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Stratigraphic and Structural Evidence for Fault Reactivation:
The Active Manisa Fault Zone, Western Anatolia
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Abstract: In this paper, we aim to present stratigraphic and structural evidence for fault reactivation that is linked with evolution of
the western part of the Manisa fault zone — a major range-bounding fault that is geomorphologically expressed as a trace of north-
facing scarps bounding the southern margin of the Manisa basin which is subsidiary to the Gediz Graben.

We identify that the Manisa fault zone, at its western end, consists of three fault segments which are en échelon arranged in left
step. Each segment is identified as steep topographic scarps visible on topographic maps and in landsat images. Fault scarps range
in height from a few metres to several hundred metres. Each segment is approximately 3 km long and display through-going zigzag
trace with a total length of up to 10 km; the fault segments show evidence for linkage and breaching at the relay ramps. We interpret
that such fault patterns are characteristic for regions experiencing extension where fault segments are reactivated pre-existing
structures with an oblique sense of motion. The solid evidence comes from the presence of three sets of striations with different
orientations on the fault segments. Where preserved, two variably oriented strike-slip slickenlines are overprinted by dip-slip
striations. Kinematic analysis has also revealed a systematic variation in slip direction along the Manisa fault zone: while the motion
along the central parts of the fault zone — as section oriented almost perpendicular to the regional extension direction — is almost
pure dip-slip, substantial oblique-slip motion prevails near the fault tips.

We therefore suggest that the Manisa fault zone is a reactivated structure with at least three different motions since the Miocene:
(i) the earliest motion was sinistral and consistent with an E-W-trending contraction during the Miocene—Early Pliocene time interval;
(ii) during the Plio—Quaternary, the Manisa fault zone was a dextral oblique-slip normal fault associated with NE-SW-trending
extension; and (iii) the youngest configuration is represented by an almost dip-slip normal fault that is attributed to a NE-SW-
trending extensional tectonic regime commenced by the Quaternary. We also speculate that extreme attention must be given to the
palaeostress data on the fault surfaces and that many of the the E-W-trending normal faults in western Anatolia are in fact
reactivated structures that formed under different stress regimes since the Miocene. The general orientation of these normal faults
can therefore not be regarded as evidence to support N-S-trending extension.
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Faylarda Yeniden Hareketlenmeye isaret Eden Stratigrafik ve Yapisal Veriler:
Aktif Manisa Fay Zonu, Bat1 Anadolu

Ozet: Bu calismada, Manisa fay zonu'nun bati kesiminin evrimiyle baglantili olarak yeniden hareketlenmeye (reaktivasyona) isaret
eden stratigrafik ve yapisal verilerin sunulmasi amaclanmistir. Manisa fay zonu Gediz Grabeni'nin devami niteligindeki Manisa
havzasi'nin giney kenarini denetleyen jeomorfolojik olarak belirgin kuzeye egimli bir dag 6nu fay zonudur.

Manisa fay zonu, bati ucunda, sol kademeli ¢ fay segmenti icerir. Her bir segment uydu gérintusi ve topografik haritalardan
kolaylikla taninabilen sarp topografik sevlerle karakterize olur. Fay sarpliklar birka¢c metre ile birka¢ yliz metre arasinda degisir. Her
fay segmenti ortalama 3 km uzunlugundadir ve zigzag sekilli olan toplam fay uzunlugu 10 km'dir. Fay segmentleri birleserek
aralarinda aktarim rampalarinin olusumunu saglamistir. Bu tip fay geometrileri verev hareketin gdzlendigi eskiden olusmus yapilarin
yeniden aktif hale gectigi bolgelerde olusurken, fay segmentleri Uzerindeki ¢ farkli yonelime sahip fay cizikleri bu yorumun en 6énemli
verilerini olustururlar. Burada, iki farkli dogrultu-atim yonelimine sahip fay cizikleri, edim-atim yonelimli cizikler tarafindan
kesilmektedir. Fay zonlarindaki kinematik gdstergeler kayma yonunin sistematik olarak degistigini de gdstermektedir. Bunun
yaninda, Manisa fay zonu'nun bolgesel genisleme dogrultusuna dik olan orta kesimlerinde yaklasik saf edim-atim hareketi olusurken,
fay zonunun bitim yerlerinde verev atim hareketi tanimlanmustir.

Sonug olarak, Manisa fay zonu Miyosen'den beri en az U¢ kez hareket etmistir: (i) D-B uzanimli Miyosen—Erken Pliyosen yasl
sikisma evresinde sol dogrultu atimli faylanma olusumu, (ii) KD-GB uzanimli Pliyo—Kuvaterner genisleme evresinde fayin bati ucunda
sag verev atimli faylanma olusumu, (iii) KD-GB uzanimli genisleme tektonik rejiminde Manisa fay zonu'nun yeniden aktif hale gecerek
yaklasik saf egim atimli faylanma seklinde islemesi. Yukarida belirtilen arazi verilerine gére, Bati Anadolu’daki D-B uzanimli normal
faylar Miyosen'den beri farkli gerilme rejimlerinde olusup, yeniden hareket kazanmislar ve eski calismalarin aksine bu faylarin basit
bir K-G genislemeyle olusamayacagini géstermektedir.

