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Abstract: A Mw 7.1 earthquake struck the Eastern Anatolia, near the city of Van (Turkey),
on 23 October 2011. We investigated the coseismic surface displacements using the InNSAR technique,
exploiting adjacent ENVISAT tracks and COSMO-SkyMed images. Multi aperture interferometry
was also applied, measuring ground displacements in the azimuth direction. We solved for the fault
geometry and mechanism, and we inverted the slip distribution employing a numerical forward
model that includes the available regional structural data. Results show a horizontally elongated
high slip area (7-9 m) at 12-17 km depth, while the upper part of the fault results unruptured,
enhancing its seismogenic potential. We also investigated the post-seismic phase acquiring most of
the available COSMO-SkyMed, ENVISAT and TERRASAR-X SAR images. The computed afterslip
distributions show that the shallow section of the fault underwent considerable aseismic slip during
the early days after the mainshock, of tens of centimeters. Our results support the hypothesis of a
seismogenic potential reduction within the first 8-10 km of the fault through the energy release during
the post-seismic phase. Despite non-optimal data coverage and coherence issues, we demonstrate
that useful information about the Van earthquake could still be retrieved from SAR data through
detailed analysis.

Keywords: SAR interferometry; multi aperture interferometry; Van earthquake; remote sensing;
numerical modelling; inverse methods; coseismic deformation; post-seismic deformation

1. Introduction

A Mw 7.1 earthquake struck the Eastern Anatolia at 10:41 a.m. on 23 October 2011 (Figure 1).
The epicenter was approximately located at 38.76°N, 43.36°E (Turkish Kandilli Observatory and
Earthquake Research Institute, KOERI) at a depth of about 16 km, with considerable spatial variations
of centroid and aftershocks solutions among different international seismological institutions, of the
order of tens of kilometers. The earthquake, located close to the Tabanli village, about 20 km N-NE the
city of Van (about 400,000 inhabitants), caused significant losses and casualties. The focal mechanism
indicates an ENE-WSW thrust fault, consistent with the trend observed in eastern Turkey, SW of
the Karliova junction along the Arabian plate boundary [1], with an additional minor left-lateral
component. The epicenters of the ~1400 M > 3 (5300 events M > 1) aftershock registered until the end
of January 2012 are ~NE-SW aligned. The focal mechanisms of the Mw > 5 aftershocks confirm the
dominant thrust component (Figure 1) apart from the M 5.1 event of 29 October 2011 which shows a
right-lateral strike-slip mechanism. Another earthquake of Mw 5.7 (labeled Edremit-Van earthquake
according to KOERI) took place on 9 November 2011. It was located offshore, near the town of Edremit,
South of Van, and increased the level of structural damage.
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Figure 1. Map of the Mw 7.1 Van earthquake (green star) and related aftershocks until the end of 2011.
The Edremit-Van earthquake epicenter is indicated with the purple star. The aftershocks (green before
the Edremit-Van earthquake, purple after) are from [2] and KOERI. The available focal mechanisms
of M > 5.0 events from Global-CMT earthquake catalog and [3] are shown. Near field GPS stations
(MURA and OZAL) are indicated by black triangles.

The Van earthquake occurred along a fault that was not previously mapped among the active faults
of the region [4], but has been included afterwards [5]. The rupture induced aftershocks on secondary
structures, several surface tensional cracks of tens of centimeters, landslides and liquefactions
(e.g., [6,7]). Since the length of the surface ruptures does not justify the mainshock magnitude,
part of the main fault of the Van earthquake should be considered as blind. Furthermore, along with
the main thrust plane, secondary back thrust and left/right lateral fault ruptures occurred [7]. It is not
clear whether these fault ruptures are directly connected to the main rupture at depth or not.

Initially, the seismic fault was imaged by [8] in a preliminary seismic data inversion. Results
show a maximum slip patch of 4 m at the hypocentral depth (1620 km), mainly elongated up-dip
toward SW. Irmak et al. [9] used 35 teleseismic stations to obtain a rupture with bilateral propagation
nucleating at greater depths, ~20 km. Other teleseismic inversions described a rupture dominated by
failure of a major asperity located up-dip and SW of the hypocenter [10]. The rupture history results
indicated above are not in accordance with each other, due to the few seismic recordings in the region
and the limited spatial coverage of the seismic stations. The main consequence is a poor estimate of
the seismic hazard of the earthquake area. Gallovi¢ et al. [11] presented different models to illustrate
the broad variability of possible rupture propagation, depending on the unfavorable seismic data
constraints. Akinci & Antonioli [12] used a stochastic approach to overcome the described limitations
in order to study the characteristics of ground motion. Fielding et al. and Elliott et al. [3,13] presented
two comprehensive studies on the Van earthquake using geodetic, seismological and field observations.
The rupture propagated along the dip direction of the fault from the waveform modeling, with two
maximum slip zones close and above the hypocenter [3]. The seismological and geodetic inversions
both constrain the slip in an area extending about 30 km along strike. Elliott et al. [13] used a pair
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of en echelon NW, 40°-54° dipping faults, finding the slip distributed within two separated large
concentration zones (one for each fault). Results show the lack of significant slip above 8 km depth,
implying a potential future rupture in the shallower part of the faults [3,13-15]. However, GPS data
covering 1.5 years after the mainshock to model afterslip, suggested a lower likelihood for a large
earthquake to occur in the SW shallow sector of the fault [16].

