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a b s t r a c t

The North Anatolian Fault (NAF), which extends from Karlıova in Eastern Turkey to the Gulf of Saros in
the Northern Aegean Sea, is one of the longest active strike-slip faults in the world with a length of about
1500 km. Within the North Anatolian Shear Zone (NASZ) there are long splays off the main trunk of the
NAF veering towards the interior parts of Anatolia. Although the whole shear zone is still seismically
vailable online 5 August 2010
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active, the major seismicity is concentrated along the main branch of the NAF. Splays of the NAF dissect
the shear zone into different continental blocks. The largest splay of the NAF was selected to analyze the
distribution of movements between the faults delimiting these blocks. Four years of GPS measurements
and modeling results indicate that the differential motion between the Anatolian collage and the Eurasian
plate along the central part of the NAF is partitioned between fault splays and varies between 18.7 ± 1.6

h the
PS
urkey

and 21.5 ± 2.1 mm/yr wit

. Introduction

Following the collision of the Arabian and Anatolian plates in
outheastern Turkey (Şengör and Yılmaz, 1981), the Anatolian plate
tarted to escape westward about 5 Ma ago along two strike-slip
aults; the Northern and the Eastern Anatolian Transform faults
NAF and EAZ, respectively). The NAF is only a member of a large
extral shear zone, the North Anatolian Shear Zone (NASZ), reach-

ng up to 100 km in width (Şengör et al., 2004). Within the NASZ,
here are different offshoots (splays) that bifurcate from the main
ranch of the NAF and extend into the interior parts of Anato-

ia. Both the main branch and the offshoots divide the shear zone
nto fault-bounded blocks. As a result of differential movements
long both the main branch and the offshoots, these fault-delimited
locks display different rotations as indicated by palaeomagnetic
tudies (Platzman et al., 1994, 1998; Tatar et al., 1995, 1996; Piper
t al., 1997; Kaymakçı et al., 2003, 2007; İşseven and Tüysüz, 2006;
vşar and İşseven, 2009). In this paper, we focused on the largest

ffshoot, the Sungurlu fault, to analyze the partitioning of move-
ents between blocks in NASZ using the GPS technique.
The main branch of the NAF forms the northern boundary of

he westward moving Anatolian accretionary collage (Fig. 1). In
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main branch taking ∼90% of the motion.
© 2010 Elsevier Ltd. All rights reserved.

the study area, the 1943 Tosya earthquake (M = 7.6) occurred on
the main branch which produced a 260 km surface rupture and
right lateral offsets reaching up to 4.5 m (Barka, 1996). The Sun-
gurlu fault leaves the main trunk around the town of Niksar to the
east and extends southwestwards. The eastern part of the Sungurlu
fault was displaced during the 1939 Erzincan earthquake with a
surface rupture 370 km in length (M = 7.9, Barka, 1992, 1996). The
Çaldağ, Osmancık, Gümüş, Merzifon and Amasya blocks are located
between the Sungurlu fault and the main branch of the NAF and are
separated from each other by secondary faults (Fig. 1). These are
also active as indicated by historical and instrumental earthquake
records (Eyidoğan et al., 1991; Ambraseys and Finkel, 1995).

2. The GPS data

2.1. The GPS measurements

The Central NAF GPS network (MID-NAF) was designed to con-
trol the movements of both the main branch of the NAF and the
block-bounding active faults published in several studies (Piper et
al., 1996; Kaymakçı et al., 2001, 2003; İşseven and Tüysüz, 2006)

using 16 force-centered measurement stations (Fig. 1). The GPS
measurements were started in August 2001 and repeated during
the following four years. Campaigns were realized to sample the
same time of the year in order to minimize any seasonal variations.
The first campaign was performed in between DOYs 233 and 240,

dx.doi.org/10.1016/j.jog.2010.07.003
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
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Table 1
Global GPS sites used in the analysis.

First campaign Other campaigns

Station Location Station Location

ANKR Ankara, Turkey ANKR Ankara, Turkey
BUCU Bucuresti, Romania GRAZ Graz, Austria
ISTA Istanbul, Turkey ISTA Istanbul, Turkey
MATE Matera, Italy MATE Matera, Italy
TELA Tel Aviv, Israel MERS Mersin, Turkey
TUBI Tubitak, Turkey TUBI Tubitak, Turkey
NICO Nicosia, South Cyprus ONSA Onsala, Sweden

SOFI Sofia, Bulgaria
WTZR Wettzell, Germany
ZECK Zelenchukskaya, Russia
NICO Nicosia, South Cyprus

Table 2
GPS sites used for definition of Eurasia plate.

