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Lake Van, This study presents an analysis of the structural coupling to the two large
Van Earthquake, destructive earthquakes that occurred in Lake Van area on October 23 (Mw 7.1), and
Aftershock Sequence, November 9 (Mw 5.6), 2011, together with the azimuth-dependent distribution of
Microseismicity, the seismic activity and microseismicity clusters after the mainshocks, associated
Clusters. with the complex rupture processes of the aftershock sequence. The aftershock

sequences after the two mainshocks were linked to the local crustal faults beneath
Lake Van area, followed successively and produced unusually intense activity and
significant damage in the area. The main purposes of this study are to document the
spatial and temporal distribution and evolution of the October 23, 2011 aftershock
hypocenters and the azimuth-dependent distribution of seismic activity, and to
understand the structural character of the aftershock sequence using the
distributional and evolutional patterns of the aftershock hypocenters. A total of
10,000 aftershocks were obtained from seismic data with a high signal-to-noise
ratio collected over three years from October 23, 2011 to March 17, 2014. These
aftershocks were relocated for the time periods from November 2011 through
March 2012 to March 2014 and = 5000 aftershocks were retained in the depth
versus distance cross-sections to detect the clusters in the first step of study
(November 2011-March 2012). The focal depth distribution of the aftershock
clusters, the migration of hypocenter activity and microseismicity clusters were
analyzed and the distributional patterns of the detected clusters were assessed
using the geometric distribution of the aftershock hypocenters. The spatial and
temporal distribution of aftershocks reveals interesting key features of the deep
rupture complexity of the Van earthquake. This study presents the results of the first
detailed hypocentral observations and this is important data for future seismic
hazard analyses in the study area.

VAN GOLU BOLGESINDE 2011 YILI DEPREMLERININ ARTCI SOK SERISi KIRILMA
KARMASIGINA YAPISAL BAGLANTI (DOGU ANADOLU, TURKIYE)

Anahtar Kelimeler 0z

Van Gélii, Bu ¢alisma, Van Go6li alaninda gercgeklesen, 23 Ekim Van (Mw 7.1) ve 9 Kasim
Van Depremi, Edremit (Mw 5.6) 2011 yili1 depremleriyle, art¢isok kirilma karmasigina bagli olarak,
Artgisok Sekanst, anasok sonrasi olusan kii¢iik deprem kiimelerinin ve genel sismik hareketliligin,
Mikrosismisite, azimuta bagh degisimini dikkate alarak kurulan yapisal iliskinin bir analizini
Kiimeler. sunmaktadir. Her iki anasoktan sonra olusan artgisok serileri, Van Go6liiniin altinda

bulunan kabuk koékenli faylarla iliskilendirilmis ve ardarda olmak tizere, siradisi
yikicl bir etki olusturarak, bolgede ¢ok 6nemli bir zarara neden olmuslardir. Bu
nedenle, ¢alismamizin temel amaci, 23 Ekim 2011 artgisok odak derinliklerinin
zamana, mekana ve azimuta baglh olarak dagilimini ve dagilim siirecini géstermek
ve ayni zamanda, art¢isok odak derinliklerini kullanarak, artgisok serilerinin yapisal
karakterini anlamaktir. Bu ¢alismada, yaklasik 10.000 art¢isok verisi, 23 Ekim 2011
ve 17 Mart 2014 tarihleri arasinda 3 yil siireyle kaydedilen, sinyal giirtltii orani
yliksek deprem katalogundan elde edilmistir. Bu artcisok veri seti, 2011 Kasim ve
2014 Mart tarihleri arasinda yeniden yersel olarak konumlandirilmis ve bu
calismanin ilk asamasini teskil eden, yaklasik 5000 adet artgisok verisi, derinlik-
uzaklik profil Kkesitlerinde, deprem kiimelenmelerini tespit edebilmek icin
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kullanilmistir (Kasim 2011-Mart 2012). Bodylece, artcisok kiimelenmelerinin
derinlik dagilimi, deprem odak derinliklerin hareketi ve kii¢iik deprem
kiimelenmelerinin analizi gerceklestirilmistir ve ayrica, artgcisok odak
derinliklerinin geometrik dagilimi kullanilarak, tespit edilmis deprem
kiimelenmelerinin dagilim geometrilerinin analizi yapilmistir. Artcgisoklarin
zamanda ve mekandaki dagilimlari, Van depremini olusturan fayin derinlerdeki
kirilma karmasasina dair, ¢ok ilging temel 6zelliklerini agik¢a gdstermistir. Bu
calisma, ilk kez, deprem odag analizi detayl gézlem sonuclarini vermektedir ve bu
veri sonuglari, calisma alaninda, gelecekteki olmasi muhtemel deprem hasar
analizleri i¢in cok 6nem arz etmektedir.
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1. Introduction

During the last ten years, seismological observations of aftershock seismicity from the interplate and intraplate
seismotectonic settings and magnitudes have indicated that variations in stress state less than 1 bar are able to
induce the reactivation of nearby faults that are close to failure, either as long-term post-seismic deformation (e.g.,
spatial and temporal occurrence of aftershock activity) or as secondary larger earthquakes (e.g., compound
seismicity). This phenomenon has been described as a triggering process (King et al. 1994; Harris et al. 1995;
Benito et al. 2004). The triggering process may involve the anomalous generation of aftershocks or secondary
mainshocks with different focal mechanisms, with prominent changes in the spatial and temporal character of the
mainshock aftershock sequence in a given focal area which increases or decreases for several months or years
after a mainshock (Stein and Lisowski 1983; Reasenberg and Simpson 1992; Stein 1999; Benito et al. 2004).

Lake Van located in the province of Van in eastern Anatolia is characterized by intraplate seismicity and highly
active compressional shear strains (Kutoglu et al. 2016) with long-term aftershocks of magnitudes more than 3.5-
4.0 occurring repeatedly (Toker 2013; 2014) (Figure 1). Toker (2014; 2015) has shown that these aftershock
events in the temporal form of multi-clusteral patterns are repeating ruptures of asperities comprising areas of
large coseismic slip, which are locked during interseismic period. On October 23, 2011, a great thrust earthquake
of magnitude Mw 7.1 occurred in the Lake Van area (Irmak et al. 2012; Bayrak et al. 2013; Elliott et al. 2013; Acarel
etal, 2014; Gori etal., 2014; Moro et al. 2014; Toker 2015; Mackenzie et al., 2016) (Figure 1). The earthquake and
its strong aftershocks activated the ~27-km-long Blind Thrust fault system that marks the accretionary wedge
complex and the transition between the basins of Lake Van and Lake Ercek (Dogan and Karakas 2013; Elliott et al.
2013; Karakas et al. 2013; Dogan et al. 2014). The multi-crustal occurrence and distribution of long-period
aftershocks and focal mechanism of this larger event show a northeast-southwest striking rupture plane dipping
towards the northwest (Irmak et al. 2012; Toker 2013; Bayrak et al. 2013; Fielding et al. 2013; Utkucu et al. 2013;
Gori et al,, 2014; Mackenzie et al,, 2016). The rupture gradually expanded near the hypocenter and was shaped in
a sigmoidal-like propagation (Figure 1). It is thought that the earthquake occurred as a result of a long-term high
plateau uplift (Goriir et al. 2015) and an eastward oblique tectonic extrusion of the Lake Van basin (Toker and
Sengor 2011; Toker and Ecevitoglu 20123, b; Toker, 2017; Toker et al., 2017).
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Figure 1. The catalogue seismicity of the Lake Van area and all 5,088 aftershocks distribution of the 23 October 2011 Van
(Mw 7.1) and 9 November 2011 Edremit (Mw 5.6) earthquakes (see Table 1 for source parameters). The epicenters of the
aftershocks occurred until April 2012 are plotted (Landsat/Copernicus©2016 Google, ©2016 Basarsoft). The colored dots
denote the aftershock magnitudes determined by the KOERI seismic network (the inset maps) (©2018 GeoBasis-DE/BKG (©
2009), Google Maps API) and © 2018 Google Earth, Mapa GISrael, ORION-ME). The inset map (top) shows the KOERI network
in E-Anatolia squared in red and stations shown by black triangles, while the inset map (bottom) shows the station locations
of KOERI network in detail, together with 22 stations ID shown by red triangles, which are used for the distributional
analyses of the aftershocks relocated in this study. The study area, Lake Van, is shown by blue rectangle. The catalogue-
located epicenters show a compact and sigmoidal distributional pattern striking ENE (dashed red curves). The seismic
density of the located hypocenters is elongated and concentrated along a landward extending sigmoidal pattern
corresponding to the ruptured area, the faulting style in the lake and the location of Lake Van area (see Figure 5 for details)
(NAFZ, North Anatolian Fault Zone and EAFZ, East Anatolian Fault Zone).

