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a  b  s  t  r  a  c  t

The  East  Anatolian  Fault  System  (EAFS)  is the  second  major  fault  system  in Turkey,  following  the  North
Anatolian  Fault  System  (NAFS).  Unlike  the  NAFS,  which  produced  11  large  earthquakes  in  the  last  ∼75
years,  the EAFS  has been  relatively  quiet  during  the  same  period  of  time.  While  historical  records  show
that  the  EAFS  has  the  potential  to produce  large  earthquakes,  the  fault slip  rates  on  the  EAFS  were  not
studied  in  detail,  and  were  not  quantified  sufficiently.  This  is possibly  due  to the  relatively  low seismicity
and  slow  slip-rates  of  the  EAFS  with  respect  to the  NAFS.  However,  the  determination  of  the  slip  rates  of
the EAFS  is  equally  important  in  order  to understand  the  kinematics  of  the  Anatolian  plate.

In  this  study,  we collected  and analyzed  new  survey-type  GPS  data,  and homogeneously  combined
published  velocities  from  other  studies,  to  form  the  most  complete  GPS  data  set  covering  the  EAFS.  In
particular,  continuous  GPS  observations  were  utilized  for  the  first  time  to  study  the  northern  part  of  the
EAFS. The  results  of the  analysis  give  well-constrained  slip  rates  of  the  northwestern  segments  of  the
EAFS,  which  is further  connected  to the  Dead  Sea Fault  System  (DSFS)  in  the  south.

The  results  show  that  while  the slip  rate  of  the  EAFS  is  nearly  constant  (∼10  mm/yr)  to  the  north  of
Türkoğlu,  it then  decreases  to 4.5  mm/yr  in the  south.  The  slip  rate  on  the northern  part  of  the  Dead  Sea

Fault  System  (DSFS)  was also  found  to be  4.2  ±  1.3 mm/yr,  consistent  with  earlier  studies.  The  contraction
rates  along  the EAFS  are below  5 mm/yr,  except  for  the  northernmost  part  near  Karliova,  where  it reaches
a  maximum  value  of  6.3 ±  1.0  mm/yr.  The  results  also  show  that  two  well-known  seismic  gaps  across  the
EAFS,  Palu-Sincik  and Ç elikhan-Türkoğlu segments,  have  slip  deficits  of  1.5  m  and  5.2  m  and  have  the
potential  to produce  earthquakes  with  magnitudes  of Mw7.4 and  Mw7.7,  respectively.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

The East Anatolian Fault System delineates the boundary
etween the Anatolian and Arabian plates, and is associated with
hrusting and left-lateral faulting. It is often considered a con-
inuation of the Dead Sea Fault System to the north where the
ubduction of the African plate beneath Anatolia and the differen-
ial motion of the Arabian plate with respect to the African plate are
he main driving mechanisms (McKenzie, 1972; Ş engör and Kidd,
979; Dewey et al., 1986). Together with the North Anatolian Fault

ystem, the EAFS is one of the most active transform fault systems
n Turkey. While the tectonic escape of the Anatolian plate is usu-
lly attributed to the squeezing of the Anatolian wedge along the

∗ Corresponding author.
E-mail address: aktug@ankara.edu.tr (B. Aktug).

ttp://dx.doi.org/10.1016/j.jog.2016.01.001
264-3707/© 2016 Elsevier Ltd. All rights reserved.
EAFS and slab pull in the Hellenic Arc, recent studies show that
the normal components of slip rates along the EAFS are much less
than the required effect and that slab pull should be the domi-
nant factor (Reilinger et al., 2006; Aktuğ et al., 2013). Although the
EAFS was relatively quiet during the last century, historical seis-
micity shows that the EAFS is capable of producing devastating
earthquakes (Ambraseys, 1989).

Recent stress transfer studies also verify the large strain accu-
mulation across the EAFS (Nalbant et al., 2002). Two seismic gaps
are identified across the EAFS: Palu-Sincik and Ç elikhan-Türkoğlu
segments (Fig. 1). The Palu-Sincik segment is a 135-km long seg-
ment between Palu and Sincik, consisting of the Palu-Sivrice and
Sivrice-Sincik segments, which are 50 km and 85 km long, respec-

tively. While exact locations are still under dispute, two large
earthquakes, 1874 (M7.1) and 1875 (M6.7), have occurred within
this segment. They are considered to have occurred in the southern
part of Sivrice (Nalbant et al., 2002; Herece, 2008), while Ambraseys

dx.doi.org/10.1016/j.jog.2016.01.001
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jog.2016.01.001&domain=pdf
mailto:aktug@ankara.edu.tr
dx.doi.org/10.1016/j.jog.2016.01.001
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Fig. 1. The seismotectonic framework of the Eastern Anatolia and the surrounding regions. The source parameters of the earthquakes are from the catalogue given by Kalafat
e  > 4.0.
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t  al. (2009) which spans the period between 1938 and 2008 and includes events M

he fault traces were adapted from Ş aroğlu et al. (1992b).

nd Jackson (1998) and Ç etin et al. (2003) suggested a location
o the north of Sivrice. The Ç elikhan-Türkoğlu segment is 140 km
ong, consisting of the Ç elikhan-Gölbaş ı and Gölbaş ı-Türkoğlu seg-

ents, which are 50 km and 90 km long, respectively. The most
ecent earthquake on the Ç elikhan-Gölbaş ı segment occurred in
513 (M7.4). Determination of the slip rates along these segments
t highest precision is critical to evaluate the seismic potential
eliably.

The complex geological setting and relatively low seismicity do
ot allow precise determination of the slip history or the recur-
ence intervals across the EAFS. The estimates of slip rate, based
n the cumulative seismic moment sums, range from 29 mm/yr to
0 mm/yr (Jackson and McKenzie, 1984, 1988; Taymaz et al., 1991).
he slip rates, based on the geological offset measurements of two
ull-apart basins, Gölbaş ı and Lake Hazar Basins, are also highly
ariable. The slip rates, based on the measurement of total offsets,
ange between 4 mm/yr and 13 mm/yr (Hempton, 1985; Arpat-

 ̧ aroğlu, 1972; Dewey et al., 1986; Allen et al., 2004; Westaway,
994; Aksoy et al., 2007).

Early estimates of the EAFS slip rates were reported as
–11 mm/yr, and were based on the relative rigid block rotations of
he Anatolian and Arabian plates (Oral et al., 1995; Reilinger et al.,
997; McClusky et al., 2000). Such a methodology assumes a uni-
orm slip rate over the whole fault boundary. Later studies also
mployed rigid block rotations, but the elastic strain accumulation
ear block boundaries were also taken into consideration (Reilinger
t al., 2006; Aktuğ et al., 2013). Reilinger et al. (2006) reported
eft-lateral slip rates of 9.9 ± 0.2 mm/yr and 10.0 ± 0.3 mm/yr in
he northern part, and contraction rates of 5.1 ± 0.3 mm/yr and

.9 ± 0.3 mm/yr, based on a relatively coarse block boundary dis-
retization. However, all these studies still lack sufficient density
nd coverage to identify and to quantify the slip rates of individ-
al segments of the EAFS. There are also two recent InSAR studies
 The asterisks show the historical earthquakes and are from Ambraseys (1989).

which overcome the spatial resolution problem of previous GPS
studies. Cavalié and Jónsson (2014) reported a slip rate and a locking
depth of 13 mm/yr and 4.5 km,  respectively, for the northern seg-
ment between 39◦ E and 41◦ E. In a more recent study, Walters et al.
(2014) found an average slip rate and locking depth of 11 ± 3 mm/yr
and 15 ± 5 km,  respectively, for the segments to the north of 36◦ N.
However, slip rates and locking depths as little as 8 mm/yr and 8 km
are also observed in the northernmost segments (Walters et al.,
2014).

