyon Basin and
the stratigraphy of both basins is comparable. The stratigraphy of the Aksehir-Afyon Basin,
studied most recently by Kogyigit et al. (2000a, 2003), is comparable with the stratigraphic
observations of present study of the Ilgin Basin. Kazanci et al. (1997) and Kogyigit et al.
(2000a, 2003) defined the relative ages of several important key horizons based on fossil
content, such as Dreissensia sp. and gastropods, and by C** dating. Some of these lateral
overlapping key horizons are also identified during present study of the southern part of the

Basin and are therefore, assumed to be of similar age.
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Fault-slip data and DEM analysis

Two SW-NE cross-sections are constructed on the basis of new outcrop and published
map data and a Digital Elevation Model (DEM) of the basin. Fault orientations and fault
patterns observed in the field are combined with structural and geomorphological
observations from the Digital Elevation Model (DEM) and maps of the study area to identify
the main fault orientations and structural patterns The fault-slip data for this study were
collected from key areas and sections of the Miocene to Recent sediments of the Ilgin basin.
Slip directions were mainly determined by slickensides and striations on fault planes. In most
cases, the relative timing of displacements between intersecting faults could not be
determined, which is the result of the interconnected patterns of faults and joints that do not
reveal any cross-cutting relationships. This suggests coeval fault development. In other
outcrops, the inter-relationships are obscured by the presence of incoherent and brecciated
fault zones. In outcrops with clear fault planes or displaced beds, the relative timing of fault
displacement was determined by the relative age of the faulted stratigraphic horizons. Due to
limited exposure in the southern part of the Ilgin Basin, fault measurements are concentrated

mainly in the northern part of the studied area.

Paleo-stress Inversion Method

The fault-slip data obtained from the field are analyzed by using a similar approach as that
of Kaymakci et al. (2000, 2003b), who studied the paleo-stress evolution of the Cankiri Basin
in Central Turkey and Kaymakci (2006) who studied the Denizli Basin in West Turkey. Most
sampling sites are spatially separated by more than 50 meter, exceeding the maximum
desirable diameter to keep structural homogeneity (Hancock, 1985). These sites were
therefore subdivided and analysed as separate subareas. The fault-slip data of each subarea
and similar age were grouped together and used to determine the local stress field, using the
direct paleo-stress inversion method of Angelier (INVDIR program, 1984, 1990, 1994). This
paleo-stress inversion method gives an estimation for the orientation of the principal stress
axes (i.e. the maximum, intermediate and minimum stress axes, o1, 62 and 63, respectively)
of each subarea by calculating the best-fit stress tensor for a given fault slip data set. The
method assumes that the direction of slip along a fault records the direction of maximum
resolved shear stress along the measured fault surface (Carey and Brunier, 1974; Etchecopar
et al., 1981; Angelier, 1979, 1984, 1990, 1994, Petit and Laville, 1985; Means, 1987; Reches,
1987; Krantz, 1988; Lisle, 1987; Doblas, 1998). Together with the relative timing of fault
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displacement, the inversion technique is typically used to determine the paleostress field of
each subarea (i.e. the orientations of the minimum (63) and maximum principle stress axes
(o1)). To determine the best stress tensor that fits the fault sets, a numerical method is used to
minimize the sum of the angular misfits. After processing the data, the faults with a misfit
angle larger than 15° are separated manually from the data set and the procedure was repeated
for the ‘misfitting” data set. The misfit angle for each separated data set is checked again and
if needed, the data was separated again. The direct inversion method (Angelier, 1979) requires
a minimum number of four fault-slip measurements. Data sets with less than four slickenside
measurements or faults with no slickensides are not used in the final construction of the stress
tensors. The orientation of the principal stress axes of each of the subareas are compared and,
if similar in orientation, correlated. The fault data are plotted in lower-hemisphere equal area
projections, including the remaining fault populations for which no stress tensor could be
calculated.

The initial approach was to combine the results with the stratigraphy of the area in an
attempt to determine the relative order and orientations of the different paleo-stresses and to
thereby arrange the different stress tensors into ordered deformation phases. This method is
typically used for paleostress analysis for many areas worldwide (e.g. Kaymakci et al., 2000,
2003b). However, this approach was not applicable for present study area because for most of
the faults it turned out to be impossible to assess a relative timing. Another complication
associated with the application of the paleo-stress inversion method is the presence of pre-
existing structural basement anisotropies and the interference of intersecting faults that may
have had a significant influence on the orientations of newly developing faults.
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Figure 3. Geological map showing the main showing the main Miocene to Quaternary sediments of the Ilgin , Aksehir-Afyon , Apa, Beysehir and Yalvag Basins and Pre-
Cenozoic metamorphic basement. Arrows indicate the orientation of minimum principle stress axis (c3) obtained from the measured faults at different localities (roman
letters). More detailed view of the outlined area is represented in figure 14. Smaller white boxes indicate the studied areas of the Aksehir (A), the Derbent (B) and Chavusgél
(C) Fault Zone. Red and blue lines show locations of two cross-sections. Main towns are indicated by stars. Red square is the location of figure 16.
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Figure 4. Cross-section through the Middle to late Miocene lacustrine deposits of the central part of the Ilgin Basin (blue line in figure 3). Photo shows yellow, coarse grained
sands in lower section and intercalating lacustrine white limestones progressively towards the top of the section. Bedding dips to the southeast.

19



1625 m

1500 m

1375 m

1250 m

Sw

NE

Komdoken Fm. Kostere Fm.
Sultandagi

\

Figure 5. Cross-section (red line in figure 3) through the Sultandagi mountain range and Middle — Upper Miocene alluvial fans
and lacustrine sediments in the southwest of the Igin Basin showing NE dipping faults of the Aksehir Fault Zone and parallel
dipping faults towards the center of the basin (i.e. to the NE). b: High angle normal faults in Middle —Upper Miocene mass flow
conglomerates of the Tekkekoy unit. Faults dip NE and SW. Stereographic projection (equal area, lower hemisphere) showing
orientations of normal faults, indicating NE-WS direction of extension. c: horizontal dipping lacustrine limestone bed.
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Stratigraphy of the llgin Basin

Early and Middle Miocene

The lower to middle Miocene basin sediments are exposed at several outcrops in the 1lgin
Basin. This stratigraphic sequence includes a basal section of 150-200 meters of alluvial
breccias and mass flow deposits, located at the south-west margin of the Ilgin Basin along the
Sultandagi range, and channel conglomerates located further towards the center of the basin.
Lateral equivalent is approximately 100 meters of yellow conglomerates, alternating with
sandstones, carbonate-rich sandstones, clay beds and lacustrine limestones with gastropods.
This sequence passes upwards into 250 to 300 meters of yellow sandstones, marls and
relatively massive, lacustrine limestones. The sediments of these formations are deposited in a
lacustrine to marginal (overbank) facies, intercalating with fluvial and alluvial conglomerates.
The lower units of these formations are deposited unconformably on top of metamorphic
basement rocks of the Sultandagi (Kogyigit et al., 2000a, 2003; MTA Geological Map of
llgin, scale: 1/100.000, 2009). The breccias and conglomerates and lacustrine sediments cover
most of the Basin area and their intercalated occurrence makes it difficult to determine their
lateral relationships and relative age. The alluvial fan deposits consist of clasts of mainly
micaschists, quartzites and marble, derived from Paleozoic and Mesozoic metamorphic
basement rocks of the basin margins: Some outcrops in the south of the Illgin Basin near the
village of Derbent show evidence of onlapping of conglomerates on basement rocks. At other
outcrops, normal faults or brecciated zones indicate a tectonic boundary between the basin
sediments and basement rocks. Imbricated pebbles observed at a few outcrops near the
Sultandagi range at the south-west margin of the Ilgin basin indicate a direction of the mass
flows towards the northeast and east.

Boray et al. (1985) initially proposed a Miocene-Pliocene age for the lacustrine sediments
of similar formations studied at Kdstere town in the centra part of the Ilgin Basin, but no
fossils where used for age dating. More recently, Kogyigit et al. (2000a) studied the different
types of macro- and micromammalian fossils (e.g., Byzantinia bayraktepensis, Byzantinia,
Kogyigit et al., 2000a) identified in several horizons of the same formations and found an

early to middle Miocene age.
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Middle- Late Miocene

Towards the south of the Ilgin basin, the middle Miocene sediments are unconformably
overlain by middle to upper Miocene volcanic rocks of the Erenlerdag Volcanic Complex. K-
Ar age determinations of these mainly andesitic and dacitic rocks indicate ages of 10.9-8.8
Ma and 9.4-8.0 Ma (Besang et al., 1977). A younger age of 6.9 Ma is identified from basaltic
and andesitic rocks at the southwest of the complex (Platzman et al., 1998). Another, much
smaller volcanic terrane, i.e. the Sille Volcanic Complex, is situated in the Apa Basin
southeast of the llgin Basin. K-Ar determinations of andesites and ignimbritic tuffs indicate
an age of 11.45 £ 0.2 to 11.95 + 0.2 Ma (Besang et al., 1977). A more recent study, using Ar-
Ar dating of basalts and tuffs from the Sille volcanics indicate an age of 11.64 Ma (A. Ko,

pers. comm.).

Stratigraphically on top of these volcanics lies an approximately 600 meter thick sequence
of alternating mudstones, clay, and lacustrine limestones. These deposits change upwards and
laterally into alluvial fan and mass flow deposits. Ar-Ar age determination of pumice
particles, associated with the volcanics of the Erenlerdag Volcanic Complex or Sille Volcanis
to the south of the Basin are found in clay beds of these upper units and indicate an
approximate age of 11 Ma (A.Kog, pers. comm.). In general, the upwards intercalating
conglomerates are quite similar to the older, basal conglomerates of the i.e. Early-middle

Miocene), but these conglomerates (studied at the Asagi¢igil town) contain tuff clasts and are

therefore younger (i.e. younger than ~11 Ma).