In this paper, we have analyzed Synthetic Aperture Radar (SAR) data in order to image the
coseismic and post-seismic deformation of the Van earthquake, mapping also coseismic fractures
and landslides. We have constrained the slip distribution on the main fault using Line Of Sight
(LOS) and azimuth (~NS) components of ground displacement obtained from SAR data. We used
a numerical fault modeling approach (by means of Finite Elements (FE)) in order to consider the
elastic heterogeneities of the Van province. The 3D model was derived from tomography and receiver
functions studies, and allowed us to investigate the possible structural control on the retrieved fault-slip
source. We focused on the contribution of the ground deformation observations to the understanding
of the main features of the Van earthquake sequence. Some of the SAR data employed in our work
were previously published (e.g., [3,13-15]), but in this study we performed a detailed analysis of
most of the available SAR data in order to give insights to the seismic hazard of the region despite
non-optimal data coverage and coherence issues.

2. Tectonic Settings and Structural Data

The Anatolian plateau is geologically complex, and is dissected into numerous seismogenic faults.
The compound lithospheric structure is accompanied by large seismic wave velocities variations,
and the seismic activity is intense along highly heterogeneous zones (e.g., [17]). Unfortunately, little
information is available at smaller scale, e.g., for the epicentral area of the Van earthquake. The Lake
Van basin is located near the Karliova triple junction between the Anatolian microplate and the
Eurasian and the Arabian plates, and this allowed materials upwelling from the Earth’s mantle to
accumulate in Lake Van and in the nearby volcanic area of Nemrut volcano [18]. Lake Van was the
drill site of an International Continental scientific Drilling Program (ICDP) called PALEOVAN [19,20].
The seismic survey related to ICDP PALEOVAN revealed tephra deposits due to the historical activity
of Nemrut volcano, and very localized features, such as clinoforms extending few hundreds of meters.
However, the physical properties reported are related to very shallow depths, and therefore unable
to characterize the whole seismogenic zone. Salah et al. [20] computed a 3D tomography of the crust
beneath the eastern Anatolia (between latitudes 37.0°N—-41.0°N and longitudes 38.0°E-44.5°E) from
P-waves and S-waves (Vp and Vs, respectively). The Lake Van area is associated with a heterogeneous
velocity structure. High Vp and Vs anomalies are constrained near the surface, while low velocity
zones are widely present at 20-30 km depth. The Moho depth in the Van Province is estimated to be at
42-44 km depth [17]. The low velocity anomalies are interpreted as being caused by hot lithosphere
resulting from the Arabian-European plates collision, while high Vp and low Vs (corresponding to a
high Poisson ratio anomaly) imply the presence of fluids ascending upward from the hot lithosphere.

We took advantage from the numerical modeling approach to include in our models the elastic
structure as imaged by the tomographic study [20]. In addition to these data, we considered Vs values
in the epicentral area resulting from joint inversion of teleseismic receiver functions and surface waves
by [17] at the stations VANB and CLDR.

3. Coseismic Ground Deformation and Modeling

3.1. Coseismic Geodetic Data

We processed a total of 32 SAR images (Table S1 in the Supplementary Data) from both X-Band
(COSMO-SkyMed and CSK) and C-Band (ASAR ENVISAT, and ENV) satellites along the descending
orbit using the software packages Sarscape [21] and Gamma [22]. Unfortunately, the ascending orbit
data could not be considered since the first pre-seismic image was too far in time, ca. 3 years before the
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mainshock, and was not suitable to produce coherent interferograms. It is also worth to mention that
an ascending coseismic TERRASAR-X (TSX) pair exists [23], but it shows serious coherence issues due
to the very large temporal baseline (pre-seismic image acquired on the 2009).

We adopted two different interferometric techniques to retrieve the coseismic displacement field,
the classical Differential SAR Interferometry (INSAR) and Multi Aperture Interferometry (MAI) [24].
These techniques allow for the cross-validation of independent results, although with different spatial
resolution and accuracy. The INSAR images were generated with 10 m pixel ground resolution for CSK
(multilooking factor equal to 5 in azimuth and range) and 90 m for ENV (multilooking factor equal to
20 for the azimuth and 4 for the range), using a 30 m DEM from the ASTER mission to remove the
topographic phase contribution and for geocoding. A set of ground control points was chosen from
highly coherent regions located outside the high displacement area, in order to estimate and remove
the contribution of orbital uncertainties. A filtering step was performed, based on the Goldstein
algorithm [25]. Finally, the phase unwrapping was performed applying the Delauney minimum cost
flow algorithm [26] to minimize possible phase jumps. The MAI analysis was carried out using a
cross-correlation window size of 400 m x 400 m. The characteristics of the coherent SAR interferograms
are sketched in Figure 2 and listed in Table 1, while the measured coseismic displacement field is
shown in Figure 3. The range measurements (CSK1, Figure 3a) cover a large part of the coseismic
displacement field and show maximum LOS values of less than 1 m towards the satellite in the North,
decreasing southwards. The azimuth measurements (Figure 3b) confirm the compressional kinematics
(northern sector negative and southern sector positive) with extreme values located in the same area
of the LOS highest values. The displacement maps obtained from the two ENV interferograms from
adjacent tracks show very different coherence. The first one (ENV1, Figure 3c) captures the eastern
part of the ground displacement with a good spatial coverage in spite of the large baselines (Figure
S1), showing 44 cm maximum LOS displacement. The second interferogram is much less coherent
(Figure 52). The phase unwrapping was very problematic and we eventually resolved to unwrap
the clearest fringes using a manual procedure involving visual interpretation of the fringe continuity
in three different areas of the image. The analysis was carried out given the important constraint
provided by the coverage of the very near field coseismic area. This procedure generated ground
displacement values (ENV2, Figure 3d) affected by a somewhat higher uncertainty, estimated as
1-2 fringe uncertainty. The superposition with CSK1 in the western part of the image was used to
choose an offset for the unwrapped phase, and it was useful for a comparison.
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Figure 2. Graphical representation of the interferograms’ time span during the coseismic and
post-seismic phases.
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Figure 3. InSAR results: (a) CSK range results (i.e., LOS direction); CSK1; (b) CSK azimuth results
(positive Northwards); (¢) ENV1, LOS displacements; and (d) ENV2, LOS displacements. SAR data
details can be found in Table 1; (e) Data along the profile AA’: CSK1 (range measurements, black), CSK
(azimuth measurements, red), and ENV2 (LOS measurements, blue). The grey vertical band indicates
the fault trace (F1) and its uncertainty (~1 km). The green star is the hypocenter.
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Table 1. Characteristics of the interferograms used to map the coseismic and post-seismic phases.