Anahtar Sézcukler: Manisa fay zonu, aktif fay, aktarim rampasi, yeniden hareket kazanma, Bati Anadolu
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Introduction

The major fault zones within the continental crust play
important role for fault reactivation because these zones
form planes of mechanical weaknesses (Hills 1961;
Watterson 1975; White et al. 1986). According to
Bellahsen & Daniel (2005), the reactivation of pre-
existing discontinuities and their orientation control: (i)
the evolution of the main fault orientation distribution
through time, (ii) the geometry of relay fault zones, (iii)
the geometry of small-scale faulting, and (iv) the
geometry and location of fault-controlled basins and
depocentres. It has also been suggested that the various
sets of criteria are defined and illustrated in detail to
recognize reactivation in the geological record including
the stratigraphic criteria of fault/unconformity
relationships, as well as structural criteria of changes in
kinematic history as indicated by overprinting structures
and geomorphologic criteria of offsets of geomorphologic
features across pre-existing fault trace at surface
(Holdsworth et al. 1997). Leloup et al. (1995) and Lin et
al. (1998) suggest that surface deformations in such
faults are generally accommodated by reactivation of the
pre-existing zone of weakness. Several analog modelling
studies also point this out (e.g., Dubois et al. 2002; Viola
et al. 2004; Bellahsen & Daniel 2005). The fault
reactivation results in two end members of tectonic
inversion: (i) compressional inversion where lithospheric
extension are reactivated in compression, and (ii)
extensional inversion where lithospheric shortening
causes reactivated extension and this has been identified
as an important geodynamic process in a number of cases
(Ziegler et al. 1998; Ranalli 2000). Based on Malavieille
et al. (1990), syn- and post-collisional extensional
reactivation of formerly compressional structures play an
important role in Alpine mountain belt (Martin et al.
1998; Bozkurt & Sozbilir 2006).

In addition to this, western Anatolia represent a good
example of the post-collosional extensional region which
is dominated by approximately E-W-trending active
normal faults with (maximum lengths are typical in the
range of 15-25 km) as well as NE-SW-trending active
strike-slip faults (Dewey & Sengdr 1979; Sengér &
Yilmaz 1981; Jackson & McKenzie 1988; Sengér et al.
1985; Eyidogan & Jackson 1985; Sengdér 1987,
Seyitoglu & Scott 1991; Bozkurt 2001; England 2003;
Kogyigit & Ozacar 2003; Lenk et al. 2003; Sozbilir 2005;
Kaymakei 2006; Figure 1). Our motivation in this work is
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that many field-oriented studies in western Anatolia are
lack of Kinematic analysis along the fault planes of the
fault sets referred above. Also, the recognition of the
reactivated faults have been misinterpreted and ignored in
these faults sets (Figure 1). In this paper, we studied
several reactivated faults that are repeatedly formed
under changing stress fields along the western margin of
the Gediz Graben, as well as its western end that connects
into the strike-slip dominated izmir-Balikesir transfer
zone. Namely, such zone involves the reactivation of the
NE-SW-trending strike-slip faults that formed
simultaneously with NW-SE-oriented normal faults. In
addition to this, we also focus on reactivation criteria of
the western part of the Manisa Fault Zone. Subsequently,
we discuss tectonic evolution of the Manisa Fault Zone in
the context of stratigraphic and structural criteria,
marking the fault reactivation. Our field studies along the
western part of the Manisa fault zone also indicate the
inversion of the stress regime from the Neogene up to
present.

Regional Geology and Tectonic Setting

Western Anatolian extensional province is defined by
supradetachment basins and rift basins, controlled by
low-angle and high-angle normal faults, respectively
(Emre 1996; Kogyigit et al. 1999; Seyitoglu et al. 2000,
2002; Sozbilir 2001, 2002; Bozkurt 2003; Bozkurt &
Sozbilir 2004; Ersoy & Helvact 2007; Emre & Sozbilir
2007; Uzel & Sozbilir 2008; Figure 1). Recently, it is
suggested that the western section of the western
Anatolian basins —supradetachment and rift basins— end
abruptly along a strike-slip dominated zone of weakness
called the izmir-Balikesir Transfer Zone (IBTZ), an
intermittently active shear zone operated since the Late
Cretaceous (see Uzel & Sozbilir 2008, for detailed
description of the zone). According to Holdsworth et al.
(1997), the long-lived zones of weaknesses tend to
reactivate repeatedly, accommodating successive crustal
strains. The NE-SE-trending IBTZ was reactivated as
crustal-scale shear zone during the Late Tertiary regional
extension (Sozbilir et al. 2003). The zone is dominated by
NE-SW- and NW-SE-striking strike-slip faults also with
approximately E-W-striking normal- and oblique-slip
faults. The association of the NE-SW strike-slip faults
with the E-W normal faults resulted in the formation of
a series of subparallel, en échelon arranged, NE-SW-
trending transtensional basins (Uzel & Sozbilir 2008).
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Figure 1. Outline geological map of western Turkey showing major
tectonostratigraphic units and location of the study area (compiled from
Okay & Siyako 1993; Bozkurt & Park 1994; Bozkurt 2001, 2004;
Sozbilir 2001, 2002, 2005; Collins & Robertson 2003; Ozer & Sozbilir
2003; Bozkurt & Sozbilir 2004; Isik et al. 2004). Abbreviations EF, MF,
OFZ, refer to the Efes Fault, Manisa Fault and Orhanli Fault Zone,
respectively. Inset shows the location of Figure 1. Bold dotted lines
indicate the location of izmir-Balikesir Transfer Zone.