Pliocene-Quaternary

The fan deposits of the Middle-Late Miocene units pass upward into a 156 meter
(estimated by the currently operating mining company, MTA) series of black, immature
lignite, mudstone, limestones with gastropoda and unconformably overlying red marls with
sand, clay, paleosoils (caliches) and conglomeratic channel beds. This sequence has been
studied mainly in an open-pit mine in the north of the basin, near the Chavusgol Fault zone
(see next section). The lower series were likely deposited under lacustrine conditions, with the
fine-grained clays and mud deposited in overbank settings. These facies change upwards and
laterally into fluvial conditions with channelized streams and increasing clastic input. The
upper parts of the red-bed sequence are mostly calcite-bearing paleosoils and are comparable
to modern caliche or calcrete soils. The red colour suggests good drainage and an oxidizing
early diagenetic regime. The slight alternation in yellow and red colors indicate the
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development of different types of multiple soil profiles in response to changes in conditions
(e.g. climatic fluctuations) through time. The presence of caliche horizons typically indicate
arid to subhumid conditions where evaporate loss exceeded the supply of water to the surface
by rainfall or flooding (Reading, 1996). Normal faults and associated, syn-sedimentary
structures reflect unstable conditions under which the paleosoils developed. At the mine-pit
located in the north of the Ilgin Basin, the deposits onlap onto metamorphic basement rocks
(operating mining company, pers. comm.). However, at the center of the llgin Basin, only the
upper red-bed sequence is recognized, and lies unconformably on top of early-middle to

middle-late Miocene lacustrine limestones of the previously described units.
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Figure 6. Generalized stratigraphic column of the Middle Miocene to Quaternary lacustrine and alluvial fan
deposits of the Ilgin Basin.
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General structural characteristics of the llgin Basin

The dominant deformation structures recorded are brittle structures such as joints and
normal faults. These structures are present in Paleozoic and Mesozoic basement rocks and in
the Miocene-Quaternary basin sediments, including consolidated and unconsolidated
lacustrine deposits and conglomerates. Conglomerates identified along the southwest and
southern margin of the Ilgin basin are generally mass-flow deposits with variable transport
directions. Channelized conglomerates are more abundant towards the center of the basin.
Normal faults are recognized as steeply dipping (i.e. dip angles >50°) curved listric surfaces,
with often steeper top parts and shallowing towards depth. At listric planes, the sedimentary
sequences of the hanging wall are sometimes tilted towards the fault plane, where they bend
into rollover anticlinal structures. Displacements vary from a few centimeters to meters in the
center of the basin, to hundreds of meters at the Aksehir basin-bounding fault at the
southwestern basin margin. Clay-rich layers at down-thrown sides are often found dragged
along the fault contact (Figure 7 and 8). Less confined fault zones of brecciated rocks with
tilted blocks are also present (Figure 9). Networks of fibrous white crystalline calcium
carbonate, identified as travertine, are locally present in these highly deformed and brecciated
zones.

Lineations on fault surfaces are all steeply dipping and parallel or sub-parallel within the
slip planes. The rakes range from 50 degrees to almost vertical, indicative for a normal sense
of hanging wall displacement with a minor oblique lateral shear component. Slickensides
present on exposed fault surfaces locally show a downward stepping morphology but such
observations are rare. The fault surfaces and lineations are often fractured into smaller planes,
making it difficult to distinguish the sense of movement solely by fault-plane morphology.
Nevertheless, the geometry of the steeply dipping fault planes and lineations, syn-sedimentary
structures and the cross-cutting relationships of displaced beds all point to a last increment of
normal-oblique slip displacement. Lineations are also frequently found on planar surfaces
within intensely deformed metamorphic basement. Few of these are calcite slickensides,
associated with fault-slip displacement but most of these slip-vectors are not distinguishable
from intersection lineations associated with pre-Late Cenozoic deformation of the
metamorphic basement rocks. In absence of other indicators for extensional deformation,

these lineations are considered unreliable, hence unsuitable for fault-slip analysis.
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Fault corrugations are mostly observed on clay-rich, steeply dipping fault planes situated
in brecciated zones of unconsolidated sequences of generally clay, marl and lacustrine
limestone (Figure 10). These structures commonly have a wavelength of a few centimeters.
Similar corrugated surfaces can also form as a result of the swelling of clay in presence of
water and can easily be mistaken for fault-slip indicators and corrugated surfaces were,
therefore, carefully studied. Meter-scale corrugated surfaces are found at the Cavusgol Fault
zone, a few kilometers to the north of llgin town. The fault planes in this zone are nearly 2 m-
high, steeply dipping scarps within a zone of unconsolidated limestone, marl and clay. The
planes are straight or curved and show smooth surfaces of calcite slickensides. A few slip-
planes have a polished finish, indicative for recent fault activity where 2 m-high planes are

exposed by the last increment of displacement.

0, =355/68
a,=090/02
a,=180/22

Figure 7. Steeply dipping (~70°) normal fault in middle to upper Miocene, lacustrine limestones, clay and marl
sequence present in the southern part of the Ilgin basin, near the Debent Fault zone. (label g on figure 3 ) Brown
clay layers are ~1m displaced, are and slightly dragged at the down-thrown side of the fault. Note hammer for
scale. Stereographic projection (equal area, lower hemisphere) of the same outcrop, showing orientations of
normal faults and lineations, indicating ~N-S directed extension.
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Figure 8. Normal fault in middle to upper Miocene sediments at outcrop along road south of llgin town (near
location indicated by label m on figure 3). Lacustrine limestones alternated with marls and clayey layers on left
(i.e. up-thrown) side. Brown, clay and marl-rich, dragged sequence on down-thrown side. Note hammer (circle)
for scale.

0,=137/75
n=6 0,=24 /06
0,=293/14

Figure 9. High angle, syn and antithetic normal faults in highly brecciated and unconsolidated sequence of
alternating, Upper Miocene to Pliocene lacustrine limestone, clay and marls. Location of outcrop is indicated by
label u on figure 3. Sketch illustrates the main structures observed in the same outcrop. Stereographic projection
(equal area, lower hemisphere) shows the measured fault-slip planes, indicating a NW-SE direction of extension.
Measured calcite veins (two) show no slip direction.
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Figure 10. Normal faults and graben
structure in Upper Miocene to Pliocene
sequence of marls, clay and lacustrine
limestones. Outcrop is located in the
northern part of the basin at locality r,
indicated in figure 3. Stereographic
projection (equal area, lower hemis-
phere) showing normal fault planes and

lineations, indicating a ~NW-SE directed ., 0,=038/76
extension. 0,=213/14
0,=303/01

Fault orientations and structural trends

Fault-slip data collected in the field are analyzed by the inversion technique initially
developed by Angelier (1984, 1990, 1994) and combined with the structural trends identified
on the DEM of the region. Fault exposures in the llgin Basin are scarce and, therefore, the
amount of fault measurements obtained from the field is rather limited. Nevertheless, the fault
orientations and their corresponding intermediate (62) and minimum (o3) principle stress
axes, largely correspond to the fault orientations and structural trends identified on the DEM.
The results show that a multitude of fault orientations are found in both Pre-Late Cenozoic
metamorphic basement rocks and the Miocene to recent basin sediments. For almost all fault
slip data obtained from field-outcrops, the maximum principle stress axis (o) is rather
consistent and nearly vertical. Rather than large planar structures, faults are developed as
variably oriented, cross-cutting segments and are often aligned into zigzag patterns, indicating
a hard-linked and interlocking fault system (Figure 11-12). These patterns are observed both
in outcrop-scale exposures and on km-scale observations from the DEM of region (Figure 13-
14). Prominent and repetitively occurring structural lineaments are distinguished on the DEM
by a slight difference in elevation of the ground surface. Most of the orientations of faults
measured in the field correspond to the prominent and laterally continuous structural trends
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observed on the DEM. The intersecting fault trends and lineaments form a semi-orthorhombic
pattern in cross-sections observed at outcrops, and in plan view on maps and the DEM of the
region. Clear cross-cutting relationships between the different fault trends are not identifiable
which may be a result of severe overprinting of superimposed structures as a result of a
history of successive phases of intense extensional deformation. Alternatively, the multiply
oriented faults may have formed simultaneously, by accommoding extensional strain in
variable directions. This is partly supported by the observation of quadrimodal fault sets,
distinguished on outcrop-scale in the field (Figure 12). These polymodal fault sets are formed
by the accommodation of three-dimensional strain, allowing the development of four sets of
coeval fault planes (Oertel, 1965; Reches, 1978; 1983; Krantz, 1988). Rock failure by brittle
deformation is commonly explained by deformation models that are generally based on
Coulomb’s 18" century)and Andersonian (1951) conventional models for brittle shear failure
of isotropic material in two dimensions. Based on field observations of contemporaneous fault
sets (Healy et al., 2006; Reches, 1978; 1983), it is apparent that faults can develop according
to a quadrimodal fault system and are associated with simultaneous conjugate faulting in
horizontal and vertical directions (Healy et al., 2006). The origin for the occurrence of three
dimensional strain lies in the presence of pre-existing basement anisotropies and the linkage
and interaction between intersecting faults.

Although highly variable in detail, a number of laterally persistent fault trends are
distinguished from field observations in the Ilgin Basin and on the DEM image of the llgin
Basin and adjacent region, including the Aksehir-Afyon, Apa, Yalva¢ and Beysehir Basins.
These trends include NW-SE, E-W to WNW-ESE, NNE-SSW, NE-SW orientations. Key
observations from the NW-SE Aksehir Fault zone, the ~E-W Derbent Fault and the NNE-
SSW to NW-SE Chavusgol Fault zones are described separately in the next subchapters.

NW-SE fault trends

The most prominent fault orientation is NW-SE, parallel to the main Aksehir-Afyon Basin
and western margin of the Ilgin Basin. This trend is laterally persistent in the Ilgin Basin and
on a more regional scale outside the study area. This NW-SE-trend includes the main
boundary Aksehir Fault zone, located along the Sultandagi mountain range, and the Apa Fault
zone, located to the east of the Ilgin Basin. Structures of the Apa Fault zone are previously
analyzed in the field by A. Kog (pers. comm). The morphology and orientation of the Apa
fault zone are analyzed in the present study by use of the DEM and geological maps of the

region. The Aksehir and Apa Fault zones are eastward dipping, normal oblique-slip faults. In
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plan view, these appear as laterally continuous, overstepping fault zones that are linked by
nearly perpendicular (~E-W) orientated faults, located in the southern part of the Ilgin Basin.
There are three separated blocks of metamorphic basement rocks located in the southeastern
part of the llgin Basin. These blocks are bounded at their western margin by NW-SE-trending

normal faults dipping to the south-west.

~E-W to WNW-ESE fault trends
An ~E-W trend is identified in the southern part of the llgin Basin, where faults of the
Derbent Fault zone strike nearly perpendicular to the main NW basin trend. The Derbent

Fault zone includes steep northward stepping fault scarps.

