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Abstract The 23 October 2011 M,, 7.1 Van earthquake in eastern Turkey took
place on a previously unknown thrust fault, causing over 600 fatalities and extensive
damage mainly in Van city and the northern town of Ercis. Several coseismic models
have already been published after the earthquake using the available seismological and
geodetic data. These studies generally agree on a coseismic rupture on a north-dipping
east—west-trending blind-thrust fault comprising one or two subparallel segments and
the existence of a shallow slip deficit. Here, by introducing an additional coseismic
pixel-offset dataset from the TerraSAR-X satellite, we conclude that a NNE-SSW-
trending left-lateral tear fault that bounds the rupture to the east also slipped both
during and after the mainshock, which is in agreement with both field observations
and postseismic Global Positioning System (GPS) measurements. This has important
implications for the seismic hazard analysis of the region as the extent and geometry of

®

the rupture that we infer differ significantly from those previously proposed.

Electronic Supplement: Figures showing comparison of the descending-mode
Envisat Interferometric Synthetic Aperture Radar (InSAR) data and fault parameter

trade-offs.

Introduction

The 23 October 2011 (13:41, GMT+2) M, 7.1 Van earth-
quake was the first M, > 7 event to occur in Turkey after the
devastating Izmit and Diizce earthquakes of 1999, and it re-
mains the largest instrumentally recorded thrust-faulting event
to strike the Turkish—Iranian plateau since the 1988 M, 6.8
Spitak, Armenia, earthquake (Fig. 1). Although the epicentral
area has a rich history of civilization, not much was known
from the active tectonics perspective before the earthquake.
Causing a loss of > 600 lives and extensive damage in Van
and surrounding villages, the event resulted in an estimated
economical loss of up to $1.5 billion U.S. (Bevere et al,
2012). The official figures report 117,700 damaged housing
units (Erdik et al., 2012), with around 10% of the damage
in the town of Ercis to the north of Lake Van (Fig. 1).

Early focal mechanism solutions (Table 1) showed that
the earthquake took place on a fault-trending east-northeast—
south-southwest and dipping either to the south or to the
north, consistent with the distribution of aftershocks (Fig. 2).

*Now at Istanbul Technical University, Department of Geology, Ayazaga
Yerleskesi, Sartyer 34469, Istanbul, Turkey.

The nodal plane ambiguity could not be solved after exten-
sive field studies as no convincing evidence of a clear surface
rupture related with the main fault was found in the field.
Some compressional deformation observed along a short dis-
tance crossing the Van-Ercis highway (Fig. 3) was attributed
to a northward-dipping main fault rupture (Emre er al.,
2011). However, these might also have possibly been asso-
ciated with back thrusting due to a primary rupture on a
south-dipping fault resolved by various focal mechanism
solutions (Fig. 1). Thus, it became evident that some key
parameters of the earthquake such as the location and the
dip and strike direction of the causative fault could not be
constrained without using space-based geodetic techniques.

Being the largest of its kind in the instrumental era in the
western part of the Turkish—Iranian plateau, the Van earth-
quake provides an opportunity to improve our understanding
of the active tectonics and continental deformation of eastern
Turkey and its vicinity, and the nature of blind faulting.
The latter is particularly important since active blind faults
still represent one of the missing blocks of our current inter-
pretation of seismic hazard models (Dolan et al., 2003). This
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Figure 1. Map of the Van region showing known active faults (black lines from Saroglu et al., 1992), shaded topography (from Shuttle
Radar Topography Mission [SRTM] 90 m data), and focal mechanisms of several earthquakes. Solutions for the 2011 Van mainshock by
different research groups/institutions are shown in orange, whereas green and red ones show solutions for a few aftershocks and previous
events, respectively. The black star indicates the epicenter of the Van earthquake as determined by the Kandilli Observatory. The white, red,
and black rectangles represent the Synthetic Aperture Radar (SAR) scene coverage of Envisat (T394 and 121), Cosmo-SkyMed (CSK), and
TerraSAR-X satellites, respectively. The blue dashed rectangle is the area shown in Figure 3. The region marked with a black dashed line
around Van represents the city center where most of the population is settled. The gray line connecting Van and Ercis is the highway men-
tioned in the Introduction. (Inset) Study area in the context of Eurasia—Arabia convergence, where the blue dot shows the location of Spitak,
Armenia (AN, Anatolian plate; AR, Arabian plate; BZS, Bitlis Zagros suture; CA, Cyprus arc; DSF, Dead Sea fault; EAF, East Anatolian

fault; EU, Eurasian plate; NAF, North Anatolian fault; NEAF, Northeast Anatolian fault).

is simply because of the fact that earthquakes on concealed
faults, especially with longer recurrence intervals and with a
weak surface morphology, are difficult to identify. During the
last three decades of the instrumental era, several prominent
blind-faulting events on unknown-unstudied faults occurred
around the world causing extensive damage and loss of lives,
with the 2010 M, 7.0 Haiti earthquake being the most
prominent example (Calais et al., 2010).

Several studies based on Interferometric Synthetic Aper-
ture Radar (InSAR) observations of the Van earthquake have
already been published (Elliott ef al., 2013; Fielding et al.,
2013; Feng et al., 2014; Moro et al., 2014; Wang et al., 2015;
Trasatti et al. 2016). All these studies are however limited to
coseismic Synthetic Aperture Radar (SAR) datasets only
from the descending orbit and far-field Global Positioning
System (GPS) data, which makes it difficult to constrain both

the geometry of the fault rupture(s) and the rake angle accu-
rately, and hence the distribution of reverse- and strike-slip
components on the fault surface. There is also an important
difference particularly in the proposed fault geometries;
while one group of researchers (Elliott et al., 2013; Wang
et al., 2015) proposes a two-fault model, others suggest a
single segment. Nonetheless, both group of studies agree
on a deeply buried coseismic slip (10-22 km) on a north-
dipping fault and a lack of slip at shallower depths
(< 8 km). Furthermore, later studies focusing mainly on
the postseismic movements after the earthquake by Dogan
et al. (2014) and Mackenzie et al. (2016) brought into light
the existence of another active fault to the south that cuts
through the city center of Van.

