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[1] We study the coseismic surface displacement field due to the Orta earthquake of 6 June 2000, a
moderate-sized (Mw 6.0) oblique-slip event that took place on a previously unknown fault located about
70 km north of the capital, Ankara (Turkey), and about 35 km south of the North Anatolian Fault. We use
European Space Agency ERS synthetic aperture radar (SAR) data to generate high-resolution maps of the
surface displacements by a two-pass differential SAR interferometry method. The surface displacement
field reaching up to 15 cm line of sight subsidence is captured in several coseismic interferograms from
descending orbits and is inverted to determine the source parameters of the earthquake using elastic
dislocations on rectangular fault surfaces with a nonlinear minimization procedure based on simulating
annealing algorithm. Modeling of the coseismic interferograms indicates that the earthquake was
associated with a shallow (<6 km) left-lateral oblique normal displacement that occurred on a north-south
striking, eastward dipping, listric fault trending at a high angle to the plate boundary, right-lateral strike-slip
North Anatolian fault. Careful analyses of multiple interferograms together with the field observations
allow us to infer the rupture geometry in fine detail. Modeling shows that coseismic slip occurs nearly only
on the lower portion of the listric fault at a centroid depth of about 5 km but partially reaches to the surface
along the surface trace of the Dodurga fault, in agreement with the field observations. We show that in the
absence of field observations, additional measurements, or multiple interferograms that capture the surface
deformation from different look angles, SAR interferometry alone may not be sufficient to constrain
earthquake rupture geometry if there is no clear surface faulting. The results suggest that the Dodurga fault
developed most probably as a result of a restraining bend along the North Anatolian fault and its left-lateral
kinematics is consistent with the stress regime that favors the right-lateral North Anatolian fault.
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1. Introduction

[2] On 6 June 2000, less than a year after the
devastating 1999 Izmit (Mw = 7.4) and Düzce
(Mw = 7.2) shocks, a moderate-sized (Mw = 6.0)
earthquake struck the town of Orta located�130 km
east of the eastern termination of the Düzce
rupture near Bolu (Figure 1) [Cakir et al.,
2003a, 2003b]. Felt from the capital, Ankara
(�70 km to the south), the earthquake caused
minor property damage in the town of Orta and
some villages to the west and gave rise to 3
human casualties with more than 200 injuries.
The earthquake was somewhat surprising first
because its epicenter is located in a region far
(30–35 km southward) from the plate boundary,
North Anatolian Fault (NAF), where no active
faults were previously reported to exist. Second,
the fault plane solutions show that the event is
associated with an oblique-normal-slip fault
trending at an high angle to the strike-slip NAF
(Figure 2). Most of the focal mechanism solutions
from various different sources are in good agree-
ment and indicate an oblique normal displacement
either on an eastward dipping (24�–54�) and
north-south trending left-lateral strike-slip fault
or on a westward dipping (59�–80�) and north-
west–southeast trending right-lateral strike-slip
fault (Table 1). However, field investigations
following the earthquake did not reveal a clear
fault rupture at the Earth’s surface. Instead, some
cracks, fissures and minor landslides were ob-
served to have been caused by the earthquake
[Emre et al., 2000; Kocyigit et al., 2001]. Run-
ning through the village of Dodurga, most of
these fractures apparently fall in a narrow zone
that is approximately 10-km-long and trends
roughly in the north-south direction (Figure 2)
[Emre et al., 2000]. In addition, some of the
fractures with a north-south strike appear to
display left-lateral sense of slip, in agreement
with the focal mechanism solutions. Taking into
account these observations and the subsequent
fault mapping based on aerial photography and
field observations, Emre et al. [2000] concluded
that the earthquake must have taken place on a
north-south trending left-lateral fault that they
later named as the Dodurga fault. Considering

the distribution of the surface cracks and the
foreshocks and aftershocks, and their new fault
map shown in Figure 2, Kocyigit et al. [2001]
supported the inference of Emre et al. [2000] that
the event is most probably due to the reactivation
of the Dodurga fault. Teleseismic waveform inver-
sions by Utkucu et al. [2003] and Taymaz et al.
[2007] indicate up to 2.3 m of oblique slip
centered around 5–6 km of depth on a moderately
dipping fault (46–47�).

[3] Previous earthquakes have shown that such
surface cracks and fissures observed in the field
should be interpreted with caution since they may
not necessarily indicate the location of the causa-
tive fault of the earthquake [e.g., Akoglu et al.,
2006; Cakir et al., 2006; Talebian et al., 2004].
Therefore, the kinematics, location and geometry
of the ruptured fault are still open to question
owing to the absence of a clear surface rupture
and a precise determination of aftershock locations.
The objective of this study is thus to provide better
constraints on the kinematics, fault geometry and
the rupture parameters of the 6 June 2000 Orta
earthquake using synthetic aperture radar (SAR)
data.

[4] We map the coseismic surface deformation
field of the earthquake using synthetic aperture
radar interferometry (InSAR) with the European
Space Agency’s ERS-2 satellite data. We then
model the coseismic interferograms using elastic
dislocations on rectangular faults with a nonlinear
inversion procedure. Taymaz et al. [2007] also
deduce fault parameters by inverting separately
one of the coseismic interferograms of the earth-
quake we used in this study. However, they do not
discuss or reconcile the discrepancy between their
modeling results and field observations. Here, we
analyze together with the field observations two
additional and independent coseismic interfero-
grams that enable us to interpret the surface defor-
mation field and deduce the rupture characteristics
with more confidence and in more detail. We also
use the modeling results to interpret the active
tectonics of the region, and finally discuss the
pitfalls and shortcomings in determining the source
parameters of earthquakes on the basis of field
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observations, seismicity and InSAR data when
faulting does not reach to the surface.