Temporal

Mission Orbit Acquisition Phase 2 Perper}dlcular Baseline Inc1den§e Fringe
Dates Baseline (m) Angle (°)  Rate (cm)
(days)
COSMO-
SkyMed Descending ;g 82:25:11: ;gﬂ Co 192 13 29 1.6
(CSK1)
ENVISAT . 5 November 2010
(ENV1) Descending 31 November 2011 Co 633 360 41 2.8
ENVISAT . 22 July 2011
(ENV2) Descending 19 November 2011 Co 270 120 41 2.8
COSMO-
SkyMed  Descending ;Z 82:2;’: ggﬂ Post 307 3 29 16
(CSK2)
COSMO-
SkyMed  Descending 1 ; ?\I%\C/te(;zﬁref%} 1 Post 79 23 29 1.6
(CSK3)
Terrasar-X . 29 October 2011
(TSX1) Descending 9 November 2011 Post 292.2 11 26.3 1.6
Terrasar-X . 9 November 2011
(TSX2) Descending 20 November 2011 Post 115 11 26.3 1.6
Terrasar-X . 31 October 2011
(TSX3) Ascending 11 November 2011 Post 190 11 33.2 1.6

2 Co is referred to the coseismic phase, Post is the post-seismic phase.

The profile AA’ (Figure 3e), across the extreme LOS values and close to the epicenter, shows
a continuous pattern of ENV2 and CSK1 datasets. The grey vertical band (F1) reports the fault
trace position (within errors) resulting from our following geophysical inversion and corresponds to
the steepest ground displacement gradient. Both the range and azimuth results from CSK show a
compressive regime and a halfway discontinuity. The spatial continuity between the CSK1 and ENV1
unwrapped interferograms is shown in Figure S3.

3.2. Fractures and Landslides from InSAR Data

The Van earthquake caused some surface ruptures, mapped during field work and summarized
by [7] and references therein. We analyzed the high resolution CSK wrapped InSAR image in order to
identify phase jumps and fringe discontinuities corresponding to surface fractures. We distinguished
two families of subparallel discontinuities ~ENE oriented and located at about 38.57°N (FA) and
38.64°N (FB), as shown in Figure 4. The group FA is approximately located along the surface projection
of the mainshock fault plane, and it corresponds to the main surface rupture, approximately 8 km
long, as described in [7]. Another fringe discontinuity group, FB, occurred close to the lobe of largest
coseismic LOS deformation. These discontinuities are compatible with a set of probable ruptures
related to secondary left-lateral strike-slip structures activated during the Van seismic sequence, as
suggested by [7] and shown in their Figure 4.

Additional anomalous fringe patterns and/or decorrelation areas can be found in Figure 4A.
Some of these patterns could be due to surface phenomena related to the earthquake occurrence,
like landslides. Indeed, the coseismic shaking could activate landslides characterized by a deep
or shallow rupture surface (e.g., [27] and references therein). By analyzing the CSK wrapped
interferogram, we identified a landslide type called Deep-seated Gravitational Slope Deformation (DGSD),
located about 43.5123°E, 38.6244°N (landslide 1 in Figure 4A-C). This type of phenomena is normally
characterized by variable deformation rates from less than 1 mm to few centimeters per year, and they
could be triggered by seismic events or heavy rainfall. Moreover, DGSDs are often revealed with
geomorphological evidences, such as double crest ridges, counterscarps or gravitational half-grabens.
Some of these features, such as crest ridges and counterscarps, were also recognized for the landslide
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1 of this work. In the CSK interferogram, the area involved by the DGSD shows a different fringe
pattern. In particular, the spacing between the fringes into the landslide body appears to be larger (and
chaotic) with respect to the area nearby the landslide, where the fringe spacing is regular and follows
the pattern due to the coseismic displacement (Figure 4B). This is also observable in the along-slope
displacement profile (green stripe in Figure 4C) from the CSK unwrapped phase, where we observe
the regular coseismic displacement distorted by a well-localized displacement pattern related to the
coseismic activation of the DGSD. Indeed, the signal corresponds to the landslide body that moves
downstream as an independent mass, and it is characterized by a different dislocation of the upper part
of the landslide body with respect to the accumulation zone. In addition, North of landslide 1 there are
three small areas where a loss of coherence occurs (Figure 4A,B). The regular fringe pattern is sharply
interrupted in correspondence of these areas: this phenomenon could be associated to sudden motion
temporally occurred between two SAR acquisitions. By comparing the InNSAR fringes with optical
imagery, we identify three landslides (labeled 2, 3 and 4 in Figure 4A,B,E) located near the epicenter
area, suggesting the occurrence of additional coseismic displacement due to the seismic shaking.

