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a  b  s  t  r  a  c  t

The  Sürgü  Fault  Zone  (SFZ)  is  located  in  SE  Anatolia  extending  from  Göksun  in  the  west  to  Ç elikhan  in
the  east,  where  it bifurcates  from  the  East  Anatolian  Fault  Zone.  A  detailed  analysis  along  the  fault  using
satellite  images,  digital  elevation  models  (DEMs)  and  aerial  photographs  revealed  that  the  SFZ  displays
characteristic  deformation  patterns  common  to  dextral  strike-slip  faults,  including  pressure  ridges,  dis-
placed linear  valleys,  and  deflected  stream  courses.  In  addition  to  this,  fault  slip  data  collected  from  17
sites  indicated  that  the  SFZ  is  a dextral  strike-slip  fault  zone  having  reverse  and  normal  components  in its
western  and  eastern  parts,  respectively.  The  type  of  dip-slip  components,  orientation  of  the palaeostress
configurations,  and  related  structures  along  the  fault  are  compatible  with  along  strike  variations  of  a
alaeostress analysis
ault kinematics
E Anatolia

strike-slip  fault  system  that  supports  the  dextral  nature  of  the  fault  zone.  Observed  maximum  cumula-
tive  stream  deflections  along  the  fault  zone  indicate  that  the  dextral  offset  of  the  SFZ  has  been  more  than
3 km  since  the  establishment  of the  stream  network  in  the  region.  According  to  the  preferred  tectonic
model  suggested  in this  study,  the  present  dextral  motion  along  the  SFZ  occurs  within  a regional  sinistral
system  related  to  westwards  escape  of  the  Maraş Block,  squeezed  between  Anatolian  Block  and  Arabian
Plate  in  N–S  direction.
. Introduction

The structural deformation patterns in strike-slip fault zones
ave been established since the 1980s (Biddle and Christie-Blick,
985; Sylvester, 1988). Strike-slip fault zones are classified as
onvergent, divergent and simple or through-going strike-slip
aults, depending on the movement vectors of intervening blocks
Sanderson and Marchini, 1984). In simple strike-slip zones, the

ajor horizontal compression axis makes an approximately 45◦

ngle with the zone (Fig. 1a) while this angle is higher in the con-
ergent strike-slip faults and in divergent strike-slip fault zones it
s less than 45◦ (Sanderson and Marchini, 1984). Development of
onvergent and divergent strike-slip fault zones depends on the
hange in the regional stress field or reactivation of zones of weak-
ess (Dewey et al., 1995). Analog and numerical models (Wilcox
t al., 1973; Segall and Pollard, 1983) demonstrated that the pat-
ern of structures within strike-slip fault zones is controlled by the
ype and orientation of horizontal major and minor compressive
tresses as well as along strike variations of the master fault strand

Ambraseys and Tchalenko, 1970; Biddle and Christie-Blick, 1985;

oodcock and Fischer, 1986; Sylvester, 1988). In a strike-slip fault
one, the master fault strand (MFS), which is also known as the
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principal displacement zone (PDZ), or y-shear (Fig. 1a) develops
generally at an advanced stage of strike-slip displacement, parallel
to the main shear zone (Naylor et al., 1986). The other structures
include Synthetic Shear (or r-shear), Antithetic Shear (r′-shear),
Secondary Synthetic Shear (p-shear), extension structures (nor-
mal  faults, gashes), and compressional en-echelon folds and high
angle reverse faults (Fig. 1a). The r-, and p-shears are sub-parallel
(approximately ±15◦) to the y-shear and they all have the same
sense of slip. However, the angle between the y-shear and the r′-
shear is around 75◦ and they have opposite slip senses (Fig. 1a). The
angular relationship between the structures is mainly controlled
by the internal friction angle of the faulted material and the cohe-
sion and they obey the Coulomb–Mohr criterion (Jaeger and Cook,
1971).

The East Anatolian Fault Zone (EAFZ) is one of the major sinistral
intra-continental strike-slip faults in Eastern Anatolia along which
the Anatolian Block is moving westwards (Ş engör and Yılmaz,
1981) (Fig. 1b). The EAFZ displays all the characteristic features
of a sinistral strike-slip fault zone (Perinç ek et al., 1987; Perincek
and Ç emen, 1990; Lyberis et al., 1992), and recent GPS studies
indicate that the fault zone is transferring the total convergent vec-
tor into strike-slip motion (Reilinger et al., 2006), which implies
that overall EAFZ is a simple (through-going) strike-slip fault zone

without convergence nor divergence. On the other hand, a num-
ber of splay faults bifurcate from the main strand of the EAFZ and
transfer the deformation out of the fault zone. Fault kinematic (e.g.
Arpat and Ş aroğlu, 1972; Ş aroğlu et al., 1992; Perinç ek et al., 1987;

dx.doi.org/10.1016/j.jog.2012.08.001
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
mailto:kayten@metu.edu.tr
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Fig. 1. (a) Riedel deformation pattern terminology for a sinistral shear zone (after Ambraseys and Tchalenko, 1970; Sylvester, 1988), (b) major active structures around
eastern  Mediterranean, (c) major paleotectonic units of Turkey (modified from Ş engör and Yılmaz, 1981), (d) major paleotectonic and active structures in central and SE
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natolia (after Kaymakci et al., 2010). AF: Altınyayla Fault, BF: Bozova Fault, DF: D
F:  Gürün Fault, IF: Iliç Fault, KDF: Karcadağ Fault, KF: Kozan Fault, NAFZ: North A
FZ:  Sürgü Fault Zone, YF: Yeş ilyurt Fault.