In order to validate whether a two-segment fault is the
appropriate model for the Van earthquake and to improve the
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Figure 2.  Aftershock activity for the first two days from the relocated catalog of Isik ef al. (2017). Gray lines show the active faults from
the former Turkish General Directorate of Mineral Research and Exploration (MTA) catalog of Saroglu er al. (1992). (a) Activity in the first
4 hr with the red rectangle representing the CSK scene coverage. (b) Activity during the rest of the day with (c) showing the activity on the

second day.

uncertainties in the source parameters that inevitably result
from the use of only one type of SAR imaging geometry
(Sudhaus and Jénsson, 2009); here in this study, we intro-
duce an X-band SAR pixel-offset dataset that was neglected
by the previous studies due to lack of coherence owing to its
long temporal baseline (Table 2). This additional new SAR

Table 1

Source Parameters of the Mainshock from Seismology and Geodesy-Based Studies

dataset from the German TerraSAR-X satellite captures the
surface deformation from a different angle of view (i.e., as-
cending orbit). Added to that we also make use of data from
near-field coseismic GPS stations as well as a set of coastal
uplift measurements made along the shores of Lake Van,
which should further help reducing model parameter
trade-offs and uncertainties.

Our article starts with a brief introduc-
tion of the seismotectonics of the region,
followed by a description of the data
and then we discuss the importance of

Strike Dip Rake M, adding ascending pixel offsets to our
O O O A0°N-m) M, analysis. We conclude our study after
Seismology based making comparisons to the previously
USGS centroid moment 272 19 101 9.937 73 published coseismic models and discus-
80 71 86 . .
USGS body-wave moment tensor 255 50 73 6.398 7.1 sing our inferences on the nature of the
101 43 109 rupture.
USGS W phase 241 51 58 5.598 7.1
106 49 123 Seismotectonics
Global CMT catalog 246 38 60 6.27 7.1
103 58 112 Eastern Turkey is a part of a 2-km-high
I(I}:Eli(e:t ‘;ils(ezglz) 246 46 9 3:33 713 plateau that results from the continental col-
Fiel dingyet al, (2013) 259 425 i 584 713 lision between the Arabian and Eurasian
Elliott ef al. (2013) (two-fault model) 254 40 64 48 71 plates (Dewey ez al., 1986) that started about
254 55 93 middle-late Miocene (Sengor et al., 1985)
Moro et al. (2014) 252 50.3 744 7.12 with the closure of the Tethys Ocean. Based
Feng et al. (2014) 2613 49 88 4.19 7.03 on theoretical studies and the direction of
Wang et al. (2015) ;gg ;‘2 Fiee 6.08 19 plate convergence later confirmed by GPS
Trasatti ef al. (2016) 263 50 72 5.5 7.1 measurements (McClusky er al., 2000; Rei-
This study (single fault) 262 54 Free 5.55 7.13 linger et al., 2006), the continental deforma-
(42.58) tion was claimed by Sengor ez al. (1985) and
This study (two-fault model) 262 56 Free 6.1 7.16 Dewey et al. (1986) to be driven by north—
195 60 (34.06)

south compression and accommodated by

Average rake values for our models are given inside parentheses. USGS, U.S. Geological Survey;

CMT, Centroid Moment Tensor (Ekstrom et al., 2012).

postulated east—west-trending reverse faults,
northwest—southeast-striking ~ right-lateral
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to the south to the Northeast Anatolian Fault
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Figure 3. Map of the epicentral area (black star shows the epicenter) marked with a

blue dashed rectangle in Figure 1. Blue triangles represent part of the sites where coastal
uplift was measured. The gray line is the Van—Ercis highway. The red dots are the lo-
cations where deformation on man-made structures was observed during the reconnais-
sance studies of Akyiiz et al. (2011). The continuous part of the black line drawn
between Lake Van and Ercek represents the zone where compressional structures were
observed on the surface after the earthquake. The eastern dashed half of the same line
represents the verdict of MTA researchers (Emre ef al., 2011) as the continuation of the
fault on the surface after an analysis of the surface morphology (via air photos, etc.).
White dashed lines represent surface discontinuities reported by Dogan and Karakag
(2013). White arrows show the postseismic Global Positioning System (GPS) movement

as reported by Dogan et al. (2014).

strike-slip faults (e.g., North Anatolian and Caldiran-Tabriz
faults) and northeast—southwest-trending left-lateral strike-slip
faults (e.g., East Anatolian Fault). The GPS velocity field of
Reilinger er al. (2006) indicates that up to 10 mm/yr of the
convergence between the Arabian and Eurasian plates varies
rather smoothly within a wide region from the Bitlis Suture

to the north (Mackenzie et al., 2016; Fig. 1).
This suggests a relatively low rate of strain
accumulation on individual thrust faults
which are distributed within this large re-
gion, which in turn implies long recurrence
intervals for large earthquakes on them. This
might explain the absence of thrust faults of
/ any orientation in published active fault
maps of the region, including the (now out-
dated) one of Turkish General Directorate of
Mineral Research and Exploration (MTA,
Saroglu et al., 1992), likely due to removal
of surface expression of active faulting
during long interseismic periods, and the ab-
sence of major thrust-faulting events before
the 2011 Van earthquake. Thrust-faulting
earthquakes in the region prior to the Van
event were few, scattered, and small and,
thus, claimed (Orgiilii et al., 2003) to be
the manifestation of their minor contribution
to the ongoing plate convergence in an es-
cape tectonics regime. The Van earthquake
with its moment magnitude over 7 therefore,
to some extent, was a surprise and, thus, has
provided an opportunity to refine the models
of active continental deformation in the
Turkish Iranian Plateau as explained earlier.

The first major earthquake to occur in
the instrumental period off the North and
East Anatolian Fault, before the 2011 Van
event, was the 1976 M, 7.1 Caldiran event
that took place on the Caldiran segment of
the right-lateral West Azerbaijan—Turkey Shear Zone that
runs about 500 km in the northwest—southeast direction be-
tween Caldiran in Turkey and Tabriz in Iran (Karimzadeh
et al., 2013; Berberian, 2014). The event produced a surface
rupture of about 50 km (Toksoz et al, 1977; Selguk
et al., 2016).