In this study, we present the most complete GPS  data set studies
to date, which were obtained from analysis of new GPS data and a
rigorous combination of available published data sets. We  investi-
gated the possible variations of the slip rate and the locking depth
through a robust analysis to quantify the strain accumulation and
possible release in the middle and eastern part of the EAFS. The
homogeneously combined data allow the precise determination of
the slip rates of individual segments of the EAFS, which has not
been possible in the earlier studies.

2. Tectonic framework

The kinematics of Anatolia and its surrounding regions have
been of interest to many researchers due to the diversity of its tec-
tonic setting. In this region we find rigid-body rotation, collision and
subduction of a continental plate, major strike-slip and thrust faul-
ting, compression and extension (Barka and Kadinsky-Cade, 1988;
Ş engör et al., 1985). The region is bounded by the North Anatolian
Fault Zone (NAFZ) to the north, and the East Anatolian Fault Zone
(EAFZ) to the east, and the Hellenic and the Cyprian Arcs in the

south, where the Arabian, African and Eurasian plates converge.

The East Anatolian Fault System (EAFS) delineates the bound-
ary between the Arabian and Anatolian plates. Often considered a
conjugate structure to the North Anatolian Fault System (NAFS),
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he EAFS is a 600 km long SW–NE trending fault zone between Kar-
iova in the north, and Kahramanmaraş in the south (McKenzie,
970; Arpat and Sarağlu, 1972; Westaway, 1994). The EAFS is a pre-
ominantly strike-slip fault system with well-observed pull-apart
asins, including the Gölbaş ı and Hazar Lake basins (Bozkurt, 2001).

The uplift of the East Anatolian plateau is often considered to
ave started about 13 Ma  ago, just after the collision of Arabian
nd Anatolian plates (Ş engör and Kidd, 1979; Dewey et al., 1986).
obertson (2000) suggested that the collision started as early as
he early Miocene (16–23 Ma). The estimates for the onset of the
ollision range from 65 Ma  (Berberian and King, 1981) to 40 Ma
Hempton, 1987) and to 16–23 Ma  (Robertson, 2000) and to as lit-
le as 5 Ma  (Philip et al., 1989). A re-organization of the collision
bout 5 Ma  ago was also reported by Allen et al. (2004) based on
eological evidence for the change in the rates of strain in folds
nd exhumation of mountain belts. It was suggested by Allen et al.
2004) that 16–23 Ma  could be the earliest range for the onset of the
ollision. The crustal thickening due to the collision is considered to
each ∼45 km based on seismic data (Sandvol et al., 2003; Zor et al.,
003). Another striking finding in these studies is the thinning of
he crust from ∼44 km in the north to 36 km in the south. The aver-
ge crustal thickness along the EAFS was estimated as 36 km by Gök
t al. (2007).

Several onset times for the EAFS were proposed, ranging from
ate Pliocene (Ş aroğlu et al., 1987; Westaway and Arger, 2001) to
he latest Pliocene-Pleistocene (Herece, 2008). But the onset of the
AFS slip is still under debate and ranges between 1.8 and 12 Ma
Arpat and Sarağlu, 1972; Hempton, 1987; Lybéris et al., 1992;
ürür and Chorowicz, 1998). Ş engör et al. (1985) asserted that the
AFS initiated 5 Ma  ago, based on the Pliocene-aged sediments in
he fault related basins. This value was further refined by Ş aroğlu
t al. (1992a), who claimed that initial movement on the East Ana-
olian Fault was late Pliocene (3 Ma)  or younger. Early comparison
f the geological slip rates with those of GPS also suggests that it
tarted in the Pliocene era (4–5 Ma)  (Reilinger et al., 1997). The
stimates of age for individual fault segments range from 3 to 5 Ma
o late Eocene (Westaway and Arger, 2001; Jaffey and Robertson,
001; Allen et al., 2004).

The segmentation of the EAFS is also under debate. Barka and
adinsky-Cade (1988) suggested a 14-segment structure for the
AFS, while Ş aroğlu et al. (1992a) and Hempton et al. (1981)
eported six and five segments respectively. Recent geometrical
egment classifications of the EAFS include the 11-segment geom-
try of Herece (2008) and a 7-segment geometry of Duman and
mre (2013). The 7-segment geometry of Duman and Emre (2013)
eem to be the most complete and refined model up to date since
t already compares and discusses the previous findings.

The estimates for total geological offset across the EAFS vary;
5–22 km (Hempton, 1985), 22–27 km (Arpat and Sarağlu, 1972),
2 km (Dewey et al., 1986), and 27–33 km (Allen et al., 2004). The
3-km long Gölbaş ı pull-apart basin can be considered another
easure for the total offset, as given in Westaway and Arger

1996). Geological data suggest a slip rate of 6–10 mm/yr, based
n 35–40 km offset (Westaway and Arger, 1996). Westaway (1994)
uggested a slip rate of 13 ± 1 mm/yr for the EAFS. Another basin
requently used for estimation of the total offset is the Lake Hazar
asin. The total geological offset across the Lake Hazar Basin is
stimated to vary between 9 km and 27 km (Arpat and Sarağlu,
972; Hempton, 1985; Herece and Akay, 1992). Aksoy et al. (2007)
eported a left-lateral slip rate of 4 mm/yr, based on a total offset
f 6.5–9 km across Plio–Quaternary (∼2.6 Ma)  markers.

The EAFS was seismically relatively quiescent during the

ast century compared with the NAFS. The most notable earth-
uakes are the 1971 Bingöl (M:6.8) and the 1986 Sürgü (M:6.0)
vents. However, large historical pre-instrumental earthquakes
ere reported along the EAFS by Ambraseys (1989) and Nalbant
amics 94–95 (2016) 1–12 3

et al. (2002). Among those are the 1874 (M7.1) and the 1875 (M6.7)
earthquakes near Lake Hazar, and the 1513 (M7.4) earthquake near
Gölbaş ı. Historical earthquakes from the literature and large earth-
quakes of the instrumental period with available focal mechanism
solutions are shown in Fig. 1.

3. GPS observations and analysis

Raw GPS observations, which complement the published veloc-
ity fields, were obtained from the national mapping institution
of Turkey (General Command of Mapping) for the years 1998,
1999, 2002, 2003, 2006, 2007 and 2010. All the observations were
collected at sessions of at least 8 h using dual frequency GPS
receivers. GPS data reduction and estimation of the velocity field
was carried out in a three-step approach described by Dong et al.
(1998). In the first step, the individual GPS  campaign observa-
tions were processed daily and were combined as yearly solutions
by using GAMIT/GLOBK software (King et al., 2009). The IGS final
orbit products and IERS orientation products were incorporated
into the analyses, together with a sufficient number of IGS fidu-
cial site observations. The normal equations matrix with loose
constraints was produced for each yearly campaign solution. In
the second step, taking loosely-constrained campaign solutions
as quasi-observations, a combined normal equation matrix was
obtained in a Kalman Filter scheme method by using GLOBK soft-
ware (Herring, 1997).

