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ABSTRACT

GEOLOGICAL EVOLUTION OF THE GEDiZ GRABEN, SW TURKEY:
TEMPORAL AND SPATIAL VARIATION OF THE GRABEN

Ciftci, Bozkurt N.
Ph.D., Department of Geological Engineering
Supervisor: Prof. Dr. Erdin Bozkurt

March 2007, 290 pages

Gediz Graben is a continental extensional basin filled with Neogene
sediments. Its margins are controlled by active ~E-W-trending fault systems with
major system, in terms of total offset and duration of activity, located along the
southern margin. The graben evolved as a half graben by the activity of the southern
margin during the entire Miocene. Then, the northern margin-bounding structure
initiated by Plio—Quaternary to form the current configuration of the graben with an
inherited asymmetry.

The southern margin-bounding fault system forms a graben-facing step-like
pattern from the horst block (~2000 m) down to the graben floor (~200 m). The
faults become younger towards the graben and the structural maturity decreases in
the same direction. Fault plane data suggest ~N—S-oriented regional crustal extension
through the entire graben history with no evidence of temporal change in the regional
extension direction. Minor spatial variations are attributed to poorly defined o3-axis
or local stress field anomalies caused by fault interactions.

Evolution of the Gediz Graben is a dynamic process as indicated by
pronounced changes in the geometry and lateral extend of the southern margin-

bounding structures along strike and dip directions. This also influenced the

v



lithofacies, depositional pattern and thickness of the graben fill units. The western
Anatolian extension is episodic with earlier (Miocene) and later (Plio—Quaternary)
phases of extension and intervening short phase of contraction (Late Miocene—Early
Pliocene). Despite of this fact, evidence for the short-term intervening contractional
phase throughout the Gediz Graben is scarce and there is local observation of folds
and thrust/reverse faults affecting the Alasehir formation. These structures suggest
that the short-term phase of contraction might have existed but most probably been
absorbed by the high rates of extension. This data may further imply that graben
evolution from half-graben phase (Miocene configuration) to full graben phase
(present day configuration) might be a discontinuous process accompanied by a

short-time break in-between.

Keywords: Southwestern Turkey, Gediz Graben, continental extension, graben,

normal fault, stress analysis
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GEDIZ GRABENI’ NiIN JEOLOJIK EVRIMI (GB TURKIYE):
GRABENIN ZAMANSAL VE ALANSAL DEGISIMI

Ciftci, Bozkurt N.
Doktora, Jeoloji Miihendisligi Boliimii

Tez YOneticisi: Prof. Dr. Erdin Bozkurt

Mart 2007, 290 sayfa

Gediz Grabeni, Neojen yasli karasal sedimanlari iceren gerilmeli bir havzadir.
Graben kenarlari, yaklagtk D—-B uzanimli aktif fay sistemleri tarafindan
denetlenmektedir. Toplam atim ve aktivite siiresi dikkate alindiginda grabenin giiney
kenar1 kuzey kenardan daha etkin ve baskindir. Havza Miyosen boyunca sadece
gliney kenarin aktif oldugu yarim graben olarak gelismis, Pliyo—Kuvaterner’de
kuzey kenar fay sisteminin faaliyete ge¢cmesi ile bugiinkii goériiniimiinii Miyosen
doneminden kalan asimetriyi koruyarak kazanmistir.

Giliney kenar fay sistemi, graben merkezine dogru kuzeye egimli faylarin
olusturdugu, tavan blogundan taban blogununa dogru giden basamakli bir yapiya
sahiptir. Faylar graben merkezine dogru genglesirlerken yapisal olgunluk ayni1 yonde
azalmaktadir. Fay diizlemi verileri, bolgesel gerilme yoniintin havza evrimi boyunca
degismeden yaklasik K—G dogrultusunda sabit kaldigina isaret etmektedir. Alansal
olarak gozlenen gerilme yonii degisimleri ise o3 ekseninin iyi tanimli olmamasi ve
yersel gerilme alan1 anormalikleri ile iligkildir.

Gediz Grabeni’nin evrimi giiney kenar fay sisteminin grabene paralel ve dik yonde

stirekli bir degisim igerisinde oldugu dinamik bir siire¢ ile kontrol edilmistir. Bu
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siirecte gozlenen degisimler kaya tilirlerini, ¢dkelim dokusunu ve sedimenter
birimlerin kalinligin1 da kontrol etmistir. Bati Anadolu’nun evrimi, erken gerilme
(Miyosen) ve ge¢ gerilme (Pliyo—Kuvaterner) fazlar ile bu fazlari birbirinden ayiran
kisa sikisma donemini (Ge¢ Miyosen—Erken Pliyosen) iceren episodik bir 6zellik
tasimaktadir. Bu gercege ragmen Gediz Grabeni’nde kisa sikisma fazina yonelik
veriler son derece kisithi ve yersel alanlarda, sadece Alasehir formasyonu igerisinde
gbzlenen kivrimlar ve ters fay/bindirmeler ile sinirlidir. Bu yapilar kisa sikisma
doneminin mevcut olabilecegini fakat biiylik olasilikla grabendeki yiiksek gerilme
oran1 nedeniyle sogruldugunu gostermektedir. Ayrica bu veri, yarim graben evresi
(Miyosen konumu) ile tam graben evresinin (bugiinkii konum) kisa bir donem ile

ayrilmis olabilecegi siireksiz bir evrime de isaret etmektedir.

Anahtar sozciikler: Giineybati Tiirkiye, Gediz Grabeni, kitasal gerilme, graben,

normal fay, gerilim analizi
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CHAPTER 1

INTRODUCTION

Continental rifts and overlying sag basins form one of the most common tectonic
settings that world’s giant hydrocarbon reserves have discovered. Because of this
economical significance, graben basins became the subject of main interest for oil
industry and earth sciences community for the last few decades (e.g., Harding, 1984;
Morley et al., 1990; Morley, 1995; McClay et al., 2002). Efforts were intensified to
improve the geological understanding of the graben basins, which eventually lead to
more efficient exploration, and exploitation of the hydrocarbon reserves in these
basins. This led to the improved understanding of the graben-bounding structures and
rift sequences deposited during the evolution of grabens. In relation to this, field
observations, numerical modeling and experimental studies focusing on the normal
fault systems revealed many aspects of extensional deformation such as basic fault
dimensions, fault propagation and fault tip processes and simultaneous evolution of
numerous faults by linkage (e.g. Walsh and Watterson, 1988; Peacock and
Sanderson, 1991; Cowie and Scholz, 1992; Cartwright et al., 1995; Dawers and
Anders, 1995; Morley, 2002). Accordingly, influence of normal fault evolution on
the depositional patterns of the graben fill sediments has been investigated by
numerous studies as well (e.g. Schlische, 1991; Schlische, 1992; Prosser, 1993;
Schlische and Anders, 1996; Morley, 2002). All these efforts have brought along the
modern understanding of graben basins, which is more advanced now than a decade
ago.

Parallel to all these advances, hydrocarbon potential of the western Anatolian
grabens started to attract our national oil company, TPAO, by the mid 90s. Few
exploration projects were conducted in the region until the first well drilled in
Alasehir in 1999. Discovery of oil in this well accelerates the exploration efforts in

the region and each graben in western Anatolia was covered by a separate



exploration project. Unfortunately, that was followed by unsuccessful drill results
coming from Gediz, Biiyiik Menderes and Edremit grabens. Although, the apparent
cause of the poor results are predominantly attributed to the flaws of region’s
hydrocarbon system, it was mostly ignored that the geological predictions also failed
in these wells. This is a very clear indication of poorly developed geological model
suggesting that our understanding of western Anatolian grabens were still immature
and further geological studies were needed to improve this understanding.

Motivated by the poor geological results coming from drilling activities, this
study was initiated in 2001 with an ultimate aim to improve the geological
understanding of the western Anatolian grabens. Gediz Graben was selected as the
study area for multiple reasons: (1) it is the best-developed western Anatolian graben
probably hosting the thickest sedimentary fill among the others; (2) surface
geological observations can be supported by subsurface data including drilled wells
and a 2-D reflection seismic survey. Efforts based on the analysis of these data
provided with a new perspective to the evolution of the Gediz Graben. This
evolution, which is characterized by temporal and spatial variation of the graben
basin, has certain implications to evaluate the hydrocarbon potential of the western
Anatolian grabens. Results may also apply to similar geological settings around the

world.

1.1. Current Problems
During the last two decades, intensive research were carried out across the western
Anatolia (see sections 1.5 and 1.6 for summary). Despite these studies, there remain
many controversial issues awaiting a solution to complete our understanding of the
region. These issues includes but not limited to:
e The driving mechanism and initiation time of extension in the southwestern
Anatolia.
e The age and evolution of the southwestern Anatolian grabens.
e Continuous versus episodic evolution of the extensional regime.
e The relationship among the presently inactive low-angle normal fault(s) and
active high-angle normal faults.

e Folds as the evidence of short phase of compression.



1.2. Research Objectives

This study intends to improve the geological understanding of the Gediz Graben that

may serve as a model for the western Anatolian extension. The main objectives of

the dissertation are:

To revise the established stratigraphy of the Gediz Graben in order to
construct a framework than can serve to reconstruct the basin geometry and
to correlate surface and subsurface geology.

To investigate different normal fault systems and governing stress fields in
the Gediz Graben and to assess their nature, interrelation and modes of
formation.

To investigate evolutionary path of normal faults from the segmented
immature stage to the single large-scale mature stage.

To jointly interpret subsurface data coming from boreholes and a 2-D
reflection seismic survey. To establish a correlation between surface and
subsurface to portray the geometry of the Gediz Graben and to observe the
temporal and spatial distribution of the related geological phenomenon.

To assess the origin of folding in the Gediz Graben.

To reconstruct the spatial and temporal geological evolution of the Gediz

Graben.

1.3. Research Contributions

Efforts to meet the above-mentioned objectives have developed a perspective to the

spatial and temporal evolution of the Gediz Graben. This perspective comes along

with:

Improved understanding of normal fault systems and controlling stress
regimes that deformed or actively deforming the Gediz Graben.

More accurate insight to graben’s geometry that is achieved by integrated
utilization of surface and subsurface data.

More accurate understanding of spatial and temporal distribution of the
related geological phenomenon in the Gediz Graben benefited from both

surface and subsurface data.



1.4. Study Area

Numbers of neotectonic graben basins are available in the western Anatolia with a
potential of shedding light to the tectonic evolution of the region (Figure 1.1). These
grabens are best developed across southwestern Anatolia in relation to Menderes
Massif and suggest that graben formation and rapid exhumation of metamorphic core
complex are somehow related. Accordingly, the Gediz Graben was selected as the
focus of this study as it is the best-developed graben basin and includes multiple
styles of deformations, which needs to be evaluated to understand the graben
evolution.

The Gediz Graben is an ~E-W-trending geomorphologic feature with a
strong topographical manifestation. It starts SE of Alasehir to the east and extends
westward to the west of Turgutlu along more then 100 km-long plain of the Gediz
River (Figure 1.1). Several-medium scale towns including but not limited to
Alasehir, Salihli, Karatas, Ahmetli, and Turgutlu are partly or completely contained
by the graben and have been exposed related seismic activities in historic and recent
years. The southern margin of the Gediz Graben is better defined with a broad,
convex-northward outline and separates almost flat graben floor from the rugged
topography of the Bozdag Mountains, reaching up to 2000 m elevation (Figure 1.1).
The graben is relatively narrow to the east (~7 km) where the northern margin is
closer to the southern margin. To the west, however, the two margins gradually
become separated as the northern margins experiences several northward steps to
form a 25-km-wide plain around Salihli. Further westward, the graben is splayed into

two branches and merges with the Manisa graben (Figure 1.1).

1.5. Methodology

This study intends to benefit from both surface and subsurface data to meet with the
stated objectives. In relation to this intention, outcrop studies were initially carried
out in the Gediz Graben, particularly along its southern margin structure (Figure 1.2).
Fieldwork was conducted by field stations approach in order to obtain data and
observations that can objectively account for the spatial variations. Thus, 15 field
stations were set which can be classified as point-based and area-based field stations.
Point-based field stations are selected among very good exposures that can provide
information on the deformation characteristics. They served as locations of

geological cross-sections, which portray deformation characteristics in the dip
4
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directions of the structures. These stations aid to improve the understanding of
deformation pattern in the graben. Fault slip data was acquired from the point-based
stations including strike and dip of the fault plane and the rake of slickenside
lineation. Palaeostress inversion was carried out with this data set to assess the
governing stress fields of deformation.

Three different localities are selected for the area-based field stations (Figure
1.2). These stations intend to document spatial variation of deformation and
lithofacies characteristics of the stratigraphic units. Conventional geological mapping
was carried out at the area-based field stations at various scales. Mapping effort at
these stations is also accompanied by; (1) stratigraphic section measurement to
document facies characteristics of each defined stratigraphic units, (2) fault-slip data
acquisition to improve the coverage of palaeostress analysis and (3) sketch cross-
section construction and structural data acquisition to document deformation
characteristics of each stratigraphic unit. All these field-oriented efforts improved the
understanding of deformational and depositional mechanisms that have taken place
along the margins of the Gediz Graben.

In the next step, subsurface data including three boreholes and 270 km 2-D
seismic reflection data were interpreted by strictly based on the geological
understanding acquired during the outcrop studies. For the most proper integration of
surface and subsurface data, 2-D seismic sections, which are in time domain, were
converted into depth domain by building a velocity model that is based on the
velocity data coming from the boreholes and seismic processing. Then, surface and
subsurface data were correlated by building geological cross-sections, which start
from the southern horst block, cut through the graben basin and end at the northern
horst block. These transverse cross-sections (perpendicular to graben trend) were
also correlated with the longitudinal seismic sections (parallel to graben trend) to
build longitudinal geological cross-sections as well. These efforts led to understand
the basin geometry and spatial variation of its geological aspects. In other words,
surface observations, which are strictly limited to basin margins, were projected into
and compared with the entire basin. Forward modeling efforts, which are based on
extensional fault-bend-fold theories (Xiao and Suppe, 1992; Shaw et al., 1997), aid
to improve the understanding of some of the geological relations, geometries and

patterns of the Gediz Graben.



1.6. Tectonic Setting

Turkey constitutes an important sector on the western segment of Alpine-Himalayan
orogenic belt. Hellenides and Carpathians branches of Alpine system cross Turkey in
the form of complex Tauride and Pontide blocks and connect with Bitlis-Zagros zone
to the east (Sengdr and Yilmaz, 1981). Compressional, strike-slip and local
extensional deformations are observable along the entire Alpine-Himalayan belt
driven by complicated convergence of Africa and Eurasia. Several major structures
control the neotectonic configuration of Turkey driven by this continental
convergence (Figure 1.3). The Aegean-Cyprian subduction zone constitutes the plate
boundary where African plate to the south is subducting N-NW beneath the
Anatolian microplate and Eurasia to the north. This subduction is accompanied by
two intra-continental transform fault systems to accommodate the movement of the
overriding Anatolian wedge: dextral North Anatolian Fault System (NAFS) and
sinistral East Anatolian Fault System (EAFS). These fault systems bound the
Anatolian microplate and guide its westward extrusion from the zone of continental
collision between the Eurasian and Arabian plates, marked by the Bitlis-Zagros
suture zone (Sengor, 1979; Dewey and Sengor, 1979; Sengor et al., 1985). The Dead
Sea Fault System (DSFS) accommodates the differential northward motions among
the southern plates; i.e. the African and Arabian plates.

Controlled by NAFS and EAFS, WSW escape of the Anatolian microplate
onto the easily subductable eastern Mediterranean lithosphere is accompanied by
counterclockwise rotation (Rotstein, 1984). Unavoidably, all these processes of rigid
body movements brings along internal strain that is relieved by various deformation
mechanisms at different parts of Turkey. As a result, Turkey can be separated into
four major neotectonic provinces each of which is characterized by unique
deformation style and specific sedimentary basin formation (Kogyigit and Ozacar,
2003) (Figure 1.3). An extensional regime dominates across southwestern Anatolia
with consequential deformation pattern that is characterized by neotectonic graben
formation. In fact, this extensional region is part of a well-known Aegean
Extensional Province (AEP), which includes western Turkey, Aegean Sea and
southern Balkan region comprising Greece, Macedonia, Bulgaria and Albania.

The Anatolian microplate is composed of amalgamated continental fragments
separated by several suture zones. These continental fragments constitute the

basement rocks to the neotectonic sedimentary basins of the Anatolia. Amalgamation
8
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of these continental fragments took place by means of continent-continent collisions
across the northern and southern branches of Neotethys during the Early Tertiary
(Sengodr and Yilmaz, 1981). Deformation fabric resulted from this collision played an
important role in directing the superimposed neotectonic structures.

Two suture zones bound the major continental fragments of western Anatolia
(Figure 1.4). The Intra-Pontide Suture separates Istanbul Zone to the north from the
Sakarya Zone to the south. The izmir-Ankara Suture bounds the southern margin of
Sakarya Continent and separates it from the Anatolide-Tauride platform. This
platform made up of several tectonic units bounded by major faults. These units
include a blueschist belt of Tavsanli Zone, the Bornova Flysch Zone, which consists
of large Mesozoic limestone blocks within a matrix of Maastrichtian—Paleocene
greywacke-shale; the Afyon zone which is made up of a Paleozoic-Mesozoic
sedimentary sequence metamorphosed into the greenschist facies; the Menderes
Massif which includes a Precambrian gneissic basement and the structurally
overlying Paleozoic—Paleocene sediments metamorphosed at greenschist to
amphibolite-facies conditions; and Lycian Nappes which consist of Mesozoic
sedimentary sequences and a peridotite thrust sheet (Piper et al., 2002; Bozkurt and

Oberhansli, 2001 and references therein).

1.6.1. Origin of the Neotectonic Regime

Aegean Extensional Province (AEP) is a typical locality of an extensional
deformation associated with the vast orogenic Alpine-Himalayan belt (Figure 1.3).
Many studies have been conducted in this province for more than two decades
focusing on the cause of tensional stress field and the consequential seismic activity
(e.g. Jackson and McKenzie, 1984; Eyidogan and Jackson, 1985; Ambrasseys, 1988;
Taymaz et al., 1991; Seyitoglu and Scott, 1991, 1992; Taymaz, 1993; Le Pichon et
al., 1995; Reilinger et al., 1997, Ambrasseys and Jackson, 1998; Altunel, 1999;
Kogyigit et al., 1999a, b; McClusky et al., 2000; Bozkurt, 2001; Kogyigit, 2005;
Bozkurt and Mittwede, 2005 and the references therein). Consensus is well
established on the fact that western Anatolia is currently extending in ~N-S direction
at a rate of ~30-40 mm/year (Oral et al., 1995; Le Pichon et al., 1995). However,
what causes this extension and when this extension started has remained as

controversial issues for many years now despite the large number of studies carried

10



30°

35°

istanbul

BLACK SEA

5T,
@ 2
<<
O
<,
11}
< S N Y tu(G
A
I Yeo 0’(’/@
o SIS
'E Antaly3
s
70 0 70 140 Km MEDITERRANEAN SEA
EXPLANATIONS
Central Anatolian | W .
E Crystaline Complex % E ISTANBUL ZONE
- Menderes Massif @)
O E B SAKARYA ZONE
E Bornova Flysch Zone | <C
ZzO | STRANDJAMASSIF
|| Tavsanli Zone <t
| Afyon Zone % é
[ | Elmal Nappes % \ suture zone
E Beydagi Autochthone | |<£ ﬁ\q thrust belt

40°

Figure 1.4. Simplified tectonic map illustrating the main Tethyan sutures and
neighboring tectonic units of western Turkey. Modified from Okay and Tiiysiiz (1999).

11



out in the region. Available literature addresses several different models as the cause
of Aegean extension.

The first model suggested that the subduction process along the Aegean-
Cyprian subduction zone is the main control on the Aegean extension. Roll-back
process of the subducting African Plate and resulting south-southwestward migration
of the Aegean arc given rise to an extensional regime in the back-arc region (Figure
1.3). This led to general subsidence of Aegean Sea and the formation of present day
AEP (McKenzie, 1978b; Le Pichon and Angelier, 1979, 1981; Jackson and
McKenzie, 1988; Meulenkamp et al., 1988, 1994). Nevertheless, proposals about the
inception date of subduction, rollback process and the consequential extension are
controversial. Proposed timing for initiation of the subduction includes 5 Ma — 10
Ma (McKenzie, 1978a; Mercier, 1981), 13 Ma (Le Pichon and Angelier, 1979), 29-
36 Ma (Thomson et al., 1998) and 60 Ma. It is a fact that, the initiation of extensional
regime has to postdate the initiation of subduction because back-arc extension has
followed roll-back of subducting slab and south-southwestward migration of the
Aegean arc. Hassani et al. (1997) numerically modeled that minimum slab length of
300 km is required to provide sufficient forces to drive roll-back process and the
resulting back-arc extension. Conformable with this requirement, Meulenkamp et al.
(1988) suggested 26 Ma for the initiation of subduction and 12 Ma for the onset of
extension across the AEP. Beyond all these arguments regarding to timing, there is
still not a single, widely accepted model explaining the mechanisms of back-arc
extension (Mantovani et al., 2001).

In another model, Dewey and Sengor (1979) proposed that AEP formed as a
consequence of the westward motion or escape of the Anatolian microplate from the
east Anatolian convergence zone by dextral NAFS and sinistral EAFS (Figure 1.3).
The westward escape of the Anatolian wedge is being obstructed by southwesterly
bend in the course of the NAFS system in Aegean Sea and Greece (Sengor et al.,
1985). This obstruction results in E-W shortening, which can be relieved in the form
of N-S extension by lateral spreading (N-S in this case) of the continental material
onto the oceanic lithosphere of the eastern Mediterranean (Sengor et al., 1985). As a
critical guide in the westward extrusion of the Anatolian microplate, formation of
NAFS in late Serravallian (~12 Ma) is probably coincident with the initiation of the
tectonic escape and the consequential extension of AEP (Barka and Hancock, 1984;

Sengor et al., 1985). On the other hand, recent work on the NAFS proposed that age
12



of the fault system is Pliocene and much younger than the ~12 Ma (Barka and
Kadinsky-Cade, 1988; Kogyigit, 1988, 1989; Westaway, 1994; Kogyigit et al.,
2000). This age asssignments together with the evidence of extensional strain before
~12 Ma limits the plausibility of the escape model for the AEP, since NAFS
postdates the initiation age of extension (Le Pichon and Angelier, 1979; Jolivet et al.,
1994; Le Pichon et al., 1995). Mantovani et al. (2002) contradicts this argument and
supports the tectonic escape model by suggesting that Anatolian microplate and
Pontides were migrating as a single block during the Early-Middle Miocene period.
NAFS formed as a right-lateral guide of the tectonic escape in Late Miocene due to
decreased mobility of Pontides with respect to Anatolian microplate following to
collision of Carpathian arc with Eurasia (Sengér, 1993; Mantovani et al., 2002).

Because of the limitations that the back-arc extension and the tectonic-escape
models hold, the post orogenic collapse model was erected by Dewey (1988) as the
cause of extension in AEP. The post orogenic model requires an orogenic belt with
an over-thickened crust where body forces resulting from isostatically compensated
elevation exceeds the compressional tectonic forces forming the orogenic belt
(Dewey, 1988). This crustal thickening, further supported by structural
inhomogeneites and thermal anomaly of the lithosphere, creates an extensional stress
field and promotes rifting (Dewey, 1988). In other word, orogen starts to collapse
under its own weight. Sengor et al. (1985) suggested that, following the Paleocene—
Eocene collision across the northern branch of Neotethys, a crustal thickness of 65—
70 km was probably reached in western Turkey. This crustal configuration could be
the potential trigger of the extension in the region. Consequently, post orogenic
collapse model, encouraged by field evidence in western Anatolia, supported by
many researchers following the first proposal by Dewey (1988) (e.g., Seyitoglu and
Scott, 1991; Bozkurt and Park, 1994; Collins and Robertson, 1998; Ring et al., 1999;
Kogyigit et al., 1999a, b; Yilmaz et al., 2000).

Most recent researches focusing on western Anatolia employs episodic
extensional models as none of the models described above explain the cause and
timing of the extension in a satisfactory manner. These models based on combination
of the two or more of the above-mentioned models that operate during separate time
intervals. The pioneering work of Kogyigit et al. (1999a, b) defined a two stage
extensional model with an intervening phase of short-term contraction in the region.

According to this model, the first phase of extension started with Early Miocene and
13



was driven by orogenic collapse along the izmir-Ankara suture (Figure 1.4). Then, it
was substituted by a short phase of ~N—S contraction in Late Miocene—Early
Pliocene interval, possibly related to a change in the plate kinematics of the Eurasian
and African plates (Kogyigit et al., 1999a, b). In Late-Early Pliocene, Anatolian
micro-plate and its boundary structures, NAFS and EAFS formed and the westward
escape initiated (Figure 1.3). This brought along the second phase of N—S extension,
which might further enhanced by the subduction roll-back process at Mediterranean-
Cyprian arc (Kogyigit et al., 1999a, b). Following to this initial proposal, field
evidence provided by multiple studies supported this episodic model (Bozkurt, 2000,
2001, 2003, 2004; Yilmaz et al., 2000; Sozbilir, 2001, 2002; Cihan et al., 2003;
Bozkurt and So6zbilir, 2004, 2006; Purvis and Robertson, 2004, 2005; Kaya et al.,
2004; Bozkurt and Rojay, 2005; Beccaletto and Stenier, 2005; Westaway et al.,
2005).

Yilmaz et al. (2000) proposed a slightly different insight for the episodic
evolution of western Anatolia. According to this view, Early-Middle Miocene period
in western Anatolia is characterized by N—S oriented contractional regime that is
related to the continuing convergence of continental fragments along the izmir-
Ankara suture zone (Figure 1.4). Following to this period of convergence, N-S
extension began during Late Miocene time, possibly with the contribution of post
orogenic collapse processes. The N-S extensional regime was interrupted by Late
Miocene—Early Pliocene (?) quiescent period. Then, N—S extensional regime was
rejuvenated again by Pliocene to establish the present day neotectonic configuration
(Figure 1.3). Tectonic escape of the Anatolian microplate, which began during Late
Miocene—Early Pliocene period may be responsible for the beginning of neotectonic
period (Yilmaz et al., 2000).

There is also a model claiming that the current extension in the AEP is related
to the differential rate of convergence between the subducting African Plate and the
overriding plate. Faster southwestward movement of Greece compared to Anatolian
microplate causes extension in AEP (Doglioni et al., 2002). Furthermore, modeling
of the block rotations that are based on the palacomagnetic studies provide important
clues to the evolution of the Neotectonic regime in the Aegean region (Glirsoy et al.,
2003; Kissel et al., 2003) and any viable model should satisfy the results of these

studies as well.
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Although earlier studies emphasized 30° longitude as the easternmost limit of
the AEP in western Anatolia (Sengdr et al., 1985), recent studies documented field
evidence for more extensive area, which is influenced by the Neotectonic extensional
deformation (Kogyigit and Ozacar, 2003; Kogyigit, 2005) (Figure 1.3). Inonii-
Eskisehir Fault Zone (IEFZ), Salt Lake Fault Zone (SLFZ) and Central Anatolian
Fault Zone (CAFZ) apparently bound the eastern margin of the AEP (Kogyigit and
Ozacar, 2003) (Figure 1.3).

1.7. Regional Geology
As usual response to continental extension, graben basins and intervening horst
blocks are widespread neotectonic elements of western Anatolia. While the graben
basins are filled with Neogene to recent strata, horst blocks expose lithologies
belonging to amalgamated continental fragments of the Anatolian microplate (Figure
1.5). This horst-graben architecture manifest itself at two dominant structural
direction as ~E—-W-trending grabens and NE-SW-trending basins and intervening
horst blocks (Figure 1.5). ~E-~W-trending grabens are more prominent geological
features then the other and include Bakircay, Gediz, Kiitahya, Simav, Kii¢iik
Menderes and Biiyliik Menderes garbens. These grabens are site of continental
deposition by currently active alluvial and fluvial processes (e.g., Kogyigit et al.,
1999a, b; Yilmaz et al., 2000; Bozkurt, 2004; Kogyigit, 2005). On the other hand,
rising sea level of Aegean about 120 m during last 21.5 Ka (Perissoratis and
Conispoliatis, 2003) probably resulted in marine flooding of gulfs of Edremit,
Candarli, and Gokova, which are currently sites of shallow marine clastic deposition.
The boundary structures of the ~E—W-trending grabens are seismically active and are
associated with many historical and recent earthquakes with magnitudes reaching up
to 7.1 (Ambraseys and Jackson, 1998; Altunel, 1999; Bozkurt, 2004; Kogyigit,
2005). Although approximately E—W-oriented extension can be inferred for the
Gediz Graben, extensive studies on the fault kinematics suggest variation of the
extension direction along the graben (e.g., Zanchi et al., 1993; Temiz et al., 1998).
The age of ~E-W-trending grabens are controversial. Earlier studies suggest
Tortonian age in relation to initiation age of NAFS (Sengdér and Yilmaz, 1981;
Sengor et al., 1985; Sengor, 1987). Based on the oldest Neogene sediments exposed
along the margins of the Gediz and Biiyiikk Menderes grabens, a group of researchers

claims Early Miocene as the onset age of the graben formation (Seyitoglu and Scott,
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SMM : southern Menderes Massif

Figure 1.5. Simplified geological map of SW Turkey showing the distribution of
~E-=W-trending and NE=SW-trending neotectonic basins. Subdividions of Menderes
Massifare also illustrated. From Bozkurt (2000).
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1991, 1992, 1996; Seyitoglu et al., 2002; Gessner et al., 2001). The other group
proposed that these sediments are not genetically related to the ~E—W-trending
modern grabens, which started in or later than 5 Ma (Kogyigit et al., 1999a, 19990,
2000; Bozkurt, 2000; Sarica, 2000; Yilmaz et al., 2000; Kogyigit, 2005).

The NE-SW-trending basins are recognizable on the geological maps as NE—
SW oriented stripes of Neogene/Quaternary sediments separated by intervening
highlands exposing pre-Neogene basement (Figure 1.5). These basins preserve strong
parallelism among each other and are oriented at high angle (~ 60-70°) to the ~E-W-
trending grabens. They seem to be concentrated immediately north of the Gediz
Graben and south of the Biiyiilk Menderes Graben. The best developed of these
includes Gordes, Demirci, Selendi and Usak-Glire basins immediately north of the
Gediz Graben (Figure 1.5). Seismic activities associated with the bounding structures
of these grabens are not as pronounced as compared to ~E—W-trending grabens
(McKenzie, 1978b; Eyidogan and Jackson, 1985). Kaya (1979, 1981) identified
numerous NNE-trending blocks south of Bakir¢ay Graben separated by steep oblique
slip faults. These faults have both normal and reverse separation associated with
considerable left lateral strike slip component. Similarly, NW-SE-trending right-
lateral strike slip fault zone was recently documented at the northwestern
continuation of the Gediz graben as the further evidence of wrenching in the region
(Kaya et al., 2004). Similar strike-slip faulting is also well-documented along the
Manisa Fault (Bozkurt and Sozbilir, 2006).

The origin of NE-SW-trending basins has been a subject of controversy for
many years. By some researchers, these basins are regarded as palaeotectonic Tibet-
type grabens that formed under N—S compression following the closure of Northern
branch of the Neotethys (Sengor et al., 1985; Sengor, 1987; Yilmaz et al., 2000).
Others claim that NE-SW-trending basins are synchronous with the ~E—W-trending
grabens and are the product of neotectonic N—S extension of the AEP (Seyitoglu and
Scott, 1991, 1992; Collins and Robertson, 1998). In another view, these grabens were
described as basins controlled by cross accommodation faults on the hanging wall of
presently low-angle, north-dipping normal fault (detachment fault) bounding the
southern margin of the Gediz Graben (Sengor, 1987; Bozkurt, 2003).
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1.7.1. Straigraphy

The rock units exposing in the western Anatolia can simply be classified into two
groups as basement and cover units. For most grabens, metamorphic rocks belonging
to Menderes Massif constitutes the pre-Neogene basement and exposes extensively
over the horst blocks rising up to ~2000 m elevation between the graben basins.
Within the graben basins, pre-Neogene basement lies unconformably underneath the
graben-fill. This fill varies in age from Miocene to Recent and forms the cover units.

Menderes Massif forms a NE-SW-trending, large, elongate (300x200 km),
crustal-scale metamorphic culmination and represents the Alpide orogen in western
Turkey (Bozkurt and Oberhansli, 2001 and references therein). The massif is
separated into three portions as northern, central and southern submassifs, by means
of Gediz and Biiyiilk Menderes grabens (Figure 1.5). It consists of core and cover
lithologies which can be analyzed in a broad tripartite lithological succession
(Bozkurt and Oberhansli, 2001). The gneiss core at the base is composed of augen
gneisses, metagranites, high-grade schists, and metagabbros with eclogite relics (e.g.,
Gessner et al., 2001; Bozkurt and Oberhansli, 2001). The cover rocks includes schist
and marble envelopes. The schist envelope includes quartzo-feldspathic gneisses,
psammitic gneisses, mica schists, quartzites, garnet amphibolites, ‘augen’ schist,
phyllites and limestone intercalations (e.g., Bozkurt and Oberhansli, 2001 and
references therein). Above the schist envelope, marble envelope starts with basal
conglomerates and includes following rock types: (1) Upper Triassic—Liassic marbles
intercalated with schist and metavolcanics; (2) a Jurassic—Lower Cretaceous thick
massive marble unit with metabauxite lenses; (3) Upper Cretaceous rudist-bearing
marbles intercalated locally with thin mica schists. The Menderes Massif has
complex, polyphase metamorphic history; it was generated by contractional
deformation and is currently experiencing N—S-oriented continental extension of the
AEP (Bozkurt and Oberhansli, 2001). The massif was also intruded by syn-
extensional granites in the footwall of detachment fault (Hetzel et al., 1995; Bozkurt
2004).

Neogene cover units of the western Anatolia has been studied extensively by
many workers both in the ~E-W-trending grabens and in the NE-SW-trending
basins (e.g. Iztan and Yazman, 1991; Cohen et al., 1995; Yazman et al., 1998;
Kogyigit et al., 1999a, b; Yilmaz et al., 2000; Geng et al., 2001; Seyitoglu et al.,
2002; Purvis and Robertson, 2005; Kogyigit, 2005). Although, these studies have

18



produced many debates about the ages of lithostratigraphic units, number of
intervening unconformities and the correlation of formations, it was understood that
these basins are sites of Miocene—Recent continental deposition. Laterally
gradational fluvial and alluvial activities and consequential conglomerates,
sandstones and mudstones constitute the predominant lithologies of the basin fills.
These lithologies are commonly poorly lithified and clast/grain population points out
Menderes Massif as the sediment source. Occasionally, lacustrine systems
intercalates in the form of carbonaceous lithologies to indicate activities of
ephemeral or short-lived lakes at distal settings to the basin margins. At some
localities, the lowermost part of the basin fill is characterized by thick section of
bitumous shales and coals and suggest that earlier phases of basin development has
taken place under swamp to lacustrine conditions.

Along the southern margin of Gediz Graben and northern margin of Biiyiik
Menderes Graben, presently inactive, low-angle normal faults (detachments)
constitutes the contact between the cover and basement lithologies. These structures
controlled the exhumation of Menderes Massif and had important implications on the
formation of the grabens. The cover units of the Gediz Graben exposing on the
hanging-wall of the presently inactive, low-angle normal fault(s) will be discussed in

detail in Chapter 2.

1.7.2. Structural Geology

Various (different) geological structures can be recognized within the deformation
pattern of the western Anatolia. Nevertheless, the most striking structure is the major,
low-angle (0-20°), north dipping, normal fault(s) bounding the southern margin of
the Gediz graben. The fault separates metamorphic rocks in the footwall from
continental sediments over the hanging wall and imply that it has played a significant
role in the rapid exhumation of the Menderes Massif (e.g., Hetzel et al., 1995; Emre,
1996; Kogyigit et al., 1999a, b; Bozkurt, 2000; Yilmaz et al., 2000; Bozkurt and
Oberhansli, 2001; Isik et al., 2003; Bozkurt, 2004; Bozkurt and So6zbilir, 2004). The
footwall rocks exhibits a structural sequence typical of extensional shear zones. In an
ascending order, a sequence of mylonite, brecciated mylonite and cataclasites are
observable (e.g., Hetzel et al., 1995; Emre, 1996; Bozkurt and Oberhansli, 2001; Isik
et al., 2003; Bozkurt and Sozbilir, 2004). The hanging wall is dominated by coarse

clastics derived directly from the underlying metamorphics of the footwall.
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Controversy arises for the original attitude of the low-angle normal fault
whether it was originally a low-angle structure (Hetzel et al., 1995) or a high-angle
normal fault (48-53°), which progressively rotated to lower angles in response the
flexural response of the footwall (Bozkurt, 2000; Gessner et al., 2001; Seyitoglu et
al., 2002). In a different view, it was suggested that this structure was originally a
thrust fault and then reactivated as normal fault with the emergence of neotectonic
extensional regime (Lips et al., 2001; Bozkurt, 2001). Studies carried out in the
region have documented presence of similar low-angle normal faults along the
northern margin of Biiylik Menderes Graben, in the southern and northern Menderes
Massifs (Bozkurt and Park, 1994, 1997; Emre and Sozbilir, 1997; Bozkurt, 2000,
2001; Gessner et al., 2001; Ozer and Sozbilir, 2003).

Based on the character of seismic events and large and diffuse area of
epicenter distribution in western Anatolia, particularly to the north of Gediz Graben,
Sengor (1987) has reasoned the existence and activity of low-angle, major normal
fault underlying most of the region. However, most recent studies in the Gediz
Graben emphasized the inactivity of the exposed low-angle normal fault, which is cut
and displaced by younger, high-angle normal faults of the present day grabens
(Emre, 1996; Kogyigit et al., 1999a, b; Yilmaz et al., 2000; Bozkurt, 2004; Bozkurt
and Sozbilir, 2004). Yet, this does not rule out the possibility of and it can be still a
valid approach to consider an active deeper detachment fault to the north of the
Gediz Graben, which is kinematically not connected with the exposed detachment to
the south of the Gediz Graben.

Fault sytems bounding the ~E-W-trending grabens are observable at
approximately E-W to WNW-ESE or ENE-WSW-orientations (Figure 1.5). They
either occur as single faults with lengths varying from sub-kilometers to tens of
kilometers, or as sets composed of discontinuous, mostly synthetic, and parallel to
sub-parallel segments. Graben-facing step-like pattern is very common by first order
major- and second-order synthetic and anthitetic faults, with younging direction
towards the graben floor (Cohen et al., 1995; Kogyigit et al., 1999a, b; Seyitoglu et
al., 2002; Bozkurt and Sozbilir, 2004). Well-preserved slip planes indicate the
activity of the fault system in which predominantly normal-slip with usually minor
strike-slip component is observable. Linear coalesced alluvial fan aprons are
commonly associated with this fault system as an indication of their accommodation

creation potential. Actively growing travertines, hot water springs, shifting/bending
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of river courses and ground ruptures of historical earthquakes (e.g., 1969 Alasehir
Earthquake, Eyidogan and Jackson, 1985) were illustrated as further evidence of
fault activity (Kogyigit et al., 1999a, b). This fault system cuts and displaces the
low-angle normal fault, which is interpreted as the superimposition of the
neotectonic style of deformation over the older style related to exhumation of the
Menderes Massif (Bozkurt and Sozbilir, 2004).

The NE-SW-trending fault system bounds the NE-SW-oriented basins and
strikes at high angle to major, low-angle normal fault and the ~E—W-trending, steep
normal faults (Figure 1.5). Best developed ones of these are observable immediately
north of the Gediz Graben up to the Bakircay and Simav grabens to the north. They
divide the area into NNE-trending basins with intervening high blocks having less
prominent basin margins compared to ~E—W-trending grabens. Preserved slip-planes
are relatively rare in this system and commonly indicates oblique-slip movement
(Sengor, 1987). Limited fault data from Demirci and Cubukludag basins illustrate
predominantly strike-slip movement with minor normal component (Yilmaz et al.,
2000; Geng et al., 2001). The faults of the system also lack major earthquakes
(Sengor, 1987). It was suggested that, these faults were formed over the hanging-wall
of the low-angle normal fault as cross-accommodation faults in order to compensate
the differential stretching within the hanging wall (Sengor, 1987; Bozkurt, 2003).