erincek and Ç emen, 1990; Lyberis et al., 1992; Kaymakci et al.,
010 and references there in) and GPS studies (e.g. Reilinger et al.,
006) indicate most of these splay faults are reactivated older struc-
ures which do not necessarily obey Coloumb–Mohr deformation
riterion. Sürgü Fault Zone (SFZ) is one of the splay faults which
ifurcates from EAFZ around Ç elikhan with approximately E–W
trike and the bifurcation angle is about 30◦ (Fig. 1d). Morphotec-
onic features and fault kinematic data indicate that the SFZ is a
extral strike-slip fault zone contrary to expected sinistral sense
roposed by previous studies (Arpat and Ş aroğlu, 1975; Perinç ek
nd Kozlu, 1984). This makes the SFZ a peculiar structure as being a
extral fault zone sub-parallel to a major sinistral intra-continental
AFZ. Such motion along the SFZ seems not to be feasible according
o published analog and numerical models and most of the field
bservations elsewhere. Therefore, the dextral nature of the SFZ
eserves explanation.

In this context, the main purpose of this study is to determine

he geometry, deformation mechanism and kinematics of the SFZ
y using remote sensing techniques and field studies including
ault slip measurements. Additionally, it is aimed to construct a
ectonic model in order to provide a satisfactory explanation for
ault, DFZ: Dead Sea Fault Zone, EAFZ: East Anatolian Fault Zone, EF: Ecemiş Fault,
n Fault Zone, MF:  Malatya Fault, OF: Ovacık Fault, PF: Pertek Fault, SF: Sarız Fault,

the controversial behavior of the SFZ. For these purposes, various
image processing and enhancement techniques were applied to
data sources including Landsat TM,  ETM+, Quickbird and ASTER
imagery combined with SRTM and 1/25,000 scale digital eleva-
tion models, and stereo-pairs of aerial photographs. The results
obtained from remotely sensed data have been verified in the field.
During the field verification, fault slip data were collected and
detailed observations of the structures were performed.

2. Geological setting

The Late Cretaceous to recent tectonic development of the east-
ern Mediterranean region is related to the convergence between
the Afro-Arabian and Eurasian plates, which is mostly accommo-
dated by northward subduction of branches of the Neotethys Ocean
(Ş engör and Yılmaz, 1981; Barrier and Vrielynck, 2008) leading to
the formation of two major suture zones (Fig. 1c). These include the

northern and southern branches of the Neotethys Ocean (Ş engör
and Yılmaz, 1981). The northern one is demarcated by the Izmir-
Ankara-Erzincan Suture Zone and developed between the Pontides
(Eurasia) in the north and Tauride-Anatolide Platform (Gondwana)
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ig. 2. (a) Sample locations and (b) major tectonic elements in the vicinity of the st

n the south (Fig. 1c). The intervening continental blocks collided

fter the oceanic lithosphere was completely subducted north-
ards under the Pontides by the end of the Late Cretaceous

nd collision lasted until the end of the Oligocene to Earliest
iocene (Kaymakci et al., 2001, 2003, 2009). The southern branch is
ea (legend is like in Fig. 1) (after Perinç ek et al., 1987; Kaymakci et al., 2006, 2010).

demarcated by the Bitlis Zagros Suture Zone and developed due to

collision between the Arabian Plate and the Eurasian Plate (Fig. 1c)
by the Eocene to Oligocene (Ghasemi and Talbot, 2005; Hüsing et al.,
2009; Rolland et al., 2012) or later, by the end of Middle Miocene
(Ş engör and Yılmaz, 1981; Dewey et al., 1986; Keskin, 2003; Ş engör
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ig. 3. Simplified geological map  and active faults of the study area (partly modifi
lock  movements.

t al., 2003; Faccenna et al., 2006; Hüsing et al., 2009; Okay et al.,
010).

Although the exact timing of collision between Eurasian and
rabian plates is still under debate, the consequences of this colli-
ion are better known Nevertheless, post-collisional convergence
n eastern Anatolia is still active and gave way to the development
f transcurrent tectonics that is dominated by the dextral North
natolian and sinistral East Anatolian fault zones. Along these

ault zones, the Anatolian Block is escaping westwards toward
he Hellenic trench (Fig. 1b) which accommodate Africa-Eurasian
onvergence together with Cyprus subduction zone (Ş engör et al.,
985; Ş engör, 1987; Dewey and Sengör, 1979; Arpat, 1972; Arpat
nd Ş aroğlu, 1975; Khair and Tsokas, 1999).