In the last step, the reference frames of both coordinate and
velocity estimates were defined by estimating a 12-parameter
transformation (three translations, three rotations and their associ-
ated rates) to ITRF2008 coordinates of 17 selected IGS sites (NSSP,
ZECK, NICO, SOFI, JOZE, KIRU, LAMA, TROM, MATE, GRAZ, POTS,
WTZR, ONSA, CAGL, ZIMM,  GRAS, BRUS). The selection of sites for
reference frame definition was  made based on the factors given in
Aktuğ et al. (2009). The post-fit rms  (root mean square) of 17 sta-
tions was  found to be 1 mm and 0.17 mm/yr for the coordinates and
the velocities, respectively.

3.1. Combination of velocity fields

The velocity fields published in previous studies were also incor-
porated into the analysis to provide a denser velocity field and to
determine the slip rates more reliably. Aktuğ et al. (2013) provided
a velocity field covering the westernmost part of the EAFS. While
the velocity field given in Reilinger et al. (2006) is very sparse in
the region, especially to constrain the motion of the Arabian block,
it still has many sites in the region. Alchalbi et al. (2009) provided
a dense velocity field covering the southern part of the EAFS. The
velocity vectors of the Turkish RTK Network (GCM, 2013) were also
incorporated into the combined velocity field with block diagonal
covariance matrices. More recently, Mahmoud et al. (2013) pub-
lished a dense velocity field focusing on the Dead Sea Fault System.
However, it was not used here because the average precision of the
velocity field is much less than other individual solutions, and the
sites located near the EAFS are common with other velocity fields
used in this study. The velocity fields obtained from all studies are
shown in Fig. 2.

It is necessary to remove any possible reference frame effect
to effectively combine the published velocity fields (Aktuğ et al.,
2009). In this respect, the computed velocity field and the pub-
lished velocity fields gathered from the literature were transformed
into the reference frame given in Reilinger et al. (2006), due to the

fact that the velocity field given there has the highest number of
common sites with other solutions.

Both translations and rotations could exist between two  ref-
erence frames. However, any translation can be represented as a
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ig. 2. The GPS observations employed in this study. The velocity error ellipses ar
rade-off between the slip rate and the locking depth.

otation over a sphere in Euler theorem. Since any translations
ould be absorbed in Euler rotations, estimating a simple Euler
otation matrix between a velocity field and the reference velocity
s sufficient. The transformation model used for the combination
s:

2 = v1 + R(  ̋ × r) (1)

here v1 and v2 are the velocity vectors in both local frames, R
s the rotation matrix to transform from geocentric Cartesian to
ocal coordinate systems and  ̋ is the Euler rotation vector, the “×”
tands for vector product and r is the position vector at each station.
sing (1), the individual velocity fields were transformed into the

eference frame given in Reilinger et al. (2006) by minimizing the
isfit between the velocities of common sites via least-squares.

he consistency of the combined solutions is given in Table 1 and
he transformed velocities are given in Table 2.

.2. Slip rate and locking depth variation
Due to the trade-off of the slip rate with the locking depth, the
imultaneous estimation of both quantities could be misleading,
epending on the geometric coverage of velocities. For an infinitely

ong vertical strike-slip fault, the classical relationship (Savage and

able 1
he rotation rates of the individual solutions computed from the common sites to the refer
nto  the reference velocity frame using the computed rotation rates. The number of sites c
eference velocity field (Reilinger et al., 2006).

� (◦) � (◦)  ̋ (10−9◦/Myr) # of

−50.0506 5.4849 2.0 16 

−56.8488  −2.6429 3.6 14 

−35.1577 −10.3350 4.5 5 

53.5288 79.3748 38.94 14 

– – – – 

a Reference velocity field.
5% confidence level. The dashed rectangles show the profiles for investigating the

Burford, 1973) between the fault-parallel velocities and distance to
the fault is given by

v = Voff + V

�
tan−1

(
x + �x

D

)
(2)

where x is the perpendicular distance to the fault trace, V is the slip
rate, D is the locking depth and v is observed fault parallel veloc-
ity, �x  is the fault offset and Voff is the offset necessary to define
velocities in the same model velocity reference frame (Segall, 2010).
Estimating Voff term ensures that the velocities on the fault (x = 0)
are zero and the velocities on either side of the fault have opposite
signs. The term �x was  added to Eq. (2) to account for any possible
error due to the simplification of fault delineation while projec-
ting the fault normal distances. The locking depths and slip rates
were estimated simultaneously for profiles labeled (a) through (c)
in Fig. 2 through a non-linear regression algorithm (Seber and Wild,
2003). The confidence bounds were also estimated using a boot-
strapping method. The results are shown in Table 3. The estimated
velocity and fault offsets range between 3–13 mm/yr and 2–5 km.
Using the estimated velocity and fault offsets, we estimated the slip
rate for a constant locking depth varying between 0.1 km and 60 km
to investigate the trade-off between the locking depth and the slip

rate. The calculated slip rates for a range of locking depths, and the
associated misfits for the two  profiles are shown in Fig. 3.

Since the most of the western part of profile b lies at sea, only
a limited number of observations are available on the west side of

ence velocity field (Reilinger et al., 2006). The individual data sets were transformed
olumn (#) shows the total number of common sites between each solution and the

 sites rms  (mm/yr) Source

0.63 New solution
0.49 Aktuğ et al. (2013)
0.43 Alchalbi et al. (2009)
0.47 GCM (2013)
– Reilinger et al. (2006)a
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Table  2
The transformed velocities and their sources used in the analysis.

Site Lon. (◦) Lat. (◦) ve (mm/yr) vn (mm/yr) �Ve (mm/yr) �Vn (mm/yr) �VeVn Source