Folds are common structures reported for some parts of the Neogene deposits
of western Anatolia (Kogyigit et al., 1999a, 1999b, 2000; Seyitoglu et al., 2000;
Sézbilir, 2001, 2002; Kogyigit and Ozacar, 2003; Bozkurt, 2003; Bozkurt and
Sozbilir, 2004; Kogyigit, 2005). Kogyigit et al. (1999a, b) showed that Miocene—
Lower Pliocene sedimentary units is folded in the Gediz Graben. A series of
plunging to non-plunging anticlines and synclines with parallel to sub-parallel
curvilinear axes occur in the graben with lengths ranging from few km to 30 km.
They commonly trend sub-parallel to the graben-bounding marginal faults although
those of oblique relation do exists (Kogyigit et al., 1999a, b; Seyitoglu et al., 2000).
The origin of the folds in the Gediz Graben is debated whether they represent a short
phase of N—S contraction or they were the products of normal fault-related folding
mechanisms (Kogyigit et al., 1999a, b; Seyitoglu et al., 2000, 2002; Bozkurt, 2002;
Yusufoglu, 2002). Bozkurt (2003) also documented folds within Neogene fill of the
NE-SW-trending basins with fold axis trending parallel to the basin margins.
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CHAPTER 2

STRATIGRAPHIC FRAMEWORK AND DEPOSITIONAL SYSTEM OF
THE NEOGENE DEPOSITS

Neogene stratigraphy of the Gediz Graben has been the focus of many studies since
the early 90’s (Iztan and Yazman, 1991; Cohen et al., 1995; Yazman et al., 1998;
Kogyigit et al., 1999a; Yilmaz et al., 2000; Seyitoglu et al., 2002; Purvis and
Robertson, 2005). These studies have produced number of formation names,
controversial age assignments and different facies models for the same deposit,
devising the need for major refinement of the established stratigraphy. Figure 2.1
illustrates correlated summary of the stratigraphic units defined by various
researchers in the Gediz Graben. The main reason for the inconsistency among the
stratigraphic columns is the fact that the graben fill shows important lateral variations
in facies and age along the graben. Unfortunately, most workers underestimated the
relationship between the lateral variation of the graben fill and spatiotemporal
evolution of the graben. Consequently, other mechanisms such as multiple stages of
basin formations (e.g., iztan and Yazman, 1991; Yilmaz et al., 2000) were invoked to
explain the observed lateral variations of the graben fill. However, dynamics of the
graben formation and graben evolution certainly had some implications on the spatial
variations of the Neogene strata. Such variations need to be assessed carefully and
may provide useful clues to the temporal and spatial evolution of the graben and
particularly the graben-bounding fault system(s). It is therefore indispensable to
establish the mutual relationship between basin margin evolution and resultant
statigraphic architecture. Although it is not the main focus of this dissertation to
address all problems of stratigraphic framework of the graben fill, this study needs a
working stratigraphic model to understand the tectonic evolution of the basin. Thus,
it depends on geological mapping, measured stratigraphic sections, borehole data

(rock cuttings and Gamma Ray logs) from three exploration wells and 2-D seismic
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reflection profiles in order to refine the available stratigraphic models of the graben,
particularly for the Alasehir area. Following this initial focus on the stratigraphy by
this chapter, stratigraphic architecture of the graben fill will be related to the
evolution of the margin bounding structure(s) of the graben in the following chapters.

The rock units exposed in the Gediz Graben can be divided into two groups
as the basement and the cover units (Figure 2.2). The basement is composed
completely of crystalline metamorphic rocks and predates the Neogene evolution of
the graben. The graben evolution has been associated with the sedimentary Neogene
cover that was deposited under the control of active normal faulting during the
graben formation. As a result, this chapter focuses only on the stratigraphic

framework of the cover units.

2.1. Lithostratigraphic Framework of the Graben Fill

The cover units of the Gediz Graben around the Alasehir area comprise Miocene to
Recent continental clastic rocks that were accumulated in lacustrine, alluvial and
fluvial depositional environments (Figure 2.2). These clastic rocks either lie
unconformably over or they have faulted contact with the basement rocks (Figures
2.2 and 2.3). The faulted contacts have variable dip amounts (as high as 60° for
younger structures to as low as 10° for older structures) implying some degree of
fault rotation. The cover unit is predominantly exposed along the southern margin of
the graben where the most active master graben-bounding normal fault (e.g., MGBF)
is located (Figure 2.3). The exposures along the northern margin exhibit much less
lithological variations and shorter period of deposition compared to the southern
margin (Figure 2.3). Volcanic rocks are also exposed in a small area along the
northern margin. As a representation of the Neogen volcanism, this exposure
suggests a relatively minor volcanic activity in the Gediz graben compared to the
extensive Neogene volcanic activity observed to the north of the Gediz Graben in
north western Anatolia (e.g., Ciftci et al., 2004).

Ten different lithostratigraphic units were mapped in the study area around
Alasehir (Figure 2.3). These units include metamorphic basement, five Neogene
lithostratigraphic formations, a Neogene subvolcanic body and various types of
Quaternary deposits. The lithological characteristics of the Neogene formations were
documented by means of 9 stratigraphic sections logged at various locations along

the southern margin (Appendix I). Basic facies analysis was carried out to define
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facies associations and governing depositional environments of different lithologies.
It should be kept in mind that the graben fill may show some along—strike variations
in terms of lithostratigraphic units and their ages. For example, stratigraphic
framework documented in Figure 2.2 for the Alasehir area may not be identical to
that of Salihli area (Figure 2.1G). This variation is related to the segmented evolution

of the Gediz Graben, which will be further discussed in Chapter 5 and Chapter 7.

2.1.1. Alasehir Formation

The Alagehir formation is the oldest Neogene unit exposed along the southern
margin of the Gediz Graben (Figures 2.2 and 2.3). The formation is only locally
exposed in the vicinity of the Alasehir. Therefore, the name Alasehir formation is
properly assigned to the unit by Yazman and iztan (1990). Later, the name Alasehir
group was adapted by Yilmaz et al. (2000).

Traditionally, the Alasehir formation is defined as a fining upward
succession, which starts with cobble pebble conglomerates at the base (Figure 2.1A,
B and C). These basal conglomeratic facies, which were interpreted as fault scree and
alluvial fan deposit (cf. Yazman et al., 1998; Yilmaz et al., 2000), is differentiated as
a lithostratigraphic member of the Alasehir formation and named as Haciveliler
member (Yazman and Iztan, 1990), Kayadibi member (Yazman et al., 1998) and
Evrenli formation of the Alasehir group (Yilmaz et al., 2000). Laterally, these coarse
conglomerates display rapid gradual transition to sand-rich facies and then to shale-
marl-dominated facies (Figure 2.2). The sand-rich and shale-marl-rich deposits were
differentiated in the formation rank by Yilmaz et al. (2000) and named as Kurtepe
formation and Zeytingay formation of the Alagehir group, respectively. Yazman and
Iztan (1990) defined these two formations as a single unit in the member rank,
comprising monotonous alternation of sandstones, siltstones and shales that are rich
in organic content. These finer detrital deposits were interpreted as lacustrine facies
(Yazman and Iztan, 1990; iztan et al., 1991; Cohen et al., 1995; Yazman et al., 1998;
Purvis and Robertson, 2005) and named as the Evrenli member of the Alagehir
formation (Yazman and Iztan, 1990).

This study favors Yazman and iztan (1990) definition of the Alasehir
formation. The main reason for this simplified approach is the fact that the exposures
of the Alasehir formation has limited spatial extend and defining more than one

formation out of this limited exposure will only contribute to the confusion on the
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available stratigraphy of the region (Figure 2.1). As a result, the lithological
variations within the Alasehir formation are treated in the member rank as coarser-
grained Evrenli and finer-grained Zeytingayr members after their best exposures
around Evrenli village and Zeytingay1 creek, respectively (Figure 2.2).

Four geological sections were measured through the Alasehir formation to
document its lithological characteristics (Appendix I). The sections are located in the
Zeytingay1 creek around Osmaniye (MS-I), along the Alasehir—Evrenli road near
Evrenli (MS-II), near Kayadibi village (MS-III) and along the Sogukyurt-Karakirse
road (MS-V) (Appendix I). In each section, sedimentary facies were defined based
on lithology, primary sedimentary structures and grain size (Table 2.1 and Appendix
I). The lithofacies diversity, which is defined by 19 different facies, was grouped
into 4 main facies associations (Tables 2.1 and 2.2). These facies associations are
directly linked to the depositional environment of the Alasehir formation (Figure
2.4). The lithological variations reflected by these four different facies associations

are used to define two members of the Alasehir formation.

Alluvial Fan Facies Association (FAL)

This facies association is characterized by the relative abundance of facies Cm, Sp,
Gms, Stl and Gtx (See Table 2.1 for detailed description of the facies). The
association is best observed along the MS-II where the lower 60 meters of the section
is characterized by conglomerates that are intercalated with pebbly sandstones
(Appendix I). The conglomerates are thick bedded to massive, poorly sorted,
generally internally chaotic and structureless, have sharp and erosive base with
irregular tops suggesting debris flow processes for the deposition of the facies (cf.
Nilsen, 1982; Miall, 1996; Collinson, 1996). The clasts are derived from basement
metamorphic rocks and range in size from coarse sand in the matrix to 5-meter-large
blocks as clast. Polimictic clast population includes gneiss, phyllite, schist, marble
and chert. Crude clast imbrication is indicative of N-NE-directed palaeocurrents.
Intercalated pebbly sandstones and laminated siltstones may indicate water laid
deposits that may have formed during the flood flows (cf. Nemec and Steel, 1984;
Nilsen, 1982). Similar conglomerate-rich facies were also observed at the lowermost
3040 meters of the MS-III. At the base of the section, these conglomerates directly
overly the metamorphic basement rocks along a north dipping, slickensided, low-

angle fault plane (Figure 2.5).
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Table 2.1. Dominant facies, facies descriptions and interpretations of the Alasehir
formation. Some of the lithofacies and interpretations are modified from Miall
(1985). See Appendix I for the related measured stratigraphic sections.

Description

Interpretation

Cm, massive

massive and chaotic, polymictic, sandy to gravelly matrix
supported, angular granule to cobble size clasts, sharp

conglomerates (and locally sheared) base, irregular top, poorly sorted, debris flow
locally inversely graded, locally contains sandstone lenses
moderate to poorly medium bedded, generally lensoidal,

G, trough cross-bedded moderately round_eq and poorly sorted, moderate_to poorly _
cemented, polymictic, coarse sand to gravel matrix channel fill

conglomerates

supported, generally fining upward with erosive base with or
without lag, trough cross bedded

Gms, matrix-supported
gravelstones

thick to massive and poorly bedded, sandy matrix
supported, angular granule to pebble size clasts, poorly
sorted

debris flow to hyper-
concentrated flow
deposits

Gr, rippled gravely
sandstones

medium bedded, sandy matrix supported, poorly sorted and
rounded, rippled at the top, locally pebbly, erosive base

deposits from
channelized flows

Sp, pebbly sandstones

medium and poorly bedded, moderately cemented, coarse
grained, pebbly, locally FeCO3; nodules bearing, slightly
erosive base

deposits of flash flow -
sand dominated
hyperconcentrated flow

Se, erosive-based
sandstones

medium bedded, locally red colored, coarse sand grained,
moderate to poorly sorted, cross bedded (crude), erosive
base, fining upward

scour-fills

Ss, stratified sandstones

medium to thin bedded, medium-fine grained, moderately
cemented, moderately sorted, FeCO; nodules bearing,
locally laminated,

subageous deposits at
lower flow regime

Sfu, fining-upward
sandstones

thick to massive, usually formed as a single bed, medium
grained, locally laminated, fining upward, ripples at top

subageous deposits at
lower flow regime -
wanning flows

Sr, rippled sandstones

medium-thin bedded, medium-fine grained, generally
laminated at the lower parts of the bed and rippled at the top
(wave ripples?)

subaqeous deposits at
lower flow regime-
oscillation

Sng, normally-graded
sandstone

medium-fine grained, thin bedded, normally graded, well
cemented, locally occurring in fining upward cycles

unchannelized turbidites
(Hyperpycnal flows)

Sst, alternation of
sandstone-siltstone

thin bedded, laminated, moderately cemented, locally
sandstones with graded bedding, locally rippled and FeCO;
nodules bearing

deposition from turbulent
flow

Ssh, alternation of
sandstone-shale

thin bedded, laminated, locally convolute laminated,
moderately cemented

depositon from
suspension with
episodic turbulent flows

Stl, laminated siltstones

thin bedded, laminated, locally sandy

deposition from
suspension

Fst, alternation of
shale/marl and siltstone

thin bedded, laminated, bitumous, abundant plant
remnants, calcareous

deposition from
suspension; generally
low energy environment

Fps, paper shales

thin bedded, warvy laminated, very bitumous, abundant
plant remnants

deposition from
suspension; low energy
environment

Fm, mudstone

laminated

channel overbank
deposits — waning
currents in channel

Fsm, siliceous mudstone

red colored, thin bedded, siliceous

deposition from
precipitation and
suspension under
sediment starvation
(hydrothermal source?)

C, coal—-coaly mudstone

brown colored, laminated

subaerial low energy,
channel overbanks —
coastal plain

L, limestone

beige colored, very hard, clayey, poorly bedded

low energy
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Table 2.2. Facies associations of the Alagehir formation. See Appendix I for the
related measured stratigraphic sections.

Facies Association Constituent Lithofacies
FA1, alluvial fan facies associations Cm, Gms, Sp, Stl, Gtx
FA2, lacustrine fan delta/delta front facies association Ss, Sfu, Sng, Sst, Cm, Gms, Fps, Sr, Stl, Sp, Se
FAZ3, coastal plain marsh facies association Fm, C, Sr, Sst, Se, Ss, Sp, Gr
FA4, lacustrine basin facies association Fps, Fst, Sng, Ss, Ssh, Fsm, L
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The conglomeratic facies of FA1 were probably deposited on an alluvial fan
in front of a highland fed from metamorphic source area. The large clast size,
textural immaturity and the lack of permanent channel facies probably indicate that
the distance of sediment transportation is very limited, the slope is steep and the
gravity is the main agent of transportation. It can be inferred from the foregoing
evidence that the relief provoking the deposition of FA1 is probably fault controlled.
Considering the N-NE-directed crude palaeocurrent indicators, an orthogonal trend
to the palaeocurrent direction is suspected for the controlling structure, which is

approximately E-W-oriented.

Lacustrine Fan Delta / Delta Front Facies Association (FA2)

This facies association is composed of Ss, Sfu, Sng, Sst, Cm, Gms, Fps, Sr, Stl, Sp,
Se facies (Tables 2.1 and 2.2). The facies association and the constituent facies are
best observed in the MS-II although the facies association can also be recognized in
MS-I and MS-III (Appendix I). Despite the large variation of facies; Ss, Sfu, Sng and
Sst are the dominant types in this association. Intercalation of debris flow facies Cm
and Gms within the FA2 probably indicates that FA1 and FA2 were in close
proximity due to relatively narrow facies belts resulting in lateral gradation and
interfingering among each association.

Various physical sedimentary structures are observed within the sandy facies
of FA2. Horizontal lamination, convolute lamination, ripples, graded bedding and
flame structures occur at various levels (Appendix |). Steady flow of currents may
produce horizontal lamination under three types of condition: (1) during the plane
bed phase of upper flow regime (Harms and Fahnestock, 1965); (2) under shallow
flow conditions in lower flow regime by migration of low relief ripples which lack
avalanche faces to prevent the formation of cross laminae (McBride et al., 1975); (3)
at low velocities from suspension below the critical velocity of ripple formation for
particles >0.7 mm (Guy et al., 1966). Simultaneous occurrence of parallel lamination
and ripples in sandy facies such as Ss, Sfu and Sr probably indicates that the lower
flow regime was the controlling agent of deposition in FA2 (c.f., Collinson, 1992).
Graded bedding and fining-upward strata packages suggest that there were
fluctuations in the hydraulic energy of the system that resulted in deposition from
waning flows (e.g., Boggs, 1987; Walker, 1992; Stow, et al., 1996). Fast

sedimentation rate is indicated by flame structures and convolute lamination.
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Therefore, the sandy FA2 is probably deposited in fan delta/delta front environment
that formed in standing body of water immediately adjacent to an alluvial fan system
of FA1 (Figure 2.4).

Considering the steep slope and short distance of transportation, and very
coarse grain size distribution within FA1, it is reasonable to consider that running
water entering into the lacustrine basin from the high land would have been rich in
coarse grained bed load and have been relatively poor in fine-grained suspended
load. This normally results in formation of homopycnal flows as the running water
and the standing water has close densities (Bates, 1953). Yet, hyperpycnal flows can
also develop in such settings particularly during the floods and flash flows during
which the running surface water became saturated by suspended load to increase its
density (Bates, 1953; Walker, 1992; Stow, et al., 1996). These hyperpycnal flows
may carry sediments down into the basin in the form of density flows (turbidites)

given that the basin margin is steep and fault controlled (Figure 2.4).

Coastal Plain Marsh Facies Association (FA3)
The association is composed of Fm, C, Sr, Sst, Se, Ss, Sp and Gr facies varieties that
are observed in the MS-II (Tables 2.1, 2.2 and Appendix I). The association is
characterized by alternation of low-energy (Fm, C) and high-energy (Gr, Se) facies,
indicating periodic variations of the depositional energy. Deposition of laminated
mudstones (Fm) and coal (turba) probably represent marshy settings located at the
low relief areas or lower reaches of the alluvial fan marginal to lacustrine basin.
Periodic flooding of the vegetated wetlands or marshes by running surface waters
during the high discharge periods of the alluvial system was probably responsible for
the deposition of the coarser grained, high energy erosive facies such as Gr and Se by
temporarily channelized flows. Fluctuations in the lake level, on the other hand,
probably stabilized the marshes and expedited the deposition of coaly facies. Facies
Sst, Ss and Sp probably formed as marginal facies to the temporary channels as
overbank flows spreads over the interchannel marshes.

Facies observed within this association suggest that deposition probably took
place at a low-relief and marshy coastal plane environment through which the
subaerial coarse-grained alluvial system meets with the subageous deposits of the

lacustrine basin.
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Lacustrine basin facies associations (FA4)

FAA4 is defined by Fps, Fst, Sng, Ss, Ssh, Fsm and L facies (Table 2.1 and 2.2). Fine-
grained facies (Fps, Fst and Fsm) are very bitumous, tabular and horizontally
laminated (warve-like). This may indicate low-energy conditions and deposition
from suspension at relatively deeper parts of the basin distal to marginal fan delta
complex (Figure 2.5). Disseminated and nodular pyrite occurrences probably indicate
anaerobic environmental conditions (Talbot and Allen, 1996; Fouch and Dean,
1982). Occasional intercalations of facies Sng with these finer fractions may indicate
peaks in the energy of the environment. Graded bedding and Bouma (1962)
successions indicate the activity of turbidity currents in the deeper parts of the
system. These turbidity currents can be caused by hyperpycnal flows that form
during the flood stages. Alternatively, periodic activity of the margin-bounding fault
system may trigger the turbidity currents by provoking the sediments that are already
deposited at the steep basin margins. All these basic reasoning suggest that, FA4
indicates a deposition within the lacustrine basin generally under low-energy
conditions with occasional contributions of the turbidity currents.

FA1, FA2 and FA3 described above can be grouped into a fan delta complex
representing the course-grained deposits marginal to the lacustrine basin. The
exposure of the fan delta complex is predominantly constraint to the E-SE of the
outcrops of the Alasehir formation (Figure 2.3). To the E-NE, deposits of the fan
delta complex display obvious grain size reduction into the fine-grained facies of
FA4 representing the deposits of the lacustrine basin. In this study, the fan delta
complex comprising of FAI, FA2 and FA3 is named as the Evrenli member and
lacustrine deposits characterized by FA4 is named as the Zeytingay member of the
Alagehir formation, respectively (Figure 2.2).

The order of facies associations observed through the Alasehir formation
provides clues about the base level changes in the basin. Stratigraphically, the
lowermost part of the formation is characterized by FA1, which represent earlier
subaerial phase of deposition in the basin (MS-II and MS-III in Appendix I). The
FA1 is overlain by FA2 on MS-II and MS-III that indicates deepening of the basin
with transgression of the lacustrine system. Then, deposition in the basin has
continued by some fluctuations in the base level that is reflected by intercalation of
FA2 and FA3 in MS-II, which probably located at a close setting to the basin margin.

In deeper part of the basin, same base level fluctuations have probably included in
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the stratigraphic record in the form of local concentration of turbiditic Sng facies
within the FA4 (e.g., MS-I in Appendix I). Following to this period of fluctuation,
basin-filling phase was probably initiated in a progradational pattern. This can be
inferred by FA2 and overlying alluvial deposits of Caltilik formation observed above
FA4 in MS-I. The basin filling phase is also distinguished in the upper meters of MS-
IT in which FA2 is overlain by FAT.

The lower contact of the Alasehir formation with the underlying metamorphic
rocks was considered as nonconformable (iztan and Yazman, 1991; Yilmaz et al.,
2000, Seyitoglu et al., 2002). Although originally a nonconformable relation is
anticipated, outcrop observations revealed a slickensided, low-angle fault plane
between the Alasehir formation and the metamorphic basement as first discussed by
Deniz et al. (2002) (Figures 2.3 and 2.5). This suggests that the Alasehir formation to
the south of the MGBF is not in place but it is rafted on the hanging-wall of the low-
angle fault plane. The total displacement of the Alasehir formation in the hanging-
wall is not possible to estimate because of the lack of observations to identify in-situ
exposures of the formation in the footwall.

Based on the studies of palynological biostratigraphy, Alasehir formation was
assigned an Early-Middle Miocene age (Iztan and Yazman, 1990; Ediger et al., 1996;
Seyitoglu and Scott, 1992). Palynomorphs identified in samples from the Alasehir
formation, particularly from the Zeytingay member, correspond to Eskihisar spore-
polen biozone (20—-14 Ma) (Benda, 1971; Benda and Meulenkamp, 1979). However,
the palynological age data does not provide enough resolution to determine whether
the Alagehir formation was deposited during Early, Middle or through the entire
Early-Middle Miocene period. Coal beds observed in the Evrenli member also
sampled during this study for age determination. Although, no index palynomorph
groups were identified in these samples, palynomorph facies were found very similar
to those of Eskihisar spore-polen biozone (personal communication with Hayrettin
Sancay).

Early—Middle Miocene lacustrine deposits are observed at various localities
across the western Anatolia. Kii¢iikkuyu formation around Gulf of Edremit (Yilmaz
et al., 2000; Yilmaz and Karacik, 2001; Cift¢i et al., 2004), Soma formation in
Bakircay Graben (Inci, 1998, 2002), Kdpriibast and Demirci formations in Demirci
Basin (Yilmaz et al., 2000) and HaskOy formation (Emre and Sozbilir, 1997) in
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Biiylik Menderes Graben can be correlated with the Alasehir formation in terms of

age and depositional environments.

2.1.2.Toygarh Andesite

Toygarl andesite represents the only volcanic rock exposed in the study area (Figure
2.3). With its subcircular geometry and a radius of approximately 1 km, the unit is
intruded into the metamorphic basement. The Bintepeler formation nonconformably
overlies the Toygarli andesite.

Toygarli andesite has typical andesitic purple color and feldspar porphyritic
texture. Thin section examination of the samples indicated that the rock has
hyaloporphyritic texture with glassy matrix and phenocrystal populations with
predominant (in the order of relative abundance) plagioclase (oligoclase-andesine),
bitotite, basaltic hornblend, augite and orthopyroxene. The rock also includes minor
amounts of quartz and sanidine (thin section examination was carried out by Nuri
Terzioglu). The observed mineral paragenesis suggests that the rock possesses
trachyiandesitic composition. On the other hand, textural and geometrical aspects of
the unit indicate a subvolcanic (hypabysal) origin possibly in the form of shallow
andesitic dome. Yilmaz et al. (2000) comment that the Toygarli andesite is
petrochemically similar to the widespread lower-middle Miocene volcanic
associations of the northwestern Anatolia. In fact, mineral paragenesis and textural
aspects of the Toygarl1 andesite are similar to the 3" stage volcanic activity observed
around the gulf of Edremit (Cift¢i et al., 2004 and also Nuri Terzioglu, personal
communication).

The available age data for the unit clusters around Middle Miocene: 14.4=+1
Ma (Ercan et al., 1997), 14.65+0.06 to 16.08+0.91 Ma (Purvis et al., 2005), 12-16
Ma (TPAO unpublished data) and 15 Ma (Yilmaz et al., 2000). This age assignment
partially overlaps with the depositonal period of the Alasehir formation. In fact,
available borehole data provides some evidence for the thin tuff layers characterized
by high gamma ray (GR) responses within the lower portions of the Alagehir
formation. Although, the Toygarli andesite is rather in a subintrusive character,
extrusive equivalents of the unit to the north might be the source of the volcanic

inclusion within the Alagehir formation probably in the form of ash fall deposits.
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2.1.3. Caltihk Formation

Caltilik formation conformably overlies the Alasehir formation through a gradational
contact from the Alagehir formation to sandstones, channelized gravelstones and rare
limestone lenses of the Caltilik formation (Figure 2.2 and MS-1 in Appendix II).
Although, earlier studies consider this formation as part of the Alasehir formation
(Yazman and iztan, 1990; Yazman et al., 1998), the Caltilik formation is a very
distinctive lithostratigraphic unit exposed along the southern margin of the Gediz
Graben. The formation is first described by Yilmaz et al. (2000) from the exposures
near the Caltilik village. Seyitoglu et al. (2002) also recognized the formation with
its conformable superimposition over the Alasehir formation and named it as
Kursunlu formation. However, the definition of the Kursunlu formation in Seyitoglu
et al. (2002) also includes two other formations overlying the Caltilik formation.
Therefore, the name Caltilik formation was adopted in this study as proposed by
Yilmaz et al. (2000). Caltilik formation also correlates with Unit II of Cohen et al.
(1995) and with muddy to sandy alluvial fan facies associations of the Purvis and
Robertson (2005) (Figure 2.1).

As the Alasehir formation, Caltilik formation is also observed at spatially
limited areas along the Gediz Graben (Figure 2.3) but it exhibits relatively extensive
exposures along the Alasehir-Salihli segment. Wherever the Alasehir formation
exists, Caltilik formation conformably overlies the Alasehir formation. In areas
outside the depositional realm of the Alasehir formation, Caltilik formation
juxtaposes with the metamorphic rocks of Menderes Massif by means of a low-angle
fault plane (Figure 2.3).

Three stratigraphic sections were measured through the Caltilik formation in
the study area (MS-I, MS-IV and MS-V in Appendix I). These sections are located in
Zeytinli creek between Caltililk and Osmaniye villages and along the Alasehir-
Gokgealan road near Gokgealan village. At the Zeytinli creek section, the gradation
between the Alasehir and Caltilik formations can be clearly observed (MS-I in
Appendix I). Faulted contact of the formation with the metamorphic basement is
well-exposed near Karakirse (Figure 2.3).

Table 2.3 lists the main facies types observed in the Caltilik formation with
brief descriptions and interpretation. The observed Gt, Gp, Sp, SI, Se, Ssc, Sh S, Fl,
Fm and L facies of the formation can be classified into two groups: (i) alluvial fan

facies association (FAS) in proximal to distal fan setting and (ii) small lake or pond
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Table 2.3. Dominant facies, facies descriptions and interpretations of the Calt 1k
formation. Some of the lithofacies and interpretations are modified from Miall
(1985). See Appendix I for the related measured stratigraphic sections.

Facies

Description

Interpretation

Gt, troughy cross-beded
gravelstones and
conglomerates

medium bedded, moderately rounded and poorly
sorted, moderately cemented, polymictic, matrix
supported with coarse sandy matrix, scoured based
with lag, fining upward

channel fills

Gp, planar cross-bedded
gravelstones and
conglomerates

medium bedded, moderately rounded and poorly
sorted, poorly cemented, polymictic, matrix
supported with course sand matrix, base is non-
erosive, foreset cross bedding

mid-channel bars

Sp, planar cross-bedded
sandstone

similar to Gp, but finer grained

mid-channel sand bars

Sl, low angle cross-bedded
sandstones

red colored, medium bedded, medium grained,
moderate to poorly sorted, with low angle planar
cross-bedding

crevasse splays

Se, erosive-based sandstones | red colored, medium bedded, coarse grained, scour-fills
moderate to poorly sorted, crude cross bedding,
erosive based, fining upward

Ssc, scoured-based red colored, medium bedded, coarse grained, scour-fills

sandstones

moderate to poorly sorted, broad scoured based
with lag, fining upward

Sh, horizontally laminated
sandstones

medium bedded, well sorted, coarse grained,
horizontally laminated

deposits from planar bed
flow

S, sandstone

others

Fl, sand, silt, mud

red colored, thin bedded, laminated to faintly
rippled, well cemented, locally fist size nodules
bearing

overbank or waning flood
deposits

overbank or muddy

Fm, mud, silt red colored, thin bedded, desiccation (?) channel fill (drape)
deposits
L limestone very hard and carbonaceous, clayey, poorly deposition at ponds during

bedded, lensoidal

draught

Table 2.4. Facies associations of the Calt 1 k formation. See Appendix I for the

related measured stratigraphic sections.

Facies Association

Constituent Lithofacies

FAD5, alluvial fan facies associations

Gt, Gp, Sp, S|, Se, Ssc, Sh, S, FI, Fm, L

FAB, small lake or pond facies associations

L, S

39




facies association (FA6) (Table 2.4; Figure 2.6). The formation is predominantly
composed of poorly-sorted, moderate- to well-cemented sandstones interbeded with
conglomerates and siltstones (Figure 2.7). Mud is a constituent of the matrix both in
the sandstones and in the conglomerates together with sand. The clast population is
polymictic and derived directly from various metamorphic lithologies of Menderes
Massive. Beside, rip-up clasts are also observed in the formation in relation to scour
surfaces (Figure 2.7). In general terms, the facies of the formation, especially the
muddy facies, are strongly reddened. Greenish gray color is usually observed for the
gravel and coarse sand dominated facies. Yet, red staining of the outcrop surface,
which is derived from muddy facies, always hides the true color of the sand-gravel
rich facies and result in general red colored appearance of the formation. Clast
imbrication, cross bedding and channel orientations indicate dominant sediment
transport direction from south to north varying in the range of SSW-NNE to SSE-
NNW. Occasionally, limestone lenses are also present, probably indicating
deposition in pod-like depressions during the seasonal drought periods. Purvis and
Robertson (2005) have carried out intensive paleocurrent analysis for their muddy-
to-sandy alluvial fan facies association along to southern margin of the Gediz
Graben. The overlapping part of their study with this study area indicates a strong N—
NE directed palacocurrent for the formation (Figure 8 in Purvis and Robertson,
2005), which is in agreement with the data presented in this work.

No palaeontological age date has been acquired from the Caltilik formation.
Mudstone samples collected during this study for palinologic assessment were also
failed due to lack of dateable palinomorph associations. The only age data available
for the formation is the magnetostratigraphic work, which depict that the transition
from the Alagehir formation to the Caltilik formation occurred around 15.5 Ma
(unpublished data of Sen and Seyitoglu in Seyitoglu et al., 2002). This data is in
agreement with the Eskihisar sporomorph association (20-14 Ma) of Benda and
Meulenkamp (1979, 1990) and suggest that no significant time gap exists between
the Alasehir and Caltilik formations.

2.1.4. Gediz Formation
Gediz formation is exposed along NW-SE trending fault-controlled belt at the
immediate margin of the modern graben floor (Figure 2.3). The exposure of the

formation is bounded by two northward-dipping normal faults that bring the unit in
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Figure 2.7. Field photographs taken near Sogukyurt village to illustrate lithofacies in the
Caltilik formation. (A) General appearance of the unit comprising sandstone and
conglomerate beds and intervening sandstones and siltstones. (B) Mudstone rip-up
clasts that were scoured and included by sandstone or conglomerate lenses. (C) Cross
bedding in sandstones. The field notebook is 21x15 cm.
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contact with the metamorphic basement, Alasehir and Caltilik formations to the
south and with the Quaternary graben floor sediments to the north (Figure 2.3).
Stratigraphically, the unit overlies the Caltilik formation although no clear contact
relationship was observed between these formations (Figure 2.2). On the surface
exposures, the unit is tilted and generally dips towards south to the master graben
bounding fault (MGBF on Figure 2.3).

Gediz formation is first named by Yazman and Iztan (1990) as Gediz group
including Hamamdere and Salihli formations. These formations are composed of
conglomeratic deposits of alluvial fan system and sandy deposits of a fluvial system,
respectively. Yilmaz et al. (2000) proposed the name Kizildag grup for these
lithologies including Kizil and Mersinligedik formations. These two formations refer
to Hamamdere and Salihli formations of the Yazman and iztan (1990), respectively.
On the other hand, Kogyigit et al. (1999a) adopted Saglikdere, Kartalugan, Acidere,
Gobekli and Kaletepe formations to refer proximal alluvial fan to distal braided river
deposits. Seyitoglu et al. (2002) treated the Gediz formation as part of the Kursunlu
formation; the Kursunlu formation includes both Caltilik and Gediz formations
although subsurface data reveals a very pronounced distinction between these
formations (see section 2.2). Gediz formation also correlates to Unit III — axial
fluvial facies and Unit IV coarse lateral alluvial fan facies of Cohen et al. (1995).
Purvis and Robertson (2005) defined the axial fluvial facies associations to refer the
Gediz formation (Figure 2.2).

Three stratigraphic sections were measured within the Gediz formation.
These sections are located west of the study area, between Salihli and Turgutlu,
where best exposures of the formations are present in this region (MS-VI, MS-VII
and MS-IX in Appendix I). Seven different lithofacies were identified and logged
within the Gediz formation (Table 2.5). The lower part of the formation is composed
predominantly of red colored, coarse grained, texturally immature, polymictic
conglomerates derived from the various lithologies of basement metamorphics. This
lower coarse-grained part is named as Hamamdere member of the Gediz formation
(Yazman and Iztan, 1990). The Hamamdere member mainly includes lithofacies Cm,
Sp and Sh (Table 2.5 and Figure 2.9). These lithofacies were interpreted to represent
proximal alluvial fan facies associations (Collinson, 1996; Miall, 1985, 1992, 1996;
Nilsen, 1982) (Table 2.6 and FA7 in Figure 2.8). Upward in the formation, textural

maturity of the formation increases and grain size decreases, as red color gradually
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Table 2.5. Dominant facies, facies descriptions and interpretations of the Gediz
formation. Facies nomenclature and interpretations are modified from Miall (1985).
See Appendix I for the related measured stratigraphic sections.

Facies

Description

Interpretation

massive and chaotic, polymictic, sandy to gravelly

Cm. massive conalomerates matrix supported, angular granule to cobble size debris flow
’ 9 clasts, sharp base, irregular top, locally inversely deposits
graded, locally sandstone lenses bearing
medium bedded, moderately rounded and sorted,
G:é\t/:;:g:égrgsz'ssgdg (rjnerates polymictic, trough cross bedded, generally fining channel fills
9 9 upward, scoured based with lag
. medium bedded, coarse grained — locally pebblely,
f;’nzgfc?nhegmss bedded moderately sorted, trough cross bedded, scoured channel fills
based with lag, fining upward
Sp, planar cross-bedded medium-thick bedded, moderately sorted, well
sand bars

sandstones

cemented, tabular cross bedded

Sh, horizontally laminated
sandstones

thin bedded, fine to coarse grained, pebbly to silty,
horizontally laminated

planar bed flow
deposits

S, sandstones

others

Fl, sand, silt, mud

thin bedded intercalation dominated by silt and mud,
locally laminated

overbank or
muddy channel
fill

Table 2.6. Facies associations of the Gediz formation. See Appendix I for the
related measured stratigraphic sections.

Facies Association Constituent Lithofacies

FA7, proximal alluvial fan facies association Cm, Sp and Sh

FA8, distal alluvial fan and fluvial facies association Gt, Sh, Sp, S, Fland Cm
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turns into beige-green. The dominant lithofacies observed in the upper part includes
Gt, Sh, Sp, S and FI with occasional intercalation of the Cm. Facies associations
become more fluvial-dominated in the upper part of the formation as textural
maturity increases. Therefore, these lithofacies are grouped into distal alluvial fan
and fluvial facies associations (FA8) and named as Salihli member of the Gediz
formation.

First order observation indicates a NE-NW-directed sediment transport for
the Hamamdere member and W-NW-directed sediment transport for the Salihli
member. These observations are in agreement with that of Cohen et al. (1995). There
is also some degree of match between Salihli member and intensive palaeocurrent
analysis conducted on axial-fluvial facies association of Purvis and Robertson
(2005). Seismic data, on the other hand, clearly illustrates thinning of the formation
from south to north (see section 2.2), which indicates that major sediment
transportation is from south to north as well. This change in thickness implies that
the formation is an alluvial system marginal to southern boundary of the Gediz
Graben (Figure 2.8).

The Gediz formation, as the other formations defined so far, lacks reliable age
data. Emre (1996) defined Acidere, Gobekli and Filiztepe formations in the Salihli
area, which probably correlates with the Gediz formation. In Emre (1996), Dacian
(Miocene—Pliocene boundary) was assigned to the Gobekli formation based on
Gastropod fossils as. As Gobekli formation is comparable to the upper parts of the
Gediz formation (Figure 2.1), Late Miocene—Pliocene can tentatively be assigned to

the Gediz formation.

2.1.5. Bintepeler Formation
Bintepeler formation is the only sedimentary unit mapped along the northern margin
of the Gediz Graben around Alasehir area. First named and mapped by Yazman and
Iztan (1990), the formation nonconformably overlies the metamorphic rocks of the
Menderes Massif. In the Salihli segment, the Mevliitli formation is probably the
lateral equivalent of the Bintepeler formation.

The Bintepeler formation starts with very coarse grained, texturally immature
conglomerate that is predominantly composed of limestone clasts, locally up to
boulder size (Figure 2.2). Large clast sizes, textural immaturity, internally chaotic

and scour-based conglomerate cycles are observable at the base of the formation to
47



indicate deposition at a close proximity to the source area (Collinson, 1996; Miall,
1985, 1992, 1996; Nilsen, 1982). Stratigraphically upward in the formation, the grain
size decreases and the lacustrine limestone beds become distinct. The amount of
lacustrine limestone further increases upward and the formation become limestone
dominated. There is a complete lateral gradation and interfingering between the
conglomeratic facies and the lacustrine limestone. Sandstones, intercalated with
marls and channelized conglomerates are the dominant lithologies at the uppermost
part of the formation. Pebble imbrication and crude cross-bedding suggest NE to SW
sediment transport. The unit indicates depositional environment dominated by
southward prograding alluvial fans and interfingering lacustrine basins formed at toe
of the fans (cf. Inci, 2002; Miall, 1996).

There is no startigraphic section logged for the Bintepeler formation. Facies
defined by basic field observations includes Cm, Gt, St, S, F and L (Table 2.7).
These facies are grouped into alluvial fan and lacustrine facies associations (FA9).
As the only formation sourced by northern horst block of the Gediz Graben,
Bintepeler formation has an importance to constraint the timing of the northern
margin boundary structure of the Gediz Graben (Figure 2.10). Yusufoglu (1996)
defined Balgikdere, Ulubey and Asartepe formations at the northern margin of the
Gediz Graben deposited from Early Plicoene to Early-Middle Pleistocene period
(Yusufoglu, 1996). These formations correlate with the Bintepeler formation. Thus,

Plio—Pleistocene is tentatively assigned to the Bintepeler formation.

2.1.6. Kaletepe Formation
Kaletepe formation is exposed extensively along the southern horst block of the
Gediz graben (Figure 2.3). The formation is named by Yazman and Iztan (1990) and
is subsequently called as Sart group (Yilmaz et al., 2000), Sart formation (Seyitoglu
et al., 2002) and Asartepe formation (Emre, 1996; Kogyigit et al., 1999a) (Figure
2.1). Based on its sedimentological aspects, Cohen et al. (1995) defined the unit as
lateral alluvial fan facies while Purvis and Robertson (2005) used coarse alluvial fan
facies association definition for the same unit (Figure 2.1).

In general, the unit is earth colored, thick and poorly bedded, poorly lithified
and composed of polymictic conglomerates with relatively minor sandstone and
mudstone intercalations. Nevertheless, sand and mud are important constituent of the

matrix of conglomerates. It rests over the Gediz formation with pronounced change
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Table 2.7. Description and interpretation of the lithofacies observed in the Bintepeler
formation. Some of the lithofacies descriptions are modified from Miall (1985).