The October 23, 2011 Van earthquake was a somewhat unusual case concerning the anomalous occurrence and
the spatial and temporal distribution of its aftershocks (M 2 3.5) in Lake Van (Figure 1 and Table 1). The Van
earthquake was followed by numerous aftershocks with the same origin and most of the aftershock activity was
restricted to a narrow area, bounded by the faults of the lake (Toker, 2017; Toker et al.,, 2017; Toker and Sahin,
2019); ~2,828 events occurred in the first month (November 2011), and 4,853 in the first five months (November
2011- March 2012), nearly half of which were larger than Mw 3.0. Until the end of 13 April 2012 over a period of
163 days, the total activity of 5,304 aftershocks comprised of 184 Mw = 4.0 and 13 Mw 2 5.0 events (Bayrak et al.
2013; Toker 2014). This earthquake was associated with the local fault system aligned with the Lake Van basin
that extends from west to east (Moro et al. 2014). Two weeks later, on 9 November, a second major earthquake of
Mw 5.6, the Edremit event (5-7 km depths), occurred the near the southeastern coast of Lake Van along the north
dipping a normal oblique-strike-slip Edremit fault (Utkucu 2013; Utkucu et al. 2013; Dogan et al. 2014) (Figure 1).
This second earthquake was also associated with the local fault system (Ketin 1977; Utkucu 2006). The aftershock
sequence of the November 9, 2011 Edremit earthquake worsened the situation in the area that had been affected
by the previous Van earthquake. The aftershocks and the fault focal solutions of the Edremit event are on the
different fault than the previous events (Figure 1 and Table 1).
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Table 1. Updated source parameters of 22 earthquakes shown in Fig. 5 (compiled and modified from Irmak et al,, 2012 and
various institutions).

No Date Origin time Location ERH ERZ Depth | Mag | Strike | Dip | Rake
(dd/mm/yy) (hr:mm:s) Q) (km) (km) (km)
Lat.-Lon.

1 23/10/2011 10:41:21 38.7188- 33 1.8 15.0 7.1* 246 46 59
43.3367

2 23/10/2011 20:45:34 38.6345- 2.7 0.5 5.0 5.7+ 248 71 90
43.0775

3 09/11/2011 19:23:34 38.4295- 2.6 0.5 5.8 5.6* 223 55 63
43.2342

4 08/11/2011 22:05:50 38.7241- 0.9 0.5 43 5.5+ 203 59 -88
43.0870

5 25/10/2011 14:55:08 38.7733- 3.2 1.0 5.0 5.4+ 38 41 -54
43.5468

6 29/10/2011 22:42:22 38.8985- 0.9 0.2 5.0 5.3+ 165 60 -56
43.5503

7 23/10/2011 18:10:45 38.6980- 35 0.5 5.0 5.0* 289 82 35
43.3873

8 23/10/2011 18:53:48 38.4072- 33 1.4 5.0 4.9+ 219 57 25
43.3383

9 23/10/2011 19:06:06 38.7868- 3.7 0.8 5.0 4.9+ 228 64 -90
43.2960

10 | 06/11/2011 02:43:12 38.9243- 1.2 0.3 5.0 4.9+ 169 57 -54
43.5650

11 | 02/11/2011 04:43:20 38.8735- 13 0.3 5.0 4.8+ 171 58 -61
43.5695

12 | 09/11/2011 22:38:18 38.4508- 1.9 0.7 5.0 4.5+ 238 43 90
43.2085

13 23/10/2011 19:43:25 38.7835- 4.1 0.9 5.0 4.4+ 223 68 -90
43.3447

14 | 24/10/2011 22:13:31 38.7710- 1.2 0.4 2.1 4.4+ 183 63 -90
43.1790

15 | 24/10/2011 18:52:16 38.7263- 1.9 0.4 2.5 4.2+ 50 41 -49
43.2247

16 | 25/10/2011 03:28:51 38.8368- 8.9 1.9 2.2 3.7+ 283 57 43
43.6687

17 | 25/10/2011 00:16:40 38.5482- 3.7 1.4 5.0 3.7+ 126 74 -34
43.1103

18 | 24/10/2011 20:15:49 38.8840- 0.9 0.3 5.0 3.6+ 259 56 36
43.4742

19 | 25/10/2011 00:26:26 38.8977- 4.0 0.9 5.0 3.6+ 285 57 42
43.4658

20 | 24/10/2011 16:24:19 38.9192- 0.4 0.1 3.7 3.6+ 289 56 43
43.5143

21 | 25/10/2011 02:39:38 38.7445- 13 0.5 4.0 3.5+ 115 61 146
43.2055

22 30/11/2011 00:47:21 38.5090- 2.6 1.2 2.8 5.0* 174 81 -32
43.4058

MAG: Magnitude, ERH: Horizontal error, ERZ: Vertical error, ¥Moment magnitude (Mw) obtained by waveform inversion,
*Local magnitude (My).

2. Literature survey

The two mainshocks of October 23 and November 9, together with thousands of events of lesser magnitude and
their respective aftershock sequences, produced an intense period of intraplate seismic activity over a short time
interval. This seismic activity did not appear to decrease over time and frequency, according to the known laws.
The temporal propagation and evolution of the Van aftershock sequence showed a complex short and long term
dynamic evolution in the aftershock area (Toker 2013; 2014; 2015). This is repeated for all the events, and may
have induced alternating stress increases and decreases in either time or space, thus generating the observed
clusters, declusters and dynamic complexity in the aftershock sequence (Toker 2015). If this is the case, the
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rupture area of the Van mainshock ruptures repeatedly in the consecutive aftershocks and it is extremely
important to reveal aftershock hypocenters of the mainshock in order to understand the focal depth nature of the
rupture complexity. This suggests that the present probability of the repeated aftershock occurrence (Mw = 4.0-
4.5) in the mainshock area is quite high.

Soon after the Van earthquake, many geologists undertook field investigations of the surface ruptures and co-
seismic deformation (Irmak et al. 2012; Kogyigit 2012; Dogan and Karakas 2013; Karakas et al. 2013; Dogan et al.
2014). However, because of the occurrence of seismic-related surface ruptures, mass-wasting and landslides in
the fields along the faults, the field investigations were limited to scattered sites and no information was obtained
on geological nature of the ruptured area. Geophysical studies were also inadequate for determining the spatial
and temporal details of the aftershock clusters around the hypocenter of the mainshock (Bayrak et al. 2013; Elliott
et al. 2013; Fielding et al. 2013; Utkucu et al. 2013; Moro et al. 2014). Furthermore, the land-based observations
that were conducted were insufficient to describe the overall rupture geometry and the detailed seismic activity
(Altiner et al. 2013; Kalafat et al. 2013; Utkucu 2013). Prior to the present study, little was known about the focal
depth nature of aftershock seismicity and structural coupling to rupture complexity at crustal depths.

Since the aftershocks following the Van and Edremit mainshocks occurred in larger numbers, they can assist in
delineating the focal depth pattern of the rupture upon which the Van mainshock occurred and clarify the spatial
and temporal distribution of the seismicity around the focal area. A close spatial inspection of the cluster pattern
of the aftershock distribution at depths of 10 km up to 30 km implies a possible relation between the fault-
controlled nucleation zone of 2011 Van earthquake aftershock sequence and P- and S-wave velocity anomalies
(Toker and Sahin, 2019 and references therein). This relation seems to be due to crustal faulting movements in
the Lake Van area, as explained in the tectonic model study of Toker et al. (2017) and also Toker (2017). This paper
explores the structural coupling to the aftershock sequences in the Lake Van area to gain a better understanding
of the hypocenter dynamics of aftershock sequence. Moreover, the current study analyzes the focal depth features
of aftershocks beneath the surface based on seismic velocity observations (Toker and $ahin, 2019) and comments
on rupture propagation complexity of aftershock sequence, and contributes to the investigation of the
distributional configurations of the hypocenters on the scale of a few tens of kilometers. This paper presents the
results of the first detailed hypocentral observations, coupled to the boundary faults of Lake Van basin, and this is
important data for future seismic hazard analyses in the area.

3. Structure of Lake Van

The Lake Van region is a mantle-supported, N-S shortened domal morphological structure (Sengor et al., 2003;
2008) (Fig. 1) and presently rises above a doming, hot asthenosphere due to slab detachment and break off events
in E-Anatolia (Zor et al., 2003; Zor, 2008; Sengor et al., 2003; 2008). A thin and warm crust underlies this shortened
region, covered by various kinds of fluids (Turkoglu et al., 2008; 2015), volcanic dome-cone complexes and active
magmatic intrusions, typical of an extensional regime as observed in the Lake Van basin (Cukur et al., 2016; Toker
etal, 2017).