AKYA 35.896 37.771 −13.7 9.1 0.2 0.3 −0.037 Aktuğ et al. (2013)
AYDI 33.315 36.152 −10.5 3.6 0.4 0.4 −0.069 Aktuğ et al. (2013)
AYVA 35.542 38.382 −14.3 8.1 0.3 0.3 −0.054 Aktuğ et al. (2013)
BLBN 37.607 38.488 −15.7 10.5 0.3 0.3 −0.041 Aktuğ et al. (2013)
BUNY 35.881 38.870 −16.1 7.5 0.4 0.4 −0.116 Aktuğ et al. (2013)
CAMA 34.811 37.207 −12.9 6.9 0.3 0.3 −0.020 Aktuğ et al. (2013)
CEYH 35.839 37.055 −10.9 7.9 0.4 0.4 −0.094 Aktuğ et al. (2013)
DKNT 35.375 36.820 −14.2 7.9 0.4 0.4 −0.071 Aktuğ et al. (2013)
ELBI 37.220 38.179 −13.4 10.4 0.2 0.3 −0.098 Aktuğ et al. (2013)
EREN 34.155 36.718 −11.6 6.4 0.3 0.4 −0.049 Aktuğ et al. (2013)
GAZI 32.283 36.283 −8.5 0.3 0.3 0.3 −0.116 Aktuğ et al. (2013)
KAD4 36.073 37.394 −12.8 7.9 0.2 0.3 0.000 Aktuğ et al. (2013)
KART 35.340 36.543 −13.4 9.7 0.3 0.3 −0.100 Aktuğ et al. (2013)
KBSK 35.369 37.560 −16.2 6.6 0.3 0.3 −0.067 Aktuğ et al. (2013)
KOZA 35.685 37.376 −14.6 8.8 0.3 0.4 −0.114 Aktuğ et al. (2013)
KRHY 35.076 37.221 −14.4 9.8 0.4 0.4 −0.083 Aktuğ et al. (2013)
KVKK 37.470 39.283 −16.8 9.0 0.3 0.3 −0.008 Aktuğ et al. (2013)
MANS 35.632 37.851 −14.4 8.6 0.4 0.5 −0.069 Aktuğ et al. (2013)
MERS 34.552 36.900 −12.3 3.5 0.3 0.3 −0.084 Aktuğ et al. (2013)
OGUZ 36.188 38.651 −16.7 9.3 0.4 0.4 −0.119 Aktuğ et al. (2013)
PNLR 36.245 38.231 −14.1 9.7 0.5 0.6 −0.071 Aktuğ et al. (2013)
PNRB 36.484 38.971 −17.8 8.9 0.3 0.3 −0.168 Aktuğ et al. (2013)
SAIM 36.082 37.977 −10.7 7.1 0.3 0.4 −0.129 Aktuğ et al. (2013)
SLCH 35.018 36.824 −13.8 7.6 0.2 0.3 −0.060 Aktuğ et al. (2013)
SLFK 33.944 36.370 −10.8 3.8 0.6 0.6 −0.048 Aktuğ et al. (2013)
SNCK 36.521 38.447 −13.9 8.6 0.4 0.4 −0.083 Aktuğ et al. (2013)
SUCT 36.697 37.761 −11.1 8.0 0.4 0.4 −0.053 Aktuğ et al. (2013)
TOMA 35.825 38.455 −16.3 9.8 0.3 0.4 −0.114 Aktuğ et al. (2013)
YUMU 35.795 36.808 −8.5 5.1 0.4 0.5 −0.091 Aktuğ et al. (2013)
YZYR 36.934 38.799 −15.7 9.9 0.3 0.4 −0.079 Aktuğ et al. (2013)
AKIL 37.634 35.800 −5.2 14.3 0.4 0.5 −0.006 Alchalbi et al. (2009)
BATH 36.091 35.247 −4.9 12.1 0.4 0.4 0.006 Alchalbi et al. (2009)
BNAB 36.204 35.090 −4.6 12.8 0.4 0.4 0.003 Alchalbi et al. (2009)
DALY 36.270 35.215 −4.7 12.1 0.5 0.5 −0.004 Alchalbi et al. (2009)
DBSS 38.757 36.461 −5.4 15.7 0.4 0.4 −0.001 Alchalbi et al. (2009)
DERS 36.419 35.118 −4.7 12.5 0.5 0.5 −0.006 Alchalbi et al. (2009)
DOHA 36.104 35.598 −6.3 12.0 0.5 0.5 0.012 Alchalbi et al. (2009)
HARM 36.508 36.146 −6.2 12.6 0.5 0.4 0.004 Alchalbi et al. (2009)
HASS 36.570 35.638 −5.1 13.6 0.5 0.5 −0.006 Alchalbi et al. (2009)
HMEH 40.596 36.584 −5.3 16.8 0.5 0.5 −0.003 Alchalbi et al. (2009)
HOWR 36.974 36.233 −5.2 14.1 0.5 0.5 0.001 Alchalbi et al. (2009)
KATR 36.881 35.649 −5.1 14.0 0.5 0.4 −0.008 Alchalbi et al. (2009)
KHAS 36.578 35.449 −5.1 13.4 0.5 0.5 −0.004 Alchalbi et al. (2009)
KHBZ 37.716 36.246 −5.6 14.7 0.4 0.4 −0.011 Alchalbi et al. (2009)
KRIN 38.481 35.782 −4.6 15.4 0.5 0.5 −0.018 Alchalbi et al. (2009)
MRQD 40.761 35.754 −3.9 17.0 0.4 0.4 −0.006 Alchalbi et al. (2009)
RAJO 36.681 36.664 −7.2 12.5 0.5 0.5 0.019 Alchalbi et al. (2009)
RSHM 35.769 35.659 −6.1 11.9 0.5 0.5 0.009 Alchalbi et al. (2009)
SALM 36.966 35.049 −3.6 14.4 0.4 0.4 0.000 Alchalbi et al. (2009)
AYVA 26.707 39.326 −21.1 −9.8 0.7 0.7 −0.009 Reilinger et al. (2006)
NICO 33.396 35.141 −6.2 3.1 0.5 0.5 0.000 Reilinger et al. (2006)
MERS 34.256 36.566 −11.6 4.9 0.7 0.7 0.000 Reilinger et al. (2006)
MER0 34.552 36.900 −12.2 4.4 1.1 1.0 0.029 Reilinger et al. (2006)
ULCN 35.870 36.397 −5.4 9.5 1.7 1.6 −0.001 Reilinger et al. (2006)
ULUC 35.940 36.456 −9.6 9.7 1.0 1.0 0.003 Reilinger et al. (2006)
SENK 36.131 36.050 −5.1 10.2 0.7 0.6 −0.015 Reilinger et al. (2006)
DORT 36.137 36.899 −11.1 9.6 0.5 0.5 −0.012 Reilinger et al. (2006)
ISKE 36.180 36.540 −9.9 12.2 1.7 1.8 −0.033 Reilinger et al. (2006)
PNLR 36.245 38.231 −13.8 8.4 1.6 1.4 −0.016 Reilinger et al. (2006)
ANDR 36.330 37.572 −14.1 8.9 1.7 1.6 −0.031 Reilinger et al. (2006)
ABAK 36.465 36.531 −7.4 11.9 0.9 0.8 0.007 Reilinger et al. (2006)
HASA 36.524 36.788 −7.8 10.1 0.7 0.7 −0.004 Reilinger et al. (2006)
FEVZ 36.643 37.088 −7.5 11.0 0.8 0.7 −0.016 Reilinger et al. (2006)
SAKZ 36.972 37.190 −8.2 11.6 0.5 0.5 −0.009 Reilinger et al. (2006)
KMAR 36.996 37.522 −9.4 10.6 0.6 0.6 −0.020 Reilinger et al. (2006)
KILI 37.106 36.685 −8.0 10.5 1.8 1.7 −0.060 Reilinger et al. (2006)
ABEY 37.113 37.747 −12.0 8.3 0.7 0.7 −0.011 Reilinger et al. (2006)
ELBI 37.220 38.179 −13.2 9.4 0.7 0.7 −0.017 Reilinger et al. (2006)
ALAR 37.436 37.518 −7.4 11.5 0.7 0.7 −0.014 Reilinger et al. (2006)
GAZI 37.574 36.901 −6.7 13.7 0.6 0.5 −0.012 Reilinger et al. (2006)
ALTP 37.869 38.050 −13.3 9.7 0.7 0.7 −0.014 Reilinger et al. (2006)
CKRH 37.886 37.541 −7.1 12.6 0.7 0.7 −0.011 Reilinger et al. (2006)
ARGA 37.902 37.237 −6.8 13.6 0.7 0.7 −0.021 Reilinger et al. (2006)
MLTY 38.215 38.456 −11.5 10.9 0.7 0.7 −0.012 Reilinger et al. (2006)
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Table 2 (Continued)

Site Lon. (◦) Lat. (◦) ve (mm/yr) vn (mm/yr) �Ve (mm/yr) �Vn (mm/yr) �VeVn Source