Table 2
Dataset Used in This Study and Related Misfits
Dates Bp dT Postseismic Incidence ~ Wavelength Data  Weight rms Single rms Two
Dataset Track (yyyy/mm/dd) (m) (days) Period Captured Angle (°) (cm) Orbit Points (%) Fault (m) Faults (m)
CSK — 2011/10/10 193 13 4 hr 29 X@3.1) Descending 678 74 0.0629 0.0341
2011/10/23
ENV 394 2011/07/22 221 120 27 days 41 C(5.6) Descending 53 3 0.0207 0.0232
2011/11/19
ENV 121 2010/11/05 138 360 8 days 41 C(5.6) Descending 365 16 0.0427 0.0501
2011/10/31
TSX 69  2009/03/29 —40 946 8 days 332 X@3.1) Ascending 354 5 0.1453 0.1533
2011/10/31
GPS — — — — 7 days — — — 10 1.7 0.1054 0.0765
Coastal uplifts —— — — — 2 days — — — 9 0.3 0.0945 0.0941

Bp, perpendicular baseline; dT, temporal baseline; rms, root mean square; CSK, Cosmo-SkyMed; ENV, Envisat; TSX, TerraSAR-X; GPS, Global

Positioning System.
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The thickness of the seismogenic layer beneath this part
of eastern Anatolia is estimated to reach up to a depth of 20
km on the basis of seismological activity (Orgiilii et al.,
2003; Tan, 2004; Pimar et al., 2007). After the Cornell-
Kandilli Eastern Turkey Seismic Experiment (ETSE) project
in the last decade (Tiirkelli et al., 2003), the region was also
revealed to have the thinnest crust in the Eastern Anatolian
Plateau (Zor et al., 2003).

Field Observations

Although different tectonic studies have been conducted
in the region (Ketin, 1977; Aksoy and Tatar, 1990; Kogyigit
et al., 2001; C)zkaymak, 2003; Dhont and Chorowicz, 2006),
existence of an east-northeast—west-southwest-trending thrust
fault revealed by focal mechanism solutions of the 2011 Van
earthquake that is capable of an M, > 7 earthquake was not
previously reported. Following the earthquake, field studies
conducted by various groups did not reveal a clear prominent
surface rupture either (Akyiiz et al., 2011; Emre et al., 2011;
Dogan and Karakas, 2013). However, some compressional
features with throws of up to 10-cm high were observed on
man-made structures (Fig. 3, red circles around Bardaker) that
are aligned along a 4-km-long east—west-oriented zone,
~13 km north of the Van city center. A clear example of this
compressional deformation over a concrete irrigation channel
is shown in Figure 4a where up to 7 cm of throw was ob-
served. These compressional structures located to the south
of the earthquake epicenter were interpreted as the surface
trace of a north-dipping thrust fault that ruptured at depth dur-
ing the earthquake. However, they might as well have been
formed as a result of back thrusting associated with slip on
a south-dipping main fault. Thus, field observations alone
failed to provide a confident solution to the nodal plane ambi-
guity in focal mechanisms.

In addition to the brittle surface deformation related to
movement on the main fault, secondary deformational struc-
tures were also observed. As documented in detail by Akyiiz
et al. (2011), several instances of lateral spreading, sub-
sidence, liquefaction, slump, and landslides are observed that
were related to shaking and soil behavior.

An additional zone of deformation that was neglected by
previous studies was the one reported by Dogan and Karakag
(2013) just to the west of Lake Ercek (Fig. 3, white dashed
line). Named by the authors as the Kozluca fault, the main
features observed are tensional ground cracks interpreted as
evidence of left-lateral motion. The zone extends for ~4 km
on the surface with a strike of ~N5°-N20°E.

Dataset Used

Coastal Uplift Measurements

Earthquakes causing coastal uplifts often form white
bands of dead algae as a result of desiccation and their
exposure to sun light along rocky coastlines, providing a dis-
tinctive marker suitable for quantifying the uplift (Ortlieb ez al.,

1996; Meghraoui et al., 2004; Hayes et al., 2010). Similarly,
observations along the coast of Lake Van between Van and
Ercig also revealed similar scenes marking the clear shoreline
retreat as a result of lake floor uplift. These white band levels
were measured by an MTA team two days after the earthquake
(Emre et al., 2011) at nine different locations by measuring the
vertical height difference from the lake water surface to the
middle of the white-colored band of dead algae on the rock
surfaces (Fig. 4b). However, the exact type of algae at these
observation sites was not studied in detail following the earth-
quake, increasing the uncertainty in the determination of the
mean water level before the earthquake. Therefore, these mea-
surements should be taken as maximums. The lake water level
reaches its minimum in September after a seasonal drop of
~25 cm. The tidal height variation of the lake surface is neg-
ligible. The maximum values measured by the MTA team
reach up to 40 cm near the village of Dagonii and decrease
toward the Ercig coast, as expected from a reverse faulting
on a northward-dipping fault (Fig. 5).

Coseismic GPS Measurements

Although continuous and campaign-type GPS bench-
marks were present in the area before the Van earthquake, only
a few of them were located within a distance of 50 km from
the epicenter (Fig. 5). Ten benchmarks of the Turkish National
Fundamental GPS Network (TFGN-99A) were reoccupied
once for 8-10 hr about six days after the earthquake. Pre-
earthquake GPS surveys were carried out two years before the
event and the velocity field of Reilinger ef al. (2006) was used
to remove the secular motion. The GPS data processing is sim-
ilar to Dogan et al. (2014). The network was adjusted by fix-
ing the International Terrestrial Reference Frame (ITRF)
2008.0, epoch 2011 coordinates of the ZECK station in Cau-
casia (Russia) from the Scripps Orbit and Permanent Array
Center, and coseismic displacements are calculated with re-
spect to the same International GNSS Service station.

As shown in Figure 5 with 95% confidence ellipses,
while the GPS vectors around the city show northward
and downward displacements, those in the north show south-
ward and upward coseismic motion. The largest horizontal
displacements reaching ~30 % 0.18 cm were observed north
of the city’s metropolitan area (i.e., at KAL2). Maximum
subsidence of ~30 £ 0.55 cm was observed at the VAAN
station very close to the aforementioned compressional fea-
tures seen on man-made structures. The subsidence and large
northward displacement observed on this particular station
demonstrate that it should be located on the footwall block
of the fault and, thus, helps us constrain the location of our
model fault as it is not possible to pinpoint the exact location
from InSAR data alone due to the lack of surface ruptures.
This is consistent with the inference that surface deforma-
tions observed in the field north of Van city delineate the
up-dip trace of the causative coseismic fault.
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Figure 4.
displacement was measured on an irrigation channel (Location 2 at AKyiiz et al., 2011, coordinates: 43.269319°, 38.578798°). Photo is
toward the south. (b) Coastal uplift of ~40 cm on the coast near Dagonii village measured two days after the event (photo from Emre
et al., 2011).