Facies

Description

Interpretation

Cm, massive conglomerates

massive and chaotic, polymictic, sandy to gravelly
matrix supported, angular granule to cobble size
clasts,

debris flow deposits

Gt, troughy cross-bedded medium bedded, poorly rounded and sorted, channel fills

conglomerates polymictic, trough cross bedded, scoured base (Temporary?)
. medium bedded, coarse grained — locally pebblely,

St, trough cross-bedded poorly cemented, moderately sorted, trough cross channel fills

sandstones

bedded, scoured based with lag, fining upward

S, sandstones

others

F, silt and clay

thin bedded with wavy lamination and calcerous

overbank or muddy
channel fill

L, limestone

beige colored, medium-thick bedded, gastropod
shells bearing

small lake

Table 2.8. Description and interpretation of the lithofacies observed in the Kaletepe
formation. Some of the lithofacies descriptions are modified from Miall (1985). See
Appendix I for the related measured stratigraphic sections.

Facies Description Interpretation
massive and chaotic,polymictic, sandy to gravelly .
. . . debris flow
Cm, massive conglomerates matrix supported, angular granule to cobble size d .
eposits

clasts,

Gt, troughy cross-bedded medium bedded, poorly rounded and sorted, channel fills

conglomerates polymictic, trough cross bedded, scoured base (temporary?)
medium bedded, coarse grained — locally pebblely,

Sp, pebbly sandstone poorly cemented, moderately sorted, trough cross channel fills

bedded, scoured based with lag, fining upward

Fm, mudstone

others
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in dip angle implying an unconformable relationship between the two formations
(Figure 2.2). In some places the unit directly overlies the metamorphic rocks. The
outcrops of the Kaletepe formation are morphologically distinct where they form
steep linear hills due to deep river incision.

Together with the Gediz formation, Kaletepe formation borders the modern
graben floor of the Gediz Graben (Figure 2.3). Along this border zone, both
formations usually dip to the south towards the master graben-bounding fault
(MGBF) (Figure 2.3). The dominant dip direction is the result of back rotation of the
strata in the hanging-wall of north dipping graben-bounding normal faults (Yilmaz et
al., 2000).

Kaletepe formation does not show much facies variation both vertically and
laterally along its exposures. Hence, only a single stratigraphic section was logged
for the formation (MS VIII in Appendix I). The main lithofacies observed along the
section includes Cm and Gt with minor amounts of Sp and Fm (Table 2.8). The
dominant coarse-grained facies Cm and Gt are composed of subangular to
subrounded clasts with grain size ranging from gravel to boulder. The matrix is
variably clast to matrix supported. Earth color is very typical for the unit although
weak reddening is locally observable. Clasts population is polimictic, mostly derived
from Menderes massif and includes schist, quartzite, limestone, chert and gneiss.
Beside, both sedimentary and metamorphic clasts derived from older sedimentary
units of the graben fill are also included within the formation through a
cannibalization process. Coarse facies are usually lenticular, having erosive bases.
Weak trough cross-bedding and faint grading are locally observable with well-
developed pebble imbrications, indicating northward sediment transport. The
observed facies Cm, Gt, Sp and Fm (Table 2.8) can be grouped into alluvial fan
facies associations (FA10) that represent a very coarse-grained and texturally
immature proximal facies to the sediment source area. Purvis and Robertson (2005)
have documented more vertical and lateral facies variation for their coarse alluvial
fan facies association that correlates with the Kaletepe formation. Their study area is
located to the west of this study area with a little overlap around Sahyar (Figure 2.3).
Intensive palaeocurrent analysis carried out by Purvis and Robertson (2005) indicates
a strong south to north component of sediment transport direction for the formation.
Cohen et al. (1995) also documents evidence for south to north sediment

transportation for the Kaletepe formation.
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The contact relation of the Kaletepe formation with the underlying Gediz
formation is an angular unconformity observed clearly along the southern margin of
the Gediz Graben (Figure 2.3). Yet, this contact may be a basin margin unconformity
and extend to the buried graben block as a correlative conformity. Indeed,
interpretations of subsurface data suggest continuous deposition for the buried
graben block from the Gediz formation to Recent, as represented by seismic
stratigraphic units III (Figure 2.2 — see also Section 2.2.2 and Chapter 5). There is no
outcrop observation regarding to the contact relation between the Kaletepe and
Bintepeler formations in this study. However, as seismic stratigraphic unit III
includes both of the formation, there should be a gradation among the Kaletepe and
Bintepeler formations within the buried graben block.

The available age assignments for the Kaletepe formation are not precise.
Based on the mammal fosils, Sarica (2000) dated some sediments exposing along the
margins of Gediz and Biiylik Menderes grabens as Plio—Pleistocene. Some of these
Plio—Pleistocene sediments can be correlated with the Kaletepe formation based on
the definition of Sarica (2000). The other literature generally assigns Pliocene age for
the unit (Figure 2.1) (Yazman and Iztan, 1990; Cohen et al., 1995; Yazman et al.,
1998; Kogyigit et al., 1999a; Yilmaz et al., 2000; Seyitoglu et al., 2002; Purvis and
Robertson, 2005). Therefore, Plio—Pleistocene is tentatively accepted for the

Kaletepe formation in the present study.

2.1.7. Quaternary Alluvium

The Quaternary deposits in the Gediz graben is dominated by fluvial sediments of the
modern Gediz River. However, alluvial systems also coexist in the graben floor
along the northern and southern margins of the graben. As a result, Quaternary fill of
the Gediz Graben in the study area is differentiated into two units as proximal and
distal alluviums to refer; (i) the relative positions with respect to margin-bounding
faults and (i1) dominance of the gravitational mass flow versus fluvial processes
(Figure 2.3). Proximal Quaternary alluvium is characterized by coalesced alluvial
fans of diverse sizes. They are fed from the horst blocks uplifted in the footwall of
graben-bounding normal faults. Larger alluvial fans form at the reaches of the horst
block drainage, which roughly displays linear pattern and oriented orthogonal to the
graben bounding faults. Proximal alluvial deposits are dominated by debris flow and

channel-fill conglomerates, sands and fine-grained overbank deposits. Towards the
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center of the graben, proximal alluvium facies grades into and interfingers with finer-
grained axial fluvial system of the graben. Meandering channel system of the
Alasehir River controls the axial fluvial system. Together with distal alluvial fan
sediments, the deposits of fluvial system were mapped as the distal Quaternary
alluvium (Figure 2.3). This unit refers to distal location with respect to graben-
bounding faults and the dominance of fluvial processes with respect to gravitational
processes. Distal Quaternary alluvium is probably composed of channel fill sands
and fine-grained overbank sediments.

Quaternary travertines are also observable in the study area. They occur in a
close proximity to the MGBF, controlling the southern margin of the Gediz Graben
(Figure 2.3). They either intercalate with the Quaternary alluvium or overlie the
metamorphic basement. There are active hot-springs in close proximity to the

travertine accumulations (Figure 2.3).

2.2. Subsurface Correlation of the Lithostratigraphic Units

Previous studies conducted in the Gediz Graben have focused on the outcrop
exposures mainly along the southern margin and to some extend along the northern
margin of the graben (Figure 2.1). These exposures are very important since they
delineate the stratigraphic units (lithofacies and their distribution) and deformation
characteristics of the margin-bounding fault systems of the graben. However, as the
loci of most intense deformation, margins of graben are very sensitive to tilting,
erosion due to base level changes, and formation of consequent basin-margin
unconformities. It is of critical importance to know how surface stratigraphic units
continue into subsurface. Unfortunately, available subsurface data is under-utilized to
address this critical issue of correlating the surface geology to the subsurface in the
Gediz Graben. Without a concrete subsurface correlation, which extends from the
margin to the depocenter of a basin, a basin’s stratigraphy can only be constructed to
a limited extend.

This section intends to tie the surface observation to the subsurface data in
order to assess the depositional geometries and the governing depositional system of
the Gediz Graben. The starting point of such an analysis is the evaluation of the
available borehole data to identify the depth of formations and stratigraphic units in
the boreholes. Correlation of the lithofacies observed on the surface with that of

interpreted in the boreholes, also provides information on the lateral variation of the
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startigraphic units. Then, the borehole data are tied to 2-D seismic sections to relate
the seismic stratigraphic units to the actual lithostratigraphic units. Calibration of the
seismic sections in this way helps to define the lateral extend and geometries of
stratigraphic units, their stratal patterns, contact relationships and deformation
characteristics. In this way, high resolution but laterally discontinuous surface data

will be supported by relatively low resolution but laterally continuous seismic data.

2.2.1. Boreholes

Three hydrocarbon exploration wells have been drilled in the Gediz Graben near
Alasehir by TPAO (Figure 2.3). These boreholes penetrated thick sections of
Neogene sediments with one reaching to the basement metamorphic rocks (Figure
2.11). The thickest section of the graben fill sediments is encountered in BH-1 which
is 2464 m. However, thicker sections are expected in BH-2 and BH-3, which were
drilled in closer proximity to the basin’s depocenter and didn’t reach the basement.

All three boreholes intersect the Alagehir formation. Only the northernmost
BH-1 reached to the base of the Alagehir formation by cutting through the entire
formation (Figure 2.11). At the base of the BH-1, polymictic conglomerates with
interbeds of sandstones and pebbly sandstones characterize the Evrenli member of
the Alasehir formation. Gamma Ray (GR) response of the unit is usually low,
representing the coarse-grained, clay free nature of the unit with rare and thin GR
picks (Figure 2.1 — see Appendix II for background on gamma ray logs). These GR
pick are higher than the normal shale responses of the Alasehir formation. They may
therefore indicate a volcanic input to the system in the form of thin ash layer
intercalations. This volcanic content might be related to the regional Early—Middle
Miocene volcanism of the western Anatolia represented by Toygarli andesite along
the northern margin of the Gediz Graben (see Section 2.1.2).

Evrenli member overlies the basement with a nonconformity. The unit
displays a general fining-upward character as indicated by increasing sand content.
(Figure 2.12). Within this overall fining-upward pattern, 20-30-m-thick coarsening-
upward cycles are easily distinguishable in GR patterns probably indicating periods
of progradation in overall retrogradation (Figure 2.12). These data are in close
agreement with the outcrop observations of the Evrenli member and fits well with the
fan delta complex interpretation of the unit. Above the Evrenli member, Zeytingay1

member of the Alasehir formation is marked by a very sharp change in the GR
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pattern (Figure 2.12). The unit is characterized by relatively higher and erratic GR
response and comprises dark brown to green colored, laminated, bitumous and
locally carbonaceous shales intercalating with brown to beige colored, quartz- and
mica-bearing and well-cemented sandstones (Figure 2.12). GR log response indicates
coarsening- and fining- upward cycles in 10-30 m thickness range as evidence of
variations in the energy of the system. Zeytincay member correlates well among the
three boreholes by its distinctive lithology and GR pattern (Figures 2.11, 2.12).

From the examination of well cuttings Caltilik formation is recognized by its
green to yellow colored, quartz and mica-bearing sandstones and polimictic
conglomerates with distinctive brick red colored mudstones intercalations. The log
pattern of the formation is characterized by erratic but lowered GR response
compared to Alasehir formation. This indicates increased amount of sand in the
formation (Figure 2.12). Thus, the well data is in confirmation with the surface
observations that the Caltilik formation is sandstone-dominated deposit with
mudstone intercalations and belongs to an alluvial fan system. Thin limestone lenses
occur occasionally within the clastic rocks as observed in borehole cuttings and
outcrop exposures, indicating presence of small, temporary fresh water lakes or
ponds within the system. However, BH-1 indicates that the amount of limestone is
significantly increased in the formation and reached up to 70 m thickness towards the
northern margin of the basin (Figures 2.11, 2.12 and 2.13). If facies distribution of
the Alasehir and Caltilik formations evaluated together, one can recognize that the
sediment was derived mainly from the southern margin of the governing basin
(Figure 2.13). This confirms the field observations that the active margin of the basin
is located in the southern side and the basin geometry mimics a half graben as
schematically constructed in Figure 2.13. The Caltilik formation is identified and
correlated across all three boreholes above the Alasehir formation (Figure 2.11).

Dominantly conglomerates and sandstones represent Gediz formation in the
boreholes. Although lithological descriptions based on rock cuttings cannot separate
two members of the formation, Hamamdere and Salihli can be recognized based on
the GR readings. The lower Hamamdere member is characterized by cylindrical log
pattern and low GR response, which indicates clean sand dominated nature of the
unit, representing alluvial fan setting (Figure 2.13). Above the Hamamdere member,
the Salihli member is recognized by generally low, sandstone dominated but erratic

GR response. High GR picks of the formation are probably related to the thin
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mudstone intercalations and clay content of the matrix in conglomerates, which can
be expected in fluvial depositional systems (Collinson, 1996; Miall, 1992; Cant,
1982). The Gediz formation is recognized in all three boreholes above the Caltilik
formation with a distinct thickness change from south to north (See Figure 2.11).
This thickness change suggests that the southern margin of the graben is still the
most active one during the deposition of the formation. Therefore, the active basin
margin probably was not changed during the deposition of Alasehir, Caltilik and
Gediz formations.

Kaletepe/Bintepeler formations overlies the Gediz formation and composed
predominantly of conglomerates. Discrimination of the Kaltepe/Bintepeler
formations from the Gediz formation is difficult by borehole data due to lithological
similarity of the formations. Yet, slightly increased GR response and relatively weak
cementation may help to identify these formations. Compared to the underlying
formations, thickness change of the Kaletepe/Bintepeler formations is minor from
south to north and probably indicates more symmetrical subsidence of the basin
during the depositional period of the formations. This uniform subsidence is most
likely related to the initiated activity of the northern margin structure, which brings
along the deposition of the Bintepeler formation. As a result, the Kaletepe and
Bintepeler formations are interpreted as partly age equivalents sourced by southern
and northern margins, respectively. Similar symmetrical subsidence can also be

inferred for the overlying Quaternary alluviums of loose conglomerates and sands.

2.2.2. Depositional Geometries from Seismic Data

Interpretation of 2-D seismic sections provide unique opportunity to
understand the geometries, lateral variations, contact relations, depositional patterns
and deformation characteristics of the stratigraphic units by providing continuous
images of less deformed and unexposed sections of a sedimentary basin’s deposits.
This is extremely important to assess the subsurface continuations of the stratigraphic
units that are mainly observed, if exposed, along the tectonically active margins of a
basin. Basin margin exposures are very important to draw the outlines of a
depositional system by providing opportunity of working with high-resolution
outcrop data. However, they are limited to depict the entire picture of a depositional
system if their basinward continuations are not assessed carefully by means of a

subsurface methodology. Understanding the depositional system will inevitably
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enlighten the tectonic evolution of a basin. Seismic data serve as a perfect tool for
this purpose if calibrated by boreholes.

The available seismic data from the Gediz Graben was interpreted to identify
the seismic stratigraphic units and depositional geometries of the graben fill. If figure
2.14 is examined, one can easily identify the metamorphic basement rocks of the by
their acoustic transparency (i.e. zone of no prominent reflectors). Above the
basement, seismic unit | has characteristic continuous parallel reflector pattern which
dips towards the bounding fault in the south of the basin and becomes almost
horizontal toward the north of the basin. This geometry is in confirmation with the
extensional fault bend fold models having a concave upward bend in the dip of the
fault (see Chapter 5 for further discussion and relevant literature). The thickness of
the unit is apparently influenced by secondary hanging-wall faults that created
basement highs and lows across the depositional realm of the unit I. This resulted in
thickness variation within the unit that was controlled by syn-depositional faulting.

Seismic unit Il overlies the seismic unit | with a distinct change in the stratal
pattern and a downlap surface (Figure 2.14). In general, the unit displays a tangential
reflector pattern, which has steep dips toward the bounding fault, but dips gradually
become tangential onto the underlying seismic unit to the north. Northward dipping
reflectors of the unit observed across the southern side of the graben gradually
changes dip direction towards the north and become southward dipping around the
north side of the basin. This change in the dip direction is related to the differential
subsidence within the basin, which may be caused by both more active southern
margin and more pronounced compaction at the depocenter of the basin. The above-
mentioned reflector pattern of the seismic unit Il, together with a clear decrease in
thickness from south to north, probably indicating that the unit was progradational
and sourced by southern margin of the graben. Reflector character of the seismic unit
Il also changes from south to north. Towards the southern margin-bounding fault,
unit displays hummocky reflector pattern characterized by irregular, subparallel and
discontinous reflections. To the north, the reflectors become more distinct and
parallel. Although, some of this change may be attributable to the change in the
imaging quality in the vicinity of the master fault, there must also be a lateral facies
change from north to south. Disorganized conglomerates dominates the proximal

(southern) parts of the seismic unit I, resulting in hummocky reflector pattern. To
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Figure 2.14. 2-D seismic section (S-12) oriented transverse to the Gediz Graben. Vertical scale is in miliseconds. The distance between the horizontal thick marks is 625 m. Note that there is nonlinear vertical
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the distal (northern) parts of the unit, more organized and water driven deposition is
expected to produce more parallel and continuous reflection responses.

Seismic Unit Il overlies the unit Il by almost horizontal reflector dips with a
onlapping relation (Figure 2.14). The unit Il is composed of parallel and
subcontinuous reflectors that have a tendency of thickening towards the central
thickest part of the unit. The reflectors also appear more continuous towards the
southern and northern sides of the unit Il but become relatively discontinuous at the
central part of the unit. This may suggest that a lateral alluvial system, which carries
sediment from the horst block to the graben parallel to the section orientation, may
be influential at the northern and southern margins of the graben. Contrarily, more
axial system with an orthogonal sediment transport direction with respect to section
orientation governs the central part of the basin. The axial and lateral depositional
systems are probably synchronous and interfingers at all stratigraphic levels.

In contrast to the unit Il, thickness variation of the unit Ill is more
symmetrical with respect to underlying graben fill. This suggests that subsidence rate
is probably distributed more equally to the northern and southern margins of the
graben. However, the thickest section of the unit Il is still closer to the southern
margin possibly indicating more activity for the southern margin-bounding fault.
Differential compaction of the basin fill may also result in more accommodation
creation at the depocenter of the underlying unit. This could also be influential on the
development of the thickest section of unit Il closer to the southern margin due to
preceding asymmetrical development.

All the seismic stratigraphic units defined in Figure 2.14 indicates a some
kind of changes in the depositional system, which result in stratal reorientation and
the formation of the bounding surfaces between the seismic stratigraphic units. These
bounding surfaces are not significant erosional surfaces or unconformities that are
sites of major time gaps. Although, local and minor erosion may incorporate with
these surfaces particularly towards the margins of the graben, there is no evidence of
major erosion or lost section with in the graben fill. Towards the active southern
margin, however, these surfaces can correlate to unconformities recognized on the
surface exposures. In rift basins, minor and local unconformities tend to develop with
block rotation and shift in the locus of extension yet they rarely represent major
hiatus (Moretti and Colleta, 1987, 1988; Coletta et al., 1988). The main cause of the

discrete seismic stratigraphic units and intervening bounding surfaces is probably
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more related to the activity of the graben-bounding faults. Change in the rate of
subsidence and/or deposition, change in the geometry of the graben-bounding
structures and/or spatiotemporal evolution of the graben can easily influence the
depositional patterns and lead to formation of discrete sediment packages and
intervening surfaces. The main question at this point is how the seismic stratigraphic
units correlate with the lithostratigraphic units that are mapped and differentiated on
the surface. If these lithostratigraphic units can be correlated to the seismic
stratigraphic units of genetical importance, their surface distribution can provide
further clues to the origin of the graben.

Figure 2.15 illustrates a transverse seismic section with BH-1 plotted on the
profile. As in Figure 2.14, seismic stratigraphic units can be clearly differentiated on
this section based on changes in reflection character and stratal terminations (Figure
2.15). When the lithostratigraphic formations are transferred on to the section by
means of the BH-1, it is become evident that there is a strong correlation and good
match between the seismic stratigraphic and the lithostratigraphic units. Unit | and
unit 1l correlate very well with the Alasehir and Caltilik formations respectively.
Both units display decrease of thickness from south to north as clearly depicted by
Figure 2.15. Unit III, on the other hand, corresponds more than one formation and
includes Gediz formation, Kaltepe formation and Quaternary alluvium, which are
characterized by alluvial to fluvial facies. The contact between the Gediz and
Kaletepe formations correspond to a prominent single reflector that can be traced
along the entire section in Figure 2.15. However, there is no stratal reorientation
across this contact as in the case of bounding surfaces of the seismic units I and II.
This suggests that no significant changes took place in the manner of deposition
between Gediz and overlying Kaletepe/Bintepeler formations.

If we refer to geological map in Figure 2.3 based on seismic units and
formation correlations in Figure 2.15, one can easily observe that the Gediz and
Kaletepe formations corresponding to the unit Il forms an exposure belt and is
separated by the MGBF from the Alasehir and Caltilik formations corresponding to
Unit | and Unit 11, respectively. Alasehir and Caltilik formations, on the other hand,
expose along the same belt south of the MGBF but within different spatial domains
having an overlapping region. All these basic observations suggest distinct stages

during the evolution of the graben, which is discussed in detail in Chapter 5.
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The contact relation between the Alasehir and Caltilik formations (i.e. the
seismic unit | and unit I1) were defined as conformable and gradual when discussing
the lithostratigraphy of the graben at the beginning of this chapter. The question here
is if this observation contradicts with the differentiation of the unit I and unit 11 based
intervening bounding surface, which is defined as downlap surface in Figure 2.14.
Although, the two units are separated by a downlap surface of an alluvial system
prograding from south to north over the underlying lacustrine system, the lithofacies
change between these units shouldn’t be very sharp at this contact. Some degree of
interaction is inevitable between the two systems resulting in gradual lithofacies
change unless there is an unconformity in between for which no surface or
subsurface evidence was identified. The angular relation (change in dip) between the
two units is minor and variable across the seismic profiles with almost no dip
differences observed at some sections (e.g. Figure 2.15). Such a low angular relations
are difficult to observe at the exposures, especially if the exposure quality is not

perfect.
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CHAPTER 3

PATTERNS OF NORMAL FAULTING
IN THE GEDIZ GRABEN

Gediz Graben is part of a well-known Aegean Extensional Province (AEP), which
includes western Turkey, Aegean Sea and southern Balkan region (Figure 1.3). This
province is a typical locality of an extensional deformation within the vast orogenic
Alpine-Himalayan belt. Rate and mechanism of extensional deformation as well as
the consequential seismic activity in AEP and in western Turkey has been the focus
of many studies for last 20 years (e.g., Jackson and McKenzie, 1984; Eyidogan and
Jackson, 1985; Ambrasseys, 1988; Taymaz et al., 1991; Taymaz, 1993; Le Pichon et
al., 1995; Reilinger et al., 1997; Ambrasseys and Jackson, 1998; Altunel, 1999; Mc
Clusky et al., 2000; Bozkurt, 2001 and the references therein). These studies agree
on the fact that western Anatolia is currently experiencing ~N—S-oriented extension.
The rate of this extension is estimated around 30-40 mm/year (Oral et al., 1995;
Westaway, 1994; Le Pichon et al., 1995).

As usual response to continental extension, grabens and associated normal
fault systems constitute the most important structural elements in the geology of
western Turkey (e.g., Hetzel et al., 1995; Emre, 1996; Kogyigit et al., 1999a;
Seyitoglu et al., 2000, 2002; Yilmaz et al., 2000; Lips et al., 2001; Bozkurt, 2001,
2002, 2003; Sozbilir, 2001, 2002; Bozkurt and Sozbilir, 2004, 2006; Kaya et al.,
2004; Bozkurt and Mittwede, 2005). Among the several morphologically well-
defined grabens, Gediz Graben is the most prominent and best-developed structural
element of the region. Its asymmetry, with the most seismically active and largest
faults located along the southern margin, manifested by numerous earthquakes

during the last century (Arpat and Bingdl, 1969; Eyidogan and Jackson, 1985).

Associated normal faults of the Gediz Graben occurs at various scales from

the largest graben-bounding faults extending hundreds of kilometers to mesoscopic
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faults with offsets in centimeters scale. Formed synchronously with the
sedimentation, these faults influence many aspects of the Gediz Graben, including
basin geometry, distribution and variation of the lithofacies within the graben fill,
surface geomorphology, drainage, and exposure of the rock units. As a result,
understanding of the Gediz basin has a prerequisite to deduce the geometry and the
characteristics of the normal faults dynamically shaping and changing the graben
geometry. This also requires understanding of the stress regime governing the
faulting, which is not addressed adequately so far in the Gediz Graben. Changes in
the regional stress field during the course of graben evolution inevitably influence
fault patterns and lead to a change in structural style. This not only influences the
basin’s geometry but also impact the depositional geometries and patterns.
Furthermore, lateral variation of the stress field may lead to lateral changes of
structural style as further contribution to the complexity of the system. Therefore,
any change in structural style needs to be identified and assessed on the basis of
controlling active stresses, stratigraphic occurrences and regional extend.

This chapter focuses on the geometrical properties of the normal faults and
the nature of the controlling stress fields within the stratigraphic framework for the
Gediz Graben. The analyses are initially based on the outcrop observations at
numerous field stations in this chapter and then extended to the subsurface analyses
including 2-D seismic and borehole data in the Chapter 5 (Figure 3.1).

Outcrop observations were carried out at 15 field stations along the southern
margin of the graben. The field stations investigated can be separated into two
groups: (i) section-based field stations and (ii) area-based field stations. Section-
based field stations are characterized by an exposure surface along a road cut, quarry
wall or canyon wall that allow 2-D examination of fault systems by means of a
section oriented roughly parallel to the dominant dip direction of the faults. These
field stations are suitable to observe the nature of stress field controlling the faulting,
geometrical aspects of faults in the dip direction and characteristics of the hanging-
wall deformation.

Area-based field stations are selected areas that include many profile-based
exposures. The main function of area-based stations is to check the spatial variation
of the prominent faults and the stress field in the strike direction of the faulting. By

studying both profile-based and area-based field stations, geometrical properties of
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the faults both in dip and strike direction were documented together with the spatial

variation of the controlling active stresses.

3.1. Geometry of Normal Faulting

Normal faults are observable in the Gediz Graben at wide range of scales with
displacements ranging from kilometers to millimeters and even smaller. Studies
carried out in the graben refers two different structural styles for the observed
faulting that are manifested by two groups of normal faults: (1) Large scale, low
angle (~ 10°) normal fault (the detachment) that is observed along the southern
margin of the Gediz Graben. (2) Approximately E—-W-trending high-angle normal-
slip faults that locally cut and offset the detachment fault (Hetzel et al., 1995; Emre,
1996; Kogyigit et al., 1999a; Seyitoglu et al., 2000, 2002; Yilmaz et al., 2000; Lips
et al., 2001; Bozkurt, 2001, 2002, 2003; Sozbilir, 2001, 2002; Bozkurt and Sozbilir,
2004; Kaya et al., 2004; Bozkurt and Mittwede, 2005). The most recent literature
agrees to relate these two different structural styles with episodic, multiphase
extensional model of the region having earlier phase of N-S extension during
Miocene and later phase of N-S extension during Plio-Quaternary (Kogyigit et al.,
1999a; Bozkurt, 2003; Bozkurt and Sozbilir, 2004; Purvis and Robertson, 2004 and
2005; Bozkurt and Rojay, 2005). Some studies further divide the Miocene extension
into two separate phases as Early-Middle Miocene E-W extension and Late Miocene
N-S extension (Yilmaz et al., 2000).

Analyses of faulting in areas of multiphase deformation require use of
stratigraphy as a controlling agent to assess the faulting of different sedimentary
packages. Based on stratigraphic occurrences of different structural styles a
chronology of faulting can be established. In areas of single-phase deformation, this
approach aids to understand the original structural style and predicts probable
modification of older faults during the continuum of deformation. In accordance with
the proposed multiphase extensional models of the region, faulting in the exposed fill
of the Gediz Graben were investigated; (1) throughout the Plio-Quaternary strata and
(2) throughout the Neogene strata.

The youngest faults of the Gediz Graben can be observed extensively within
the Plio-Quaternary deposits. Because of the unconsolidated nature, these deposits
are exposed to severe erosion, making it difficult to observe major fault planes.

However, hanging-wall deformation of major faults is locally exposed by
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excavations in clay pits, agricultural fields and along road-cuts. These exposures
provide opportunity to study the nature of faulting that influence the Plio-Quaternary
strata. Investigation of fault patterns in Neogene strata, particularly in Miocene
strata, may lead to the identification of different structural styles that does not exist
within the Plio-Quaternary section(s). If identified, this provides important evidence

for the existence of multiphase deformation history in western Turkey.

3.1.1. Fault Pattern in Plio-Quaternary Deposits

Numerous mesoscale normal faults having cm-scale to m-scale displacements, were
investigated within the Plio-Quaternary sediments (Figure 3.2). The majority of the
faulting examined by field stations trends ENE-WSW with dips to the south and
north, respectively (Figure 3.2A and B). Fault dips are usually steeper exceeding 45°
and clustering around 60° (Figure 3.2C). Movements on the fault planes are
predominantly dip-slip with minor strike-slip component, rarely exceeding 30°
deviation from pure dip slip (Figure 3.2-D). However, small number of strike-slip
faults does also exist (Figure 3.2E and F). Although very saddle, some relations can
be defined between slip component and dip/dip azimuth of the fault planes. Figure
3.2E illustrates the relation between the fault dip and the measured rake of the
slickenside lineations. In this plot, the rake varies between 0° and 180°, which
emphasizes the type of strike slip component (sinistral for rake < 90; dextral for rake
> 90). Representing the angle between the strike and the slickenside lineation on the
fault plane, the rake is measured from the right hand side of the fault plane in a
clockwise sense as the fault plane dips towards the observer (right hand rule;
Angelier, 1994). The rake versus dip plot depicts that faults with predominantly dip-
slip motion mostly have dips in the range of 50° to 70° (Figure 3.2E). This dip range
is in good confirmation with the mechanical theory of faulting (c.f., Anderson, 1951;
Davis, 1984). Above and below this dip amount, there is a relative increase in strike-
slip component. Yet, there is no relative preference for sinistral or dextral component
in relation to fault dip (Figure 3.2E). In a similar way, Figure 3.2F illustrates the
relation between the dip azimuth and the rake of the faults. Strike-slip component is
relatively higher for faults that dips towards SSE (dip azimuth:~165°), WSW (dip
azimuth:~240°), and NNW (dip azimuth:~330°) in a way that WSW-dipping faults

have sinsitral whereas SSE- and NNW- dipping faults have dextral components
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Figure 3.2. General characterisitcs of faults influencing the Plio-Quaternary deposits
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dipping towards the observer.
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(Figure 3.2-F). These orientations are oblique to dominant trend of the faults with
predominant dip-slip component.

The observations at the field stations are dominantly concentrated around a
relatively larger fault, referred as the master fault, cutting the entire section of
observation. Secondary faults, or parasitic faults (c.f., Fossen and Gabrielsen, 1996),
form extensively in the vicinity of the master fault (e.g. Figure 3.3). As the master
fault is a discontinuity, which results from slip on a narrow zone, it results in some
degree of mismatch in layering across the fault plane. In Figure 3.3 (St-1), for
example, detailed observations on the sedimentary layering found out that, point A in
the hanging-wall was cut and offset from point B in the footwall, resulting in 11.5 m
separation associated with the normal fault plane. This separation is not the total
displacement or net separation but only the apparent relative movement along the
observed section (c.f., Angelier, 1994). The fabric developed within the fault gauge
also confirms the normal separation of the fault plane (Figure 3.3B). The actual slip
vector can be inferred from slickenside lineations.

The deformation around the master fault is always dominated by secondary
synthetic and antithetic faults, having same and opposite dip direction to the master
fault, respectively (Figures 3.3, 3.4, and 3.5). Analog physical modeling efforts has
shown that relative abundance of antithetic and synthetic faults is directly related to
the master fault’s geometry. While, concave upward bends in the fault plane
facilitates formation of antithetic structures, convex upward bends is characterized by
the dominance of synthetic structures (Withjack et al., 1995). The underlying cause
of this match is the fact that antithetic inclined simple shear arises in concave upward
fault bends and synthetic inclined simple shear is influential in convex upward bends
(White et al., 1986; Dula, 1991; Xiao and Suppe, 1992; Withjack et al., 1995). In the
scale of outcrop observations carried out in this study, faults are mostly planar and
the relative abundance is not an issue for the observed antithetic and synthetic faults.
They seem to be formed at equal amounts in most sections (Figures 3.3, 3.4, 3.5 and
3.6). However, the intensity of deformation accommodated by the secondary faults is
more pronounced within the hanging-wall compared to the footwall as also modeled
by Fossen and Gabrielsen (1996) (Figure 3.3). This provides with graben blocks that
are more intensely deformed than the horst blocks (Figure 3.4)

Figure 3.5 illustrates a typical example of a master fault with a well-

developed hanging-wall deformation. The deformation influences a sedimentary
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| Graben |

Graben Block

Horst Block

fault plane

Figure 3.4. Field photograph (A) and sketch (B) of an outcrop surface in St-2. See
Figure 3.1 for the location of the station. A pair of conjugate normal faults form a graben
block between two horst blocks. Deformation is more pronounced in the graben block
compared to the horst blocks. a and b illustrates the location of key layers in the picture.
The truck in the picture is 2 m high.
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Figure 3.5. Field photo (A) and sketch (B) of an outcrop surface in St-2. See Figure 3.1
for the location of the station. The faulted sedimentary section is composed of claystone
beds (dark-gray colored), siltstone-fine sandstone beds (yellowish colored) and a layer
of ash (white colored). Note the interrelation of conjugate faults and the intensity of the
hanging-wall deformation of the main fault. a through e illustrates location of the key
beds on the picture. Slicken sided fault plane surface is 2.5 m high.

75



section comprising alternation of clay beds (dark-gray colored) and siltstone-fine
sandstone beds (yellowish colored) with a layer of ash (white colored). It is clear in
the figure that the intensity of deformation in the hanging-wall accommodated by the
secondary faults increases towards the master fault. This increase not only includes
the number of faults dissecting the volume of hanging-wall but also counts for the
amount of displacement accrued on the secondary faults. Based on the most
prominent secondary faults, the hanging-wall of the master fault can be separated
into three main blocks as Block A to C respectively (Figure 3.5). The Block A forms
a graben bounded between the master fault and the F1. The Block B defines a horst
block bounded by F1 and F7. The Block C is another graben constraint by F7 and F4.
It is evident on the figure that internal deformation in each block is accommodated
by secondary faults and it varies among the adjacent blocks. For example, the most
intense deformation occurs in Block A, which is manifested by relatively larger
rotation of key beds from subhorizontal and large amount of offsets associated with
the second order faults. Comparatively, smaller offsets are distributed among many
secondary faults in block B that is free of significant tilting of key beds from
subhorizontal. Block C, on the other hand, is characterized by minor amount of
offsets, along smaller number of secondary faults as an evidence of least deformation
among the blocks observed on the figure.

As it is stated, hanging-wall deformation of the master fault is usually
dominated by two sets of oppositely dipping faults (Figures 3.3, 3.4, 3.5 and 3.6).
Collectively, these sets are referred as conjugate normal faults having dihedral angle
of approximately 60° (c.f., Anderson, 1951). Several requirements constraint
conjugate faults systems to be identified (Angelier, 1994). There should be at least
two families of faults among which each family is defined, based on common
geometry in terms of dip, strike and the pitch of slickenside lineation. Furthermore,
slickenside lineation of faults in each family should be perpendicular to the line of
intersection of the conjugate counterparts (3-axis). Last but not least, rotation couples
implied by the slip on the conjugate faults should be in opposite sense. Faulting
observed in the Plio-Quaternary sediments of the Gediz Graben commonly satisfies
these requirements within the range of uncertainties and natural variations (Figure
3.7).

Intersecting and crossing conjugate normal faults are common structures in

extensional terrains and have received some attention in the literature (Horsfield,
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Figure 3.6. Field photograph (A) and sketch (B) of an outcrop surface in St-3. See
Figure 3.1 for the location of the station. Note the complex deformation at the zone of
intersection of crossing conjugate faults. a through c illustrates location of the key
horizons in the photo.
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Figure 3.7. Fault data depicting examples of conjugate fault systems in the Quaternary
deposits. Left column illustrates stereographic projections of fault data including
slickenside lineation. Pentagon symbol is for the average position of intersection line of
conjugate fault families (B-axis). Right column shows the frequency of angle between
the slickenside lineation of the fault plane and the B-axis. This angle is expected to be
90° for conjugate faults. (A) Station 1 with n (number of measurements)=19 (Figure
3.2).(B) Station 3 withn=11 (Figure 3.5).
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1980; Nicol et al., 1995; Watterson et al., 1998; Castagna, 1996; Ferrill et al., 2000).
Conjugate normal faults also named as “X-pattern” or hour-glass based on its cross-
sectional appearance in seismic sections (Castagna, 1995; Woods, 1992). Slip on
crossing conjugate normal faults are usually considered as simultaneous (or
synchronous) (Horsfield, 1980; Oddone and Massonnat, 1992; Watterson et al.,
1998). Although, X-pattern produced by crossing conjugate faults do not impose a
geometric problem, simultaneous operation of the crossing pair imposes a
compatibility problem requiring gain, loss or redistribution of the cross-sectional area
(Figure 3.8) (c.f., Ramsey and Hubber, 1987; Ferrill et al., 2000). Watterson et al.
(1998) showed that strain within the intersection zone of conjugate faults is
accommodated by several mechanisms such as intergrain slip and layer thinning at
constant volume. Yet, if the slip on the conjugate pairs occur in alternating sequential
manner rather than simultaneous, there is no need left for the area change eliminating
the compatibility problem (Ramsey and Huber, 1987; Ferrill et al., 2000). In the
classical sequential model, a new fault forms in each stage of the sequence to cut and
offset the earlier faults (Figure 3.9A) (Ramsey and Hubber, 1987). However,
reactivation of existing fault segment may sometimes be a case after T2 in Figure
3.9A because earlier zone of weaknesses are easier to break than a new fault (Morris
et al., 1996). The reactivation may take place in four different ways (Ferrill et al.,
2000) (Figure 3.9B). (1) Reactivation and downward propagation (1 in Figure 3.9B);
(2) Reactivation and upward propagation (2 in Figure 3.9B); (3) Linkage of offset
segments (3 in Figure 3.9B) (4) Reactivation with juxtaposed segment (Figure 3.9C)
(Ferrill et al., 2000). These processes may form complex geometries at the
intersection zone of the conjugate sets (Figure 3.6). Isolated fault bounded
compartments and/or wedges may generally form near intersection zones (Figures
3.5 and 3.6). These compartments may introduce significant reservoir heterogeneities
in oil fields of similar structural style.

The field observations are in good confirmation with the sequential activity
model (Figure 3.5). For example, Fs and Fg in Figure 3.5 is cut and displaced by their
conjugate counterpart F7. F7, on the other hand, is cut by Fg which is synthetic to Fs
and Fe. Therefore, among the pair of conjugate faults, neither set consistently cut and
offset the other set. This eliminates the probability of superimposition of one set over
the other as a succeeding style and proves that conjugate faults form within the same

time frame in which slip on conjugate pairs occur sequentially one after another. To
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Figure 3.9. Sequential slip on crossing conjugate normal faults eliminates the

compatibility problem at the intersection zone. (A) New faults form in each stage of

sequence and cut and offset the earlier fault; (B) Reactivation of the earlier fault instead
of forming a completely new fault. Reactivation can take place in three different ways:
(1) Reactivation and downward propagation, (2) Reactivation and upward propagation,
(3) Linkage of offset segments. (C) Reactivation with juxtaposed segment. TO, T1, T2
and T3 represents progress in time (modified from Ferrill ef al., 2000; Ramsey and

Hubber, 1987).
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further test this model, basic restoration of the conjugate fault systems given in
Figure 3.6 was carried out in a sequential manner in Figure 3.10. Fault activities were
restored one after another starting from the current stage to reach pre-deformed stage
(T4 to Ty in Figure 3.10). Restoration of the sequential activities provided with a
reasonable solution at first order leading to pre-deformed stage successfully (Ty in
Figure 3.10). Yet, there seems to be minor amount of ductile strain associated with
the fault slips resulting in layer thinning and slight mismatches in the pre-deformed
stage To. It is likely that amount of ductile strain accompanying fault slip is a
function of lithology in our case which is dominated by ductile claystones. On the
other hand, simultaneous slip on conjugate pairs may remain a possibility in the case
of faults with vertical displacement gradients towards the conjugate intersection that
is characterized by ductile strain (Watterson et al., 1998).

Outcrop observations (e.g., Figures 3.3, 3.4 and 3.5) suggest that partial
development of the conjugate pairs is also a possibility. In these cases, one of the
faults in the conjugate pair will preferentially form either on the hanging-wall or
footwall of the other fault. This results in “Y” or upside down “Y” type of geometry
in the cross section for the conjugate faults that are not crossing each other but one
abutting against the other (Figures 3.3, 3.4 and 3.5). In Figure 3.5, for example, this
geometry is commonly associated with faults having relatively larger amount of
offsets, such as Fi, F4 and Fs. This suggests that relatively large amount of slip on the
fault may affect formation of crossing conjugate counterpart, and an incomplete
conjugate forms to accommodate strain only on the hanging-wall or footwall block.