NNE-SSW fault trends

NNE-SSW fault trends are less prominent as compared to the other trends observed on the
DEM and are mostly identified in the northern part of the Ilgin Basin and adjacent Aksehir-
Afyon Basin. The Konya Fault zone at the south-eastern end of the Apa basin has a similar
orientation. A detailed study of the Apa basin and Konya fault zone is, however, beyond the
scope of this study. An important key outcrop studied in the north of the basin includes the
Chavusgol Fault zone. On plan view on the DEM of the region, this zone has an overall NNE-
SSW orientation, but because the zone is segmented into multiple fault segments, the fault
trend changes from NNE-SSW to ~N-S at its northern end, to NW-SE towards the south. The

faults are mainly eastward dipping, normal-oblique.

NE-SW fault trends
NE-SW-striking faults are mainly located along basement blocks in the southern part of
the llgin Basin and adjacent Apa Basin. Similar structural trends are present towards the west

of the Sultandagi in the Yalvag and Beysehir Basins.

29



0, = 240/62
n=4 02 = 005/17
0,= 102/21

Figure 11. Plan view of cross-cutting faults and fractures in Middle to Upper Miocene lacustrine limestones
(pencil for scale). Location of outcrop is at the center of the llgin basin, at locality o indicated in figure 3.
Stereographic projection (equal area, lower hemisphere) showing normal fault planes and lineations, indicating
~NW-SE directed extension. Measured fault planes are perpendicular to square.

Figure 12. Quadrimodal fault set in middle Triassic to Jurassic basement limestones, adjacent to middle to upper
Miocene basin sediments. Outcrop is located in the southeast of the llgin basin close to the Apa basin.
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Figure 13. Digital Elevation Model of the same area illustrated in figure 3 showing the main fault orientations and structural trends: NW-SE (red), NNE-SSW (orange), NE-
SW (blue), E-W (pink), WNW-ESE (green). White dashed line represents the horsetail geometry, typically found in transtensional fault systems. Smaller white boxes
indicate the studied areas of the Aksehir (A), the Derbent (B) and Chavusgdl (C) Fault Zone.
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Figure 14. Inset figure indicated on figure 3, 13, and 15, showing a more detailed view of the DEM of the
studied basin area. Different fault orientations indicated (same color code as in figures 13 & 15). Arrows indicate
the orientation of minimum principle stress axis (o3) obtained from the measured faults at different localities
(roman letters a-n). Stereographic projections (equal area, lower hemisphere) of measured localities are
illustrated on next 2 pages. Dashed line indicates the horsetail basin geometry.
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a) High-angle normal faults and lineations in
Middle-Upper Miocene. lacustrine limestone.

6,=135/78
0,=352/10
0,=261/07

e) Lineations measured on basement
metamorphic limestone, adjacent to Middle to
Upper Miocene lacustrine basin sediments

6, = 330/76
6,=110/11
o, = 202/08

b) High-angle normal faults and lineations in
Middle-Upper Miocene ,andesitic rocks of the
Erenler Dagi Volcanic Complex.

0,253/71
0,=043/16
0,=135/09

) Lineations on lacustrine limestones at
boundary zone between upper Miocene and
Pliocene-Quarternary basin sediments.

0,=295/75
0,=085/13
0,=177/07

¢) High-angle normal faults and lineations on
Triassic basement adjacent to Lower — Middle
Miocene lacustrine limestones.

0,=342/87
0,=107/02
0,=197/03

n=10

g) Lineations on lacustrine lunestones in
boundary zone between upper Miocene and
Pliocene-Quarternary basin sediments.

n=7 6, = 059/63
o,=273/23
0,=177/13

d) Lineations measured on basement
metamorphic limestone, adjacent to Middle
to Upper Miocene lacustrine basin sediments

0,=253/71
0,=043/16
0,=135/09



1) lineations on clay surface in Middle to Upper 1) Lineations on Middle to Upper Miocene,
Miocene sequence with alternations of mudstones, lacustrme limestones , located 1n the center of
clay and marls. Location 1s north-east of the Ilgin the Tlgin basin.

basin adjacent to Permian to lower Triassic

metamorphic basement rocks.

NM NM
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C,=277/63 0,=203/59
n=4 0,=149/17 n=4 o,=041/29
2
0, = 052/20 o, =306/08
1) Lineations and corrugations on Upper m) Lineations on massive, veined
Miocene to Pliocene clay surface, located in the limestones, most likely basement rocks
northern part of Ilgin basin. Outcrop shows (age unknown) adjacent to Upper
very incoherent sequence of alternating marl and Miocene or Pliocene-Quarternary basin
clay. marls and yellow sandstones.

’ 0,=088/74 0,=313/69
n=4 o,=261/16 n=12 a,=199/09
0, = 352/02 0,=106/19

1) Lineations on Middle to Upper Miocene,
lacustrine limestones located m the center of
the Tlgin basin.

0,=047/44
0,=305/11
0, = 204/44

n) Lineations on fault scarp of Carboniferous,
quartzitic (greenschist facies?) basement rocks
adjacent to Pliocene-Quarternary basin
sediments. Outcrop is located at the Chavusgol
Fault zone. Two fault planes show no
lineations.

0,=231/61
0,=327/04
0,=059/29

n=6

k) Weathered lineations on red
conglomerates, located at the margin
between the southern end of the
Sultandagi and the Tlgin basin.
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Figure 15. Structure map of the same area illustrated in figures 3, 13 and 14, showing the main basement highs and adjacent Aksehir-Afyon and llgin Basins and the
prominent, intersecting structural trends identified on the DEM and from field observations of the Ilgin Basin area.
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Aksehir Fault Zone

The approximately 2 km high and 100 km long Sultandagi mountain range is a very
prominent structure and easily recognizable on the DEM of the area by the abrupt elevation
difference between the Sultandagi and the adjacent Aksehir-Afyon and llgin basins. The
boundary between this NW-SE trending basement range and basin floor is defined by the
sinusoidal (or ‘z-shaped’) geometry of the Aksehir Fault zone. The Sultandagi range and the
Aksehir-Afyon and llgin basins form a typical horst-and-graben type of structure, also
referred to as the Aksehir-Afyon Graben (AAG; Kogyigit et al., 2000; 2003). Kogyigit et al
(2000; 2003) studied the Aksehir Fault zone and the eastern graben-boundary fault, the
Karakoztepe Fault zone, in the very northern part of the Aksehir-Afyon Basin. When studied
in more detail, it is apparent that the Aksehir Fault is actually a zone of numerous closely
spaced, synthetic normal fault faults or scarps, distinguished by the swarm of typical
triangular facets or so-called ‘flat irons’. The resulting structure is a typical range-front
morphology, characteristic for normal fault activity (McCalpin et al., 2009) but reverse-fault
range fronts and rapidly growing anticlines can also develop such faceted spurs (McCalpin et
al., 2009). In general, fault scarps are considered as primary geomorphic indicators of
paleoearthquakes and can vary from thousands of meters high bedrock cuts along mountain
fronts, or decimeter-scale scarps in Quaternary alluvium and colluvium (McCalpin et al.,
2009). The swarms of parallel facets along the Sultandagi are associated with normal-oblique
displacements. The slight decrease in elevation between the facets from the inner part of the
range towards its eastern margin indicate that the main (active) fault is located at the basin
margin and ‘secondary’ and ‘tertiary’ faults of previous events are located further interior
within the mountain range.

The Aksehir fault zone has been interpreted earlier by several authors (Saroglu et al.
(1987) as a thrust fault but more recent studies (e.g., present study) point to a recent normal-
oblique sense of displacement. There are NW-SE trending thrusts within the inner zones of
the Sultandagi mountain range indicated on the geological map (Geological map of Ilgin,
scale: 1/100.000, MTA, General Directorate of Mineral Research & Exploration, 2009).
These are most likely old, pre-Cenozoic structures associated with the formation of the
Sultandagi. Normal-oblique fault activity along the margin of the Sultandagi is supported by
outcrop observations of nearly vertical, down-stepping slickensides on footwall basement
rocks (Kogyigit et al., 2003). The fault geometry from seismic and GPS data of the northern
end of the Aksehir fault (Ergin et al., 2009; Aktug et al., 2010) also indicate normal-oblique

faulting. This is in agreement with outcrop observations from present study near the southern
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end of the Aksehir Fault (i.e. at the southwestern margin of the Ilgin basin) where fault planes
dip towards the east at angles of 70 to 80 ° and slickensides are nearly vertical.

Hanging valleys present at the range front of the basin (i.e. the Sultandagi) also indicate
recent normal fault displacement. These structures can be recognized on the DEM, at the
boundary between the Sultandagi and the basin floor (Figure 16), and indicate recent normal
fault activity at the outer facets of the fault trace (i.e. at the basin margin). A hanging valley
can be recognized by a step or nickpoint in a stream channel at the fault trace. This abrupt step
in elevation forms when river channels that erode through the fault scarp are displaced by
normal fault movement. If the base level of a stream is suddenly lowered by normal fault
displacement, stream incision is expected to occur from the up-thrown side towards the
downthrown blocks, creating a gradual channel profile. Subsequent faulting creates a scarp
across the stream channel and increases the height of the preexisting fault scarp. The abrupt
increase in channel height across the fault trace indicates recent fault activity along the
Aksehir Faults zone and little erosion.

Apart from (relative) uplift, range-front morphology is also controlled by other factors
such as climate, lithology and structure. For example, in very humid climates, high erosion
rates are expected to play an important role in degradation of the scarps, and a more rapid
uplift rate is necessary to maintain the typical range-front morphology (McCalpin et al.,
2009). In case of the northern part of the Sultandagi range, the elevation difference between
range and basin is relatively abrupt. In the south of the AAG and at the llgin basin, there is a
more gradual change in elevation but this will be discussed later. Few small alluvial wedges
along the Sultandagi in the north indicate a rather ‘starved’ range front, where little sediment
accumulates into the basin. The abrupt change in elevation, the multiple, parallel faceted
segments along the range front, and the few small alluvial fans all point to a relative large
cumulative displacement along the Aksehir Fault zone. McCalpin et al. (2009) describe the
typical scarp evolution when consolidated bedrock is exposed on a scarp face and subsequent
displacement and scarp height increases by the following three stages: with increasing
displacement and scarp height, the upper scarp face becomes a stripped erosional surface and
only little colluvium is formed. The downslope scarp is less steep and, while the slope above
the fault becomes steeper and higher, the downslope part of the scarp profile transforms from
a site of deposition to a site of transport. This means that particles that would previously stop
downslope of the fault to form a colluvial wedge, will now keep moving towards the toe of
the scarp or into the basin. As this process continues, the scarp becomes a fully bedrock-cored

fault scarp with the fault plane nearly at the toe, with a relatively small colluvial wedge at the
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basin front compared with the size of the scarp. As a result of the occurrence of many
successive paleo-earthquakes, a typical faceted range-front of bedrock-cored fault scarps
develops (McCalpin et al., 2009).