InSAR Dataset

The first available coseismic InNSAR dataset came from
the Cosmo-SkyMed (CSK) satellite of Italian Space Agency
(Table 2 and Fig. 6a). We processed the interferogram using

43°

(a) Photo showing an example of the surface deformation observed on man-made structures where around 7 cm of vertical

GAMMA software (Werner er al., 2000). The postevent
image was acquired only 4 hr after the earthquake, so these
InSAR data can be assumed to contain limited postseismic
deformation. The overall coherence of the interferogram is

fairly high due to a short temporal baseline
44° of only 12 days and sparsely vegetated sur-
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AEZ face cover of the area. However, some co-
herence is lost on steep slopes and at high
elevations, probably due to the imaging
geometry and change in snow cover. Signal
decorrelation also occurs along the zones of
- 39° compressional surface deformation to the
west due to a high fringe rate.

The main feature of the earthquake that
can readily be seen in the CSK interfero-
gram (Fig. 6b) is a large deformation ellipse
centered between Hidirkdy and Otluca
villages ~20 km north of the Van city
center, which reveals the typical doming
effect of blind faulting that is not fully ap-
parent in present-day topography, likely
due to erosional processes and activation
of neighboring parallel faults. The full ex-
tent of the ellipse could not be captured due
3 o 38.5° to a lack of pre-earthquake images to the
north. Nevertheless, its northeast—south-

» Modeled

10

2 west-trending long axis is clearly visible

toom= SR and consistent with the strike of the fault

planes estimated from seismology. How-
ever, this large ellipse alone does not pro-

43° 43.5°

Figure 5.

proposed Van and Kozluca faults.

Coastal uplifts (Emre et al., 2011), coseismic GPS measurements and their
related model predictions are shown with light blue, black, magenta and red (green for
the vertical component) arrows, respectively. The model predictions are for the two-fault
model shown in Figure 11. Yellow rectangles represent the surface projection of our

44° vide strong evidence for a north-dipping
fault because profiles perpendicular to the
long axis of the dome and, hence, to the
strike of the fault (Fig. 7a) do not display
a clear asymmetry (such as vergence in
fault-related folds) that shows the direction
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(a) Cosmo-SkyMed interferogram of 11-23 October 2011. Each fringe represents 1.5 cm of displacement toward the satellite.

The black star shows the earthquake epicenter. (b) Enlarged view of the epicentral region showing the unwrapped line of sight (LOS) change,
with positive values indicating movement of the ground up toward the satellite. (c) Enlarged view of the larger Van area. Black triangles
represent the fringe discontinuities mentioned in the Discussion section.

in which thrusting takes place (King and Vita-Finzi, 1981;
Philip and Meghraoui, 1983). Supporting evidence for the
north-dipping fault comes from the presence of a second lobe
to the south with a similar size but with much smaller ampli-
tude (~13 cm). The opposite sign of this displacement repre-
sents an increase in radar line of sight (LOS) meaning
subsidence and/or westward movement centered in the Van
metropolitan area to the south. Thus, LOS displacement pro-
files crossing the two lobes display an asymmetry between a
larger hanging-wall uplift in the north and smaller footwall
subsidence to the south, typical of a steeply dipping thrust
fault (Parsons et al., 2006). Counting the fringes in the main
lobe in the north (~60) and assuming a pure reverse faulting
for simplicity indicate an uplift with a LOS change of up to a
meter. The amount of uplift, however, has to be somewhat
larger if one takes into account the descending viewing geom-
etry and the seismologically determined left-lateral slip com-
ponent on the north-dipping earthquake rupture. This is
because while a reverse-slip component gives rise to LOS
range decrease (i.e., uplift) at the hanging wall, a left-lateral
slip component results in a westerly motion, that is, a range
increase (i.e., away from the satellite) reducing the overall
LOS range decrease.

Another significant visual feature of the CSK interfero-
gram is the transition between the hanging-wall and footwall
blocks that is marked clearly with a distinct change in the
fringe rate from north to south and a 4-5-km-long right step.
Such a bend or step would not be expected from a single-
segment thrust fault.

Apart from the two large lobes, there are various linear
phase discontinuities visible in the interferogram, such as the
ones shown in Figure 6¢ just north of the Van city center.
These discontinuities are the manifestations of triggered
small-scale slip on faults above the thrust front, a phenome-
non commonly associated with large earthquakes (Wright
et al., 2001). Postseismic SAR imagery and GPS measure-
ments show that some of these discontinuities continue to
slip aseismically after the earthquake (Dogan et al., 2014;
Mackenzie et al., 2016).

A second set of coseismic InSAR data comes from two
tracks of the European Space Agency’s C-band Envisat sat-
ellite (T121 and T394), which was operating in a drifting
orbit mode during the time of the earthquake (Miranda et al.,
2010). The Envisat interferograms, calculated using Jet Pro-
pulsion Laboratory (JPL)/Caltech ROI_pac software (Rosen
etal., 2004), provide a complete overview of the deformation
field thanks to their spatial coverage (Fig. 8). The overall pat-
tern of deformation is the same as observed in the CSK in-
terferogram. However, the data present some disadvantages
for modeling. The eastern track (T121), although coherent,
provides only partial information about the deformation pat-
tern to the east of Lake Ercek as it only covers part of the
epicentral region. Nevertheless, the interferogram on T121
has two partial lobes of fringes for the uplifting (~23 fringes)
and subsiding (~4 fringes) blocks, respectively.

