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Abstract 39 

The 23 October 2011 Van earthquake (Mw 7.1) in eastern Turkey took place on a previously 40 

unknown thrust fault, causing over 600 fatalities and extensive damage mainly in Van city and 41 

the northern town of Erciş. Several coseismic models have already been published after the 42 

earthquake using the available seismological and geodetic data. These studies generally agree 43 

upon a coseismic rupture on a north-dipping E-W trending blind thrust fault comprising one or 44 

two subparallel segments and the existence of a shallow slip deficit. Here, by introducing an 45 

additional coseismic pixel-offset dataset from the TerraSAR-X satellite, we conclude that a 46 

NNE-SSW trending left-lateral tear fault that bounds the rupture to the east also slipped both 47 

during and after the mainshock, which is in agreement with both field observations and 48 

postseismic GPS measurements. This has important implications for the seismic hazard analysis 49 

of the region as the extent and geometry of the rupture that we infer differ significantly from 50 

those previously proposed.  51 
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INTRODUCTION 52 

The 23 October 2011 (13:41, GMT+2), Mw 7.1 Van earthquake was the first M>7 event to occur 53 

in Turkey after the devastating Izmit and Düzce earthquakes of 1999, and it remains the largest 54 

instrumentally recorded thrust faulting event to strike the Turkish-Iranian plateau since the 1988 55 

Ms 6.8 Spitak, Armenia earthquake (Fig. 1). Although the epicentral area has a rich history of 56 

civilization, not much was known from the active tectonics perspective before the earthquake. 57 

Causing a loss of >600 lives and extensive damage in Van and surrounding villages, the event 58 

resulted in an estimated economical loss of up to $1.5 billion (Bevere et al., 2012). The official 59 

figures report 117,700 damaged housing units (Erdik et al., 2012), with around 10% of the 60 

damage in the town of Erciş to the north of Van Lake (Fig. 1).  61 

Early focal mechanism solutions (Table 1) showed that the earthquake took place on a fault 62 

trending ENE-WSW and dipping either to the south or to the north, consistent with the 63 

distribution of aftershocks (Fig. 2). The nodal plane ambiguity could not be solved after 64 

extensive field studies as no convincing evidence of a clear surface rupture related with the main 65 

fault was found in the field. Some compressional deformation observed along a short distance 66 

crossing the Van-Erciş highway (Fig. 3) was attributed to a northward dipping main fault rupture 67 

(Emre et al., 2011). However, these might also have possibly been associated with back thrusting 68 

due to a primary rupture on a south-dipping fault resolved by various focal mechanism solutions 69 

(Fig. 1). Thus, it became evident that some key parameters of the earthquake such as the location 70 

and the dip and strike direction of the causative fault could not be constrained without using 71 

space-based geodetic techniques.  72 

Being the largest of its kind in the instrumental era in the western part of the Turkish-Iranian 73 

plateau, the Van earthquake provides an opportunity to improve our understanding of the active 74 
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tectonics and continental deformation of eastern Turkey and its vicinity, and the nature of blind 75 

faulting. The latter is particularly important since active blind faults still represent one of the 76 

missing blocks of our current interpretation of seismic hazard models (Dolan et al., 2003). This is 77 

simply because of the fact that earthquakes on concealed faults, especially with longer recurrence 78 

intervals and with a weak surface morphology, are difficult to identify. During the last three 79 

decades of the instrumental era several prominent blind faulting events on unknown-unstudied 80 

faults occurred around the world causing extensive damage and loss of lives, with the 2010 Mw 81 

7.0 Haiti earthquake being the most prominent example (Calais et al., 2010).  82 

Several studies based on Interferometric Synthetic Aperture Radar (InSAR) observations of the 83 

Van earthquake have already been published (Elliott et al., 2013; Fielding et al., 2013; Feng et 84 

al., 2014; Moro et al., 2014; Wang et al., 2015; Trasatti et al. 2016).  All these studies are 85 

however limited to coseismic Synthetic Aperture Radar (SAR) datasets only from the descending 86 

orbit and far field Global Positioning System (GPS) data, which makes it difficult to constrain 87 

both the geometry of the fault rupture(s) and the rake angle accurately, and hence the distribution 88 

of reverse and strike slip components on the fault surface. There is also an important difference 89 

particularly in the proposed fault geometries; while one group of researchers (Elliott et al., 2013; 90 

Wang et al., 2015) proposes a two-fault model, others suggest a single segment. Nonetheless, 91 

both group of studies agree on a deeply buried coseismic slip (10-22 km) on a north-dipping fault 92 

and a lack of slip at shallower depths (< 8km). Furthermore, later studies focusing mainly on the 93 

postseismic movements after the earthquake by Dogan et al. (2014) and Mackenzie et al. (2016) 94 

brought into light the existence of another active fault to the south that cuts through the city 95 

center of Van. 96 
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In order to validate whether a two-segment fault is the appropriate model for the Van earthquake 97 

and to improve the uncertainties in the source parameters that inevitably result from the use of 98 

only one type of SAR imaging geometry (Sudhaus & Jónsson, 2009); here in this study, we 99 

introduce an X-band SAR pixel-offset dataset that was neglected by the previous studies due to 100 

lack of coherence owing to its long temporal baseline (Table 2). This additional new SAR dataset 101 

from the German TerraSAR-X satellite captures the surface deformation from a different angle 102 

of view (i.e., ascending orbit). Added to that we also make use of data from near-field coseismic 103 

GPS stations as well as a set of coastal uplift measurements made along the shores of Lake Van, 104 

which should further help reducing model parameter trade-offs and uncertainties.  105 

Our paper starts with a brief introduction of the seismotectonics of the region, followed by a 106 

description of the data and then we discuss the importance of adding ascending pixel offsets to 107 

our analysis. We conclude our study after making comparisons to the previously published 108 

coseismic models and discussing our inferences on the nature of the rupture. 109 

SEISMOTECTONICS  110 

Eastern Turkey is a part of a 2-km high plateau that results from the continental collision 111 

between the Arabian and Eurasian plates (Dewey et al., 1986) that started about middle-late 112 

Miocene (Şengör et al., 1985) with the closure of the Tethys Ocean. Based on theoretical studies 113 

and the direction of plate convergence later confirmed by GPS measurements (McClusky et al., 114 

2000; Reilinger et al., 2006), the continental deformation was claimed by Şengör et al. (1985) 115 

and Dewey et al. (1986) to be driven by N-S compression and accommodated by postulated E-W 116 

trending reverse faults, NW-SW striking right-lateral strike-slip faults (e.g., North Anatolian and 117 

Çaldıran-Tabriz faults) and NE-SW trending left-lateral strike-slip faults (e.g., East Anatolian 118 