The Lake Van basin is characterized by oblique-slip boundary faults; extension-transtension in E-margin,
transpression in N-margin and extension-transtension in S-margin, through which magma propagation and
related intrusive-extrusive occurrences are observable (Toker et al.,, 2017; Toker and Sahin, 2019). The oblique-
slip deformation in the lake basin actively controls differential subsidence in deep basin (e.g., relaxation barrier)
and differential uplift toward ENE (e.g., fragmentation barrier), where the 2011 Van earthquake occurred (Toker,
2017). Extensional-transtensional deformation observed in the lake is characterized by thick lacustrine sediments
overlying a faulted layer (e.g., detachment), beneath which ductile extension may have occurred (Toker et al.,
2017; Toker and Sahin, 2019). The present day deformation style of the Lake Van basin is derived from
incompatibility junctions of active tectonic structures (Toker and Sahin, 2019) driven by accretionary wedges and
controlled by upper crustal flake tectonics and sequential events of volcano-tectonic/magmatic processes (Toker
et al,, 2017; Toker and Sahin, 2019). The active deformation is within a form of fault-bounding oblique wedge,
escaping toward ENE, tends to localize in, and along the weakness zones of the lake margins, where strain
accumulation, condensation and partitioning, for example caused by transpression in the N-margin, are the most
prominent features, as proposed by Toker et al., (2017). Tectonic mobility of this lake probably began around the
Late Miocene-Early Pliocene and has intensified during the Plio-Quaternary periods (Toker et al., 2017).
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4, Material and Method

The earthquake data set processed by Toker and Sahin, (2019) (catalogue published by KOERI (Bogazici
University, Kandilli Observatory and Earthquake Research Institute)
(http://www .koeri.boun.edu.tr/scripts/Sondepremler.asp/2020) were used in the present study to relocate and
to plot the distribution of selected aftershocks (Figure 1). The KOERI network consists of 21 broadband and one
short-period seismic stations with a sampling frequency of 50 Hz. The dynamic range is 140 and 164-184 dB for
the broadband and short-period seismic stations, respectively. This network has the scheme for automatically
detecting events available for processing and working with the continuous waveform data.

Toker and Sahin, (2019) performed the catalogue of KOERI to improve the data quality and to refine the depth
resolution of the events given in the catalogue. This made arrival times of P- and S-waves and corresponding
hypocenter locations quite reliable for seismic tomographic research reported by Toker and Sahin, (2019) and
aftershock relocation analysis in this study. Hence, the current study used the routine procedures of the
hypocenter location method with the Hypo71 source code and 1-D crustal velocity model derived by Toker and
Sahin, (2019) for the determination of the hypocentral parameters of relocated events. (Lee and Lahr 1972), as it
gives the minimum RMS travel-time residuals. Toker and Sahin, (2019) checked initial velocity models to find the
best Vp/Vs ratio by using a number of slightly different initial P-wave velocity models with different Vp/Vs ratios
and applied them to different sub-data sets and found a constant Vp/Vs value of about 1.778. The related
cumulative wadati diagram used for initial model is constructed for this study (Figure 2), indicating that the overall
seismic structure has no substantial variations, but some slight changes in the edges, suggesting the reliability of
the Vp/Vs ratio in most cases (~ 1.77). Further details for data processing, inverted 3D model and inversion
procedures are given through the extensive study of Toker and Sahin, (2019).

40

Vp/Ns=1.778

0 10 20 30 40 50
Tp (s)

Figure 2 The cumulative wadati diagram constructed from arrival time data of our selected events provides an estimate of
Vp/Vs ratio used to derive the S-wave velocity model from a known P-wave velocity model. The time difference DT = Ts-Tp
between the arrival time of P-waves (Tp) and S-waves (Ts) was plotted against (Tp) for all available pairs of observations. The
mean slope equaled the velocity ratio, found to be best Vp/Vs, constrained for the purpose of the optimum 1-D velocity
model, based on the quality of their preliminary locations and the recording stations represented, indicating that the quality
of event locations was sufficient for the purposes of the analysis in our study (derived from Toker and Sahin, 2019).

In the current study, one of sub-data sets (~ 5,000 aftershocks recorded at 22 seismic stations from KOERI in
Figure 1) used in the previous study was selected from the events which occurred in Lake Van region (37 - 40°N
and 41 - 45°E), implying similar ray coverage patterns of both P- and S-wave data sets from Toker and Sahin,
(2019). The azimuthal gaps of the selected aftershocks for each station were carefully identified; the smallest gap
is less than ~5° (356° <gap< 360°), the largest gap is ~180°. An important task here is to check the quality of the
selected aftershocks to find the best relocation results by using available seismic velocity data. The Vp and Vs data
sets from Toker and Sahin, (2019) have been analyzed for quality check of the selected aftershocks. Selected data
in the study area are good at work enough to locate their own events accurately. Hence, sub-data set (e.g., phase
picks, phase readings, azimuths and residuals) from nearby stations of KOERI network has been edited to increase
the resolution, to improve the location quality and also to compare the residuals. The event locations and focal
depths are well constrained due to both near and far stations (Figure 1) using careful selections of available P- and
S-phase reads at the nearest stations to get a reliable solution and to select high-quality events and the focal depths.
All residuals are stepwise examined and residuals more than the limit #1 s are excluded from the inversion. The
travel time reading errors are averaged + 0.03 s for P-wave, + 0.04 s for S-wave. P- and S-wave residuals are
evaluated as a function of epicentral distance shown in Figure 3. Also, the initial and final RMS travel time residuals
for the P- and S-wave data sets are computed as shown in Figure 4. The sum of squared travel-time residuals is
reduced by more than 35% of its initial value after the inversion process. The final RMS travel time residuals were
0.33 s and 0.34 s for the P- and S-wave data sets, respectively (Figure 4).
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In this study, the use of a 1-D initial velocity model of Toker and Sahin, (2019) to relocate the focal depths of
selected events minimizes the relative location uncertainties by controlling the accuracy of the relative arrival-
time readings with available phases and/or selecting the high-quality events and the focal depths and improves
the location accuracy of data (e.g., systematic biases introduced by 3-D velocity variations). In addition to reduced
residuals, epicenter locations are also evaluated according to the faults observed from seismic reflection profiles
(Toker and Sengor, 2011; Cukur et al,, 2013; Cukur et al., 2016; Toker et al., 2017; Toker, 2017) that can ensure
reasonable depths.

In the present study, focal depth locations reveal a focused geometric picture of distributed aftershock seismicity
(Toker, 2013; 2014; 2015; Toker and Sahin, 2019). Most of the aftershocks align in upper crustal depths along
curve-linear, linear, horizontal streaks. Most of the aftershock activity consists of clustered similar and/or same-
sized events, suggesting strong self-similarity of coupled events at depths with focal depth location errors typically
about 1-2 km. Some selected events of the aftershock activity constrained by relocated catalog picks are also
compared with the data set performed by previous studies (Giilen et al. 2002; Irmak et al., 2012; Bayrak et al. 2013;
Fielding et al. 2013; Kalafat et al., 2013; Toker 2013; Toker 2014). The comparison indicates that overall geometric
pattern of the individual events reveal the same relocated seismicity structure of [rmak et al., (2012) based on the
same KOERI data set with focal depth uncertainties of 1-2 km (Irmak et al., 2012) and 2-3 km (Bayrak et al., 2013;
Kalafat et al,, 2013). Considering that the structure is highly complex, and based on the relocations given in this
study and also the data set performed by previous studies, this study proposes a focal depth location uncertainty
of ~1-2 km.
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Figure 3. P- and S-wave travel-time residuals as a function of epicentral distance (offset) for the initial 1D model used in this
study.
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Figure 4. P- and S-wave travel-time residual histograms for both the initial 1D and the final 3D model, showing distribution
of relative arrival time residuals associated with the initial model (before inversion at left column) and solution model (after
inversion at right column) for P- (at upper line) and S-(at lower line) waves. After the inversion process RMS values are
determined as 0.33 s and 0.34 s for the P-wave and S-wave data sets, respectively.
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5. Results
5.1. Relocations associated with velocity structure