Our study area covers the southwestern part of
Manisa basin that has alluvial deposits formed in a
transtentional basin during the Quaternary time. Based on
the previous studies (Emre et al. 2005; Bozkurt &
Sézbilir 2006), basement to this basin is made up of Late
Cretaceous—Paleocene rocks of the Bornova Flysch Zone
and overlying Neogene volcano-sedimentary rocks. Above
the basement, the rocks of the Neogene units are exposed
in the hanging wall and footwall of the Manisa fault zone
(Bozkurt & S¢zbilir 2006). The fault zone, located in the
north of Sipil mountain, is a primary segment of the Gediz
fault system that bounds the Gediz Graben (Figures 1 &
2). It is worthwhile to note that the Gediz fault system is
the most striking structural feature of the western
Anatolia, and it runs over a distance of more than 150 km
(Figure 1).

Reactivated Structures in Western Anatolia

The izmir-Balikesir Transfer Zone is the major reactivated
structure in western Anatolia (Uzel & Sozbilir 2008).

According to the authors, the zone has experienced a
number of stress regimes from Late Cretaceous
transform nature to recent transtensional reactivation.
The sub-vertical NE-SW-striking basement involved zone
is susceptible to reactivation by subsequent stress regimes
(Sozbilir et al. 2007). The first reactivation is marked by
elongated flysch-type deposition along a transform zone
during the Late Cretaceous (Okay & Siyako 1993). The
second reactivation occurred during the Early Miocene N—
S extension associated with E-W compression (Ring et al.
1999). During this time interval, the zone was associated
with widespread volcanism and related intrusions
emplaced within transtensional basins. Also, the fault
zone was successively reactivated as sinistral strike-slip
fault zone during the Late Miocene—Middle Pliocene and
has resulted in deformation of the basin fill sediments.
Also, Plio—Quaternary elongated basins appear to form in
association with this reactivated zone. Some of the recent
earthquakes are located along the NE-SW-striking fault
zone and are consistent with dextral focal mechanisms,
suggesting present-day reactivation of the fault zone
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Figure 2. Simplified geological map showing arc-shaped nature of the Manisa fault zone. NW-SE-striking part of the zone is compiled from
Bozkurt & Sozbilir (2006). Note the en échelon arranged nature of the Manisa fault zone at its western termination. See Figure

1 for location of the map.

(Uzel & Sozbilir 2008). For instance, one of the
reactivated faults within this zone is Efes Fault; it occurs
along the southern margin of the Kiciik Menderes Graben
at its western end (EF in Figure 1). According to Angelier
et al. (1981) and Dumont et al. (1980), Efes Fault has
experienced five discrete phases of movements. The first
of these movements occurred in the direction of fault
strike (sinistral) and was followed by a tension nearly
perpendicular to the previous compression direction.
Third movement on the Efes Fault resulted in graben
formation during the Late Pliocene. Then, the Efes Fault
became purely strike-slip structure during Early
Quaternary; the latest motion is almost pure normal
faulting and became the dominant Kinematics since the
Pleistocene.

Similar to the Efes Fault, another large-scale
reactivated fault is the Manisa fault zone, a range front
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normal fault zone in western Anatolia that exhibits
prominent Quaternary fault scarps and significant
morphologic variations. The fault is a northeast-ward
arched (about 60 km long) active structure that bounds
the southern margin of the Manisa basin (Figures 2 & 3;
Bozkurt & Sozbilir 2006). The Manisa fault zone consists
of two major sections: (i) eastern section that strikes
NW-SE direction in the south and bends into an
approximately E-W direction around Manisa to the
northwest. We note that the present-day fault trace is
over 50 km long from Manisa in the northwest to the
Gediz Graben in the southeast; (ii) an approximately 10-
km-long western section that strikes approximately
WNW-ESE direction from Manisa city in the east to the
Akgedik town in the west (Figure 1, 2 & 3). Paton (1992)
described the Manisa Fault as a normal fault with 55° dip
on the eastern part. It was also given that the fault
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surfaces of Manisa Fault show marked changes in strike
and dip over a distance of about 1 km and this was
attributed to a significant strike-slip displacement.
Besides, some researchers emphasize that the Manisa
fault zone displays a dextral strike-slip character on the
western part while it has a normal component on the
eastern part (Emre et al. 2005). In addition to all, it is
now agreed that the Manisa fault zone is an active fault
with high earthquake potential (Paton 1992; Emre et al.
2005; Bozkurt & Sozbilir 2006; Ozkaymak & Sozbilir
2006). The seismic potential of the region is known from
both historical and instrumental earthquake records.
Ancient records define many historical deadly earthquakes
that occured on these faults and destroyed many
civilizations (McKenzie 1978; Ambraseys & Jackson
1998; Ambraseys 2001; Yorik & Tapirdamaz 2006;
KOERI 2007). The detailed study in the eastern part of
the Manisa Fault has recently been published by Bozkurt
& Sozbilir (2006). They suggested that active Manisa
Fault contains two sets of striations with an early phase
of sinistral strike-slip and a subsequent normal-slip
movements. The first phase is attributed to: (i)
approximately ~ E-W-directed compression  that
commenced during either (?) Early-Middle Pliocene time
or (ii) the current extensional tectonics and consequent
modern graben formation in southwest Turkey that
initiated during the Plio—Quaternary.