2. Seismotectonic Setting

[5] The main neotectonic structure of the study
area is the North Anatolian Fault (Figure 1). The
epicentral area of the Orta earthquake of 6 June
2000 is located 30–35 km south of the Ismetpasa
creeping section of the NAF (Figures 1 and 2)
[Cakir et al., 2005]. Extending for over 1500 km
from the Karliova triple junction in eastern Turkey
to the Corinth Rift in central Greece, the right-
lateral NAF is one of the most prominent and
seismically active structures of the Eastern Medi-
terranean region (Figure 1) [Armijo et al., 1999;
Barka, 1996; Sengör et al., 2005]. It accommo-
dates, along with its conjugate left-lateral East
Anatolian Fault (EAF), the westward extrusion of
the Anatolian plate resulting from the collision
between the Arabian and Eurasian plates in late
Miocene [Sengör et al., 1985]. In central north of
Turkey, it follows an arc nearly parallel to, and
about 100 km from, the Black Sea coast between
Karliova and Bolu, enabling the contour clock wise
rotation of the Anatolian plate about a pole located
in Sinai (Egypt) with a slip rate of about 2.4 cm/a
(Figure 1) [McClusky et al., 2003; Reilinger et al.,
2006]. However, the circle arc of the Anatolian
plate rotation does not quite coincide with the trace
of the NAF; while the plate motion is almost
parallel to the NAF along the NW-SE trending
portion of the arc in the east, imposing pure strike-
slip motion on it, it is slightly oblique along its NE-
SW trending section in the earthquake area to the
west, promoting a minor thrust-slip component that
is, according to the field observations [Hubert-
Ferrari et al., 2002], taken up by secondary thrust
faults [Flerit et al., 2003; McClusky et al., 2000].
Field evidence suggests that strike-slip deformation
in this section of the NAF (i.e., north-central
Turkey) is highly localized with large earthquakes
occurring on the same fault segments over many

seismic cycles [Kozaci et al., 2007]. To the west of
Bolu, the NAF is no longer a simple and single
structure but, splits into several branches where the
strike-slip regime becomes overwhelmingly trans-
tensional [Armijo et al., 2002].

[6] While the NAF and EAF have attracted interest
of many researchers because of the high rate of
recent and historical seismic activity and the pres-
ence of conspicuous morphotectonic features asso-
ciated with active faulting along them, little
attention has so far been paid to the secondary
active faults around them. Therefore, no active
faults were reported to have been present in the Orta
region before the earthquake nor does the Active
Fault Map of Turkey [Saroglu et al., 1992] include
the causative fault of the Orta event (Figure 1).
Some secondary fault strands splaying from the
NAF to the south are reported to be present east of
the earthquake area [Bozkurt, 2001; Kocyigit et al.,
2001]. But no active faults of north-south trend
were reported before the Orta earthquake. Neo-
tectonic map of the epicentral area and the sur-
rounding regions is done by Kocyigit et al. [2001]
shortly after the earthquake (Figure 2). In the
earthquake area, they mapped in detail the Dodurga
fault claimed by Emre et al. [2000] to have
ruptured during the Orta earthquake. They pro-
posed that it is not a single structure but, comprises
closely spaced (a few kilometers) and N–S trending
sub parallel strike-slip faults with significant nor-
mal component (Figure 2). In addition, their map
shows numerous other faults around the epicentral
region. However, as can be seen in Figure 2, most
of these faults do not have any morphological
expression visible in the topography at a resolution
of 90 m (i.e., the SRTM digital elevation data),
suggesting that most of the lineaments seen in the
aerial or satellite imagery are inactive faults or have
very low Quaternary activity, or of possibly non-
tectonic origin.

[7] The NAF experienced a well-known sequence
of westward migrating earthquakes in the last
century between 1939 and 1999, three of which