387°N

3863°N  3867°N

z
o
2

Figure 4. Fractures and landslides from InSAR: (A) wrapped phase of the CSK interferogram, where
some crack lineaments (FA and FB, purple lines) and landslides (blue lines) are recognized; (B) zoomed
view of the landslides; (C) Google Earth view from South of landslide 1 (red lines); and in green the
displacement profile shown in (D), where the two red bars indicate the DGSD body; (E) Google Earth
view from NNW of landslides 3 and 4, indicated in red.

3.3. Model of the Mainshock Source

The geodetic data collected were used to retrieve the coseismic slip distribution of the mainshock
fault through an inversion procedure. We adopted a two-step inversion framework, initially optimizing
the source parameters [28] using a non-linear inversion algorithm, followed by a Bayesian study on the
inverted parameters (Neighborhood Algorithm (NA) [29,30]). This procedure settles the most probable
ensemble of solutions, instead of a single best-fit model. In the second step, the defined fault plane
is accepted for FE modeling with the commercial code [31]. The slip distribution was constrained
through a linear inversion in the heterogeneous FE forward model, adopting a procedure already
tested in seismic source inversions [32].
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The SAR datasets were subsampled in a regular grid with a step of 1 km (except for ENV1,
subsampled with a step increasing according with the epicentral distance), obtaining a total of 5314
data points. In addition to the SAR data, we considered the coseismic GPS data belonging to the
Turkish CGPS network. The stations are spread in a region of 350 km x 450 km, and only two stations
(MURA and OZAL) out of 16 in total are included in the largest ENV1 frame, i.e., within 50 km from
the epicenter (Figure 1).

We carried out several tests during the non-linear inversions in order to balance the weight of the
SAR and GPS data (e.g., [32]), and to limit the trade-offs among fault parameters (e.g., top left corner
coordinates and strike, fault width and depth). In the preferred non-linear inversion configuration,
the GPS misfit weighs 5% respect to the SAR misfit, due to the very high signal-to-error ratio of the GPS
dataset and the presence of only two near-field GPS benchmarks. The fault width and dip were fixed
at 18 km and 50°, respectively (e.g., [8,9], and within the ranges proposed by [3,13]). Both the fault
width and dip could be estimated from accurate aftershock locations in 3D, but even in the relocated
catalogue from [2], the seismicity is too scattered for this purpose (Figure 5b). A down-dip rupture
width of 20 km for a M 7.1 reverse slip earthquake was estimated [33].

a) b)

390 B Ercis et
s, o

o i

o —

A
151 :
- o~
8] X
@D -t

38.5° |
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Figure 5. FE model of the Van Earthquake: (a) Top view of the model. The uniform slip fault is reported
by green line while the fault plane used to retrieve the slip distribution is indicated by the black line.
Surface ruptures constrained by InSAR are indicated by purple lines. The green star is the hypocenter
and the orange dots are the surface nodes of the FE model; (b) Rigidity distribution on the section AA’
(see Figure 3) and on the fault plane within the heterogeneous FE model, view from West. The external
edges of the FE model are shown with ochre lines. The seismicity within few kilometers from the
section is reported by ochre spheres.

The resulting values of the free parameters are reported in Table 2, while the Posterior Probability
Density (PPD) functions are shown in Figures 54 and S5. The source parameters are well constrained
since the PPDs have narrow bell-shaped distributions. The uncertainties of the obtained parameters
are taken from the half-widths of the distributions themselves. The length (L = 24 km) is the worst
constrained parameter and shows trade-offs with the Easting, Northing and slip of the fault. This is
not surprising since minor variations of the fault position may be accommodated by small adjustments
in the fault length and slip amount, in order to reproduce the surface displacement pattern. A minor
trade-off between the strike angle and Northing is also to be mentioned. Data inversion shows that the
thrust fault mechanism has a minor left-lateral component, being the rake equal to 72°, as expected
from the focal mechanism (Figure 1). The fault trace, obtained extending the fault plane to the free
surface, follows the surface fractures (Figure 5a) and corresponds to the displacement discontinuity
shown in the profile in Figure 3e (fault F1). The computed scalar seismic moment is 5.5 x 10'* Nm,
using a rigidity value of 35 GPa (average of fault rigidities depicted in Figure 5b), corresponding to
Mw 7.1. The error associated to the scalar moment is estimated from its PPD distribution as 10%—-15%
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its mean value (Figure S5). All the source parameters constrained are in accordance, within their
uncertainties, with previous findings, e.g., the InNSAR inversions by [13]. Residuals are reported in
Figures S6 and S7.

Table 2. Fault parameters retrieved by non-linear inversion.

Depth &P Length b Width ¢ Strike P Dip € Slip b Rake P
(km) (km) (km) ©) ©) (m) ©)

38.676 43.506 87405 240+ 11 18 263 + 4 50 36£05 7245

2 The fault position (latitude, longitude and depth) is referred to the top left corner; ® The standard deviation of
every parameter is estimated from the half-width of the PPD distributions (Figure S4). The standard deviations
retrieved are 800 m for the latitude and 600 m for the longitude; © The parameter is fixed from literature (see
text for details).