The map view of the seismic density of the relocated aftershock hypocentersincludes 5,088 events shown in Figure
5. The relocation results of the selected high-quality events show that the seismicity has a maximum depth of ~30
km with peak activities at 8 and 10 km (Toker and Sahin, 2019). In Figure 5, the relocated aftershocks more than
about 65 % occur below ~10 km and indicate a focused view of the cluster seismicity at ~8-10 km, compared to
the more scattered locations in Figure 1.
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Figure 5. Shaded relief map of the focal depth distribution of the relocated aftershock hypocenters (5088 events) shown in
Figure 1 in the ruptured area (map modified from Toker and Sahin, 2019). The Lake Van boundary faults (black lines) used to
constrain the focal depth data are also shown (data compiled from Toker 2011; Toker and Sengér 2011; Cukur et al. 2013;
Cukur et al. 2016; Toker et al,, 2017; Toker, 2017). The map shows aftershock relocations, the fault plane solutions of the Van
and Edremit mainshocks (numbers 1 and 3) and 20 aftershocks (white dots) of the Van earthquake with the hypocenter
depths occurring during the earthquake (see Table 1 for source parameters of focal solutions updated and compiled from
Irmak et al. 2012 and various institutions) (Bayrak et al. 2013; Toker 2013; Toker 2014). The numbers on the focal
mechanisms indicate these aftershocks listed in Table 1. Local faults (f1, f2) are the landward continuations of basin-
bounding faults in Lake Van (see tectonic and seismic b-value models by Toker et al,, 2017 and Toker, 2017, respectively).
The map indicates the relation of the faulting styles of the lake to the distributional density of the hypocenters (contours are
depths in km, the dots denote the aftershock epicenters and dashed white line is common cluster axis). The map also
indicates that seismic density of the located hypocenters is concentrated along a landward extending sigmoidal pattern
corresponding to the ruptured area and the faulting style in the lake. The normal and thrust focal solutions seen are related to
the rupturing of the secondary faults as a result of the rupturing of a main thrust fault plane in the NE direction and with a
58°NW dip (Irmak et al. 2012). The rupturing caused secondary intra-plate deformations obtained from the fault plane
solutions of the aftershocks numbered 22 on map and fits with the direction of the aftershock pattern (see focal data shown
in Table 1).

38.2 ¢

Here, we conduct a spatial pattern analysis to address the distribution of the aftershock seismicity with respect to
the basin-bounding faults (Figure 5). The relocated aftershocks collapse into fault-bounding discrete zone within
the Lake Van area (Figure 5), and roughly follow the local zones of increased strains associated with the faults,
while other located events became more spread out. Also, more aftershocks are densely positioned along the E-
part of the lake, compared to the W-part. Seismic activity is increased to the E and S of the basin, while other areas
remain seismically quite. When moving W in the basin along the boundary faults, the activity decreases and fades
out, showing quite areas within the basin. However, the aftershock seismicity is densely distributed and clustered
between the basin-bounding faults, when moving E in the basin. These observations indicate a clear “aftershock-
clustered seismicity behavior” along the basin (Figure 5). This is the basic pattern of our further analyses.
However, the diffuse and asymmetric distributional pattern of aftershock events associated with the low number
of stations may impose a few limitations on the resolution of the observed velocity amplitudes (Toker and Sahin,
2019); the numbers of aftershock events are very sparse and the seismicity level is low in the W and central parts
of the lake, while aftershocks are densely clustered in the E and NE parts of the lake.
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These observations are also correlated with the multi-channel seismic reflection studies in Lake Van Basin (Cukur
etal,, 2013; Cukur et al,, 2016; Toker et al,, 2017; Toker, 2017) that indicate a tectonic mobility of cold, brittle and
fragmentary crustal block (see tectonic model proposed by Toker et al., 2017 for details of upper crustal
deformation). This shows the clustered behavior of relocated aftershock seismic activity that almost reaches the
upper elastic crust at about 10 km (Sengor et al., 1985; Dewey et al., 1986; Sengor et al., 2008; Toker et al., 2017;
Toker, 2017; Toker and Sahin, 2019) and the lower crust at about 30 km (Sengor et al,, 2003; Sengér et al., 2008;
Toker and Sahin, 2019). The clustered behavior of seismic activity well corresponds to the depth-dependent
distributional patterns of P- and S-wave velocity anomalies given in a study of Toker and $ahin, (2019) (see Toker
and Sahin, 2019 for the Vp, Vs structures and their cross-sectional profiles for depths ranging from 10 km to 30
km). The large number of data and the good ray crisscrossing in the clustered area of the lake support the reliability
of the obtained velocity anomalies (Gorbatov and Kennett 2003) and their relation to the cluster.

The relocated catalog of the Lake Van study area, spanning the period November 2011-March 2014 and contains
10,000 events over three years. The depth and magnitude of the earthquakes ranged from 5 to 30 km and Mw 1.5-
7.1, respectively. The relocated seismicity map of the Van mainshock-aftershock sequence for magnitudes (Mw 2
3.5) is well constrained by the previously mapped faults in Lake Van Basin (Cukur et al.,, 2013; Cukur et al., 2016;
Toker et al,, 2017; Toker, 2017), showing a sigmoidal pattern of aftershock distribution and the rupture zone
parallel to the Lake Van tectonic trend and approximately 60-65 km in length (Figure 5). During the period 23
October, 2011 through November 2011 to December 2, 2011, the Van aftershock sequence consists of about 3100
events of (3.5 < Mw < 6.0) and the recorded events of magnitude Mw = 4.0 were more than 100 occurred towards
the north-east and south-west parts of the rupture area (Bayrak et al., 2013). These short-term records suggest
that the seismic energy is mostly released in the form of moderate size aftershocks in the rupture area where large
size asperities were found (Irmak et al. 2012; Bayrak et al. 2013).

In this study, ~150 days of aftershock data (from November 2011 to March 2012) were processed and projected
from the catalogue. As a result, 4,853 aftershock hypocenters, of which 2,476 had a local magnitude greater than
3.5, wereretrieved (Figures 6 and 7). In Figure 8, the cross-sections show the migrational patterns of the relocated
hypocenter activity over the four periods including 4853 events of March 2012 as shown in Figure 6b. In Figure 9,
the cross-section is correlated to the local faults to show a complete clusteral picture of the relocated hypocenter
activity including 4853 events of March 2012 as shown in Figure 6b. Then, to establish azimuth-dependent cross-
sectional images of the aftershock distribution, the epicentral distribution of 10,000 events were selected for a
time period from November 2011 to March 2014 (Figure 10). Finally, to plot the temporal distribution of the
aftershocks and detect the temporal and spatial clustering of microseismicity, 6,135 events were selected from
282 days covering the period from October 23, 2011 to August 1, 2012 (Figures 11 and 12). Considering Vp, Vs
anomalies and their relation to the structural pattern of the cluster revealed by Toker and Sahin, (2019), generally,
low Vp and Vs anomalies slightly changed to high Vp and Vs at cluster depths and were densely concentrated
within the cluster at which the seismic activity was very intense with low V or low to high V.

5.2. Pattern recognition

The spatial and temporal patterns of the aftershock distribution associated with the observed clusters show no
distinct difference between the periods of November 2011-March 2012 (Figures 6-9) and November 2011-March
2014 (Figure 10). The main difference is only related to the growing, tightening and deepening patterns of the
observed clusters, showing a concentrated pattern of distribution and tightness of the relocated hypocenters. The
hypocenter locations were compared to investigate the spatial and temporal variation of the seismicity in the
clusters. The plotted hypocenter locations are closely and tightly spaced and clustered with the located clusters
being densely concentrated. Also, the distributions of Vp and Vs were recovered down to crustal depths at which
the cluster was observed. Tomographic imaging of the P-wave velocity structure beneath the cluster at depths of
4,7,14, and 23 km and the S-wave velocity structure at a depth of 14 km performed by Toker and Sahin, (2019)
indicates velocity-dependent structural pattern of the cluster. This suggests that the velocity anomalies from the
inverted P- and S-waves can be considered to be reliable within and nearby the cluster at depths of ~10 km up to
~30 km (the lower depth limit of seismicity in the main cluster at ~10 km in Figures 7-9 and at ~30 km in Figure
10). In the cross sections, the observed clusters concentrated within highly distinct spatial activity are also well
constrained by the mapped basin-bounding faults (Fig. 5) (Toker and Sahin, 2019) and caused by subsurface stress
perturbations closely occurred at similar and smaller spatial scales (Toker 2014; 2015). As a result, the pattern
recognition of the clusters observed from aftershock relocation analyses is mainly based on the events
concentration within highly distinct spatial activity and Vp, Vs anomalies (Toker and Sahin, 2019).
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Figure 6. Distance versus depth plots of relocated distribution of all 4,853 aftershocks of the Van mainshock, for one month
intervals from November 2011 to March 2012. The solid line labeled N-S in the map indicates the central line of the given
cross-sections, and the solid square marks the 70-km-wide zone projected onto the cross-sections. Aftershocks within the
squared area from the central line of the cross-section are projected onto the plane of the cross-section with the projected

distance of 180 km. The red horizontal lineament of hypocenters refers to fixed hypocentral artefact. a Omori’s law of decay

of aftershocks identified as changing the aftershock events for each month over a five-month period are represented in their
corresponding time windows. b Distance versus depth plots of distribution of the aftershocks within the time period from
November 2011 to March 2012, with the cumulative numbers of the events for each month and the same representation
criteria as in Figure 6a. F: the major regional thrust fault, f1: local thrust fault (Emre et al. 2011), f2: inferred local fault, local
faults (f1, f2) are the landward continuations of basin-bounding faults in Lake Van (see tectonic model by Toker et al.,, 2017).
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Figure 7. Relocated distribution of all the 4,853 aftershocks along four vertical cross-sections, with a projected distance of
180 km. The aftershocks are presented as the areal distributions from narrow to wide zones as shown in the map. The solid
rectangles labeled 1, 2, 3, and 4 indicate the W-E extending zones from the central line of the cross-sections, and the solid
square marks the 70-km-wide zone projected onto the cross-sections. Aftershocks within the different zones from the central
line of the cross-section are projected onto the plane of the cross-section. The locations of the cross-sections and the areas
within the projected distances are also shown. The red horizontal lineament of hypocenters refers to fixed hypocentral
artefact. Zones 1, 2, 3, and 4 contain 660 events, 2,762, 4,383, and 4,853, respectively. The distributional pattern of
aftershocks in zone 4 is the same as for March 2012 in Figure 6b. F: the major regional thrust fault, f1: local thrust fault (Emre
etal. 2011), f2: inferred local fault, local faults (f1, f2) are the landward continuations of basin-bounding faults in Lake Van