The increasing number of faulting events and thereby the increasing height of fault scarps
can initiate a large enough gravitational potential to start slope instability. This may create
landslides, but also coseismic fault refraction towards the scarp face. The type of landslide
occurring depends on the type of material, the moisture content, and by the type of movement,
e.g. if the material topples, slides, slumps or spreads. Many classifications and landslide
studies have been published to identify landslide structures (McCalpin et al., 2009). In this
study, soft sediment structures have been identified in an approximately 4 m? outcrop of red
beds, at the southern end of the Aksehir Fault zone (Figure 17). These structures show an
internal stratification of intensely folded (slumps) of fine grained, clay-rich layers. These
intensely deformed red beds are situated within a larger sequence of relatively undeformed
and flat lying, red alluvial fan deposits. The underlying and partially intercalating white
lacustrine clay beds and limestones are also relatively horizontal and show no structures of
intense folding. The outcrop with the folded red-beds forms an isolated structure, enclosed by
horizontal stratified layers. The structures are cm-scale, recumbent folds with horizontal or
slightly inclined axial planes. Faults cross-cutting part of the folded sequence show a slight
normal sense of displacement. Such slumped structures may be the result of earthquake
triggering. Similar morphological features are identified by stability analyses of landslides
and indicate that sliding along low-angle basal shear surfaces more easily occurs under the
influence of earthquake shaking than in other conditions (McCalpin et al., 2009). Liquefaction

of subsurface layers may also cause landsliding, and are also likely to form seismically.
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Basin Floor

Figure 16. DEM snapshot showing a 3D view of hanging valleys at the Sultandagi Mountain front with the
triangular facets associated with normal-oblique slip displacement along the NE dipping Aksehir Fault Zone at
the llgin Basin margin. Trace of the fault is indicated by red lines. Dashed lines: alluvial fans (see figure 3 for
location).

Figure 17. Soft sediment (slump) structures in red clay-rich layers, alternated with thinner courser-grained
quartzitic, layers. Location of outcrop is ~10 km to the southwest of location p (indicated in figure 3), along the
Sultandagi mountain range.
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From northwest to southeast, there is a lateral change in elevation between the Sultandagi
range and the graben floor, indicating a difference in total down-throw displacement along the
Aksehir Fault zone. This is apparent from the topography which shows an abrupt change in
elevation between the basin and basement in the northwest compared to the southeast, where
there is a more gentle, terraced change in topography (e.g. Figure 13). In the northwest the
elevation changes abruptly from the basement footwall at nearly 1800 meter to the hanging
wall sediments in the basin at 980 meter. Similarly, Kogyigit et al. (2003) found a total throw
of 870 meter at the Yakasenek town in the northwestern end of the Aksehir-Afyon Basin,
along the Aksehir Fault zone. This is obtained from borehole data of Pleistocene fan-apron
deposits accumulated on the hanging wall (Kogyigit et al., 2003) and from the total amount of
down-cutting of river channels (Ogdum et al, 1991). Lithological analyses from the borehole
data showed that the same stratigraphic formation found at 570 meter above the graben floor
(980 meter) is also found at a depth of 320 meter below the graben floor. From this, Kogyigit
et al. (2003) estimated a total throw of the Aksehir Fault zone in the northwest of 870 meter,
comparable to the 750-1100 meter estimated from the down-cutting of streams (Ogdum et al,
1991).

Observations during the present study of the southern part of the Aksehir Fault zone, at
the western margin of the Ilgin basin, show that the Sultandagi basement range has a down-
stepping, terraced geometry and has therefore a more gentle change in topography than in the
northwest. At the village of Ayaslar, few kilometers south of Doganishar, the footwall
basement is cut by several, synthetic normal faults and shows a downthrown, stepping
decrease in elevation from approximately 1600 meter to 1400 meter and from 1300 to 1200
meter (Figure 5). In plan view, these stepping normal faults are curved into splays, giving the
southern end of the Aksehir Fault zone a typical horsetail shape. These faults appear to
bifurcate off from the main Aksehir Fault and curve into a nearly east-west orientation,
parallel to the Derbent Fault zone. This ~E-W trend is also recognized on the DEM and
continues towards the east into the Apa Basin (Figure 13-15).

At the western margin of the Ilgin basin, along the southern part of the Sultandagi
basement range, mass flow conglomerates are exposed along several outcrops. These mass
flows, deposited on the hanging-wall of the Aksehir fault (i.e. basinward), are normal faulted
and dragged along the fault planes. Figure 5 (photo A) shows these deposits at Tekkekdy
town near Doganishar. The Tekkekdy conglomerates are exposed along a 200 meter long and
50 meter high outcrop, and are found alternating with marls and brecciated zones of

conglomerates and quartzite basement blocks of the Sultandagi. The conglomerates show
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extensional deformation structures: a few shallow dipping faults and younger, steeply
dipping, syn- and antithetic normal faults. Some of the steeper, N-S to NW-SE striking
normal faults seem to cut and displace the older, shallower dipping normal faults, but because
of adjacent marls and brecciated zones the cross-cutting relationships are somewhat unclear.
P-shear foliations adjacent to a steeply dipping fault plane also indicate a normal sense of
fault displacement (Figure 18). The bedding has a variable dip angle, and rotates
progressively from relatively steep orientations in the southwestern part (i.e. towards the
Sultandagi range) to nearly horizontal orientations in the northeastern part of the outcrop (i.e.
towards the basin). In the southwestern part, steep normal faults are often found parallel or
nearly parallel to the steeply dipping bedding. The structure suggests that transtension/
extension was accommodated by normal-oblique faulting and by down-thrown dragging of
the Tekkekdy conglomerates along the normal faults. Fault-slip directions could not be
defined because of the lack of fault-slip indicators such as slickensides and striations.
Nevertheless, the orientations of the steeply dipping fault planes suggest a NE-SW direction
of extensional deformation. Kogyigit et al. (2003) studied the structures of similar flow

conglomerates in the same region at Doganishar town, and suggests these deposits are normal

faulted and terraced during Late Pliocene to Quaternary.

Figure 18. Normal fault at Tekkekdy outcrop (location p indicated on figure 3), dipping to the SW. P-shear
foliation in (white dashed lines) are consistent with normal fault displacement of hanging-wall block.
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Derbent Fault Zone

Splay faults bifurcate off from the NW-SE trending Aksehir Fault zone and bend into
series of parallel, ~E-W to  WNW-ESE normal faults of the Derbent Fault zone (Figure 13-
15). These faults have downthrown blocks towards the north. Parallel to this zone is the
prominent Ciflikdzu fault scarp, located to the south. This ~E-W striking scarp is recognized
in the field by the abrupt change in topography from the lower, relatively horizontal hanging
wall and the higher footwall range (Figure 19). Alluvial fan deposits cover the scarp trace and
are cut by few faults but these structures were only viewed from a distance of the scarp.
Hanging valleys present at the toe of fault scarp suggest a relatively recent fault activity. The
parallel striking faults located further to the north of the Derbent Fault zone are not clearly
visible in the field but can be observed from 3D view of the DEM by the stepping geometry
and tilted blocks between the north dipping faults (Figure 20). The faults are identified by the
continuous alignment of multiple segments, crossing the entire width of the southern part of
the llgin basin towards the east, into the Apa basin. From east to west, the faults segments are
laterally traceable over almost 40-50 kilometers of basin width. Large fault scarps and the
steeply dipping ground surface between these parallel stepping faults indicate significant
throw accumulation. Due to a lack of exposure, only few fault measurements could be
obtained from the field. The stereographic projection of figure 7 (locality g, indicated in
figure 3 and 14) indicate N-S directed extension.

Towards the east and south of the Derbent Fault zone, a NE-SW (i.e. blue fault trend in
figures 13-15) trend becomes more prominent. These faults cross-cut basement rocks of the
western margin of the Apa basin and form the boundaries between the basement and the
adjacent Neogene basin sediments. From analysis of the DEM it seems that these ~E-W to
NE-SW striking, and the less abundant WNW-ESE striking faults form a linkage between the
NW trending Aksehir Fault zone and Apa Fault zone. The ~E-W faults of the Derbent Fault
zone connect the overstepping area or relay zone between the NW-SE-striking and eastward
dipping Aksehir and Apa faults zones. River channels parallel to the Derbent Fault zone
suggests that the ~E-W striking faults control the drainage of the Ilgin Basin towards the Apa
Basin.

At the Aksehir Fault zone, the dominant NW-SE orientation of normal-oblique faults in
Late Miocene to Pliocene alluvial fan deposits indicate a general hanging-wall displacement
towards the N to NE. Along the southern part of the fault zone and llgin basin, along the

Derbent Fault zone, normal faults in Late Miocene to recent sediments indicate a hanging-
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wall displacement towards the N to NNW. These structures indicate contemporaneous NE-
SW and ~N-S direction of extension. There are no outcrop-scale observations of clear cross-
cutting relationships between these two fault sets. However, from observation of the Ciflikozu
fault scarp in the field (Figure 19), it seems that this ~ENE-WSW trending structure cross-
cuts a smaller ~NW-SE fault scarp (also indicated on the geological map of the llgin area,
scale: 1/500.000). Fault patterns and lineations analyzed on the DEM and geological maps
show that the main basin trend (i.e. NW-SE) is a more dominant trend than the ~E-W Derbent
fault trend and continues outside the study area towards the adjacent basins regions to the
west and south (i.e., Beysehir and Yalva¢ Basins and adjacent basement lithologies). The
lateral extent of both fault trends may indicate that these structures belong to an older fault set

or basement fabric that became reactivated during recent deformation.

Figure 19. ~E-W trending fault scarp at the Derbent Fault Zone near Ciflikdzu town (see figure 3). Lines and
arrows show ~N-ward transport direction of alluvial fans along the scarp trace
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Figure 20. DEM plan view (top figure) and semi 3D view (lower figure) showing the ~E-W Derbent Fault Zone
(FZ, white lines) at the southern margin of the llgin Basin. Arrays of faults birfurcate off from the southern end
of the NW-SE Aksehir FZ in the west and form a ~E-W breaching fault zone (i.e. the Derbent FZ), crossing the

relay between the Aksehir and Apa FZ (red lines).
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Chavusgol Fault Zone

The structures and tectono-stratigraphy of the Chavusgol Fault zone are studied at three
localities, represented by labels s, n and t, indicated on the map of figures 3 and 14. The fault-
slip data of normal-oblique faults measured at these localities are represented by the
stereographic projections in Figure 21, 14 and 26, respectively.