Apart from Arabian collision, the present tectonic scheme of
outhern and south-eastern Anatolia has been shaped by sub-
uction of the oceanic lithosphere of the African plate below the
aurides that probably had been subject to slab roll-back, slab
etachment, slab break-off and Subduction Transform Edge Prop-
gator (STEP) (Govers and Wortel, 2005) fault processes since the
iddle Miocene (Faccenna et al., 2006; Gans et al., 2009; Kaymakci

t al., 2010; Van Hinsbergen et al., 2010; Biryol et al., 2011). This
esulted in the development of compressional–contractional geo-
ynamics in eastern Anatolia that is manifested by thrusting and
trike-slip faulting with considerable reverse components. West-
ards, the compressional–contractional deformation in eastern
natolia has been gradually replaced by strike-slip and extensional

ectonics in response to these mantle processes, that dominate
ainly in central Anatolia and in western Anatolia respectively

Ş engör et al., 1985; Dewey et al., 1986; Perinç ek et al., 1987;
 ̧ engör, 1987; Reilinger et al., 2006). The end result is a complex
rray of faults and fault zones that have changed character in
pace and time since the Middle Miocene. For example, in central
nd south-eastern Anatolia, three types of faults have developed
Fig. 1d) (Kaymakci et al., 2010). These include: (1) sinistral strike-
lip faults with NNE–SSW to NE–SW strike, (2) curvilinear faults
ith average E–W strike and (3) dextral strike-slip faults with
W–SE strike. At present most of these strike-slip faults have nor-
al  or reverse components. The most important factors governing
ormal or reverse component along a strike-slip fault are their ori-
ntation and curvature with respect to main displacement zone and
egional stress tensor. For example, re-straining or releasing bends
r off-sets accommodate local contraction and extension (Biddle
m 1/500,000 scale geological map  of MTA). Half arrows indicate direction of fault

and Christie-Blick, 1985; Sylvester, 1988; Cunningham and Mann,
2007).

The SFZ (Arpat and Ş aroğlu, 1975; Perinç ek and Kozlu, 1984) has
a very peculiar characteristic in having an almost E–W trend (Fig. 2).
The fault zone bifurcates from the EAFZ in the east and delimits a
number of NNE–SSW trending major faults including Sarız Fault
(SF), Gürün Fault (GF), and Malatya Fault (MF) (Fig. 1d). It is almost
perpendicular to the N–S convergence vector between the Arabian
and Eurasian plates (Reilinger et al., 2006) and has morphotectonic
features and kinematic data indicating dextral strike-slip nature
with reverse (in the west) and normal (in the east) components;
however, it is sub-parallel to the sinistral EAFZ (Fig. 2). This makes
the SFZ an enigmatic structure in having a dextral strike-slip char-
acter within a sinistral strike-slip setting. This is unexpected since
its strike deviates only 30◦ counter clock-wise from the strike of
the EAFZ; hence, it is not an antithetic structure of the EAFZ. Most
of the western segment of the SFZ developed along the southern
boundary of the Maraş Block (Fig. 3), which contains magmatic arc-
massif and Supra Subduction Zone ophiolites developed during the
Late Cretaceous to Eocene between the Tauride-Anatolide Platform
in the north and Afro-Arabian Plate in the south (Fig. 1c) (Robertson
et al., 2006; Kaymakci et al., 2010),

The SFZ and palaeotectonic (pre-Late Miocene) evolution of
the region has been studied mainly by Arpat (1972),  Arpat and
Ş aroğlu (1975),  Perinç ek and Kozlu (1984),  Perinç ek et al. (1987),
Kozlu (1987), Muehlberger and Gordon (1987),  Ş aroğlu et al. (1992),
Yurtmen et al. (2002),  and Robertson et al. (2006).  However, the
geometry, morphotectonics, deformation mechanism and kine-
matics of the SFZ is still unclear and the discrepancy between its
dextral nature and expected sinistral displacement is under debate.

Geographically, the regional extent of the SFZ lies between
the Göksun–Ç elikhan, Doğanş ehir and Nurhak regions where dif-
ferent Mesozoic to Paleogene tectonic units collided and were
amalgamated during the Neogene (Fig. 3). The geological map  of
the region was  prepared mainly by Turkish Petroleum Co. geol-
ogists during the early 1980s (Perinç ek and Kozlu, 1984) and
also covered by the 1/500,000 scale Sivas and Hatay sheets of
the geological map  of Turkey compiled by General Directorate of

Mineral Research and Exploration (Ankara, Turkey) (Fig. 3). How-
ever these maps are mainly concentrated on lithostratigraphic and
large scale structures that do not include most of the active struc-
tures.
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. Data and methods

This study integrates data sets obtained from two  different
isciplines: (1) remote sensing and (2) field observation. Morpho-
ectonic structures and kinematic indicators were mapped and
nterpreted using remote sensing techniques and subsequently
hey were verified in the field. Additionally, fault-slip data were col-
ected from mesoscopic faults during field studies for palaeostress
nversion analysis.