MLT1 38.215 38.456 −11.5 10.9 0.7 0.7 −0.012 Reilinger et al. (2006)
ADYI 38.231 37.747 −7.6 14.1 0.8 0.8 −0.002 Reilinger et al. (2006)
GMKV 39.254 38.640 −13.6 10.9 1.2 1.2 −0.046 Reilinger et al. (2006)
TUNC 39.524 39.071 −17.0 12.0 1.5 1.3 −0.004 Reilinger et al. (2006)
KRCD 39.805 37.847 −8.9 15.1 0.8 0.7 −0.006 Reilinger et al. (2006)
KAKO 40.052 38.963 −13.5 9.9 1.6 1.4 −0.012 Reilinger et al. (2006)
KIZ2 40.650 37.246 −6.4 16.6 0.8 0.8 −0.023 Reilinger et al. (2006)
KIZI 40.651 37.247 −6.4 16.6 0.8 0.8 −0.023 Reilinger et al. (2006)
SOLH 41.057 38.959 −6.8 11.5 1.4 1.2 −0.024 Reilinger et al. (2006)
VART 41.454 39.186 −5.9 10.7 2.0 1.3 −0.046 Reilinger et al. (2006)
KRKT 41.794 38.754 −4.7 14.8 0.8 0.7 0.107 Reilinger et al. (2006)
SRNK 42.457 37.528 −6.5 15.1 2.7 1.2 0.042 Reilinger et al. (2006)
RESD 42.547 38.488 −5.6 14.0 1.5 1.2 −0.045 Reilinger et al. (2006)
KAL2 43.341 38.549 −5.1 13.1 0.9 0.8 0.014 Reilinger et al. (2006)
KHAS 56.233 26.208 3.9 24.8 1.5 1.2 0.014 Reilinger et al. (2006)
KALL 43.335 38.506 −9.2 13.7 1.6 1.7 −0.190 New Survey
BLNK  42.314 39.067 −1.2 10.1 0.6 0.7 −0.130 New Survey
BTLS  42.120 38.419 −7.6 14.8 2.1 2.2 −0.160 New Survey
IDIL  41.843 37.350 −9.0 17.7 2.4 2.4 −0.160 New Survey
KZLK  41.504 38.182 −7.0 19.1 2.2 2.3 −0.200 New Survey
VART 41.454 39.186 −4.6 10.2 0.8 0.8 −0.030 New Survey
SOLH  41.057 38.959 −5.9 12.9 0.8 0.9 −0.140 New Survey
SAVR  40.878 37.550 −10.5 17.8 3.0 1.9 −0.200 New Survey
GENC  40.575 38.758 −7.9 20.5 1.6 1.3 −0.100 New Survey
KIGI  40.365 39.324 −10.0 6.6 1.1 1.2 −0.160 New Survey
KAKO 40.052 38.963 −18.3 11.2 1.1 0.9 −0.100 New Survey
HISA  39.835 37.526 −12.6 10.9 1.8 2.2 −0.090 New Survey
AYZC  39.417 36.971 −10.6 14.6 1.5 1.6 −0.080 New Survey
CUNG 39.299 38.207 −10.7 10.1 1.5 1.8 −0.060 New Survey
GMKV 39.254 38.640 −17.0 11.0 0.7 0.7 −0.120 New Survey
CMGZ 38.922 39.059 −23.3 9.2 0.5 0.5 −0.090 New Survey
AKMA 38.400 37.178 −8.7 13.8 0.8 0.8 −0.120 New Survey
AKAB  36.599 36.737 −9.0 11.0 0.8 1.0 −0.130 New Survey
SERI  36.216 36.379 −4.7 9.6 1.4 1.8 −0.030 New Survey
ISKE  36.180 36.540 −8.1 9.8 0.8 1.0 −0.060 New Survey
NICO  33.396 35.141 −5.0 1.3 0.2 0.2 −0.060 New Survey
SEMD 44.574 37.305 −4.1 18.0 0.6 0.7 0.068 CORS Stations
BASK  44.017 38.044 −2.9 15.7 0.1 0.1 −0.061 CORS Stations
OZAL  43.989 38.657 −0.9 15.5 0.8 0.1 −0.008 CORS Stations
CATK  43.061 38.007 −1.8 13.1 0.9 0.1 −0.009 CORS Stations
SIRN  42.457 37.525 −6.1 11.2 0.5 0.1 −0.017 CORS Stations
TVAN  42.291 38.530 −2.4 15.7 0.9 0.1 −0.030 CORS Stations
SIRT  41.936 37.932 −4.4 15.5 0.5 0.6 −0.039 CORS Stations
MUUS 41.502 38.793 −12.8 16.1 0.4 0.4 −0.023 CORS Stations
MIDY  41.357 37.417 −4.8 15.2 0.4 0.4 −0.018 CORS Stations
BTMN 41.155 37.864 −5.4 15.4 0.3 0.4 −0.022 CORS Stations
DIYB  40.188 37.954 −6.6 17.2 0.1 0.1 0.006 CORS Stations
ERGN  39.758 38.270 −6.6 14.9 0.4 0.4 −0.013 CORS Stations
VIRA  39.751 37.234 −5.6 14.6 0.5 0.5 −0.013 CORS Stations
TNCE  39.546 39.110 −14.4 9.4 0.4 0.4 −0.060 CORS Stations
SIVE  39.329 37.752 −6.1 14.1 0.4 0.5 −0.028 CORS Stations
ELAZ  39.257 38.645 −15.0 10.8 0.4 0.4 −0.024 CORS Stations
SURF  38.818 37.192 −8.2 14.3 0.3 0.3 −0.031 CORS Stations
ARPK  38.487 39.041 −14.5 9.9 0.4 0.4 −0.029 CORS Stations
ADIY  38.230 37.746 −5.7 13.0 0.3 0.3 −0.035 CORS Stations
MALY 38.217 38.338 −12.1 10.8 0.3 0.4 −0.028 CORS Stations
DIVR  38.104 39.394 −14.8 9.7 0.5 0.6 −0.019 CORS Stations
ANTE  37.374 37.065 −5.2 12.7 0.3 0.3 −0.031 CORS Stations
GURU  37.308 38.717 −13.6 8.7 0.4 0.4 −0.024 CORS Stations
EKIZ  37.188 38.059 −13.4 8.9 0.4 0.5 −0.030 CORS Stations
KLIS  37.112 36.709 −5.2 12.1 0.4 0.4 −0.029 CORS Stations
MARA 36.931 37.581 −9.9 9.2 0.7 0.7 −0.014 CORS Stations
ONIY  36.254 37.102 −10.5 7.8 0.4 0.4 −0.036 CORS Stations
TUFA  36.221 38.261 −13.0 6.9 0.4 0.4 −0.025 CORS Stations
FEEK  35.912 37.815 −12.1 7.1 0.4 0.5 −0.016 CORS Stations
ADAN  35.344 37.004 −8.0 5.3 0.4 0.4 −0.037 CORS Stations
MRSI  34.603 36.781 −10.9 3.6 0.4 0.4 −0.039 CORS Stations
DIPK  34.195 35.537 −6.6 4.2 0.8 0.8 −0.020 CORS Stations
SILF  33.936 36.382 −8.8 2.3 0.4 0.0 −0.031 CORS Stations
LEFK  33.353 35.195 −5.3 3.3 0.5 0.5 −0.022 CORS Stations
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Fig. 3. The variability of the slip rates w.r.t. the locking depth (red) and the �2 values of the estimation (black). The thick gray bands show 2-� error bounds of the slip rates
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hat profile. The difficulty of estimating the locking depth in that
rofile has been addressed by Alchalbi et al. (2009). Our estimate
f locking depth (11.3 ± 6.7 km)  is close agreement with the esti-
ate of Le Beon et al. (2008) for DSFS. The velocity profiles with the

stimated slip rates and locking depths are also shown in Fig. 3.