Fault). The GPS velocity field of Reilinger et al. (2006) indicates that up to 10 mm/yr of the 119 
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convergence between the Arabian and Eurasian plates varies rather smoothly within a wide 120 

region from the Bitlis Suture to the south to the Northeast Anatolian Fault to the north 121 

(Mackenzie et al., 2016; Fig. 1).  This suggests a relatively low rate of strain accumulation on 122 

individual thrust faults which are distributed within this large region, which in turn implies long 123 

recurrence intervals for large earthquakes on them. This might explain the absence of thrust 124 

faults of any orientation in published active fault maps of the region, including the (now 125 

outdated) one of Turkish General Directorate of Mineral Research and Exploration (MTA, 126 

Şaroğlu et al., 1992), likely due to removal of surface expression of active faulting during long 127 

interseismic periods, and the absence of major thrust faulting events before the 2011 Van 128 

earthquake. Thrust faulting earthquakes in the region prior to the Van event were few, scattered 129 

and small, and thus claimed (Örgülü et al., 2003) to be the manifestation of their minor 130 

contribution to the ongoing plate convergence in an escape tectonics regime. The Van earthquake 131 

with its moment magnitude over 7 therefore, to some extent, was a surprise and thus has 132 

provided an opportunity to refine the models of active continental deformation in the Turkish-133 

Iranian Plateau as explained earlier. 134 

The first major earthquake to occur in the instrumental period off the North and East Anatolian 135 

faults, before the 2011 Van event, was the 1976 Mw 7.1 Çaldıran event that took place on the 136 

Çaldıran segment of the right-lateral West Azerbaijan-Turkey Shear Zone that runs about 500 137 

km in NW-SW direction between Çaldıran in Turkey and Tabriz in Iran (Karimzadeh et al., 138 

2013; Berberian 2014). The event produced a surface rupture of about 50 km (Toksöz et al., 139 

1977; Selçuk et al., 2016).  140 

The thickness of the seismogenic layer beneath this part of Eastern Anatolia is estimated to reach 141 

up to a depth of 20 km on the basis of seismological activity (Örgülü et al., 2003; Tan, 2004; 142 



 7 

Pınar et al., 2007). After the Cornell-Kandilli Eastern Turkey Seismic Experiment (ETSE) 143 

project in the last decade (Türkelli et al., 2003), the region was also revealed to have the thinnest 144 

crust in the Eastern Anatolian Plateau (Zor et al., 2003). 145 

FIELD OBSERVATIONS 146 

Although different tectonic studies have been conducted in the region (Ketin, 1977; Aksoy and 147 

Tatar, 1990; Koçyiğit et al. 2001; Özkaymak, 2003; Dhont and Chorowicz, 2006), existence of 148 

an ENE–WSW trending thrust fault revealed by focal mechanism solutions of the 2011 Van 149 

earthquake that is capable of an Mw > 7 earthquake was not previously reported. Following the 150 

earthquake, field studies conducted by various groups did not reveal a clear prominent surface 151 

rupture either (Akyüz et. al., 2011; Emre et al., 2011; Doğan and Karakaş, 2013).  However, 152 

some compressional features with throws of up to 10 cm high were observed on man-made 153 

structures (Fig. 3, red circles around Bardakçı) that are aligned along a 4-km long, EW oriented 154 

zone, ~13 km north of the Van city center. A clear example of this compressional deformation 155 

over a concrete irrigation channel is shown in Figure 4a where up to 7 cm of throw was 156 

observed. These compressional structures located to the south of the earthquake epicenter were 157 

interpreted as the surface trace of a north-dipping thrust fault that ruptured at depth during the 158 

earthquake. However, they might as well have been formed as a result of back thrusting 159 

associated with slip on a south dipping main fault. Thus, field observations alone failed to 160 

provide a confident solution to the nodal plane ambiguity in focal mechanisms.  161 

In addition to the brittle surface deformation related to movement on the main fault, secondary 162 

deformational structures were also observed. As documented in detail by Akyüz et al. (2011) 163 

several instances of lateral spreading, subsidence, liquefaction, slump and landslides are 164 

observed that were related to shaking and soil behavior.  165 
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An additional zone of deformation that was neglected by previous studies was the one reported 166 

by Doğan and Karakaş (2013) just to the west of Lake Erçek (Fig. 3, white dashed line). Named 167 

by the authors as the Kozluca Fault, the main features observed are tensional ground cracks that 168 

were interpreted as an evidence for left lateral motion. The zone extends for ~4 km on the 169 

surface with a strike of ~N5°-20°E.   170 

DATASET USED 171 

Coastal Uplift Measurements 172 

Earthquakes causing coastal uplifts often form “white bands” of dead algae as a result of 173 

desiccation and their exposure to sun light along rocky coastlines, providing a distinctive marker 174 

suitable for quantifying the uplift (Ortlieb et al., 1996; Meghraoui et al., 2004; Hayes et al., 175 

2010). Similarly, observations along the coast of Lake Van between Van and Erciş also revealed 176 

similar scenes marking the clear shoreline retreat as a result of lake floor uplift. These “white 177 

band” levels were measured by an MTA team two days after the earthquake (Emre et al., 2011) 178 

at nine different locations by measuring the vertical height difference from the lake water surface 179 

to the middle of the white colored band of dead algae on the rock surfaces (Fig. 4b). However, 180 

the exact type of algae at these observation sites was not studied in detail following the 181 

earthquake, increasing the uncertainty in the determination of the mean water level before the 182 

earthquake.  Therefore these measurements should be taken as maximums. The lake water level 183 

reaches its minimum in September after a seasonal drop of ~25 cm. The tidal height variation of 184 

the lake surface is negligible. The maximum values measured by the MTA team reach up to 40 185 

cm near the village of Dağönü and decrease towards the Erciş coast as expected from a reverse 186 

faulting on a northward-dipping fault (Fig. 5).  187 

 188 
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Coseismic GPS Measurements 189 

Although continuous and campaign-type GPS benchmarks were present in the area before the 190 

Van earthquake, only a few of them were located within a distance of 50 km from the epicenter 191 

(Fig. 5). Ten benchmarks of the Turkish National Fundamental GPS Network (TFGN-99A) were 192 

reoccupied once for 8-10 hours about six days after the earthquake. Pre-earthquake GPS surveys 193 

were carried out two years before the event and the velocity field of Reilinger et al. (2006) was 194 

used to remove the secular motion. The GPS data processing is similar to Dogan et al. (2014). 195 

The network was adjusted by fixing the International Terrestrial Reference Frame (ITRF) 196 