.1. Remote sensing analysis

The applied remote sensing techniques included processing and
nterpretation of satellite images, and stereographic aerial pho-
ographs with the utilization of mirror stereoscopes. The used
atellite imagery included Landsat 4, 5 and 7 (TM and ETM+),
dvanced Space-borne Thermal Emission Radiometer (ASTER), and
uickbird images obtained from Google Earth and 167 stereo-
raphic aerial photographs with 1/35,000 scale taken by General
ommand of Mapping (Turkey). Further image enhancement
echniques, including contrast enhancement, color composites,
rincipal Component Analysis (PCA) and Decorrelation Stretching
DS) were performed on the ASTER and Landsat data in order to
nhance image visualization. Additionally, 90 m × 90 m (3′′) reso-
ution Shuttle Radar Topographical Mission (SRTM) data and 25 m
esolution digital elevation models (DEMs) prepared from 1/25,000
cale topographic maps are used to aid the interpretations. The
bove mentioned images and DEMs have different levels of spa-
ial (ground) and spectral (i.e., different wavelength) resolutions,
nd they are useful for distinguishing lithologies and for delineat-
ng structures at different scales. Finally, all of these data were
o-registered and combined in a GIS environment together with
reviously obtained maps to carry out an integrated analysis.

.2. Ground truthing and fault slip data analysis

Field studies were mainly carried out on the main strand of the
FZ for ground truthing of the structures and kinematic indicators
nterpreted from the remotely sensed imagery in various scales.
uring the field studies, various compressional and extensional

tructures were observed in different locations along the fault zone
Fig. 4a and b) in addition to slickensided surfaces (Fig. 5), block tilt-
ng (i.e., rotation with respect to horizontal axis), aligned mineral

ater springs, narrow linear valleys, and fault rocks (phacoids, fault
reccia, cataclasites, fault gouge, etc.).

Further, the fault slip data collected from exposed fault planes
Fig. 5) along the main strand of the SFZ were used for stress inver-
ion to resolve the kinematics of the fault zone using Angelier’s
ethod (Angelier, 1994). This is based on the reconstruction of

he stress ellipsoid in order to determine relative magnitudes and
rientations of the principle stresses (Angelier, 1979, 1984, 1990).
here are two fundamental assumptions in this approach: (1) the
ulk state of stress in a small area is uniform and (2) the slip direc-
ion is parallel to the maximum resolved shear stress along an
ptimally oriented plane of weakness (Wallace, 1951; Bott, 1959).
uring the construction of the stress configurations, the maximum

hear stress direction is determined by calculating the shape fac-
or and orientation of the stress ellipsoid by using the best-fitting
educed stress tensor based on the given fault slip data and the
rientations of the three principal stress axes (�1: maximum, �2:
ntermediate and �3: minimum). The shape factor of any stress
llipsoid is determined from;  ̊ = (�2 − �3)/(�1 − �3) and ranges

etween two extreme values of 0 and 1. The  ̊ constraints all-
ossible cases between uniaxial (�2 = �3;  ̊ = 0 or �1 = �2;  ̊ = 1)
o tri-axial stress configurations (�1 > �2 > �3;  ̊ = 0.5) (Angelier,
994).
Fig. 4. Field photographs of faults. (a) Intensely sheared reverse fault around site 4
(view to S) and (b) normal faults around site 19 (view to NW)  (see Fig. 2a for the
locations of the sites).

A total of 246 fault slip measurements were taken from 17 sites
across the SFZ. During the analysis of the fault slip data, misfit faults
within each analyzed cluster were separated from the bulk data
based on maximum misfit angle (ANG) and maximum quality esti-
mator (RUP) and then analyzed separately. This process was  applied
iteratively until reliable results were obtained. The criteria of the
reliability are determined as 20◦ for the maximum deviation (ANG)
and 50◦ for the maximum value of the quality estimator (RUP) for all
the faults in each data set in accordance with the method (Angelier,
1988, 1994). The faults that did not fulfill these conditions were
considered as spurious (19 data) and they were disregarded from
further analysis and make up around 8% of all data. Inversion of the
data was carried out on the remaining 227 slip measurements.

4. Results and discussion

The enhanced satellite images of the Sürgü Fault Zone (SFZ)
display various kinematic indicators and morphological features
related to its activity. The most prominent of these are the linearly
arranged pressure ridges formed mainly along the Kurucaova seg-
ment (Fig. 6a), and step-overs along the main course of the SFZ.
Pressure ridges are associated with strike-slip motion and con-

trolled by initial fault geometry. In addition, the orientation of the
pressure ridges clearly defines the strike of the SFZ, which is mainly
in an E–W direction. It starts from the Ç elikhan Basin in the east
and continues to the Sürgü Village in the west, and controls the



A. Koç , N. Kaymakcı / Journal of Geodynamics 65 (2013) 292– 307 297

Fig. 5. Reverse fault developed in the western end of the SFZ around Göksun (site 1, see Fig. 2 for its location). (a) Slickensided fault surface (view to SW), (b) its close-up
picture,  and (c) palaeostress configuration of these faults. Note NW–SE directed compression.