Although the interferogram on track 394 covers most of
the main deformation lobe in the epicentral region, it has low
coherence, making it difficult to interpret and unwrap. The
earliest postearthquake Envisat scene on track 394 covering
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of stable predetected point-like scatterers,
unlike the classical pixel-offset measure-
ments calculated by cross-correlation of
overlapping pixel windows. The precision
and accuracy of this new dataset are sig-
nificantly better than those from classical
pixel offset measurements (Wang and
Joénsson, 2015). High-resolution SAR sen-
sors, such as Cosmo-SkyMed and Terra-
SAR-X, also provide useful pixel-offset
measurements in the range direction as a
possible, but often disregarded, substitute
to unwrapped phase measurements.
Although they contain the same LOS in-
formation as the phase values and are
far less prone to possible coherence losses,
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Figure 7. Comparison of the predicted LOS changes along profiles of the two-

segment model (Fig. 11a) with (a) the CSK range offsets and (b) TerraSAR-X
(TSX) range offsets, which were calculated at identified stable point-like scatterers.
Profiles A—A’ and B-B’ are shown in Figure 9. Red triangles show the surface
up-dip projection of the main fault. NNW, north-northwest; SSW, south-southwest;

NW, northwest; SE, southeast.

the missing data points north of the CSK interferogram was
acquired about a month after the event (Table 2). Therefore,
the interferogram on this track contains a significant amount
of postseismic deformation, as confirmed by the analysis of
postseismic SAR and GPS data (Dogan et al., 2014). The
temporal difference, the drift mode of the satellite, and also
the snow that started to fall in the region a couple of days
after the earthquake clearly add up as a significant loss of
coherence in these data, impeding the unwrapping of uncon-
nected patches of phase values for the hanging-wall block
without removing a preliminary model (Fig. 8b). In addition,
the interferogram from T394 contains a set of concentric
fringes due to the aftershock of 9 November 2011
(M, 5.7) in Van city (Fig. 8c) that are also clearly evident
in a separate descending postseismic TerraSAR-X interfero-
gram (Fig. 8d). Therefore, we were limited to using only the
northern (around Ercig) portion of the data from track 394 for
modeling.

As a result of the problems with the Envisat data and the
fact that the CSK data do not contain the entire coseismic
pattern, we attempted to use an additional coseismic dataset
from the German X-band TerraSAR-X (TSX) satellite (Ta-
ble 2). It is worth noting that this dataset is from an ascending
orbit of the satellite. The postevent scene is from eight days
after the earthquake and, thus, should contain less postseis-
mic deformation than the Envisat data. However, the large
temporal baseline of 946 days between the pre- and post-
earthquake scenes prevents the generation of a coherent
interferogram due to strong temporal decorrelation. To over-
come this problem, we make use of the technique described
in Wang and Jénsson (2015) and measure coseismic offsets

range pixel offsets are generally not
preferred due to their lower accuracy
(~one-tenth of the pixel size).

Measuring offsets of these stable
point-like scatterers therefore enabled us
to use the otherwise discarded coseismic
deformation information captured by the
available ascending TSX pair. The maxi-
mum amount of LOS change recorded in the range direction
reaches 1.4 m, around 50% higher than the range offsets of
the CSK satellite, which indicates the possibility of a left-
lateral movement on the fault that would contribute to the
LOS decrease toward the satellite in an ascending flight con-
figuration (Fig. 7). For the same reason, the TSX maximum
lobe is shifted to the west compared with the CSK maximum
values. Another important point to note is that the pixels with
positive LOS change values can be observed until the Van
city center to the south.

We also applied the new offset calculation technique for
the CSK imagery and derived both range and azimuth offsets
for this dataset (Fig. 9). Because the signal over the subsiding
block from the unwrapped phase data is much clearer than
the calculated range offsets, we did not opt to use the latter in
modeling. On the other hand, the range offsets were crucial
in the process of verifying the unwrapped values of the
phase data.

As seen in Figure 9, the azimuth offsets are much noisier
than the range offsets, probably due to the fact that surface
displacements in the azimuth direction (east-northeast) are
much smaller than those in the range (overwhelmingly ver-
tical) direction. We therefore used the azimuth offsets only
for visual comparison.

Modeling

After simplifying the earth as a homogeneous and elastic
half-space, we can use the analytical solutions of Okada
(1985) to relate our geodetic and coastal measurements with
dislocations along rectangular planes buried in this space.
To do so, we assume constant material properties (Poisson’s
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Figure 8. (a) Mosaic of Envisat descending interferograms from tracks 121 and 394 that provide complete coverage of the coseismic
deformation field. Here, every fringe represents 2.83 cm of displacement toward the satellite. (b) Enlarged view of the epicentral area of track
394. Coseismic fringes are mostly disconnected due to clear loss of coherence. (c) Enlarged view of the Envisat track 394 interferogram
showing concentric fringes of the 9 November aftershock in Van city. (d) Surface deformation of the same aftershock captured by
TerraSAR-X descending interferogram (9-20 November 2011). Note the disturbance of the fringes along a northeast—southwest-trending
zone (indicated by white triangles) passing through the Van railway ferry port, which results from the reactivation of aseismic slip on a
secondary fault.
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Figure 9, (a,b) Range and (c.d) azimuth pixel offsets from X-band, high-resolution SAR scenery of CSK and TerraSAR-X satellites, calculated on
stable point-like scatterers. The two offshore points to the north (in b,d) are on the Adir Island. White dashed lines represent the profiles shown in Figure 7.
Black dashed lines represent surface discontinuities reported by Dogan and Karakas (2013). The dashed rectangle in (b) is the area shown in the inset.
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ratio of 0.25 and a rigidity modulus of 30 GPa) and model the
geodetic measurements in two steps. In the first stage, a non-
linear inversion is used to constrain the fault geometry as-
suming uniform slip on a single rectangular fault. In the
next step, the fault found is enlarged in both the strike
and the dip directions and discretized into smaller rectangu-
lar fault patches. Then, keeping the fault geometry fixed, a
distributed slip model with a varying rake is found through a
linear joint inversion of the InSAR (pixel offsets and un-
wrapped LOS displacements), GPS, and the coastal uplift
measurements.