Latitude *®  Longitude P

We then proceeded to constrain the slip distribution in a 3D numerical model, employing
the fault geometry determined above. The fault dimensions were enlarged up to L = 36 km and
width W = 30 km, maintaining the same dip, strike and trace center, and extending the plane till the
surface. The 3D FE model is made of ~200,000 8-node brick elements (partial layout depicted in
Figure 5). The whole FE cylindrical domain has a diameter of 440 km and height 170 km, to avoid
undesirable boundary effects. The grid resolution is 1 km in the fault near field, and increases
up to 10-20 km in the far field (bottom and edges). The fault plane is subdivided into patches of
2 km side. The elastic structure of the FE model was computed from the Vp and Vs data resulting
from tomography [20] and receiver functions studies [17]. Although the tomography by [20] is
one of the few tomographic studies of the region, it is rather coarse for our purpose since it is
referred to a regional scale, with horizontal resolution of 20-30 km and layers at 4/12/25/40/55 km.
The velocities were converted into elastic parameters using a density profile linearly increasing with
depth, as the Vp increases, p = 541 + 360Vp [34]. Each element of the grid was characterized by
independent constants without layering approximation [32]. The FE domain assumed the following
values: rigidity 20 GPa < p < 63 GPa, Poisson coefficient 0.17 < v < 0.33 and density 2400 kg/m? < p <
3300 kg/m3. The fault plane was characterized by a smaller variability of elastic constants: 30 GPa
< u <40 GPa, 0.25 < v < 0.31 and 2700 kg/ m3 < p <2900 kg/ m?3. Similar results were also obtained
along the AA’ profile perpendicular to the fault strike (Figure 5b). Once the FE model was set up,
elementary Green’s Functions were computed by applying unitary slips on each patch separately,
and the obtained surface displacements were recorded in a matrix. In this way, the slip distribution
was optimized in the heterogeneous medium. The full procedure was described in [32], while the
slip distribution was obtained through a linear inversion procedure based on the singular value
decomposition (e.g., [35]). The slip uncertainty was calculated according to the standard rules for
uncertainty propagation cov,, = G 8cov,G 8T, where cov,, and cov, are the variance /covariance
matrices of the observed data and model parameters, respectively, and G™¢ is the generalized inverse
of the linear system. The standard deviation of the slip is the root of the cov,, diagonal values.

The slip distribution is characterized by a main zone of slip concentration expanding along
strike between 12 km and 17 km depth (Figure 6a). The high slip zone is horizontally drop-shaped
and extends up-dip from the hypocenter. It becomes thinner and shallower in the SW part of the
fault. The maximum slip amounts to 8.4 m, and no significant slip is retrieved at shallow depths,
above 7-9 km depth, in accordance with previous findings (e.g., [13]). The fractures of the group FB
detected in Section 3.2 correspond to the vertical projection of the upper limit of the slip area in the SW
part of the fault. The high slip gradients at the edges of this area may have concurred to the generation
of these fractures. The errors associated to the slip distribution amount to few centimeters at shallow
depths and increase up to more than 1 m at the fault bottom (Figure 6b). The area of high slip is
characterized by uncertainties of 20-30 cm. The scalar seismic moment, determined by taking into
account the actual rigidity associated to each patch within the FE model, is 5.0 x 10! Nm, equivalent
toMw 7.1.
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0.0
43.8°

Figure 6. Fault slip distribution retrieved from geodetic data: (a) fault slip distribution; and (b) error
associated. The surface fractures are reported by purple lines, and the Van earthquake epicenter by the
green star.

Figure 7 shows comparisons between data and model. The datasets are rather heterogeneous,
being composed by four coseismic displacement maps having different characteristics in terms of
spatial coverage and associated errors, plus the GPS displacements. The whole pattern of the LOS
displacements is generally reproduced and the agreement between data and model is within the
related errors with percentages of 83.4% (CSK1), 99.8% (ENV1), and 95.6% (ENV2). Larger differences
are observed between the azimuth direction data and model (71.9% of residuals are within errors)
and GPS (only 52% within errors, full coverage residual map in Figure S8). The bad fit with GPS data
is due to the regional scale of the GPS network, extending behind the coseismic far field, and their
reduced weight in the misfit function. Even if positive residuals are found near Van, the NS data help
to reduce the single orbit constraint of CSK1, ENV1 and ENV2. This is particularly compelling due to
the specific fault orientation (~EW) of the Van earthquake fault.
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Figure 7. Cont.
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8
Figure 7. Comparisons between observed data (first column) and predictions (second column) related
to the coseismic displacements of the Van earthquake. The residuals are observed minus modeled data
(third column): (a-c) CSK1 (1210 data points); (d—f) CSK azimuth data (891 points); (g-i) ENV1 (2317
data points), near field GPS displacement vectors are also reported (black, observed; red, computed);

and (j-1) ENV2 (896 data points). The green star is the hypocenter while the fault embedded in the FE
model is indicated in black, with slip contour each 2 m.