Fig. 6. (a) Uninterpreted and (b) interpreted ASTER image (band combination; R:3, G:2, B:1) showing pressure ridges within an anastomosing pattern of faults (yellow lines),
EAFZ:  East Anatolian Fault Zone. (c) ASTER image (band combination; R:3, G:2, B:1) showing dextrally displaced streams along the SFZ between Ç elikhan Basin and Sürgü
Village. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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orthern margin of the Kozaklı Basin (Fig. 6b). Within the zone
f pressure ridges, a number of deflected streams with appar-
nt dextral offset are also observed (Fig. 6c). Maximum observed
eflections in the stream courses reach up to 3 km (Fig. 6c). Simi-

arly, displaced streams are also detected NW of Nurhak and east of
erbent (Fig. 7a). However, the deflection pattern is more complex
nd non-uniform, unlike the deflections observed in the Kozaklı
asin. In that part of the SFZ, some of the stream channels do not
ave clear downstream continuations and this may  be due to con-
ortion of the drainage. This results in fanning out of stream courses
hat do not yield a visible channel course. Therefore, the maximum
bserved dextral displacement around Derbent is approximately

 km (Fig. 7a).
Remote sensing analysis also provided information from dif-

erent lithologies by processing and enhancement of spectral
nformation. The juxtaposition of different lithologies is the diag-
ostic criterion for determination of fault traces and their offset. For

xample, a number of different lithologies are juxtaposed along the
entral segment of the SFZ on a very sharp trace and result in a very
rominent color contrast in the ASTER images due to their differ-

ng petrography and mineralogy (Fig. 7b). On the other hand, at its

ig. 7. Original and interpreted images from Sürgü Fault Zone. (a) Deflected streams along
ith  saturation enhancement (see Fig. 2 for its location) (yellow box indicates the posit

rrows  and overlaid on decorrelation stretched (DS) ASTER image. Band combinations; RG
mage  depicting a very sharp trace of the western part of the SFZ (for the sake of simplicit
S  and Principal Component Analysis (PCA). Band combination; RGBI:5,3,1, intensity is P

eferred to the web  version of the article.)
dynamics 65 (2013) 292– 307

western part, the different segments of the SFZ are easily recog-
nized due to abrupt changes in elevation on linear scarps and cliffs.
In this area, the high topography of the southern block tectonically
limits the alluvial plain of the Göksun and Elbistan basins. Along this
segment, the main course of the SFZ is bent gradually southwards
(Fig. 7c).

Aerial photographs used in this study allowed a 3D visualization
capability and facilitated verification of the detected lineaments
and geomorphological features observed on the satellite images
such as long linear ridges (Fig. 8a), sudden relief changes, stream
course deflections (Fig. 8b) or truncations (contortions) and dis-
turbed stream network (Fig. 8c). The pressure ridges (which are
also shutter ridges along the Kurucaova segment of the SFZ)
and the deflected streams in the northern margin of the Koza-
kli Basin (Fig. 8a) and in the east of Derbent and northwest of
Nurhak (Fig. 8b) are clearly visible and recognizable in the aerial
photographs and Quickbird images (Fig. 8d) with the deflection

magnitudes just as observed on the ASTER images. Moreover, the
belt of pressure ridges can be divided into a number of small
blocks bounded by NE–SW striking en echelon faults with sinis-
tral off-set, and displays an anastomosing pattern supporting

 the SFZ in around Derbent overlaid on ASTER image. Band combinations RGB:5,2,1
ion of Fig. 6b). (b) Master strand of the SFZ near Sürgü Dam indicated with white
B:4,2,1. Note very sharp trace of the master strand of the SFZ. (c) Subset of an ASTER
y fault trace is not delineated but indicated with arrows). The image is produced by
C-1. (For interpretation of the references to color in this figure legend, the reader is
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Fig. 7. (Continued ).
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lockwise block rotations along the dextral Kurucaova segment
Fig. 8a).

In the west, relief information extracted from the aerial pho-
ographs indicates a sudden elevation change and abutting of the
outhern block of the SFZ to the alluvial plain of Göksun Basin
Fig. 8c). This section is characterized by the sharp north dipping

ain strand of the SFZ and a number of NE–SW trending en-echelon

olds. Since these folds were developed within pre-Neogene units
hich pre-date the SFZ, they are not taken into consideration,

ven though they have compatible orientations with the dextral

ig. 8. Original an interpreted images from Sürgü Fault Zone. (a) Aerial photo showing pre
tream  courses (blue). EAFZ: East Anatolian Fault Zone. Note that all the streams flow sou
erial  photo (see Fig. 5b for its location). (c) Aerial photo showing western part of the st
rrows.  Singly plunging anticlines and synclines are indicated with yellow lines. Divergen
ndicating dextrally deflected stream. (For interpretation of the references to color in this
dynamics 65 (2013) 292– 307

movement of the SFZ and may  indicate paleotectonic movement
sense of the fault zone. This has further implications, such that
during the paleotectonic period the fault zone was also a dextral
strike-slip fault zone that reactivated during the neotectonic period
co-axially or it kept its slip sense since then.