The structures of locality s are studied at a lignite, open-pit mine, where ~15 m of
Quaternary, red alluvium is exposed. These sediments form the upper part of a ~156 m thick,
Pliocene to Quaternary sedimentary cover, situated on top of Triassic or older, metamorphic
basement rocks (pers. comm. Akpinar Madencilik Company). The upper red-beds are exposed
along two, ~E-W and ~N-S orientated trench sections of 50m and ~10m in length,
respectively. Syn- and antithetic, normal-oblique faults present in both sections are
recognized by their steeply (60-80°) dipping planes and the almost vertical displacements of
nearly horizontal bedding planes. The fault planes have slightly listric geometries at
downthrown-ends while the upper parts are straighter and steeper. The normal fault indicated
in Figure 21 cuts through most of the exposed red-bed sequence. The fault seems listric, but
this is an effect of angle of observation; it is rather straight, planar and is slightly curved at its
downthrown end. Steeply inclined corrugations and slickensides occur at the lower end of the
fault plane (stereographic projection in figure 21). The slickensides are polished grey to
greenish minerals, which are most likely iron-oxides. Towards the top, the fault branches
upward into a zone of smaller faults, which nearly cut the top surface. Separation of traceable
bed-horizons indicates nearly one meter of net displacement along the fault. Smaller faults in
the same section show fault-slips of a few centimeters. The amount of fault displacement is
only a rough estimate because of the variable bed thickness and slight thickening of beds at
down-thrown ends of the fault planes. The thickening at down-thrown sides indicates syn-
sedimentary deposition during fault displacement.

The N-S orientated trench located next and perpendicular to the previously described
trench (i.e. the E-W orientated trench section, Figure 21), shows meter-scale horst-and-graben
structures with dragged layers at the downthrown-sides of the boundary growth faults (Figure
22) The beds show a displacement of ~0.5-1 m. The orientation of these faults is
approximately E-W. The orientations of the growth faults in both trenches indicate that both,
~E-W and N-S fault sets were active during the Quaternary. Such polymodal fault-sets are
associated with the accommodation of extension in three-dimensions (Healy et al., 2006).

Despite some dragging and minor rotations of bedding planes adjacent to the normal-

oblique faults in both trench sections, the stratigraphy is rather horizontal. At the western side
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of the E-W trench, the bedding changes orientation from horizontal to ~20 degrees dip to the
west. This structure may indicate the development of a hanging-wall rollover anticline of the
stratigraphy adjacent to a listric normal fault. The structure could also represent a monocline,
where a ‘blind’ normal fault typically underlies the center of the folded stratigraphy. In this
case, slip propagation along the deeper situated fault plane will result in the bending and
flexure of superimposed beds bent over the fault. Compared to the overall horizontal upper
red-bed sequence, the underlying white limestone, dark clays and lignite series contain only
few normal faults and are slightly folded into very open, meter-scale folds. This bending and
flexure of bedding planes is also identified on a larger scale (i.e. basin-scale) in the center of
the Ilgin Basin (Figure 4). There are no folds nor thrusts that might indicate deformation
associated with compression.

There is a rather remarkable structure in the E-W trench of the open-mine pit that can
easily be mistaken for a thrust fault (Figure 23). This structure is a relatively high-angle, i.e.
60-70° westward dipping fault, that appears to off-set the strata by a reversed sense of
displacement. The beds at the up-thrown side of the fault seem to be thrusted over the
corresponding beds of the downthrown block. This structure suggests compressional
deformation but this seems very unlikely, since there are no other indications or structures
associated with compressional deformation in the Ilgin Basin. Compression is commonly

accommodated by broader zones of intense folding and thrusting.

Tectonically induced changes in the principle stress field

The basic concepts and methods of mechanics of tectonic faulting of Mandl (1988) can
provide insights on the structures observed in the open mine pit at the Chavusgdl Fault zone.
Explained by the concepts of Mandl (1988), it is apparent that there is a significant difference
in differential stress between fault failure in compression or extension. Because of this
difference, the material subjected to tectonic shortening by thrust faulting will generally be
much more intensely deformed than in extension by normal faulting. It is thus likely that
thrust faults will be found embedded in a wider zone of pre-faulting deformation than normal
faults (Mandl, 1988). The single fault in Figure 23, seems to represent a reversed fault, but is
enclosed by nearly horizontal bedding markers and folds or intense deformation zones are
absent. Mandl (1988) proposed an alternative explanation for the development of such
(precursor) fault structures under extension. They recognized that the effects of tectonically
induced changes in the stress field associated with the formation of these structures are

important controlling factors. Changes in principle stress directions are thought to be very
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common, because of frictional stresses along the base or lateral boundaries of a deforming
rock mass. In contrast with normal faulting, these effects are better pronounced in low-angle
thrusting where large strains, accompanied by the build-up of a large differential stress,
precedes the formation of the fault. To illustrate this, Mandl (1988) gives an example of the
formation of a low-angle thrust in a horizontally shortened strata that have a frictional contact
with underlaying, undeformed basement. Before the formation of the actual thrust fault, basal
shear stresses will deflect the o;-trajectories and enable the thrust fault to develop a listric
shape. In contrast, a normal fault may develop in brittle rocks on a rigid basement that is
rifted apart, or on a substratum that is locally stretched. The strains preceding normal faulting
will remain small and the associated basal shear stresses may have only little effect on the o1-
trajectories (Mandl, 1988). These concepts illustrate that in general, strain accommodation in
extension is much ‘easier’ (i.e. requires less work) than in compression.

Mandl (1988) compared the results of computational fault simulations with results of
sandbox experiments. The results illustrate that strong changes in principle stress directions
related to normal faulting in overburden sediments may occur as a result of movements along
vertical faults in a basement substratum. In case of a uniform brittle overburden and initial
stress isotropy (o1 = 03), vertical movements in the basement is accommodated along a plane
of maximum shear strain and shear stress in the overburden, forcing the o-trajectories to
intersect that plane at 45° (Figure 24 and 25). Because of the partial unloading of the
subsiding basement block, oi-trajectories will form a ‘stress arch’ that transfers overburden
load to the higher basement block (i.e. footwall). Consequently, the faults in the overburden
may have a character of downward-concave reverse faults (Mandl et al., 1988).

In a case of a model representative for a more natural situation, Mandl (1988) studied the
effect of a multilayered overburden by analyzing the influence of weak bedding planes on the
directions of principle stresses and associated faults. In this model, the assumption is made
that before the onset of faulting, the layers are flexed, and the frictional resistance of the
densely spaced bedding planes is ignored. In this situation, the o; principle stress trajectories
will initially be perpendicular to the bedding plane, and the first normal fault will develop
where the flexure, induced by extension of the bedding, is greatest. The faults now have a
character of normal faults, dipping towards the down-thrown block. The stress trajectories
will be changed by shearing, induced by flexural slip of the beds. Because of the sliding of
upper beds over underlying beds, towards the point of greatest curvature, the bedding-parallel
shear stresses are directed towards the faults (indicated by dotted arrows in figure 25). The o3

principle stresses are now no longer perpendicular, but make acute angles with the beds and
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open against the relative slip directions. The o;-trajectories widen and the upward-convex
faults will be more strongly curved. According to this model, normal graben bounding faults
are expected to form first instead of a reverse fault. In more natural situations, changes in fault
shape and orientation will depend on many tectonic and non-tectonic factors which are not
included in the models of Mandl (1988). Non-tectonic factors may include strength
anisotropies, compaction by overburden weight, and high pore pressures. Tectonic events,
affecting the shape of an incipient or fully developed fault are related to changes in the stress
field, which is often thought to be linked to changes in far-field stresses (i.e. stress-field on a
more regional-scale) caused by regional-scale tectonic processes. Another important factor is
the influence of pre-existing basement structures that form weak zones of leading to strength
anisotropies. Such weak zones are easily reactivated and may interact with newly developed
faults. Prominent structural trends present in the llgin Basin and adjacent regions on a larger
scale are likely old, inherited basement trends that may have strongly influenced the
orientation and style of newly developed faults. The conceptual models of Mandl (1988)
described earlier provide insights on the mechanics of faulting in the alluvial red beds at the
open-mine pit, and may explain the kinematic style of faulting to some extent. The model
does not however, include the effect of fault interaction between interconnected faults and the

influence of basement strength anisotropies.
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Figure 21. Normal faults dipping ~E and W in Quaternary red alluvium with caliche horizons at the Chavusg6l Fault zone. Most faults show thickening of bedding at
downthrown sides, indicating fault growth during deposition Stereographic projection (equal area, lower hemisphere) showing fault slip data, indicating NNW-SSE directed
extension. Square indicates location of measured fault plane and lineations. Length of section is approximately 50 m, and height 15 m. Figure a: Enlargement of part of the
trench section showing normal faults dipping west.
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Figure 22. 10x10m section perpendicular, i.e. ~N-S, to the section of Figure 21, showing graben structures with
growth faults dipping N and S.
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Figure 23. Enlargement of part of the trench section indicated by large square (b) in Figure 21, showing a
precursor fault structure (Top left of photo; Mandl. 1988).
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Figure 24. Principle stress field above a vertical basement fault. Initial stress field (A) will deflect with
increasing vertical displacement (B-D). Modified after Mandl (1988)

Figure 25. Schematic illustration of precursor faults above a vertical basement offset at low confining stress
conditions. Stress field is similar to situation in figure 24D. Modified after Mandl (1988).
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A few kilometers to the south of the lignite mine, ~2 m? fault scarps are exposed along a
15-20 meter long road section (indicated by label t on figure 3). These prominent scarps are
also observed on the DEM. The scarps are separated by blocks of basement limestones,
alternating with zones of unconsolidated breccia and red marls (Figure 26). The basement
metamorphic rocks consist of calcite veins and are intensely fractured and brecciated.
Adjacent to the individual fault planes, the brecciated zones of marl and clay contain angular
clasts of variable sizes that are frequently coated with white, carbonate precipitate rims. This
coating is often found as a network of cement between the clasts, forming zones of slightly
more consolidated breccias. These are most likely travertine networks, which indicate the
precipitation of carbonate minerals from solution in ground, surface or geothermal water. As
hot springs are common in the region, these travertines are likely formed by upward
percolation of geothermal water through cracks and fractures.