(see tectonic model by Toker et al,, 2017).
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Figure 8. Relocated distribution of all the 4,853 aftershocks along eight vertical cross-sections, with a projected distance of

180 km. The red horizontal lineament of hypocenters refers to fixed hypocentral artefact. The hypocenter distribution of the

aftershocks is subdivided into the four periods. Aftershocks within the area from the central line of the cross-section shown

in Figure 6b are projected onto the plane of the cross-section, for each of the four periodic distributions. Each period shows
the evolutionary distribution of the central and main clusters from periods 1 to 4 (see text for details). The distributional
pattern of aftershocks in the fourth period is the same as in March 2012 in Figure 6b and zone 4 in Figure 7. F: the major
regional thrust fault, f1: local thrust fault (Emre et al. 2011), f2: inferred local fault, local faults (f1, f2) are the landward

continuations of basin-bounding faults in Lake Van (see tectonic model by Toker et al.,, 2017).
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Figure 9. Relocated distribution of 4,853 events from all 5,088 epicenters in the shaded relief map along the vertical cross-
section, with projected distance of 180 km. Aftershocks within the area from the central line of the cross-section are
projected onto the plane of the cross-section. The red horizontal lineament of hypocenters refers to fixed hypocentral
artefact. The distributional patterns of aftershocks and the clusters are the same as in the fourth period in Figure 8. F: the
major regional thrust fault, f1: local thrust fault (Emre et al. 2011), f2: inferred local fault, f3 and f4: inferred local thrust
faults, local faults (f1, f2) are the landward continuations of basin-bounding faults in Lake Van (see tectonic model by Toker
etal, 2017).
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Figure 10. a. Azimuth-dependent, counterclockwise (-0° to -90°), and b. clockwise (+0° to +90°) distribution of all 10,000
aftershocks (November 2011-March 2014) along ten vertical cross-sections, with projected distances of 300 km (vertical axis
is depth, x10 km and horizontal axis is distance, x100 km). Aftershocks (red dots) within the rectangle analysis window
(white color) (1.0° x 3.00-wide zone) from the central line of the cross-section are projected onto the plane of the cross-
section and presented as a function of azimuths for each cross-sectional profile. The locations of the cross-sections and the

area within the projected distance of 70 km are also shown. LV: Lake Van.
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Figure 11. Temporal distributional pattern of 6,135 aftershocks from 23 October 2011 to 1 August 2012 over 282 days with
the daily seismicity rate (number of events/day), focal depths (km) and magnitudes along the rupture area. A high number of
events compared to the background seismicity can be seen for particular time periods indicating the temporal clustering of
earthquakes along the rupture area (see Toker 2013; 2014; 2015 for temporal clusters over the whole data). Cumulative
magnitudes of aftershock distribution do not exceed the commonly observed maximum magnitudes despite the very high
number of events for 282 days. The last 60 events (2.0 < Mw < 5.0) during the last 16 days mark the most prominent
sequence detected, while this sequence indicates west-east and north-south trending inferred faults and related
morphologies along the rupture area (dashed red lines with question marks). On the map (top), these 60 events are relocated
in numerical order according to the time of occurrence. The second prominent sequence marks the microseismicity cluster
(C) also detected, containing the largest number (35 events) of the last events (2.0 < Mw < 4.0) indicating the spatial pattern
of events cluster in the map. On the map (bottom), these 35 events are relocated in numerical order according to the time of
occurrence. The map confirms the close spatial proximity of the microseismic events within the temporal cluster. LE: Lake
Ercek.
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hypocentral artefact. The map shows the spatial distribution of C consisting of 35 relocated events (black dots) (also see C in
Figure 11 for location). Most events of the cluster occurred on a possible secondary fault (splay fault) close to the inferred

fault (dashed red line) between f1 and f2 (central cluster). F: the major regional thrust fault, f1: local thrust fault (Emre et al,,
2011), f2: inferred local fault, local faults (f1, f2) are the landward continuations of basin-bounding faults in Lake Van (see

tectonic model by Toker et al,, 2017), LE: Lake Ergek.
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6. Interpretation
6.1. Spatial and temporal character of the 23 October 2011 aftershock sequence

This section focuses on the spatial and temporal pattern of hypocenter distribution of the October 23, 2011 Van
mainshock-aftershock events, being the largest shocks of that year in the region, and on the spatial and temporal
characteristics of its aftershock sequence. This section aims to shed light on the focal depth nature of aftershock
seismicity and the rupture complexity of the Van event.

6.1.1 Spatial and temporal distribution of aftershock hypocenters

The map depicted in Figure 5 shows the total distribution of 5088 aftershock events used in the first step of this
study. Figure 5 is also the map view of seismic density of hypocenter distribution of the Van and Edremit aftershock
sequences. That figure shows the sigmoid-like propagation of the rupture area corresponding to the aftershock
sequences of the Van and Edremit mainshocks, with the boundary faults located around the epicenters of Van and
Edremit events. The purpose of this sub-section is simply to identify the cross-sections of the aftershock
hypocenters associated with the map view given in Figure 5. To obtain a spatial and temporal overview of the
seismicity pattern, the focal depth distribution of the aftershock hypocenters was examined month by month
within the time period of November 2011 to March 2012. The results are presented in Figures 6a and 6b.

During the first month following the October 23 Van earthquake, different and various-sized clusters of local
events occurred in the focal area (Figure 6). These aftershocks can be seen to have been gradually decaying over
the subsequent months in the period up to March 2012 according to Omori’s law (Omori 1884), and were dying
out when the second Edremit event occurred (Figure 6a). In December 2011, the second month, the overall activity
decreased continuing to decrease in the third and fourth months, and virtually ceased in the fifth month reaching
303 events (Figure 6a). In the same time period, November 2011 to March 2012, the total cumulative numbers of
the aftershock activity increased (Figure 6b). Figure 6a shows that activity began to subside in March 2012, even
though until the end of the July, 2012 there were several more events of M = 4.0 (Toker, 2014). The hypocentral
superposition of aftershock events produced unusual seismic activity during the two last months of 2011 (Figure
6b). It appears that the Van earthquake repeatedly triggered one or more local faults in the area, and these faults
in turn affected the seismicity.

In order to obtain more information from the distribution of hypocenters shown in Figure 6b to see and clarify the
spatial patterns of the events distribution in detail different orientations of the focal area were tested, centering
on the aftershock cloud, according to the focal mechanism given in Figure 5. The north-south trending zonal
projections on the distribution of hypocenters associated with the Van event, starting with the west-east trending
zonal distribution of the aftershocks for the four zones are shown in Figure 7. In this figure, the hypocenter
distribution for each zone from narrow (zone 1) to wide (zone 4) indicates the first appearance of the small-sized
linear clusters (zone 1) and uneven rapid concentration and densification of the event clusters (zone 2). Then, the
hypocenter distribution defines a tightly consolidated and spherical (or semi-spherical) and/or parabolic pattern
of the distribution (zones 3 and 4), which agrees with the distributional pattern given in Figure 6b.

6.2. The focal depth distribution of aftershock clusters

In Figure 7, the hypocenters of the aftershocks form a wide 'U’ letter shaped cluster (hereafter referred to as the
"main cluster"). This main cluster is a half cylinder-like channel-shaped cluster located at a broadly widening
(about 60 km wide) area. The main cluster has a central (and/or core) cluster that is more tightly densified. The
central cluster is narrow (about 25-30 km wide) bounded by faults f1 and f2 (Figure 5) at south and north,
respectively (Figure 7). The two arms of the 'U' are symmetrically dip towards each other and are of almost the
same length, about 20-30 km. The mainshock is included in the central part of the main and central cluster. The
hypocenters belonging to the main cluster and its surrounding area have spans of about 25 and 30 km in the strike
and dip direction, concentrated well into a depth of 8-10 km. Also, the hypocenters in the southern and northern
part of the main cluster seem to be located along the extension of the plane of the central cluster aftershocks down
to a depth of about 8-10 km.