The host lithologies of the collected fault slip data range from
Paleozoic to Mesozoic marbles and metamorphics, to Late Creta-

ceous ophiolites and ophiolite related units, to Paleocene volcanic
and clastic units, and to Neogene sedimentary and volcanic units
(Fig. 3). The fault slip data on the pre-Cenozoic units may  belong

ssure ridges within an anastomosing pattern of faults (red) and dextrally displaced
thwards. (b) Deflected streams in E of Derbent and NW of Nurhak overlaid on the
udy area. Main strand of the SFZ is dipping northwards and is indicated with red
t white arrows are alluvial fans. (d) Quickbird image (obtained from Google Earth)

 figure legend, the reader is referred to the web version of the article.)
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o both past and present deformation phases. However, adjacent
uaternary basins partly juxtaposed by the fault itself indicate
urrent activity that is consistent with the slip data. For example,
he fault zone thrust over the Quaternary units close to western end
near sites 1–4), around SE of Göksun (Fig. 5). Similarly, the fault
uxtaposes the Quaternary units laterally along the Kurucaova seg-

ent where the fault plane displays clear striations. Based on these
bservations, fault slip data collected from fresh surfaces of the fault
lane, in contact with Quaternary deposits, have been associated

ith the latest phase of deformation along the Sürgü Fault Zone.

Extracted stress configurations shown in Fig. 9 and Table 1 indi-
ate that the major principal stress (�1) is generally oriented (sub-)
orizontally, whereas �2 and �3 are interchangeably sub-vertical
inued ).

(oblique) in all sites except sites 9 and 19 (Fig. 9a) where �1 is
vertical. This is characteristic for triaxial stress conditions where

 ̊ values are close to 0.5 (Table 1). In addition, oblique orienta-
tions of principal stresses characterize a triaxial strain condition
that deviates greatly from Andersonian (Anderson, 1951) types of
faults (Reches, 1978, 1983; Krantz, 1988).

The horizontal components of the constructed stress configura-
tions are plotted in order to understand the style of deformation
and to check compatibility of the constructed principal stress

directions, and to assess the nature of local and regional struc-
tures. Apart from some extensional solutions (sites 9 and 19), the
horizontal component of most of the �1 directions at each site make
an approximately 45◦ angle with the local trend of the SFZ and they
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Fig. 9. (a) Locations of the palaeostress measurements and (b) Cyclographic traces of fault planes and constructed palaeostress configurations for each site (lower hemisphere,
equal  area projection) and frequency distributions of  ̊ values.
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Table  1
Locations and palaeostress orientations for whole data.

Loc Lattitude Longitude �1(P◦/D◦) �2(P◦/D◦) �3(P◦/D◦)  ̊ Mean ANG Mean RUP N

S1 37.96489 36.49892 12◦/110◦ 24◦/014◦ 62◦/224◦ 0.901 10 36 15
S2  37.98370 38.00130 05◦/314◦ 22◦/222◦ 67◦/056◦ 0.402 13 40 14
S2 2 37.98370 38.00130 7◦/188◦ 36◦/093◦ 53◦/287◦ 0.547 15 45 6
S3  38.03013 36.55727 14◦/287◦ 00◦/081◦ 76◦/195◦ 0.454 21 53 8
S4 38.04186 36.63613 0◦/137◦ 47◦/063◦ 228◦/153◦ 0.449 15 49 15
S5  38.07265 36.79154 18◦/154◦ 38◦/259◦ 47◦/045◦ 0.564 12 41 8
S6  38.10761 36.85804 05◦/150◦ 23◦/058◦ 66◦/252◦ 0.599 15 34 16
S7  38.03726 37.78788 03◦/324◦ 21◦/55◦ 69◦/225◦ 0.590 14 40 10
S8 38.01855 37.74778 07◦/347◦ 20◦/79◦ 68◦/240◦ 0.720 16 41 14
S8 2 38.01855 37.74778 39◦/337◦ 28◦/093◦ 38◦/207◦ 0.592 9 48 7
S9 37.99261 38.10045 12◦/160◦ 35◦/258◦ 53◦/054◦ 0.513 15 40 17
S9  2 37.99261 38.10045 73◦/285◦ 13◦/146◦ 11◦/054◦ 0.457 19 50 5
S10  38.01959 37.74177 00◦/140◦ 66◦/049◦ 24◦/230◦ 0.449 19 49 13
S11  37.99579 38.04844 10◦/330 01◦/061◦ 80◦/158◦ 0.410 19 51 8
S12  38.01014 37.68138 04◦/335 21◦/067◦ 68◦/235◦ 0.563 16 40 10
S13 37.96834 37.40117 39◦/001◦ 51◦/171◦ 5◦/267◦ 0.368 7 26 8
S16  38.04039 37.19666 78◦/227◦ 04◦/335◦ 12◦/065◦ 0.913 15 35 13
S16 2 38.04039 37.19666 07◦/169◦ 51◦/268◦ 38◦/074◦ 0.545 13 40 7
S17  38.02951 37.17252 12◦/324◦ 59◦/212◦ 27◦/060◦ 0.762 7 34 10
S17 2 38.02951 37.17252 20◦/220◦ 43◦/331◦ 40◦/112◦ 0.408 14 16 5
S18  38.07745 37.28425 33◦/018◦ 06◦/112◦ 56◦/212◦ 0.559 14 55 8

◦ ◦ ◦ ◦ ◦ ◦
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S19  38.00276 37.99653 71 /140 19 /314

1, �2, �3: magnitude ratios of principle stresses; D/P: direction/plunge; ˚:  stress ra
:  number of measurement for each site.

re orthogonal to the observed folds, especially in the western part
f the fault zone (Fig. 10).