The eastward dipping fault scarps are straight or corrugated and vary in strike from ~N-S
to NNE-SSW, with dips between 60 and 80 degrees to the east. Striations on the fault surfaces
are generally steeply plunging white calcite slickensides, occasionally down-stepping,
indicating a normal sense of displacement. These calcite slickensides tend to completely
cover the exposed fault surfaces, giving the planes a polished finish. Few of these planes have
less continuous, more fractured lineations. The rakes of the slickensides vary from 60-80°, to
shallower values of 30-45° and indicate a left-lateral sense of shear. Stereographic projection
(equal-area, lower hemisphere, figure 26) of the combined fault-slip data show a NE-SW
directed transtension. The adjacent clastica-rich red marls are in composition similar to the
alluvial fan deposits located at the open-mine pit to the north, suggesting a comparable, i.e.
Quaternary age for the deposits. The fault scarps, formed within these sediments indicates
recent fault activity. In addition, the fresh appearance of the scarps at the road section

(location t) suggests a quite recent increment of slip along these planes.
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Figure 26. Road section showing fault scarps (white squares) at the Chavusgél Fault zone. The scarps are almost planar (a) or curved and corrugated (b) and consist of steeply

dipping lineations and striations. Stereographic projection (equal area, lower hemisphere) showing fault slip data of the three left planes of the section, indicating NE-SW
directed extension.
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Fault slip data from the Chavusgol Fault Zone and their significance

The direction of oblique-slip vectors along the fault planes, and thereby the orientation of
the principle stress axes, is not consistent throughout the outcrop. The directions of
slickensides are rather variable and the fault scarp of figure 27 is highly curved and
corrugated. Multiple sets of slip vectors are often typically interpreted to develop by multiple,
successive events of tectonic deformation by which each event or ‘phase’ of deformation
corresponds to a differently oriented set of slip vectors and consequently indicate different
orientated stress fields (e.g. Angelier, 1983, 1994). The change in orientation of principle
stress axes are often linked to far-field stresses related to changes in regional-scale, tectonic
plate configuration. These inversion methods use the assumption that the direction of slip is
constant over each fault plane and occurs in the direction of maximum resolved shear stress,
and thereby ignoring the significant effects of fault interactions or fault geometry. The curved
fault scarp in figure 27, consists of curved corrugations and slickensides suggesting that the
assumption of parallelism between maximum resolved shear stress and slip vectors, assumed
for the inversion methods, is not satisfied. Instead, the curved plane may suggest that the
direction of local principle stresses changed during the formation of the fault along the fault
plane, and thereby changing the geometry of the fault plane. Variations in slip directions and
fault shape are explained by, e.g. Willemse et al. (1996) and Maerten et al. (1999, 2000), by

mechanical interaction between coeval linked faults and are thought to be closely related to

local stress/strain perturbations (Willemse et al., 1996).

Figure 27. Curved and corrugated fault scarp at the Chavusgol Fault zone (indicated by square b in figure 26).
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4.  Basin geometry and kinematics: discussion

The southwestern margin of the llgin basin is controlled by the main NW-SE trending
Aksehir Fault zone. In southeasterly direction a ~30 km long zone of W-E trending splay
faults form the Derbent Fault zone, which is interpreted as an overstepping link between the
Aksehir Fault zone and the NW-SE trending Apa Fault zone to the East of the Ilgin Basin
(Figure 13). River channels parallel to the Derbent Fault zone suggests that these structures
control the drainage of the Ilgin basin towards the Apa basin. The Derbent Fault zone has a
terraced geomorphology with large fault scarps dipping towards the N to NE. The steeply
dipping ground surface between these E-W to WSW-ENE, parallel faults indicate significant
accumulated normal to oblique throw. Such splay faults or breaching fault geometries are
typically associated with the development of relay ramps (Goguel, 1952; Larsen, 1988;
Peacock et al., 2002) or monoclinal ramps (Macdonald; 1957; Peacock et al., 2002). Peacock
et al. (2002) and Peacock and Sanderson (1991, 1994) consider a relay ramp (Figure 28)
typical for transfer of displacement between overstepping, normal faults, connecting the

footwall of one fault or zone of faults, with the hanging-wall of another.

llgin Basin

Figure 28. Block diagram showing the main structures of the breached relay ramp located in the southern region
of the Ilgin Basin between the overstepping Aksehir and Apa Fault zone. The northward stepping faults of the
Derbent Fault zone accommodate displacement between the overstepping fault zones (Figure modified from
Peacock, 2003)
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Relay ramps with variable geometries and scales are identified in many regions, for
example: the East African Rift (e.g., Griffiths, 1980; Morley et al., 1990; Ebinger et al., 1989;
Nelson et al., 1992), the British Isles (Peacock and Sanderson, 1991; Huggins et al., 1995;
Peacock, 2003), Hawaii (e.g., Peacock and Parfitt, 2002), the Basin and Range (e.g., Machette
et al., 1991; Anders, 1995; Ferril et al., 1999). The scale of these relay ramps can range from
cm-scale to hundreds of kilometers in variably important structures that control the shape and
discontinuity of extensional (rift) systems. (e.g. Ancocella et al., 2005). The variable
geometry of relays may indicate different evolutionary stages of fault linkage (e.g. Peacock
and Sanderson, 1991, 1994; Peacock et al., 2002). Based on the degree of interaction and
linkage between fault segments, Peacock et al. (2002) and Peacock & Sanderson (1994a)
identified four general stages of relay ramp evolution (Figure 29). Stage 1 is characterized by
normal fault segments that do not interact. These structures are identified as sub-parallel, non-
coplanar, possibly underlapping fault segments. In this early evolutionary stage the zone
between the faults shows gentle dips and little or no internal faulting. During Stage 2,
interaction between fault segments initiate and tilted beds between two interacting faults form
a relay ramp or monoclinal ramp (Macdonald, 1957). The dip of the ramp increases with
increasing down-throw along the bounding overstepping faults. It is important to realize that
the faults may seem unconnected at the surface, whereas they can be connected at depth.
During Stage 3, the relay ramp is being ruptured by connecting fractures that progressively
evolve into a zone of larger faults. This stage includes the formation and linkage of breaching
syn- and antithetic faults within the relay zone. At Stage 4, the relay ramp is completely
breached and destroyed by through-going faults cutting across the entire relay ramp. These
four stages can develop through time or spatially with depth along the fault zone (Peacock et
al., 2002). Hanging-wall rollover, with folding of the fault blocks can occur progressively
through these stages, for example by decreasing dips of the bounding faults at depth (i.e.
listric fault geometries). Cracks in the hanging-wall will partly accommodate hanging-wall
rollover and continue to propagate into larger fractures and faults. The gentle bedding dips
(~10-20°) and large-scale (i.e. basin-scale) flexure of the basin sediments observed in the llgin
Basin can be a result of large-scale bending and hanging-wall rollover at the Aksehir Fault
zone. Also ~N-S monoclinal folding at the relay ramp before the formation of breaching faults
of the Derbent Fault Zone, as well as blind faults present at depth may be responsible for the
gentle dipping stratigraphy.

In general, relay ramps that develop as unbreached slopes between stepping faults and

extensional fractures, are also referred to as ‘soft-linked’ accommodation zones (e.g, Walsh
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and Watterson, 1991), i.e., Stage 2 of Peacock et al. (2002). ‘Hard linkage’ of accommodation
zones (Walsh and Watterson, 1991) occurs when fault interaction continues, and faults grow
by the coalescence of multiple cracks or fractures within the relay ramp (i.e. comparable to
Stage 3 and 4 of Peacock et al., 2002).

Earth's surface

Relay MR

——
S ——

Monocline at
fault tip

Fault sub-vertical
at Earth's surface

G

JAchN .
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-7 ~Rollover//.

Fault becomes
more shallow
at depth

Figure 29. Block diagram showing the temporal and spatial evolution of overstepping faults and relay breaching.
Three evolutionary stages of relay ramps can be identified. (a) Bouding faults understep but may be connected
by en echelon cracks. (b) The relay rap develops as the faults overstep and become connected by a breaching
fault as displacement increases. The breaching fault cuts across the center of the relay ramp. (c) The relay ramp
is breached. The layer in (d) shows a single, irregular fault. Four stages may be identified in the propagation of
individual fault segments. (1) A monocline develops above a dipping normal fault (the sub-surface lateral
continuation of a fault seen at the surface). (2) Vertical cracks occur bounding and within the monocline. (3)
Hanging wall rollover develops as throw increases along the overstepping fault probably because the normal
faults are listric. Rollover is partly accommodated by cracks in the hanging wall. Figure adapted from Peacock et
al. (2002).
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The model of relay ramp formation of Peacock et al. (2002) provides insights regarding
the interaction of faults, and how zones of overstepping faults can progressively evolve into
hard-linked, interconnected networks of variable orientated faults, such as observed in the
llgin Basin and adjacent regions. According to the evolutionary stages of relay ramp
development, the breaching faults of the Derbent Fault zone are formed during a later stage
(i.e. stage 3 or 4) and are relatively younger than the basin-boundary faults. However, clear
cross-cut relations between the bounding Aksehir and Apa Fault zones and the nearly
perpendicular striking Derbent Fault Zone cannot be identified. Moreover, cross-cutting
relationships between the other fault trends present in the llgin Basin are also not
determinable on outcrop scale nor on plan view maps and the DEM of the region. The
interaction and linkage of coeval faults of variable orientations and the presence of pre-
existing basement structures may explain why the inter-relationships between faults are
obscured.