Figure 1. Tectonic map of northwestern Turkey showing the active faults (solid black lines) [Saroglu et al., 1992;
Armijo et al., 2002], 20th century earthquake fault ruptures (two-color thick dashed lines with dates and black stars)
along the North Anatolian fault, and the location of the study area (box with solid lines) over shaded relief image
produced from the Shuttle Radar Topography Mission (SRTM) 90-m-posting elevation data. Dashed box is the ERS
SAR data frame (frame 2781 of track 479). The gray and black arrows attached together show the satellite flight
direction (descending) and the line of sight direction (right looking), respectively. Epicenter of the earthquake of 6
June 2000 is shown with a white star. Inset map depicts the configuration of tectonic plates (Eu, Eurasia; Af, Africa;
Ar, Arabia; An, Anatolia) in the eastern Mediterranean region with GPS vectors [from McClusky et al., 2000]
showing westward motion of the Anatolian block relative to the Eurasian plate via the right-lateral North Anatolian
fault (NAF) and the left-lateral East Anatolian fault (EAF).
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Figure 2. Active fault map of the Orta region from Kocyigit et al. [2001], Emre et al. [2000], and Saroglu et al.
[1992]. Blue line is the Dodurga fault along which some cracks and fissures were observed and claimed by Emre et
al. [2000] to be the fault responsible for the Orta earthquake (see Table 1). Red beach balls are focal mechanism
solutions of the main shock from various sources. Red, blue, and white stars mark the epicenter of the earthquake of
June 2000 estimated by the Earthquake Research Department of the General Directorate of Disaster Affairs (ERD),
Kandilli Observatory, and USGS, respectively. Yellow circles are the aftershocks recorded by ERD during six months
following the main shock with focal mechanisms (yellow beach balls) from ETHZ. North-south elongation of
aftershocks suggests that the nodal plane dipping to the east is most likely the one that represents the fault rupture, an
inference also being supported by their concentration on the eastern side of the Dodurga fault.
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ruptured, with surface breaks, the NAF in the
vicinity of the Orta earthquake region; the 1943
(Mw 7.6), 1944 (Mw 7.3) and 1951 (Mw 6.9)
earthquakes (Figure 1) [Toksöz et al., 1979]. Kan-
dilli Observatory, Earthquake Research Depart-
ment of the General Directorate of Disaster
Affairs (ERD) and the United States Geological
Survey located the epicenter of the 6 June 2000
earthquake at about 10 km northwest of the town
of Orta, roughly on the central part of the Dodurga
fault (stars in Figure 2). The earthquake was not a
total surprise because the region had been seismi-
cally active quite for some time. The seismic
activity started one and a half years before the
main shock during which �272 foreshocks of
magnitudes reaching up to 4.9 were recorded by
the Earthquake Research Institute of General Di-
rectorate of Disaster Affairs (Figure 3b). Interest-
ingly, seismicity vanished dramatically after the
1999 Izmit and Düzce earthquakes (Figure 3a);
only a few earthquakes occurring during the last
7–8 months before the main shock. It is unlikely
that the fading seismicity and the following seis-
mic quiescence before the Orta main shock are
associated with Coulomb stress transfer from these
earthquakes since our calculations indicate that the
static stress increase for N–S trending oblique
normal faults is only about 0.04 bars in the Orta
region. It may have been due to aseismic creep on
the Dodurga fault triggered by dynamic stresses
caused by the passage of seismic waves of the
1999 earthquakes or the temporal behavior of pre-

earthquake activity during these previous events
may simply be coincidental.

[8] About 140 aftershocks took place within six
months following the earthquake. Of these, ten are
larger than magnitude 4. The largest one was an M
= 5 normal event, and occurred �5 km southeast of
the main event three days later. Focal mechanism
solutions of two other large aftershocks also indi-
cate nearly pure normal faulting (Figure 2). After-
shocks were not recorded by a local network and
thus were not precisely located. Nevertheless, sim-
ilar to the foreshocks (Figure 3b), most of them are
concentrated on the eastern side of the Dodurga
fault and are distributed roughly in north-south
direction, suggesting that the earthquake is indeed
associated with a north-south trending and east-
ward dipping fault in agreement with focal mech-
anism solutions (Figure 2 and Table 1).

3. Surface Deformation Field
From InSAR

[9] The InSAR technique consists of combining
radar images of the same area acquired at different
times to extract the interferometric phase, which
gives a measure of the radar-to-ground path differ-
ence between the two images. After removing
the phase contributed by topography and orbital
separation, the interferometric phase represents the
line of sight (LOS) component of the surface
displacement that occurred during the time interval
covered by the two images [Gabriel et al., 1989].

Table 1. Fault Plane Solutions of the Orta Earthquake of 6 June 2000 Estimated by Various Institutions,
Researchers, and This Study

Lon.
(�E)

Lat.
(�N)

D.
(km)

Nodal plane 1 Nodal plane 2

Mo

(1018 N.m.)
Slip
(cm)

Length
(km)

RMS
(mm) Sourcea

Str.
(�)

Dip
(�)

Rake
(�)

Str.
(�)

Dip
(�)

Rake
(�)

32.992 40.693 3.00 349 24 �37 113 76 �110 1.3 – – – USGS
– – 10.00 352 54 13 254 80 143 0.8 – – – CSEM
32.700 40.750 15.00 356 39 �47 126 62 �119 1.1 – – – HRV
32.970 40.620 15.00 356 49 �44 119 59 �129 1.4 – – – ETHZ
33.000 40.600 33.00 360 48 �47 125 58 �126 1.3 – – – ERI
33.030 40.630 5.00 358 47 �30 109 69 �133 1.0 42 – – UM
32.980 40.700 3.0–9.0 002 46 �29 113 70 �132 1.4 111 7 – TT-waveform
32.960 40.630 3.2–7.7 001 59 �23 103 70 �147 1.5 100b 9 – TT-sar
32.923c 40.613 4.5–5.8 348 34 �47 120 66 �115 1.16 127 11.3 6.6 SAR 1-fault
32.928c 40.632 3.6–6.5 2b 33 �38 125 70 �117 1.31 72 10.4 9.3 SAR 1-fault
32.922c 40.633 4.0–6.6 2b 33 �37 122 70 �121 1.38 78 10 8.7 SAR 2-fault
32.988c 40.626 0.0–2.5 2b 83 �18 – – – 5 19.3

a
USGS, U.S. Geological Survey; CSEM, European-Mediterranean Seismological Centre; HRV, Harvard; ETHZ, Eidgenössische Technische

Hochschule Zürich; ERI, Earthquake Research Institute, Tokyo; TT, Taymaz et al. [2007]; UM, Utkucu et al. [2003]; SAR, this study).
b
Parameter is fixed.

c
Center of the fault projected updip to the surface.