The distributional pattern of hypocenters at the central cluster is fault-bounded (f1 and f2) (Fig. 5) and shows
strong concentration in and around the focal area (Figure 7). However, the hypocenter activity outside the main
cluster area deep down is more diffuse and few evident clusters can be seen. It is difficult to image the overall
shape of the hypocenter distribution at a depth of more than 10 km due to the diffused and scattered focal depth
distribution and do not seem to form a systematic pattern of the hypocenter geometry (Figure 7). The aftershocks
on the periphery of the rupture area (zones 3 and 4 in Figure 7) show a more diffused distribution partly due to
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the off plane aftershock activity. The location of the plane of the aftershock distribution corresponds to the upper
crustal seismicity. This location seems to be a good fit with the eastward and westward limit of the in-plane
aftershock activity. The zonal correlation of the events distribution from narrow (zone 1) to wide (zone 4) given
in Figure 7 suggests that the shape of the upper crustal block controls the spatial extent of the asperity complex of
the Van earthquake.

6.3. Migration of hypocenter activity

As shown in Figures 6 and 7, the spatial and temporal distribution of the aftershock seismicity can be explained
through distinct cluster formations. The spatial and temporal variation of seismic activity is densely complex and
highly clustered, comprising a repeated formation of small and large-sized clusters over brief time periods.

To further investigate the spatial and temporal variation of hypocenter activity in the main and central clusters
shown in Figure 7 the hypocentral data was divided into four periods and different numbers of events for each
period were used to reveal the migration and propagation of the hypocenter activity. Figure 8 displays the
hypocenter activity of the March 2012 shown in Figure 6b and the distance versus depth plots for the four time
periods are shown in each figure. The four periods shown in Figure 8 indicate the positions of the hypocenter
activity including 662, 1.000, 2.000, 2.771, 3.000, 4.000, 4.402, and 4.853 events, respectively. Figure 8 reveals that
the seismic activity began near the peripheral parts of the main cluster with small-sized linear clusters (a) and
then migrated to the center and the north and formed the first traces of the central and main clusters (b) during
the first period. The activity in the northern part started to accumulate in the center (c) and then, the activity
jumped to the south during the second period. In the south, many aftershock events occurred, particularly larger
events with magnitudes greater than 3.5 and the central and main clusters were apparently formed (d). During
the third (f and e) and fourth periods (g and h), the hypocenters were distributed across entire clusters. Thus, the
central and main clusters were tightly consolidated. In Figure 8, the lower bound (seismicity front) of the main
cluster increases over time, rapidly in the second period and this change in depth reaches 10-13 km. This
parabolic-like envelope of the main cluster characterizes the diffusion-like front migration (g and h).

In the cross sections, the shallow and deep migration of hypocenter activity in the main and central clusters is
shown in Figure 8. The hypocenters of more than 10 km seem to penetrate the deeper levels and those shallower
than 10 km are located in the main and central clusters. The diffusivity is smaller inside the clusters and larger
outside and towards the deeper levels. It can be inferred from the distance versus depth plots in Figure 8 that the
migration and diffusivity of the hypocenter activity seems to increase over time from November 2011to March
2012, with the maximum diffusivity recorded in November 2011, when the seismic activity had increased
drastically (2,828 events shown in Figure 6b). The general periodic trend of the migration of hypocenters and
diffusivity implies that the aftershock activity accelerated during the second period of seismic activity for event
numbers 2,000-2,771 (Figure 8). In Figure 8, the migrational pattern of hypocenter activity indicates spatially
predominantly linear to planar hypocenter distributions in the first period, but quickly changes to parabolic and
then to spherical (periods 2 and 3), and a more spherical spatial pattern in the last period. This suggests that the
hypocentral variation of seismicity is not unidirectional but very complex.

To interpret the main and central clusters, the hypocenters of the 4,853 events are projected on the epicenters of
the 5,088 events shown in Figure 9. The aftershock hypocenters are mainly distributed in the central section of
the focal area. The main cluster is interpreted to be limited by the possible reverse faults f4 and f3 in south and
north, respectively, while the central cluster is bounded by faults f1 and f2 (Fig. 5). This suggests that the
distributional pattern of the main and central clusters in the rupture area appears to be separated by fault-
bounded crustal blocks (Fig. 5), which are initially proposed by Toker et al., (2017) and well constrained by Toker,
(2017) based on the Gutenberg-Richter seismic b-values (Gutenberg and Richter, 1944).

6.4. The Azimuth-dependent distribution of seismic activity

The spatial and temporal distributional patterns of the aftershock hypocenters were noted in the previous
sections. To investigate their seismic activity in greater detail, approximately 10,000 events were recorded in the
time period from November 2011 to March 2014 (Figure 10). The epicenters and hypocenters were replotted
using a rectangular-shaped analyse window (1.0° x 3.0°) to observe the azimuth-dependent changes of the
aftershock seismicity projected on the distance versus depth plots. This is a very useful tool for investigating the
hypocenters of events in the main and central clusters and their focal depth changes. Since the distribution of the
seismic activity strongly depends on the azimuth and azimuthal rotation, and the aftershock events located within
the mainshock area are considered to be representative. For comparison, the aftershocks are shown using the
azimuth-dependent projections.
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Counterclockwise (-) and clockwise (+) rotational projections were applied to the events with rectangular-shaped
analysis window of 1.0° x 3.0°. Hence, the azimuth-dependent rotation of the depth versus distance plots were
used with varying rotation angles. The azimuth is 0° for the projections trending north-south, and ranges from -
10° to -90°, for the counterclockwise rotation shown in Figure 10a and from +10° to +90° for the clockwise rotation
given in Figure 10Db, respectively. Then, the azimuth-dependent changes of the events are projected on the depth
versus distance plots and shown along the lines of ten cross-sections (Figure 10).

The overall aftershock distribution on the cross-sections shown in Figure 10 roughly corresponds to the aftershock
activity on those cross-sections (Figures 6-9). Along the azimuth-dependent projections, it can be seen that most
of the hypocenter activity densely occurs just beneath the mainshock area and the central and main clusters are
combined into the one unique and larger cluster at a depth of 30 km (Toker and Sahin, 2019). The cluster on the
projections with an azimuth of 0°-40° and -50°-90° seems to have conical-shaped narrow and wide volumetric
patterns, respectively (Figure 10a). These conical-shaped volumetric patterns of cluster seem to have the square-
like widening patterns (Figure 10b). This suggests that the hypocenter activity migrates, extends down to ~25 km,
with the maximum depth being 30 km and covers the whole crustal seismicity (Toker and Sahin, 2019). Given that
the average cutoff depth of ~30 km represents the seismic base of the crust along the rupture fault system, the
seismicity distribution indicates that the upper crust in the study area is brittle and seismogenic, and that the
brittle-ductile transition may occur at the transition between the middle and upper crust. Since most of the
aftershocks were found beneath the surface outcrops of the focal area and the basinal area of Lake Van with sparse
aftershocks may represent the base of the thick sediment body.

The cross-section shown in Figure 9 is oriented south to north with 0° azimuth (see Figure 10). The hypocenters
depicted on this cross-section show a possible convergence at depths of ~8-10 km. The projection of the central
cluster onto the plane of the cross-section is located around the mainshock surface rupture in the narrow area
between Lake Van and Lake Ercek (faults f1 and f2 in Figure 9). Therefore, currently the central cluster is highly
active and considered to represent the deep rupture associated with the mainshock and the main cluster appears
to have been activated by the pre-existing low-angle reverse faults (f3 and f4). The cluster distribution suggests
that the upper crust is so inhomogeneous and complex that an earthquake rupture would be an insufficient
description based solely on the distributional pattern of the hypocenter.

6.5. Microseismicity clusters

This sub-section further analyzes the spatial and temporal aftershock sequences occurring along secondary
and/or splay faults at or along the fault-bounded (f1 and f2) central cluster shown in Figure 9. If the central cluster
is currently highly active and considered to represent the deep rupture complexity, the close spatial and temporal
proximity of microseismic events need to be used to improve the visual resolution of hypocenters in the central
cluster. Hence, similar events were searched for using the temporal clustering procedure (Toker 2013; 2014) to
locate the clustered microseismicity occurring within small volumes. Figure 11 shows the temporal distribution
of aftershocks and temporal relation of the clustered events comparable to the magnitude and the focal depth
versus time plots.