Reactivation Data and Kinematic Analysis

The recognition of reactivation has been defined by
several studies and it requires evidence for repetition of
displacement and associated deformation using absolute
or relative time markers (White et al. 1986; Holdsworth
et al. 1997, Maruyama & Lin 2004). We therefore
document stratigraphic and structural evidence/criteria
for fault reactivation and use relative age relationships.

Stratigraphic Data

We have distinguished six lithostratigraphic units in the
study area and these are from bottom to top: (1) Bornova
Flysch Zone, (2) volcano-sedimentary unit, (3) Karadag
formation, (4) Emlakdere formation, (5) colluvial/alluvial
fans, and (6) alluvium (Figures 3 & 4). Basement rocks of
the Bornova Flysch Zone are situated in the southern part
of the study area and bounded by the NW-SE-striking
active normal faults to the north (Figure 3). The Bornova

620

Flysch Zone is composed of mountain-forming Mesozoic
limestone olistoliths/blocks within a turbiditic matrix of
clastic-carbonate sedimentary rocks. The age of the unit
is Maastrichtian to Paleocene (Erdogan 1990; Okay et al.
1996). The unconformably overlying Karadag formation
is a carbonate-dominated sequence with dominant grey-
beige lacustrine limestones, marl and claystone; the unit
commences with terrestrial clastic at the base. The
formation is correlated with the Miocene—Lower Pliocene
lacustrine sediments exposed throughout western
Anatolia (e.g., Yusufoglu 1996; Kogyigit et al. 1999;
Yilmaz et al. 2000; Sozbilir 2001, 2002; Bozkurt &
Sozbilir 2006). Its sediments crop out at different
elevations in the Manastir Dagi and in the area between
Gtrle and Kegili villages. These sediments are folded, cut
and displaced by numerous Quaternary active fault
segments (Bozkurt & S¢zbilir 2006). In addition, volcanic
rocks cover large areas in the western part of the study
area; they are represented by reddish andesitic lava, grey-
beige tufa with agglomerates and of Early Miocene—Early
Pliocene age (Kaya 1979). Quaternary deposits occur to
the north of the fault scarps and locally overlap margin-
bounding fault segments.

The sequence of the Quaternary deposits starts with
the bouldery colluvium, alluvium (Emlakdere formation)
and scarp-derived colluvium. The unconformably
overlying Emlakdere formation comprises unsorted
crudely stratified gravel and cobble-pebble conglomerate
embedded in a reddish sandy and muddy matrix.
Components of conglomerates are mostly limestones,
derived from the Bornova Flysch Zone. The unit is
overlain with angular unconformity by colluvial/alluvial
fans. The scarp-derived colluvium is the youngest
Quaternary deposits and occurs at the base of the range
front scarp(s). Significant amount of incision of exposed
Quaternary sequences by young-order streams within the
vicinity of the fault zone indicate post-depositional
upliftment of the area. Well-developed numerous alluvial
fans in diverse size are feeded by the rocks of the Bornova
Flysch Zone and the Karadag formation and occur in the
hanging wall of the normal faults. These deposits consist
of sub-rounded to angular pebbles, cobbles and boulder-
blocks set within a reddish sandy and muddy matrix in the
proximal parts.

A major alluvial fan related to wide and long drainage
systems covers wide areas in the hanging-wall of the NW-
SE-striking faults. The mega alluvial fan deposit, feeded
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Figure 4. Generalised lithostratigraphic columnar section of the study area.

by the Karacay river covers an area of approximately up
to 5 km length and 10 km width; its slope is about 1°.
Quaternary alluvium, lying between young alluvial fan
deposits, is represented by alluvial plain and meandering

river sediments; they overlie the older units and are
accumulated by both the transversal and axial drainage
systems (Figure 2 & 3).
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Emlakdere formation exhibits dramatic changes in
thickness from east to west along the Manastir fault.
Three detailed sections across the fault were measured to
document such changes (Figure 5). In section A-A’, the
formation is very thin, dominated by colluvial
coglomerates and sandstones. Between section A-A" and

SW

SW

500 4

250

250

C’

B-B’, the formation thickens up to ~200 m. Further to
the east along section C-C’, the Emlakdere formation is
roughly in the same thickness (50 m) as in section A-A’
(Figure 5). The crude bedding planes, where observed,
are back tilted up to 45°towards the fault plane (Figures
3 & 5). The sediments have been uplifted by the

NE

colluvium/ )
alluvial fan deposits

@ Emlakdere formation
Karadag formation
I:l rocks of

Bornova Flysch Zone

N Normal fault

Figure 5. Composite cross-sections showing stratigraphic evidence of fault reactivation. Note the
unconformity between folded Neogene units and the overlying Emlakdere formation marks
the contractional tectonics, and the unconformity between back-tilted Emlakdere formation
and the overlying colluvial/alluvial fans is related to extensinal tectonics, produced by strike-
slip faults and normal faults, respectively. Also note offsetting of Quaternary deposits by
several syntethic Quaternary faulting in the hanging wall of the Manastir fault is the most
direct evidence for suggesting reactivation. Dotted line shows areal extend of the Emlakdere

formation.
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numerous Quaternary faults that lie in the hanging wall of
the Manastir fault. Displacement of Quaternary deposits is
the most direct evidence for the reactivation of the
Manastir fault. Top soil seems not to be affected by the
faulting, and therefore they have been inactive at least
since modern soil formation.