Geochemistry
Geophysics
Geosystems G3G3

cakir et al.: insar observations of 6 june 2000 orta earthquake 10.1029/2008GC002031

6 of 20



Since its application to the 1992 Landers earth-
quake [Massonnet et al., 1993], the technique has
been widely used to study crustal deformation
resulting from the earthquake cycle [Bürgmann et

al., 2000; Massonnet and Feigl, 1998; Wright et
al., 2001b; Zebker et al., 1994]. The main error on
LOS range change estimates is often due to varia-

Figure 3. (a) Seismicity in the Orta region (32.7�–33.3�E, 40.4�–40.85�N) before and after the main shock
between January 1999 and December 2000 based on the catalogs of ERD and the International Seismological Center
(ISC). Lasting about 8 months as from the beginning of the year 1999, an earthquake storm occurred in the epicentral
area. The seismic activity interestingly ceased after the 1999 Izmit and Düzce earthquakes. The quiescence was,
however, broken by the Orta earthquake about 8–10 months later. (b) Distribution of foreshocks between January
1999 and June 2000. Note that like the aftershocks, seismic activity before the main shock is concentrated to the east
of the Dodurga fault (black lines) and distributed roughly in the north-south direction, supporting the inference that it
is this fault that ruptured during the earthquake. Dashed rectangle is the area of Figure 4.
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tions in the phase propagation delay through the
troposphere [Hanssen, 2001; Zebker et al., 1997].

[10] In order to examine the ground displacements
resulting from the Orta earthquake of 6 June 2000,
we produced many coseismic interferograms using
SAR data acquired by ERS satellites (wavelength
5.6 cm) from descending orbits (radar looking
toward west; Figure 1) (Track: 479; Frame: 2781)
(Table 2). Descending SAR images are the only
geodetic data available for this earthquake; there
are no GPS points nearby or suitable pairs from the
ascending orbits in the ERS SAR catalog. The raw
data are processed using JPL’s (NASA) Roipac
software (version 2.2.2) [Rosen et al., 2004] and
precise satellite orbits from Delft University
[Scharroo and Visser, 1998]. The Delft orbits were
found to be satisfactory and thus no orbital adjust-
ment is made in the interferograms. Contribution of
topography is simulated and removed from the
interferograms using the Shuttle Radar Topography
Mission (SRTM) 3-arc-second posting digital ele-
vation model [Farr et al., 2007].

[11] Figure 4 shows the best three interferograms
that are filtered using a weighted power spectrum
technique [Goldstein and Werner, 1998]. Each
fringe, that is, one cycle of phase difference (e.g.,
from blue to blue) in the interferograms, corre-
sponds to a range change of 2.83 cm along line of
sight (LOS) between the radar and the Earth’s

surface. Coherence in the interferograms decreases
with increasing temporal baseline (i.e., time lapse
between the image acquisitions) but, is well pre-
served even in the interferogram spanning 6 years
(Int-3; Figure 4c and Table 2). This is owing to
sparse vegetation cover and limited agricultural
activity in this region of arid climate, which
allowed us earlier to study the creeping phenome-
non along the Ismetpasa section of the NAF to the
north using long-term SAR interferometry [Cakir
et al., 2005]. The high signal correlation is also
partly owing to the fairly flat topography of the
region where most of the deformation fringes are
located (Figure 3d). Although temporal decorrela-
tion increases to the west of the Dodurga fault in
the hilly areas where the topographic elevation
increases �350 m in a very short distance, some
closely spaced fringes are still visible as a result of
the high altitude of ambiguity (sensitivity of the
interferograms to the topography) of interfero-
grams (Table 2). These fringes may partly contain
atmospheric noise correlated with topography.

[12] All the interferograms are independent from
each other; that is, they do not share a common
master or slave image (Table 2). This allows us to
better evaluate atmospheric effects and have high
degree of confidence in our interpretation of
fringes. As may also be seen from Figure 4,
subtracting interferograms from one another shows
that the difference between them is small and thus

Table 2. Coseismic Pairs of SAR Images From the Descending Orbit of the ERS Satellites That Are Processed in
This Studya