We use the fast nonnegative least squares algorithm of
Bro and de Jong (1997) to invert distributed slip on the fault
patches. For dip-slip dominant earthquakes, such as the Van
event, the nonnegativity could become a limiting factor since
the rake is allowed to vary within only 90°. To test this issue,
we also followed the routine of Sudhaus and Jonsson (2009)
and rotated the local in-plane coordinate axes to allow for
rake variations for which both right- and left-lateral slip
are allowed on patches this time between rakes of 45° and
135°. While the rakes in the shallower parts of the fault stay
within 0°-90° range, the deeper parts of the fault tend to
show right-lateral movements. As our geodetic datasets can-
not reliably resolve these deeper parts and the fit does not
improve, we can assume that a nonnegativity constraint does
not bias our modeling results.

As previously discussed, we excluded the central and
southern parts of the interferogram from Envisat’s track
394 in the modeling due to the low coherence (hence, un-
wrapping errors) and the surface deformation of the 9 No-
vember 2011 M, 5.7 aftershock. The interferogram from
track 121 provides essential constraints on the termination
of the rupture to the east and the depth of the coseismic slip.
To reduce the number of data points in modeling, the un-
wrapped interferograms were subsampled using the quad-
tree algorithm (Jénsson et al., 2002). The TSX range offset
measurements are uniformly downsampled. Even though the
pixel-offset dataset does not require unwrapping, there is a
need to solve for its ambiguity, which was included as a term
in the objective function during the inversion.

We restrict ourselves to using data from GPS sites that
are inside a 160-km radius from the epicenter. In addition,
because of the limited accuracy, vertical components of
GPS displacements are assigned lower weights.

To estimate the uncertainties in our model parameters and
the weight of each dataset, we use a Monte Carlo-based analy-
sis in which we perturb the SAR datasets using random syn-
thetic correlated noise. First, we infer the noise characteristics
of the datasets by calculating covariograms using data samples
from far-field and nondeforming regions where possible.
In the case of CSK and TSX datasets, a preliminary deforma-
tion model is subtracted from the data. The 1D covariance
models, which are fitted to the sample covariograms, are used
to generate 100 perturbed datasets that are then inverted to get
an understanding of the uncertainties of the model parameters
(Sudhaus and Jénsson, 2009, 2011). It is worth noting that

these uncertainties do not account for errors due to our as-
sumptions in modeling and processing.

Modeling Results

We started the modeling process with a single fault of
uniform dip and slip. Initially, the parameters were all set
free. If only the CSK data are used, the strike and dip of
the model fault are resolved as 70° and 54°, respectively.
When data from the eastern Envisat frame (T121) are in-
cluded with an equal weight, we find that the strike of the
best-fitting fault increases to 76°, while its surface trace still
matches the field observations northwest of Van, near Bar-
dakgi. Addition of the TSX range data results in a southward
shift of the model fault, probably due to the effect of the rapid
postseismic movement in the first eight days after the
earthquake.

Therefore, we decided to fix the surface trace of the fault
to match a line that follows the almost east-west-trending
surface observations near Bardakc¢i using a fixed strike of
N82°E (east—west-oriented black and white lines in Fig. 3).
In addition, the weights of the Envisat and TSX datasets were
lowered to reduce the influence of postseismic effects.

This new round of modeling also suggests that a single
< 35-km-long blind-thrust-faulting event, where majority of
slip occurs between 10- and 20-km depths with a maximum
slip value of 10 m occurring at a depth of 16 km, can
adequately explain the majority of the deformation observed
on the surface (Fig. 10). The slip on the fault decreases dras-
tically to around 1 m at shallower depths in accordance with
the lack of a clear surface rupture. The model has a seismic
moment of 5.55 x 10" N - m, which corresponds to a mo-
ment magnitude of 7.13, consistent with seismologically es-
timated values (Table 1). Average overall root mean square
values are given in Table 2.

The overall slip distribution pattern resembles previous
studies despite the addition of the TSX SAR dataset from the
opposite orbital viewpoint. We find a main lobe of reverse
slip with an additional lobe to the west with a left-lateral
strike-slip mechanism, in line with earlier studies (Fig. 10a).

Even though a simple single-segment fault model with
its parameters close to seismological solutions can
adequately explain most of the deformation on the surface,
it raises some concerns: (1) the predicted fringe pattern on
the subsiding footwall block does not match the CSK inter-
ferogram, for example, the predicted maximum subsidence
occurs east of the one in the CSK interferogram (Fig. 10b),
(2) the step-like transition between the hanging-wall and
footwall blocks in the CSK interferogram is left unexplained,
and (3) as can be seen in Figure 9b [inset] and 10c (denoted
with black arrows), the TSX range offsets south of Kozluca
suggest a change in the character of the deformation with a
clear transition of the pixel values from positive to negative.
Although the TSX data include eight days of postseismic
motion after the earthquake, the existence of this discontinu-
ity clearly hints that the main fault should not extend through
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Figure 10. Modeling results for the single-segment model. (a) Slip distribution on the fault. (b) Data-model comparison of CSK-In-
terferometric Synthetic Aperture Radar (InSAR) data (rewrapped to 5 cm). (c) Data-model comparison of TSX SAR pixel offsets. (d) Focal
mechanism solutions of aftershocks from the study of Isik ez al. (2017). Blue and gray focal mechanism plots represent the strike-slip and dip-
slip events, respectively. The red rectangle shows the border of the Cluster II of Isik ef al. (2017). The yellow rectangle is the surface

projection of our single-segment model fault.

this region further to the east. A recent study of the aftershocks
by Isik et al. (2017) identifies a clear cluster that extends in the
north—south direction, indicating the presence of left-lateral
strike-slip activity in the very same region; this implies the
existence of a different kind of faulting (Figs. 2c and 10d).
A separate geodetic clue comes from the postseismic GPS
study of Dogan et al. (2014), in which a station on the west
coast of Lake Ergek (station VNO7, Fig. 3) supports the
change in character of the motion seen in the TSX range
offsets. A final clue comes from the aforementioned field
observations of Dogan and Karakas (2013) around Kozluca

village to the west of Lake Ercek, where surface fracturing
was claimed to be associated with a coseismic left-lateral fault.