Site ID Location Site ID Location

ONSA Onsala, Sweden BOR1 Boroweic, Poland
NYAL Ny-Alesund, Norway BRUS Brussels, Belgium
POL2 Bishkek, Kyrghyzstan HERS Hailsham, England
POTS Potsdam, Germany GRAZ Graz, Austria
TROM Tromsoe, Norway JOZE Jozefoslaw, Poland
ig. 1. Shaded topographic image of north central of Turkey showing the main act
ocations of the GPS sites (triangles).

he second between 217 and 224, the third between 217 and 223,
nd finally the fourth between 210 and 216. While SNGR (Sungurlu)
nd IHGZ (İhsangazi) were selected as continuous stations at the
rst campaign, IHGZ and ALA1 were chosen at the second campaign.
uring both the third and the fourth campaigns SNGR and IHGZ

tations were run throughout the campaign in order to link our
easurements together to the International GPS Service for Geo-

ynamics (IGS) network. The duration of the measurements was
bout 8 h/day with an interval of 30 s and all sites were observed
n three consecutive days.

.2. GPS data analysis

Pseudo-range and phase GPS data are analyzed using GAMIT
oftware as single-day solutions (King and Bock, 2003). Station
oordinates, satellite orbits, 13 tropospheric zenith delay parame-
ers per site and phase ambiguities using doubly-differenced phase

easurements are solved while applying loose a priori constraints
o all parameters.

The IGS final orbits, IERS earth orientation parameters are used,
nd azimuth and elevation dependent antenna phase center mod-
ls are applied as recommended by IGS and Tari and King (2002).
n addition to our sites and 7 IGS stations in the first campaign and
1 IGS stations in the other campaigns are incorporated into the
nalyses to serve as ties to ITRF2000 (Table 1).

We determined weights both from IGS and our process solu-
ions, which were combined separately. In addition, repeatability of

easured days and their normalized root mean square (nrms) and
eighted root mean square (wrms) were used to check accuracy

f the measurements. Finally, the reference frame for our velocity

stimates was defined by using generalized constraints for trans-
ormation parameters (McClusky et al., 2000). The Eurasian plate
as defined by minimizing horizontal velocities of sites as given by
cClusky et al. (2000) (Table 2). After the transformation, the root
ean square (rms) of stations was only 0.5 mm/yr.
WTZR Koetzting, Germany KIT3 Kitab, Uzbekistan
ZIMM Zimmerwald, Switzerland KOSG Kootwijk, The Netherlands
ZWEN Zwenigorod, Russia METS Kirkkonummi, Finland

The results of our analysis are given in Table 3 and Fig. 2 with
respect to the Eurasian plate. The RHO in Table 3 is the correlation
coefficient between east and north uncertainties.
3. Block model

Previous studies indicate that the crust to the south of the
Anatolian Block is escaping westward along the EAF and the NAF
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Table 3
GPS site velocities with 1� uncertainties.

Long (◦) Lat (◦) E Vel
(mm/yr)

N Vel
(mm/yr)

E �±
(mm/yr)

N �±
(mm/yr)

Sites

34.272 41.031 −12.96 3.19 1.09 1.26 ORTC
33.558 41.208 −2.59 1.28 0.66 0.63 IHGZ
33.620 40.614 −20.14 2.76 0.92 0.94 CNKR
34.707 41.022 −11.43 1.98 0.83 0.92 OSMC
34.422 41.150 −7.40 −2.56 1.80 2.26 KRGI
34.379 40.155 −21.40 3.83 0.70 0.67 SNGR
34.780 40.888 −15.10 4.43 0.83 0.93 DDRG
34.814 40.145 −19.54 3.75 0.93 1.03 ALA1
35.113 40.949 −13.70 6.22 1.04 1.15 GHAC
35.054 40.802 −14.66 5.05 0.86 0.96 HMMZ
35.316 40.666 −15.36 5.75 1.02 1.19 GKCB
35.166 41.146 −7.80 4.97 1.01 1.20 GOL1
35.830 40.681 −13.95 7.53 0.91 1.02 GBAG
35.645 40.919 −11.12 7.28 0.99 1.12 HVZA
35.604 40.471 −20.26 2.84 1.03 1.18 GYNC
36.046 41.065 −3.59 4.87 1.10 1.29 KVAK
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n the table, long – longitude of the sites, lat – latitude of the sites, E Vel – east
elocity component, N Vel – north velocity component, E � – east velocity error (1
igma), and N � – north velocity error (1 sigma).

Şengör and Kidd, 1979; Şengör et al., 1985; McClusky et al., 2000;
eilinger et al., 2006). In this study, the GPS velocity field along the
entral branch of the NAF has been determined and modeled using
EF-NODE software (McCaffrey, 2002). The software can calculate

lip partitioning within tectonic blocks using spherical Euler poles
o describe both the kinematics of block motions and the slip on

he block-bounding faults. Backslip can be applied to estimate the
ontribution of fault locking to the total velocity field.