2008.0, epoch 2011 coordinates of the ZECK station in Caucasia (Russia) from the Scripps Orbit 197 

and Permanent Array Center and coseismic displacements are calculated with respect to the same 198 

International GNSS Service station. 199 

As shown in Figure 5 with 95% confidence ellipses, while the GPS vectors around the city show 200 

northward and downward displacements those in the north show southward and upward 201 

coseismic motion. The largest horizontal displacements reaching ~30 ± 0.18 cm were observed 202 

north of the city’s metropolitan area (i.e., at KAL2). Maximum subsidence of ~30 ± 0.55 cm was 203 

observed at the VAAN station very close to the aforementioned compressional features seen on 204 

human-made structures. The subsidence and large northward displacement observed on this 205 

particular station demonstrate that it should be located on the footwall block of the fault, and thus 206 

helps us constrain the location of our model fault as it is not possible to pinpoint the exact 207 

location from InSAR data alone due to the lack of surface ruptures. This is consistent with the 208 

inference that surface deformations observed in the field north of Van city delineate the up-dip 209 

trace of the causative coseismic fault. 210 

 211 
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InSAR Dataset 212 

The first available coseismic InSAR dataset came from the Cosmo-SkyMed (CSK) satellite of 213 

Italian Space Agency (ASI) (Table 2 and Figure 6a). We processed the interferogram using the 214 

GAMMA software (Werner et al., 2000). The post-event image was acquired only 4 hours after 215 

the earthquake, so these InSAR data can be assumed to contain limited postseismic deformation. 216 

The overall coherence of the interferogram is fairly high due to a short temporal baseline of only 217 

12 days and sparsely vegetated surface cover of the area. However, some coherence is lost on 218 

steep slopes and at high elevations, probably due to the imaging geometry and change in snow-219 

cover. Signal decorrelation also occurs along the zones of compressional surface deformation to 220 

the west due to high fringe rate.  221 

The main feature of the earthquake that can readily be seen in the CSK interferogram (Fig. 6b) is 222 

a large deformation ellipse centered in between Hıdırköy and Otluca villages ~20 km north of 223 

the Van city center, which reveals the typical doming effect of blind faulting that is not fully 224 

apparent in present day topography, likely due to erosional processes and activation of 225 

neighboring parallel faults. The full extent of the ellipse could not be captured due to a lack of 226 

pre-earthquake images to the north. Nevertheless, its NE-SW trending long axis is clearly visible 227 

and consistent with the strike of the fault planes estimated from seismology. However, this large 228 

ellipse alone does not, does not provide a strong evidence for a north-dipping fault because 229 

profiles perpendicular to the long axis of the dome, and hence, to the strike of the fault (Fig. 7a) 230 

do not display a clear asymmetry (such as vergence in fault-related folds) that shows the 231 

direction in which thrusting takes place (King and Vita-Finzi, 1981; Philip and Meghraoui, 232 

1983). Supporting evidence for the north-dipping fault comes from the presence of a second lobe 233 

to the south with a similar size but with much smaller amplitude (~13 cm). The opposite sign of 234 
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this displacement represents an increase in radar line-of-sight (LOS) meaning subsidence and/or 235 

westward movement centered in the Van metropolitan area to the south.  Thus, LOS 236 

displacement profiles crossing the two lobes display an asymmetry between a larger hanging-237 

wall uplift in the north and smaller footwall subsidence to the south, typical of a steeply dipping 238 

thrust fault (Parsons et al., 2006). Counting the fringes in the main lobe in the north (~60) and 239 

assuming a pure reverse faulting for simplicity indicate an uplift with a LOS change of up to a 240 

meter. The amount of uplift, however, has to be somewhat larger if one takes into account the 241 

descending viewing geometry and the seismologically determined left-lateral slip component on 242 

the north-dipping earthquake rupture. This is because while a reverse-slip component gives rise 243 

to LOS range decrease (i.e., uplift) at the hanging wall, a left-lateral slip component results in a 244 

westerly motion, that is, a range increase (i.e., away from the satellite) reducing the overall LOS 245 

range decrease.  246 

Another significant visual feature of the CSK interferogram is the transition between the 247 

hanging-wall and footwall blocks that is marked clearly with a distinct change in the fringe rate 248 

from north to south and a 4-5 km long right step. Such a bend or a step would not be expected 249 

from a single segment thrust fault.  250 

Apart from the two large lobes, there are various linear phase discontinuities visible in the 251 

interferogram such as the ones shown in Figure 6c just north of the Van city center. These 252 

discontinuities are the manifestations of triggered small-scale slip on faults above the thrust 253 

front, a phenomenon commonly associated with large earthquakes (Wright et al., 2001). 254 

Postseismic SAR imagery and GPS measurements show that some of these discontinuities 255 

continue to slip aseismically after the earthquake (Dogan et al., 2014; Mackenzie et al., 2016).  256 
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A second set of coseismic InSAR data comes from two tracks of the European Space Agency's 257 

C-band Envisat satellite (T121 and T394), which was operating in a drifting orbit mode during 258 

the time of the earthquake (Miranda et al., 2010). The Envisat interferograms, calculated using 259 

the Jet Propulsion Laboratory (JPL)/Caltech ROI_pac software (Rosen et al., 2004), provide a 260 

complete overview of the deformation field thanks to their spatial coverage (Fig. 8). The overall 261 

pattern of deformation is the same as observed in the CSK interferogram. However, the data 262 

present some disadvantages for modeling. The eastern track (T121), although coherent, provides 263 

only partial information about the deformation pattern to the east of Lake Erçek as it only covers 264 

part of the epicentral region. Nevertheless the interferogram on T121 has two partial lobes of 265 

fringes for the uplifting (~23 fringes) and subsiding (~4 fringes) blocks, respectively.  266 

Although the interferogram on track 394 covers most of the main deformation lobe in the 267 

epicentral region, it has low coherence making it difficult to interpret and unwrap. The earliest 268 

post-earthquake Envisat scene on track 394 covering the missing data points north of the CSK 269 

interferogram was acquired about a month after the event (Table 2). Therefore, the interferogram 270 

on this track contains a significant amount of postseismic deformation, as confirmed by the 271 

analysis of postseismic SAR and GPS data (Dogan et al., 2014). The temporal difference, the 272 

drift mode of the satellite and also the snow that started to fall in the region a couple of days after 273 

the earthquake clearly add up as a significant loss of coherence in these data, impeding the 274 

unwrapping of unconnected patches of phase values for the hanging wall block without 275 

removing a preliminary model (Fig. 8b). In addition, the interferogram from T394 contains a set 276 

of concentric fringes due to the aftershock of  9 November 2011 (Mw 5.7) in Van city (Fig. 8c) 277 

that are also clearly evident in a separate descending postseismic TerraSAR-X interferogram 278 
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(Fig. 8d). Therefore, we were limited to using only the northern (around Erciş) portion of the 279 

data from track 394 for modeling. 280 

As a result of the problems with the Envisat data and the fact that the CSK data do not contain 281 

the entire coseismic pattern, we attempted to use an additional coseismic dataset from the 282 