Structural Data

Present morphology of the study area is shaped by
approximately NW-SE-striking active normal faults and
NNE-SSW (or N-S) striking strike-slip faults (Figures 2 &
3). Three active normal fault sets have been mapped at a
scale of 1:25 000 and are here named, for the first time.
Three main segments are observed between Kecili and
Gurle villages and they bound a graben, which is filled in
with young sediments. Normal faults display well-
developed step-like morphology in the southern part of
the study area and displaced the Neogene sediments, Plio—
Quaternary colluvial and alluvial deposits from the bed-
rock carbonates of the Bornova Flysch Zone. These
parallel or sub-parallel faults have smooth, polished and
freshly exhumed fault planes at different localities over a
strike length of 50-500 m and up to 20-200 m high. The
short and straight river courses in the direction of the
tectonic slope and the incised and confined channel belts
indicate vertical uplift of the area. These NW—SE-striking
normal fault sets are: (i) Kecilikdy fault that strikes
N60°W in the west and trends approximately E-W on the
east, extending over 3 km; it separates the rock of
Bornova Flysch Zone in the footwall from lacustrine
sediments of the Karadagd formation and colluvial/alluvial
deposits in the hanging wall (Figure 3).

There is a breached relay ramp area between NW-SE-
striking and E-W-striking segments of the Kecili fault. To
the east of Kecili village, the fault is cut and displaced by
a NNE-SSW-striking strike-slip fault (Karacay fault,
discussed below); (ii) Tasliburun fault is parallel-
subparallel (N35°W) to the western segment of the
Kecilikdy fault and is a 3-km-long normal fault located
between the Kecilikdy and Manastir faults. Mega slip
surfaces exhibit well-preserved striation sets and fault-
related structures (Figures 3 & 7); (iii) Manastir fault is
the longest one of the three normal fault sets; it runs for
about 4 km and has an average strike of N70°W (Figures
3 and 8). In the hanging wall of the well-preserved
polished slip surfaces, numerous colluvial/alluvial fans
develop and they are cut and displayed by numerous

normal fault segments which show the same
characteristic properties of the Manisa fault zone (Figure
3). However, along the western part of the mapped area
the Manastir fault is cut by a NNE-SSW-striking strike slip
fault (i.e. Gurle fault zone in Figure 3; see below for
discussion).

The NNE-SSW-trending strike-slip faults (i.e. Girle
fault zone and Karagay fault) are clearly recognised by
morphologicaly deep valleys in the west and east of the
study area (Figures 3 & 6). The Gurle fault zone is about
1.5 km wide, and consists of parallel-subparallel
bifurcated fault segments which juxtapose Neogene
volcanic rocks and the Bornova Flysch Zone. The Karagay
fault comprises several well-exposed fault surfaces with a
relief of 5 to 10 m and displays well-preserved
slickenlines. Structural observations on these slickensides
show that the Karacay fault is a reactivated structure with
two set of striations. Similarly, evidence for reactivation is
also established on the slip surfaces of NW-SE-striking
normal faults. They are documented in detail below.

Kinematic Analysis

We have studied the stress field orientations of NNE-
SSW- and NW-SW-striking faults in order to evaluate the
kinematics and stress history of the region; structural
relationships between striations and fault-plane related
structures are used for age relations and sense of motion.
Fault-slip data have been analysed, using the stress
inversion method of Angelier (Angelier 1984, 1991,
1994) and computed using the software developed by
Hardcastle & Hills (1991). Where fault planes separate
massive bed-rock carbonates from Quaternary colluvium,
they are characterized by smooth, polished and striated
slip surfaces. The sense of movement along the faults was
deduced from Kkinematic indicators including displaced
marker horizons, left- or right-stepping, riedel shears and
corrugations. Four components of the reduced stress
tensor can be extracted from fault-slip data. These are the
directions of the three principal stresses (o, > o, > ©3)
and the relative magnitudes for the principal stress axes,
expressed by the axial ratio ¢ = (o, — 0,)/(0; — 0,), with
O< ¢ <1 (Angelier 1994).

NNE-SSW-trending Faults. Field data show that the NNE-
SSW-trending faults are represented by strike-slip
structures. These faults are associated with sinistral and
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Figure 6. Photographs showing various views from the NNE-SSW-oriented strike-slip faults: (a) a steeply dipping fault plane of the Girle fault; (b)
close-up view of the inset in figure 6a indicating polished and striated fault surface with rakes of 21° S; (c) close-up view of slickensides
on the slip surface of the Karatas fault indicating sinistral strike-slip with rakes of 17° N; (d) close up view on the same surface of the
Karatas fault indicating dextal strike-slip with rakes of 15° S.

dextral motions where an early phase of sinistral strike-
slip movement was superimposed by a dextral motion.