Int. Number

Master Slave

B? (m) Ha (m) D DateSat Orbit 1 Date 1b Sat Orbit 2 Date 2

Int-1 1 ERS2 22878 05/09/1999 ERS2 26886 11/06/2000 �67 148 280
Int-2 2 ERS2 22377 01/08/1999 ERS2 28890 29/10/2000 158 63 455
Int-3 3 ERS2 7848 20/10/1996 ERS2 38910 29/09/2002 79 127 2170
Int-4 4 ERS2 23379 10/10/1999 ERS2 38409 25/08/2002 �222 45.2 1050
Int-5 5 ERS2 22377 01/08/1999 ERS2 33900 14/10/2001 �324 31 805
Int-6 6 ERS2 22377 01/08/1999 ERS2 37908 21/07/2002 131 76.7 1085
Int-7 7 ERS2 22377 01/08/1999 ERS2 43419 10/08/2003 191 52.6 1470
Int-8 8 ERS2 22377 01/08/1999 ERS2 44421 19/10/2003 �92 109 1540
Int-9 9 ERS2 7848 20/10/1996 ERS2 43920 14/09/2003 �60 167 2520
Int-10 10 ERS1 22010 30/09/1995 ERS2 33900 14/10/2001 �282 35.6 2206
Int-11 11 ERS1 21008 22/07/1995 ERS2 28890 29/10/2000 39.8 252 1926
Int-12 12 ERS2 1335 23/07/1995 ERS2 28890 29/10/2000 �4.6 2185 1925
Int-13 13 ERS1 4632 04/06/1992 ERS2 33900 14/10/2001 �344 29 3419
Int-14 14 ERS1 21509 26/08/1995 ERS2 42417 01/06/2003 33.2 302 2836
Int-15 15 ERS2 1335 23/07/1995 ERS2 27888 20/08/2000 33.6 299 1855
Int-16 16 ERS2 21876 27/06/1999 ERS2 38910 29/09/2002 �153 �65.6 1190

a
Track: 479; Frame: 2781. Interferograms Int-1, Int-2, and Int-3 are those shown in Figure 4. B?, perpendicular baseline (m); Ha, altitude of

ambiguity (m).
b
Read 05/09/1999 as 5 September 1999.
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Figure 4. (a–c) Three independent coseismic interferograms (Int-1, Int-2, Int-3) of the Orta earthquake of 6 June
2000. Date of the orbit pairs, altitude of ambiguity (m), and temporal baselines (time difference in day between the
acquisitions of the two images) are given in white boxes at the bottom of the interferograms. Each fringe (a full color
cycle) shows half a wavelength range change (i.e., 2.83 cm) between the radar and Earth’s surface. The unit vector
along the range is 0.35, �0.088, 0.92 in east-north-up coordinates. White dashed line is the surface trace of the
Dodurga fault. Star marks the earthquake epicenter determined by ERD. Dotted lines show the digitized fringes of
Int-2 (southern lobe) and Int-3 (northern lobe) used in the inversion. (d) Shaded SRTM relief image of the epicentral
region. Note that the Dodurga fault crosscuts the fringes in the northern side of the teardrop-shaped fringe lobe.
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they do not contain any significant atmospheric
artifacts. One of the interferograms (Int-2) spans a
postseismic period of �4.5 months and the other
(Int-3) �2 years. Comparison of the interferograms
also reveals that the postseismic deformation must
be in the noise level of the interferograms. The
main fringe pattern in all of the interferograms is a
teardrop-shaped lobe of up to 15 cm (�5 fringes)
of range increase with a northward pointing cusp
and a NW–SE trending long axis (Figure 4).
Following Amelung and Bell [2003], we refer to
this fringe pattern as the teardrop feature. In all the
interferograms there is also a second but, much
smaller fringe lobe of circular shape to the north of
the teardrop feature. Although its shape, location
and amplitude slightly vary from one interferogram
to the other, it shows an area of up to 5 cm range
decrease. The most likely and reasonable explana-
tion for the cusp seen in the fringe pattern of all the
interferograms is the presence of a nearby fault
rupture. Continuity of the fringes around the cusp
suggests that the rupture did not quite reach to the
surface. The first fringe in the south, however,
abuts the fault and do not seem to continue on
the western side of the fault, implying that the
faulting might have indeed reached to the surface
along this part of the fault as suggested by Emre et
al. [2000].

4. Source Model of the Orta Earthquake

[13] We model the interferograms in an inverse
approach using dislocations with uniform slip in a
homogenous and elastic half-space. To perform the
inversions, we employ a residual-minimization
procedure based on a downhill simplex simulated
annealing algorithm [Donnellan and Lyzenga,
1998]. A c2 goodness of fit objective function is
formed from SAR data set and its measurement
uncertainties. Function evaluations are based on
the analytical solutions for rectangular dislocations
in a homogenous half-space given by Okada
[1985]. Simulated annealing parameter estimation
process is able to locate the global objective
function minimum by climbing out of local mini-
ma. For the inversions, we use digitized fringes
instead of unwrapped data since some parts of the
teardrop feature cannot be properly unwrapped
owing to the temporal decorrelation (Figure 4).
This also allows us to reduce the large amount of
SAR data down to about 400 data points and hence
expedite the modeling process. We sample the
interferograms in such a way that data spacing
increases from the edge to the center of the

teardrop feature, which is, to some extent, similar
to the quadtree sampling of unwrapped interfero-
grams [Jònsson et al., 2002]. Since the interfero-
grams are quite similar, in our inversions we use
only one set of fringe data that represents best all
the three interferograms, instead of different sets of
fringes for each one. The zero fringe is inferred on
the basis of the phase color in between and/or
around the two lobes, which is plotted with green
color in the interferograms (Figures 4a–4c). Nine
fault parameters can be solved by the inversion;
longitude, latitude, strike, dip, depth, width,
length, strike-slip and dip-slip. Although orbital
residuals are not taken in to account in the inver-
sions, visual inspection of the interferograms con-
firms that none of them contain orbital residuals
more than one fringe at the scale of the interfero-
gram (i.e., �100 � 100 km). Therefore, bias in the
fault parameters introduced by orbital residuals
should be negligible.