The temporal distribution of the aftershocks analyzed in this study consists of a total of 6135 events over 282 days
(October 23, 2011-August 1, 2012) in three different plots with Mw > 2.0 earthquakes occurring sequentially one
after another with the duration of each day beingless than 24 hrs (Figure 11). In Figure 11, the prominent temporal
activity sequence contains 60 events (2.0 < Mw < 5.0) occurring within the previous 16 days, with the strongest of
the temporal activity clusters including 35 events (2.0 £ Mw < 4.0) occurring within less than 12 hrs. The last
individual temporal cluster was identified and analyzed, including the last 35 events. This cluster indicates that
the temporal activity of the cluster is spatially concentrated within distinct activity events (Figure 11).

As shown in Figure 11, the most prominent sequence observed along the inferred fault consists of 60 located
microearthquakes all occurring within 16 days preceding 31 July 2012 and within the ruptured area between Lake
Van and Lake Ergek. This sequence indicates a west-east trending morphology of the inferred fault. The observed
prominent temporal cluster consisted of 35 located microearthquakes that all occurred within a time period of
less than 12 hrs on 1 August 2012 and within an area of about 2.5-3.0 km?Z. The epicentral alignment of the events
suggests an east-west striking orientation in the map view. The strike of the aligned events with the cluster and
thelocal trend of the ruptured area suggest a junction between the main fault branch and a splay fault at the cluster
(Figure 11). For a further analysis, the hypocenters of temporal cluster were plotted on a depth section trending
north-south to observe the general trend of the events as identified in Figure 11. The 35 microearthquakes are
observed that all occurred at the central cluster with varying depths (Figure 12). These events are linearly aligned
in the section with the activity expanding to shallower depths, the hypocentral depths of the events range from 3
to 20 km, but remain limited to a depth of 20 km, and suggest a steep dip (r 90°) (Figure 12). The events were
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systematically spread along the plane of the section with a gradual increase of number of events during the most
active part of the cluster. The largest event occurs with Mw 4.0 and the centroid of the activity then migrates to
the central cluster bounded by faults f1 and {2 (Figure 12). The hypocenters define the starting point of the cluster
followed by a systematic migration throughout the central and main clusters shown in Figure 9.

The linear distributional pattern of the events cluster suggests vertical migration of the aftershock activity and
most probably indicates the nucleation point of the failure between fl1 and f2 and the progressive failure of
adjacent patches of the possible fault (Figure 12). This was initiated on the central cluster and propagates vertically
into the possible fault. The temporal distribution of the aftershock magnitudes, focal depths and the number of
events observed within the cluster increased and then gradually decreased. The events cluster observed in Figure
12 represent the complex behavior of the rupture process within the central cluster.

7. Discussion

This paper reports on a study of the structural coupling to the Van earthquake aftershock sequence with the
following five aims:

(i) to identify the aftershock hypocenters and their spatial and temporal distributions linked to the mainshock and
basin-bounding faults (f1 and f2) mapped from seismic reflection data in Lake Van Basin (Fig. 5) (Toker, 2011;
Toker and Sengor, 2011; Cukur et al.,, 2013; Cukur et al,, 2016; Toker et al,, 2017; Toker, 2017);

(ii) to observe the aftershock clusters, their focal depth distributional patterns;

(iii) to understand the migration of the hypocenter activity associated with each observed cluster;

(iv) to determine the azimuth-dependent distribution of seismic activity; and

(v) to detect an individual temporal cluster of microseismicity along the ruptured area in the Lake Van region.

Our analysis of the aftershock sequence leads to the result that the observed hypocentral activity, the main and
central clusters and their surrounding events show prominent patterns of the distribution. The seismic velocity
structure of the main/central cluster as a function of depth was also imaged by tomographic inversion of the P and
S waves (Toker and Sahin, 2019). In our study, the cross-sections showed a very distinct cluster pattern of the
relocated events and the velocity-dependent structure of the main/central cluster at depths smaller than 30 km.
The cluster activity was very intense along highly heterogeneous focal zone characterized by low to high P-wave
and low S-wave velocity anomalies. The spatial extent of the rupture area was fault-controlled extending from
Lake Van Basin (Fig. 5) and found to be almost the same as the size of the aftershock distribution (Figures 6-9).
These correspondences suggest that the aftershock distribution obtained by this study reflects an exact
hypocentral picture of the crustal profile of the 2011 Van event (Figure 9) and a strong coupling to basin-bounding
faults of Lake Van.

7.1. Spatial and Temporal Character of the Aftershock Sequence

The overall pattern of the hypocenter distribution is seen to be terminated by the north- and south-trending arms
of the U-shaped main cluster (Figures 7-9). This suggests that the north and south arms mark the up-dip limit of
the rupture area of the mainshock. In Figure 10, the distributional pattern of the hypocenters extends more, to the
deeper levels than the location of the main cluster as shown in Figures 8 and 9. This suggests that the coseismic
slip distribution may be shifted compared to the previously determined hypocenter distribution. The aftershock
activity may be inactive in the asperity region (e.g, the central cluster), where there is a large amount of coseismic
slip (e.g., Hino et al. 2000; Scholz 2002). In the Van earthquake case, the aftershocks around the mainshock
epicenter concentrated into large clusters and several areas of low seismicity may be the locations of the asperities
ruptured by the mainshock (Yaginuma et al. 2005).

The northern and southern limits of the hypocenter distribution of the main cluster (Figures 7-9), which are
interpreted as the northern and southern limits of the rupture area of the Van earthquake, correspond to the upper
crustal-block seismicity in eastern Anatolia (see Sengor et al. 1985; Dewey et al. 1986; Sengor et al. 2008; Toker et
al,, 2017 for crustal flake tectonics). The rupture propagation of the Van earthquake may be terminated by possible
crustal fault planes (f3 and f4) located about 8-10 km up-dip of the hypocenter (Figure 9). This termination of the
rupture propagation may have been caused by the reduction of the stress at the tips of growing faults by the
seismic deformation spread over a broad zone, as shown in Figure 10 (King and Nablek 1985). It can be suggested
that the intraplate crustal seismicity (Toker, 2013) is activated along the west-east trending southern and
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northern arms of the main and central clusters (compare Figure 9 with Figure 10) as the result of the rupture
termination process.

Toker (2015) reanalyzed seismic network data to compare the distributional pattern of the 4853 aftershocks (see
Figures 6-9) with the 10,000 aftershocks (Figure 10) and the background seismicity pattern (Toker 2014). This
comparison indicates that the positions of the active aftershock seismicity show spatial and temporal variations.
That is, the positions of hypocenters and the overall geometric patterns of the clusters show the azimuth-
dependent spatial variations along the distance versus depth plots (Figure 10). This may suggest seismic coupling
and its spatial variations thus, implying that this seismic coupling is strongly controlled by the persistent temporal
and spatial clusteral nature of the Van event, such as structural heterogeneities, irregular strain accumulations,
slip defects along or in the intraplate setting (Toker 2014; 2015). This reveals that the hypocenter distribution of
the aftershock activity strongly reflects the spatial and temporal variation of the intraplate seismic coupling (Toker
2014).

The spatial and temporal clustering of microseismicity is also detected along the ruptured area in the Lake Van
area (Figures 11 and 12). The hypocenter distribution of a single individual cluster represents an upward
migration of microseismicity on an evolving subsidiary fault (Figure 12). The west-east trending fault morphology
hosting cluster shown in Figure 11 forms part of the evolving fault network in the rupture area where the spatial
and temporal distribution of the events are densely concentrated (Toker, 2017). The temporal clusters are
associated with the earthquake sequences and frequently represent progressive failure of adjacent fault patches
along planes of activity (Toker 2013; 2014). These clusters are interpreted to represent repeated failure on the
same source patch and considered to be hosted within the complex fault structures under non-uniform stress
fields (Ben-Zion 2008; Toker 2013; 2014). This indicates that the spatial and temporal pattern of the events is
associated with the currently active faults that display similar kinematics throughout the ruptured area (Cukur et
al,, 2016; Toker et al,, 2017; Toker, 2017). This consists of a complex network of fault instabilities and/or patches
connecting fluid-filled extensional cracks and/or fractures (Hill 1977), assuming that the nature of seismic
deformation energy released was in a discrete form of spatial and temporal distribution of the aftershocks in and
around the ruptured area (Toker 2014). This offers evidence of the temporal and spatial density of microseismicity
clusters under the ruptured area, associated with discrete form of events due to the presence of disordered fault
zones and high fracture density in the seismogenic crust (Bayrak et al., 2013; Toker 2013; 2015; 2017).