NNE-SSW-striking fault planes, with subhorizontal
slickenfibres, have been observed along the Karacay fault.
At station 1, we observed and measured two sets of
striations with different orientations on the same slip
surface, which strikes at 355° and dipping at 86° E. The
youngest set is represented by striations with rakes of
12-22° S, while the oldest striation set has an average
rake of 14-22° N (Figure 6). Inverse stress analysis of
the oldest fault-slip measurements define an
approximately horizontal o, and o axes, plunging at 02°
and 03° respectively, whereas o, axes is almost vertical,
plunging at 86° (Figure 7, Table 1). The trend of o, axes
is 136°. The results suggest strike-slip faulting and
approximately NW-SE-trending compressional, as well as
NE-SW-trending tensional principal stress axes. The
youngest striation set, on the same slip surface, display o,
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and o5 orientations of 08°/228° and 09°/136°,
(plunge/direction) respectively, with near vertical o, axes
plunging at 78°. The results suggest strike-slip faulting in
an approximately NE-SW-trending compressional and
NW-SE-trending tensional tectonic environment (Figure
7, Table1). The oldest one may have formed in response
to a stress field during the Middle Pliocene phase of NE~
SW-oriented contraction, which generated folding and
thrusting of the Miocene—Early Pliocene units in the
western Anatolia (e.g., Kogyigit et al. 1999; Kaya et al.
2004; Bozkurt & Rojay 2005; Bozkurt & Sozbilir 2006;
Emre & Sozbilir 2007; Uzel & Sozbilir 2008). Several
folds are observed in the Karacay formation and they are
closely associated spatially with the older compressional
regime and sinistral strike-slip faulting.

NW=SE-trending Faults. At station 2, we observed three
sets of striations each with different orientations on the
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KaF-dextral

KaF-sinistral

KeF-normal

e\ dextral

1 sinistral

e, dip slip

Slickenlines

ﬁcl EKGZAG3

M extension @M contraction

Figure 7. Palaeostress analyses carried out on the studied faults. Equal area lower
hemisphere stereoplots illustrate fault-slip surface, slip direction and
principal stress axis orientations data and the position of principal stress
axes. Great circles are fault surfaces, the arrows are striations (see Table 1
for details). See text for further discussion.
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310°-striking slip surfaces of the Tagsliburun fault (Figure
8a). Here, two differently oriented strike-slip slickenlines
(Figure 8b & c) are postdated by dip-slip striations
(Figure 8d). The oldest strike slip striations (D,
deformation phase) with an average rake of 28°E indicate
sinistral strike-slip motion. There is no sufficent slip data
for kinematic analysis. However, this oldest phase may be
correlated with the Miocene—Early Pliocene compression
in the Aegean region (Dumont et al. 1980; Angelier et al.
1981). Similar sinistral movement have been documented
at the eastern part of the Manisa Fault, where o, axes,
plunging at 36° and trending 269° (Bozkurt & Sozbilir
2006). The younger striations with an average rake of
10°S (D, deformation phase), indicate NNW-SSE-
trending compressional and ENE-WSW-trending tensional
tectonic regime, typical for strike-slip faulting. o, and o;
axes are nearly horizontal, plunging at 10° and 19°

respectively, and o, approximately vertical, plunging at
68°. The youngest dip-slip striations with an average rake
of 85°W (D, deformation phase), indicate NE-SW-
directed extension.

At station 3, we have studied well-exposed,
monumental slip surfaces of Manastir fault striking 270°
(Figure 9). On the slip surfaces, the oldest sinistral
striations can not be observed. Here, the slip lines with an
average rake of 27°E (D, deformation phase) were
overprinted by dip-slip striations with an average rake of
86° (D, deformation phase). The former shows a
significant dextral strike-slip component close to the fault
tips. The sense of strike-slip motion is dextral in one half
of the main fault zone (i.e. western end of the Manisa
fault zone) and sinistral in the other half of the main fault
zone (i.e. eastern end of the Manisa fault zone).

Figure 8. Photographs showing various views from the Tagliburun fault: (a) a striated fault surfaces displaying three sets of striations with (b) an
early phase of sinistral strike-slip deformation, (c) a subsequent overprinting dextral strike-slip deformation, and finally (d) a typical set of
slickenlines with near vertical rake orientations indicating dip-slip fault displacement.
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Figure 9. Photographs from the fault tips of Manastir fault: (a) a polished and striated fault surfaces displaying (b) two sets of striations with (c) an
early phase of dextral oblique-slip deformation and (d) a subsequent overprinting normal faulting. The slip surface marks steep topographic
scarp that separates massive bed-rock carbonates in the footwall from Quaternary colluviums in the hanging-wall. The latter shows crude
stratification that dips against the fault and displaced by syntethic normal faults defining a step-like geometry facing towards the basin.

The fault zone exhibits nearly pure dip-slip character
at its centre. The increasing obliquity of the slip direction
near the fault tips can be explained by a local perturbation
of the stress field close to the fault tips (cf. Maniatis &
Hampel 2008). According to Maniatis & Hampel (2008)
normal faults exhibit a systematic variation of the slip
direction along strike, with pure dip-slip at the centres of
normal faults and with oblique slip near the fault tips.
Along-strike variations of the slip direction have also been
recorded on kinematic studies of normal faults (Roberts
& Ganas 2000; Roberts & Michetti 2004). The last
motion of the slip surface indicates nearly vertical o, and
horizontal o, axes (Figure 7). The computed tension
direction at this site is oriented NE-SW consistent with
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Late Quaternary graben formation. This result is similar
to the computed result of stress inversion data of Bozkurt
& Sozbilir (2006).