It is also important to assess the strike-wise geometries of the fault planes
observed so far in dip section. In order to serve for this purpose, field mapping were
carried out at the St-2 to document spatial geometries of the fault systems (Figure
3.11). The mapped area is a clay pit excavated extensively to provide raw material
for the brick industry. It is very probable during the mapping effort that observed
fault density is biased by the location of the most recent and more intense
excavations as they provide fresh exposures of fault planes that are hidden otherwise.
The mapped area includes field photos discussed in Figures 3.4, 3.5 and 3.6. Five
different units were differentiated in the map area all of which correlates to the
proximal Quaternary alluvium in Figure 2.3 (Figure 3.11):

Unit A is predominantly composed of thick and poorly bedded, weakly

consolidated, laterally continuous, locally cross bedded and rippled, medium to very
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Figure 3.10. Sequential restoration of conjugate fault systems of St-3 (Figure 3.6). TO to
T4 represents stages of deformation from pre-deformed state to final state respectively.
Sequential restoration based on the sequential activity of conjugate faults provides with
acceptable restoration at first order. However, there is also evidence of minor amount of
ductile strain which results in layer thinning and slight mismatches at the pre-deformed
stage TO. Contribution of ductile strain is probably a function of lithology which is
claystone dominated in our case.
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fine grained sandstones and intercalating siltstones that are rich in mica content. The
unit also includes lenses of polymictic conglomerates that are composed of well-
rounded and poorly sorted metamorphic clasts. Base of conglomerate lenses are
scoured and throughy cross bedding is very common. In a very general sense, Unit A
fines upward into dark gray colored clay stones by means of numerous fining-
upward cycles.

Unit B is composed of polymictic, gravelly matrix-supported, and moderate
to well-rounded conglomerates, showing well developed pebble imbrications.
Laterally, the unit B grades into the unit A.

Unit C is a key horizon overlying units A and B in the mapped area. It is a
single bed of white colored, 15-30-cm-thick, very fine-grained ash layer observed in
Figures 3.4 and 3.5.

Unit D is very similar to the unit A, except that it is relatively finer grained
and lacking conglomerate lenses. Unit C separates units A and D with a very sharp
boundary.

Unit E is the recent soil covering the exposures.

All units described above probably deposited in an alluvial fan environment
that is having permanent channel system characterized by the Unit B. Palaeocurrent
indicators in the unit B suggest SE- to NW-directed flow for the channel (Figure
3.11). Unit A and unit D probably represent overbank deposits of the main channel
system having complete lateral gradation with the unit B (e.g., Miall, 1992, 1996;
Cant, 1992). A Quaternary volcanic activity perhaps related to Kula volcanics
(Richardson-Bunburry, 1996) or volcanism in Aegean islands (e.g., volcanic caldera
of Santorini) may relate to the Unit C.

It is interesting that, similar “X” and “Y” patterns formed by conjugate pairs
in cross-sectional view are also observable in the map view in larger scale (Figure
3.11). As Anderson’s theory of faulting predicts that conjugate pairs observed in the
dip sections are essentially parallel in their strike orientations, the observed fault
systems having angular relation in the map view can not be regarded as conjugate
pairs (Figure 3.11). In fact, three separate conjugate systems were identified at St-2
satisfying the conjugate requirements (Figure 3.12). These systems have an
approximate trend of NW—SE, E-W and NE-SW.

As a general observation in the map, NE-SW-striking faults seem to abut to

the NW-SE striking ones. Examples to this are documented by the cases of F;-F, and
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Figure 3.12. Three separate conjugate fault systems identified in the St-2 (Figure 3.11).
Left column documents fault data for each conjugate system with pentagon depicting
the average position of the line of intersection of the two sets (B-axis). Right column
illustrates the angle between the line of intersection and the P axis. This angle is
expected to be 90° for the conjugate faults.
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Fs-F4pairs (Figure 3.11). However, more focused observations on the map can easily
reveal the cases that are vice versa. Around the Fs and Fg, for example, NW-SE-
oriented faults seem to abut to the NE-SW-oriented faults. Similarly, E-W-oriented
faults also lack consistency of cutting to or being cut by the other systems. This
suggests that all three conjugate fault systems form in the same time frame without a
distinct cross-cutting relationship that one cannot put into a chronology. It can also
be inferred that the abutting faults generally form on the footwall of the
corresponding fault (Figure 3.11). Therefore, angular relation between the different
conjugate fault systems is not a complexity caused by hanging-wall deformation
either. If there is a cross-cutting relationship due to successive phases of
deformation, one should expect the continuation of the abutting fault on the other
side of the cutting fault. Most of the time, this is not the case. The only exception to
this occurs for the F; where a small segment of NE-SW-striking fault (F4) is
observable in the hanging-wall and in the footwall (F4). This unique exception can
easily be regarded as a local complexity related to the hanging-wall deformation of
F; because there is not enough constraint to correlate F4* and F4 across the Fj.

If the fault data in Figure 3.11 is illustrated graphically, strike orientations of
the fault planes clusters around three main directions confirming three main
conjugate systems of NW-SE, E-W and NE-SW (Figure 3.13-A and B). Dips are
roughly to the north and south in the range of 45° to 90° (Figure 3.13-B and C). Rake
of slickenside lineations indicate dominance of dip-slip motion on the fault planes
with minor amounts of sinistral and dextral strike-slip component (Figure 3.13D, E
and F).

Based on these pure geometrical observations emphasized in the previous
section, it is not possible to assess the deformation mechanism resulting the observed
fault pattern of multi-direction fault orientations. Yet, it is clear that multiple phases
of normal faulting is not a case for the Figure 3.11 as there is no consistent
superimposition of one fault system to the other. This may suggest that observed
fault pattern might be related to the lack of well-defined direction of extension over
the history of faulting. This may result in multi-directional extension to cause fault
pattern of multi-directional strike orientations related to poorly constraint o3 axis

(Angelier, 1994).
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Figure 3.13. Fault data (N=75) of the St-2. See Figure 3.11 for the geological map ofthe
station. (A) Fault strikes (right hand rule); (B) dip azimuths of the faults, (C) fault dips;
(D) measured rake of the slickenside lineations on the fault plane; (E) plot showing the
fault dips vs rake of the slickenside lineations; and (F) plot showing the azimuth of fault
dips vs rake of the slickenside lineations
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3.1.2. Fault Patterns in Neogene Deposits

Normal faulting is extensively observable within the Neogene sedimentary units of
the Gediz Graben as well. In a similar analyses approach, several profile-based and
an area-based field stations were examined within the Neogene strata to understand
the deformation pattern (Figure 3.1). In the bulk analysis of the fault data, it has been
observed that faults trend predominantly WNW-ESE with dips to the N and S,
respectively (Figure 3.14A and B). This is in good confirmation with faulting
observed in Plio-Quaternary strata (Figure 3.2A and B). However, when fault dips
are examined within the Neogene strata, one can observe tri-modal distribution of the
fault dips concentrated around subvertical, around 60°, and less then 45° (Figure
3.14C). Similar multi-modal distribution is also recognized for measured rake of the
faults which clusters around subvertical, 60-70° range, and less than 45° (Figure
3.14D). These distributions observed for fault dips and measured rake is clearly
different then that of Quaternary strata showing unimodal distribution around 60° for
the fault dips and subvertical for the measured rake (Figure 3.2C and D). Fault dip
and dip azimuth versus rake plots shows similar clustering to that of Quaternary
strata with slightly more scattering (compare Figure 3.13E and F and Figure 3.2E and
F).

Profile-based field stations revealed that normal faulting including conjugate
sets is also a prominent hanging-wall deformation style of the Neogene deposits
(Figure 3.15). If the faulted strata are subhorizontal, the fault pattern is almost
identical to that of Quaternary deposits (compare Figures 3.5 and 3.15). However, in
places of tilted strata some complications were imposed on to this basic pattern by
variable degree of fault block rotation, fault deactivation and new fault formation or
fault reactivation. The field evidence of this is illustrated by Figure 3.16 in which
some of the northward dipping faults were rotated into shallower dips as low as 20°
(e.g., faults 1, 2 and 6). In the mean time, faults of anthitethic orientations, which
were originally conjugate counterparts of the shallower faults, were become steeper
by approaching to subvertical dips (e.g., faults 4, 5, 7, 8 and 9). This rotation is
probably the cause of tri-modal distribution of fault dips in Neogene strata
introducing shallowly dipping and subvertical faults into the system of normal faults

dipping around 60° (Figure 3.14C).
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Figure 3.14. Fault data (N=174) observed across the Neogene deposits. (A) Fault
strikes (right hand rule); (B) dip azimuths of the faults; (C) fault dips; (D) measured rake
of'the slickenside lineations on the fault plane; (E) plot showing the fault dips vs rake of
the slickenside lineations; and (F) plot showing dip direction of the fault planes vs rake
of'the slickenside lineations.
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Figure 3.15. Profile based field station St-8 within the Caltilik formation. See Figure
3.1 for the location of the station. (A) Photograph illustrates the deformation style at the
station; (B) sketch of the photograph that shows the observed fault planes and the
correlation of the hanging-wall and footwall blocks. Conjugate pattern of faulting is
also observable within the Neogene deposits; (C) stereoplot illustrates the fault data
with pentagon depicting the average attitude of the line of intersection of the two
conjugate sets (B axis); (D) histogram documents the distribution of the angle between
the slickenside lineation and the B axis. This angle is expected to be 90° for the
conjugate faults.
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Figure 3.16. Field photographs (A, C) and their sketched drawings (B, D) depicting
faulting in Neogene deposits at St-9. See Figure 3.1 for the location of the station.
Faults 1 and 2 were rotated into shallow dips to luck up (A, B); a new fault 3 cuts and
offsets faults 1 and 2 (A, B); as fault 6 rotates to shallower dips and locks up its
conjugate counterparts faults 7 still remain active and offset the fault 6 (C, D); note the
increase in rotation from north to south as illustrated by dips of faults 11, 10 and 6,
respectively (C, D).
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Behavior of the fault that rotates into a shallower dip is predictable. If you
consider a stress ¢ on the fault plane shown in Figure 3.17A, mutual magnitudes of
two components of ¢, normal component (c,) and shear component (t), determines
the movement on the fault plane. This occurs in a way that (1) facilitates and drives
the motion along the fault plane and (c,) resists the movement by increasing the
friction on the fault surface. The graph on Figure 3.17B illustrates the relative
magnitudes of (c,) and (t) with respect to (o) for fault planes having different
amount of dips. It is clear on the figure that as fault dip becomes shallower (c,)
increases and (1) decreases to deactivate the fault plane. Conversely, increasing fault
dip reduces (c,) and increases (1) to facilitate movement of the fault plane. Outcrop
observations in Figure 3.16 are in confirmation with this relation. Faults (1) and (2)
that rotated into as low as 20° dip have been deactivated and new faults, such as (3)
form to accommodate the extension. Therefore, the new fault cut and offset the older
low-angle fault (Figure 3.16). Alternatively, as rotated fault locked up at low dip
angles, its conjugate counterparts may still remain active at their rotated subvertical
dips (e.g., faults 4, 5, 7, 8 and 9 in Figure 3.16). This result in subvertical faults,
which were originally conjugates of the low-angle fault, cut and offset the low-angle
fault (e.g., faults 1°-4 and 6-7). The amount of rotation is probably controlled by
multiple factors such as distance to major structures, the geometry of the major
faults, etc. However, it is generally observed that the amount of rotation increases
from N to S as a function of distance from the controlling structure of the graben.
Figure 3.16-B mimics this variation by exhibiting that fault rotation increases from
north to south considering the faults 11, 10 and 6, respectively.

Deformation is a dynamic phenomenon including gradual changes in the
geometry of faults. These changes may bring in mechanically unfavorable conditions
for some fault sets to sustain their activity. Yet, the deformation keeps going by
forming the new fault sets having cross-cutting relationships with the former
deactivated faults. Although, there are certain cross-cutting relationships and age
differences between these fault sets, this does not necessarily require different and
successive phases of deformation. The observed fault pattern can be produced during
a single phase of deformation but may represent successive increments (Figure 3.16).

Area-based field-station St-10 illustrates spatial characteristics of the fault

pattern influencing the Neogene strata (Figure 3.18). Master graben-bounding fault
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Figure 3.17. Normal (sh) and shear (t) components of stress s on a fault plane. (A) (1)
drives the motion along the fault plane and (c},) resist movement by increasing the
friction along the fault plane; (B) relative magnitudes of (o;,) and (t) for faults of
variable dips under a constant stress . The relative magnitudes of (o) and (1) are
shown as percentage of applied stress c. Note that with decreasing fault dip (o)
increases and (t) decreases both of which are unfavorable to sustain the movement

along the fault plane.
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(MGBF) is the most prominent structure on the map that is bounding the southern
margin of the Gediz Graben. Although it is not as pronounced, the northern margin
structure of the graben can still be traced and mapped on the surface (Figure 3.18).

Step-like pattern formed by graben-facing normal faults characterizes the
geomorphology of the southern margin of the graben (e.g., Kocyigit et al., 1999a;
Bozkurt and So6zbilir, 2004). From south to north, topographical elevation gradually
diminishes by means of WNW-ESE-oriented normal faults and finally reaches to
almost flat graben floor (Figure 3.18). The most severe elevation decrease is caused
by MGBF. Although, MGBF is a prominent and continuous structure having bends
along strike direction across the St-10, faults located north of MGBF are segmented
in nature and comprises planar and short segments that are overstepping in map view
(Figure 2.3). This geometry is very clearly depicted by the northernmost fault set
extending from Yenikdy to Dere and passing immediately south of the Alasehir
(Figure 2.3). In fact, this fault set bounds the southern margin of the modern graben
floor and marked by coalesced Quaternary alluvial fans. In a similar way, a series of
coalesced Quaternary alluvial fans mark northern margin structure of the graben,
which is also discontinuous and segmented. With time and progressive deformation,
these isolated fault segments are expected to join and form a single fault with along
strike bends corresponding to former overlapping zones (e.g., Mcdonald 1957,
Larsen 1988; Morley et al., 1990; Peacock, 1991; Peacock and Sanderson, 1991,
1994; Childs et al., 1995; Coskun, 1997; Peacock et al., 2000; Lezzar et al., 2002;
McLead et al., 2002; Mauk and Burruss, 2002; Trudgill, 2002; Younes and McClay
2002; Young et al., 2002; Soliva and Benedicto, 2004, 2005; Acocella et al., 2005;
Bozkurt and So6zbilir, 2006). The segmented geometry and the age of
lithostratigraphic units that the faults influenced suggest that these faults are younger
and geometrically more immature than the MGBF (Figure 2.3). Interaction of the
fault segments and their connection with progressive deformation is dealt in Chapter
4 based on a field example.

To the south of the MGBF in Figure 2.3, the observed field relations are more
complicated. At this part of the St-10, the contact between the exposed Miocene
sediments (Alasehir or Caltilik formations) and the metamorphic basement is a low-
angle normal fault which is traditionally called as the detachment fault (Hetzel et al.,

1995; Emre, 1996; Kogyigit et al., 1999a; Seyitoglu et al., 2000, 2002; Yilmaz et al.,
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2000; Lips et al., 2001; Bozkurt, 2001, 2002, 2003; Sozbilir, 2001, 2002; Bozkurt
and Sozbilir, 2004; Kaya et al., 2004). Due to low dip amount of the detachment
fault, it is sometimes difficult to accurately identify the fault zone unless careful
outcrop observations are carried out. The difficulty is especially pronounced for the
cases where conglomeratic facies of the Miocene deposits overlie the metamorphic
basement via the detachment fault. Under these circumstances, the low angle normal
fault between the Miocene deposits and the metamorphic basement can easily be
misidentified as an unconformity (e.g., Cohen et al., 1995; Dart et al., 1995; Yilmaz
et al., 2000; Seyitoglu et al., 2002). Accurate delineation of the fault requires
observations on the slickendsided and polished nature of the contact as well as the
texture of the underlying metamorphic rocks (Figure 2.5). Cases of paper shales
overlying the metamorphic basement or remnants of Neogene deposits sitting at the
top of the exposed slickensided fault surface do also exist as an evidence of the
faulted contact. This relation was first documented by Deniz et al. (2002) in the
Gediz graben.

Presently low-angle and inactive detachment fault exposing south of the
MGBEF is cut and displaced by more steeply-dipping normal faults that offset the
Miocene strata as well (Figure 2.3 and 3.18). This relation is already documented by
Bozkurt and Sozbilir (2004) at west of Sogukyurt village (Figure 2.3). The observed
cross-cutting relation constitutes the main foundation of the models suggesting a
two-stage extension for the western Turkey (Kocyigit et al., 1999a; Bozkurt and
Sozbilir, 2004): (1) Earlier stage of extension related to core complex formation in
the footwall of low angle normal fault during the Miocene; (2) late stage extension
producing E-W-grabens with high-angle normal faults during Plio-Quaternary times.
This relation mimics the outcrop observation between shallow dipping faults and
steep dipping faults in the St-9 (Figure 3.15). As already discussed, rotation of a fault
into lower dip amounts gradually works against the movement on the fault plane by
increasing the normal component and decreasing the shear component of the stress
(Figure 3.17). This inevitably stops the activity along the rotated fault plane and
necessitates formation of new fault planes or reactivation of older fault planes that
possess more favorable dip amounts. These new fault planes are therefore may cut
and offset the fault rotated to shallower dip amounts as in the cases of St-9 and St-10
(Figures 3.16 and 3.17). Although, the cross-cutting relationship can be a product of

multiphase deformation history, similar geometries can also be created during
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continuum of deformation with in a single phase. St-9 in Figure 3.16 is probably an
example of this. Further data is required to assess if the cross-cutting relationship
between the detachment fault and the steep normal faults represent a multiphase-
deformation history. Analyses of subsurface data in Chapter 5 provide further
evidence to constraint this argument.

Beds of Miocene strata exposing south of the MGBF are predominantly back
tilted with dips to the south towards the intersecting steeper normal faults (Yilmaz et
al., 2000). Although, the detachment fault usually dips towards the north in the range
of 40°-10°, there are places where the detachment fault is also back tilted with dips to
the south (Figure 2.5).

Several studies suggest that there is a basinward migration of the southern
boundary structure of the Gediz Graben (Dart et al., 1995; Kogyigit et al., 1999a).
This implies that the northern faults are younger than the southern faults along the
southern margin of the Gediz Graben. Although this is correct for north of the MGBF
as already discussed above, there is not enough constraint to suggest that the steeper
normal faults exposing south of the MGBF and cutting and offsetting the detachment
fault is older than the MGBF (Figure 2.3). Subsurface evidence form 2-D seismic
profiles and 2-D forward modeling of the extension indicate that the presently low-
angle detachment fault may be the rotated continuation of the MGBF (see Chapter
5). If this is the case, steeper normal faults cutting and offsetting the detachment

could be younger than the MGBF.

3.2. The Stress Field

Identification of the stress field that drives the deformation in an area is one of the
basic questions that methods of fault analyses are intended to solve. Driving the
deformation, deviatoric stresses can be inferred from field observations on the
orientation of fault plane striations of exposed faults. Numerical palaeostress
reconstructions based on fault-slip data have been a useful tool for decades (e.g.,
Carey and Brunier, 1974; Angelier, 1979, 1994; Etcheopar et al., 1981; Gephart and
Forsyth, 1984; Yamaji, 2000). These reconstruction methods are based on the
theories of stress-shear relationship proposed first by Wallace (1951) and Bott
(1959). Determination of the stress tensor based on the fault data, that includes
direction and sense of slip measured on numerous faults, is known as stress inversion

(Angelier, 1990, 1994). In the absence of rupture-friction data, the complete stress
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tensor can not be determined but the reduced stress tensor which constrains the
orientation of three principal stress axes and the ratio of @ can be solved (Bishop,

1966; Angelier, 1984).

@ = (6-63) / (61-635) 0 <® < (Bishop, 1966) [1]

Various methods and improvements have been published for the solution of
inverse problem since the early 70s (Carey and Brunier, 1974; Angelier, 1975, 1990,
1994; Etchecopar et al., 1981; Angelier et al., 1982; Reches, 1987). These methods
are based on two basic assumptions: (1) the stress is uniform and invariant over the
history of faulting; (2) the slip on each fault surface has the same direction and sense
as the maximum shear stress resolved on the fault surface from the regional stress
field (The Wallace — Bott Hypothesis). Validity of these assumptions has been
questioned by various studies (e.g., Pollard and Segal, 1987; Pollard et al., (1993).
Based on empirical observations and theoretical analysis, Angelier (1994) concludes
that discrepancy caused by invalidation of basic assumptions remains statistically
minor compared to error in data collection. Furthermore, Twiss and Unruh (1998)
proved that the assumption (2) is valid in cases where fault block rotations are
negligible and there is linear relationship between stress and strain. Appendix III
documents the theory of stress inversion methods in detail.

The techniques of basic inversion methods are problematic if the observed
deformation is a product of multiphase deformation history. Fault data of this
character is commonly called as heterogeneous. If faults belonging to individual
deformation phases can be classified based on field observations, the basic inversion
methods can easily be applied to heterogeneous data sets. Although, such
classifications can be done one a regional scale, it is difficult to classify slip
measurements of meso-scale faults in this way through field observations. There are
several methods presented to address the analyses of heterogeneous fault slip data

(Reches, 1987; Arminjo et al., 1982; Huang, 1988; Angelier, 1994; Yamaji, 2000).

3.2.1. Stress Field of Faulting in Plio-Quaternary Deposits
Inversion of fault-slip data from Plio-Quaternary field stations constrained the
reduced stress tensor successfully (Figure 3.19). Figure 3.19 not only illustrates the

fault data with the governing principal stress direction but also two important values,
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Figure 3.19. Stress analyses carried out within the Plio-Quaternary deposits.
Stereoplots illustrate fault data and the position of principle stress axes. Histogram
depicts distribution of ANG value as a measure of fit. (A) All the Quaternary fault data
acquired from profile based field stations. Fault data acquired from field station (B) St-
1; (C) St-2; (D) St-3; (E) St-4; (F) St-5; (G) St-6; and (H) St-7. See Figure 3.1 for the
location of the field stations.
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the ¢ ratio and the quality estimator ANG. Referring the relative magnitudes of
principle stresses, the ¢ ratio in formula [1] conveniently describes the shape of the
stress ellipsoid (Angelier, 1994). Ranging between two extreme values of 0 and 1,
the ¢ ratio constraints all-possible cases between uniaxial compression (G,=c3; ¢=0)
and uniaxial extension (c;=c2; ¢=1) respectively (Angelier, 1994). In extensional
tectonic settings, simple (uniaxial) extension is generally represented by relatively
elevated values of ¢ (e.g., 0.5) implying that there is a well-defined o3 axis having
considerable difference from o, and o, in magnitudes (Angelier, 1994). On the other
hand, lower values of ¢ indicates closeness of o, and o3 in magnitude which
facilitates (o,) / (o3) permutations (Angelier, 1994). In another words, magnitudes of
62 and o3 are close to each other that these two axes may swap positions during the
deformation phase and result in multidirectional extension and related complex fault
patterns similar to St-2 in Figure 3.11.

The quality estimator ANG defines the angle between the measured slip on
the fault plane and the theoretical shear vector resolved on the fault plane from the
computed stress axes (Angelier, 1994). If one remembers the assumption (2) of slip
inversion methodology, it states that measured slip and the resolved shear vector on
the fault plane are essentially parallel, i.e. ANG equals to zero. Therefore, smaller
values of ANG indicate a better fit of the computed stress axes to the measured fault
slip. As a rule of thumb, ANG values smaller than 22,5° are considered as good fit
and those between 22,5° - 45° represents poor fit. Anything larger than 45° indicates
a bad consistency between the measured slip and the computed stress tensor.
Solutions that yields ANG values smaller than 45° are usually considered as
acceptable (Angelier, 1984). See Appendix III for detailed discussion on the ¢ and
the ANG values.

It is clear on the Figure 3.19A and C that Plio-Quaternary faulting examined
in the profile based field stations and St-2 respectively indicates an almost N—S-
oriented extension with sub-vertical o; and N—S-oriented sub-horizontal o3 axes.
Being perpendicular to both o; and 63, 6, axis trends almost E-W with a shallow dip.
The ¢ ratio is low, around 0,25 (Figure 3.19A and C). Quality estimator ANG
clusters within the good fit threshold of 22,5° with most of the deviation being less

than 45°. Therefore, average ANG value suggests an acceptable fit for the slip data
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and the computed stress tensor (Figure 3.19A and C). However, histograms in the
figure indicate that despite the reasonable fit suggested by the average ANG, there
are also individual misfits that are much higher than the average. The potential
causes for the inconsistent measurements could be variable: (1) the stress field may
vary spatially with local stress field anomalies that are caused by fault interactions
and linkage (Ciftci and Bozkurt, 2007); (2) poorly defined o3 axis may result in
variation of extension direction leading to multi-directional extension (Angelier,
1994); (3) fault interaction may invalidate basic assumptions of the slip inversion
methodology yielding poor solutions (Pollard and Segal, 1987; Pollard et al., 1993);
(4) instrumental and measurement errors during data collection.

Slip inversion carried out at the individual profile based field stations also
confirms N-S-oriented extension in general although some variations do exist
(Figure 3.19C to H). Compared to cumulative analyses carried out at Figure 3.19-A,
analyses of individual stations have sometimes yielded better fit between the slip-
shear angle, i.e. the ANG value (Figure 3.13). The better fit is especially pronounced
in the cases of fault pattern that is characterized by conjugate fault systems of St-1
and St-3 (Figure 3.19B and D). In these stations most of the ANG values fall into the
22,5° class with a relatively small average ANG. The relatively elevated ¢ ratio and
the observed conjugate fault pattern probably suggest a better-defined direction of
extension for these stations (Figure 3.19B and D). The other stations are
characterized by multiple orientations of fault strikes (St-4 to St-7), and therefore the
fit is comparable to that of cumulative analyses.

The ¢ ratio varies from 0,091 to 0,349 for all the stations (Figure 3.19). This
low value of ¢ suggest that o, is close to 3 in magnitude and (6,)/(c3) permutations
are likely. Indeed, Figure 3.19H depicts a situation where the o3-axis is almost E-W-
oriented in contrast to the general N—S-oriented extension. As a potential example of
(02)/(03) permutations, the lowest computed ¢ value and the observed fault pattern of
St-7 clearly indicates a multi-directional extension.

Although, the computed stress tensor and the acquired fault data are in good
confirmation as illustrated by Figure 3.19, it still worth to test the fault data for
heterogeneity. The heterogeneity of the fault data can be caused not only by
polyphase deformation history but also incremental deformation and spatial variation

of the stress state. Several methods and improvements have been published for the
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analyses of heterogenous fault data (e.g., Angelier, 1979; Armijo et al., 1982; Huang,
1988; Yamaji, 2000). In this part of the study the multiple inverse method, which
based on the classical slip inversion methodology, is employed to test the
heterogeneity of fault data (Yamaji, 2000). The method is a numerical technique to
separate stresses from heterogenous data without a priori knowledge on the stresses
or the classification of the faults (Yamaji, 2000; Yamaji et al., 2005). The method is
basically an adaptation of Hough transformation to stress inversion (Ballard, 1981;
Yamaji, 2000; Yamaji et al., 2005). The theoretical background of the multiple
inverse method is also discussed in Appendix III together with the slip inversion
methodology.

Figure 3.20 illustrates the results of the multiple inverse method applied to the
area based field station St-2 (Figure 3.20A) and all the Plio-Quaternary fault data
acquired at the profile based field stations (Figure 3.20B). The stereoplots on the left
depicts the orientation of the o; axes while those on the right illustrates that of o3.
The colour of axis indicates a ¢ ratio that is classified based 10% intervals in the
colour scale varying between 0 and 1. It is clearly emphasized on the figure that the
attitude of o) axis is very well constraint (Figure 3.20). Average G, orientation in
Figure 3.20A and B is very close to the slip inversion solution illustrated in Figure
3.19-A and C having mere differences of 2,9° for all the quaternary faults and 4,0°
for the St-2. Similarly, the ¢ ratio also possesses similar low values in both analyses
to support the argument of o, is being close to o3 in magnitude to result in poorly
defined direction of extension.

Three main clusters can be identified on the o3 distribution plots given on the
right column. These clusters, named as I, II and III, correlate very well in both Figure
3.20A and B. In a general sense, clusters I and II, are probably related and represents
rough N-S-oriented extension which was already interpreted based on stress
inversion results shown in Figure 3.19. The distribution range of clusters varies
between N—S to NW-SE for the cluster A and N-S to NE-SW for the cluster II
(Figure 3.20). This suggests that the rough N—S extension is generally constraint and
variable between NW—SE to NE-SW. Similarly, the slip inversion methodology
have also computed extensional axes generally varying between NW—SE to NE-SW
(Figure 3.19). The cluster III, on the other hand, is different than I and II and

indicates an almost E-W-oriented extension (Figure 3.20). If the ¢ values of cluster
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Figure 3.20. Multiple inverse method (Yamaji, 2000) applied to: (A) All Quaternary
faulting from profile based field stations; (B) area based field station St-2. See Figure
2.3 for the location of the stations. Stereoplots on the left column indicate orientation of
o, axes and that on the right indicates o5 axes. There is a good consistency in the
attitudes of o, axes. Three main clusters I, II and III can be identified based on the o;
axes. The clusters do not represent successive phases but multi-directional character of
the extension as also supported by observed fault pattern.
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IIT is referred based on the colour scale for the cluster III, one can also see that the ¢
ratio is very low for the cluster varying in the range of 0,0 to 0,1. All these aspects of
the cluster III is very similar to the slip inversion result for the St-7 and probably
indicates an episodes of (5,)/(o3) stress permutations.

Although, stress inversion methods offer potential of computing four of the
six component of the stress tensor (called as the reduced stress tensor), it requires the
slip vector to be measured. The slip vector can be approximated by slickenside
lineation on the fault plane, which requires measurement of the attitude of the fault
surface as well as the rake of the slickenside lineation. This is an easy field task to
accomplish unless the faults cut lithologies lacking well-defined slickensided fault
surfaces. Further limitations arise for the cases of faults defined based on subsurface
data such as borehole logs and seismic reflection data. Lisle et al. (2001) have
proposed a method of stress inversion that can be applied to fault populations
avoiding measurement of the slip vector. This method only requires the sense of
fault’s dip-slip component to be known (i.e. the normal or reverse). Appendix III
documents the theoretical background of the methodology.

The stress inversion method requiring only the fault slip sense was applied to
all Quaternary faulting and area based field station St-2 (Figure 3.21). The main aim
of this effort is to check the slip inversions of slip-vector based Angelier (1990)
method and slip-sense based method of Lisle et al. (2001) mutually. Similarity of the
obtained results from both methods will not only improve the validity of computed
stress axes for Plio-Quaternary faulting but also test the slip-sense based method
before applying to subsurface data in Chapter 5. Although the slip-vector based
method can compute a unique stress tensor with orientation of stress axes and ¢ ratio,
the slip-sense based method allows computation of numerous compatible tensors
(Figure 3.21). Therefore, the selection of stress axes and the ¢ ratio in the slip-sense
based method needs to be done using frequency distribution plots (Figure 3.21). It is
clear on the Figure 3.19A and C and Figure 3.21A and B that stress axes of both slip-
vector and slip-sense based methods are in good confirmation with each other having
subvertical o; and subhorizontal o3-axis trending roughly in N-S direction.
Compared to ¢ ratios of 0.25 in slip-vector based method, ¢ values are clustered in

the range of 0 — 0.20 for the slip-sense based method (Figure 3.19A and C and Figure
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SOLUTION PARAMETERS
Increment angles: 5°

Increment ¢: 0.2

Number of trial tensors: 36,666
Number of compatible solutions: 98
Solution %: 0.2672776 E-2

SIGMA-1

Mean Principal Direction: 83°/284°N
Mean Resultant Direction: 84°/188°N

SIGMA-3
Mean Principal Direction: 00°/026°N 0 0.2 0.4 06 0.8
(A) Mean Resultant Direction: 05°/064°N Phi Ratio

M

SOLUTION PARAMETERS

Number of trial tensors: 36,666
Number of compatible solutions: 329
Solution %: 0.897289 E-2

Increment angles: 5°

Increment ¢: 0.2

SIGMA-1

Mean Principal Direction: 84°/074°N
Mean Resultant Direction: 84°/347°N

SIGMA-3
Mean Principal Direction: 03°/192°N 0o 02z 04 06 08
(B)  Mean Resultant Direction: 10°/128°N Phi Ratio

Figure 3.21. Results of the stress inversion method that require only fault slip sense
applied to (A) all Quaternary faulting; (B) area based St-2. The column on the right
shows location of 5, axes and column on the left illustrates location of 5; axes. @ ratio is
given as an histogram with 0.2 increments.
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3.21). Despite this difference, the computed ¢ ratios are still close to each other and

are in conformation of the fact that o, is close o3 in magnitude.

3.2.2. Stress Field of Faulting in Neogene Deposits

Stress inversion methodology was also applied to fault data acquired from Neogene
sedimantary units of the Gediz Graben. The solution of the inverse problem suggests
that bulk of the fault data confirms the NNE-SSW-oriented extension with
subvertical 6;, WNW-ESE trending o, and NNE-SSW trending o3 axes (Figure
3.22A). ¢ ratio is low around 0.25 and similar to that of Pio-Quaternary strata.
Although, the average ANG value is slightly higher than the good-fit threshold of
22.5°, frequency distribution clearly indicates that most of the measured slip is in
good confirmation (ANG<22.5) with the theoretical slip vector computed based on
the inverted stress tensor (Figure 3.22). Therefore, the inverse problem also yields
satisfactory solution for the case of Neogene strata by constraining the reduced stress
tensor, which is composed of three principal stress axes and the ratio of ¢ (Figure
3.22A).

When the solution of individual field stations are examined and compared
with that of the bulk analysis, one can observe that results yielding similar direction
of extension were generally obtained from the individual field stations (Figure 3.22).
However, some minor variations can still be observed among the field stations,
which might be important to understand the nature of extension. These variations can
particularly be observed at stations 8, 9 and 11. Stations 8 and 11, for example, are
characterized by almost N—S-oriented extension and are good candidates of (o) /
(o3) axes permutations (Figure 3.22B and E). In fact, close examination of fault data
at these stations can recognize some fault slips that fit to almost E—~W-oriented
extension as well. Evidence of E-W-extension is not only limited to fault slips but
also the fault orientations. Although general fault pattern at these stations suggest a
NNE-SSW-oriented extension with WNW-ESE-oriented conjugate faults, there are
also couple of N-S-striking faults granting with the E-W-oriented extension. All
these fault plane evidence together with low ratio of ¢ on the order of 0.1 propose
that (o) \ (o3) axes swapping were probably the case for these stations. Because the

solution of the inverse problem averages between the two components of multi-

107



St-8
(B) A_ Gokgealan
- 2
ﬁ 10
g e z*
E P
Ew £,
5 2
o o
2s 45 ws . wow 25 @ @5 W e
e ‘ o
4
+ o1 56:«’027:N ¢, =0.259 i O 82°/064°N ti) =0.114
» oz 01°/281°N Average Ang: 32.50° X g 07°1269°N Average Ang: 51.39°
A o 04°1191°N N=174 A G 0378N il
C . st9 [(D st-10 |(E St-11
(©) P Sart (D) e ’ , Alagehir( ) ) L . Sogukyurt
«-r'
- N \ =
) ,.\ X . e
Gy: 72°/081°N ay: 79°/009°N _ oy 82°M70°N
b=0.305 * h=0.231 * $=0.126
X o 12212 Moaragn Ang: 3438 X o 017104 Average Ang: 30.64° | X o2 01°/270°N Average Ang: 15.07°
a: 13°/305°N N=16 A 5y 11°1194°N N=65 A ay: 07°/000°N N=14
¥ 14
: N -
i f= £
2 S5 -]
.E; E!O g0
: . B
. o S — : — —
25 45 675 W Moe 25 45 675 90 Moe W6 45 66 W Mow
ANG ANG ANG
St-12 5t-13 St-14
(F) i ‘ Galtilik, (G) N 2 Sarnkiz (H) Evrenli
‘L’ py & N
PR g o B3N \ o Fr v 72020°N é ‘
oy o 8171258 $=0.387 gy $=0.182 X o 04°1286°N $=0322
X oy 07°/113°N Average Ang: 19.70° | X = Average Ang: 37.14° | > A Average Ang: 27.58°
A g, 05°023°N N=33 X o, 05°/199°N fen o3 17°1196°N N=19
= “ :
rzz [ z o EZ
¥ 8 N
M i I§
- : :
0  — 0 | o
25 45 675 B0 More: 28 48 815 a0 Mare e e 75 “ More
ANG ANG ANG

Figure 3.22. Stress analyses carried out within the Neogene deposits. Stereoplots
illustrate fault data and the position of principal stress axes. Histogram depicts the
distribution of ANG value as a measure of fit. (A) All fault data acquired within the
Miocene strata. Fault data acguired from (B) St-8; (C) St-9; (D) St-10; (E) St-11; (F) St-
12;(G) St-13 and (H) St-14. See Figure 3.1 for the location of the stations.
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directional extension, the computed stress axes and inferred direction of extension
slightly deviates from the solution of bulk analysis and the other field stations.

A slightly different scenario can be drawn for St-9 having NW—SE-oriented
extension (Figure 3.22C). If you examine fault orientation and neglect the slip data at
this station for a second, the observed fault pattern seems to mimic the conjugate
fault system forming under NNE-SSW-oriented extension (e.g., similar to St-12). In
fact, there are some slip data at St-9, which is conformable with NNE-SSW-oriented
direction of extension. It is likely for this station that the original fault pattern have
probably formed under NNE-SSW-oriented regional extension but subsequently
exposed to a local stress field anomaly. Therefore, original faults have started to slip
in accordance with the local stress field of NW-SE-oriented extension. The local
stress field not only changes the slip direction of former faults but also change the
structural style by breaking new faults striking NE-SW. Local stress field anomaly
can developed due to fault interaction and/or during the fault segment linkage
process (Ciftci and Bozkurt, 2007). An example of this with detailed analysis of the
stress field is discussed in the next chapter.

Multiple inverse method of Yamaji (2000) was also applied to this data set to
check the data for heterogeneity (Figure 3.23). The actual o, axis is again well
constrain at subvertical attitude based on the distribution of computed o, axes. o3
axis, however, requires some evaluation of compatible orientations having distinct
clustering. Indeed, NNW-SSE-oriented solutions form a very strong -cluster
suggesting that most of the solutions are compatible with the NNW-SSE-oriented
extension. Named as cluster I, this orientation is similar to classical slip inversion
solution given in Figure 3.22A. Although not as distinct, cluster II can also be
differentiated based on the o3 solutions (Figure 3.23). This cluster probably
represents the axis-swapping phenomenon for the Neogene strata that results in
multi-directional extension as in the cases of St-8 and St-11. Solutions falling out of
these clusters are not significant and probably represent natural variation, local

anomalies or invalidation of the methodology.

3.3. Discussion
Detailed analyses of fault systems carried out through Plio-Quaternary and

Neogene deposits find out that fault systems investigated in both sedimentary
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packages share many similarities (Figures 3.2 and 3.14). These similarities are not
limited to fault patterns but also cover the governing stress field controlling the
deformation. Dip-frequency and rake-frequency diagrams showing uni-modal
distribution for the plio-Quaternary package and tri-modal distribution for the
Neogene package portray the most important distinction between the fault
populations (Figures 3.2 and 3.14). However, the observed evidence of rotation at St-
9 in Figure 3.16 may explain the three-modal distribution of the fault dips by forming
shallowly dipping and subvertical faults for the Neogene population. The inferred
rotation can also influence the slip measurements if the rotation axis deviates from
the strike of the faults. This changes the rake of the lineation with respect to strike of
the fault plane.

Based on the similarity of fault patterns observed in Plio-Quaternary and
Neogene populations, no clear evidence of change in structural style was observed.
The exception to this is depicted by the low-angle detachment fault and the high-
angle normal faults having cross-cutting relationship at the St-10. Refereed as two
distinct structural styles of extension by the recent literature (Bozkurt and Rojay,
2005; Bozkurt and Mittwede, 2005 and references therein), there is not enough
constraint to separate these styles into two distinct phases of extension. Associated
with large amount of offset, it is likely that the detachment fault has undergone
significant amount of change in its geometry related to wide range of factors from
crustal scale isostasy to gravitational collapse (Wernicke and Axen, 1988; Buck,
1988; Graue, 1992; Fossen and Gabrielsen, 1996). In a similar way to St-9, both
styles can form in the continuum of deformation. Rotating a structures to shallow
dips in the course of deformation will naturally stops its activity and necessitate new
structures to form that potentially have cross-cutting relation with the former.