German X-band TerraSAR-X (TSX) satellite (Table 2). It is worth noting that this dataset is from 283 

an ascending orbit of the satellite. The post-event scene is from 8 days after the earthquake and, 284 

thus, should contain less postseismic deformation than the Envisat data. However, the large 285 

temporal baseline of 946 days between the pre- and post-earthquake scenes prevents the 286 

generation of a coherent interferogram due to strong temporal decorrelation. To overcome this 287 

problem, we make use of the technique described in Wang and Jónsson (2015) and measure 288 

coseismic offsets of stable pre-detected point-like scatterers, unlike the classical pixel-offset 289 

measurements that are calculated by cross-correlation of overlapping pixel windows. The 290 

precision and the accuracy of this new dataset are significantly better than those from classical 291 

pixel offset measurements (Wang and Jónsson, 2015).  High-resolution SAR sensors , such as 292 

Cosmo-SkyMed and TerraSAR-X also provide useful pixel-offset measurements in the range 293 

direction as a possible, but often disregarded, substitute to unwrapped phase measurements. 294 

Although they contain the same LOS information as the phase values and are far less prone to 295 

possible coherence losses, range pixel offsets are generally not preferred due to their lower 296 

accuracy (~ one-tenth of the pixel size).  297 

Measuring offsets of these stable point-like scatterers therefore enabled us to use of the otherwise 298 

discarded coseismic deformation information captured by the available ascending TSX pair. The 299 

maximum amount of LOS change recorded in the range direction reaches 1.4 m, around 50% 300 

higher than the range offsets of the CSK satellite which indicates the possibility of a left-lateral 301 
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movement on the fault that would contribute to the LOS decrease toward the satellite in an 302 

ascending flight configuration (Fig. 7). For the same reason, the TSX maximum lobe is shifted to 303 

the west compared with the CSK maximum values. Another important point to note is that the 304 

pixels with positive LOS change values can be observed until the Van city center to the south.  305 

We also applied the new offset calculation technique for the CSK imagery and derived both 306 

range and azimuth offsets for this dataset (Fig. 9). Because the signal over the subsiding block 307 

from the unwrapped phase data is much clearer than the calculated range offsets we did not opt 308 

to use the latter in modeling. On the other hand, the range offsets were crucial in the process of 309 

verifying the unwrapped values of the phase data. 310 

As seen in Figure 9, the azimuth offsets are much noisier than the range offsets, probably due to 311 

the fact that surface displacements in the azimuth direction (east-northeast) are much smaller 312 

than those in the range (overwhelmingly vertical) direction. We therefore used the azimuth 313 

offsets only for visual comparison. 314 

MODELING 315 

After simplifying the earth as a homogeneous and elastic half space, we can use the analytical 316 

solutions of Okada (1985) to relate our geodetic and coastal measurements with dislocations 317 

along rectangular planes buried in this space. To do so we assume constant material properties 318 

(Poisson’s ratio of 0.25 and a rigidity modulus of 30 GPa) and model the geodetic measurements 319 

in two steps. In the first stage, a non-linear inversion is used to constrain the fault geometry 320 

assuming uniform slip on a single rectangular fault. Surface trace and strike of the fault are fixed 321 

in such a way that it coincides with the 4-km-long zone identified northwest of Van during field 322 

observations and is located north of the VAAN GPS station that shows subsidence. In the next 323 

step, the fault found is enlarged in both the strike and the dip directions and discretized into 324 
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smaller rectangular fault patches. Then, keeping the fault geometry fixed, a distributed slip 325 

model with a varying rake is found through a linear joint inversion of the InSAR (pixel offsets 326 

and unwrapped LOS displacements), GPS, and the coastal uplift measurements.  327 

We use the Fast Non-Negative Least Squares (FNNLS) algorithm of Bro and de Jong (1997) to 328 

invert distributed slip on the fault patches. For dip-slip dominant earthquakes such as the Van 329 

event, the non-negativity could become a limiting factor since the rake is allowed to vary within 330 

only 90° degrees. To test this issue, we also followed the routine of Sudhaus and Jónsson (2009) 331 

and rotated the local in-plane coordinate axes to allow for rake variations for which both right 332 

and left lateral slip are allowed on patches this time between rakes of 45 and 135 degrees. While 333 

the rakes in the shallower parts of the fault stay within 0°-90° range, the deeper parts of the fault 334 

tend to show right-lateral movements. As our geodetic datasets can not reliably resolve these 335 

deeper parts and the fit does not improve, we can assume that a non-negativity constraint does 336 

not bias our modeling results. 337 

As previously discussed, we excluded the central and southern parts of the interferogram from 338 

Envisat’s track 394 in the modeling due to the low coherence (hence unwrapping errors) and the 339 

surface deformation of the 9 November 2011 Mw 5.7 aftershock.  The interferogram from track 340 

121 provides essential constraints on the termination of the rupture to the east and the depth of 341 

the coseismic slip. To reduce the number of data points in modeling, the unwrapped 342 

interferograms were subsampled using the quad-tree algorithm (Jónsson et al., 2002). The TSX 343 

range offset measurements are uniformly downsampled. Even though the pixel offset dataset 344 

does not require unwrapping, there is a need to solve for its ambiguity, which was included as a 345 

term in the objective function during the inversion. 346 
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We restrict ourselves to using data from GPS sites that are inside a 160-km radius from the 347 

epicenter. In addition, because of the limited accuracy, vertical components of GPS 348 

displacements are assigned lower weights. 349 

To estimate the uncertainties in our model parameters and the weight of each dataset we use a 350 

Monte-Carlo based analysis in which we perturb the SAR datasets using random synthetic 351 

correlated noise. First, we infer the noise characteristics of the datasets by calculating 352 

covariograms using data samples from far-field and non-deforming regions, where possible. In 353 

the case of CSK and TSX datasets, a preliminary deformation model is subtracted from the data. 354 

The 1D covariance models, which are fitted to the sample covariograms, are used to generate 355 

100 perturbed datasets that are then inverted to get an understanding of the uncertainties of the 356 

model parameters (Sudhaus and Jónsson, 2009, 2011). It is worth noting that these uncertainties 357 

do not account for errors due to our assumptions in modeling and processing.  358 