NW-SE striking faults form the most dominant structural trend in the llgin Basin, as well
as in the adjacent Beysehir and Yalvac Basins, and even further to the west in the inner flanks
of the Isparta triangle. This prominent trend of regional importance is probably an old, pre-
existing basement grain that was reactivated during Neogene to recent basin development.
This trend would suggest a basin-scale, NE-SW direction of extension during the formation of
these basins. However, the presence of the nearly E-W and WNW-ESE trending faults would
indicate ~N-S to NNE-SSW extension in the southern zone of the Ilgin basin. This could
suggest that a local stress field with a ~N-S orientated minimum principle stress axis (o3) acts
on the domain of the Derbent Fault zone, and a more regional-scale (i.e. basin-scale) stress
field with a NE-SW orientated o3 acting on the Aksehir and Apa Fault trends. In this scenario,
partially overlapping stress domains result in extensional deformation accommodated in both,
NE-SW and N-S directions. However, this proposition does not explain the presence of the
other, NNE-SSW and NE-SW striking fault trends in the Ilgin Basin region. It is possible that
under the overlapping stress domains as previously described, pre-existing faults with
different orientations are hard-linked at depth and susceptible to coeval reactivation. Slip
along one fault plane can trigger slip on a cross-cutting (set of) fault(s). Although the
prominent structural trends suggest that pre-existing basement structures may play a
significant role in the development of the deformation pattern in the region, the conspicuous
‘horsetail” basin architecture cannot be explained by a kinematic ‘end-member’ model of pure
extension in NE-SW or ~N-S directions. The curvature in fault trends from the Aksehir Fault

zone to the northward stepping Derbent faults give the Ilgin Basin its typical geometry. The

58



typical right-stepping horsetail observed in plan view on the DEM and maps of the region
suggest that a transtensional kinematic system with a minor left-lateral slip component may
have controlled the deformation on the llgin Basin, and possibly even larger, regional scale.
Fault patterns modeled by analogue sandbox experiments provide information on the
possible orientations and kinematics of newly developed faults under a specific applied stress
field. The development of the horsetail structures under transtensional deformation is
confirmed by analogue sandbox experiments where oblique-slip along a steeply dipping (i.e.
~60°) basement fault occurs under left-lateral transtension with a moderate strike-slip to dip-
slip component. Figure 30 shows the structures that develop under such conditions in an
isotropic sand medium. The faults are slightly right-stepping and few are connected, creating
the typical tail-structures. Relays develop between overstepping faults. The experiment uses
an isotropic overburden sand medium and is therefore not representative for natural
conditions where anisotropic inherited basement structures are involved. Although such
sandbox models are limited by boundary conditions due to their experimental set-up and the
isotropic medium, they do show the range of possible fault orientations and structural
geometries that may develop under specific stress conditions. Experimental analogues that
include pre-existing basement anisotropies are poor but the presence of weak, distributed
basement trends are believed to play a significant controlling role on the reactivation of pre-
existing faults and development and linkage of new faults (DePaola et al., 2005; An and
Sammis, 1996; Jones et al., 2005). Previous studies on regions with rift related deformation
recognized that the directions of divergence are oblique to the main boundaries of
transtensional strain (Harland, 1971; Withjack and Jamison, 1986; Woodcock, 1986; Smith
and Durney, 1992; Dewey et al., 1998; Dewey, 2002; DePaola et al., 2005). Three-
dimensional, non-coaxial strains at regional-scale can relate to deformation caused by oblique
lithospheric plate motions and/or intrabasinal faults, which results in reactivation of pre-
existing structures with an orientation oblique to the maximum extension direction. The first
case of oblique plate separation assumes a homogeneous transtensional model (Sanderson and
Marchini, 1984; Dewey et al., 1998). The second case describes how bulk strain by
transtension is split up in local domains of partitioned transtension where the location and
orientation of structures are controlled by pre-existing anisotropies, such as lithological
contacts, faults and shear zones structural basement (Tikoff and Teyssier, 1994; Jones and
Tanner, 1995; Jones et al., 2005; DePaola et al., 2005). Thus, instead of a localized zone of
bulk strain, accommodation occurs over a wide zone where pre-existing structures

preferentially take up components of the bulk transtensional strain. Progressive brittle

59



deformation by transtension in the Ilgin Basin and adjacent region may have resulted in the
development of partitioned domains of variable kinematic significance that continued to
develop, creating an interconnected network of faults and thereby increasing structural
complexity.

Figure 31 illustrates the concept of the significance of distributed pre-existing structural
trends, mainly based on the results and conclusions from analogue sandbox experiments by
An and Mannis (1996) and Richard et al. (1995). The top figure (A) shows an end-member
model of left-lateral, simple shear along one basement trend assuming an isotropic
overburden. This scenario represents the most ideal isotropic conditions under which arrays of
right-stepping shear fractures (c.f. Riedel, 1929) develop. In case of multiple basement trends,
simple shear is distributed over a wider zone and accommodated by syn- and antithetic shear
fractures and by (hybrid) transtensional fractures, indicating an increasing component of
extensional (B) opening of hybrid cracks perpendicular to the maximum principle stress axis).
Under progressive transtensional deformation (C), extension along the right-stepping fractures
continues and normal-oblique faults are formed. The syn- and antithetic shear fractures are no
real strike-slip Riedels (i.e. in the sense of Riedel, 1929) but rather oblique-slip normal faults
with a significant dip-slip component. Both syn- and antithetic faults continue to grow along
the multiple parallel basement trends and will start to coalescence into larger faults with
variable orientations. The direction of far-field extension acting on the wide zone (i.e. basin-
scale or a larger regional scale) does no longer correspond to the orientations of normal-
oblique faults because strain is accommodated preferentially along the pre-existing fractures
and faults which have variable orientations. Continued transtension leads to the formation of a
completely interconnected framework of oblique-slip faults (D). If transtension continues
even further, subsidence and collapse will lead to the formation of a basin or rift complex
with a subsidence axis perpendicular to the far field minimum principle stress axis (c3). Note
that for the kinematic models illustrated in Figure 31 only a set of parallel trending basement
anisotropies is involved, whereas in more realistic natural conditions, the basement structural
trends are variable and will consequently lead to a highly variable fault pattern in the
overburden.

The multitude of intersecting basement trends identified in the Illgin Basin and adjacent
regions confirm that neotectonic deformation is probably strongly controlled by the pre-
existing structures. It is likely that these trends are reactivated under regional ~NE-SW
extension in an overall left-lateral transtensional system (Figure 32) that acts not only on

basin scale but probably on a much larger, regional scale. This kinematic system is
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comparable to the system represented by figure 31D and shows that the interaction of
structural anisotropies in the Ilgin Basin may explain the presence of active faults that have an
adverse to unfavourable orientation with respect to the ~NE-SW far field minimum stress axis
(03).

Individual domains of finite strain at measured outcrop-scale or basin sub-areas may
therefore not display the same orientation as the bulk strain that acts on a regional-scale or
even plate-tectonic scale. Consequently, fault-slip data collected from an area as large as
possible is required to be able to relate outcrop-scale or basin-scale structures and the

associated stress axes to global-scale tectonic processes (Jones et al., 2005).

Figure 30. Sandboc experiment (plan view) showing the fault patterns in an isotropic overburden as a result
of oblique-slip on a steeply dipping basement fault (dashed line) with a minor left-lateral strike-slip/dip-slip
ratio. The right-stepping fault patterns and ‘horsetailing” indicate a left-lateral component of displacement
(modified from Richard et al., 1995)
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Figure 31. Schematic illustrations of four kinematic models showing fault patterns and orientation of faults
typically formed under simple shear (A) along one pre-existing basement anisotropy (horizontal dashed line a)
and under left-lateral transtension with increasing influence of basement anisotropies from model B-D.
Orientation of applied stress field is the same for all models. Model A represents an end-member model of
strike-slip (i.e. most isotropic scenario), where synthetic Riedel shears (I; antithetic Riedels: 11) develop along a
narrow shear zone. With increasing number of basement anisotropies (dashed lines b-d), strike-slip/dip-slip ratio
decreases and left-lateral transtension is accommodated along a wide zone of normal-oblique faults. Hybrid
model D illustrates a wide zone of intersecting normal-oblique faults with orientations predominantly parallel to
the (re-activated) pre-existing basement trends, forming a hard-linked, semi-orthorhombic fault pattern. Note that
in these models the basement trends are parallel, but in more realistic and natural scenarios, there are
multiple,variable basement trends, which will result in more chaotic, hard-linked fault pattern than illustrated in
figure D. The kinematic stress system of the llgin Basin can be considered as a small domain (red square in
figure D) in a much larger overall left lateral transtensional stress system with a minor strike-slip component.
Figures are based on results and conclusions from An & Sammis (1996) and Richard et al. (1995).
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Figure 32. Schematic kinematic model showing the typical, right-stepping horsetail geometry of the llgin Basin

area and the intersecting structural trends. The basin geometry indicates a

left-lateral transtensional

(neotectonic) kinematic fault system under a far field stress domain with ~NE-SW minimum (o3) and NW-SE

maximum (o) principle stress axes.
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5. Implications of present study

Implications for the stress Inversion Method

Many outcrop-based studies in a large variety of structural settings and regions
worldwide use the results obtained by the (paleo) stress inversion method (Angelier, 1979;
1984, 1990, 1994) to extrapolate to regional/basin-scale analyses and plate tectonic models.
As for any brittle deformation structure, strain increments related to the formation of faults
are associated with the magnitude and direction of stresses exceeding the bulk strength of the
rocks involved. So, faults can provide information about the nature of paleo-stresses acting on
the bulk rocks involved. On the basis of these general presumptions, the inversion method
assumes that the direction of slip along each fault plane is constant and occurs in the direction
of maximum resolved shear stress (Carey and Brunier, 1974; Wallace, 1951; Bott, 1959;
Etchecopar et al., 1981; Angelier, 1979, 1984, 1990, 1994; Petit and Laville, 1985; Means,
1987; Reches, 1987; Krantz, 1988; Lisle, 1987; Doblas, 1998). Moreover, a spatially and
temporally single homogeneous tectonic stress field is assumed to be responsible for the
direction of slip on fault planes. Applying these paleo-stress inversion principles, the fault slip
data obtained from the Illgin basin would provide an estimation of the orientation of local
principal stress axes acting on single fault segments. However, it is important to realize that
strains observed in a relatively limited, outcrop-scale domain do not necessarily equal the
bulk finite strain at basin-scale or plate-tectonic scale. Therefore, data must be collected from
areas as large as possible to relate local structures to a regional kinematic system, or to plate-
tectonic scale (Jones et al., 2005). The llgin Basin is moderately exposed and fault-slip data
for the inversion method are limited. The integration of fault-slip measurements from the field
and the structural analysis using the DEM is therefore essential to reconstruct their meaning in
terms of kinematic evolution of the Ilgin Basin. The interconnectivity and interference
between cross-cutting faults in the Ilgin Basin and probably also the adjacent basin regions
are prominent complications to the application of the stress inversion method.

As typically done in stress inversion studies, the variably distributed slip vectors (i.e.
slickensides) on normal fault planes are often related to multiple phases of slip during
successive episodes of regional-scale (extensional) deformation. Thus, each set of slickenside
striations are related to a ‘phase’ of deformation. However, the intersecting contemporaneous

fault sets observed in the llgin Basin on outcrop and basin-scale, both on maps and in cross-
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sections, indicate that faults form an interconnected, hard-linked network of fault segments
with synchronous activity. Several studies have documented slip distributions on fault planes
that show multiple slip maxima near the intersection line of two crossing faults (Walsh and
Waterson, 1991; Childs et al., 1993; Mansfield and Cartwright, 1996; Nicol et al., 1996;
Maerten et al., 1999; Maerten, 2000). These slip characteristics are explained by the
mechanical interaction between intersecting coeval faults. Analysis of the fault slip direction
show that the direction of slip along a fault plane is especially influenced in zones adjacent to
fault intersections and illustrate that the assumption of parallelism between maximum
resolved shear stress and slip vector used in stress inversion methods are not satisfied
(Maerten; 2000). This implies that, if known, the strike of the faults and their vertical
dimensions can be used to estimate the area adjacent to fault intersections, where fault slip
data should not be used in stress inversion analyses. Examples of curved fault plane
geometries observed in outcrops in the north of the Ilgin Basin (i.e. the Chavisgol Fault
Zone) also indicate that stress along such planes is accommodated by slip into variable

directions, leading to the curvature of slickenside striations.