.3. Block modeling and slip rates

The estimation of slip rates from a sparse set of observations

s highly sensitive to block discretization, the assumed locking
epths, and the spatial density of data. The lack of sufficient data
ear block boundaries and, at the same time, within the rigid parts
f the blocks, usually results in a high correlation of parameters,
imated simultaneously (right panel). The red curve shows the model fit to the GPS
arallel shear strain rate for the best fit model determined from the analysis shown
re legend, the reader is referred to the web version of the article.)

such that the elastic strain accumulation cannot be distinguished
rigorously from the rigid block rotations. Moreover, the trade-off
between slip rate and locking depth largely depends on the net-
work coverage and the spatial density. Even if we  assume that the
slip rate of the EAFS is constant across all its individual segments,
the accumulation and the release of strain still depend on the vari-
ation of the locking depth. In this respect, rigorous determination
of slip rates and locking depths is also important for hazard studies.

To investigate the slip rate variation along the EAFS and to

determine how much of the deformation can be explained with
rigid blocks, we  formed a block model which extends from Kar-
liova in the north and Cyprus Island in the south. We employed an
approach similar to that of McCaffrey (2002), where all the Euler
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Fig. 4. The slip rates obtained from the block modeling and the residual velocity field. The values at the top (without parenthesis) show the fault parallel slip rates in which
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is relatively short and possibly not well constrained by the avail-
able data. On the other hand, the southernmost segment of the
EAFS (to the south of Türkoğlu) was found to have a significantly

Table 3
The simultaneous estimation of the slip rates and the locking depth. The results of
the simultaneous estimation of the profile parameters D (depth) and V (slip rate) in
Eq.  (2) and associated one-sigma uncertainties.
he  positive and negative values correspond to left and right lateral slip rates, respec
he  positive and negative values correspond to the contraction and the extension ra

otations of the micro blocks are simultaneously estimated by min-
mizing the misfit of the velocities. The back-slip model given in

atsu’ura et al. (1986) was  also applied to each fault segment to
imic  elastic strain accumulation during the interseismic phase of

he earthquake cycle. The elastic strain along the block boundaries
as computed by using the analytical equations given in Okada

1985). The block velocities estimated in the form of Euler vectors
ere then used to determine the fault slip rates in the middle of

he each segment. Since the segment lengths vary from one to a
ew hundreds kilometers, the spatial resolution of the estimated
lip rates are also variable. It should also be noted that the slip
ates on multiple consecutive segments bordering two  large blocks
o not vary unless there is no sharp change in the geometry of seg-
ents. The block boundaries are shown in Fig. 4, and are consistent
ith the Active Fault Map  of Turkey (Ş aroğlu et al., 1992b). Fol-

owing the findings in the previous section, the locking depths of
he block boundaries were taken as 25 km except for the southern
ontinuation of the EAFS toward DSFS and Cyprus Arc, where they
ere assumed to be 12 km.  A dip angle of 45◦ was assumed for the

hrusting parts of EAFS and 90◦ for strike-slip segments.
While there is a certain trade-off in the simultaneous estimation

lip rates and locking depth from velocity profiles, the slip rates esti-
ated in block models are mainly controlled by the relative block
otion. The effect of elastic back-slip is limited to sites close to

he fault zone (2–3 times the locking depth). For small blocks with
ost sites are very close (within the distance of 2–3 times the lock-

ng depth) to the fault zone, the effect of pre-defined locking depth
n block models results could be dramatic. For large blocks with
ufficient number of sites far from the fault zone, the effect of lock-
ng depth on the slip rates could be insignificant in block modeling
ince the relative motion of the block is then mostly determined

y the relative motion of far field sites. To investigate the effect of

ocking depth, several different extreme and moderate values for
he EAFS segments were taken into account. At the lower extreme,
ssuming a locking depth of 10 km for all the segments along the
. The values at the bottom (in parenthesis) show the fault normal slip rates in which
spectively.

EAFS, the block model produces a normalized rms  (nrms) of 22.00,
while at the higher extreme, assuming 25 km for all the segments
along the EAFS produces a nrms of 21.76. For a moderate value of
15 km,  the locking depth for all the segments along the EAFS gives
a nrms of 21.79. Assuming 12 km locking depths for southern seg-
ments and 25 km for northern segments gives a nrms of 22.07. In
terms of weighted rms, the differences between different values of
locking depths are within 0.5 mm/yr. The differences are insignifi-
cant to favor one set of locking depths over another. In this respect,
we believe that the slip rates in our block model are insensitive to
the choice of locking depth within the data error bounds.

The slip rate estimates computed from velocity profiles for the
profiles (a) and (b) are 11.06 ± 3.94 and 10.65 ± 0.92 (Table 3) and
are statistically the same and indistinguishable. The slip rate esti-
mates from block modeling (10.5 ± 0.6) for the same segments are
also in agreement with those computed from the velocity profiles
and confirms a constant slip rate of 10–11 mm/yr for the part of the
EAFS in the north of Türkoğlu (Fig. 2). While the left-lateral slip rate
in the northern part of the EAFS near Karliova seems to be larger
(∼13 mm/yr) in the block modeling (Fig. 4) than the middle seg-
ments, the difference between them is not statistically significant
at 95% confidence level. Furthermore, this northernmost segment
D (km) V (mm/yr)

a 28.85 ± 29.24 11.06 ± 3.94
b  25.08 ± 6.25 10.65 ± 0.92
c  11.13 ± 6.73 2.53 ± 0.41
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ower left-lateral slip rate of 4.5 ± 1.1 mm/yr in the block model-
ng. The slip rate was found to be ∼4 mm/yr on the northern part
f the DSFS. Similarly, the contraction rates of ∼6 mm/yr near Kar-
iova and becomes insignificant in the southern segments of the
AFS. The contraction rates which are only available from the block
odeling show a contrast between the northern (6.1–6.3 mm/yr)

nd southern (0.7–2.4 mm/yr).

. Results and discussion

There is no global plate motion model in the literature which
ocuments a slip rate for the Anatolia-Arabia boundary to directly
ompare with those estimated using GPS data. The global plate
otion models, in which an Arabia–Eurasia convergence rate is

vailable, show that the GPS-based estimates of the convergence
ate of the Arabia–Eurasia collision is usually slower than the cor-
esponding estimates of plate circuit models (DeMets et al., 1990,
994; Sella et al., 2002). In earlier studies, the relative motion
etween the Arabian and the Anatolian plates was estimated
hrough regional GPS networks, and the GPS-based estimates show

 slip rate of 11 mm/yr based on the relative rotations of these large
locks (Reilinger et al., 1997; McClusky et al., 2000). Based on block
odeling, Reilinger et al. (2006) reported left lateral slip rates of

.9 ± 0.2 mm/yr and 10.0 ± 0.3 mm/yr along with contraction rates
f 5.1 ± 0.3 mm/yr and 2.9 ± 0.3/yr for the northern part of the EAFS.
hey also found slower left-lateral slip rates (5.5–6.8 mm/yr) and
aster contraction rates (6.4–7.9 mm/yr) on the continuation of the
AFS to the Dead Sea Fault System (DSFS). Mahmoud et al. (2013)
eported a constant slip rate of 9.7 ± 0.9 mm/yr for the whole EAFS.