MODELING RESULTS 359 

We started the modeling process with a single fault of uniform dip and slip. Initially the 360 

parameters were all set free. If only the CSK data are used, the strike and dip of the model fault 361 

are resolved as 70° and 54°, respectively. When data from the eastern Envisat frame (T121) are 362 

included with an equal weight, we find that the strike of the best-fitting fault increases to 76°, 363 

while its surface trace still matches the field observations northwest of Van, near Bardakçı. 364 

Addition of the TSX range data results in a southward shift of the model fault, probably due to 365 

the effect of the rapid postseismic movement in the first 8 days after the earthquake. 366 

Therefore, we decided to fix the surface trace of the fault to match a line that follows the almost 367 

east-west-trending surface observations near Bardakçı, using a fixed strike of N82°E (east-west-368 
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oriented black and white lines in Fig. 3). In addition, the weights of the Envisat and TSX datasets 369 

were lowered to reduce the influence of postseismic effects. 370 

This new round of modeling also suggests that a single <35 km long blind thrust-faulting event, 371 

where majority of slip occurs between 10 and 20 km depths with a maximum slip value of 10 m 372 

occurring at a depth of 16 km, can adequately explain the majority of the deformation observed 373 

on the surface (Fig. 10). The slip on the fault decreases drastically to around 1 m at shallower 374 

depths in accordance with the lack of a clear surface rupture. The model has a seismic moment of 375 

5.55x1019 Nm, which corresponds to a moment magnitude of 7.13, consistent with 376 

seismologically estimated values (Table 1). Average overall root mean square values are given in 377 

Table 2. 378 

The overall slip distribution pattern resembles the previous studies despite the addition of the 379 

TSX SAR dataset from the opposite orbital viewpoint. We find a main lobe of reverse slip with 380 

an additional lobe to the west with a left-lateral strike-slip mechanism in line with earlier studies 381 

(Fig. 10a).  382 

Even though a simple single segment fault model with its parameters close to seismological 383 

solutions can adequately explain most of the deformation on the surface, it raises some concerns: 384 

(1) the predicted fringe pattern on the subsiding footwall block does not match the CSK 385 

interferogram, for example, the predicted maximum subsidence occurs east of the one in the 386 

CSK interferogram (Fig. 10b), (2) the step-like transition between the hanging wall and footwall 387 

blocks in the CSK interferogram is left unexplained, and (3) as can be seen in Figure 9b [inset] 388 

and 10c (denoted with black arrows), the TSX range offsets south of Kozluca suggest a change 389 

in the character of the deformation with a clear transition of the pixel values from positive to 390 

negative (Fig. 10c). Although the TSX data include 8 days of postseismic motion after the 391 
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earthquake, the existence of this discontinuity clearly hints that the main fault should not extend 392 

through this region further to the east. A recent study of the aftershocks by Işık et al. (2017) 393 

identifies a clear cluster that extends in the north-south direction, indicating the presence of left-394 

lateral strike-slip activity in the very same region; this  implies the existence of a different kind 395 

of faulting (Figs 2c and 10d). A separate geodetic clue comes from the postseismic GPS study of 396 

Dogan et al. (2014), in which a station on the west coast of Lake Erçek (station VN07, Fig. 3) 397 

supports the change in character of the motion seen in the TSX range offsets. A final clue comes 398 

from the aforementioned field observations of Doğan and Karakaş (2013) around Kozluca 399 

village, to the west of Lake Erçek where surface fracturing was claimed to be associated with a 400 

coseismic left-lateral fault. 401 

To be able to explain these features we opt to increase the complexity of the model by 402 

introducing a second fault that follows the fracture zone mapped by Doğan and Karakaş (2013). 403 

We fixed the location and strike (N15°E) of the new segment using the information reported by 404 

the aforementioned paper and used a fixed a length of 5 km for the fault in the nonlinear step of 405 

the modeling. Except for its strike (fixed to N82°E), the parameters of the main fault are set free 406 

again. 407 

The final slip distribution due to this model is presented in Figure 11a. While the overall slip 408 

distribution along the main fault resembles the one in the single-fault scenario, the second fault 409 

shows mostly left-lateral strike-slip motion as expected from a tear/transform fault in a thrust-410 

faulting environment. This agrees well with the focal mechanism solutions reported by Işık et al. 411 

(2017). However, the errors estimated from the Monte Carlo analysis show that our dataset 412 

cannot reliably resolve some of the parameters of this segment (Supplementary Fig. S3). This is 413 

mainly because there are almost no data on the eastern side of the tear fault due to the presence 414 
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of Lake Erçek. In addition to a fixed length, a dip of 60°, which is somewhat gentler than 415 

expected for a tear fault, is kept fixed as it better explains the fringe pattern in the footwall block. 416 

  417 

DISCUSSION 418 

The addition of a secondary fault clearly helps explain the features outlined in the previous 419 

section in addition to improving the overall fit to the data (Table 2). The left-lateral movement 420 

along the secondary fault shifts the maximum subsidence toward Lake Van, as observed in the 421 

CSK interferogram and the overall fringe pattern follows the original data quite well. The 422 

easternmost extent of the main fault is now consistent with the TSX range-offset data, which 423 

shows a clear discontinuity to the south of our second fault (toward Gedelova) that we interpret 424 

as range change occurring in the first 8 days following the earthquake (denoted with a black 425 

arrow in both Figs. 9b [inset] and 10c). Because of the improvement in the fit to the CSK data by 426 

the addition of this segment, we think that the surface tensional cracks that were reported by 427 

Doğan and Karakaş (2013) near Kozluca were most probably due to a simultaneous coseismic 428 

movement. 429 

Elliott et al. (2013) was the first study to recognize the need for a second fault to explain the 430 

coseismic deformation by proposing a same-strike two-segment model (Fig. 12). While our main 431 

fault coincides with their western segment, their proposed eastern segment is not in agreement 432 

with the discontinuity that we observed in coseismic TSX range offsets south of Kozluca. It is 433 

clear that the morphology near Gedelova supports the existence of faulting as proposed by early 434 

field reports and then further discussed in their paper and later in the study of Mackenzie et al. 435 

(2016). However, our comparison tests using their published parameters show that the model 436 
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with a tear fault fits better to our CSK coseismic interferogram, eliminating the necessity of a 437 

second subparallel fault segment to the east.  438 

Another possible scenario could be a three-fault model that considers a complex rupture 439 

including the two parallel reverse-fault segments proposed by the studies of Elliott et al. (2013) 440 

and Wang et al. (2015), and the tear fault at Kozluca. Though plausible, we have not favored this 441 

scenario due to the discontinuity seen in the TSX range offsets. As discussed earlier, the 442 

geomorphology indeed has clear clues for an east-west oriented thrust fault near Gedelova; 443 

however, it is unlikely for an active thrust segment here to cut through the structure seen in the 444 