4. Post-Seismic Ground Deformation and Modeling

4.1. Post-Seismic Geodetic Data

Table 1 and Figure 8 report the CSK and TSX image pairs used to measure the post-seismic
displacements, selected from a larger number of images, including ENV (Table S1). We exploited the
SAR dataset (Table S1) by computing several post-seismic pairs. Complete multi-temporal processing
was not possible because of the low number of available acquisitions. The main problem with
the post-seismic INSAR results was the interferograms’ decorrelation due to the snow coverage and
atmospheric effects. To reduce the influence of these limitations, we selected a CSK pair with a temporal
baseline of only three days (and about 300 m for the normal baseline), whose master is 23 October 2011.
In this way, we minimized the decorrelation contribution due to the temporal baseline. Moreover,
we reduced the decorrelation noise by multilooking with a factor 11 in azimuth and in range, in order to
get a pixel ground dimension of 25 m. Once the differential interferogram was computed, filtering and
phase unwrapping were performed similarly to the coseismic data analysis. The obtained descending
interferogram (CSK2, Figure 8a) shows a belt of positive values (up to 11 cm LOS) in the hanging wall,
close to the fault trace. Some residuals due to atmospheric artifacts are present in the southern part of
the interferogram, quite far from the high displacement area. Few centimeters of negative deformation
are found in the northern part of the image. Another CSK interferogram is between the mainshock
and 15 November 2011 (CSK3, Figure 8b), with longer temporal baseline and showing values up to
16 cm LOS. However, the Edremit-Van earthquake (9 November 2011) is included in this temporal
span, and the displacement pattern located South of Van may be attributed to this Mw 5.7 event.
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Figure 8. Post-seismic INSAR results from CSK and TSX satellites: (a) CSK2; (b) CSKS3; (c) TSX1;
(d) TSX2; (e) TSX3; and (f) difference between CSK3 and TSX2 (see text and Table 1 for details).
Master/slave dates are indicated, along with the days after the mainshock in brackets. The green star
is the mainshock epicenter and the purple star is the Edremit-Van earthquake epicenter (shown only if
included in the temporal baseline).

From the exploitation of the TSX dataset, we obtained two descending orbit interferograms
spanning from few days after the Van earthquake to few hours before the Edremit-Van earthquake
(TSX1, Figure 8c) and from before the Edremit-Van earthquake to 20 November 2011 (TSX2, Figure 8d).
We use the same multilook factor as CSK, 11, in range and azimuth. TSX1 shows a pattern similar
to CSK2 and CSK3, with highest LOS displacements close to the shore of Lake Van, North of Van.
The signal in TSX2 between Van and the shore may be associated to the displacement due to the
Edremit-Van earthquake. Only one pair of ascending TSX images provided good results in terms of
coherence (TSX3, Figure 8e). The map shows displacements strongly affected by both the post-seismic
deformation of the Van earthquake and the deformations due to the Edremit-Van earthquake. As a final
remark, we exclude that the observed signals are due to atmospheric artifacts since the post-seismic
deformation is found in all the interferograms in Figure 8.

In order to obtain a better representation of the temporal evolution of the Van earthquake
post-seismic deformation, we attempted to remove the geodetic signal of the Edremit-Van earthquake
by subtracting the TSX2 displacements from the CSK3 displacements. The CSK3 image spans from the
mainshock to 15 November 2011, while the TSX2 master image was acquired few hours before the
Edremit-Van earthquake and the slave image is dated 20 November 2011. In this process we assumed
that the CSK and TSX satellites had the same LOS (there are few degrees of difference in the looking
angles) and that the five-day difference between the two slave images carried negligible post-seismic
displacement. In this way, we obtained a map of 17-day displacements from the mainshock to the
Edremit-Van earthquake, excluding the latter. The result, shown in Figure 8f, has an oblique belt of
positive displacements near the fault trace, similarly to the three-day post-seismic interferogram CSK2,
to TSX1 and to the original CSK3 (Figure 8a—c). High positive displacements are located close to the
Lake Van shoreline, near the town of Bardakgi, for a maximum amount of 14 cm. The area corresponds
to the place of surface ruptures as documented by [7], and confirmed by this work.
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4.2. Afterslip Modeling

To study the post-seismic phase of the Van earthquake we assumed that the ground displacements
were generated by the afterslip on the coseismic fault. The afterslip distributions are computed
by means of the FE model adopted in the coseismic phase. The three-day afterslip constrained
by CSK2 (Figure 9) shows a shallow distribution that extends from Lake Ercek, where it reaches
~30 cm, toward the WSW close to Lake Van. The high slip patch is shallow, between 1 km and
7 km, in opposition to the coseismic results in Figure 6. The slip distribution uncertainty is shown
in Figure S9. The geodetic moment, computed using the actual rigidity values on the fault, amounts
to 9.8 x 10 Nm, corresponding to an equivalent Mw 5.9 (similarly to [13]). A band of positive
residuals is found near and across the fault trace (Figure 9c), while in the northern area (hanging
wall) the residuals are lower and negative. The residuals are at 78.9% within the data error (1.5 cm).
These residuals may imply different fault geometry at shallow depths.
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Figure 9. Post-seismic INSAR data and modeling (three-day temporal baseline): (a) subsampled
CSK2 data (step of 500 m, 5660 data points); (b) modeled LOS displacements and the fault afterslip
contour each 10 cmy; (c) residuals (observed minus modeled data); and (d) related afterslip distribution.
The green star is the mainshock epicenter.

Results from the afterslip computations related to the 17-day displacements are shown in Figure 10.
The afterslip distribution shows two separate areas of slip concentration, both in the upper part of the
fault, above 9 km depth. The larger one is located in the eastern part of the fault, and broadens the slip
pattern already found in the first three days, reaching about 40 cm of slip. The second is located in
the very shallow fault, at 3-4 km depth in the western sector of the fault, close to Lake Van. Data and
model show quite similar patterns, but an area of positive residuals is found between Bardakgi and
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Van. Unfortunately, the inverted data have low coherence in the high slip area (due to loss of coherence
of both satellites from which it is computed), where higher values were expected, according to the
inferred slip. The residuals are at 88.6% within data errors, considering a larger error (3 cm) due to the
procedure used to isolate the displacement for the 17-day temporal baseline. The computed geodetic
moment in the FE heterogeneous medium is 1.6 x 10'® Nm, corresponding to Mw 6.1. The three-
and 17-day post-seismic energy releases amount to 1/50 and 1/30 of the coseismic energy release,
respectively. From the total energy released in 17 days post mainshock, ~60% was released in the first
three days. A further aseismic release of ~10'” Nm (equivalent to Mw 6.6) from the end of November
2011 for 1.5 years was computed [16].
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Figure 10. Post-seismic INSAR data and modeling (17-days temporal baseline): (a) subsampled data
(step of 500 m, 1590 data points) computed from the difference between images CSK3 and TSX2
(see text for details); (b) modeled LOS displacements and the fault afterslip contour each 10 cm;
(c) residuals (observed minus modeled data); and (d) related afterslip distribution. The green star is the
mainshock epicenter.