Before the conclusion on this issue another hesitation arises due to the fact
that the outcrop observations were desperately concentrated along the southern
margin of the Gediz Graben due to the availability of the exposures. Although this
margin provides invaluable information to the geology of the graben, fault systems
here are likely to expose later modifications in their geometry (e.g. rotation, bending
etc.) more than anywhere else in the basin as the most intense and active site of
deformation. Subsurface studies are required to provide more concrete and

conclusive evidence on this issue by providing data from the entire basin.
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Slip inversion methodology applied to fault data has yielded satisfactory
solutions both for Plio-Quaternary and Neogene populations (Figures 3.19 and 3.22).
Based on these data, it can be stated that graben is experiencing roughly N-S-
oriented extension during the deposition of the graben fill (Figure 3.24). Most field
stations including bulk analysis of Plio-Quaternary and Neogene fault populations
yielded a reduced stress tensor that is conformable with the NNE-SSW-oriented
extension. As a result, this is accepted as the main direction of extension for the
southern margin of the Gediz Graben (Figure 3.24). Variation from this direction
does exist and probably represents local stress field anomalies and stress axes
permutations. Indeed, observation on the spatial variation of the stress field in the
structural framework of the St-10 clearly illustrates that variation in the general trend
of extension is commonly associated with bends in the strike of faults or zones of
potential fault interaction (Figure 3.25).

Two different methods were tested to compute the principal stress axes of
deformation for the Plio-Quaternary fault population. Angelier’s (1990, 1994) direct
inversion method based on measurement of slip vector and Lisle’s (2001) method
requiring only fault slip sense have produce very close solutions to constrain the
principal stress directions. Furthermore, the computed stress directions are
conformable with the observed fault patterns. This suggests that despite the
hesitation on the validity of stress inversion methods (Reches, 1987; Marrett and
Allmendinger, 1990; Pollard et al., 1993), the applied methodology produced
acceptable solutions.

The fault slip data were also tested for heterogeneity using the multiple
inverse method (Yamaji, 2000). Assessment of the method’s solution together with
the observed field relations lead to conclusion that the fault populations of Plio-
Quaternary and Neogene strata are not heterogeneous. Yet, multi-directional
extension inferred from fault patterns and value of ¢-ratio has introduced some
complexity to the observed fault patterns. Furthermore, no major differences were
detected between Plio-Quaternary and Neogene fault populations to state that there
are multiple phases of deformation. This doesn’t necessarily exclude the validity of
two-stage extension model of the region. If both stages are characterized by similar

orientations of stress axes, the applied analyses may fail to reveal the distinction.
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Figure 3.24. Summary of'the stress inversion results carried out along the southern margin of the Gediz Graben. See Figures 3.13 and 3.16 for detailed
information on the individual stations. The inverted stress tensor suggests that the graben is currently experiencing ~N-S oriented extension ranging

from NNW-SSE to NNE-SSW. NNE-SSW-directed extension is probably more common and regional.
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CHAPTER 4

RELAY RAMPS AND FAULT SEGMENT LINKAGE

This chapter documents the geological characteristics of a relay ramp currently
evolving along the southern margin of the Gediz Graben. The analyses are based on
the geological field mapping carried out at field station St-15 (Figure 3.1). At the
field station, the relay ramp is identified based on morphological and structural
criteria. The ramp area represents a local anomaly of deformation, which is
characterized by variation of the structures from the regional style. The observed
variations at the ramp area include variation of dip direction and orientation and
intensity of faulting as well as variation of the governing stress regime. The change
of structural style takes place both in spatial and temporal context in relation to the

change of stress field during ramp evolution.

4.1. Background on Relay Ramps
Normal faults and associated deformation zones are common structures in regions
experiencing extension. Although normal fault zones typically extend in excess of
100 km, they commonly comprise an array of overstepping and linked fault
segments. The volume of rock that is deformed and tilted between two normal fault
segments that overstep in map view is called a transfer zone (e.g., Peacock et al.,
2000). If two segments dip in the same direction, the transfer zone is called a
synthetic transfer zone (Morley et al., 1990) or a relay ramp (Larsen, 1988; Peacock
and Sanderson, 1991, 1994) (Figure 4.1). Widths of relay ramps between
overstepping normal faults follow a power-law (fractal) relation from millimetre
scales to tens or hundreds of kilometers (e.g., Peacock and Sanderson, 1994;
Schlische et al., 1996; Peacock, 2003).

Although a range of specific geometries can developed between the

overstepping fault segments, the terms ‘soft-linked’ and ‘hard-linked’ represent the
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footwall

fault segment |

fault segment Il

hanging wall

Figure 4.1. Block diagram of two overstepping normal fault segments dipping in the
same direction. Displacement among the fault segments is transferred by formation of a
relay ramp. From Larsen (1988), Peacock and Sanderson (1991, 1994).
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two end-member geometries (Gibbs, 1984; Walsh and Watterson, 1991). Soft-linked
segments are those that are characterized by a distributed deformation of a relay
ramp without a breaching fault (Figures 4.1, 4.2A and B). On the other hand, hard-
linked segments contain a fault surface (a breaching fault) that cuts through the relay
ramp and links the individual segments (Figure 4.2D and E). Soft-linked segments
may become hard-linked segments through time in an evolutionary manner (Peacock
and Sanderson, 1994). Four different stages were described through soft-linked to
hard-linked evolution (Figure 4.2; Peacock and Sanderson, 1991, 1994). In stage 1,
fault segments are isolated with little or no interaction between the segments. In
stage 2, segment interaction initiates as faults propagate toward each other and
overlaps. At this stage a relay ramp connects the footwall of one fault with the
hanging-wall of the other. Displacement is transferred from one segment to the other
by deformation of the relay ramp. Transfer of displacement at a relay ramp is
achieved in three ways (Figure 4.3): (1) rotation about a vertical axis to
accommodate heave gradients on bounding faults; (2) rotation about one or more
horizontal or low inclination axes to accommodate vertical throw gradients on
bounding faults, i.e. tilting; (3) transverse faulting and fracturing to accommodate
fault-parallel extension (Ferrill and Morris, 2001). With stage 3, fracturing initiates at
the relay ramp in response to accumulated tilting, vertical axis rotation and cut-off
parallel elongation prevailing in the ramp area.

Finally in stage 4, the relay ramp is broken by a composite fault or a
breaching fault and consequently two overstepping segments join with an along-
strike bend (Figure 4.2E). The primary factors controlling the breaching of a relay
ramp can be underlined as slip vectors and displacement gradients of overlapping
faults that bound the ramp area (Ferrill and Morris, 2001). Depending on the stress
conditions at the overlap area, breaching may take place either at the upper ramp or
at the lower ramp with abandonment of the other.

The interpretation of relay ramps in complex deformation zones is difficult,
yet indispensable in hydrocarbon prone basins. They play an important role in
hydrocarbon migration and structural trapping mechanisms (Morley et al., 1990;
Peacock and Sanderson, 1994, Ferrill and Morris, 2001). As they link the hanging-
wall and footwall of fault systems, relay ramps can be important loci of hydrocarbon
migration (Larsen, 1988, Ferrill and Morris, 2001). Migration can occur from the

basin, which is the hanging-wall, up to the ramp and to the footwall (Peacock and
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Figure 4.2. Schematic diagram showing evolutionary stages of a relay ramp. Tick
marks on the map view depict the down thrown block of normal faults. (A) Stage I: The
faults do not interact; (B) Stage II: The faults have started to interact and a relay ramp
developed to transfer the displacement among the segments; (C ) Stage III:
Accumulated strain in the relay ramp resulted in initiation of fracturing; (D) Stage IV:
The relay ramp is broken by a breaching fault to form a single fault zone with strike
irregularity; (E) Upper bench is abandoned and two segments joined through breaching
of lower ramp that form an along strike bend on the course of the main fault. Modified
from Peacock and Sanderson (1994).
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Figure 4.3. Block diagram illustrating deformation mechanisms at a relay ramp.
Rotation about horizontal axes and vertical axis and fault-parallel-extension is
predominantly controlled by slip vectors and displacement gradients of the bounding
faults. From Ferrill and Morris (2001).
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Sanderson, 1994; Ferrill and Morris, 2001). Mechanical interaction of fault segments
and resulting variation of local stress field leads to a change of structural style at
relay ramps. A relay ramp also represents an upgrade from approximately two-
dimensional extension to three-dimensional (triaxial) extension with oblique-slip
fault systems (Morley, 1988). These changes in structural style are manifested in the
form of changes in fault dip direction, variation in the orientation and intensity of
faulting (Morley et al., 1990). Therefore, greater chance arises at a relay ramp to
form oil and gas traps of different structural styles, which are greater in concentration
than anywhere else in an extensional basin (Morley et al., 1990; Ferrill and Morris,
2001). Furthermore, relay ramps can significantly influence drainage, erosion and
sedimentation to create favourable depositional patterns for exploration (Morley et
al., 1990; Grawthorpe and Hurst, 1993). Examples of relay ramp associated oil and
gas fields in North Sea, Sirte Basin and the other hydrocarbon prone extensional
basins of the world are discussed in the recent literature (e.g., Morley et al., 1990;
Peacock and Sanderson, 1994; Larsen, 1988).

Formation and evolution of relay ramp of various scales has been the focus of
numerous studies that are based on analogue and numeric modelling and natural
examples at different locations around the world (e.g., Mcdonald 1957; Larsen 1988;
Morley et al., 1990; Peacock, 1991; Peacock and Sanderson, 1991, 1994; Childs et
al., 1995; Coskun, 1997; Peacock et al., 2000; Lezzar et al., 2002; McLead et al.,
2002; Mauk and Burruss, 2002; Trudgill, 2002; Younes and McClay 2002; Young et
al., 2002; Imber et al., 2004; Soliva and Benedicto, 2004, 2005; Acocella et al.,

2005). These studies established a reasonable consensus on the evolutionary stages
of relay ramp formation, as first suggested by Peacock and Sanderson (1991, 1994).
However, how the stress field changes around a relay ramp during this evolution has

not been documented clearly. It is the main theme of this chapter.

4.2. Stratigraphy of the Field Station

The field station is located along the southern margin of the Gediz Graben
between towns of Akcapmar and Turgutlu (Figure 3.1). Six different
lithostratigraphic units were differentiated during geological mapping in this
particular station (Figures 4.4 and 4.5). The lowermost unit named as the basement

comprises metamorphic rocks of the Menderes Massif, which includes schists,
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quartzites and phyllites. The unit exposes extensively across the field station.
Unconformably above the basement and/or the presently low-angle normal fault,
Neogene clastic rocks were differentiated, based on lithological characters, and
mapped as five different lithostratigraphic units (Figures 4.4 and 4.5). Although,
simple descriptions of the lithostratigraphic units are given below, they are described
in Chapter 2 in more detail.

At the field station St-15, Hamamdere member of the Gediz formation is
composed predominantly of conglomerates with intervening sandstones.
Conglomerates are massive to very thick bedded, poorly sorted, coarse-grained
(cobbles and boulders), usually matrix-supported with sandy matrix and polymictic
by clasts of underlying metamorphics. Hamamdere member laterally grades into
Salihli member of the Gediz formation, which is composed of sandstones and
conglomerates with minor siltstone and mudstones. The channel formed sandstones
and conglomerates with roughly E—W-trending channel orientation suggest a
dominance of fluvial processes in the deposition of the unit. Trough cross-bedded
conglomerates and sandstones occasionally intercalate with chaotic conglomerates of
the Hamamdere member, representing the lateral gradation between the two
members. In general, both units dip towards SW.

Kaletepe formation unconformably overlies the Gediz formation with an
angular unconformity and is composed of conglomerates and pebbly sandstones with
sandstone and mudstone intercalations. Conglomerates are beige to yellow colored,
massive and poorly bedded, poorly sorted, semi-consolidated and polymictic with
various metamorphic clasts. Sand is an important constituent of conglomerates as
matrix. The unit dips in the NW direction with relatively shallow angles and is
influenced by river incision severely exposing thick sections of the unit as canyon
walls. Quaternary alluvium is deposited in the hanging wall of the graben-bounding
normal faults and in the footwall as modern river deposits. In the hanging wall along
the bounding faults, the unit includes diverse size of coalesced alluvial fans that
grade into finer fractions towards the centre of the graben where they interfinger with
modern fluvial system of the Gediz River. The uppermost unit represents
unconsolidated talus of metamorphic clasts and deposited in front of a relief that is

created by active fault zones.
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4.3. Structural Geology

The two types of structures that are peculiar to the southern margin of the Gediz
Graben are both observable in the study area. The presently low-angle normal fault
(detachment) has surface exposures of slickensided fault plane that trends 230° to
240°N and dips 08° to 10° to the NW (Figure 4.5). The low-angle normal fault
(detachment) generally constitutes to contact between the Neogene sedimentary fill
and the basement metamorphic rocks by constraining the metamorphic rocks into the
footwall and exposing the sedimentary rocks on its hanging-wall (Figures 4.5 and
4.6). Exception to this is observable to the northwest of Cikrike¢1, where metamorphic
rocks also expose in the hanging-wall block, called as extensional allochthons
(Sozbilir, 2002). As a result, metamorphic rocks of the basement were differentiated
into two distinct units as hanging-wall and footwall metamorphics to refer whether
they expose on the hanging-wall or footwall of the presently low-angle normal fault,
respectively (Figures 4.4, 4.5 and 4.6).

High-angle normal faults, which are the second group of structures in the
Gediz Graben, exposes with approximately E-W-oriented surface traces in the study
area (Figures 4.5). Forming the southern margin of the Gediz Graben, these faults
normally occur in a graben-facing step-like pattern with a younging direction
towards the graben; i.e. to the north (Bozkurt and Sozbilir, 2004). Thus, F-I and F-II
forms the northernmost and youngest fault zone immediately adjacent to the graben
floor. To the south, two other major faults (F-III and F-IV) exposes in a subparallel
configuration to the northern fault zone (Figures 4.5 and 4.6). Various smaller-scale
faults are also observable between the northern and southern zones. Observed field
relations suggest that high-angle normal faults cut and offset the presently low-angle
normal fault (Figures 4.5 and 4.6).

The northern fault zone, which is composed of F-I and F-II in the study area,
is part of a more extensive fault zone currently bounding the southern margin of the
modern floor of the Gediz Graben (Figure 4.5). The geological map of the field
station clearly illustrates an example of the fact that this fault zone does not comprise
a single and continuous fault but is composed of overlapping segments. As
representation of this major structure, two faults (FI and FII) trending 275° to 285° N
with a northward overstep were identified and mapped in field station (Figure 4.5).
These faults form 350 to 400 m elevation difference between the almost flat graben

floor and the rugged horst block with strong topographical manifestation of the fault
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zone (Figure 4.7). The available literature suggests more than 2.0 km offset
associated with the southern margin structure of the Gediz Graben (Bozkurt and
Sozbilir, 2004). However, it is important to emphasize that this cumulative offset is
probably partitioned among sub-parallel fault zones forming the graben facing step-
like pattern of the southern margin.

F-I and F-II are active with predominantly normal dip-slip component and
controlled the deposition of the Quaternary alluvium in the modern graben floor. In
addition to available earthquake data, GPS measurements (e.g., Eyidogan and
Jackson 1985; McClusky et al., 2000; Lenk et al., 2003) and the fault data
documented by various studies along the main bounding faults of the Gediz Graben
(e.g., Kogyigit et al., 1999; Seyitoglu et al., 2002; Bozkurt and Sozbilir, 2004,
Bozkurt and Mittwede, 2005; Bozkurt and Rojay, 2005 and references therein),
intensive fault data analyzed in Chapter 3 agreed on the general trend and slip on the
southern margin structures of the Gediz Graben, which is conformable with the
~N-S-oriented extension in the region (Figure 4.8 and 3.25). Although limited due to
exposure quality, fault data acquired in the vicinity of F-I in St-15 also confirms the
general ~N—S-oriented extension (Figure 4.9A). However, the fault data acquired
within the relay area has heterogeneous appearance that cannot be explained by only

~N-S-oriented extension (Figure 4.9B).

4.4. The Relay Ramp

Between the overlapping segments around Akcapinar, a relay ramp can be defined
based on predominantly geometrical criteria (Figure 4.5). Named as Akc¢apinar relay
ramp, the overlap zone between the bounding F-I and F-II slopes westward towards
the common hanging-wall with an overlap separation of approximately 2 km.
Although, detailed kinematic analysis are desirable to eliminate the possibility of
non-relay overlap at Akgapinar (e.g., Childs et al., 1995), difficulty of constraining
precise displacement on bounding faults is an issue due to the quality of the surface
exposures. However, it is clearly observed during the field studies that, topographical
manifestation of FI and FII diminishes and the associated fault zones become poorly
defined towards the relay ramp probably as an indication of increased displacement
gradients on bounding faults (cf. Peacock and Sanderson, 1991; Walsh and
Watterson, 1991). It is also evident on the geological map that in the ramp area, the

Salihli member dips obliquely towards the common hanging-wall of the bounding
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presently low-angle
normal (detachment) fault

“anthitethic fault of
the breaching fault

Figure 4.7. Digital Elevation Model depicting the topographical manifestations of the normal faults and the breaching Akcapinar relay ramp. The raw elevation data is based on 90 m grid spacing on which smoothing
was performed. Notice on the elevation model that alluvial fans formed adjacent to F-I diminishes topographical manifestation of the fault. Doted lines are the possible extensions of the faults inferred from the
elevation model. Areas encircled by red lines corresponds to presently low-angle normal (detachment) fault surfaces. On the pictures taken at the ramp area, breaching is clearly evident in the form of obliquely
oriented faults to the main E-W trend of the graben-bounding faults. The bulldozer in the figure is 5-m-high.
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faults in contrast to its regional southward dip (Figures 4.5, 4.6). This indicates
rotation of bedding about sub-vertical and sub-horizontal axes at the ramp area to
accommodate heave and throw gradients on bounding faults, respectively.
Furthermore, distributed brittle deformation characterized by faulting at transverse
orientation to the bounding faults implies that fault-parallel extension is taking place
at the at the ramp area together with the rotation (Figures 4.5 and 4.6). All these
observations suggest that F-I and F-II are probably coherent, i.e. the two faults are
kinematically interdependent with displacement of transfer from one segment to the
other (cf. Walsh and Watterson, 1991). In fact, kinematically independent faults
forming non-relay overlaps are considered as the products of temporal or spatial
separation of the bounding faults (Childs et al., 1995). As F-I and F-II are both syn-
depositional with respect to the Quaternary alluvium, the possibility of temporal
separation is probably not the case. Relatively small overlap separation of the
Akgapiar relay ramp compared to lateral extend and the offset of the bounding
faults invalidate the possibility of spatial separation as well.

Akcapinar relay ramp is characterized by various ramp-related faults and
fracture zones that exhibit significant orientation shifts from general E-W-trend of
the bounding fault segments (Figures 4.5 and 4.9B). Based on regional synthesis and
limited fault data acquired from the F-I, the bounding faults can be considered as
roughly E-W-oriented structures conformable with the ~N—S-oriented extension
(Figures 4.9A). However, as an evidence of clear change in structural style, ~ N—S-
oriented faults are observed at the ramp area with dip directions predominantly
towards NW and W (Figures 4.5 and 4.9B). Indeed, this fault pattern is conformable
with the fault parallel ~E—W-oriented extension predicted for the ramp area.
Analogous to the bounding faults; ramp-related faults are also active although it is
difficult to trace them through the Quaternary alluvium due to unconsolidated nature
of the unit. The relief created by the ramp related faults feeds few small-scale active
alluvial fans representing the basin margin facies of the Quaternary alluvium.

Although poor exposure quality limits the acquisition of the fault data at the
bounding faults, construction related excavation fortunately revealed fresh exposures
of numerous pristine fault surfaces. These exposures allow observations on many
mesoscale faults and acquisition of relatively extensive fault data characterizing the
distributed deformation of the ramp area. This data introduced that the trend of faults

in this zone is bimodal including both ~E—W-oriented and ~N—S-oriented structures,
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the latter being more dominant (Figure 4.9B). Interestingly, a clear cross-cutting
relationship is observed on some of the mesoscale faults in a way that N—S-oriented
faults are cut and offset the E-W-oriented faults (Figure 4.10). This suggests that the
current fault-parallel extension characterized by N-—S-oriented normal faults is
superimposed onto the regional N—S-oriented extension characterized by the E-W-
oriented structures. When this fact is assessed in the framework of relay-ramp
evolution illustrated in the Figure 4.2 (Peacock and Sanderson, 1994), earlier stages
of ramp evolution during which bounding faults are kinematically independent were
governed by ~N—S-oriented extension at the Akcapinar relay ramp. As coherency of
bounding faults was established and relay ramp formed, a local stress field anomaly
arose at the ramp area by fault parallel ~E-W-extension that result in
superimposition of relay-related structures onto the former regional style (Figure
4.11). The former structures at the ramp area were probably rotated and deviated
slightly from the regional style due to ductile accommodation of throw and heave
gradients on the bounding faults until the onset of brittle deformation at the ramp

area (Figure 4.11).

4.4.1. Stress Field at the Ramp Area

Fault slip data were acquired at three separate substations (sub-St-1, sub-St-2 and
sub-St-3 in Figure 4.5) in the study area along the southern boundary structure of the
Gediz Graben. The data were limited and inaccessible most of the time due to steep
topography, resulting severe erosion, coalesced alluvial fans lean against the fault
zone and unconsolidated to semi-consolidated nature of the deposits. However, we
were able to collect numerous slip data that are sufficient to solve the inverse
problem at the stations using Angelier’s methodology (Angelier, 1990).

Principal stress directions calculated at the sub-St-1 approximate the stress
regime associated with the main bounding faults (i.e. F-I and F-II) in the study area
(Figure 4.12A). Computed stress directions at this site indicate ~N—S-oriented
extension. If you move along the boundary structure towards Ak¢apinar relay ramp
and examine the stress state at the sub-St-2, NNW-SSE-oriented extension is
encountered (Figure 4.12B). This suggests a counter-clockwise rotation of the
direction of extension compared to the sub-St-1. However, the computations at these
two sub-stations are based only on very few fault data and one should be cautious not

to over interpret computations based on such a limited data set. The only inference
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Figure 4.10. Schematic diagram showing the cross-cutting relationship between the
N-S-oriented ramp-related faults and E—W-oriented older faults on a subvertical
exposure surface. The hammer on the photograph is41-cm-long.
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Figure 4.12. Fault-slip data and computed principle stress direction in the study area.
(A) Data from sub-St-1 (see Figure 4.5 for location) indicate N—S-oriented extension.
This data probably represent the stress regime associated with the main segments of the
bounding faults; (B) Data from sub-St-2 (see Figure 4.5 for location) indicate
NNW-SSE-oriented extension. Although the stress state here is close to regional N—S-
oriented extension, it still exhibits some degree of deviation probably as an indication of
local stress field perturbation; (C) Data from sub-St-3 (see Figure 4.5 for location)
indicate NW—SE-oriented extension. Histogram illustrates the heterogenous nature of

data having bimodal ANG distribution.
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that we can draw from these sub-stations is that the regional direction of extension is
probably prevails along the main segments away from the relay area.

At the Akgapinar relay ramp relatively extensive data acquisition was carried
out at sub-St-3. However, solution of the inverse problem at the Akcapinar relay
ramp is controversial as this zone is characterized by fault interaction. Pollard et al.
(1993) has shown that slip direction along small faults near the end of larger faults
invalidates the assumption 2, i.e. resolved shear stress on the fault plane is parallel to
the slip vector. However, due to the asymmetric nature of the interaction, one fault
may be consistent with the assumption 2 whereas the other fault may be less
consistent (cf. Angelier, 1994). Depending on the orientation of the faults with
respect to stress field, discrepancy may remain minor (cf. Angelier, 1994).

Leaving this discussion aside and solving the principal stresses for the sake of
data, NE-SW-oriented extension was obtained at the Ak¢apinar relay ramp (Figure
4.12C). However, this solution clearly indicates a heterogeneous stress field that is
not consistent with a single set of stress axes as suggested by obvious cross-cutting
relation (Figures 4.10 and 4.11). The computed quality estimators also indicate a
poor fit between the shear stress and slip for more than half of the faults with
bimodal distribution (Figure 4.12C). Therefore, we utilize dynamic cluster analysis
(Huang, 1988) to separate heterogeneous fault slip data into relatively homogenous

subsets.

4.4.2. Cluster Analysis

Field observations revealed a distinct cross-cutting relationship between some of the
E-W and N-S-oriented faults at the ramp area, suggesting that earlier stage of
~N-S-oriented extension was substituted by later stage of ~E—W-oriented extension
(Figure 4.11). However, based purely on field observations, we were unable to
classify the entire fault data in Figure 4.9B into two classes that represent earlier and
later stages of extension at the ramp area. The main reason of this is the fact that
most of the measured fault planes represent small-scale faults (smaller than the scale
of mapping) of the relay area and therefore lacking to overlap all the times to portray
the cross-cutting relationship. Therefore, we applied dynamic cluster analysis (c.f.,
Huang, 1988) in order to resolve the fault data of each phase out of the

heterogeneous data, which represents the earlier and later phases of deformation at

135



the ramp area. Slip-inversion methodology is also utilized together with the cluster
analysis.

Huang’s (1988) methodology of cluster analysis is based on the minimization
of the cumulative angular distance between o, 02, o3 axes of potential subsets and
Py, B and Ty axes of individual fault planes, respectively (Huang and Angelier,
1987). A fault plane is assigned to a subset that producing minimum angular distance
with the fault. It is an iterative process requiring computation of stress axes of each
subset until the classification of faults are stabilized. At each iteration, stress axes
were computed by using slip inversion methodology of Angelier (1975, 1990, 1994).

Application of the Huang’s (1988) methodology of clustering to the data set
at sub-St-3 lead to the recognition of two subsets. The fault slip data and stress
tensors computed for the two subsets, named subset A and subset B are illustrated on
5.14. Subset A is characterized by NNW—-SSE-oriented extension (Figure 4.13A),
which is in close agreement with the regional direction of extension (Figures 3.24
and 4.8). Fault trends in the subset vary from E-W to NE-SW and NW-SE with
dips both towards north and south. Faults carry both dip-slip and strike-slip
components. The @ value of 0.532 indicates simple unidirectional extension for the
subset, i.e. the magnitude of o, is closer to o; rather than the o3 with well-defined
direction of extension.

Subset B is characterized by WNW—-ESE-directed extension (Figure 4.13B).
As an average, faults of the subset strikes NNE-SSW with dips predominantly to the
W. Dip-slip component dominates the fault movements with very high @ value of
0.804. This suggests that o; and o, axes are rather poorly defined whereas o3 axis is
very well defined. The strong component of extension parallel to the bounding faults
of the Akcapinar relay ramp is unconcealed evidence that the breaching phase and
fault-parallel extension has already begun at the ramp area. In fact, subset B
represents a local stress field anomaly compared to the other subsets and the regional
state of stress (Figures 3.24 and 4.7).

It is important to evaluate whether the heterogeneous stress field defined by
the two subsets at the ramp area is real and based on natural causes or they are only
artefacts produced by fault interaction and invalidation of the basic assumptions that
the applied stress analysis relied on. As a matter of fact, computed subsets are

conformable with the observed field relation suggesting that earlier ~E—W-oriented
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Figure 4.13. Fault-slip data and principal stress directions for the two subsets
differentiated by applying cluster analysis to the heterogenous fault data at the
Akgapinar relay ramp. Distribution of ANG values are improved significantly in each
subset compared to that of Figure 4.12C. (A) Subset A representing early phase of
deformation (N= 14); (B) Subset B representing later phase of deformation (N= 20).
Histograms illustrates the ANG value as a measure of fit of the inverted solution to the
actual slip data.
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faults are cut by later ~N—S-oriented faults (Figure 4.11). Based on this basic
observation, it can be argued that the applied cluster analysis, which clearly separates
subset A from subset B, represents an actual change of the stress field. This brings up
a time sequence in which subset A dominated by approximately E-W-oriented faults
are older than the subsets B that is dominated by N—S-oriented breaching faults.
Therefore, the stress field at the ramp area has evidently rotated from almost N-S-
directed extension, confirming to regional stress field to anomalous almost E-W-
directed current extension through time.

It is likely that the rotation of the stress field at the ramp area could be related
to the ramp evolution in which the subset A is probably representing the earlier
stages (Figure 4.2A). At these stages, lack of significant interaction among the main
fault segments may result in ~N-S-oriented field of extension, which is in
confirmation with the regional direction of extension. However, it needs to be
emphasized that the computed principal stress axes and inferred direction of
extension for the subset A structures probably do not represent the original style of
deformation but a slightly modified version because of the rotation during the ductile
evolution stages of the relay ramp (Figure 4.11). As interaction among the segments
grows, strain accumulated at the ramp area and lead to the initiation of fracturing and
faulting under an extensional setting that is parallel to the bounding faults of the
relay ramp (Figure 4.2C, D). Representing this fault-parallel extension, the
anomalous almost ~E—W-oriented extension of subset B, which is superimposed on
subset A, probably indicates that the breaching phase has already initiated at the
ramp area (Figure 4.11). However, lack of a single, well-defined breaching structure
that connects the overlapping main segments suggests that the breaching is currently

an ongoing process at the ramp area.

4.5. Discussion

Southern margin boundary structures of the graben floor constitute a major fault zone
parallel to the trend of Gediz Graben. In a strike-wise direction, this zone does not
comprise a single and continuous structure but is composed of discrete fault
segments among which displacement transfer mechanisms operate. Ak¢apinar relay
ramp is a typical example of these zones formed between two overstepping fault

segments dipping in the same direction.
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Various small-scale faults are observable in the Akcapinar relay ramp.
However, there is no indication of a single fault that cuts through the entire ramp
area and joining the overlapping segments. Therefore, this configuration of the
Akgapinar relay ramp probably exemplifies the transition stage from predominantly
ductile deformation to brittle deformation of the breaching process (between stages
IIT and IV in Figure 4.2). At this level, progressive fracturing and faulting that has
already initiated in the ramp area will advance with time to form a single, irregular
fault by connecting the two-isolated segment. Laterally more extensive faults such as
the main graben-bounding fault in Figure 2.3, have probably go though these stages
during its evolution to form a single fault. Yet, the evidence of these processes can be
observed on the resulting fault surface and the fill of the graben (Chapter 5).

The Akgapinar relay ramp is a site of local stress field anomaly characterized
by E-W-oriented fault-parallel extension. Although the relay bounding main faults
confirms the N—S-oriented regional direction of extension out of the relay zone, an
anomalous almost E-W-directed extension arises at the Akg¢apinar relay ramp. The
similar variation of the stress field is also observed in a temporal context at the ramp
area. Earlier phase of deformation confirming the regional N—S-oriented extension is
superimposed by E-W-oriented anomalous phase of extension portrayed by subsets
A and B, respectively. As relay ramp evolution is considered (Figure 4.2), it is
probable that the subset A exemplifies an earlier stage in ramp evolution (between
stages I and II in Figure 4.2) in which fault interaction is either limited or absent and
the stress field confirms the regional. Subset B, on the other hand, exemplifies more
advanced stages in the ramp evolution (between stages III and IV in Figure 4.2). At
this stage breaching of the relay ramp probably initiates by approximately N-S-
oriented normal slip faults and local stress field anomaly caused by the interaction
among the fault segments is relieved in the form of extension almost transverse to the
regional extension direction. Therefore, progressive evolution of stress field anomaly
at the ramp area probably follows the ramp evolution stages as suggested by Peacock
and Sanderson (1991, 1994).

The observed field relations in the study area clearly show that the stress field
at the relay ramp displays temporal and spatial variations. The resulting deformation
accommodates differential displacements, which is the manifestation of both local

and regional strain.
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CHAPTER 5

INTERPRETATION OF THE SUBSURFACE DATA AND SURFACE TO
SUBSURFACE CORRELATION

Southern margin of the Gediz Graben provides excellent opportunity to investigate
the nature of graben-fill deposits as well as the characteristics of the deformation
concentrated along the graben-bounding structures. However, as this margin is the
most active site of deformation, it is prone to local variations of geological
phenomenon more than anywhere else in the graben. This brings along the risk of
ascribing some local features to be the general characteristics of the graben unless the
basin margin observations are extended towards the rest of the basin. Subsurface data
provide unique opportunity to accomplish this correlation.

Approximately 270 km 2-D seismic reflection data and data from three
boreholes were utilized together with a surface geological map and digital elevation
model of the region in order to establish a correlation between the surface and
subsurface (Figure 5.1). The correlation effort has required several stages. As an
initial step, 2-D seismic sections were interpreted in the time domain. Then, the
sections and the interpretations were converted from the time domain to the depth
domain. Well data are utilized to tie the seismic lines with the actual geology and to
check the validity of the time to depth conversion. Finally, geological cross-sections
starting from the southern horst block, cutting across the entire graben floor and
extending to the northern horst block were constructed. This is achieved by using the
surface data across the exposed horst blocks and by benefiting from the interpretation
of seismic data for the buried graben block. These cross-sections portray the entire
geometry and deformation characteristics of the graben in a spatially more

continuous manner.
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B soutﬁern margin structure

Figure 5.1. Surface to cubourface correlation wac carried out ucing 2-D ceiomic
aectiong, three boreholes(BH-1, BH-2 and BH-3), a curface geological map and digital
elevation model (DEM) of the region. Derrick oymbol depictothe location of boreholec
and blue linecilluctratecsthe available 2-D ceiomic cectiona. The geological map draped
onto the DEM icgiven in Figure 2.3. For time to depth converaion of ceiomic cectiong, a
velocity model wac conatructed within the area chown by doted rectangle in the incet
map.
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5.1. Time to Depth Conversion of the Seismic Data

Time domain seismic imaging is the most common and most efficient processing
method applied to seismic data (e.g., Yilmaz, 2001). Although the subsurface
geology exists in depth, traditional processing portrays this geology in two-way
travel time (TWT) that represent the time passed for a signal to travel from surface to
geological reflectors and back to the surface again. Working in the time domain
usually does not cause any problem for stratigraphic applications, such as seismic
facies and sequence stratigraphic analysis, as their interpretations are predominantly
independent of the changing structure. However, structural interpretations in the time
domain have some pitfalls. The main concern arises due to the fact that you are
dealing with different vertical and horizontal scales when looking at the time-domain
seismic sections. Therefore, the observed angles, such as dip of the strata or fault
plane, are incorrect. This is a major problem, for example, in the application of
contractional and extensional fault-related folding models to seismic data (e.g.,
Suppe, 1983; Suppe and Medwedeff, 1990; Xiao and Suppe, 1992). Furthermore,
false structures can be generated or real structures can be obscured due to lateral
variation of the velocity even in the case of very simple geology.

Another limitation of time sections arises when interpretations and
seismically derived rock properties are intended to be integrated with geological and
engineering data, which are always in the depth domain. Thus, time to depth
conversion of seismic data become a critical issue in attempts to integrate the data
obtained from multiple sources. In this study, for example, the effort is to integrate
seismic data in the time domain with the surface geological data in elevation (height
above sea level) to portray the entire geometry of the Gediz basin from horst to
graben block (Figure 5.1).

Depth conversion methods can broadly be separated into two categories as
direct time-depth conversion and velocity modeling for depth conversion (Etris et al.,
2001). Direct time to depth conversion is simple approach to convert a time horizon
directly into depth by a applying a fixed translation equation or a spatially oriented
function. On the other hand, velocity modeling initially intends to predict the
velocity structure of the subsurface by using velocity values from different sources
(e.g., stacking velocities, sonic logs, check-shot surveys, etc.). After a reliable

velocity model is established, time to depth conversion can be carried out.
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This study employs the second approach by building the velocity model of
the Gediz Graben, based on available velocity data (Figure 5.1). There are two types
of velocities utilized in this effort: (1) The true vertical propagation velocities
obtained from check-shot survey in BH-1 (Figure 5.1); and (2) the imaging velocities
or pro-velocities obtained from the seismic processing and utilized during the
stacking (Al-Challabi, 1994). Check-shot survey simply measures the travel times of
a signal from surface to various depths in a borehole. This allows computation of
accurate velocities in each stratigraphic units encountered in the borehole. Stacking
velocities, on the other hand, is the parameter that produces optimum alignment of
the primary reflection on the traces of the CMP gather (Yilmaz, 2001). It is
tentatively related to the actual velocity in the ground (Al-Chalabi, 1994).

5.1.1. The Velocity Model

The velocity-modeling module of the GOCAD is utilized for the velocity modeling
implementation. GOCAD (Geological Object Computer Aided Design) is integrated
and geologically oriented CAD software to construct a wide-range of earth models,
for application in geology, geophysics and reservoir engineering. A 3-D grid
composed of 3,369,600 grid cells (234 x 48 x 300) was constructed in time domain
as an initial step to velocity modeling. The grid covers the area illustrated in Figure
5.1 and extends from —300 msec to 3000 msec. By interpreting the seismic lines, the
metamorphic basement was differentiated from the graben fill, and the 3-D grid was
separated into two volumes representing the basement metamorphic rocks (the
basement volume) and the sedimentary fill of the graben (the graben fill volume)
(Figure 5.2). A constant velocity of 5000 m/sec was assigned to each grid cell in the
basement volume for two reasons: (1) The available data can not constraint the
velocity field of the basement volume accurately; (2) The velocity field of the
basement volume doesn’t influence the depth conversion of the graben fill volume
which is the main focus of this study. The velocity-modeling effort is therefore
concentrated onto the graben fill volume.

The most reliable velocity data for the graben fill volume comes from BH-1
in which a check-shot survey was conducted through the sedimentary fill of the
Gediz Graben. Plotting of check-shot derived interval velocities (Viy) versus two-
way-travel-time (TWT) from check shot survey suggest that an approximate linear

relationship can be established between these two parameters (Figure 5.3A).
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However, a sharp change in Vi, - TWT relation can easily be identified at 1000 msec
depth, which reasonably corresponds to the contact between the Alasehir and Caltilik
formations (Figure 5.3B). Therefore, two separate linear velocity functions can be
established to represent velocity structure of the Neogene to Quaternary fill of the
Gediz graben (Figure 5.3A). While the first function (velocity function #1) can
define a relation for the Alasehir formation, the second function can be applied to the
rest of the graben fill from Caltilik formation to Quaternary alluvium (Figure 5.3).
Accordingly, the graben fill volume was separated into two sub-volumes as lower fill
and upper fill, which were populated with velocity values based on the velocity
function #1 and velocity function #2, respectively (Figure 5.3A). Consequently, an
initial velocity model composed of three main domains including the basement
volume, the lower fill volume and the upper fill volume, were constructed.

Although their estimations are influenced by many factors, stacking velocities
constitute a significant data set of velocity available for the Gediz Graben (Figure
5.4A). As a result, they are also incorporated within the velocity model by means of
pseudo-wells designed at corresponding points in the seismic sections (Figure 5.4B).
Then, the associated velocities of the wells were superimposed onto the background
velocity model based on the linear velocity functions (Figure 5.3A). The resulting
grid was interpolated and the velocity modeling was finalized (Figure 5.5).

Although accurate depthing requires true vertical propogation velocities (e.g.
check shot surveys) obtained from wells, stacking velocities were also utilized in this
case due to limited amount of well derived velocity data. Remember that check-shot
survey is available for only one well in the graben and utilized for estimation of the
background velocity for the model. Consequently, the obtained velocity model may
not be perfect due to uncertainties inherited from the stacking velocities. On the other
hand, the constructed model is still useful and within the range of acceptable
accuracy for depth conversion onto which structural methods can be applied

(Personal communication; John Shaw, Chris Guzovski)

5.1.2. Time to Depth Conversion

Velocity modeling is an important step to the depth conversion. The modeling effort
not only allows visual examination of the velocity structure for reasonableness but
also enables to make use of velocity information from both seismic and well data.

When the velocity model comprising velocity values for all the grid points of the
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intended resolution is constructed, depth to time conversion can quickly be carried
out. Workstation softwares and all the related algorithms in the industry employ Dix
formulation almost unexceptionally (Dix, 1955). Indeed, same formulation is used by
GOCAD for the depth conversion.

The first step in the depth conversion is to extract the velocity values
corresponding to surface of interest from the 3-D model. This surface could be a fault
plane, a stratigraphic horizon or a seismic section that is intended to be depth
converted. When the extraction process is completed, time to depth conversion
module of the software automatically performs the depth conversion based on Dix
equation (Dix, 1955). In this way, all the interpretations, including stratigraphic
surfaces and fault planes were converted to depth domain as well as the seismic
sections. This constructed geometrically more accurate image of the graben and
provided with foundation for improved surface to subsurface correlation (Figure 5.6).
The reliability and the consistency of the conversions were checked by means of the
available boreholes for the match of interpreted seismic stratigraphic horizons and
well picks. Based on this correlation, it is concluded that a satisfactory depth
conversion was achieved within the acceptable accuracy range for the purpose of this

study.