At station 4, collected kinematic data from the NW-
SE-striking segment of the Kegcili fault show that the
Kecili fault is a nearly pure dip-slip normal fault (Dg
deformation phase). The fault zone includes fault planes
dipping at an average of 76° NE with rake angles ranging
from 84° to 86° SE. The computed results of fault-slip
measurements along the Kecili fault define relatively
steeply plunging o, axes (72°), but gently plunging o,
axes (05°). The orientation of the o axis is with attitudes
of 17°/036° (Figure 7, Table 1).
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The relatively low value of ¢ (0.110 and 0.195)
derived at several stations (2 and 4) indicates that the
magnitude of o, is much higher than o, and is consistent
with the extensional deformation. However, the
calculated high value of ¢ (more than 0.5) at stations
located along the NNE-SSW-striking Karacay fault is
consistent with strike-slip motion.

Structural Evolution of the Manisa Fault Zone

It is recently suggested that the geometric evolution of
eastern part of the Manisa fault zone is controlled by
reactivation of pre-existing sinistral strike-slip faults
(Bozkurt & Sozbilir 2006). Crider & Peacock (2004)
recognized three styles of fault initiation: first initiation
from pre-existing structures, second initiation with
precursory structures, or third initiation as continuous
shear zones. Pre-existing structures are those that have
formed at an earlier time in a stress field apparently
unrelated to the faulting. The field data presented by
Bozkurt & Sozbilir (2006) point to two-stage evolution of
the Manisa fault zone, where isolated segments of
sinistral strike-slip faults were reactivated to form
through-going fault traces in an extensional mode during
a later deformation phase. Similar segmentation and fault
linkage evolution is here documented where an array of
oblique lineament striking NW-SE that may coincide with
a pre-existing strike-slip fault. They control the
segmentation in the western part of the Manisa fault zone
and the formation of a relay ramp between overlap fault
sections (Figures 10). Relay-ramps are defined as zones
connecting the footwalls and hanging walls of overlapping
fault segments and play an important role in the
development and linkage of fault segments. Herein, we
describe the geometry of fault linkage in a relay ramp,
based on field data.

The Manisa fault zone is divided in separate segments
of different scale, which are arranged en échelon.
Individual array length varies from tens of metres to
several kilometres. During the early stage of linkage faults
are not connected but remain as isolated fault segments
separated by distorted ramp (soft linkage). As faults
grow, the fault segments become connected along strike
to form a zigzag-shaped continuous fault trace (hard
linkage). At least three major segments in the westen part
of the Manisa fault zone can be distinguished on the basis
of mapping geological structures. The segments (1) have

a left-stepping, (2) en échelon arrangement, and (3) have
linked together to form a through-going structure. As a
rule, en échelon structures (faults) are located at the fault
terminations. Left-stepping, en échelon fracture segments
are indicative of localized stress perturbations associated
with right-lateral oblique slip (Cridel 2001).
Furthermore, the pattern of segment linkages, forming
lower ramp breaches across relay zones, is consistent
with right-lateral oblique-slip motion along a left-stepping
en échelon fracture zone. The overlapping section is 1.5
km long, and the distance between the rear and front
segments is about 2 km (Figures 3 & 10). Typically for
normal faults, the basement high has been formed in the
overlap zone.

Discussion and Conclusion

Neogene—Quaternary fault mechanisms and fault
reactivation in Western Anatolia have been discussed in
several papers (e.g., Dumont et al. 1980 and references
therein). It is postulated that western Anatolia has been
effected both by compressional and extensional tectonics
since the Late Miocene (Arpat & Bingdl 1969; McKenzie
1978; Kaya 1979; Dumont et al. 1980; Angelier et al.
1981; Kaya et al. 2004, 2007; Bozkurt & Rojay 2005;
Bozkurt & Sozbilir 2006; Uzel & Sozbilir 2008). Angelier
et al. (1981) suggested that there are at least three
compressive phases of deformation occurred during the
Miocene followed by a smaller phase of compressive
deformation near the Plio—Quaternary boundary. The
early Pliocene deformation is attributed to compressive
pulse of the Aegean Arc (Kaya et al. 2004, 2007).

Recently, Uzel & Sozbilir (2008) documented solid
structural data for fault reactivation within the Cumaovasi
transtensional basin. Authors interpret that western
margin of the Cumaovasi basin is a major NE-SW-striking
strike-slip fault zone (Orhanli Fault Zone; Figure 1) that
has been active since the Cretaceous and exhibits both
sinistral and dextral movements. Transtensional basins
are most likely to form along oblique-divergent plate
boundaries or in transfer and accommodation zones in
major rifts and extensional provinces (cf. Miall 2000).
Basins that form where normal or oblique-slip faults splay
from large strike- slip faults without a step to another
strike-slip fault are best called transtensional fault-
termination basins (Umhoefer et al. 2007). Fault-
termination basins have characteristics of both classic rift
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a) initiation of en échelon sinistral strike-slip fault segments

b) dip-slip reactivation with dextral oblique-slip at the western end of the fault

c) block diagram showing present day configuration of the relay ramp. Note pure dip-slip
reactivation and lower ramp breach between the left-stepping en échelon segments

inactive terminatjon

t lllllllllllii‘

lower ramp.
reach

Figure 10. Map views and a block diagram of the en échelon arranged Manastir and Tagliburun faults: (a)
initiation of en échelon sinistral strike-slip fault segments as left-stepping and right-oblique slip; (b)
dip-slip reactivation with dextral oblique-slip at the western tip of the fault; (c) block diagram showing
pure dip-slip reactivation and lower ramp breach between the left-stepping en échelon segments. Note
inactive fault termination in the footwall. Original faults are linked from the tip of the front segment
(Tagliburun fault) to the flank of the rear segment (Manastir fault).
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and pull-apart (strike-slip) basins. The Manisa basin
subsidiary to Gediz Graben is situated within the Izmir-
Balikesir Transfer Zone and probably originated as a
transtensional fault-termination basin during the early
phases of faulting.