Fig. 10 shows smoothed trajectories of the principal planes that
re based on stress inversion results to give an impression about
he spatial distribution of the stress field over the area. These tra-
ectories were created manually based on the intersection of the
orizontal plane with principal planes. The orientation of maxi-
um  principle stress (�1) is taken as the reference direction since

2 and �3 are interchangeable and are generally sub-vertical or
ub-horizontal. It is important to note that the deviation of the max-
mum stress (�1) orientation is gradual and changes from NW–SE
n the west to N–S in the east, which is compatible (Biddle and
hristie-Blick, 1985; Sylvester, 1988) with the bending of the Sürgü
ault Zone from west to east.
.1. Kinematic of Sürgü Fault

As previously mentioned, the Sürgü Fault Zone was first recog-
ized by Arpat and Ş aroğlu (1975) and they claimed that it is a left

ig. 10. The spatial distribution of horizontal components of constructed palaeostress con
nd �2–�3 planes.
02 /045 0.317 13 30 10

NG: maximum allowed angular divergence; RUP: maximum allowed quality value;

lateral strike-slip fault bifurcated from the EAFZ. Later Perinç ek and
Kozlu (1984) and Perinç ek et al. (1987) delineated and mapped the
fault zone; at the same time they also described general character-
istics of the major active faults in eastern Turkey. Recent activity
of the SFZ was  briefly discussed in these studies and the authors
claimed that the SFZ comprises a single through-going sinistral
fault, rather than a fault zone. Westaway et al. (2006) further spec-
ulated that the Sürgü Fault Zone took up the sinistral displacement
between the Anatolian and Arabian plates in the Eastern Anatolia
during the Pliocene. However, palaeostress configurations and the
observations documented in this paper show that Sürgü Fault Zone
is a dextral strike-slip fault zone, which has a reverse component in
the west especially along the Göksun segment; on the other hand,
it has normal components especially along the Kurucaova segment
in the east. This is manifested by various structural and kinematic

indicators such as fault slip data and dextrally deflected drainage.
In addition, it is observed that there are number of NE–SW oriented
blocks delimited by very prominent fault traces with normal com-
ponents in the southern margin of the Kozaklı Basin (Fig. 11a). The

figurations, segments of the SFZ and trajectories of horizontal components of �1–�2



304 A. Koç , N. Kaymakcı / Journal of Geodynamics 65 (2013) 292– 307

Fig. 11. Fault blocks developed in the eastern part of the SFZ. Background image is Landsat TM image (band combination RGB:5,3,1). (b) Simplified map  of showing only
the  faults and basins (grey) fault. (c) Domino style (bookshelf) faulting proposed for the development of fault blocks along the SFZ. Note sinistral movement (half arrows) of
clockwise rotating blocks (circular arrows) within dextral system (SFZ). Note also that all faults are not indicated for the sake of simplicity.

Fig. 12. (a) Simplified tectonic map  and GPS vectors re-calculated according to ABEY station. (b) Close up figure for indicating proposed epicenter positions (x–z) and (c)
corresponding moment tensor solutions (after Taymaz et al., 1991 and USGS-NEIC).
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Fig. 13. Deformation model explaining the dextral motion of Sürgü Fault Zone.
(a)  Initial condition. (b) Present configuration (Anatolian Block taken as fixed). As
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etween these landmasses escapes westward resulting in dextral motion between
araş and Anatolian blocks while the relative motions between Arabian Plate and

ll  other blocks are sinistral.

locks and the delimiting normal faults show a staircase geometry
onsistent with domino-style faulting (Wernicke and Burchfield,
982; Ron et al., 1984) along dextral strike slip SFZ that would result

n clockwise block rotations (Fig. 11b and c). It is also worth not-
ng that the faults between blocks have opposite senses of shear,
s predicted, which is compatible with the sinistral EAFZ (Fig. 11b
nd c).

In addition to remote sensing and field based data, the GPS vec-
ors provided by Reilinger et al. (2006) were re-calculated with
espect to GPS stations located close to the center of the SFZ and
ocated within the southern block (ABEY in Fig. 12a). Although,
he density of the GPS stations is not adequate to determine con-
incingly the slip sense of the Sürgü Fault Zone, the GPS vectors
ith respect to Ağabeyli (ABEY) station show some correlation with

he main tectonic features. As seen in Fig. 12 the Kahramanmaraş
KMAR) station indicates northward directed shortening of the
rea while Elbistan (ELBI) station clearly implies dextral movement
long the SFZ. With the exception of the Ç akırhöyük (CKRH) station,
ll the stations on the Arabian Block indicate a sinistral nature for
he East Anatolian Fault Zone.