To be able to explain these features, we opt to increase
the complexity of the model by introducing a second fault
that follows the fracture zone mapped by Dogan and Karakag
(2013). We fixed the location and strike (N15°E) of the new
segment using the information reported by the aforemen-
tioned paper and used a fixed length of 5 km for the fault
in the nonlinear step of the modeling. Except for its strike
(fixed to N82°E), the parameters of the main fault are set free
again.
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The final slip distribution due to this model is presented in
Figure 11a. While the overall slip distribution along the main
fault resembles the one in the single-fault scenario, the second
fault shows mostly left-lateral strike-slip motion as expected
from a tear fault in a thrust-faulting environment. This agrees
well with the focal mechanism solutions reported by Isik ez al.
(2017). However, the errors estimated from the Monte Carlo
analysis show that our dataset cannot reliably resolve some of
the parameters of this segment () Fig. S3, available in the
electronic supplement to this article). This is mainly because
there are almost no data on the eastern side of the tear fault due
to the presence of Lake Ergek. In addition to a fixed length, a
dip of 60°, which is somewhat gentler than expected for a tear
fault, is kept fixed as it better explains the fringe pattern in the
footwall block.

Discussion

The addition of a secondary fault clearly helps explain the
features outlined in the previous section, in addition to im-
proving the overall fit to the data (Table 2). The left-lateral
movement along the secondary fault shifts the maximum sub-
sidence toward Lake Van, as observed in the CSK interfero-
gram, and the overall fringe pattern follows the original data
quite well. The easternmost extent of the main fault is now
consistent with the TSX range-offset data, which show a clear
discontinuity to the south of our second fault (toward Gede-
lova) that we interpret as range change occurring in the first
eight days following the earthquake (denoted with a black ar-
row in both Figs. 9b [inset] and 10c). Because of the improve-
ment in the fit to the CSK data by the addition of this segment,
we think that the surface tensional cracks that were reported
by Dogan and Karakas (2013) near Kozluca were most prob-
ably due to a simultaneous coseismic movement.

Elliott et al. (2013) was the first study to recognize the
need for a second fault to explain the coseismic deformation
by proposing a same-strike two-segment model (Fig. 12).
While our main fault coincides with their western segment,
their proposed eastern segment is not in agreement with the
discontinuity that we observed in coseismic TSX range oft-
sets south of Kozluca. It is clear that the morphology near
Gedelova supports the existence of faulting as proposed
by early field reports and then further discussed in their paper
and later in the study of Mackenzie et al. (2016). However,
our comparison tests using their published parameters show
that the model with a tear fault fits better to our CSK coseis-
mic interferogram, eliminating the necessity of a second sub-
parallel fault segment to the east.

Another possible scenario could be a three-fault model
that considers a complex rupture including the two parallel
reverse-fault segments proposed by the studies of Elliott ez al.
(2013) and Wang et al. (2015), and the tear fault at Kozluca.
Though plausible, we have not favored this scenario due to
the discontinuity seen in the TSX range offsets. As discussed
earlier, the geomorphology indeed has clear clues for an
east—west-oriented thrust fault near Gedelova; however, it

is unlikely for an active thrust segment here to cut through
the structure seen in the TSX offsets. In addition, this com-
plex scenario did not offer a better fit to our primary CSK
dataset when compared to our two-fault model ((E) Table S1;
® Figs. S4 and S5).

The existence of left-lateral tear faulting is also sup-
ported by the study of Isik er al. (2017) in which a clear
cluster of aftershocks with strike-slip mechanisms is ob-
served along a narrow zone that starts with the Kozluca fault
to the south and continues to the north for ~30 km toward
the northeastern corner of Lake Van (Fig. 10d). The left-
lateral character of the activity indicates that the Kozluca
fault is probably a part of a tear/transform fault in the region.
The possibility of a second segment is also supported by
seismological studies. Similarly, Konca (2015) points out the
difference in rupture velocity and/or rise time of the two slip
patches that could be due to rupturing of the main fault and
the tear fault. Based on postseismic GPS data, Dogan er al.
(2014) also suggest that toward the east the earthquake rup-
ture veers to the north running through Lake Ercek, support-
ing the presence of the tear fault we propose here.

Similar settings where thrust faulting during an earth-
quake is accompanied by strike-slip movements on adjacent
tear faults (or lateral ramps) have been known since the 1971
San Fernando earthquake (Magistrale and Day, 1999). Other
well-known examples of tear fault ruptures are the 1980 El
Asnam, 1988 Spitak, 1994 Northridge, 2003 Zemmouri, 2005
Kashmir, and 2008 Wenchuan earthquakes (King and Yield-
ing, 1984; Philip et al., 1992; Belabbes et al., 2009; Feng et al.,
2017). Tear faults either act as a barrier to impede the rupture
or instead help it to jump to adjacent thrust segments. It is also
possible that (like the Xiaoyudong fault in the Wenchuan case)
the Kozluca fault could be a remnant part of an old strike-slip
fault that was reactivated due to the rupture on the main Van
fault. Further studies in the region might clarify the nature and
extent of this newly recognized structure, which acted as a
barrier in the case of the 2011 Van earthquake.

Fit to the near-field GPS stations is one area where our
final model fails to improve on. As reported by Dogan et al.
(2014) and Mackenzie et al. (2016), the area between the main
Van fault and a splay fault to the south started deforming
aseismically just after the earthquake. Using data from InNSAR
and a network of postseismic GPS stations, Dogan et al.
(2014) proposed the existence of this splay and named it
the Bostanici fault (Fig. 12). The near-field stations between
the main Van fault and the Bostanici fault (i.e. VAAN and
KAL?2) could only be visited seven days after the event; as
can be seen in Figure 3, they were clearly under the influence
of this rapid postseismic motion. Whereas KALL continued to
move northwards as in the coseismic period (Fig. 5), VAAN
and KAL?2 started moving southwestwards in the same man-
ner as the newly occupied stations VNO2, VNO3 and VNO04
which all reside on the hanging-wall of the main Van fault.
Therefore, a discrepancy between our coseismic model and
the GPS data is inevitable. We experimented with higher
weights for the GPS dataset, but this did not significantly

BSSA Early Edition



14

A. M. Akoglu et al.

i

0.5

5
-80
'E_m’ 1€ -9
=, =,
= =
S g 10|
=-15¢ 1a
—110 -
ool [ [ U\ — — -120
-130
-25

0.4

0.3

0.2

sjesyo abuel XS1 |

0.1

—0.1

0.2

-0.3

0.4

'—0.5

Main Fault
h . . . . -23 b
0 5 10 15 20 25 —60 8
Distance along strike [km]
-70
8
Kozluca Fault . 80
-90
6
— —_ -100 |
€ €
=3 =3 — 5
< < £ -110 |
2 53 2
= = « 4 —120 P\
3 130
NS -15 2 -140
0 5 10 x
Distance along strike [km] —60 |-
1
-70
0
Strike slip Dip slip —80 ¢

—100 |
=110 |

—120 ),
0

Figure 11.
the uniform-slip model for the main fault. (b) Data-model comparison of CSK-InSAR data (rewrapped to 5 cm). (c) Data-model comparison
of TSX range offsets.

improve the fit. As in Dogan et al. (2014), an additional fault
segment along the Bostanici fault is necessary to explain the
motion recorded by the GPS data. Instead of discarding this
dataset, we opted to use them by adopting significantly low
weights in our modeling.