5.2. Fault Pattern From Seismic Data

Faults can be identified on seismic sections based on several criteria. Fault cutoffs,
which are the abrupt termination of reflectors or changes of reflection attributes (e.g.,
amplitude, polarity) at fault surfaces, are the most common evidence for the
existence of a fault surface (Figure 5.7A). In some cases, reflection signals can be
acquired directly from a fault plane given that there is sufficient velocity and density
change across the fault plane and the dip of the fault plane is shallow enough to
acquire the reflection signals with the employed receiver spread of the survey (Figure
5.7B). Once the fault planes are identified on individual 2-D sections, correlation
between the adjacent sections can be carried out to construct the 3-D geometry of the
fault planes. The accuracy of the constructed fault models is directly related with the
intensity of the seismic grid. As the adjacent seismic sections get closer to each
other, smaller faults can be correlated. Consequently, more detailed fault models can

be built.
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Figure 5.7. Identification of faults in seismic sections. (A) Faults can be identified
predominantly based on truncation and offset of seismic reflectors along planar
features. Hanging-wall and footwall cutoffs mark the position of the fault plane. (B) In
some cases direct reflections can be acquired from fault planes given that there is a
difference in acoustic parameters across the fault plane and fault plane has suitable dip
for the acquisition of reflection signals.
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In contrast to outcrop data, seismic data have resolution issues. Even faults of
centimeter scale can be studied properly in outcrops; offsets of tens of meters are
commonly required for a fault to be identified in a 2-D seismic section. This problem
further deteriorates with depth. Although, 3-D seismic surveys offer significant
improvement of resolution over conventional 2-D data, they are usually not available
for initial geological analysis as their acquisition usually follows discoveries of the
oil fields. High resolution 2-D seismic, on the other hand, brings along some
improvement on this problem but it suffers from reduced depth of penetration
compared to conventional 2-D seismic.

Available 2-D seismic data set in the Gediz Graben has unique significance
beyond its above-mentioned limitations. This data set is the only data with potential
of portraying subsurface geology in the grabens of western Anatolia. Although the
data quality and spacing of seismic grid are not very favorable, they serve well to
construct the general geometry of the graben and graben bounding structures. They
also aid to delineate the nature of hanging-wall deformation and to evaluate the
thickness distribution of discrete sedimentary packages sum of which forms the
entire graben fill. Geological analyses were also benefited from the surface to
subsurface correlation following to depth conversion of the seismic data. This effort
allowed accurate matching of the surface observations with the subsurface. In this
way, deformation pattern observed along the graben margins were compared with the
entire basin to assess whether this pattern is spatially consistent or represent only
basin margin configuration. Furthermore, lateral distribution and thickness variation
of the exposed sedimentary units were examined across the buried graben block. All
these efforts improved the understanding of the spatial variation of geological

phenomenon in the Gediz graben.

5.2.1. Graben Bounding Structures

The Gediz Graben is bounded by two major structures possessing characteristics of
normal faults. Both of these structures are observable and traceable on the surface
exposures (see Chapter 3). Seismic expression of these structures is also strong and
allows subsurface correlation between the seismic sections along the entire graben
basin. The geometry of these structures are controlled by the evolutionary path of the
Gediz graben and exerts strong control onto the distribution of sedimentary unit and

the style of hanging-wall deformation.
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The Southern Margin-Bounding Structure
The southern margin-bounding structure of the Gediz Graben can clearly be
identified on the seismic sections (Figure 5.8). Juxtaposing the metamorphic
basement with sedimentary fill of the graben, this structure marks an interface for
obvious change in acoustic parameters of the rock units (i.e. the velocity and density)
and provides direct fault plane reflections through the graben fill (Figure 5.8). Thus,
the southern margin of the graben can be constrained relatively easily. However, if
the structure is traced towards the deeper parts of the graben, the fault plane
reflection demises. The reason for that is probably the reduced difference of the
acoustic parameters between the footwall and the hanging-wall below the graben fill
where the fault plane juxtaposes metamorphic rocks both in the hanging-wall and in
the footwall. However, the geometry of the rollover that formed within the hanging-
wall allows estimation of the downward continuation of the fault plane (Figure 5.9).
Hanging-wall collapse above a listrict normal fault results in formation of
rollovers or folding within the hanging-wall strata (Figure 5.9) (Xiao and Suppe,
1992). If the hanging-wall is a rigid body free of internal deformation, a void would
inevitably form between the hanging-wall and footwall in response to slip on the
fault plane (Figure 5.9A). In reality, a hanging-wall cannot be that strong and
collapses due to gravity to fill the void (Figure 5.9B). There are vertical and inclined
collapse models to explain this process (Gibbs, 1983; Jackson and Galloway, 1984;
White et al., 1986). However, the latter researches abandoned the vertical collapse
and favor the inclined collapse model in which collapse takes place in the direction
of antithetic normal faulting (White et al., 1986; Xiao and Suppe, 1988, 1992; Dula,
1991). Since the collapse is in the Coulomb shear direction dipping 65 — 70°, it is
called as Coulomb collapse (Xiao and Suppe, 1988, 1989 and 1992). The theory of
Xiao and Suppe (1992) illustrates that active fold hinges or active axial surfaces of
the hanging-wall structure are pinned to fault bends at depth and extend upward from
pre-growth (prerift) to growth (synrift) strata (Figure 5.9B). With accumulating slip
on the fault plane, the hanging-wall strata passes through the active axial surface,
deforms and becomes incorporated into the kink bend or roll-over panel (Figure
5.9B). The inactive axial surface marks the other margin of the rollover panel and
separates the strata that passed from the fault bend and that never did (Figure 5.9B).

The width of rollover panel is therefore related to the total slip on the fault plane. As
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Figure 5.8. Direct fault plane reflectioncacquired from couthern margin ctructure of the
Gediz Graben. Note that fault plane reflection demicecdown-dip the fault plane below
the graben fill where fault plane juxtapoceometamorphic rocksboth in the hangingwall
and in the footwall. Dached white line markc the interpreted boundary between
metamorphic bacement and the graben fill. See Figure 5.1 for the location of the ceiomic
linec.
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Figure 5.9. Extensional fault-bend folding or roll-over folding. (A) Slip along a fault
plane that become shallower with depth creates a void if the hanging-wall is free of
internal deformation. (B) Hanging-wall block is never that strong and collapses to fill in
the void. Collapse takes place parallel to the axial surfaces. Based on the preservation of
cross-section area, a relationship can be established among the dip of the fault (0), dip of
the rollover panel (3), dip of the axial surfaces (y) and the angle between upper and
lower segments of the fault plane (®). (C) This relation can also be solved geometrically
using folding vectors. From Xiao and Suppe (1992), Shaw et al. (1997) and Shaw et al.
(2005).
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formation of the rollovers are directly related to the bend at the fault plane, these
structures are also called as extensional fault-bend folds analogous to their
contractional counterparts (Shaw et al., 1997). Faults having multiple fault-bends
will form multiple rollover panels (Figure 5.10A). Broadly curved fault bends can be
described by using numerous axial surfaces (Figure 5.10B).

Based on the preservation of the cross-section area, Xiao and Suppe (1992)
derived a quantitative relationship among the dip of axial surfaces (y), the dip of
upper segment of the fault plane (6), the dip of strata within the rollover panel ()
and the angle between the upper and lower segments of the fault plane (¢) (Figure
5.9B). This relation allows estimation of the fault plane’s position in poorly imaged
deeper parts of the basin by computing ¢ angle, as the other angles y, 0 and 6 can
easily be measured on seismic sections. This can be achieved either by solving the
equation in Figure 5.9B, or by using folding vectors in Figure 5.9C (Shaw et al.,
2005). Folding vectors are measured parallel to axial surfaces and represent the
amount of deflection of strata or fault across an axial surface. In Figure 5.9C, lets say
that the folding vector X at the inactive axial surface describes deflection of fault
plane at the fault bend. On the same axial surface, the folding or deflection of the
strata in the rollover panel can be described by folding vector Y that is identical to
the folding vector X. In this way, the dip of the lower segment of the fault can be
determined if the folding vector in the rollover panel can be estimated (Figure 5.9C).

The fault bend and rollover relation were constructed successfully for the
southern margin structure of the Gediz graben on some of the seismic sections
(Figures 5.11 and 5.12). The observed rollover geometry in the hanging-wall is
conformable with Coulomb collapse models indicating that the southern margin
structure becomes shallower with depth across one or two fault bends. Traces of
active axial surfaces were identified on the sections based on changes in dip domains
and the folding vectors were resolved geometrically on the rollover panels (Figures
5.11 and 5.12). Then, the same folding vectors were applied to the master fault and
the downward continuation of the structure was estimated below the graben (Figures
5.11 and 5.12).

Observations on the fault plane reflection and geometrical construction of the
hanging-wall collapse reveal that southern margin-bounding structure of the Gediz

Graben become shallower both in the up-dip and down-dip directions (Figures 5.8,
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Figure 5.10. (A) Formation of multiple rollover panelo due to multiple bendc on the
fault plane. With accumulating dlip on the fault thece panelocan overlap. (B) Curved
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5.11 and 5.12). If the entire fault surface is constructed based on the data coming
from the seismic sections, this geometry of the fault plane can be perceived more
clearly (Figure 5.13A). The fault plane can be divided into three segments based on
the fault dip. The steeply dipping middle segment of the fault plane can be
differentiated from shallowly dipping upper and lower segments with dips in the
range of 35° to more than 50° (Figure 5.13A). The upper segment, on the other hand,
possesses relatively lowered dip values, around 20°. However, at some locations,
particularly towards the ground surface, the upper segment becomes steeper again by
exceeding 30°. An abrupt shallowing of the fault plane with depth as geometrically
constructed in Figures 5.11 and 5.12 marks the lower segment of the fault. In this
segment, the dip of the fault plane quickly diminishes to dips approaching to 10° and
extrapolation extends the surface further downward with approximately the same dip
(Figure 5.13A). Thus, the overall geometry of the structure can be described as flat
and ramp geometry made up of shallowly dipping and steeply dipping segments.
This ramp—flat geometry was also predicted by Sozbilir (2002).

The southern margin-bounding structure is not very uniform in strike-wise
direction as well (Figure 5.13B). Within the general WNW-ESE trend, the structure
possesses broad undulations and related strike variations. Named as fault plane
corrugations, undulations on the normal fault planes are attributed to originally
segmented and en enchelon arrangement of the fault (e.g., Andres and Schlische,
1994; Childs et al., 1995; Dawers and Anders, 1995; Ferrill et al., 1999). Two
mechanisms were suggested for the formation of corrugated normal fault planes
which start as segmented en enchelon fault system and eventually breakthrough to
produces a single, corrugated fault surface: (1) Lateral curved propogation and
linkage of individual segments; (2) formation and breaching of relay ramps by
segment interaction (Peacock and Sanderson, 1994; Trudgill and Cartwright, 1994;
Ferril et al., 1999). Anticlines that observed at transverse orientation to the southern
margin structure of the graben provide further evidence for originally segmented
nature of the structure (see Chapter 6). Sometimes tectonic stresses operating parallel
or subparallel to fault strike may result in folding of the fault plane into broad
synclines and anticlines as reported by Bozkurt and Sozbilir (2006) from western

Anatolia.
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Figure 5.13. 3-D geometry of the couthern margin-bounding ctructure of the Gediz
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line boundc the area of good data coverage out of which were conctructed by
extrapolation. (A) Dictribution of fault dipc depictc the flat and ramp geometry of the
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b. The Northern margin structure

The northern margin-bounding structure of the Gediz Graben is not prominent
structure as the southern margin-bounding structure. This is clearly evident on some
of the seismic sections, which portray a general half-graben geometry for the Gediz
Graben (Figure 5.8). However, surface observations (Figure 2.3) and some of the
seismic section (Figures 5.11, 5.12 and 5.14) clearly demonstrate a normal fault
bounding the northern margin of the graben. Indeed, surface observations reveal the
trace of a distinct fault system, composed of discontinuous segments along the
northern margin of the graben (Figure 2.3). Marking a zone of sudden shift in surface
topography, this trace correlates very well with the northern margin-bounding
structure identified on the seismic sections (Figures 5.11, 5.12 and 5.14).

The northern margin structure is an antithetic to the southern margin-
bounding structure and lean against it (Figure 5.15). The structure is steeper with
dips commonly greater than 35°, typically around 45 to 50° (Figure 5.15A). It
generally trends in the NW-SE direction with some variations in strike (Figure
5.15B). These strike variations can also be attributed to segmented nature of the fault
as observed from the surface traces of these faults. Although the fault plane was
modeled as a single and continuous surface, it constitutes numerous fault segments,
which may or may not be linked at depth.

Observations on the seismic sections suggest that displacement accrued on
the southern margin-bounding structure is much more significant than that of
northern margin-bounding structure. This is also supported by the asymmetrical
nature of the graben fill since more accommodation space was created closer to the
southern margin. This, in turn, controlled the thickness of the growth strata with
distinct thickening towards the southern margin (Figure 5.6). The northern margin-
bounding structure was probably become active during the Plio—Quaternary. This is
manifested in the thickness of the uppermost stratigraphic unit, where relatively
symmetrical thickness distribution is evident within the graben fill (Figure 5.6).
Yusufoglu (1996) suggest early Pliocene for the initiation of subsidence at the

northern margin of the Gediz graben.

5.2.2. Fault Pattern of the Graben Fill
The fill of the Gediz graben is deformed by numerous second-order faults that form

in association with the master graben-bounding faults, particularly with the southern
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margin-bounding structure (Figures 5.16, 5.17 and 5.18). The secondary faults are
both synthetic and antithetic structures to the southern margin-bounding structure.
The displacement accrued along these structures commonly varies from few tens of
meters to several hundreds of meters (Figures 5.16 and 5.17). It is very clear on the
seismic sections that, the displacements diminishes upward in the fault planes and
fall below the imaging resolution through the uppermost strata (Figures 5.16 and
5.17). This emphasizes the syndepositional nature of the faulting, and that the faults
gradually become influential on younger and younger strata as they deposited. In this
way, deformation keeps up with the sedimentation. This also suggests that the deeper
portion of the same fault is older than the shallower portion. Generally, the observed
faults of the graben fill have smaller dips at depth and become steeper towards the
surface. The reason for this is due to the fact that the lower segment, which form
earlier, experiences more extension (and consequently back rotation/back tilting)
then the upper segment, which forms later. Moreover, parts of the faults that fall
within the rollover panel of the master fault become further rotated during the
rollover formation (Figure 5.19). The lower rotated portion of the fault seed the
upward continuation, which forms in accordance with the Andersonian faulting with,
dips around 60° (Figure 5.19D).

The observed style of deformation in the seismic sections mimics the outcrop-
scale deformations observed in the exposures (Figures 3.3, 3.4 and 3.5). While the
seismic data portray the basin scale structures, outcrop observations were mostly
concentrated on the mesoscopic scale structures. In both cases, sub-order faults of
antithetic and synthetic orientations dominate the hanging-wall deformation above
the master fault that is defined at the scale of observation. The amount of
deformation increases significantly towards the master structures in both cases with a
distinct increase in the amount of offsets and rotation. In other words, crust responses
to the extension in similar ways at different scales. Yet, there are some style
differences observed between surface and subsurface data. Distinct crosscutting
relation observed in the outcrop exposures is the most obvious differences between
the two data sets.

Crosscutting relationship between shallowly- and steeply-dipping faults in
outcrops was presented in Figure 3.16. In the same Chapter 3, rotation of a fault to
low-angle dips was assessed to lead to eventual lock-up of the fault plane under

small confining pressure, close to ground surface (Figure 3.17). As the locked-up low
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Figure 5.19. Backward rotation of hanging-wall structures within the rollover panel.
(A) Basic interpretation of seismic section S-12 in Figure 5.16. The rollover panel is
also illustrated. Point 4" on the inactive axial surface marks the stratigraphic level
separating the pre-growth and growth strata. (B), (C) and (D) illustrates simplified
evolution of the rollover panel with accumulating slip. Fault rotation takes place within
the rollover panel during this evolution. Faults gradually become influential in younger
sedimentary units with more cteeper dip (dashed faults in D).
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angle structures cannot accommodate the extension anymore, new faults of more
favorable dip form. This results in cross cutting relationship between the locked-up,
shallowly dipping structure and the new-formed steeper structures (Figure 3.16).
However, no crosscutting relationship similar to those observed in outcrops was
interpreted in the seismic data. Instead, individual fault planes generally display
variation of dip having relatively low angles at depth and become steep towards the
surface (Figures 5.16 and 5.17). Although rotation of the fault to low-dip angles lead
to fault lock-up under small confining pressure close to surface, low angle faults are
more likely to sustain their activity under increased confining pressure at depth. In
fact, confining pressure contributes to resolved shear stress on the low-angle fault
plane significantly. As a result, relatively low angle portions of the faults including
the southern margin-bounding structure can still stay active at depth (Figure 5.16 and
5.17). In this way, the extension that the grabens fill experiences is accommodated
by low angle portion of the faults deeper in the basin and relatively younger high

angle portions close to surface.

5.2.3. Stress Field of Faulting

The striations analyses of the faults observed through surface exposures along the
southern margin of the Gediz graben are discussed in Chapter 3. Through these
analyses the principal stress axes controlling the faulting were computed by using
stress inversion methodology (Angelier, 1990, 1994). Based on these analyses, it is
concluded that Gediz Graben experiences general N-S oriented extension with minor
spatial but no temporal variations in the stress field.

Both 2-D and 3-D seismic surveys provide significant amount of fault data to
construct the fault geometries. Indeed, there is a need for a new method that employ
the fault geometries to infer the stress regime that drives the deformation.
Unfortunately, traditional stress inversion methodologies require measured
slickenside lineations to represent the slip vectors on the fault planes (e.g., Carey and
Brunier, 1974; Angelier, 1979, 1994; Etcheopar et al., 1981; Gephart and Forsyth,
1984; Yamaji, 2000). As a result, these approaches cannot be applied to seismically
constructed fault geometries because no clear indication of slip vector can be
interpreted out of the seismic data sets. Recently, Lisle et al. (2001) proposed a
method of stress inversion that can be applied to fault populations in which slip

vector cannot be determined but sense of dip-slip could be inferred. The way to
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estimate the slip sense is to relate the dip-slip with the dip-separation. Although the
relation between separation and slip is not always straightforward, sense of dip
separation mimics sense of dip slip under certain circumstances. These circumstances
include: (1) faults offsetting the horizontal markers, (2) faults having horizontal cut
of lines and (3) the fault and offset strata have the same strike (Lisle et al., 2001,
Orife et al., 2002). Fortunately, these conditions can be validated in our case.
Stratigraphically up in the section the strata are relatively horizontal. If not, cut off
lines can be approximated as roughly horizontal. Furthermore, as the bed tilting is
directly related with normal faulting and rollover formation, the bed strike and the
fault strike should be close to each other. Consequently, the proposed methodology is
applicable and may produce a viable solution with the constructed fault geometries
(Figure 5.18). This methodology has already been tested and compared with slip
vector-based inversion in Chapter 3. In this test drive, both methodologies produced
almost identical solutions (Figures 3.22 and 3.20A).

In order to compute the stress regime related to fault model in Figure 5.18,
dip and strike values were extracted from the modeled fault surfaces as a first step.
As the employed methodology (Lisle et al., 2001) depends only on fault attitude and
the sense of slip, this data will constitute the main input of the computation. As the
observed sense of separation is normal for all the interpreted faults, sense of the dip-
slip is assigned as normal. The extracted data set is large and includes a total of
33,610 dip and strike values out of 18 major fault planes (Figure 5.18). Because the
employed software is based on a gird-search algorithm, this large data set is difficult
to solve if it is ever possible. The approach to this problem is to plot the poles of
extracted fault plane attitudes separately as shown in the Figure 5.20. Each plot
represents the individual fault planes and is characterized by generally unimodal and
sometimes bimodal distribution of poles to the fault planes. A single fault plane is
assigned for those of unimodal distribution and two fault planes were assigned for
bimodal distributions in a way to honour the plotted data. A total of 20 fault planes
were then input into the software DIPSLIP (Orife et al., 2002) to compute the stress
axes (Figure 5.21A). The computed result includes numerous compatible principal
stress axes to the input fault data. The distribution of compatible o; axes (Figure
5.21B) concentrates around vertical, which is conformable with the outcrop based
slip inversion efforts documented in Chapter 3 (Figures 3.20 and 3.23). The

concentration of o3 axes, on the other hand, indicates a NE-SW-oriented extension
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(Figure 5.21C). Although this deviates from general N—S-oriented extension
computed in Chapter 3 for the Gediz graben, it still falls very close to NNE-SSW-
oriented extension direction inverted around Alasehir (Figure 3.25). Conclusively,
the result of slip-sense-based methodology of Lisle et al. (2001), which employs
seismically derived fault data, are in close agreement with that of slip vector based

methodology of Angelier (1994) that employs outcrop data.

5.3. Graben Fill

Lithofacies characteristics of the sedimentary fill of the Gediz Graben were described
in detail in Chapter 2. The same chapter also addresses the facies models and the
governing depositional systems of the graben fill. Although the seismic data
evaluated in this chapter are far from providing detailed lithological information,
they portray the lateral distribution of the sedimentary units within the graben more
accurately than any other available data source. Indeed, this distribution may provide
significant clues to the evolution of the graben.

The distribution of the graben fill in the Gediz Graben is conformable with
the graben’s geometry that suggest the thickest sedimentary section located in the
middle of the basin (Figure 5.22). Exceeding 3000 m vertical thickness, the
depocenter is limited both in perpendicular and parallel to the graben strike in a way
that the thickness of the fill gradually diminishes in these directions. It is conceivable
and expected that the thickness of the graben fill decreases towards the northern and
southern bounding structures perpendicular to the graben strike. However, the
thickness variation parallel to the graben strike is more genetically related to the
graben evolution as this suggests lateral variation of the accommodation space
generation. These variations are mostly related to the originally segmented nature of
the graben-bounding structures (e.g., Morley, 2002; Schlische, 1995; Morley et al.,
1990).

Lateral thickness variation of the graben fill is a significant fact for the Gediz
Graben and has been overlooked by the available literature. It is really not very
realistic to expect that the entire Gediz Graben extending more than 150 km in strike-
wise direction subsided as a single intact piece with a constant rate of subsidence.
Temporarily and spatially, the subsidence rate of the basin must vary along the
graben. The available studies on normal fault systems clearly illustrated how large

normal faults are evolved by amalgamation of discrete fault segments (Griffiths,
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1980; Morley et al., 1990; Peacock and Sanderson, 1991; Cartwright et al., 1995;
Morley, 2002; Bozkurt and Sozbilir, 2006; Ciftci and Bozkurt, 2007). Indeed, similar
mechanisms are observed to currently take place in the Gediz Graben as described in
Chapter 4. It is a prerequisite that identical processes have taken place in the
geological history of the graben. Such an evolutionary path for the graben-bounding
structures has certain implications to the graben fill, the most striking one being the
lateral variation of the graben fill in thickness, lithofacies and ages.

If the longitudinal seismic section S-4 extending from Salihli to Alasehir is
examined, a clear lateral thickness variation of the graben fill can be observed
(Figure 5.23). In fact, the Gediz Graben can be differentiated into two subbasins as
Salihli and Alasehir subbasins with a distinct sediment minima and basement high
located in between. There are some differences among the two subbasins such as
thickness and ages of the sedimentary units. While the deposition in the Alagehir
subbasin started with the Alasehir formation, deposition in the Salihli subbasin
started later with the Caltilik formation (Figure 5.23). Considering thickness of the
sediments in two subbasins, which are close to each other, Salihli subbasin has
probably experienced higher rate of subsidence for a relatively shorter period
compared to the Alasehir subbasin. This inarguably suggests that two subbasins have
partially independent evolution. A probable transfer fault between the two subbasins
may accommodate the consequential kinematic differences among them (Figure
5.23).

Other interesting structural features observed in Figure 5.23 are the folds
oriented transverse to the trend of the graben. Indeed, these structures are common in
the Gediz Graben and observed in all the longitudinal seismic sections. It is
interesting with these transverse structures that anticlines are associated with the
thinning of the stratigraphic units whereas synclines are associated with the
thickening of the stratigraphic units. This clearly indicates the syndepositional nature
of the transverse folds. Schlicshe (1993 and 1995) illustrated that transverse folds
form in association with segmented normal fault systems to accommodate the
displacement gradients within and in-between the discrete fault segments. Called as
displacement gradient folding, transverse folds form in a way that synclines are
associated with displacement maximum and anticlines are associated with
displacement minimums. This pairing, in turn, explains the stratigraphic thickening

in synclines and thinning in anticlines.
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5.3.1. Alasehir Formation

Alasehir formation has limited spatial distribution along the southern margin of the
Gediz Graben. Indeed, the formation’s only exposures are observable S—-SW of the
Alasehir immediately south of the MGBF (Figure 5.24). There is no reported
exposures of the formation exists along the southern horst block of the graben around
Salihli region (Yazman et al., 1998; E. Bozkurt, oral communication). Seismic
interpretations also agrees with the outcrop distribution in a way that Alagehir
formation were not interpreted to exist within the Salihli subbasin (Figure 5.23).
Transverse seismic sections also support this interpretation. Figure 5.19A illustrates
that the Alagehir formation, which is proved by boreholes to exist within the Alagehir
subbasin, constitutes partly growth and partly pre-growth strata with respect to
modern Gediz Graben. This inference is based on the stratigraphic level indicated by
point ‘K’ in Figure 5.19A, where inactive axial surface diverted into growth axial
surface to mark the boundary between the growth and pre-growth strata (e.g., Xiao
and Suppe, 1992; Shaw et al., 1997). When seismic sections S-1 and S-2 in Figure
5.8 are examined from Salihli subbasin, no stratigraphic unit sharing the above-
mentioned characteristics of the Alasehir formation can be observed. While the
rollover in S-1 forms along basement-sediment contact, the entire graben fill appears
as the growth strata (Figure 5.8). Furthermore, no seismic stratigraphic unit that
shares the seismic facies characteristics of the Alasehir formation exists in the Salihli
segment. Top of the Alasehir formation, which is a distinct stratigraphic surface
characterized by reflection truncations under the surface and onlaps above the
surface, is identified only within the Alasehir subbasin (Figure 2.14).

If the thickness distribution of the Alasehir formation is examined within the
Alasehir subbasins, it can be observed that the formation reaches to maximum
vertical thickness around 1400 m at its depocenter. The location of this depocenter in
the graben correlates very well with the formation’s exposures on the horst block
(Figure 5.25). The formation gets thinner laterally from the depocenter along the
graben strike, and finally wedges off towards the west of the graben. To the east, the
formation gets thinner as well and probably wedges off out of the area of seismic
coverage. This indicates that compared to today’s configuration, the graben was
probably very limited in strike-wise extend during the deposition of the Alagehir

formation as representation of the earlier increments of extension. With time and
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accumulated extension, Gediz Graben extended beyond the limits of the Alasehir
formation and finally reached to today’s configuration. This, in turn, explains the
limited distribution of the formation within the graben.

Transverse folds are clearly depicted by the structural contour map of the top
of the Alasehir formation (Figure 5.26). These folds are oriented almost orthogonal
to the southern margin structure of the graben. Although, axial surface traces of the
folds are truncated by secondary normal faults of the graben fill, the axial traces can
be matched well across the footwall and hanging-wall of these faults. Generally,
folds are more pronounced closer to the southern margin structure with steeper limp
dips and higher amplitudes. As you go away from the southern margin structure
towards north, limp dips get gentler and fold amplitude diminishes. This inarguably
shows the relationship between the southern margin-bounding structure and

transverse folding in the graben.

5.3.2. Caltihk Formation

Caltilik formation overlies the Alasehir formation in the Gediz Graben. In contrast to
Alagehir formation, which is only limited to Alasehir subbasin, Caltilik formation is
interpreted to exist within both the Salihli and Alasehir subbasins (Figure 5.23).
Although the formation is probably thicker in the Salihli subbasin (Figure 5.23), it
reaches over 1000 m thickness within two separate depocenters across the Alasehir
subbasin (Figure 5.27). One of these depocenters spatially correlates well with the
depocenter of the Alagehir formation. However, the other depocenter, which is
located further west, corresponds those parts of the graben where Alagehir formation
was never deposited (Figure 5.27). This clearly suggests that accommodation space
creation was gradually extended westward during this period. In other words, the
initial graben in which the Alasehir formation was deposited, propagated towards
west during the deposition of the Caltilik formation. At the mean time, subsidence
was probably initiated within the Salihli subbasin as well, although the two subbasins
were probably still unconnected, which is reflected by the significant thickness
variation of the Caltilik formation among the subbasins (Figure 5.23). Thus, the
graben configuration was modified significantly from its initial phase and the graben
was extended spatially to the west during this period as natural response to
accumulating extension in the region. On the other hand, the Caltilik formation

wedges off onto the Alasehir formation to the east, which indicates that eastward
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propagation of the graben was probably not the case during this period of deposition
(Figure 5.27).

Structural map of the top of the Caltilik formation also reveals the transverse
folds formed within the graben (Figure 5.28). In general, axial traces of these folds
correlate well with that of Alasehir formation as illustrated in Figure 5.26. However,
small differences do exist which probably resulted in due to the syn-depositional
nature of the folding. As this process controls the distribution of the accommodation
space in a way to result in more deposition in synclines compared to anticlines, traces
of axial planes may vary at different stratigraphic levels. Secondary hanging-wall
faults of the southern margin-bounding structure may complicate the folding pattern
further as these small-scale faults also follow individual spatio-temporal evolution
similar to master graben-bounding structures. In fact, some of the smaller folds may
appear as structures specific to certain fault block within the graben fill (Figures 5.26
and 5.28).

5.3.3. Gediz Formation

Gediz formation overlies the Caltilik formation with a vertical thickness locally
reaching up to 700 m (Figure 5.29). In contrast to Alasehir and Caltilik formations,
there is no well-defined depocenter exist for the Gediz formation. The thickness
distribution of the formation is relatively uniform around 400 m, with local and
distributed peaks around 700 m. The formation thins towards east in the same way of
Caltilik formation. Yet, the relatively uniform thickness distribution clearly suggests
that accommodation space creation is much uniform during the deposition of the
Gediz formation compared to the underlying Alasehir and Caltilik formations. This
may suggest that the Alasehir subbasin of the Gediz graben was experiencing
uniform rates of subsidence in the strike-wise direction during this period. This
uniform subsidence may indicate that originally segmented graben bounding faults,
which controlled to deposition of Alasehir and Caltilik formations, were already
amalgamated to form a single and continuous bounding fault during the deposition of
the Gediz formation. At the mean time, Salihli subbasin was also subsiding
independent of the Alasehir subbasin. Lateral thickness variation together with
transverse folding observed in the Gediz formation in Salihli subbasin may suggest
that this basin, as well, were not acting as a single basin but composed of a number

of interdependent smaller subbasins (Figure 5.23).
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Structural contour map of the top of the Gediz formation also discloses
transverse folds of the graben. Among these transverse folds, the major ones still
correlates reasonably with that of underlying Alasehir and Caltilik formations.
However, this structural map also reveals some longitudinal folds (Schlische, 1995)
that formed in close association to the normal faults. These folds trend
parallel/subparallel to the second-order normal faults within the graben fill and
probably formed by drag or rollover processes (see top of Gediz formation in Figure
5.17). Competing interaction between the transverse folding and longitudinal folding
may create doubly plunging dome-like or bowl-like structures, which can be locally

observed in the structural contour maps (Figures 5.26, 5.28 and 5.30).

5.3.4. Pliocene to Quaternary Deposits

Pliocene to Quaternary deposits include Kaletepe formation, Bintepeler formation
and the distal and proximal Quaternary alluvium of the modern graben floor (Figure
5.24). There is not enough evidence on seismic sections to differentiate these units
properly. Therefore, they were treated as a single seismic stratigraphic unit that
overlies the Gediz formation and reaches up to the modern graben floor.

Thickness distribution of these deposits is interesting with multiple
depocenters exceeding 1000 m vertical thicknesses. These depocenters correlates
very well with the synclines identified on the top of the Gediz formation (Figure
5.31). Hence, normal-fault related folding in the underlying units including both
transverse and longitudinal folding controlled the distribution of the accommodation
space during the Pliocene / Quaternary depositional period and resulted in thickening
of the unit in synclines and thinning of the units in anticlines. This period is also
important for the connection of Salihli and Alasehir subbasins. The two subbasins,
which were independent during most of the graben’s evolution, finally merged
together and started to subside jointly (Figure 5.23).

Data from the Gediz Graben revealed that the distribution of Neogene
sedimentary units within the basin is a function of evolutionary path of the graben.
Evidently, the basin experiences variable rate of subsidence in strike-wise direction.
This not only controlled the thickness distribution of the sedimentary units but also
initiation time of the sedimentation at different parts of the basin (e.g., Alasehir and
Salihli subbasins in Figure 5.23). Expecting a uniform distribution of sedimentary

units in thickness and age along the graben strike is an unrealistic approach for
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grabens. Continental setting of the Gediz Graben further complicates the graben fill
by imposing lateral facies variation and interfingering in short distances as described
in detail in Chapter 2. Although all these factors make it difficult to understand
continental graben basins, efforts benefit significantly from accurate understanding

of the controlling deformation and boundary structures (e.g. Chapters 3 and 4).

5.4. Correlation of Surface and Subsurface Data

One of the aims of this study is to correlate the surface and subsurface data in a most
convenient way to draw the complete picture of the graben basin. Surface and
subsurface data benefits mutually from this effort. Geological understanding
acquired through high resolution but discontinuous surface data undeniably improves
the interpretation of the subsurface data. On the other hand, low resolution but
continuous subsurface data reveals the spatial distribution of the geologic
phenomenon more accurately than the surface data. Furthermore, this effort tests the
surface observations, which are limited to basin margins, with the subsurface for
their basin-wide distribution.

Several transverse cross-sections were constructed starting from southern
horst block of the graben, passing across the graben basin and finalizing at the
northern horst block (Figures 5.32 and 5.33). These cross-sections served very well
to depict the entire geometry of the graben basin. As defined by surface observations,
the graben has an asymmetric geometry in general with most active site being the
southern margin. Cross sections A-A’ to E-E’ in Figures 5.32 and 5.33 clearly
illustrates this fact. In all these sections, the depocenter of the graben is located
closer to southern margin-bounding structure indicating that more accommodation
space is created on this site compared to the northern margin. This inevitably
influenced the thickness distribution of the units with a distinct general thinning
towards north (Figures 5.32 and 5.33). However, the uppermost stratigraphic unit
including Pliocene to Quaternary deposits fails to follow this general trend with more
uniformly distributed thickness on both margins. This suggests that subsidence of the
graben block was rather equally partitioned among the northern and southern margin
structures during this period and the activity of the northern margin structure is
mostly limited with the uppermost unit.

Cross-sections F-F’ and G-G’ in Figure 5.33 are slightly different than the

rest of the cross-sections with relatively symmetrical appearance of the graben fill. In
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these sections, no distinct trend can be observed in formation thickness except for the
Gediz formation, which thins towards north as in the most of the sections. Lack of
northward-thinning trend for Alasehir and Caltilik formations in these sections can
be attributed to either limited inclusion of these formations in cross-sectional area or
unfavorable orientation of the sections with respect to paleo-basin geometry in this
part of the graben. In fact, these sections are located very close to the margins of the
depositional realm of the Alasehir formation and can also be influenced by basin
margin complications (Figures 5.24, 5.25 and 5.26). Another specific feature of the
cross-sections F-F’ and G-G’ is that they are located next to the exposures of the
Bintepeler formation to the north. This formation is only observable NW of the
Alagehir subbasin. Fortunately, cross-section G-G’ resolves a wedge-like
sedimentary package lying against to northern margin structure immediately adjacent
to the exposure realm of the Bintepeler formation. The geometry and internal
stratification of this wedge suggests that it is a southward-prograding unit, sourced
by northern margin of the graben. Consequently, this wedge correlates well with the
exposures and depositional characteristics of the Bintepeler formation and most
probably it is the continuation of this formation within the graben. This unit cannot
be resolved in cross-section F-F’ and is probably included within the uppermost unit
of Pliocene to Quaternary deposits.

In cross-section G-G’, genetic relation is obvious between the northern
margin structure and the Bintepeler formation as represented by the depositional
wedge. This relation is key to estimate the age of northern margin structure, as
increased rate of deposition on this margin indicates the initiated activity of the
structure. Because the wedge directly overlies the Gediz formation and underlies the
Quaternary alluvium, its deposition should postdate Gediz formation and predates
Quaternary alluvium. From this stratigraphic position, Bintepeler formation can be
correlated with the Kaletepe formation of the southern margin (see Chapter 2).
Unfortunately, Kaletepe formation cannot be resolved in the seismic sections.
However, surface observation clearly determines stratigraphic position of this
formation above the Gediz formation and below the Quaternary alluvium (Figure
5.24).

An obvious observation made across the surface exposures is the distinct
cross-cutting relationship between the low-angle normal fault and the high-angle

normal faults to the south of the master graben-bounding fault (Figures 3.19, 5.24,
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5.32 and 5.33). When this observation was extended towards the subsurface through
the constructed cross-sections, it is become evident that no such relation exist
basinward. The imaged southern margin-bounding structure of the graben extend
without any offset, evidently become shallower towards the south in some sections
and finally disappear in the poorly imaged southern edge of the sections (Figures 5.8,
5.11, 5.12, 5.14, 5.16, 5.17). When the southernmost limit of the imaged fault is
extended with approximately same dip amount, it correlates very well with the
master graben-bounding fault in Figure 5.24. Consequently, the imaged southern
margin-bounding structure in the seismic sections is correlated with the master
graben-bounding fault mapped in the outcrop exposures (Figures 5.32 and 5.33).
Although they are not imaged very well in the seismic sections, second-order faults
exposing immediately north of the MGBF in Figure 5.24 probably merges into the
master structure because there is no evidence of offset on the master structure
imposed by the second-order faults at this part (Figures 5.32 and 5.33). The observed
cross-cutting relationship between the low-angle and high-angle normal faults is
specific to the south of the MGBF in Alasehir subbasin (Figure 5.24).

The MGBEF is probably a dynamic structure changing its geometry with
accumulating extension. This change in large scale may be controlled by rolling
hinge process that developed in response to footwall rebound (Figure 5.35A) (Buck,
1988, 1991). As the rolling model predicts, MGBF is composed of steeply- and
shallowly-dipping segments to form flat and ramp geometry (Figure 5.13A). This
geometry is not static but alters in terms of segment lengths and fault dips, as the
locus of incremental uplift migrates through the footwall with rolling hinges
(Spencer, 1994; Buck, 1988; Wernicke and Axen, 1988). However, activity of a
potential deeper structure will also influences the geometry of the southern margin-
bounding structure (i.e., the MGBF) as well. Although, no concrete evidence of a
deeper structure below the southern margin-bounding structure is available from
surface and subsurface data, existence of such a structure is not beyond the
possibility. In fact, the high-angle normal faults, which cut and offset the low-angle
normal fault south of the MGBF, could be linked to the almost flat lowermost
segment of the southern margin-bounding structure by means of a deeper structure
(Figures 5.32 and 5.33). A forward model constructed in Figure 5.34 deals with the
operation of two structures that are linked to the same deeper detachment in a similar

way speculated above (Figure 5.34). The forward model is based on extensional
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fault-bend folding theories of Xiao and Suppe (1992) and Shaw et al. (1997) (Figure
5.9). Note in the model that, activity of the deeper structure (Fa) influences geometry
of the upper structure (Fb) and results in flattening of the segment of Fb falling into
rollover panel of the Fa (Figure 5.34). With dropping base level of erosion, this
flattened segment may become exposed on the graben margin. Because lower dip
amounts that the upper segment of Fb reached is not favorable to sustain its activity,
Fc forms after some point and the flattened segment of Fb is become abandoned
(Figure 5.34). Similar geometric relations to this simplified model can be observed in
most of the transverse cross-sections in Figures 5.32 and 5.33 in which MGBF
represents the Fc and the presently inactive low-angle normal faults south of the
MGBF represents the Fb. Therefore, similar processes predicted by the forward
model might be taking place along the southern margin of the Gediz Graben.