During the instrumental period, two moderate size earthquakes
ccurred in 1986 May  5 (Ms  = 5.9) and 1986 June 6 (Ms  = 5.6) in the
egion (Fig. 12b). The focal mechanism solutions of these earth-
uakes proposed by the Taymaz et al. (1991) indicate that the SFZ is

 sinistral strike-slip fault zone. This contradicts observations pre-

ented in this paper and the results of the present stress analyses.
he epicenters of these events are located at the intersection of SFZ
nd the Malatya Fault Zone (Fig. 12c). The earthquake data were
ecorded in 1986 when the number of recording stations was few
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and further from the epicenter than now. Therefore, these poorly
located events alternatively might belong to Malatya or East Anato-
lian fault zones rather than SFZ, which would be consistent with the
present results. For a more precise correlation, these events should
be re-located.

4.2. Preferred block model

As discussed above, the dextral nature of the SFZ cannot be
explained as a simple antithetic fault since the angle between EAFZ
and SFZ is very narrow compared to the one predicted in the Riedel
deformation pattern for shear zones (Fig. 1a). Possible explana-
tions of this type fault geometry include rotation of early formed
Coulomb fractures or reactivation of a pre-existing structure. Alter-
natively, Yin and Taylor (2012) suggested distributed deformation
during the formation of adjoining shear zones with opposing senses
of shear as a possible mechanism for the odd geometries of the
conjugate strike-slip fault system in central Tibet. In this respect,
the dextral nature of the SFZ can be explained by the northward
(NNE) convergence of Arabian Plate (AP) forcing the wedge-shaped
Maraş Block (MB) westward with respect to the Anatolian Block
(AB) (Fig. 13). This movement is accommodated in the southeast
by sinistral motion between AP and MB,  and in the north by dex-
tral motion between AB and MB.  This evolutionary block model
also predicts rifting between the EAFZ in the west and Dead Sea
Fault Zone in the east, compatible with the opening of the Plio-
Quaternary Karasu Rift (Boulton, 2007; Rojay et al., 2001; Parlak
et al., 1998).

5. Conclusions

Remote sensing analysis, fieldwork and fault slip data all indi-
cate the SFZ as a dextral strike-slip fault zone. This conclusion
challenges almost all previous work defining the Sürgü Fault as a
sinistral strike-slip fault (Perinç ek et al., 1987; Taymaz et al., 1991;
Ş aroğlu et al., 1992).

The other conclusions of this study are as follows:

• Field observations and analysis of fault slip data indicate a strong
reverse slip component at the west end of the SFZ (Göksun seg-
ment), where the fault geometry bends noticeable toward the
south acting as a restraining bend.

• In the east, the SFZ is characterized by significant normal slip
component and displays staircase fault morphology bounding
wedge-shape basins such as Kozaklı Basin, consistent with dex-
tral motion related clockwise block rotation in the southern block.

• Horizontal component of the calculated maximum compressive
stress near the SFZ rotates with the curved geometry of the fault
and makes an approximately 45◦ angle with the master strand.
Compatibility between the fault geometry and local stress dis-
tribution clearly indicates that the resultant stress direction is
currently valid.

• Observed maximum dextral cumulative off-set along the SFZ is
about 3 km since the development of the current stream network.

• Dextral motion of SFZ identified in this study can be explained by
westward escape of MB  being squeezed between the N–S con-
verging Arabian Plate and Anatolian Block.

In this study, the kinematic characteristics of the SFZ have been
documented and a tectonic block model proposed to explain its
dextral motion. However, there are some incomplete or conflicting

points with the previous works. In order to solve these problems,
further detailed geodetic, seismic and geological studies focused
on the current movement of SFZ and paleomagnetic analysis are
recommended in order to test the proposed block rotation model.



3 of Geo

A

d
E
t
s
h
l
a

R

A

A

A

A

A

A

A

A

A

B

B

B

B

B

C

D

D

D

F

G

G

G

H

J

K

K
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ence to the Ç andir locality (North-Central Anatolia, Turkey). In: Güleç , E., Begun,
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Perinç ek, D., Günay, Y., Kozlu, H.,1987. New observations on strike-slip faults in East
and  Southeast Anatolia. In: 7th Biannual Petroleum Congress of Turkey. UCTEA
Chamber of Petroleum Engineers-Turkish Association of Petroleum Geologist,
pp.  89–103.

Reches, Z., 1978. Analysis of faulting in three-dimensional strain field. Tectono-
physics 47 (1–2), 109–129.

Reches, Z., 1983. Faulting of rocks in three-dimensional strain fields. II. Theoretical
analysis. Tectonophysics 95 (1–2), 133–156.

Reilinger, R., McClusky, S., Vernant, P., Lawrence, S., Ergintav, S., Cakmak, R.,
Nadariya, M.,  Hahubia, G., Mahmoud, S., Sakr, K., ArRajehi, A., Paradissis, D., Al-
Aydrus, A., Prilepin, M.,  Guseva, T., Evren, E., Dmitritsa, A., Filikov, S.V., Gomes,
F.,  Al-Ghazzi, R., Karam, G., 2006. GPS constraints on continental deformation
in  the Africa-Arabia-Eurasia continental collision zone and implications for the
dynamics of plate interactions. Journal of Geophysical Research 111, V05411,
doi:05410.01029/02005JB004051.

Robertson, A.H.F., Ustaömer, T., Parlak, O., Ülüngenç , U.C., Tasli, K., Nurdan, I., 2006.
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