An early postseismic motion between Bardak¢i and
Bostanigi is also evident in our coseismic InSAR data as
well. The proposed Bostanici fault also coincides with the
discontinuities observed in the coseismic CSK interferogram
(Fig. 6c, black triangles). For the TSX data, the residuals
shown with a red arrow to the south of our main fault in
Figures 10c and 1lc, in which positive values represent
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Modeling results for the two-segment model. (a) Slip distribution on the faults. The black dashed rectangle is the outline of

motion toward the satellite flying in an ascending orbit, sug-
gest either an uplift or a left-lateral movement of this block.
The southern boundary of these residuals coincides with the
proposed Bostanici (Beyiiziimii) fault. A later field study by
Mackenzie et al. (2016) verified the postseismic movement
along the western section of this discontinuity toward Lake
Van. Both Dogan et al. (2014) and Mackenzie ef al. (2016)
agree on an overall model in which the Bostani¢i fault joins
with the main Van fault to the north at depth. Judging by the
distribution of the aftershocks in Figure 12, it is also possible
that the 9 November 2011 M, 5.7 event occurred on the off-
shore extension of the Bostani¢i fault. The eastern extent of

BSSA Early Edition



Evidence for Tear Faulting from New Constraints of the 2011 Van, Turkey, Earthquake 15

38.8"

38.6"

/ Gﬁfpmaﬁh;uﬂ' e

i JL < ralit o

43 43.2° 43.4° 43.6°

Figure 12.

Overview of the study area showing the surface projection of our pro-

fringes of the CSK interferogram also
hints of a possible extension of the fault
into Lake Van. However, due to lack of
deformation data to the west, we opt not
to use a longer main fault to avoid slip
artifacts.

While the occurrence of reverse and
tear faulting is not surprising in a tectonic
environment such as the Turkish—
Iranian Plateau, its significance and role
for the accommodation of the Arabian—
Eurasian convergence has been a matter of
debate (Copley and Jackson, 2006; Field-
ing et al., 2013). When compared with the
well-known strike-slip structures in the re-
gion, the seismic hazard associated with
them is poorly understood. The 2011 Van
earthquake indicates that, in addition to
strike-slip faults, thrust faults in the region
such as the Giirpinar thrust to the south of
Van (Fig. 12) could also be playing a ma-
jor role in the accommodation of the con-
vergence. The Van event and the lack of
corresponding clear surface ruptures have
also increased the awareness of hazards
due to blind-faulting events in the region.

posed Van and Kozluca faults (yellow dashed rectangles) with the previous single-fault
model of Fielding er al. (2013) (blue dashed rectangle) and the two-segmented fault
model of Elliott ef al. (2013) (green dashed rectangles). Solid parts of these three rec-
tangles represent the up-dip surface trace of the model faults. Similar to Figure 3, red
dots are the locations where deformation of man-made structures was observed during
the reconnaissance studies of Akyiiz et al. (2011). Dashed gray lines show the proposed
main faults from the study of Dogan et al. (2014) in the north and the proposed Bostanici
fault in the south. The solid part of the red line representing the Bostanici fault is the
same as Dogan et al. (2014), whereas we propose in this study that it possibly extends
northeast toward the Kozluca fault (red dashed line). The Giirpinar thrust is modified
from Selcuk (2016). The focal mechanism and the gray circles representing the after-

Conclusions

In line with the earlier published stud-
ies on the 2011 Van earthquake, the results
of our work using satellite geodetic obser-
vations show that the event was caused
primarily by a rupture along a north-
dipping blind-thrust fault. However, our
model differs from earlier studies with

shock activity near the 9 November 2011 M, 5.7 event are from Isik er al. (2017).

this fault and its relationship with our proposed Kozluca fault
in the east is also unknown. Since the Bostanici fault cuts
through the Van city center, further geophysical and geologi-
cal studies are crucial to study the fault at depth. The most
recent earthquake activity in Van city before the 2011 event
occurred in 1945, when buildings in the city center were re-
ported to suffer heavy damage and collapses during the
events that took place in the second half of that year (Lahn,
1946). Even though it is not clear, these events may have
happened on a section of this splay fault or on the shallower
parts of the main Van fault; therefore, a thorough study is
essential to evaluate the seismic hazard to the city.

Like the splay to the south, the westernmost extent of the
main Van fault rupture is also of importance. Recent under-
water studies outlined by Ozalp et al. (2016) propose that the
main coseismic fault (Van fault) extends into Lake Van for
about another 9 km. The closure pattern of the southernmost

the addition of a rupture along a tear fault

to the west of Lake Ercek that pinpoints
the eastern end of the rupture. Determining precisely where
an earthquake rupture stops is an important parameter in seis-
mic hazard analyses as high stress concentrations occur at the
tip of the ruptures (King et al., 1994).

To better delineate the fault structure beneath the sur-
face, detailed geological and geophysical investigations in
the future are necessary, leading to a better assessment of the
seismic hazard around the city of Van. The splay fault that
runs through the city center and its connection with the
Kozluca fault should be studied in detail using a multidisci-
plinary approach.

Data and Resources

Most figures in this article were prepared using the
Generic Mapping Tools (GMT) software package (Wessel
and Smith, 1998). The Cosmo-SkyMed data are from the Ital-
ian Space Agency (ASI) projects 2142 and 2296; Envisat and
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TerraSAR-X data are from the Group on Earth Observations
(GEO) SuperSites project (http://supersites.earthobservations
.org/van.php, last accessed February 2012).
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