Whether controlled by the rolling-hinge process (Figure 5.35A) or
simultaneous activity of a deeper structure (Figure 5.34), the segment of the southern
margin-bounding structure that is rotated to shallower dip amount will be abandoned
by forming a new fault to the north (Figure 5.35B and C). This is also conformable
with the basinward migration of the rift borders. MGBF located north of the
presently inactive low-angle normal fault is probably a current example to this
process (Figures 5.24, 5.32 and 5.33). Once the MGBF invaded the system and start
to operate as the master fault, the low-angle segment of the southern margin-
bounding structure that is left behind became the presently low-angle, inactive
normal fault, i.e., the detachment fault. With time and accumulating extension, it is
likely that this process will probably repeat itself by second order faults (f1, 2, {3,
f4, f5, f6 and f7 in Figures 5.32 and 5.33) located north of the MGBF, and the
uppermost low-angle segment of the southern margin-bounding structure will be
chopped off again and abandoned (Figures 5.32 and 5.33). Although, these candidate
faults (f1 through f7) that bounds the graben floor is not a single fault but comprises
overlapping segments (Figure 5.24), they will probably amalgamate into a single
fault with time before they start to operate as the master fault.

At this point, it is critical to assess the cross-cutting relationship between the
low-angle and high-angle faults south of the MGBF because this relationship is not
defined by the available rolling hinge models (Spencer, 1984; Buck, 1988, 1991;
Wernicke and Axen, 1988). Nevertheless, simple reasoning can integrate the cross-

cutting relationship with the rolling-hinge model (Figure 5.35B and C). As the
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inactive low-angle normal fault is unfavorable to keep up with the extension, faults
of more favorable dip is needed because the region south of the MGBF is still
exposed to the extension. These high-angle faults with more favorable dip to
accommodate the extension can form shortly after the new master fault in order to
cut and offset the low-angle fault (Figure 5.35B). Alternatively, these high angle
faults can form before the new master fault conformable to basinward migration.
Once the low angle fault is abandoned by the new master fault, the high-angle faults
cut and offset the low-angle fault (Figure 5.35C). Whatever the sequence of
formation, these high-angle faults will also result in rotation and back tilting of the
low angle fault cut into pieces and produce geometries similar to those observed to
the south of MGBF in constructed cross-sections (Figures 5.32 and 5.33). The entire
process with two alternatives is schematically illustrated in Figure 5.35.

As transverse cross-sections provide significant clues to the character and
evolution of the graben-bounding structures, longitudinal cross-sections in Figures
5.36 and 5.37 illustrates how subsidence rate vary laterally along the graben basin.
Thickness variations of the sedimentary units are clearly evident in these longitudinal
sections, which is already discussed in Figure 5.23. Lithostratigraphic formations
thin to the east and/or to the west and finally wedges out, although the morphologic
expression of the graben on the surface is continuous (Figure 5.1). As discussed
earlier in this chapter, transverse folds forming approximately at orthogonal
orientation to graben trend are also observable as an indication of displacement
gradients arose along the graben-bounding structures. It should be emphasized that
progressive evolution of the graben in time is a spatial phenomenon, which needs
assessments not only in transverse direction to the graben trend but also along strike

direction.

198



"PIAIOQO
9q [[1o uBd A9y} Y3noyj[e pAyoIuruIp oJe Op[oj 0IdAouen Jo uokodrdur ‘YOI 29U} 0 U0 JULOIP 00U I} OI UONDIWD-000IJ OIY) O ouoneue[dxd
oy} 10J 7¢°S 2In31,{ PUB UOI)OD Q001D A} JO UONBIO] 10J 7°G INT1,] 99§ "uoeqqns Iyasey ay) Suoje Juwoed uor}oa0.00019 [eurpniSuoT *9¢"s Insiy

50756 1-S

0008~

000

000€-

0002~

0004~

00S-
0se-

0s2
0 00§
%) 0S5

0004
<H"H NOILDO3S SSO¥D

199



0008~

000%-

000€-

0002-

0001~

005~
0se-

0sZ
00§
0S.
0001

"UO1}030-00010 AY) U0 POAINQO A[I0BD 9q UBIOP[0J 0IdA0UEI], ouorjeue[dxd
oy} 10J 7¢°G 2In31,{ PUB UOI)OD Q001D A} JO UONBIO] 10J 'S INT1,] 99§ "uoeqqns Iyasey ay) Suofe Juoed uor}oa0.00019 [eurpniSuoT £€"S N3

Gl-S

i S op
(%) » (%)

0002-

("I NOILD3S SSOdD

200



CHAPTER 6

FOLDING IN THE GRABEN FILL

Folds are extraordinary displays of strain and illustrate how the original shapes of
rock bodies may change during the course of deformation. They occur in almost
limitless geometries in response to competing folding mechanisms controlled not
only by nature of active stress field but also by mean ductility and mechanical
influence of layering during the deformation. Traditionally, folded strata and process
of folding have been regarded as the products of contractional deformation arising
under compressive stresses (Davis, 1984; Twiss and Moores, 1992; Davis and
Reynolds, 1996). Rollover folds are considered as an exception to this because they
form due to slip above listric normal faults in extensional settings (e.g., Dula, 1991;
Xiao and Suppe, 1992; Shaw et al., 1997). Nevertheless, studies carried out during
the last few decades revealed the fact that folding in extensional settings is not
limited with the rollover folds and it is a more common phenomenon than previously
thought. Consequently, numerous recent studies documented the occurrences of folds
and their modes of formation in extensional tectonic settings (e.g., Schlische, 1995;
Janecke et al., 1998; Khalil and McClay, 2002;).

Folds constitute a part within dominantly extension-related deformation
pattern of the Gediz Graben. They occur at various styles and attitudes. Although
surface observations usually recognize folds oriented parallel or slightly oblique to
the graben trend, seismic data are able to depict the existence of folds oriented
transverse to the graben strike as well. Observed folds vary in shape from broad non-
plunging folds to tight and overturned plunging folds. Sometimes, surface
observations can recognize very complicated deformation patterns associated with
the folded zones. Intensity of folding varies apparently among the lithostratigraphic

units and even spatially within the same unit.
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Folds reported from the Gediz Graben became a subject of debate if these
folds are extensional in origin or they represent a period of compression during the
evolution of the Gediz Graben (Kogyigit et al., 1999a; Seyitoglu et al., 2000;
Sozbilir, 2001, 2002; Bozkurt, 2002; Yusufoglu, 2002; Seyitoglu et al., 2002).
Unfortunately, answer to this question is not simple, as some of the folds in the
Gediz Graben appear completely to be extensional in origin. These folds are
associated with the movements on normal fault planes and form in response to fault
geometry and lateral displacement gradients on the fault surfaces (e.g. Schlische,
1995). On the other hand, increasing number of recent studies in the western
Anatolia reports a N—S-oriented short phase of compression that potentially relates
some of the observed folding (Kogyigit et al., 1999a; Bozkurt, 2003; Bozkurt and
Rojay, 2005; Bozkurt and Mittwede, 2005).

This chapter investigates folds of the Gediz Graben, using surface and
subsurface data in order to assess their mode of formation. Data acquired from
outcrop exposures are analyzed by statistical methods of stereographic projection to
document the general attitude characteristics. Field photos and schematic cross-
sections depict the fold geometries and associated deformation features.
Interpretation of seismic data depicts folding of stratigraphic horizons by 2-D
geological cross-sections and by structural contour maps. Modeling efforts intend to

explain the origin of transverse folding observed in seismic sections.

6.1. Folds and Process of Folding: A Review

Folds can simply be described as wave-like undulations emphasized by bedding,
foliation or any other originally planar surface. They have been classified in many
different ways from purely descriptive classifications to those honoring the fold-
forming mechanisms (e.g., Fleuty, 1964; Ramsay, 1967; Hudleston, 1973; Donath
and Parker 1964). Unfortunately, every classification has defects inherited from its
specific point of view and no one is ideal. Perhaps, the best classification is the one
that best suits the main aim of the intended geological study.

Two mechanisms are influential during folding process, namely flexural
folding and passive folding (Donath and Parker 1964). Flexural folding takes place
when the mechanical influence of layering is strong and the mean ductility of the
rock volume is moderate to low (Figure 6.1). It may take place in two different ways

and represents the two end-member processes: flexural-slip and flexural-flow (Figure
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Figure 6.1. Folding is commonly achieved by two major mechanisms: flexural folding
and passive folding. Flexural folding includes flexural-slip and flexural-flow processes
under the mechanical influence of layering. Passive folding can be considered as fake
folding in which layer become folded by means of mesoscopic or microscopic axial
plane cleavages without really being flexed or bent. Folds falling out of these two groups
do exist and are considered to form by quasi-flexural processes. Modified from Hatcher
(1990).
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6.1). Flexural-slip folds form by buckling, bending and slip parallel to layering.
Strong and stiff layers with contacts having low cohesive strength are good
candidates for this process. Individual layers that are folded by flexural slip tend to
retain their original thickness to form parallel folds (or concentric folds). Layered
rocks with strong ductility contrast are prone to flexural-flow process with bending
and flexing but without slip parallel to layering (Figure 6.1). In this process strong
and stiff layers maintain constant thickness while ductile layers flow to result in
thickening across axial zones and thinning along the limbs (Donath and Parker,
1964). The resulting geometry mostly includes non-parallel folds (or similar folds)
but may also include some parallel folds. Layered rocks in the upper crust are mostly
folded by flexural folding mechanism.

In passive folding mechanism the mechanical influence of layering is very
weak or absent and the layering only acts as a strain marker. The rock volume
possesses high mean ductility (Figure 6.1). Layers become folded passively without
actually being flexed or bent. There are two end-member processes leading to
passive folding: (1) passive slip within the volume by means of axial-plane cleavage
or (2) passive flow of rock without mesoscopic axial plane cleavage (Donath and
Parker, 1964; Davis, 1984). Passive folding is commonly observed in metamorphic
rocks or salt, glacial ice and water-saturated sediments that possess uniform ductile
properties. Folds that don’t fit into either flexural folding or passive folding can be
classified as quasi-flexural folding and correspond to disharmonic folds (Figure 6.1)
(Hatcher, 1990).

In the scale of a sedimentary basin characterized by layering and
predominantly brittle behavior, both compressional and tensional stresses can
generate folding, which is generally accompanied by faulting. Compressional
stresses commonly lead to folding by means of contractional fault-related folding
processes that are associated with thrust and/or reverse faults. Three main
mechanisms are defined in the folding process: (1) Upward propagation of faults; i.e.
fault-propagation folding, (2) Passage of hanging wall over the fault bends; i.e. fault-
bend folding and (3) displacement gradient along bedding-parallel folds; i.e. the
detachment folding (e.g., Suppe, 1983; Suppe and Medwedeff, 1990; Shaw et al.,
2005). These processes are briefly illustrated in Figure 6.2. Several sub-classes are
defined to represent variations from these general cases, such as tri-shear fault-

propagation folding (Erslev, 1991), shear fault-bend folding (Suppe et al., 2005) and
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Figure 6.2. Contractional fault-related folding is achieved by means of three major
processes: (A) fault-bend folding, (B) fault-propagation folding and (C) detachment
folding. From Shaw et al. (2005).
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folding related to structural wedges (Medwedeff, 1989). Hinge-line orientation of
these folds generally trend parallel or sub-parallel to the associated fault strike and
orthogonal to the regional direction of compression. Folds can develop both as
asymmetrical structures, indicating the direction of vergence and as symmetrical
structures. Less commonly, folding under compressional stress can also take place
across zones of transpression along strike-slip faults. Folds in these zones are
generally oriented orthogonal or sub-orthogonal to the controlling fault and oblique
to the regional direction of compression. Yet, many local factors may influence the
fold orientation forming under compressional stresses.

Folds can also form under tensional stresses in relation to normal faults.
Normal fault-related folds were simply classified as longitudinal and transverse folds
based on their hinge-line orientations (Schlische, 1995). Longitudinal folds have
hinge lines that are oriented parallel or sub-parallel to the strike of the associated
normal fault system. Transverse folds are those that have perpendicular or sub-
perpendicular fold hinges with respect to associated normal fault system. Although
these two-end members are the most common mode of occurrences, folds of oblique
orientations also exist (Janecke et al., 1998).

Available literature describes more than a dozen of processes that result in
folding in extensional tectonic settings (Schlische, 1995; Janecke et al., 1998).
However, synthesis of these processes may lead to three major mechanisms that
seem to be most influential in sedimentary basin scale (Figure 6.3). Indeed, these
mechanisms are very similar to contractional counterparts and can be listed as: (1)
upward propagation of faults; i.e. extensional fault-propagation folding; (2) passage
of hanging wall above fault bends; i.e. extensional fault-bend folding and (3)
displacement gradients both parallel and orthogonal to the fault strike; i.e.
displacement gradient folding. These mechanisms are briefly illustrated in Figure
6.3.

Fault-propagation folds or drag folds are the results of fault growth in up-dip
and along-strike directions (Figure 6.3A). Initially, the region in front of a fault tip is
flexed into a monocline, which later cut and offset by the propagating fault. The
result is a syncline in the hanging wall and an anticline in the footwall. Reverse drag
folds represent opposite geometry to fault propagation folds in a way that synclines
form in the hanging wall and anticline form in the footwall (Figure 6.3B). These

folds are the geometrical results of displacement gradients within the hanging wall
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and footwall blocks perpendicular or sub-perpendicular to the fault strike. In other
words, the maximum displacement arising at the fault surface gradually decreases
away from the fault both towards hanging wall and footwall to result in folding.

As in the case of contractional faults, fault bends on normal folds are very
efficient ways of folding of the hanging-wall strata (6.3C). As hanging wall passes
over a fault bend, a void is potentially created between the hanging wall and the fault
plane. The location of the void could be above or below the fault bend depending on
the convex up or concave up nature of the fault, respectively. Thus, the hanging wall
collapses to fill in the potential gap and become folded (Xiao and Suppe, 1992).
Fault-bend folds forming above a convex-up fault bends are traditionally called as
rollover folds (Hamblin, 1965; Groshong, 1989, 1994; Dula, 1991; Xiao and Suppe,
1992). These structures were described in Chapter 5 in detail (Figures 5.9 and 5.10).

Fault-propagation folds, reverse drag folds and fault-bend folds commonly
form with axial planes oriented parallel to the controlling normal fault and fall into
the longitudinal fold class. Transverse folds form the other class and are
predominantly controlled by lateral variation of the displacement along the fault
surface. Relatively recent research in normal fault systems thought us that the
cumulative displacement, which is zero at the fault tips (displacement minima),
gradually increases from the fault tips towards the central zone of maximum
displacement (Figure 6.4) (e.g., Dawers et al., 1993; Clark and Cox, 1996; Peacock
and Sanders, 1996; Cowie and Shipton, 1998; Steward, 2001). This has some
implications on the hanging-wall block. If you consider a single isolated normal
fault, a displacement profile characterized by maximum displacement at the center
and zero displacement at the tips of the fault (i.e., Figure 6.4) would deform the
hanging-wall block to form a broad syncline (Figure 6.3D). Normal faults commonly
comprise isolated segments, and they progressively evolve through the linkage of
these segments (see Chapter 4). This introduces multiple displacement minimums
and maximums to the common hanging-wall block to form series of anticlines and
synclines oriented transverse to the fault systems’ trend (Figure 6.3E). Synclines will
form at the displacement maximums and anticlines will form at the displacement

minimums (Figure 6.3E).
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Figure 6.4. Typical displacement profile across a normal fault. Maximum displacement
is achieved at the center of the fault plane. Displacement gradually decreases towards
the fault tips and finally demises.
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6.2. Outcrop Observations: Actual Data

In the study area, the most intensive folding is observable within outcrop exposures
of the Alasgehir formation to the SW of Osmaniye (Figure 6.5). A road cut located at
this area exposes numerous folds, reverse faults and normal faults that are jointly
responsible for the deformation of this unit. Some of the normal faults exposed along
this section control the exposure limits of the formation and can be illustrated on
geological maps of conventional scale (Figure 6.5). However, folds and
reverse/thrust faults along the same section are smaller-scale structures and require
more detailed and larger-scale mapping approaches. Therefore, a detailed sketch
cross-section was constructed along the road cut section to document the
characteristics of observed deformation features (Figure 6.6).

When the road-cut section in Figure 6.6 is examined carefully, one can easily
recognize that folding and reverse/thrust faulting are associated in most of the cases.
Although some folds appear to lack associated faults, outcrop observations resolves
many smaller-scale faults that cannot be illustrated even in the scale of the road-cut
cross-section. Figure 6.7 depicts that forelimb of an asymmetrical anticline that is
intensely deformed by small-scale reverse/thrust faulting. Note that faults of the
forelimb are not planar but curved features in a way conformable to north-vergent
character of the fold. It is likely that these faults shaping the forelimb of the anticline
are also influenced by folding process; thus indicating that folding and faulting were
synchronous events. The observed relations among the folds and reverse faults
clearly suggest that deformation pattern comprising these structures is contractional
in origin.

Lithology of the Alasehir formation along the road-cut section is composed of
thin-bedded and laminated bitumous paper shales alternating with thin sandstone and
siltstone beds, typical to the Zeytingay member (Chapter 2). This facies allow
frequent bedding plane measurements throughout the section to portray the
deformation accurately. Although the attitude of bedding planes varies a lot along the
section due to intense folding and tilting caused by faulting, approximately E—W-
striking bedding with dips towards south and north dominate the general distribution
(Figure 6.8A). It is also interesting that along the road-cut section, there is a strong
component of north vergence among the structures. Accordingly, most of the
observed folds are asymmetrical; some are even overturned to indicate this direction

of vergence (Figure 6.6). The reverse/thrust faults, on the other hand, are also
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Figure 6.5. Location map of the road cut that is mapped for contractional folds and
faults in detail. The section is slightly longer than 1.5 km and cuts through the Alasehir
formation. This map was extracted from Figure 5.23 and one should refer to Figure 5.23
for the explanations of the map.
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Figure 6.6. Road cut cross-section constructed to illustrate deformation pattern of the Alasehir formation to the SW of Osmaniye. See Figure 6.1 for the location of the section. The road-cut section is slightly over 1.5
km in length and exposes deformation pattern that is controlled by folding, reverse faulting and normal faulting. It is clearly evident on this section that, in most cases the folding is associated with reverse faulting and
indicate the contractional nature of deformation. The fact that normal faults cut and offset fold axes is also obvious along Segment V of the section. This suggests that some of the normal faults is related to a
deformation phase that is superimposed on to the contractional deformation. Thereisa consistent north vergence during the contractional deformation.
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Figure 6.7. Outcrop photograph (A) and basic interpretation (B) to illustrate complex
deformation patterns observed along the road-cut cross-section. Note that folding is
associated with intense small-scale faulting across the fore limb of the asymmetrical
anticline. The faults are not planner but curved features suggesting that they may also be
influenced by folding process. See Figure 6.6 for the location of the photograph. The
man in the picture is 188-cm-tall.

213



Bl 8%
N 4%
B 2%
B 1%
(max=13.01%)

(A) n =124

B pole to the fault plane

(B)

¢ slickenside lineation

ﬁ a&inferred direction of contraction

n=17

Figure 6.8. (A) Stereoplot illustrating bedding orientation along the road-cut section.
Poles to the bedding plane are plotted over the density contours depicting concentration
of bedding at two main attitudes. (B) Fault data acquired from reverse faults along the
road cut section. Faults mostly dip towards S-SW. Rare slickenside lineations indicate
dip-slip movements on the fault planes.
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conformable with this vergence direction. Excluding few exceptions, all the faults
dip southward with magnitudes commonly less than 45° (Figure 6.8B).

Unfortunately, the lithology of the Alasehir formation comprising thin-
bedded and laminated sediments are not suitable to allow measurement of slickenside
lineation for the kinematic analysis of fault data since these surfaces are easily
weathered. Yet, measured fault orientations suggest approximately NNE-SSW-
oriented compression direction. Few measured fault slip data shows predominantly
dip-slip movements on the fault planes (Figure 6.8B). It is interesting that the
estimated direction of compression is very similar to the computed direction of
extension forming the normal faults of Gediz Graben (Figure 3.26).

Folds along the section are variable in character. They generally trend E-W
with plunges less than 20° (Figure 6.9). The dominant plunge direction is to west,
although plunges to NW, NE and SSW also exist (Figure 6.9A). Folds are mostly
asymmetrical and vary from tight folds with angular hinges to broad folds with broad
curved hinges (Figures 6.7, 6.10, 6.11 and 6.12). Folding is predominantly controlled
by flexural-folding mechanism and most of the folds possess parallel fold properties.

The road-cut cross-section also revealed a relation to constrain relative timing
of contractional and extensional deformations along the road-cut section. In the
Segment V of the cross-section in Figure 6.6, some of the normal faults evidently cut
and displace axial planes of some folds. This suggests that at least some of the
normal faults postdate the formation of folds along this section; i.e., the observed
contractional deformation has taken place before the currently active extension of the
Graben.

Deposition of the Alasehir formation was constraint within a lacustrine basin
that had a fault-controlled steep southern margin (Chapter 2). This steep margin not
only provided suitable conditions to trigger the turbidity currents, but also influenced
the stability of the sediments deposited over the slopes. Unavoidably, slope failures
have taken place and resulted in slumps and soft-sediment deformation that is
incorporated with the sedimentation (Figures 6.6 and 6.13). The observed slumps are
north vergent as well, indicating mass-wasting process from southern margin towards
the north. This brings along another argument that whether the observed
contractional deformations are related to compressive stresses, or they are actually

slumps formed during the deposition of the formation?
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Figure 6.9. (A) Stereoplot depicting hinge-line orientations of folds with contours
illustrating the density distribution. (B) Rose diagram showing the orientation of fold
hinge lines. Both (A) and (B) reveal that the most dominant fold orientation is
approximately E-W, although folds oriented ~N-S are also significant in numbers.
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Figure 6.10. Outcrop photograph (A) and its sketch (B) showing an asymmetrical
anticline that exposed along the road-cut section. The entire section is dominated by
paper shales with some sandstone intercalations (gray beds). Note that shale beds and
sandstone beds deformed in slightly different ways due to varying rigidity. While shale
beds become folded by flexural slip, sandstone layers respond by reverse/thrust
faulting. See Figure 6.2 for the location of the photograph. The exposure surface is ~12-
m-high.
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Figure 6.11. Outcrop photograph (A) and basic interpretation (B) showing a broad
symmetrical syncline that form on the hanging wall of a reverse fault. The apparent
offset on the fault plane is about 2.5 m. See Figure 6.2 for the location of the photograph.
The man on the picture is 180-cm-tall.
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Figure 6.12. Outcrop photograph (A) and basic interpretation (B) showing a tight
chevron syncline with plunge direction to the observer. See Figure 6.2 for the location of
the photograph.
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Figure 6.13. Outcrop photograph illustrating the slump features within the Alasehir
formation. Note that the folded volume of rock is constraint in between the undisturbed
layering. Vergence is towards NE. See Figure 6.2 for the location of the photograph. The
penin the picture is 15-cm-long.
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Slumps are easy to identify if they are smaller than the scale of observation.
The key issue is to find the undisturbed sedimentary layering above and below the
folded and sometime faulted slump volume (Figure 6.13). If these relations cannot be
resolved on the outcrops due to larger sizes of the deformed volumes (i.e. the feature
is larger than the available observation area), identification of slumps become
difficult. The reason for this is the fact that deformation patterns observed within the
slump volumes are also contractional, similar to those formed by regional
compressive stresses. Unfortunately, the risk of misidentifying some of the slump
structures as the contractional deformation is valid for the road-cut section, which
allows observations along maximum 5-6 m high exposures. However, deformation
styles observed in some of the folds are not very conformable the with slump
processes (Figures 6.7, 6.10, 6.11 and 6.12). For example, deformation in Figure 6.7
is dominated by many small-scale thrust faults on the forelimb of the anticline. This
style is probably too brittle to form with semi consolidated slump structures. The
symmetrical broad fold in Figure 6.10 and chevron fold in Figure 6.12 are difficult

geometries to form through the slump processes as well.

6.3. Subsurface Interpretations

Folds are also observable in seismic data throughout the basin-fill sediments of the
Gediz Graben. As the dip of master graben-bounding normal fault (southern margin-
bounding structure) decreases at depth through a distinct fault-bend, an extensional
fault-bend fold or rollover fold has formed in the hanging-wall strata which is
imaged very well on some sections (e.g., Figure 5.16). Beside this basin-size
structure, smaller-scale folds associated with normal faults are also observable in
transverse cross-sections (Figures 5.32, 5.33 and 6.14). In fact, all the interpreted
folds across the seismic coverage are related to the normal faults and no indication of
contractional folding and faulting can be resolved on these seismic sections.
Remember that the scale of folding and thrust/reverse faulting observed within the
outcrops of Alagehir formation was relatively small compared to the extensional
structures. Consequently, much larger scale approach then the conventional mapping
scale was utilized to document these structures (Figure 6.6). This scale issue could be
also valid for the subsurface data, which fail to image comparable structures due to

resolution limitations of the seismic data.
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If the structural contour maps of stratigraphic horizons are investigated,
transverse anticlines and synclines catches attention as the most prominent structures
shaping the graben fill (Figures 6.15 — see also Figures 5.26, 5.28 and 5.30). These
structures can easily be recognized on longitudinal seismic sections oriented parallel
to the graben trend (Figures 5.23, 5.36, 5.37 and 6.15). In fact, the cross section
based on the interpretation of seismic section S-16 in Figure 6.15 portrays the
geometry of the transverse folds better than the any other longitudinal section. This
cross section is based on the closest seismic section to the southern margin structure
of the graben and represents the parts of the graben that is most strongly influenced
by the displacement gradient along the master structure (Figure 5.1). Stratigraphic
units in this section were differentiated based on their deposition time with respect to
folding (Figure 6.15). The brown-colored unit nonconformably overlies the basement
metamorphic rocks and is deposited before the folding. This unit correlates to the
Alagehir formation and therefore, it constitutes the pre-growth strata. On the other
hand, the overlying growth strata were differentiated into two units as: (i) the lower
unit comprising the Caltilik and Gediz formations and (ii) the upper unit made up of
Plio—Quaternary deposits.

In the theory of contractional fault-related folds, kink-band migration and
limb-rotation are invoked as the two main mechanisms of folding (Shaw et al.,
2005). For folds that develop purely by kink-band migration, fault limbs widen
through time but maintain a constant dip (Figure 6.16) (Suppe et al., 1992). The fold
limb is bounded by active-axial surface and inactive-axial surface for the pre-growth
strata and active-axial surface and growth-axial surface for the growth strata. The
active- and inactive-axial surfaces mark the syncline and anticline, respectively
(Figure 6.16). In limb-rotation mechanism, the fold limb preserves fixed hinge
points defined by inactive axial surfaces through the folding process (Shaw et al.,
2005). However, the dip of the limb increases gradually as the folding progress
(Figure 6.16). That results in older strata of the limb dip more steeply than the
younger strata with apparent fanning down-dip the limb.

It can be recognized on the Figure 6.17 that kink-bend like folded strata have
developed on the limbs of the transverse folds. While these kink bends have constant
widths throughout the pre-growth strata, their widths decrease within the growth
strata to form growth triangles very similar to those formed by kink-bend migration

mechanism in Figure 6.16. The width of the limb for each growth horizon represents
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Figure 6.15. Figure depicting the transverse anticlines and synclines in the Gediz
Graben. Structural contour maps of the stratigraphic horizons and the constucted
longitudinal cross-section reveal the dominance of the transverse folds in the
deformation of the graben fill.
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Figure 6.16. Two different ways of folding in contractional fault related folds. (A) Kink-
bend migration, (B) Limb rotation. Figures depict both folding of pre-growth strata and
growth strata for sedimentation rate being larger and smaller than the rate of uplift. From

Shaw et al. (2005).
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the amount of fold growth since the deposition of that marker (Shaw et al., 2005).
Consequently, the younger horizons have smaller widths than the older horizon to
form narrowing upward fold limbs constraint by growth triangles (Figure 6.17). The
traces of axial planes tied to synclines appear as more regular surfaces with tendency
to be a straight line. Those tied to anticlines are clearly diverted into the growth axial
surfaces within the growth strata. Although kink-bend migration characterized by
constant bed dips on the fold limbs is probably the dominant mechanism of folding,
minor amount of down dip increase in thickness can still be observed for some of the
stratigraphic levels (Figure 6.17). This suggests that folding process was
predominantly governed by kink-bend migration but also influenced by limb rotation
as well. The process of limb rotation is more evident in the upper growth strata
(Figure 6.17).

While the thickness distribution of the pre-growth strata is independent from
folding process, the lower package of the growth strata illustrates clear lateral
thickness change in relation to folding. This is manifested by increased thickness
over the core of synclines and decreased thickness over the core of anticlines.
Furthermore, at the top of eastern anticline, the lower growth strata do not exist but
an apparent angular unconformity between the lower and upper growth packages
(Figure 6.17). This relation is probably caused by the sedimentation rate being less
than the rate of anticlinal uplift during the deposition of the lower growth strata. This
resulted in non-deposition of the lower growth package at the top of anticline in a

way similar to Figure 6.16A.

6.3.1. Forward Modeling of Transverse Folding
A forward modeling effort was carried out to assess if the observed transverse
folding in the graben can be produced by variable subsidence of the basin? The
variable subsidence was caused by the originally segmented nature of the southern
margin structure that introduced multiple displacement minimums and maximums in
to the basin fill. With accumulating extensional strain, the segments will join
together to form a single fault, which result in more uniform subsidence of the
graben block.

Two different profiles representing the cumulative subsidence of the graben
were extracted in Figure 6.18. Although the compaction of sediments also adds some

accommodation space to the basin subsidence, it is ignored as an approximation in
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the subsidence profiles. The initial variable subsidence profile represents the earlier
stages in the graben evolution, which is characterized by segmented boundary fault
causing different rates of subsidence along the graben basin with multiple
displacement minimums and maximums. Representing the displacement minimums,
the two anticlines correlate very well with the along-strike bends of the southern
margin-bounding structure. At least three separate segments can be inferred based on
the location of these anticlines (Figures 6.15 and 6.18). The three synclines, which
border the anticlines, with distinct thickening of the growth strata correspond to
displacement maximums on inferred segments (Figure 6.18). The profile was
constructed based on the vertical distance between the top horizon of the pre growth
strata (horizon a), and the apparent local angular unconformity formed between the
lower and upper growth strata packages at the crest of eastern anticline (horizon b).
As discussed in the previous section, the angular unconformity here does not
represent a regional event causing exposure and erosion of the lower growth
package, as it cannot be correlated with any other part of the basin. Instead, it
probably indicates a lack of deposition at the crest of anticline during the folding
process. Marking a displacement minimum, the crest of anticline can be used as a
datum to refer the relative subsidence of the graben block (Figure 6.18).

The constant subsidence curve accounts for the accommodation generated
above the horizon b and complete the cumulative subsidence of the basin (Figure
6.18). Although the subsidence during the deposition of the upper growth strata was
still variable as indicated by the growth triangles extending up to the surface, lack of
reference point to estimate the variation will lead to assume a constant subsidence as
an approximation.

The modeling was carried out by applying the subsidence profiles to the pre-
growth strata incrementally. As the folding of pre-growth strata was constructed,
deposition of the growth strata kept up with folding according to simplified axial
traces (Figure 6.19). Initially, variable subsidence profile was used as the measure of
subsidence at steps of 25%, 75% and 100% of the total (Figure 6.19B, C and D).
This constructed the geometry of the lower growth strata with no deposition at the
crest of the anticline. Then, the constant subsidence profile was applied to complete
the cumulative subsidence of the basin. With the deposition of the upper growth
strata, the entire basin geometry was constructed. In fact, this constructed geometry

(Figure 6.19E) mimics very closely the true geometry of the basin fill (Figures 6.17
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and 6.18). In the constructed forward model, the geometry of fold-limbs and discrete
dip domains look very similar to the actual cross-section. Even the local angular
unconformity observed at the crest of the eastern anticline was constructed
successfully. The modeling effort confirms that the folded geometry of the graben
fill, which is characterized by transverse folds oriented orthogonal to the southern
margin-bounding structure, is caused by the variation of the subsidence along to
graben trend. This variation is probably controlled by the wvariation of total

displacement along the southern margin-bounding fault of the Gediz Graben.

6.4. Discussion
Folds certainly take part within the deformation pattern of the Gediz Graben. They
are observable on the surface exposures and can be imaged with subsurface methods.
Although folds of both contractional and extensional origin were identified in the
Gediz Graben, those of contractional origin appears to be restricted into certain
formations of the graben fill, and consequently into certain areas. In fact, the
Alasehir formation is the only lithostratigraphic unit that is deformed by the
contractional deformation. As this formation displays limited spatial distribution due
to its depositional realm, evidence of the contractional deformation is consequently
become limited both in time and space. The most straightforward geological
explanation to this situation is to consider a phase of contractional deformation that
postdate the deposition of the Alasehir formation but predate all other
lithostratigraphic units that constitute the graben fill. Yet, extreme caution is needed
before accepting this explanation, mainly because of two reasons. First of all, not a
single evidence of contractional deformation was observed from the seismic sections,
which portrays the general deformation characteristics of the basin fill sufficiently.
One can argue that the exposed contractional structures are small as observed in the
road-cut section and therefore fall below the resolution limits of the seismic data.
However, if a regional event is considered as the cause of a contractional
deformation, basin scale evidence of this similar to the extensional structures must
exist.

The second point is the fact that even within the Alasehir formation, the
intensity of contractional deformation varies. In fact, similar structures cannot be
identified so easily throughout the exposure of the formation to the east of the road-

cut section. The fact that some of the contractional structures represent intense brittle
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deformation and cannot be created by soft sedimentary deformation (e.g., slumps) is
evident by outcrop observations. Therefore, limited spatial distribution of this
deformation even within the Alasehir formation may suggest if the contractional
deformation is a local phenomenon and controlled by the local complexities!
Unfortunately, this study was not able to document concrete evidence to state
whether there is a regional compressional phase in western Anatolia or not. The
recent literature following to the pioneering work of Kogyigit et al. (1999a) provides
many evidences for the existence of a short phase of compression during Late
Miocene—Early Pliocene in the southwestern Anatolia (Bozkurt, 2000; Bozkurt and
Rojay, 2005; Bozkurt and Sézbilir, 2006; Kogyigit and Ozacar, 2003; Bacceletto et
al., 2005; Kaya et al., 2004, 2007; Rojay et al., 2005; Westaway et al., 2005). If the
observed contractional deformation pattern is considered to be related with this
regional phase, one should also expect to see related evidences within Miocene
deposits of Caltilik and Gediz formations as well. Nevertheless, lack of evidences for
the phase of regional compression in this study does not eliminate the viability of the
regional phase of compression. In a very recent study, Kogyigit (2005) documented
evidences for this phase in the Denizli graben, which is located at the eastern end of
the Gediz Graben, only tens of kilometers away from the study area.

Extensional folds are widespread within the graben fill and can be observed
within all of the stratigrafic units in association to normal faults. They form both in
longitudinal and transverse orientations with respect to the graben trend. Together
with the normal faults, the transverse folds are important elements of deformation

within the graben fill.
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CHAPTER 7

CONCLUSIONS:
GEOLOGICAL EVOLUTION OF THE GEDIZ GRABEN

7.1. Structural Evolution

The margins and margin-bounding structures of the Gediz Graben are dynamic in
geometry and extend, which vary significantly through the evolution of the graben.
Currently, the graben is fault-bounded on both southern and northern margins
(Figure 2.3), although the southern margin structure is more active in terms of total
offset and period of activity. Indeed, the graben has evolved as a half graben through
the entire Miocene period with the activity of only southern margin-bounding
structure (Figures 5.32 and 5.33). Then, it became a graben with the initiation of
northern margin-bounding structure during the Pliocene to Quaternary interval
(Figures 5.32 and 5.33). This gives the graben a general asymmetrical shape in favor
of southern margin, which evolved to a more mature structural stage relative to the
northern margin.

Around the Alasehir subbasin, the southern margin of the Gediz Graben is
structurally complicated by two groups of faults: (i) high-angle normal faults and (ii)
presently low-angle normal fault (the detachment fault) (Figure 2.3). The high-angle
faults form a graben-facing step-like pattern along the southern margin with
younging direction to the basin; i.e., faults get younger towards north (Figures 5.32
and 5.33). To the south of the master graben-bounding fault, these high-angle faults
apparently cut and offset the presently low-angle normal fault (Figures 5.24, 5.32 and
5.33). Although this cross-cutting relationship is referred as one of the main
indications of episodic extension in the region by two distinct structural styles
(Bozkurt and Mittwede, 2005 and references therein), formation of this relationship
in the continuum of deformation is a solid probability. This requires; (i) footwall

rebound due to unloading (e.g., Spencer, 1984); (ii) rotation of the dip of the
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detachment to a low-angle from an original high-angle by rolling hinge process (e.g.,
Hamilton, 1988; Wernicke and Axen, 1988; Buck, 1988, 1991); (iii) abandonment of
the presently low-angle fault with formation of new high-angle faults, which are
more favorable to accommodate the extension, (e.g., Sibson, 1985; Forsyth, 1992;
Buck, 1993); and (iv) chopping off the abandoned, inactive low-angle normal fault
by active high-angle normal faults at the footwall of the MGBF. As illustrated
schematically in Figure 5.35, evolution in the continuum of deformation depends on
a dynamic southern margin that develops through geometrical variation of the
margin-bounding structures.

Similar to the dip-section geometrical evolution mentioned above, along-
strike geometries of the normal faults also vary with time in the continuum of
deformation. This variation apparently follows a certain path of evolution, which
starts from an immature fault system comprising short, overlapping, multiple
segments. Along the southern margin of the graben, the northernmost fault system,
currently bounding the modern graben floor is an example to an immature and
segmented stage (Figure 5.24). With time and accumulated extension, this fault
system is expected to evolve to a more mature stage as exemplified by MGBF, which
comprises single fault plane with along-strike undulations (Figures 5.13B and 5.24).
Fault system maturation progresses along with formation and evolution of relay
ramps through several processes. As interpreted at the Akcapinar relay ramp (Figure
4.5), these processes includes; (i) along-stike propagation of isolated fault segments
to form fault overlap zones (Figure 4.2A); (i1) initiation of interaction between the
overlapping segments to form a relay ramp (Figure 4.2B); (iii) accumulation of
ductile strain at the ramp area by rotation and fault parallel extension (Figure 4.3);
and (iv) breaching of the ramp area by fracturing and faulting to form a single fault
with along-strike bend (Figure 4.2C, D and E). All these processes are locally
observable in Gediz Graben and are associated with a change in structural style at the
ramp area (Figure 4.11). Accordingly, stress field also varies from fault-
perpendicular extension to fault-parallel extension (Figure 4.11).

The hanging-wall deformation of normal faults provides important clues to
the nature of extensional regime in the Gediz Graben. Analysis of the data acquired
from faults observed in the Plio-Quaternary deposits suggest that the stress regime
driving the current faulting is conformable with approximately N-S-oriented

extension with subvertical o}, subhorizontal and E-W-trending o, and subhorizontal
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and N-S-trending o3 axes (Figure 3.19A). Low ¢-ratio (Figure 3.19A) suggests that
the direction of extension is not well defined, which resulted in simultaneous
formation of the faults in multiple strike orientations (Figure 3.11 and 3.12). Analysis
of the faults observed within the Neogene deposits also revealed a very similar stress
regime and fault pattern to that of Plio-Quaternary deposits (Figure 3.22A).
Comparison of fault pattern, stress field and ¢-ratios between faults observed within
the Plio-Quaternary and Neogene deposits provide no evidence of multiple stress
fields to indicate a change in the tectonic regime. The entire extensional history of
the graben is governed by the ~N-S-oriented extension (Figures 3.25 and 3.26).
Minor spatial variation is evident and could be attributed to the local causes such as
stress field anomalies at the relay ramps (Figure 4.13).

In the Gediz Graben, the only exception to ~N—S-oriented extension-related
deformation pattern is documented by surface observations within the Alasehir
formation. Representing a contractional deformation, this exceptional pattern is
characterized by thrust/reverse faults and consistently north-vergent folds that are
conformable with ~N—S-oriented compressive stress field (Figures 6.8 and 6.9). The
deformation evidently postdates the deposition of the Alasehir formation and
predates some of the extensional structures (Figure 6.6). This relation recalls the
episodic extension model, which separates the extension in southwestern Anatolia
into earlier phase (1% phase — Miocene) and later phase (2" phase — Pliocene\
Quaterary) of extension separated by a short phase of N—S contraction (Late Miocene
—Early Pliocene) (e.g., Kogyigit et al., 1999; Bozkurt, 2000; Bozkurt and Rojay,
2005; Bozkurt and Sézbilir, 2006; Kogyigit and Ozacar, 2003; Bacceletto et al.,
2005; Kaya et al., 2004, 2007; Rojay et al., 2005; Westaway et al., 2005; Kogyigit,
2005). Nevertheless, some hesitations arise to fully support this intervening
contractional phase with the data from the Gediz Graben because: (i) the scale of
contractional structures is below the conventional mapping scale; (ii) no basin-scale
contractional structures were imaged by the seismic data; (iii) the observed
deformation is local and was not identified within the other Miocene deposits of
Caltilik and Gediz formations; and (iv) its spatial distribution is not consistent even
within the Alasehir formation. All these hesitations suggest that the observed
contractional deformation may be a local phenomenon in the Gediz Graben. Yet,
concrete evidences of the regional intervening contractional phase documented from

the close surrounding of the Gediz Graben shouldn’t be disregarded (e.g., Bozkurt
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and Rojay, 2005; Kogyigit, 2005; Bozkurt and S6zbilir, 2006). It might be possible
that, this contractional phase was compensated by the high rates of extension in the

Gediz Graben that was rather experienced a tectonic quiescence during this period.