5. Discussion

5.1. The 9 November 2011 Edremit-Van Earthquake

The Mw 5.7 Edremit-Van earthquake occurred offshore the town of Edremit, 15 km SW of
Van. This event caused 40 fatalities and further collapse of tens of already damaged buildings.
The earthquake, similarly to the event of 23 October 2011, took place on a fault that was not
previously mapped (e.g., [4]). This second mainshock originated a sequence with a M 5.0 aftershock on
30 November 2011. The Edremit-Van earthquake had a dominantly dextral strike-slip focal mechanism
(Figure 1). The conjugate planes’” ambiguity (~EW and ~NS oriented) was discussed by various
authors [2,10,12,15], generally endorsing the North dipping EW orientation, similarly to the mainshock
fault [36]. Furthermore, the aftershocks of the Edremit-Van earthquake were fairly distributed with
EW trend (Figure 1). The observation of the combined patterns due to different SAR orbits (TSX2,
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Figure 8d and TSX3, Figure 8e) contributes to resolve the ambiguity, supporting the EW orientation
hypothesis. Indeed, despite the ascending displacements (TSX3) includes part of the post-seismic data
of the mainshock, they show opposite patterns South of Van, confirming the ~EW dextral mechanism
(Figure 8 and profiles in Figure S10). The hypothesis of a NS strike slip fault at the epicenter longitude
would provide negligible displacement in this area.

The role of the 23 October earthquake in promoting the Edremit-Van earthquake of 9 November
was debated, discussing whether the latter is an aftershock of the mainshock or not. Computations
of the changes in Coulomb stress (Coulomb Failure Function, CFF, e.g., [37]) endorsed the active role
of the Van earthquake in promoting the Edremit-Van earthquake [12,15]. We simulated the variation
of CFF projected on the presumed Edremit-Van fault (oriented EW at Lat. 38.45°N and extending
8 km x 5.75 km, [33]), by taking into account the coseismic and post-seismic slip distributions (Figure
S11a). The whole Edremit-Van fault plane undergoes an increment of the CFF, supporting the possibility
that the Van mainshock may have promoted the earthquake of 9 November 2011.

5.2. Geophysical Insights and Hazard Implications from SAR Analysis

From the comparison between slip and rigidity distributions (Figure 11), we observe that the
high coseismic slip area expands from the hypocenter towards depths with higher rigidity. This is
in accordance with previous findings (e.g., [32,38]), since the slip concentrates in asperities zones.
However, in this case the rigidity shows long wavelength variations of only 22% along the fault plane
and the tomographic data is too coarse compared to the fault dimensions to quantitatively affect the
retrieved slip distribution. On the other side, good resolution structural data often evidence strong
heterogeneities at the fault scale, with short wavelength variations that impact on the obtained slip
distributions, either in case of continental earthquakes of moderate magnitude [32] or megathrust
events [38]. As a final remark, we may also notice that the aftershocks are not particularly dense in the
area of high coseismic and post-seismic slip but concentrate on the edges and on the bottom of the
coseismic slip.

The coseismic slip distribution shows a large concentration area at hypocentral depths (12-17 km)
with highest peak at about 14 km depth (Figure 11), and the rupture reaches only the depth of 8-10 km.
These results are common to other authors [11,13,15]. Based on similar coseismic results, it was argued
by [13] that the change of the Coulomb stress brought the upper, un-ruptured part of the fault closer
to failure. Our post-seismic data and modeling show that the shallow section of the fault underwent
considerable aseismic slip during the early days after the mainshock. Yet during the first 3 days after
the mainshock we retrieved few dozens of centimeters of afterslip in the upper part of the fault close
to Lake Er¢ek. During the following weeks, the slip has continued to increase in the same area, and a
slip concentration patch appeared close to the western corner of the fault, near the Lake Van shore.
Therefore, we argue that all the upper part of the fault accommodated aseismic slip. The shallow
aseismic slip has continued also for the following 1.5 years, based on GPS data [16]. The afterslip in the
upper section of the fault released an equivalent Mw 6.1 in the first 17 days after the mainshock and a
further Mw 6.6 in the following 1.5 years (computed from the end of November 2011). This partially
compensate the shallow slip deficit observed right after the mainshock, and overall, our results show
the lowering of the seismogenic potential within the first 8-10 km of the fault through the release of a
significant amount of energy during the post-seismic phase. We have also shown that shallow afterslip
occurred along the full length of the fault and not only in the western sector as suggested by [16],
whose results were probably biased by the partial coverage of the GPS network in the area near Lake
Ercek, and by [13,14] using the three-day post-seismic image CSK2.