TSX offsets. In addition, this complex scenario did not offer a better fit to our primary CSK 445 

dataset when compared to our two-fault model (Supplementary Table S1, Supplementary Figures 446 

S4 and S5).  447 

The existence of left-lateral tear faulting is also supported by the study of Işık et al. (2017) in 448 

which a clear cluster of aftershocks with strike-slip mechanisms is observed along a narrow zone 449 

that starts with the Kozluca fault to the south and continues to the north for ~30 km toward the 450 

northeastern corner of Lake Van (Fig. 10d). The left-lateral character of the activity indicates that 451 

the Kozluca fault is probably a part of a tear/transform fault in the region. The possibility of a 452 

second segment is also supported by seismological studies. Similarly, Konca (2015) points out 453 

the difference in rupture velocity and/or rise time of the two slip patches that could be due to 454 

rupturing of the main fault and the tear fault. Based on postseismic GPS data, Dogan et al. (2014) 455 

also suggest that towards the east the earthquake rupture veers to the north running through Lake 456 

Erçek, supporting the presence of the tear fault we propose here.  457 

Similar settings where thrust faulting during an earthquake is accompanied by strike-slip 458 

movements on adjacent tear faults (or lateral ramps) have been known since the 1971 San 459 
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Fernando earthquake (Magistrale and Day, 1999). Other well-known examples of tear fault 460 

ruptures are the 1980 El Asnam, 1988 Spitak, 1994 Northridge, 2003 Zemmouri, 2005 Kashmir 461 

and 2008 Wenchuan earthquakes (King and Yielding, 1984; Philip et al., 1992; Belabbes et al., 462 

2009; Feng et al., 2017). Tear faults either act as a barrier to impede the rupture or instead help it 463 

to jump to adjacent thrust segments. It is also possible that (like the Xiaoyudong fault in the 464 

Wenchuan case) the Kozluca fault could be a remnant part of an old strike-slip fault that was 465 

reactivated due to the rupture on the main Van fault. Further studies in the region might clarify 466 

the nature and extent of this newly recognized structure, which acted as a barrier in the case of 467 

the 2011 Van earthquake. 468 

Fit to the near-field GPS stations is one area where our final model fails to improve on. As 469 

reported by Dogan et al. (2014) and Mackenzie et al. (2016), the area between the main Van fault 470 

and a splay fault to the south started deforming aseismically just after the earthquake. Using data 471 

from InSAR and a network of postseismic GPS stations, Dogan et al. (2014) proposed the 472 

existence of this splay and named it the Bostaniçi fault (Fig. 12). The near-field stations between 473 

the main Van fault and the Bostaniçi fault (i.e. VAAN and KAL2) could only be visited 7 days 474 

after the event; as can be seen in Figure 3, they were clearly under the influence of this rapid 475 

postseismic motion. Whereas KALL continued to move northwards as in the coseismic period 476 

(Fig. 5), VAAN and KAL2 started moving southwestwards in the same manner as the newly 477 

occupied stations VN02, VN03 and VN04 which all reside on the hanging wall of the main Van 478 

fault. Therefore, a discrepancy between our coseismic model and the GPS dataset is inevitable. 479 

We experimented with higher weights for the GPS dataset, but this did not significantly improve 480 

the fit. As in Dogan et al. (2014), an additional fault segment along the Bostaniçi fault is 481 
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necessary to explain the motion recorded by the GPS data. Instead of discarding this dataset; we 482 

opted to use them by adopting significantly low weights in our modeling.  483 

An early postseismic motion between Bardakçı and Bostaniçi is also evident in our coseismic 484 

InSAR data as well. The proposed Bostaniçi fault also coincides with the discontinuities 485 

observed in the coseismic CSK interferogram (Fig. 6c, black triangles). For the TSX data, the 486 

residuals shown with a red arrow to the south of our main fault in Figures 10c and 11c, in which 487 

positive values represent motion toward the satellite flying in an ascending orbit, suggest either 488 

an uplift or a left-lateral movement of this block. The southern boundary of these residuals 489 

coincides with the proposed Bostaniçi (Beyüzümü) fault. A later field study by Mackenzie et al. 490 

(2016) verified the postseismic movement along the western section of this discontinuity towards 491 

Lake Van. Both Dogan et al. (2014) and Mackenzie et al. (2016) agree on an overall model in 492 

which the Bostaniçi fault joins with the main Van fault to the north at depth. Judging by the 493 

distribution of the aftershocks in Figure 12, it is also possible that the 9 November 2011 Mw 5.7 494 

event occurred on the offshore extension of the Bostaniçi fault. The eastern extent of this fault 495 

and its relationship with our proposed Kozluca fault in the east is also unknown. Since the 496 

Bostaniçi fault cuts through the Van city center, further geophysical and geological studies are 497 

crucial to study the fault at depth. The most recent earthquake activity in Van city before the 498 

2011 event occurred in 1945, when buildings in the city center were reported to suffer heavy 499 

damage and collapses during the events that took place in the second half of that year (Lahn, 500 

1946). Even though it is not clear, these events may have happened on a section of this splay 501 

fault or on the shallower parts of the main Van fault; therefore, a thorough study is essential to 502 

evaluate the seismic hazard to the city. 503 
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Like the splay to the south, the westernmost extent of the main Van fault rupture is also of 504 

importance. Recent underwater studies outlined by Özalp et al. (2016) propose that the main 505 

coseismic fault (Van fault) extends into Lake Van for about another 9 km. The closure pattern of 506 

the southernmost fringes of the CSK interferogram also hints of a possible extension of the fault 507 

into Lake Van. However, due to lack of deformation data to the west, we opt not to use a longer 508 

main fault to avoid slip artifacts.  509 

While the occurrence of reverse and tear faulting is not surprising in a tectonic environment such 510 

as the Turkish-Iranian Plateau, its significance and role for the accommodation of the Arabian-511 

Eurasian convergence has been a matter of debate (Copley and Jackson, 2006; Fielding et al., 512 

2013). When compared with the well-known strike-slip structures in the region, the seismic 513 

hazard associated with them is poorly understood. The 2011 Van earthquake indicates that, in 514 

addition to strike-slip faults, thrust faults in the region such as the Gürpınar thrust to the south of 515 

Van (Fig. 12), could also be playing a major role in the accommodation of the convergence. The 516 