[14] In the first stage of modeling, we invert all the
parameters except the fault dip. Inversions with a
fixed fault dip ranging between 20� and 70� show
that the best fit model has an RMS misfit of 6.6 mm
and is obtained with 127 cm of oblique left-lateral
slip on a �11-km long fault dipping 34� toward the
east and striking 348� (i.e., N12�W) (Figure 5a).
Although the strike of the best fit fault is not in
disagreement with all of those determined from
seismology (Table 1), it contradicts with the field
observations since it crosscuts the Dodurga fault
and a fault with such a NNW–SSE trend does not
seem to exist in the epicentral area (Figure 6).
Therefore, in the second stage of modeling, we
invert the fault parameters keeping also the fault
strike fixed at �2�, that is, parallel to the strike of
the southern section of the Dodurga fault that
ruptured during the earthquake. Except some in-
crease in RMS misfit (�40%), what essentially
changes regarding with the best fit model when the
fault strike is held fixed is the decrease in the fault
rake from �47� to �38� (Figure 5b and Table 1).
Almost all the modeled faults with various dip
angles are now located on the eastern side of the
Dodurga fault (Figure 6). The best fit to the SAR
data in both modeling steps is obtained with faults
with rather low dip angles (33�–34�), in agreement
with the seismological estimates (e.g., USGS and
Harvard solutions; Table 1). Such low-angle faults
are known to exist elsewhere but, are normally
associated with pure dip-slip normal faulting that
may be facilitated by the presence of unusually
high pore fluid pressure on a preexisting plane of
weakness or rotation of the stress field at the
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hypocentral depth within the brittle layer [Bernard
et al., 1997; Westaway, 1999]. Thus, the dominant
strike slip component of this earthquake makes it
interesting and is somewhat similar to the Düzce
earthquake that took place on a surprisingly low
angle (�60�) fault with nearly pure strike-slip
displacement [Bürgmann et al., 2002; Cakir et
al., 2003a].

[15] As also noted by Taymaz et al. [2007] there
are tradeoffs between several fault parameters. For
example, as seen in Figure 5, dip angle tradeoffs
with slip and also with rake such that slip decreases

with dip. Thus, one parameter must be known or
held fixed at a value consistent with some fault
scaling laws [e.g.,Wells and Coppersmith, 1994] to
constrain the other one. The upper boundary for an
acceptable fault dip can be constrained by the
amount of slip and the width of the fault. With
increasing amount of dip, while the fault width gets
thinner and thinner becoming less than half a
kilometer, the slip reaches over 5–6 m above
40�–45� (Figure 5b). Therefore, faults dipping
above 45� have unusual aspect ratios and predict
abnormally high coseismic slip for an earthquake
of magnitude 6 [e.g., Wells and Coppersmith,

Figure 5. Plots showing the variation of fault parameters and root mean square (RMS) misfit with a fixed fault dip
between 20� and 70� when the SAR data set is inverted (a) keeping all the other parameters free or (b) holding also
the fault strike fixed. The best fit with the free inversion has a 6.6 mm of RMS misfit and is obtained with a fault
dipping 34� to the east. When the fault strike is kept fixed at N2�E parallel to the strike of the Dodurga fault, most of
the model parameters remains essentially the same. Faulting is now dominantly strike-slip (�38� of rake). Dashed
lines are drawn for a better visualization of the parameters predicted by the best fitting models.
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1994]. Despite such tradeoffs, some parameters
like, the length, location, depth range of faulting
and moment, are well determined (Figure 5).

[16] Figure 7a shows the synthetic interferogram
obtained by projecting to the satellite the 3-D
surface deformation predicted by the best fitting
model with a fault striking N2�E. Overall fringe
pattern of the observed interferograms are well
reproduced by the model. The excellent fit between
the model and data is demonstrated by the residual
interferograms plotted in Figures 7b and 7c. Model
fault parameters, including the geodetic moment,
are also in good agreement with seismological
observations (Table 1). However, the relationship
between the modeled fault at depth and those
mapped at surface is not quite obvious and thus
requires some explanation. As illustrated in the
map and the cross-section plotted in Figure 7a,
the surface trace of the best fit fault will be located
4–5 km west of the Dodurga fault if it is projected
up dip to the surface (white dashed line in the map
and in the inset profile). Otherwise, the modeled
fault will require a sharp decrease in the dip angle
if it is to be connected to the Dodurga fault at
surface (blue line in the inset profile). Arranged in
a configuration similar to that illustrated in the
profile shown in Figure 7a, the Dodurga fault
might also have been reactivated together with its
master fault as a synthetic fault. Therefore, the
earthquake might have been associated with mul-
tiple ruptures similar to the 25 February 1981
Corinth event [Jackson et al., 1982]. However,
no such fault is mapped by Emre et al. [2000] or
Kocyigit et al. [2001] (Figure 2) nor is its morpho-
logical expression present in the topography. Even
if it exists, the rupture does not seem to reach to the
surface because there is no apparent anomaly in
any of the interferograms even though signal
correlation is low west of the Dodurga fault. On
the other hand, the SAR data clearly support the
field observations that suggest that the Dodurga
fault ruptured during the earthquake [Emre et al.,
2000]. Reactivation of the Dodurga fault with a
small amount of slip is evident by the discontinuity

of some fringes across the fault, and particularly by
the presence of the cusp in the fringe pattern that
cannot be otherwise explained by atmospheric
artifacts since it exists in all the interferograms
constructed from different orbits. In the absence of
additional field observations, it follows that either
the Dodurga fault has listric geometry or it cuts a
preexisting low-angle surface (e.g., an old thrust
plane) that was later reactivated during the earth-
quake. The accuracy of aftershock or foreshock
depths are unfortunately inadequate to infer the
fault geometry.