We simulated the variation of CFF by taking into account the coseismic and post-seismic slip
distributions. The Coulomb stress change within the first 10 km of the fault observed in section
AA’ (e.g., Figure 3) results to be positive (i.e., earthquake occurrence enhanced), even including the
post-seismic afterslip (Figure S11b). This is due to the difference of one order of magnitude between
the coseismic and post-seismic scalar moments, which implies that the stress drop due to the aseismic
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slip cannot shadow the positive coseismic stress changes. However, we may account for several factors
that may contribute to reduce the seismic hazard at shallow depths. As an example, the velocity
strengthening characteristics of the shallow crust promotes faster falloff of slip velocity behind the
rupture front and a decrease of slip towards the free surface (e.g., [39]). Therefore, limited slips are
expected in the first kilometers below the free surface, further reducing the seismic potential. In our
computations the shallow velocity strengthening characteristics, as feasible for the entire area east of
Lake Van consisting of accretionary complex materials [40], are not taken into account. Furthermore,
other post-seismic mechanisms such as viscoelastic and poroelastic behaviors may contribute to the
post-seismic response, reducing the seismic hazard of that sector. Unfortunately, there is no detailed
knowledge of the local structure and these possibilities cannot be fully investigated.

LOS Displacement (cm)

’_"g'f'-— RS 5 L v 10 20 30 40 50
B A 2 Distance from A (km)
Figure 11. Coseismic and post-seismic results: (a) 3D view of the Van earthquake fault from the NW.
Coseismic slip (white lines, contour every 2 m) and the post-seismic slip (red and black lines are three
and 17 days after the mainshock, respectively, contour every 10 cm) superimposed on the rigidity
heterogeneities of the fault plane within the FE model. Aftershocks hypocenters within 4 km from
the fault are shown by ochre spheres; (b) AA’ profile (see Figure 5a) across the traces of the main fault
(F1) and the splay fault (F2). The colors are: CSK2, black; CSK3, blue; TSX1, grey; TSX2, yellow; TSX3,
green; and the difference between CSK3 and TSX2, red. The green star is the Van earthquake epicenter.

We adopted only one fault in our inversions. Elliott et al. [13] resolved the slip on a pair of en
echelon fault planes, based on the local morphology and the fault strike detectable in the CSK coseismic
interferogram (Figure 4a). Their slip distribution shows two lobes, one on each fault, decreasing at
the central border due to the sharp change of the fault dip. The existence of a reactivated aseismic
fault, constrained by the GPS post-seismic data, was supposed [16]. Such splay fault extends from the
western edge to the middle of the coseismic fault trace, shifted 7-8 km to the South. This secondary
fault is supposed to join the main rupture at about 500 m below the surface, and using only GPS data
the afterslip is found to be distributed both on the main and splay faults [16]. As mentioned above,
even the relocated aftershocks [2] are too scattered and cannot be used to visualize more detailed
features such as main fault segmentation and/or splay faults, especially those very shallow. Field
observations and InSAR fringe patterns do identify minor surface fractures, as it occurs in many
earthquakes but their direct relation to the mainshock rupture is far from clear. To better understand
the InSAR contribution to the presence of the splay fault, Figure 11b reports all the post-seismic INSAR
data along the AA’ profile (as shown in Figure 3), where F2 is the trace of the presumed splay fault
(as depicted by [16]) with +1 km uncertainty. Most of the patterns show a high gradient close to F2.
This secondary plane seems actually to cause a discontinuity on the surface displacements, but nor the
seismicity and other geophysical data constrain its depth. Given the limited independent knowledge
about the local fault system, we did not attempt to set up inversions of complex faults (i.e., double
and/or listric faults), and eventually we adopted a single fault plane.
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6. Conclusions

We have analyzed a large dataset of SAR images in order to study the coseismic and post-seismic
phases of the Van earthquake sequence. Only few good quality interferograms resulted to be fruitful
to constrain the slip distributions. Following the approach outlined in [32], we built a FE model of the
Van earthquake that includes the structural information of the Van region. We computed coseismic
and post-seismic slip distributions from the numerical model-based inversions.

We have here attempted to improve previous findings (e.g., [3,13-15]) employing most of the
available geodetic data (InSAR and GPS) to constrain the slip characteristics of the Van Earthquake.
Our approach, along with the employment of new-generation FE models, was aimed to contribute
to the knowledge of the seismic hazard of the region. Our method allowed us to disclose further
characteristics of the Van sequence, and to provide new insights for the regional/local risk assessment.
The main new outcomes of our study are that the shallow part of the fault (above 7-9 km depth),
unruptured during the coseismic phase, underwent afterslip in the post-seismic phase that may have
reduced the seismic potential in its whole length from NW to SE. Furthermore, from the analysis of the
InSAR data we were able to discuss the existence of a reactivated aseismic fault, that actually caused a
discontinuity in the SAR profiles, previously hypothesized by means of few GPS [16].

As a conclusive remark, despite non-optimal data coverage (only single-orbit good-quality data
available in the coseismic phase and for which coherence issues in the X-band post-seismic phase
prevented the use of time series processing), we demonstrated that useful information could still be
retrieved from SAR data through a detailed analysis.

Supplementary Materials: The following are available online at www.mdpi.com/2072-4292/8/6/532/s1.
Figures S1 and S2: Wrapped InSAR images from ENVISAT satellite, Figure S3: Unwrapped adjacent coseismic
InSAR data, Figure S4: PPD functions obtained from the non-linear fault inversion, Figure S5: Two-dimensional
PPD distributions, Figure S6: Comparisons between observed and computed data of the coseismic displacements
in the non-linear inversion, Figure S7: Full-scale map with GPS as computed in the non-linear inversion, Figure S8:
Full-scale map with GPS as computed in the linear inversion, Figure S9: slip uncertainty distributions for the
post-seismic analysis, Figure S10: Profiles of the INSAR data across the faults, Figure S11: CFF computations for
the Edremit-Van earthquake, Table S1: Characteristics of all the SAR images acquired.
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