Van event and the lack of corresponding clear surface ruptures have also increased the awareness 517 

of hazards due to blind-faulting events in the region. 518 

CONCLUSIONS 519 

In line with the earlier published studies on the 2011 Van earthquake, the results of our work 520 

using satellite geodetic observations show that the event was caused primarily by a rupture along 521 

a north-dipping blind thrust fault. However, our model differs from earlier studies with the 522 

addition of a rupture along a tear fault to the west of Lake Erçek that pinpoints the eastern end of 523 

the rupture. Determining precisely where an earthquake rupture stops is an important parameter 524 

in seismic hazard analyses as high stress concentrations occur at the tip of the ruptures  (King et 525 

al., 1994). 526 
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To better delineate the fault structure beneath the surface, detailed geological and geophysical 527 

investigations in the future are necessary, leading to a better assessment of the seismic hazard 528 

around the city of Van. The splay fault that runs through the city center and its connection with 529 

the Kozluca fault should be studied in detail using a multidisciplinary approach. 530 

  531 
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DATA AND RESOURCES 532 

Most figures in this article were prepared using the Generic Mapping Tools (GMT) software 533 

package (Wessel and Smith, 1998). The Cosmo SkyMed data are from the Italian Space Agency 534 

(ASI) projects 2142 and 2296; Envisat and TerraSAR-X data are from the Group on Earth 535 

Observations (GEO) SuperSites project (http://supersites.earthobservations.org/van.php, last 536 

accessed February 2012) . 537 
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TABLES 795 
Table 1: Source parameters of the mainshock from seismology and geodesy based studies. 796 
Average rake values for our models are given inside parantheses (USGS: U.S. Geological 797 
Survey, GCMT: Global Centroid Moment Tensor Catalogue, Ekström et al., 2012). 798 
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USGS Centroid Moment 272 
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USGS Body Wave Moment Tensor 255 
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Fielding et al. (2013) 259 42.5 - 5.84 7.13 
Elliott et al. (2013) (two fault model) 254 
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40 
55 
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93 4.8 7.1 

Moro et al. (2014) 252 50.3 74.4  7.12 
Feng et al. (2014) 261.3 49 88 4.19 7.03 
Wang et al. (2015) 253 
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Trasatti et al. (2016) 263 50 72 5.5 7.1 
This Study (single fault) 262 54 Free 

(42.58) 5.55 7.13 

This Study (two fault model) 262 
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56 
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Table 2:  Dataset used in this study and related misfits (Bp, perpendicular baseline; dT, temporal baseline; rms, root mean square; 802 
CSK, Cosmo-SkyMed; ENV, Envisat; TSX, TerraSAR-X; GPS, Global Positioning System). 803 

 804 

Dataset Track Dates Bp 
(m) 

dT 
(days) 

Postseismic 
Period 

Captured 

Inc. 
Angle 

(°) 

Wave 
length 
(cm) 

Orbit Data 
points 

Weight 
(%) 

RMS 
Single 
Fault 
(m) 

RMS 
Two 

Faults 
(m) 

CSK - 10/10/2011 
23/10/2011  193 13 4 hours 29 X(3.1) Desc 678 74 0.0629 0.0341 

ENV 394 22/07/2011 
19/11/2011 221 120 27 days 41 C(5.6) Desc 53 3 0.0207 0.0232 

ENV 121 05/11/2010 
31/10/2011 138 360 8 days 41 C(5.6) Desc 365 16 0.0427 0.0501 

TSX 69 29/03/2009 
31/10/2011 -40 946 8 days 33.2 X(3.1) Asc 354 5 0.1453 0.1533 

GPS - - - - 7 days - - - 10 1.7 0.1054 0.0765 
Coastal 
Uplifts - - - - 2 days - - - 9 0.3 0.0945 0.0941 



FIGURE CAPTIONS 805 
Figure 1. Map of the Van region showing known active faults (black lines from Şaroglu et al., 806 

1992), shaded topography (from Shuttle Radar Topography Mission [SRTM] 90 m data), and 807 

focal mechanisms of several earthquakes. Solutions for the 2011 Van mainshock by different 808 

research groups/institutions are shown in orange, whereas green and red ones show solutions for 809 

a few aftershocks and previous events, respectively. The black star indicates the epicenter of the 810 

Van earthquake as determined by the Kandilli Observatory. The white, red, and black rectangles 811 

represent the Synthetic Aperture Radar (SAR) scene coverage of Envisat (T394 and 121), 812 

Cosmo-SkyMed (CSK), and TerraSAR-X satellites, respectively. The blue dashed rectangle is 813 

the area shown in Figure 3. The region marked with a black dashed line around Van represents 814 

the city center where most of the population is settled. The gray line connecting Van and Erciş is 815 

the highway mentioned in the Introduction. (Inset) Study area in the context of Eurasia–Arabia 816 

convergence, where the blue dot shows the location of Spitak, Armenia (AN, Anatolian plate; 817 

AR, Arabian plate; BZS, Bitlis Zagros suture; CA, Cyprus arc; DSF, Dead Sea fault; EAF, East 818 

Anatolian fault; EU, Eurasian plate; NAF, North Anatolian fault; NEAF, Northeast Anatolian 819 

fault).  820 

Figure 2. Aftershock activity for the first two days from the relocated catalog of Işık et al. 821 

(2017). Gray lines show the active faults from the former Turkish General Directorate of Mineral 822 

Research and Exploration (MTA) catalog of Şaroğlu et al. (1992). (a) Activity in the first 4 hr 823 

with the red rectangle representing the CSK scene coverage. (b) Activity during the rest of the 824 

day with (c) showing the activity on the second day. 825 

Figure 3.  Map of the epicentral area (black star shows the epicenter) marked with a blue dashed 826 

rectangle in Figure 1. Blue triangles represent part of the sites where coastal uplift was measured. 827 

The gray line is the Van–Erciş highway. The red dots are the locations where deformation on 828 

man-made structures was observed during the reconnaissance studies of Akyüz et al. (2011). The 829 

continuous part of the black line drawn between Lake Van and Erçek represents the zone where 830 

compressional structures were observed on the surface after the earthquake. The eastern dashed 831 

half of the same line represents the verdict of MTA researchers (Emre et al., 2011) as the 832 

continuation of the fault on the surface after an analysis of the surface morphology (via air 833 

photos, etc.). White dashed lines represent surface discontinuities reported by Doğan and 834 



 40 

Karakaş (2013). White arrows show the postseismic Global Positioning System (GPS) 835 

movement as reported by Dogan et al. (2014). 836 

Figure 4. (a) Photo showing an example of the surface deformation observed on man-made 837 

structures where around 7 cm of vertical displacement was measured on an irrigation channel 838 