Regional implications of the llgin basin kinematics

The regional extent of the NW-SE trending overall left-lateral transtensional system that
acts on the llgin Basin is unclear. However, prominent hard-linked basement trends continue
towards the southwest of the Sultandagi mountain range and extend further west into the inner
eastern flank of the Isparta Angle. This suggests that the early (i.e. Pre-Cenozoic) deformation
history of the region and the formation of the basement trends must have been similar. A
structural and kinematic study of the Beysehir and Yalvag basin regions immediately adjacent
to the west of the Sultandagi may provide more insights to the lateral extent of the
transtensional domain of the Ilgin Basin.

Kogyigit et al. (2003) studied the Early Miocene to Quaternary tectono-stratigraphy of
the Aksehir-Afyon graben to the northwest of the llgin Basin and proposed a multistage
evolutionary history. The lower, Early — Middle Miocene fluvio-lacustrine sediments of the
basin are folded and thrusted and unconformably overlain by a relatively horizontal Pliocene
— present-day fluvio-lacustrine sequence, locally faulted by oblique-normal faults. Kogyigit et
al. (2003) propose that the ~300 m thick Early — Middle Miocene sequence is deformed
during a period of compression between a first and second phase of extensional deformation.

Folds of this sequence are series of WNW-trending, (sub-) parallel anti- and synclines.
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Folds or thrust or any indications for compressional deformation in the Ilgin Basin
region are absent. The observations made by Kogyigit et al. (2003) described earlier were
obtained from outcrops in the Aksehir-Afyon Basin, almost 100 km to the NW of the Ilgin
Basin, along the Sultandagi range. Extrapolation of these observations in southeastern
direction towards the Ilgin basin can be considered speculative. It is possible that the Early-
Middle Miocene sediments of the Aksehir-Afyon Basin are only locally folded as a result of
partitioning of strain accommodating local transpression along the Aksehir Fault zone
adjacent to the Sultandagi range.

The left-lateral transtensional kinematic model inferred for the llgin Basin is not aligned
and therefore difficult to correlate with the deformation kinematics of Late Cenozoic fault
zones to the east and northeast. The Eskisehir Fault zone, located at ~200 km to the northeast
of the Ilgin and Aksehir-Afyon basins (see Figure.), has a parallel, NW-SE to WNW-ESE
trend (Ocakoglu, 2007). Very little is known about the structural style and deformation
kinematics of this fault zone, and its southern end in particular seems to be largely
unexplored. The Eskisehir Fault zone (also called the IndnU-Eskisehir Fault zone) seems to be
a branch from the dextral North Anatolian Fault Zone (NAFZ) and consists of arrays of NW-
SE trending dextral strike-slip faults, as well as E-W to WNW-ESE segments (Ocakoglu,
2007). Other major fault zones in Central Anatolia are the NW-SE trending Tuzgdlu,
Cihanbeyli and Yeniceoba Fault zones (e.g., Gorur et al., 1984; Cemen et al., 1999). These
presumably extensional to transtensional fault zones and the development of the large,
extensional or transtensional Tuzgd6lu Basin have their origin in the Late Maastrichtian (e.g.,
Gorur et al., 1984; Cemen et al., 1999), and continued their activity into Miocene time
(Dellaloglu and Aksu, 1984; Pasquare et al., 1988; Dirik and Goncuoglu, 1996). The Tuzgoli
Fault zone is reported as a 200 km long, right-lateral strike-slip fault, consisting of an en-
echelon pattern of fault segments (e.g., Dirik and Goncuoglu, 1996) and has been repeatedly
reactivated, with the most recent normal to right-lateral displacements recorded for the post-
Eocene (Cemen et al., 1999).

Both the major NW-SE trending Esiksehir and Tuzgélii (and smaller Chanbeyli and
Yeniceoba) Fault zones are reported as extensional to transtensional fault systems with right-
lateral displacements. The trends of these fault zones are parallel to the Aksehir Fault zone
extending along the Ilgin and Aksehir-Afyon basins. The main question is how the left-lateral
transtensional boundary fault system of the Ilgin Basin (likely continuous into the fault zone
of the Aksehir-Afyon basin) fits with the right-lateral Eskisehir and Tuzgolii fault zones.

Structural basement inheritance and the effects of strain partitioning discussed earlier must
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have significant impacts on the kinematics and fault patterns in Central Anatolia.
Accordingly, extrapolation of interpretations from one ‘nested’ structural domain to the next,
to regional Anatolian scale or plate-tectonic scale, is a challenging step prone to unjustified
interpretations. Taking into account the speculative character of such extrapolations, an
attempt is made below to explain the findings of the llgin Basin in a regional structural
context.

After the southern branch of Neotethys reached its maximum size at some time in the
middle Cretaceous (e.g., Sengor et al., 1981; Dewey et al., 1989), convergence initiated
between the African-Arabian plate moving north with respect to the southern boundary of
Eurasia. The northern margin, characterized by , old, relatively cold continental crust is a
major constraint on the structural setting of the Late Cenozoic Ilgin Basin. It is likely that the
continental margin of the approaching Africa-Arabian plate was not a straight but rather
irregular boundary, with a major embayment at the African-side in the west and a major
salient at the Arabian-side in the east. The broad promontory of Arabian continental crust
acted as a prominent collisional indentor to the active plate margin of Eurasia, including the
Anatolian assembly, which forms the basement of the llgin Basin. Together with the Isparta
Angle, the location of the Ilgin Basin and its continuation into the Aksehir-Afyon Basin
coincides with the longitude of the lateral boundary between embayment and salient of the
involved northern Gondwana continental margin.

The initial geometry of the continental margin of Gondwana has implications for
inherited structural trends and deformation kinematics in Eastern and Central Anatolia,
including the Ilgin Basin region. Because of the irregularities between continental and oceanic
crust along the plate margins, continent-continent collision between Arabia and Eurasia
initiated during the Miocene (Keskin, 2003; Facenna et al., 2006; Hafkenscheid et al., 2006;
Huising et al., 2009), while oceanic crust is still subducting along the oceanic margin of the
African plate. At this side, an increasingly land-locked oceanic basin is formed (e.g., van
Hinsbergen et al., 2009).

Relative northward movement of the irregular indentor of buoyant continental Arabia has
a prominent impact on the Late Cenozoic to present-day kinematics of the Ilgin Basin.
Collision between the Gondwana continent crust and its variably segmented fragments along
Anatolia takes place in the course of the Late Cenozoic, leading to the major Bitlis-Zagros
Suture Zone. The Arabian continental boundary and its inherent basement anisotropies have
imposed a significant right-lateral strike-slip sense of motion, particularly resolved on NW-SE

structural trends. This right-lateral sense of shear accommodates the differential plate
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movement of Africa and Arabia with respect to Eurasia. The relatively northward motion of
Arabia imposes continent-continent collision, coeval with ongoing subduction of the African
plate under the Eurasian assembly, including Central Anatolia.

It is possible that the NW-SE basement trends, including the Eskisehir, Tuzgdlii and
Aksehir Fault zones located in Central Anatolia are signatures of this early continent-
continent collisional process during the Oligo-Miocene. The North Anatolian and East
Anatolian Fault zones, and most likely also the Central Anatolian Fault Zone are formed
much later, during the Pliocene, and accommodate the westward, lateral extrusion of Anatolia
with respect to Eurasia in response to continuing convergence between the Arabian
continental promontory and Eurasia. Northward oceanic subduction at the African oceanic
embayment resulted in roll-back of a southerly advancing, curved Hellenic Arc causing back-
arc extensional/transtensional collapse in the Aegean region and West Anatolia (e.g., van
Hinsbergen et al., 2009, 2010).

Well before the Late Cenozoic (Late Miocene to recent) evolution of the Ilgin basin, the
effects of roll-back in the west and continent-continent collision in the east have a profound
effect on Central Anatolia. The right-lateral effects along the NW-SE trends along the
Tozgolu, Cihanbeyli and Yeniceoba Fault zones are well explained by the kinematics of this
differential advance in major continent-continent collision. Similar right-lateral effects are
still acting today, in the strain partitioning of right-lateral strike-slip along the NW-SE Zagros
deformation belt (e.g., Tavakoli et al., 2008). The westward lateral escape of Anatolia in (e.g.
van Hinsbergen et al., 2009), largely accommodated along the NAFZ and the EAFZ initiated
at some time in middle to late Miocene (Dewey & Sengor, 1979 ) or during the latest Miocene
to Early Pliocene (e.g., Barka et al., 2000) and is an important accelerator to extension,
controlling accommodation space in the local llgin Basin setting. A progressive northward
advancing, left-lateral shear zone associated with the opening of the Red Sea between Africa
and Arabia, initiated (or was reactivated) during the same period and is still active at present.
This Late-Miocene — present timing of interference and overlap in regional-scale kinematics

may be regarded as a major factor contributing to the left-lateral relay in the llgin Basin.
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6. Conclusions

The llgin Basin is a Late Cenozoic transtensional, fault-controlled depression developed
on top of Late Mesozoic-Early Cenozoic substratum in Central Anatolia. Fault geometries and
kinematic analysis indicate that the basin is influenced by a small (but geometrically
significant) left-lateral shear component. It is difficult to interpret this lateral shear component
in the regional setting of the basin because of the presence of a multitude of
contemporaneous, hard-linked fault trends and the effects of strain partitioning. The origin for
the multitude of prominent structural trends in both Pre-Cenozoic basement and Late Miocene
to recent lacustrine basin sediments lies in the presence of pre-existing basement structures
giving rise to anisotropy and mechanical interaction between intersecting faults systems.

Conventional inversion methods are commonly used to reconstruct the paleo-stress history
of regions in Central Anatolia, similar to the Ilgin Basin setting. The present study leads to
conclude that extrapolations of paleostress data to larger regional or plate tectonic scales

should be made with caution.
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