[17] In the third stage of modeling, we therefore
use two rectangular faults in order to approximate
roughly the geometry of a listric fault, one having a
steep dip angle and coinciding with the Dodurga
fault trace at the surface and the other having a low
dip angle at deeper depths. Thus, fixing the strikes
of the two faults at �2� and the location of one of
them along the surface trace of the Dodurga fault,
we invert the remaining fault parameters. Inversion
predicts several centimeters of oblique slip (�5 cm)
on a �19 km long, steep (83�) fault that reaches to
the surface from about 3 km of depth (Table 1).
The parameters of the other fault are nearly the
same as those of the low-angle fault predicted by
the best fit single-fault model with N2�E strike
(Table 1). The increase in the goodness of fit in
terms of RMS is, however, not quite significant
since the interferograms and thus the inverted data
set contain little information about the deformation
on the western side of the Dodurga fault (Table 1).
Nevertheless, as shown in Figure 8, the resemblance
between the model and data becomes remarkable.
The cusp in the teardrop feature is mimicked quite
well by the model. Surface faulting with a small slip
on the Dodurga fault also explains the fringe pattern
in the southern side of the teardrop feature better. In
fact, as predicted by the two-fault model, the first
one or two fringes in the southern side of the
interferograms do not continue to the west across
the Dodurga fault (Figures 4a and 8a). This is
because LOS components of the southwesterly
horizontal (away from the satellite) and vertical

Figure 6. Map showing the surface projections of the rectangular dislocation planes predicted by the inversion with
a fault dip ranging between 20� and 70� when the strike is being held free (dashed boxes) or kept fixed at 2� (solid
boxes). Best fitting faults are shown with thicker lines. Note that when the strike is let free, the inversions predict
NNW–SSE trending faults that crosscut the Dodurga fault to the north. Circles are aftershocks as in Figure 2. Black
arrows are the T axes of the focal mechanism solutions calculated from all the models shown in Figure 5 with dip
angles ranging between 30� and 70�. Inset shows a strain model explaining subsidiary structures along an active fault
with a simple shear model. T axes orientation is subparallel to the direction of extension, suggesting that the Dodurga
fault and the North Anatolian fault are the products of the same stress regime.
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(uplift; toward the satellite) movements on the
southwest quadrant of the deformation field of a
NS trending, left-lateral strike slip fault cancel each
other out, resulting in practically no phase differ-
ence. As mentioned above, continuity of the fringes
around the cusp suggests that the rupture does not
reach to the surface there. However, we do not think
it is worthwhile to complicate the model further by
introducing a third or even more patches to obtain a
model with a variable slip distribution because the
simple two-fault model provides quite a reasonable
and satisfactory fit to the observed SAR data set,
accounting for large majority of deformation fringes
in the interferograms as illustrated by small residual
phase in Figures 8b and 8c.

5. Discussion and Conclusions

[18] Careful analyses of multiple interferograms
and modeling of InSAR data combined with field
observations allow us to deduce that the earthquake
was associated with a shallow (<6 km) left-lateral
oblique normal displacement that occurred on a
north-south striking, eastward dipping, listric fault.
When it is not examined carefully as we initially
did, the teardrop feature seems like a single com-
pact lobe composed of closed polygonal fringes.
Thus, one would normally expect the surface fault
rupture to be located at the edge of this lobe, not
crosscutting it. However, as Figure 4 shows, the
Dodurga fault runs through the teardrop feature.
This implies subsidence (i.e., range increase) on
either side of the fault, which at first glance does
not make sense, and consequently leads one to
think that the Dodurga fault should not be directly
blamed for the earthquake as implicitly suggested
by Taymaz et al. [2007]. As shown in Figure 9,
subsidence on the footwall block of a normal or
oblique-normal fault does occur if the fault has

listric geometry and the coseismic slip takes place
essentially on its shallow dipping portions at depth.
This would not be the case if the fault had planar
geometry.

[19] The parameters of the gentler dipping, deeper
fault are in good agreement with those deduced by
Taymaz et al. [2007] from the interferogram Int-1
(Figure 4a) and seismic waveform modeling. Their
InSAR-based model, however, predicts much
steeper fault dip and higher seismic moment
(Table 1). Although with a much higher RMS fit,
interferograms may also be explained, to some
extent, with right-lateral faulting (Figure 10) and
one can reasonably attribute the anomalies in the
fringe pattern resulting from near surface slip on the
Dodurga fault to atmospheric artifacts. This implies
that interpretation of the rupture characteristics of an
earthquake based on a single interferogrammay thus
be misleading because even the determination of the
fault mechanism may not be possible with a noisy
interferogram, especially when the evidence of sur-
face faulting in the field is not quite clear. It follows
that field observations provide an essential piece of
information in constraining fault parameters using
geodetic data and that the use of multiple interfero-
grams, if possible, is necessary to discriminate
surface deformation from atmospheric effects
[Massonnet and Feigl, 1998].