We  found that the left-lateral slip rate along the EAFS drasti-
ally changes from a nearly constant value of ∼10 mm/yr in the
orth to 4.5 mm/yr to the south of Türkoğlu. The Ç elikhan-Gölbaş ı
egment, which lies to the north of a triple junction (see Fig. 4),
as a left-lateral slip rate of ∼10 mm/yr. While our estimates of

eft-lateral slip rate are in general agreement with the earlier stud-
es, our denser data set and assumed block geometry allow us to
onstrain the slip rates of the individual segments of the EAFS, and
oes not require the assumption of a constant slip rate assumption
long the entire EAFS. The variation of the slip rate along a major
trike-slip fault system has also been noted by different researchers
or the case of the DSFS. While a generalized block model shows a
niform slip rate of 4.5 ± 0.3 mm/yr for the DSFS (Reilinger et al.,
006), more recent and denser GPS networks reveal a gradual vari-
tion between 4.5 mm/yr along the southern segment (Mahmoud
t al., 2013) and 2 mm/yr along the northern segment (Alchalbi
t al., 2009). The determination of slip rates through the differ-
ntial rotation of blocks involves the assumption of a constant slip
ate along a specific fault zone. However, the slip rates along a long
ault system can vary depending on elasticity variations even if the
riving velocity is constant (Chéry, 2008). Another difficulty in the
stimation of slip rates only through relative block rotations arises
rom the necessity of using a set of GPS sites within the rigid part
f the plate. For instance, Aktuğ et al. (2013) quantify the obvi-
us westward increase of GPS velocities within Central Anatolia,
hich was often assumed rigid in earlier studies (McClusky et al.,

000; Reilinger et al., 2006). Furthermore, the projection of the esti-
ated small circle along the fault does not take account of actual

eparture of the fault orientation from the small circle and the con-
equent fault-normal slip (contraction/extension) (Oral et al., 1995;
eilinger et al., 1997; McClusky et al., 2000). In this respect, the
stimates of early GPS studies (9–11 mm/yr) could represent an
verage value of the slip rate along a long fault segment. One way

o deal with these difficulties is to discretize the fault boundary and
ake the elastic strain accumulation into account. In those models,
he slip rates along the faults are estimated through differential
otation of bounding blocks while the elastic strain accumulation
amics 94–95 (2016) 1–12 9

along block boundaries is also taken into account (McCaffrey, 2002).
More recent GPS studies (i.e. Reilinger et al., 2006), which employ
such methodology, give slip rates similar to the earlier estimates of
∼10 mm/yr (Oral et al., 1995; Reilinger et al., 1997). However, such
a model is also highly sensitive to block discretization. In addition,
a dense and spatially uniform distribution of GPS sites is needed to
distinguish the rigid block rotation from the elastic deformation. In
this respect, we believe that the most reliable estimate of slip rates
and its variation along the EAFS has been possible using the more
complete data set presented in this study.

Our estimate of slip rate for the segment between Karlıova and
Ç elikhan is higher than the 4 mm/yr that is reported in Aksoy et al.
(2007) based on the total geological offset of Lake Hazard but in
good agreement with the geological slip rate of 8.3 mm/yr given
in Herece (2008). In a more recent study, Karabacak et al. (2010)
found a well-constrained slip rate of 4.94 ± 0.13 mm/yr for the
northern part of the DSFZ based on the offset of a pre-Quaternary
basin. Meghraoui et al. (2003) used well-constrained historical evi-
dence to estimate a slip rate of 6.9 ± 0.1 mm/yr at northwestern
Syria along the DSFS. Sbeinati et al. (2010) proposed a slip rate
of 4.9–6.3 mm/yr based on archaeoseismology data in the north-
ern part of the DSFS. All these are also in good agreement with
our GPS estimate (4.5 ± 1.1 mm/yr) for the same segment. The slip
rate estimates from both profile and block models are 2.53 ± 0.41
and 4.2 ± 1.3 mm/yr, respectively. For a confidence level of 95%, our
block model estimate lies within an interval between 1.6 mm/yr
and 6.8 mm/yr, which is consistent both with our estimate of the
profile velocity and the estimate of 2 mm/yr given in Alchalbi et al.
(2009). The agreement of our estimates with the one given in
Alchalbi et al. (2009) is expected since our new data only covers
the northern part of the study area and our modeling results relies
on the data given in Alchalbi et al. (2009) for the northernmost
segment on the DSFS.

There are three continuous GPS stations in our data set, which
are located on Cyprus. While the LEFK and NICO (IGS) stations are
in the south, the DIPK station is north of the Cyprian Arc (Fig. 2).
Although they are from different sources, the difference in the north
velocities of LEFK and NICO is about ∼0.2 mm/yr, which is well
below the uncertainty of the estimates. The difference between the
north–south velocities of DIPK and NICO-LEFK is ∼1 mm/yr and no
significant difference is observed between the east–west velocities.
While geomorphologically distinct, our GPS estimates do not show
any significant motion across the border of the Cyprian Arc lying
in Cyprus Island. Similarly, very low subduction rates are reported
for the Cyprian Arc with respect to the Hellenic Arc, based on the
observed minor shortening of the Quaternary sediments (Doglioni
et al., 2002). On the other hand, as shown in our block modeling
(Fig. 4), extension rates of up to 3.5 mm/yr were observed between
the southernmost coast of Anatolia and the south coast of Cyprus.

Our profile analysis also reveals the variation in locking depth
from a very high value of 25.08 ± 6.25 km along the EAFS in the
north to 11.13 ± 6.73 km along the DSFS in the south, corresponding
to a difference of 13.95 ± 9.18 km.  While such a difference seems
to be large, it is only significant at 87% confidence level. In this
respect, our data cannot reliably distinguish any possible variation
of the locking depth between the northern and southern profiles.
The simultaneous determination of slip rate and locking depth in
the new northern profile (profile a in Fig. 3) is not reliable with large
uncertainty in locking depth (Table 3). On the other hand, the slip
rate is nearly constant when it is estimated for a constant locking
depth (Fig. 3, upper left panel) and found to be statistically the same
as profile (b). Similarly, fault parallel velocities of profile (a) are

in general inconsistent with the velocity curve in Savage–Burford
model (Fig. 3). This could be due to the fact that the deformation in
that part of the domain is too complex to fit into a simple strike-
slip model. While the northern profile is well-constrained by the
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patial density of our data, the southern profile is not, due to the
ensity of data on the western side of the profile. The difficulty of
stimating locking depth on this profile has also been addressed
y Alchalbi et al. (2009) and Mahmoud et al. (2013). However, Le
eon et al. (2008) found a locking depth of 11 ± 9 km in the southern
art of the DSFS using a different data set and methodology, which

s in close agreement with our estimate of 11.1 ± 6.7 km. The slip
ates from recent InSAR studies on the northernmost segment of
he EAFS range between 11 ± 3 mm/yr (Walters et al., 2014) and
3 mm/yr (Cavalié and Jónsson, 2014), in close agreement with our
stimate of 10.5 mm/yr.