The software uses the input parameters such as slip rates of GPS
ites, locking depth, the location and geometry of the faults and

ig. 2. The observed (black) and modeled (red) GPS velocities relative to Eurasia fixed in IT
ranch of the NAF and Sungurlu fault using DEF-NODE (McCaffrey, 2002); anad is the Ana
y local faults shown in Fig. 1. The dashed line shows the profile locations across the fau
eferred to the web version of this article.)
Fig. 3. Plot of reduced �2 relative to the assumed depth of the main branch of the
NAF. The best fit can be obtained with 16 km locking depth.

the dip of faults and seismologic data. The locations of the faults
were determined based on morphology, seismicity, mapped faults
and historical earthquakes. We had to simplify and generalize the
faults in the region. Initially, we set a model with 4 blocks using the
main branch of the NAF, Laçin and Sungurlu faults (Fig. 1). However,
the Laçin fault (Kaymakçı et al., 2001) was later removed since the
model did not resolve any significant slip or rotation along this
fault. The faults in all the models were taken as vertical since the
best fit is obtained with vertical faults. Testing the locking depth
for values raging between 2 and 30 km shows also that the best fit
can be obtained with a locking depth of 16 km (Fig. 3).
The GPS velocity across the faults is well explained by the arc-
tangent function given in Savage and Burford (1973). Figs. 2 and 4
illustrate the elastic strain accumulation revealed by the GPS mea-
surements and the model. The profiles are affected by two faults

RF2000. The GPS vectors are modeled using block rotation and back slip on the main
tolian block, avra is the Eurasian block, and cank is the interior block delaminated

lts. (For interpretation of the references to color in this figure legend, the reader is
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ig. 4. Profiles showing the GPS velocities (with vertical error bars) approximate
ashed line in Fig. 2. The solid line represents the main branch and dashed line sho

nterpretation of the references to color in this figure legend, the reader is referred

xtended in the region that are the main branch of the NAF and
ungurlu fault.

. Slip rate

The geological slip rate of the NAF reported in the literature
anges from 20.5 ± 5.5 to 27 ± 7 mm/yr (Kozacı et al., 2007; Hartleb
t al., 2003; Hubert-Ferrari et al., 2002). It is difficult to compare
he present-day rates of faulting and the long-term geological rates
ecause of the large uncertainties on most of the geological esti-
ates (Reilinger et al., 2006). However, the reported geological slip

ate gives a good coherence as compare well with the GPS-derived
lip rates (Fig. 2).

The GPS-derived slip rate of the MID-NAF acquired from this
tudy ranges from 18.7 ± 1.6 to 21.5 ± 2.1 mm/yr on the main
ranch of the NAF as shown in Fig. 2. On the Sungurlu fault, it has a
mall slip rate compared to the main branch.

. Discussion and conclusion
Our GPS measurements along the central part of the NAF show
hat the average slip rate of the main branch is 20.5 ± 1.8 mm/yr
onsistent with results obtained by McClusky et al. (2000) and
eilinger et al. (2006). In the study area described in Fig. 1, there are
pendicular to the main branch of the NAF and Sungurlu fault as illustrated with
e Sungurlu fault in these figures. The bold red lines indicate the plate velocity. (For
web version of this article.)

many small continental blocks delimited by the NAF and its splays.
In the southern part of the NAF in the study region, a significant
slip rate has not been determined along the Sungurlu fault. This
could well be due to a deep locking depth (no meaningful veloc-
ity gradient), or the result of slip partitioning along the secondary
faults to the south of the main branch and the small deforma-
tion along each fault. In the light of the geometry of the faults,
the second interpretation supports the kinematics of the southern
block.

The region between the Sungurlu fault and main branch of
the NAF is divided into several blocks by different splays and
branches of the NAF. Palaeomagnetic data indicate that each of
these fault-bounded blocks was affected by different degrees of
block rotation (Tatar et al., 1995; Piper et al., 1997; İşseven and
Tüysüz, 2006). ∼20◦ anticlockwise rotation by Piper et al. (1997)
and 30–40◦ anticlockwise and clockwise rotations by Tatar et al.
(1995) have been reported. İşseven and Tüysüz (2006) concluded
that the fault-bounded blocks rotated around a vertical axis clock-
wise and anticlockwise up to 30◦. Differences in the azimuth of the

residual velocity vectors in the Anatolian collage can be attributed
to ongoing slow rotation. Although residual velocities show dom-
inant movement towards the west as expected, some blocks, such
as Osmancık and Gümüşhacıköy (Fig. 1), diverge from east–west
direction and this can be attributed to ongoing rotation.
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As most of the block-bounding faults follow lithological con-
acts and older tectonic structures such as thrust systems, it can
e concluded that our GPS results support the idea of Şengör et al.
2004) that the palaeotectonic structure of the continental crust
ontrols the geometry and behavior of the active faults. But, the
ngoing deformation accumulation produces important questions
bout the secondary systems for the potential earthquake hazard.
ur results show that the main part of the slip rate (90 ± 5%) is on

he NAF while offshoots share the remaining part (10 ± 5%) of the
lip rate.
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Derneği Bülteni 13, 27–56.
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