[20] The minor slip on the steep shallow fault may
have taken place at the same time or nearly
simultaneously with the main rupture on the low-
angle fault or afterward as triggered seismic or
aseismic shallow afterslip [Fielding et al., 2004;
Freed et al., 2006; Wright et al., 2001a]. Observa-
tion of the surface cracks several hours after the
main shock (Ö. Emre, personal communication,
2008) suggests that it happened most probably
during the main shock or immediately after as

Figure 7. (a) Synthetic interferogram predicted by the best fitting single-fault model with a N2�E strike, 33�
eastward dip, and �38� rake (left-lateral with normal component). Moment (Mo), moment magnitude (Mw), and the
RMS misfit values are indicated at the bottom (see Figure 5b and Table 1 for other parameters). Digitized fringes
(dotted lines) used in the inversion are shown for visual comparison between the observed and modeled fringes. Also
shown for comparison are the focal mechanism solutions determined from seismology (black beach balls) and from
this model (red beach ball). Bold black rectangle is the surface projection of the �10-km-long modeled fault located
at a depth between 3.6 and 6.5 km. North-south trending white bold dashed line is the updip projection of the model
fault to the surface which is located about 5 km west of the surface trace of the Dodurga fault (blue lines) as illustrated
in the inset box with a vertical cross section. This suggests that if the Dodurga fault ruptured during the earthquake, it
must have listric geometry or connect to a master fault at depth that reaches to the surface west of the Dodurga fault as
illustrated in the inset box. (b and c) Residual interferograms obtained by subtracting the synthetic interferogram from
the best two interferograms shown in Figures 4a and 4b. Small residual fringes illustrate that the model successfully
predicts the observed interferograms. The remaining fringes are mostly atmospheric noise that is apparent outside the
earthquake area.
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triggered slip or possibly by the aftershock of
magnitude 4 that occurred about 20 min later.
Our Coulomb stress calculations show that slip
on the low-angle fault promotes failure on the
steep shallow fault by increasing the static stress
on it by more than 10 bars. Thus, the minor
shallow slip may have been triggered by the main
shock in a similar way to the aseismic slip on the
Shahdad thrust fault system triggered by the nearby
1998 oblique slip Fandoqa earthquake (Mw = 6.6)
[Fielding et al., 2004].

[21] We have calculated the orientation of the T
axes from all the models with a fault dip ranging
between 30� and 70� shown in Figure 5. Regard-
less of the change in fault dip or strike, the models
show that the range of T axis orientation projected
horizontally to the surface is fairly narrow and in
the azimuth of N40 ± 7�E (Figure 6). This is
consistent with those of focal mechanisms of earth-
quakes on the NAF in this region [Taymaz et al.,
2007], and with the orientations of the NAF and
other faults, suggesting that the Dodurga fault is
reactivated under the same present-day stress re-
gime that governs the central western section of the
NAF (Figure 6). Thus, the Dodurga fault may be

considered as part of a broader plate-boundary
deformation zone due to the restraining bend on
this section of the NAF, instead of an evidence for
internal deformation of the Anatolian block [e.g.,
Utkucu et al., 2003; Taymaz et al., 2007] where
transpressional deformation causes the develop-
ment of active thrust faults between NAF and
Cerkes-Kursunlu valley (Figure 2) [see Hubert-
Ferrari et al., 2002, Figure 5].

[22] Faulting depth is well constrained and cen-
tered at �5 km depth, in good agreement with
inference of Utkucu et al. [2003] and Taymaz et al.
[2007]. Although faulting took place at such a
shallow depth, it did not quite reach to the surface,
similarly to the 1994–2004 El Hoceima and 2003
Bam earthquakes [Akoglu et al., 2006; Fialko et
al., 2005]. As estimated by Utkucu et al. [2003],
the coseismic slip is perhaps too small (�40 cm) to
reach to the surface. Otherwise, if it is as large as
2.3 m as inferred from waveform inversion by
Taymaz et al. [2007], the shallow slip deficit can
be attributed to the slip history of the fault. For
example, accumulated strain on the uppermost 2–
3 km part of the fault may have been released
during the previous event. Therefore, it is impor-

Figure 8. (a) Synthetic interferogram predicted by the two-fault model, one dipping 83� at shallow depths (0–2.5
km) and the other dipping 33� at deeper depths (4.0–6.6 km). Inset box illustrates the relationship between the two
faults in an east-west trending vertical cross section with a blue arrow showing the location of the Dodurga fault trace
at surface. The two faults can be considered as a simple representation of a listric fault. See Figure 7 for the
explanations of other symbols shown. (b and c) Residual interferograms as in Figure 7.

Figure 9. Three-dimensional perspective view of the interferogram predicted by the two-fault model, and the
distribution of vertical displacements (with dashed contour lines in centimeters) on a fault-normal vertical section,
constructed using the Poly3D boundary element program [Thomas, 1993; Maerten et al., 2005]. Arrows indicate the
direction and the magnitude of the surface displacement resolved on a fault-normal vertical plane.
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Figure 10. Model with �140 cm of slip on a �7 km long and �5 km wide right-lateral fault trending NW–SE and
dipping 65 SW� (at 5 to 10 km of depth). Although the misfit of the right-lateral solution is about �40% higher than
that of the best fitting two-fault model with left-lateral slip, it explains the overall fringe pattern of the coseismic
interferograms.
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tant to document distribution of coseismic slip on
earthquake fault ruptures in order to understand the
behavior and mechanism of active faults.
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