The segmentation of the EAFS in the literature varies widely.
he slip rate estimates by the block modeling are independent of
he segmentation as long as no abrupt change is assumed in the
eometry of the faults. Such well-known fault-end effect could also
merge from abrupt changes in locking depth or dip angle. On the
ther hand, the Anatolia and Arabian blocks on either side of the
AFS in our model are large blocks with a sufficient number of sites
ar from the fault zone to minimize the possible fault end effect on
he estimated slip rates.

We assumed a common and simple segmentation scheme for
asy discretization and computation of the slip rates. However, the
lip rates for other segmentations can be inferred from the given
stimates of slip rates. While our block discretization in this paper
s consistent with the most recent active fault map  of Turkey, it
hould be noted that the results of the block modeling are, in gen-
ral, sensitive to block definition. Due to its complex geometry, the
egmentation of the EAFS and the exact location of the triple junc-
ion of African, Arabian and Anatolian plates near the EAFS are still
isputed (Barka and Kadinsky-Cade, 1988; Ş aroğlu et al., 1992a;
empton et al., 1981; Herece, 2008; Duman and Emre, 2013). In

his respect, different block geometries are also possible and the slip
ate estimates could change drastically depending on the employed
lock definition.

The exact locations of historical 1874 (M:7.1) and 1875 (M:6.7)
arthquakes are still under dispute. While Ambraseys and Jackson
1998) and Ç etin et al. (2003) suggested that the 1874–1875 earth-
uakes occurred between Sivrice and Palu, Nalbant et al. (2002)
nd Herece (2008) asserted that they occurred on the segment
etween Sivrice and Sincik. A recent detailed study in the region
lso supports the idea that the 1874 (M:7.1) and 1875 (M:  6.7)
arthquakes took place between Sivrice and Palu (Duman and Emre,
013). There is no other historical evidence for large earthquakes
etween Sivrice and Palu, which lie on the 135-km long Palu-Sincik
egment. The largest earthquake between Sivrice and Sincik is the
905 (M:6.8) earthquake, which is considered to occur outside the
ain EAFS zone (Duman and Emre, 2013). In both cases, our slip

ate estimates for both segments are the same (10.5 mm/yr). Such
igh slip rates for the whole Palu-Sincik segment corresponds to a
lip deficit of 1.5 m since 1875 and a potential Mw7.4 earthquake.

 ̧ etin et al. (2003) suggested a recurrence interval of 360 years for
he Palu-Sivrice segment, based on the offset of the 1874 earth-
uake, and a slip rate of 11 mm/yr. Duman and Emre (2013) also
stimated a recurrence interval of this segment as 350–400 years,
ased on GPS-derived slip rates and the geological offsets of 1874
arthquake.

Apart from the 1893 (M:7.1) earthquake which occurred near
 ̧ elikhan (Fig. 1) (Ambraseys, 1989; Ambraseys and Jackson, 1998),
o large historical earthquake has been reported between Ç elikhan
nd Türkoğlu. The most recent significant earthquake (M:7.4) on
he Gölbaş ı-Türkoğlu segment is reported to have occurred in
513 (M:6.7) (Ambraseys, 1989). Another earthquake dated as

114 was also reported in this segment using paleoseismologi-
al results (Meghraoui et al., 2006; Karabacak et al., 2010). Such
bservations imply a recurrence interval of ∼400 years. Duman and
mre (2013) also suggested a recurrence interval of 400–500 years
amics 94–95 (2016) 1–12

using a slip rate of 6.5–7.0 mm/yr. In this respect, our estimate of
10.3 ± 0.7 mm/yr for this segment corresponds to a shorter recur-
rence interval (260–330 years) for an earthquake with the same
magnitude (M:6.7) or a larger earthquake with a longer recurrence
interval. The cumulative slip deficit since 1513 corresponds to 5.2 m
with a slip rate of 10.3 mm/yr. Even if we assume that the 1893
(M:7.1) earthquake occurred within the Ç elikhan-Gölbaş ı segment,
the Gölbaş ı-Türkoğlu segment has a very large seismic potential of
Mw7.7 earthquake.

5. Conclusion

Unlike the NAFS, previous GPS studies on the EAFS have used
regional scale data and are limited in number. In those studies, it has
not been possible to determine slip rates on the different segments
of the EAFS due to the sparse distribution of geodetic stations. On
the other hand, the relatively quiet EAFS has been known to produce
large earthquake during historic times (Ambraseys, 1989). There-
fore, estimating fault slip rates on the EAFS and determining its
seismic potential is important. In this study we  determine fault slip
rates on the EAFS with geodetic observations of high spatial resolu-
tion, better geometric configuration and higher precision. The left
lateral slip rates of the EAFS are significantly different between the
parts to the north and to the south of Türkoğlu. While the slip rate
is nearly constant (∼10 mm/yr) in the north, it sharply decreases
to 4.5 mm/yr in the south. Such a variation in slip rates is possibly
accompanied by a variation in locking depth. Analysis of the pro-
files of GPS velocities across the EAFS reveals that the locking depth
in the northern part of the fault is considerably greater than that
to the south. The complex geology and faulting geometry does not
permit us to further investigate the variation of the locking depths.
The estimate of locking depth in the northernmost profile (profile
a) is 28.85 ± 29.24 km,  which is far from a reliable estimate. On the
other hand, a constant locking depth experiment in the same pro-
file shows that slip rate is nearly independent of the locking depth
in that profile. While the locking depth In the middle segment of
the EAFS is 25.08 ± 6.25 km,  it is only 11.13 ± 6.73 km along the
DSFS in the south. However, given the uncertainties, such a vari-
ation is not significant at 95% level. The contraction rates along the
EAFS are mostly insignificant except for the northern parts and it
reaches a maximum value of 6.1 ± 1.4 mm/yr near Karliova. Such
low contraction rates between the Arabian and Anatolia plates also
support the hypothesis that the pull of the Hellenic Arc is the dom-
inant mechanism in the kinematics of Anatolia. The determination
of variations in the slip rate along the EAFS is of critical impor-
tance in assessing the seismic potential of two  well-known seismic
gaps on the EAFS, the Palu-Sincik and Ç elikhan-Türkoğlu segments.
The largest left-lateral slip rate was found to be 10.5 ± 0.6 mm/yr
on the Palu-Sincik segment (Fig. 1). Since the most recent earth-
quake on this segment occurred in 1875, it has a slip deficit of 1.5 m
and has the potential of producing an earthquake of Mw7.4, if the
whole segment ruptured in a single event. Higher slip rates found
in this seismic gap also shorten the earlier estimates of the recur-
rence interval from ∼400 years to ∼300 years. The second seismic
gap lies on the segment between Ç elikhan and Türkoğlu, which
is the best-constrained part in our model. The Ç elikhan-Türkoğlu
segment shows a left lateral slip rate of 10.3 ± 0.7 mm/yr. Since the
most recent earthquake on this segment occurred in 1513, it has a
slip deficit of 5.2 m.  Even if we  assume that the 1893 (M:7.1) earth-
quake occurred within the Ç elikhan-Gölbaş ı segment, it still has a
very high seismic potential for an event as large as Mw7.7.
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ktuğ, B., Lenk, O., Gürdal, M.A., Kilicoglu, A., 2009. Establishment of regional
reference frames for detecting active deformation areas in Anatolia. Stud.
Geophys. Geod. 2 (53), 169–183.
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