(Location 2 at Akyüz et al., 2011, coordinates: 43.269319°, 38.578798°). Photo is toward the 839 

south. (b) Coastal uplift of ∼40 cm on the coast near Dağönü village measured two days after the 840 

event (photo from Emre et al., 2011). 841 

Figure 5. Coastal uplifts (Emre et al., 2011), coseismic GPS measurements and their related 842 

model predictions are shown with light blue, black, magenta and red (green for the vertical 843 

component) arrows, respectively. The model predictions are for the two-fault model shown in 844 

Figure 11. Yellow rectangles represent the surface projection of our proposed Van and Kozluca 845 

faults. 846 

Figure 6. (a) Cosmo-SkyMed interferogram of 11–23 October 2011. Each fringe represents 1.5 847 

cm of displacement toward the satellite. The black star shows the earthquake epicenter. (b) 848 

Enlarged view of the epicentral region showing the unwrapped line of sight (LOS) change, with 849 

positive values indicating movement of the ground up toward the satellite. (c) Enlarged view of 850 

the larger Van area. Black triangles represent the fringe discontinuities mentioned in the 851 

Discussion section.  852 

Figure 7. Comparison of the predicted LOS changes along profiles of the two-segment model 853 

(Fig. 11a) with (a) the CSK range offsets and (b) TerraSAR-X (TSX) range offsets, which were 854 

calculated at identified stable point-like scatterers. Profiles A–A′ and B–B′ are shown in Figure 855 

9. Red triangles show the surface up-dip projection of the main fault. NNW, north-northwest; 856 

SSW, south-southwest; NW, northwest; SE, southeast.  857 

Figure 8. (a) Mosaic of Envisat descending interferograms from tracks 121 and 394 that provide 858 

complete coverage of the coseismic deformation field. Here, every fringe represents 2.83 cm of 859 

displacement toward the satellite. (b) Enlarged view of the epicentral area of track 394. 860 

Coseismic fringes are mostly disconnected due to clear loss of coherence. (c) Enlarged view of 861 

the Envisat track 394 interferogram showing concentric fringes of the 9 November aftershock in 862 

Van city. (d) Surface deformation of the same aftershock captured by TerraSAR-X descending 863 

interferogram (9–20 November 2011). Note the disturbance of the fringes along a northeast–864 
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southwest-trending zone (indicated by white triangles) passing through the Van railway ferry 865 

port, which results from the reactivation of aseismic slip on a secondary fault.  866 

Figure 9. (a,b) Range and (c,d) azimuth pixel offsets from X-band, high-resolution SAR scenery 867 

of CSK and TerraSAR-X satellites, calculated on stable point-like scatterers. The two offshore 868 

points to the north (in b,d) are on the Adır Island. White dashed lines represent the profiles 869 

shown in Figure 7. Black dashed lines represent surface discontinuities reported by Doğan and 870 

Karakaş (2013). The dashed rectangle in (b) is the area shown in the inset.  871 

Figure 10. Modeling results for the single-segment model. (a) Slip distribution on the fault. (b) 872 

Data-model comparison of CSK-Interferometric Synthetic Aperture Radar (InSAR) data 873 

(rewrapped to 5 cm). (c) Data-model comparison of TSX SAR pixel offsets. (d) Focal 874 

mechanism solutions of aftershocks from the study of Işık et al. (2017). Blue and gray focal 875 

mechanism plots represent the strike-slip and dip-slip events, respectively. The red rectangle 876 

shows the border of the Cluster II of Işık et al. (2017). The yellow rectangle is the surface 877 

projection of our single-segment model fault.  878 

Figure 11. Modeling results for the two-segment model. (a) Slip distribution on the faults. The 879 

black dashed rectangle is the outline of the uniform-slip model for the main fault. (b) Data-model 880 

comparison of CSK-InSAR data (rewrapped to 5 cm). (c) Data-model comparison of TSX range 881 

offsets.  882 

Figure 12. Overview of the study area showing the surface projection of our proposed Van and 883 

Kozluca faults (yellow dashed rectangles) with the previous single-fault model of Fielding et al. 884 

(2013) (blue dashed rectangle) and the two-segmented fault model of Elliott et al. (2013) (green 885 

dashed rectangles). Solid parts of these three rectangles represent the up-dip surface trace of the 886 

model faults. Similar to Figure 3, red dots are the locations where deformation of man-made 887 

structures was observed during the reconnaissance studies of Akyüz et al. (2011). Dashed gray 888 

lines show the proposed main faults from the study of Dogan et al. (2014) in the north and the 889 

proposed Bostaniçi fault in the south. The solid part of the red line representing the Bostaniçi 890 

fault is the same as Dogan et al. (2014), whereas we propose in this study that it possibly extends 891 

northeast toward the Kozluca fault (red dashed line). The Gürpınar thrust is modified from 892 

Selçuk (2016). The focal mechanism and the gray circles representing the aftershock activity 893 

near the 9 November 2011 Mw 5.7 event are from Işık et al. (2017). 894 
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SUPPLEMENTARY INFORMATION 932 

Tables 933 

Table S1. rms values for the two-fault and three-fault models. 934 

Dataset Two-Fault Model (m) Three-Fault Model (m) 
CSK 0.0341 0.0442 

ENV (track 394) 0.0232 0.0240 
ENV (track 121) 0.0501 0.0439 

TSX 0.1533 0.1300 
GPS 0.0765 0.0804 

Coastal uplifts 0.0941 0.1099 
 935 
Figures 936 

Figure S1. Comparison of the descending mode Envisat InSAR data from tracks (a) 394 and (b) 937 

121 with the predicted values from the two-segment model presented in Figure 11 in the main 938 

article. The line of sight (LOS) changes are rewrapped to 5 cm. As discussed in the main article, 939 

only the northern portion of the frame from track 394 is used in modeling. 940 

Figure S2. Fault parameter trade-offs for the main segment presented in Figure 11 in the main 941 

article. Blue dots in the scatter plots represent the best-fit solution for each of the 100 perturbed 942 

datasets. The correlation coefficients are displayed at the lower right side of the panes. The 943 

histograms in the bottom row show the distribution for each fault parameter with the red vertical 944 

lines indicating the 95% confidence interval bounds. 945 

Figure S3. Fault parameter trade-offs for the secondary segment presented in Figure 11 in the 946 

main article. Blue dots in the scatter plots represent the best-fit solution for each of the 100 947 

perturbed datasets. The correlation coefficients are displayed at the lower right side of the panes. 948 

The histograms in the bottom row show the distribution for each fault parameter with the red 949 

vertical lines indicating the 95% confidence interval bounds. 950 

Figure S4. Slip distribution for the three-fault model. 951 

Figure S5. Data-model comparison of Cosmo-SkyMed (CSK)-InSAR data (rewrapped to 5 cm). 952 

Purple lines are the up-dip projections of the faults. 953 
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