The Neogene units and the unconformably overlying
Quaternary Emlakdere formation are cut and dissected by
syntethic normal faults which form step-like structural
configuration stepping-down towards the Manisa basin.
Back-tilted strata of the Emlakdere formation dipping up
to 45° SW have been observed along the Manastir fault.
The younger colluvial deposits are nearly horizontal, and
rest with angular unconformity on the older back-tilted
units. The sequence of the Quaternary deposits starts
with the bouldery colluvium, alluvium and scarp-derived
colluvium. These Quaternary deposits are incised by
various northflowing rivers. The short and straight river
courses in the direction of the tectonic slope and the
incised and confined channel belts indicate vertical uplift
of the area.

Recent stratigraphic investigations of the Emlakdere
formation have determined that such formation displays
significant lateral changes in thickness. For example, the
formation increases in thickness from the southwestern
end of the basin towards the east. The thickness of strata
are varied in the formation suggested that the Manastir
fault is a syn-sedimentary fault. Eventually, this controls
the deposition of the formation as observed in common
extensional basins in the world (cf. Schlische 1991). The
offsetting in Quaternary sediments provides unequivocal
evidence for reactivation of the Manisa fault zone in the
recent past.

The Manisa fault zone shows a basin-facing step-like
structural configuration from the horst block (average
1600 m down to basin floor (average 20 m). Striated
fault surfaces and brittle fault rocks of the Manisa fault
zone can be observed in the field, both southeastward and
westward of the Manisa city, at least 25 km along strike.
The fault segments southeast of the Manisa city were
recently mapped and described by Bozkurt & Sozbilir
(2006) as a reactivated fault, a former sinistral strike-slip
fault overprinted by the latter normal faulting. Detailed
field studies on the western part of the Manisa fault zone
also indicate inversion of the stress regime from the
Neogene up to present. Structural data have been
collected at four stations on the western segments of the

Manisa fault zone, in order to identify the reactivation
history.

The segmentation along the strike of the normal faults
is a very common feature of active normal faults in
Western Anatolia (Hancock & Barka 1987). According to
Ciftci & Bozkurt (2007), southern margin boundary
structures of the Gediz Graben, the Gediz fault system, is
composed of discrete fault segments including active
breaching of relay ramps at the eastern end of the Manisa
fault zone. They suggest both spatial and temporal
variation of the state of stress at the ramp area during the
relay ramp formation. Such segmentation is defined in the
studied area where three fault segments affect Mesozoic
and Neogene units and control Quaternary deposition.
Northern fault segment juxtaposes Mesozoic limestone in
footwall against Holocene sediments in the hanging wall.
The southern fault segment cut the Quaternary deposits
and exposes the Mesozoic limestone in its footwalls. Fault
segments arranged en échelon become linkaged and show
breaching of the relay ramps between them (Figure 10).
The N-S-striking secondary fault links the two primary
faults at the topographically lower end of the ramp to
form the lower-ramp breach. The front segment
(Taghpinar fault) connects to the flank of the rear
segment (Manastir fault), breaching the lower ramp, and
leaving an inactive termination in the footwall. This
results in a through-going fault trace with zigzag
patterns. Both faults have the similar dimensions; they are
approximately 3 km long, have nearly parallel strike, and
they dip 50° to NE. The faults overlap 1.5 km at the
surface and are spaced 1 km normal to strike. The pair
display left-stepping and has right-lateral oblique-slip
motion. Oblique extension is charactezied by segmented
and en échelon arranged oblique-slip faults with zigzag
traces (cf. Crider 2001). Analog experiments showed that
(1) en échelon oblique normal faults form under oblique
extension (Bonini et al. 1997), and (2) with increasing
extension, the en échelon fault segments become to form
through-going faults with zigzag map patterns (Higgins &
Harris 1997). This type of fault patterns has formed in a
region where extension has reactivated pre-existing
structures in an oblique sense.

The Manisa fault zone was reactivated at least three
times during the Miocene—Early Pliocene to recent period:
(i) firstly the fault initiated as a sinistral strike-slip faulting
during  E-W-trending  Miocene—Early  Pliocene
compression phase (D, deformation phase, Figure 10a),
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(i) during the NE-SW-trending Plio—Quaternary
extension phase, the sense of movement was dextral
oblique/strike-slip (D, deformation phase, Figure 10b),
and (iii) finally Manisa fault zone was reactivated by
Quaternary NE-SW-trending extension as a normal fault
and is still active (D, deformation phase, Figure 10c). The
stress orientation and the induced kinematics of the
second deformation phase are in accordance with the
along-strike stretching of the hanging wall proposed by
Maniatis & Hampel (2008). It has been suggested that the
increasing obliquity of the slip direction near the fault tips
can be explained by a local perturbation of the stress field
close to the fault tips. According to thier numerical
models, the trajectories of the minimum principal stress
o, are parallel to the extension direction away from the
fault but curved toward the hanging wall and footwall
centres near the fault tips.
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