7.2. Stratigraphic Evolution

Seven different lithostratigraphic formations were defined to represent the fill of the
graben (Figures 2.2 and 2.3). These units were deposited in alluvial, fluvial and
lacutrine depositional systems each of which is represented by characteristic facies
associations contained by the formations (Figures 2.4, 2.6, 2.8 and 2.10). Within the
same time frame, these facies associations grades into each other spatially as a
function of distance to the graben-bounding normal fault systems. Alluvial deposits
with coarse-grained facies dominates the vicinity of the graben-bounding structures
and rapidly grades into finer fractions of fluvial and/or lacustrine systems away from
the graben margins (Figures 2.4, 2.6, 2.8 and 2.10). This depositional architecture
repeated itself at least three times during the Miocene and resulted in deposition of
Alagehir, Caltiik and Gediz formations (Figures 2.2 and 2.3). All the three
formations depicts distinct thickness and grain size decrease from south to north to
emphasize the dominating activity of the southern margin-bounding structure of the
graben (Figures 2.11, 2.13, 5.32 and 5.33). However, during this Miocene evolution
of the graben, the relative abundance of alluvial/fluvial vs. lacustrine processes have
changed in a way that earlier times has dominated by lacustrine systems (e.g.,
depositional period of Alasehir formation in Figure 2.4) that gradually shrank in size
(e.g, depositional period of Caltilik formation in Figure 2.6) and finally occupied
entirely by alluvial and/or fluvial deposits (e.g. depositional period of Gediz
formation in Figure 2.6). Indeed, this trend, which starts with lacustrine deposits and
changes up-section to coarse grained fluvial sediments, is not specific to the Gediz
Graben but it has been reported from the number of similar basins and computer-
based simulations of the continental rifts (Lambiase, 1990; Schlische, 1993;
Lambiase and Bosworth, 1995; Jansen et al., 1995; Contreras et al., 1997; Contreras
and Scholz, 2001; Schlische and Withjack, 2007). This large-scale stratigraphic
transition is controlled primarily by the decrease of basin capacity (or
accommodation space) with respect to sediment supply. Activity of the graben
bounding structures controlled the basin capacity whereas sediment supply

determines how much of this capacity is filled. Lacustrine systems are favorable
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when the capacity exceeds the sediment supply. During the earlier phase of extension
in the Gediz graben, the accumulated tensional strain was low as the relief between
the horst and graben blocks. This low relief was favorable for relatively low amount
of sediment influx from the horst to graben block and resulted in basin capacity
being greater than the sediment supply. This has formed the lacustrine basin of the
Alagehir formation (Figure 7.1A). Accumulated extensional strain, however, has
increased the relief between the horst and graben blocks and resulted in increased
amount of erosion of the horst block and increased rate of deposition in the graben.
This has increased the sediment supply compared to the basin capacity.
Consequently, the lacustrine basin gradually filled up during the deposition of the
Caltilik formation (Figure 7-1B). The alluvial and fluvial depositional systems finally
became dominant during the deposition of Gediz formation, as they are more
compatible with the increased rate of sediment supply (Figure 7.1C).

The Miocene depositional architecture mentioned above was altered slightly
during the Pliocene to Quaternary interval, although the trend of general lacustrine to
fluvial transition continued by the dominance of axial fluvial system (Figure 7.1-D).
Kaletepe and Bintepeler formations and unconsolidated Quaternary alluvium
represent the deposits of this period (Figures 2.2 and 2.3). The main reason of the
change in depositional architecture is the fact that the northern margin-bounding
structure has formed and brought along more uniformly partitioned subsidence of the
graben block on the northern and southern margins (Figures 5.32 and 5.33). Thus,
sediment influx to the graben becomes bipolar and sourced from both margins. The
sediment derived from southern horst block deposited the Kaletepe formation along
the southern margin while the sediment derived from northern horst block deposited
the Bintepeler formation along the northern margin (Figure 2.3). The exposures of
the both formations are composed of facies associations that can be interpreted to
represent alluvial fan environment (Tables 2.7 and 2.8). Similar to Miocene
depositional systems, these formations probably grades into finer fractions towards
the basin center away from the southern and northern margins, respectively. It is
likely that, an axial fluvial system represent the basinward continuation of both
Kaletepe and Bintepeler formations at the depocenter of the basin and grades upward
into the Quaternary alluvium deposits.

Seismic sections from the graben revealed an existence of two distinct

surfaces defined by onlap or truncation of the reflections (e.g., Figure 2.14). These
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Figure 7.2. Computer-based model of continental rift stratigraphy controlled by
segmented bounding structure. SB1 and SB2 are the sequence bounding unconformities
that formed by simply changing the climatic conditions during continuous deposition.
(A) illustrates a transverse section with respect to graben orientation. Note the onlaps
and truncations that are also observed in Figure 2.14. (B) and (C) illustrates the along
strike sections of the graben. The discrete depocenters separated by saddle-like
anticlines are produced by originally segmented nature of the graben-bounding
structure. Note the similarity of these sections to Figures 5.23,5.32,5.33, 5.36 and 5.37
in gross geometry and pattern of stratification. From Contreras and Scholz (2001).
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bounding surfaces can be traced across the entire Alagehir subbasin. Similar type of
bounding surfaces or unconformities is important feature of the stratigraphy of the
continental rift basins (Figure 7.2). Olsen (1997), for example, subdivided the synrift
strata of central Atlantic rift basins into four packages based on these surfaces and
named them as tectonostratigraphic packages. The bounding surfaces observed
within the rift basins could represent time gaps as unconformities or they can be
produced by a change in the dynamics of the depositional system during continuous
deposition (Olsen, 1997; Countreras and Scholz, 2001; Schlische and Withjack,
2007). Therefore, it is not yet clear if these unconformities reflect regional events
such as changes in the tectonic regime or they are related to local processes. An
example to local processes could be the strain localization as distributed extension on
many smaller faults is localized onto few large ones (Gupta et al., 1998). In a
computer modeling effort of rift stratigraphy, Countreras and Scholz (2001) have
generated these unconformities by simply changing the climatic conditions during a
continuous deposition, which affected the sediment supply to the basin (Figure 7.2).

For the Gediz graben, it is not yet clear if the observed bounding
(unconformity) surfaces (Figure 2.14) represent time gaps as no precise age data is
available to date the stratigraphic packages at this resolution. It is also very
speculative to regard these stratigraphic packages as evidence to regional tectonic
events (Yazman et al., 1998; Yilmaz et al., 2000) because the graben fill has
significant lateral variations in terms of the number of stratigraphic packages and
intervening bounding (unconformity) surfaces. This variation is clearly illustrated in
Figure 5.23 between the Alasehir and Salihli subbasins. It is very likely that,
formation of these surfaces is local phenomenon that is related to dynamics of the
graben margin evolution, which includes, but not limited to strain localization, shift
of main sediment entry points to the graben and climatic changes.

Angular unconformities are observable between the Gediz formation,
Kaletepe formations and Quaternary alluvium along the southern margin of the
Gediz graben (Figure 2.2). When these unconformities are extended to the fill of the
buried graben block, they are all contained within the uppermost seismic
stratigraphic unit III (Figure 2.2 and 2.15). The unit III represents a continuous
deposition following the Gediz formation without any distinct bounding surface that
may correlate with the exposed angular unconformities. This may indicate that the

observed unconformities are local and basin margin features that form because of the
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rotation and tilting of strata due to activity of the graben-bounding structures.
Nevertheless, a faint angular relation defined by a downlap surface is observable in
cross-section G-G’ (Figure 5.33) at the northern margin of the graben, where
Bintepeler formation is deposited over the Gediz formation as an evidence to

initiated activity of the northern margin structure.

7.3. Basin Evolution

Gediz graben shares many similarities with continental rift basins from different
parts of the world in terms of stratigraphic and structural architecture (e.g.,
Lambiase, 1990; Schlische, 1993; Lambiase and Bosworth, 1995; Jansen et al., 1995;
Contreras et al.,, 1997; Olsen, 1997; Contreras and Scholz, 2001; Schlische and
Withjack, 2007). This architecture has been complicated by along-strike variations of
the graben, which comprises discrete depocenters and relatively isolated subbasins,
separated by saddle like transverse anticlines (Figures 5.23, 5.36 and 5.37).
Computer simulations of the rift stratigraphy also produce similar along strike
variations given that the entire continental rift basin was evolved from a
multisegmented graben (Figure 7.2B and C) (Countreras and Scholz, 2001).

The difference in the age and number of sedimentary units deposited in the
discrete subbasins suggest that all these along-strike variations are related to the
diachronous evolution of the Gediz Graben. Indeed, this evolution of the graben is
related to the evolution of the southern margin-bounding structure that initially had
very limited along-strike extend (Figure 7.1A). The Alasehir formation was
deposited in front of this initial fault (Figure 7.1A), and consequently has limited
distribution in the graben with a well-defined depocenter (Figure 5.25). The graben’s
evolution was continued by formation of a new, isolated segment to the west of the
initial fault (Figure 7.1B). Two discrete depocenters of the Caltilik formation in
Figure 5.27 provide good evidence for the two-segment nature of the bounding-fault
at this stage (Figure 7.1B). During the deposition of the Gediz formation, the two
segments were already joined and the graben margin migrated towards north by
forming the MGBF, which abandoned the presently low-angle normal fault behind
(Figure 7.1C). Although, the thickness distribution of the Gediz formation provides
limited evidences to the originally segmented nature of the MGBF, well-defined
transverse anticlines probably suggest that it was segmented (Figures 5.30 and 6.17).

In the last stage of the graben evolution, presently low-angle normal fault and MGBF
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has evolved to their current configuration and the northern margin-bounding
structure has initiated (Figure 7.1D). The fact that presently low-angle, inactive
normal fault is chopped off by active faults and a new fault system is currently
forming north of the MGBF is not illustrated in Figure 7.1D. The thickness
distribution of the Plio-Quaternary deposits in Figure 5.31 emphasizes an axially
oriented depocenter at this stage that is conformable with an axial fluvial system and
more symmetrical subsidence of the Gediz Graben.

Diachronous evolution of the Gediz Graben with spatial and temporal
variation of its geometry is more obvious if both Alasehir and Salihli subbasins are
considered (Figure 5.23). The Alasehir subbasin has probably started earlier than the
Salihli subbasin, which can be interpreted based on the lack of Alsehir formation in
the Salihli subbasin (Figure 7.3A). Salihli subbasin was initiated later with the
depositional period of the Caltilik formation (Figure 7.3B). During the entire
Miocene, the two subbasins were evolved as isolated half grabens (Figure 7.3B and
C). With the Pliocene to Quaternary depositional period, the two subbasins were
joined and the northern margin-bounding structure has formed (Figure 7.3D). Thus,
the current configuration of the Gediz Graben was established.

The independent evolution of the two subbasins with one being older than the
other has also some influences on the structural style of the border faults (Figure
7.3D). The presently low-angle and inactive normal fault that is chopped off by
active high-angle normal faults is a structural style specific to only Alagehir
subbasin. Although the presently low-angle normal fault is also observable in the
Salihli subbasin, there is no such cross-cutting relationship. This may suggest that,
the low angle normal fault is still active in the Salihli subbasin (Figure 7.3D).
Forming earlier, the Alasehir subbasin has probably experienced more extensional
strain and therefore, established more mature structural configuration at the southern
margin relative to Salihli subbasin. Indeed, the low-angle normal faults observed in
the two subbasins are probably different structures that form at different times
(Figure 7.3). Kinematical incompatibility of the two subbasins can be accommodated
by a transfer fault that formed in between the subbasins (Figure 7.3).

The entire evolution history of the Gediz Graben is conformable with the N—
S-oriented extension. Even though the extension is episodic with earlier and later
phases of extension, the graben behaved well to keep up with its evolutionary path in

a continuous manner due to the fact that the direction of extension has not changed.
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(A) (B) (C) (D)

|| Alasehir Formation [ caltilik Formation | | GedizFormaton | |Pliocene and Quaternary deposists

Figure 7.3. Geological evolution of the Gediz Graben. The evolution of the graben is diachronous and includes temporal and spatial variation of the graben’s geometry. (A) Depositional period of Alagehir formation
(Miocene). (B) Depositional period of Caltilik formation (Miocene). (C) Depositional period of Gediz formation (Miocene). (D) Depositional period of Kaletepe and Bintepeler formations and Quaternary alluvium
(Pliocene-Quaternary). Although, the graben is a continuous geomorphologic feature today, including both Alasehir and Salihli subbasins, the two subbasins were isolated during most of the graben’s history. The
graben has reached its current configuration during (D)with the initiation of northern margin-bounding structure.
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This evolutionary path was also benefited from the lack of contractional deformation
in the graben that differentiates the earlier and later phases of extension. Yet, a minor
change in the evolution of the graben requires some attention. Although the Gediz
Graben has evolved as a half graben during the entire Miocene, it became a full
graben during Pliocene to Quaternary interval with the initiated activity of the
northern margin-bounding structure (Figure 7.3D). This time frame is conformable
with the two-stage episodic-extension models proposed by the southwestern Anatolia
(e.g., Kogyigit et al., 1999; Bozkurt, 2000; Bozkurt and Rojay, 2005; Bozkurt and
Sézbilir, 2006; Kogyigit and Ozacar, 2003; Bacceletto et al., 2005; Kaya et al., 2004,
2007; Rojay et al., 2005; Westaway et al., 2005; Kocyigit, 2005). Therefore, the
change in graben’s geometry from a half graben to a full graben might be potentially
related with the earlier and later phases of extension. Any change in the dynamics of
the extension related to the change in the phase, can drive this geometrical variation

of the graben.
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APPENDIX I

MEASURED STRATIGRAPHIC SECTIONS

LOCATIONS OF THE MEASURED SECTIONS

Ahmetli
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Figure Al.1. Locations of the measured stratigraphic sections (MS) along the southern
margin of the Gediz Graben. There are nine measured sections from MS-1 to MS-9. See
Figures AL3 to AL6 for the details of the sections. Chapter 2 discusses geological
meaning of the observed lithofacies and their variations.

261



OTHERS

% Broken Section

%

Limestone
Claystone
Marl
Siltstone
Mudstone
Coal
Sandstone

Pebbly Sandstone

Gravelstone
Conglomerates

Metamorphics

No outcrop

Fault

EXPLANATIONS

SEDIMENTARY STRUCTURES

% Lamination

— Well bedded
=) Poorly bedded
¢ Massive - Non bedded
~-....  Normally graded bedding
————— Inversely graded bedding
o Planar cross bedding
é Troughy cross bedding
NN\ Foreset cross bedding
A A Convolute lamination - bedding
<<..> Erosive base
—~ — Ripple marks
2 Pebble imbrication
1 7  Flame structures
°e” Rip-up clasts

Ny  Shear planes

Concretions

1) Organic remnants

Figure AlL.2. Explanations of the patterns and symbols that are used to illustrate the
measured stratigraphic sections in Figures A1.3 to AL.6.
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Figure AL.4. Measured stratigraphic section MS-2.
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Kozluca Road
Location: Kozluca / Alasehir, Manisa

: September 8, 2005

End : 0630105E / 4243993N

Start : 0629994E / 4244389N
Date

Measured Section VIIlI (MS-VIII

Derbent

Location: Ak¢apinar, Manisa
: September 4, 2005

End : 0569475E / 4260050N

Start : 0569616E / 4259693N
Date

Measured Section VII (MS-VII)|

Boztepe
Location: Cikrik¢i / Akgapinar, Manisa
: September 4, 2005

End : 0570539E / 4258789N

Start : 0571101E / 4259072N
Date

Measured Section VI (MS-VI)
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APPENDIX 11

PRINCIPALS OF GAMMA RAY LOGS

The Gamma Ray Log is one of the most useful and versatile surveys available in
boreholes. It was introduced commercially in 1939 by Well Surveys Inc. (WSI), and
was exclusively acquired by Lane-Wells (eventually Lane-Wells absorbed WSI).
Gamma Ray (GR) tool measures the natural gamma ray emission from the
subsurface formations penetrated by the wells (Asquith and Gibson, 1982; Asquith
and Krygowski, 2004). The natural gamma ray emissions are sourced by three main
elements in nature: (i) uranium, (ii) thorium and (iii) potassium. While uranium 235,
uranium 238 and thorium 232 decay to stable lead isotopes by a long chain of
daughter products, potassium, K40, decays to argon. Each types of decay are
characterized by a gamma ray of specific energy level (wavelength) and that the
frequency of each energy decay is different (counts per time) (Figure All.1). So, the
tool is based on the count of how many GR has the formation produced in a unit
time. Spectral GR tool, which is a variety of GR tools, also counts how many GR has
produced from each energy level and allows determination of the type of radioactive
source among uranium, thorium and potassium. All these counts are subject to
statistical variations. As a result, a relatively quick GR count gives a poor estimate of
the actual count rate while a long count yields a more accurate estimate. This makes
the logging speed a very critical parameter.

Traditionally, two types of GR detectors have been used in the tool: (i)
Geiger-Mueller and (ii) scintillation detectors. Today, almost all the GR tools are
equipped with scintillation detectors (Figure All.2). A scintillation detector contains
a sodium-iodide (Nal) scintillation crystal. When a GR strikes to this crystal, a single
photon of light is emitted. Then this tiny flash of light strikes a photo cathode made
from cesium-antinomy or silver magnesium. Each photon, after they hit to photo
cathode, releases a spray of electron. These electrons are accelerated in an electric
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Figure AII.1. Main basis of Gamma Ray tools. (A) Gamma ray spectra. The vertical axis
represent number of GRs. (B) The cumulative and individual GR curves of potassium,
thorium and uranium responses on a sodium iodide scintillation crystal. Source:
Schlumberger.
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Figure AIL.2. Scintillation detector with photomultiplier tube to detect gamma ray
emission. Almost all the modern gamma ray tools employs this device to measure natural
gamma ray radiation of the geological formations.
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field to strike another electrode in order to form bigger shower of electron. This
process repeated several times and finally a collector conducts a small current
through a measure resistor to give voltage pulse to indicate that a GR struck to the
scintillation crystal (Figure All.2). The system has very short dead time and can
recognize many counts per second without becoming swamped by signals. The units
of the measurements are in API.

Mud-free sandstones and carbonates have low concentrations of radioactive
materials (Table 1). As a result they give low GR readings. As the silt and clay
content increases in the formation, GR response increases because of the increased
concentration or radioactive materials in silt and clay. However, clean sandstones
(mud-free) may also produce high GR response if sandstone contains potassium
feldspars, micas, glauconite and uranium-rich ground waters. Spectral GR tool,
which identifies the source radioactive material in the formation, can help with the

distinction. The main applications of GR logs can be listed as follows:

e Correlation between wells (Figure All.3)

e Shale volume content

e |dentification of evaporates (potassium salts)

e Uranium prospecting

e Net/Gross sand ratios in sand-shale alternations.

e Environment of deposition (Figure All.4)

Because GRs can pass through steel borehole casings, it can be applied both
in open and cased holes. A variety of GR tool is also developed for outcrop readings,
which improves surface to surface and surface to subsurface correlations

significantly.
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Table AIll.1l. Natural gamma ray measurements of some geological minerals and

formations (Hurley and Peters, 1999).

Type Composition GR Deflection (API units)
" Calcite CaCOg 0
T
g Dolomite CaMg(COs3), 0
S .
Quartz SiO, 0
Limestone 5-10
[
[}
‘> | Dolomite 10-20
o
§ Sandstone 10-30
=
Shale 80 - 140
Halite NacCl 0
3
£ | Anhydrite CaS0, 0
g .
2 Sylvite KCI 500
Polyhalite K2S0Oy4, MgSO,, 2CaS0Oy, 2H,0O | 180
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well #1 well #2 well #3
100

150 150

200 200

Formation A

250 250 (shallow water carbonates)

300 300 300
350 350 350 F ™y o e e e mm o m
400 400 400

[y

£ 450 450 450

E Formation B

E 500 300 00 (shallow water
550 550 550 siliciclastics)

600 600

650 650 650

700 T00 700

750 750 750

0 40 80 120 160

800
(APT)

800

850 850

0 40 R0 120 160 900
(APT)

0 40 B0 120 160
{API)

Figure AIL.3. An example to use of gamma ray logs in correlation of lithostratigraphic
formations.
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APPENDIX I

PALEOSTRESS RECONSTRUCTION

Faults form in response to tectonic stresses predominantly under brittle conditions.
Estimation of these tectonic stresses, which is basically defined by three principal
stress directions G;, 6, and o3, is a common effort for structural geologists to better
understand the nature of deformation. It has been recognized for a long time that
there is a relation between the orientation of a fault plane and the principal stress axes
(Anderson, 1951). Further constraint to orientation of stress axes is provided by fault
striations that imply the unit movement vector of hanging wall with respect to
footwall block (Wallace, 1951; Bott, 1959). Inverse techniques that utilize orientation
of fault planes and associated striations to calculate the orientation of principal stress
axes have found widespread applications and known as paleostress inversion or fault-
slip analysis.

Numerous methods and improvements were presented to solve the inverse
problem. These methods include but not limited to Carey and Brunier (1974),
Angelier (1984), Etchecopar et al. (1981), Armijo et al. (1982), Angelier (1990 and
1994), and Yamaji (2000). Solution of the inverse problem is based on several

important assumptions (Ramsey and Lisle, 2000):

(1) Given that the applied stress is sufficiently high, formation of a new fault or
reactivation of a pre-existing plane of weakness takes place. In both cases, it is
assumed that the slip occurs in a direction parallel to maximum resolved shear
stress on the plane of movement (Wallace-Bott hypothesis Wallace, 1951;
Bott, 1959).

(2) Stress field is assumed to be homogenous within the rock volume influenced

by faulting.
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(3) The slip is independent on each fault plane. The movement on one fault has no

influence on the slip direction of adjacent faults.

The validity of these assumptions has been a matter of debate by numerous
studies. Parallelism of resolved shear stress and fault slip was criticized if the
Wallace-Bott hypothesis really holds in nature (Reches, 1987; Marret and
Allmendinger, 1990; Pollard et al., 1993). It was pointed out that fault interaction
results in deviation (Pollard et al., 1993; Cashman and Ellis, 1994). On the other
hand, Twiss and Unruh (1998) proved that Wallace-Bott hypothesis is valid if fault
block rotations are negligible and if strain and stress are linearly related. Furthermore,
Angelier (1994) emphasized the internal consistency of the results obtained by inverse

solutions to support validity of the basic assumptions.

Theoretical Background

The theoretical background of stress inversion methods was revived by
Ramsey and Lisle (2000) and Angelier (1994) in great detail. The information given
here is predominantly based on these two references.

Consider a plane defined within an orthogonal coordinate axes x, y and z
which corresponds to principal stress axes o), o, and o3, respectively (Figure
AIIL.1A). The orientation of the plane can be defined by means of three angles (a, j,
v) that the plane’s normal vector makes with each principal stress axes. The cosines of

these angles are called as the direction cosines of the plane’s normal, /, m and n.

l=cosa;,m=cosf,;n=cosy

The orientation of any line in space can be described by its direction cosines

and are related by the following equation:

P+m’ +n’ =1

The stress vector c acting on the plane has three orthogonal components oy, Gy
and G,. o, act in the x-direction which is parallel o;-direction; oy act in the y-direction

which is parallel o,-direction; and o, act in the z-direction which is parallel o3-
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Z=03

normal with direction
cosines |, m, n

y=03
(A) X=04

(E) (F)

Figure AIIL1. (A) A plane can be defined in a Cartesian coordinate system with its unit
vector, which have direction cosines /, m and n. Note that x, y and z axes of Cartesian
coordinate system corresponds with principal stress axes. (B) Projected areas A, A, and
Aj of the plane A. (C) Reduced values oy, 6, and 6, are based on A, A, and A;. (D) The
stress ellipsoid. (E) The shear stress component (1) and normal stress component (,,) of
a stress (0) acting parallel and perpendicular to the plane. (F) The slip on the plane is
parallel to the maximum shear stress (t,,,,,). From Ramsey and Lisle (2000).
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direction. The magnitudes of o, oy and G, are equal to reduced magnitudes of 6, o,
and o3, respectively which takes into account the projected area of the plane, A;, A,

and As, orthogonal to o1, 6, and o3 (Figure AIIL.1B and C).

Ox = O] (A]/A) = O'[l
Oy = 02 (AQ/A) = oom

O; = O3 (A3/A) = Oo3n

By Pythagoras theorem, the magnitude of stress vector G is equal to;

2 2 2172 272 2 2 2 2172
c=(oto +0 )" " =(o/'+oym + osn

and direction cosines [/, msand n, of ¢ are;

lo=0/0;, Mme= G/ ; Ng= OJS

Therefore, any plane of given orientation has an associated stress vector. In the
utilized Cartesian coordinate system where x, y and z coincides with o}, o, and o3,
the ends of stress vector acting on planes of all potential orientations lie on an
ellipsoidal surface, namely the stress ellipsoid (Figure AIIL.1D). This ellipsoid can be

described by following equation.
x2/012 +y2/0'22 + 22/0'32 =]
The stress vector acting on each plane can be resolved into two components:
(1) The normal stress component in the direction orthogonal to the plane and (2) The
shear stress component acting parallel to the plane (Figure AIIl.1E). The normal stress
component o, is equal to cumulative of oy, 6y and o, in the direction of planes

normal.

o, =0l + oom + oon = 0'112 + agmz + 0'3n2 [1]
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The magnitude of the shear stress can be can be found by Pythagoras relation

in Figure AIII.1E.

2 2 272 2 2 22 2 2 2,2
Y =0 -0"=0 P+ o’ m + oin’ — (o)l + oo’ + o3n’)

This formula simplifies to,

? = (01- 02)°FPm’+ (05 -03)° m’n’ + (o3 - o)’ P [2]

This equation clearly illustrates the factors that control the level of shear stress
arising on a plane. The differences of the magnitudes of principal stresses are very
significant factor controlling the consequential shear stress. It is clearly evident that
under hydrostatic state of stress (6; = 0, = G3), no shear stress is produced on the
plane. It is also evident that the orientation of the plane defined by direction cosines /,
m and n is also influential on shear stress magnitude. If two of the direction cosines
are zero, which may occur for any plane orthogonal to principal stress axes, shear
stress will be zero again.

As the main agent driving the slip on the fault plane is the shear stress, it
become critical to know its direction. This direction is the projection of ¢ on to the
plane (Figure AIIL.1F). Lets consider a line on this plane having zero shear stress
(t=0). This line is perpendicular to both the stress vector (5) and the planes normal.
Gasson (1983) show that the direction ratios of a line that is perpendicular to the

known lines with direction ratios (/;, m;, n;) and (I,, my, n;) is equal to:

(mmz -nmy, nyly- Iiny, [im; - mzlz)

As the direction ratio of ¢ is (o;l, 0z m, o3n) and the plane’s normal is (/, m, n),

the direction ratio of the T = 0 line would be as follow:

(mn(os- o3), In(o3 - o), ml (c5-03))

If we introduce the stress shape ration ¢ = (o - 03)/(0; - 03) and divide all

with (o7 - 03), the direction ratios of the line with zero shear stress become as follows:
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mnd, -nl, Im(1 - @)

As the direction of maximum shear stress is perpendicular to both the T =0

line and the plane’s normal its direction ratios can be computed as follows:
I’ p-m’ -n’), m( - Fg-n’@), n(m’¢ + )

This equation can be considered as the main base of the fault slip analysis. It
clearly shows that the shear stress direction on a fault plane is related to the

orientation of principal stresses described my means of /, m and n and the stress ratio

d.

Stress Tensor
The stress ellipsoid in Figure AIIL.1D can be described entirely by a stress

tensor 7 containing six independent variables:

a d f
T=|d b e
f e ¢

In the Cartesian coordinate system defined above, the coordinate axes were

selected to coincide with the principal stress axes. Thus, the stress tensor 7 has much

simpler form composed of three variables instead of six.

or 0 O
T=10 o2 0
0 0 o3

The eliminated three variables correspond to orientation of the three principal
stress axes, G1, 02 and o3. In a general rectangular coordinate system defined by x, y

and z-axis, three perpendicular unit vectors can define the orientation of these

principal stress axes.
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yi|,|y2| and | y3

Z1 Z2 Z3

The stress tensors defined in general Cartesian coordinate system is related to
the tensor defined by coordinate axis that coincide the principal stress axes by the

following equation. This equation is simply matricial expression of a tensor rotation.

a d f xi x2 x3| oo 0O O X1 oyoz
T=|d b el|= yvio y2 y3lel 0 o2 0 |elx2 y2 z2| [3]
f e ¢ zZ1 z2 Z3 0 0 o3| |x3 y3 z3

As defined in the previous section, the stress vector o on a plane is

characterized by its unit vector 7 . Thus, the X, y and z components of ¢ on that plane

can be found by following matrix equation.

G=Teii
Ox a d f| |x
o |=|d b elely
o f e c| |z

The modulus of normal stress on is given by scalar products of stress vector

by the unit normal vector.

On

=0eNn=X0:+)y0+20:

The normal stress vector is obtained by following equation which is the matrix

form of the equation [1].
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Onx X
|

Onz z

Ony | = |On

If the stress vector and normal stress vector are known, one can easily derive

the shear stress vector 7 based on the following relation. This relation is the matrix

form of the equation [2].

or 0 0
T={0 o2 0
0 0 o3

Adding an isotropic stress field defined by ¢# = - o3 and multiplying the tensor b
y the positive constant k=1/(o;-03) will not change the direction and sense of shear

stresses but modifies the tensor into the following form:

S O =
(= S -
oS O O

The regular stress tensor 7 containing six independent variables in equation
[3] cannot be solved in the absence of data to constrain the magnitudes of principal
stresses o], o, and o3 Unfortunately, these data cannot be acquired by mere field
observations because nothing is recorded on the rocks in terms of principal stress

magnitudes. The fault slip data only refers the orientation and direction of shear
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stresses, which is related to orientation, and direction of principal stresses. As a result,

the complete stress tensor in equation [3] is modified into the reduced stress tensor

(T"), which is defined as:

xt x2 x3| |1 0 O |x1 y =
T =yt y2 ys|e|0 ¢ O|e|x2 y2 z2| [4]

zioz2 z3| |0 O Of |x3 y3 z3

This reduced stress tensor, which depends on the orientation of principal stress
axes and the stress shape ratio ¢, contains only four independent variables and can be

solved based on the fault slip data acquired by field observations.

Angelier’s Method of Slip Inversion

If the stress tensor and fault orientation is known in an area, one can easily
compute the orientation of the resolved shear stress on a fault plane of known attitude.
Representing the direct solution, the computed shear stress on the fault plane is
parallel to the fault slip according to the Wallace-Bott hypothesis. Nevertheless, we
are not able to make observations regarding to the stress tensor, but we can only
observe attitude of a fault plane and the orientation of a fault striations in the field. As
a result we need an inverse solution to determine the reduced stress tensor which
includes only the orientation of principal stress axes and the ration of ¢.

One of the most frequently used slip inversion methodology has been
presented by Angelier (1990; 1994) and utilized in this study. As most of the
proposed inverse solutions, Angelier’s method adopts a least square criterion as well.

Thus, the minimization function S can be written as follows;
k=K
Sm =Y wi(Fu)® [5]
k=1

where wy represent the weight of the datum number k and Fj is a function, which
express the deviation of this datum. F} = 0 indicates a perfect fit between the datum

and the average stress tensor and increasing Fj indicates an increasing misfit.
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Different misfit criteria F,, were adopted based predominantly on the relations

between the actual unit slip vector, 5, and the computed shear stress, 7 .

Fi=(s,7)

_ein(857)
F2 = sin( 5 )

F3=tan(s,7) for an angle <45°

F3=1 for an angle >45°

Fa= |/1§ ozl , Where A is related to the value of largest possible shear stress.

The earlier methods of solving the inverse problem are based on the search
approach, which uses different values of four variables in reduced stress tensor [4]. In
this procedure, computation continues with smaller and smaller numerical intervals
until a satisfactory solution is obtained (Carey and Brunier, 1974). A quite different
method of solution was proposed by Angelier and Gougel (1979) and Angelier
(1990). This method consists of setting the partial derivatives of sum Sm to zero [5].
Thus, extreme limits of Sm, particularly the minimum value, can be computed by
analytical means. This technique allows faster computation of the inverse solution in
contrast to iterative search-based techniques, which requires much longer computing.

Two parameters were defined as the quality estimators of the inverse solution.
They are called as RUP, which varies from 0 to 200%, and ANG, which varies from
0° to 180° (Angelier, 1994) (Figure AIIl.2B and C). The ANG is simply based on the
misfit angle between the actual slip vector measured on the fault plane and computed
resolved shear stress (Figure AIIl.2A and B). The RUP, on the other hand, depends
both on the misfit angle and the relative shear stress magnitude (Figure AIIL.2B).
These two parameters are useful not only to check the validity of inverse solution but
also to investigate the heterogeneities in data sets. These heterogeneities could be

related to multiple stress regimes that have influenced area.
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(A)

N

ANG <22.5° ANG <45° ANG <90°
(B)

RUP <50% RUP <75% RUP <£100%
(C)

Figure AIIL.2. (A) Different misfit criteria F, were predominantly based on the relations
between the actual unit slip vector, s, and the computed shear stress (t). The parameters
ANG (B) and RUP (C) are defined as quality estimators and influenced by the angular

relations between s and t. From Angelier (1994).
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Multiple Inverse Method

Multiple inverse method (MIM) is a numerical technique to separate stresses from
heterogeneous data set (Yamaji et al., 2005; Yamaji, 2000). The method is based on
the generalized Hough transform of stress inversion (Ballard, 1981).

A point in four-dimensional parameters space represents the stress determined
by inversion methodology. The four-dimensional parameter space includes principal
stress orientations represented by three Euler angles and the stress ratio of ¢. The
MIM employs computational grid distributed within this parameter space. The
method first makes k-element subset from N faults. The number of subsets 1s NCk.
Then, the classical inversion method defined above is applied to all subsets. This will
compute a great number of optimal stresses each of which are represented by a point
in the parameter space. Clusters of these points are consequently point out the

significant stresses (Yamaji et al., 2005; Yamayji, 2000).

A Stress Inversion Method Based only on Fault Slip Sense

Stress inversion procedure provides good estimates of reduced stress tensor [4] given
that the slip vectors can be estimated based on slickenside lineations. In many
instances, however, faults may lack striations or it might be difficult or impossible to
collect such data from the observed or interpreted (by subsurface methods) fault
planes. In these cases, fault plane attitude can easily be identified but associated slip
vector indicators could be absent. Yet, the displacement of bedding or any other key
markers may help to judge the sense of movement.

The standard methods of inversion cannot deal with data having this kind of
missing information. A method proposed by Lisle et al. (2001), solves the inverse
problem using the attitude of the fault plane and sense of fault’s dip slip component
(Figure AIIL.3A). In general, the relation between sense of separation and slip is not a
simple one. In unfolded sedimentary layers, however, separation and slip are related
if: (i) offset beds are horizontal (Figure AII.3A), (ii) the fault and the dipping beds
have the same strike.

The theoretical information given below is from the Lisle et al. (2001).
According to this study, the geometrical relationship among the slip and the fault’s

unit normal vector can be displayed by representation quadric (Lisle, 1989). This
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dip separation

(A)

o 1
fault
siress  plane

vector

(B)

novmal reverse
dip siip dip slip
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Figure AIIL3. (A) The dip separation, which is the offset of key marker in a fault’s
down dip direction. Although the actual slip vector can not be determined from the dip
separation, the sense of dip slip component can be determined. (B) The stress quadric
represents the relationship between the orientation of a fault plane and the stress vector
acting on the plane. The magnitude of normal stress acting on the fault plane is related to
the length of radius by on=1/R?. (C) The determination of dip slip sense of faults. The
diagram depicts the vertical cross-section through the stress quadric. From Lisle et al.
(2001).

286



quadric surface, which is not to be confused with stress ellipsoid, is described by the

following equation:
oix’ +02y’ +03z° =+l

This surface is ellipsoid only if the all principal stress values have the same sign. As
we are dealing with shear stress, which is unaffected by the hydrostatic component of
the stress tensor, adding an arbitrary constant to each principal stress can form the
ellipsoid surface of the quadric. The principal axes of the quadric are parallel to the

principal stress axes. Their lengths are equal to:

VArsp i

The radius R of the quadric is given by (Figure AIIL.3B):

R= )~ 16]

where o, (equation [1]) is the magnitude of normal stress acting on a plane whose
normal is parallel to that radius. This geometrical relation is useful to portray the
angular relationship between the normal of a plane (7 ) and the direction of associated
stress vector o . To find the direction of o corresponding to given direction of 7, a
radius to the ellipsoid is drawn parallel to 7. A normal to the ellipsoid surface, which
is drawn at the point where this radius meets with the surface of the ellipsoid, is
parallel to the direction of o .

Figure AIIL.3C illustrates a cross-section of the stress quadric for a particular
stress tensor. The radii of ellipse correspond to normal vectors of a family of planes
having a strike perpendicular to cross-section plane. This radius-normal property
allows the stress vector to be determined for any plane in this family. In 3-D space,
the stress vectors associated with this family of planes are commonly not included
within the vertical section plane. Their projections shown in Figure AIIL.3C are
sufficient to determine the sense of dip slip component of o .

Sense of dip slip is related to the rate of change of R with respect to dip angle
of the fault (8) (Figure AIIL.4A). For normal faults:
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dip increases
R increases

o, decreases/ | |
(A) 6‘0” ; 4
= js negative
adip g
N
O3 o3
normal
(¢}
normal
(B)
reverse
reverse
(C)

Figure AIIL.4. (A) Determination of sense of normal stress variation with dip of the
fault plane. Normal faults are characterized by decrease in normal stress with increase in
dip. Opposite is true for reverse faults. (B) and (C) depicts the slip sense curves (SSCs)
in relation to the stress tensor. SSCs form the boundaries of fault plane poles of normal
and reverse faults. Both the principal stress orientations (B) and the stress ratio @ (C)
influences the distribution of SSCs. From Lisle ez al. (2001).
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00w
<0 [7].
5 [7]

Z—I; >0 and therefore according to [6]

Similarly for the reverse faults:

Oon

00

Given that the stress tensor and the fault plane attitude are known, computation of slip

>0[8]

sense can be done by numerical evaluation of derivative doy 55"

First, the normal stress magnitude o, is calculated on the fault plane based on
the equation [1]. Next, the normal stress is also determined for a plane that has
slightly steeper angle of dip than the fault plane. If this second plane has lower normal
stress then the fault plane, the slip sense of the fault plane is determined as normal
according to equation [7]. In contrast, if the steeper plane has higher normal stress
than the fault plane, the slip sense of the fault is determined as reverse according to
[8]. For two faults that have the same strike and are perpendicular to each other, the
sense of dip slip will be same.

Based on the theory of normal solution given above, boundary curves between
the normal and reverse faults can be computed for a given stress tensor (Figure
AIIlL4B). These boundary curves are named as slip-sense curves, SSCs (Lisle et al.,
2001). Indeed, these curves define the boundaries between the opposing dip senses. In
the inverse solution, the attempt is to establish the stress tensor from the geometry of
SSCs, as first realized by Davidson and Park (1978). The method of Lisle ez al. (2001)
relies on systematic computer-based search for the stress tensors compatible with the
observed faults and the senses they exhibit. For any trial tensor, the sense of dip-slip
can be predicted for each measured faults based on the theory given above. The
method compares normal stresses on the actual fault data and on the imaginary fault
data that have slightly greater dip. The goodness of fit is expressed based on the
match of the trial stress tensor to the fault sense data. In order to find the best-fit
tensor, a large number of (thousands) trial tensors are employed with varying
principal stress orientations and the ratio of ¢. It is a time consuming process
requiring long computation times. A program called DIPSLIP.BAS (Orife et al.,
2002) is dedicated for this computation.
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