7.2. Structural coupling to the rupture complexity of the Van earthquake

The analyses, in this paper, of the structural coupling to the Van aftershock sequence are often associated with
mapped faults in the Lake Van Basin (Fig. 5) (Toker, 2011; Toker and Sengoér, 2011; Cukur et al., 2013; Cukur et
al., 2016; Gériir et al, 2015; Ozalp et al, 2016; Toker et al., 2017; Toker, 2017). The joint interpretation of
aftershock sequence and seismic reflection profiles reveals the lateral and vertical heterogeneity of the fault-
controlled aftershock distribution and along-strike seismic activity in crust within the rupture area. This suggests
that the Van earthquake rupture process at crustal depths was not a simple frictional slip failure on the pre-
existing, weak fault systems, but a more complex process that involved the fracturing of strong rock blocks (Bayrak
et al,, 2013; Toker, 2017). This means that the rupture area of the Van event is a fault-bounded fragmentation
barrier (see Toker, 2017 for details). Such alocal strong area (e.g., large asperity and/or barrier) is highly resistant
to rupture growth on a fault and this area plays a more important role in determining the size of an earthquake
than the remainder (e.g., aseismic slip and/or relaxation barrier as proposed by Toker, 2017) of the fault plane,
which has little resistance to rupture growth (Ohnaka and Kato 2007; An et al. 2010). Moreover, hypocenters and
their distributional patterns (e.g., the migration, diffusion, scattering and clusters) are also the consequence of
stress redistribution related to the mainshock, occurring as failure along smaller fault asperities (Toker, 2017).
Aftershocks involve lower stress values than the mainshock and thus, may occur at greater depths and over wider
areas than the mainshock (Strehlau, 1986). In the present case, most of the aftershock hypocenters rapidly
occurred and formed the clusters beneath the mainshock area, where the portion of the upper crust consists of the
thrusted slices with volcanic materials (Sengor et al. 2003; 2008; Toker et al,, 2017; Toker, 2017) and may contain
asperities and barriers (Toker 2014). This may explain the spatial and temporal heterogeneity of the aftershock
seismicity.

The anomalous distribution of larger aftershock activity after the Van mainshock also showed a triggered pattern
of multi-clusteral events (Mw = 4.0) and extreme heterogeneity of the faulting in the rupture area (Toker 2013;
2014; 2015), supported by the large size asperities in the rupture zone of the mainshock (Irmak et al. 2012;
Kocyigit 2012). The short and long-term temporal activity of distinct clusters defined by Toker (2013; 2014)
permits a better understanding of the rupture process in the local-scale seismicity along the ruptured area. Thus,
the epicentral pattern of sequential events and hypocenters of microseismicity clusters supply important
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information by providing clues to the ruptured area (e.g., fracture, crack and permeability identification). The
spatial and temporal distribution of microearthquakes and their systematic migration within individual clusters
during the progressive failure of neighboring fault patches may define the simple picture of individual fault
patches. Hence, the temporal pattern of seismic sequences observed in the ruptured area may suggest a
progressive failure process on adjacent fault patches.

Considering the above results, the structural coupling of the Van aftershock sequence is that the 2011 Van
mainshock strongly triggered later events associated with a system of crustal faults along the accretionary wedge
complex of Eastern Anatolia, and at the same time some crustal faults were activated reciprocally and new events
were induced in the focal area. For example, the second destructive earthquake of Mw 5.6 (Edremit event) on
November 9 was located on one of these faults, which probably had sufficient accumulated energy, and the stress
storage derived from the adjustment of the tractions after October 23 acted as a trigger. The Van mainshock-
aftershock sequence indicates the conditions under which aftershock events may interact with the other events
(e.g., Edremit aftershock sequence) to repeat or renew the interactions of events (Toker 2013, 2014). The
superposition of both the mainshocks within such a short interval of time with the respective aftershock sequences
produced an intense spatial and temporal period of seismic activity that did not decay according to known simple
laws.

7.3. Implications for the damaged area in and around Lake Van

The structural coupling of the Van aftershock sequence associated with the mapped faults in Lake Van Basin
reveals an increasing damage pattern with internal damage zones in the Lake Van area. The highly damaged
rheology caused by the Van earthquake in multiple zones with a variable density of cracks/fractures/secondary
smaller faults manifested as activated fields of intraplate stress heterogeneity (Toker 2013), reduced elastic
moduli and increased dilatancy and anisotropy. These zones produced locally varying focal mechanisms and a high
variance of the stress fields (Bayrak et al. 2013; Acarel et al.,, 2014; Gori et al., 2014; Toker 2014).

The post-seismic hypocentral behavior of the Van aftershock sequence also exhibits distinct patterns of clusters
and anisotropy in the distribution and redistribution of stresses over space and time (Altiner et al. 2013; Toker
2013; Mackenzie et al., 2016). The damaged area from the Van event had a distinct asymmetric aftershock
response to loading under heterogeneous stress conditions and clusters (also with decluster, quiescence and
power-law truncation of events) during the loading-unloading intervals (Toker 2013). This was mainly due to a
higher energy dissipation associated with the creation and activation of new small faults, microcracks and
fractures (increasing damage) and the inelastic deformation of the internal damage zones (Ben-Zion 2008). These
results imply that the asymmetry of the aftershock response to seismic deformation (damaged area) became
extreme and strongly anisotropic across a wide range of size scales of the damage in the Lake Van area (Ben-Zion
2008; Toker 2013; 2014). This requires a view of the discrete framework commonly used in a statistical mechanics
approach (Ben-Zion, 2008). The post-seismic hypocentral behavior of the Van aftershock sequence is, in fact,
similar to the readjustment of crustal stresses (Khilyuk et al. 2000) in intraplate accretionary orogens (Sengor et
al. 2003; 2008). This supports the argument that the real cause of the anomalous occurrence and distribution of
aftershocks and their hypocenters may be anisotropic stress transfer and the rapid dynamic redistribution of
stresses rather than the gradual static increase (Khilyuk et al. 2000; Ben-Zion 2008). This assumes a discrete
structural model of the seismogenetic crust and suggests a dynamic origin of the 2011 Van mainshock-aftershock
generation rather than the static concept of accumulated stresses (Toker 2014).

Previous studies of the 2011 Van event reported the heterogeneous stress and strain regimes in and around the
focal area, however, they did not reveal how the seismic activity and related stress regime changed spatially and
temporally. Several shallow faults observed in the field slipped for days and weeks after the mainshock. These
shallower faults in the crust now have increased stress and were reported to have been triggered from the dynamic
and static stress changes of the mainshock (Fielding et al. 2013). It can be postulated that spatial and temporal
variations of the Van aftershock sequence, representing dynamical characteristics in the distribution of the spatial
hypocenter locations of events, are related to changes in the high stress regimes. Our results show that the
observed spatial and temporal variations in the seismicity are most likely due to significant changes in the local
stress regime over an 3-year period, ranging from reverse-thrust faulting (fractures closing) via a strike-slip
regime and finally to extensional faulting (fractures opening) (Irmak et al,, 2012; Cukur et al., 2016; Toker et al,,
2017; Toker, 2017). Although large scale geophysical studies surrounding the study area document seismic
velocity variations in heterogeneous crust (Cinar and Alkan, 2017; Alkan et al.,, 2020), anomalous low resistivity
through upper crustal complexity (Turkoglu et al., 2008; 2015) and slab detachment and break off activity beneath
the Lake Van area (Zor et al,, 2003; Zor, 2008), the detailed origins of these changes are not clear yet however,
these results are critical for forthcoming large earthquakes and seismotectonics of E-Anatolia.
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8. Conclusions

This analysis of the structural coupling to the 2011 Van earthquake aftershock sequence leads to the main
conclusion that the observed hypocentral activity, the main and central clusters and their surrounding events
show distinct distributional patterns of the rupture complexity of aftershock sequence. The aftershock distribution
and its size reflect the spatial extent of the rupture area and offer an exact hypocentral picture of the crustal profile
of the 2011 Van event.

The overall distribution of hypocenters is concentrated around the mainshock hypocenter and forms two
prominent clusters consisting of the central and main clusters. The main cluster bounded by possible reverse faults
f4 and f3 seems to have been activated by the pre-existing low-angle reverse faults, while the central cluster
bounded by faults f1 and f2 is currently highly active. The distributional pattern of both clusters in the rupture
area appears to be separated by fault-bounded crustal blocks, representing the deep rupture. The migrational
patterns of the hypocenter distribution indicate predominantly spatially linear to planar hypocenter distributions
in the first period, but quickly change to parabolic and then to spherical, acquiring a more spherical spatial pattern
in the last period. The location of the plane of aftershock distribution corresponds to the upper crustal seismicity
and the zonal correlation of hypocenter distribution from narrow to wide suggests that the shape of the upper
crustal block controls the spatial extent of the asperity complex of the Van earthquake. The spatial and temporal
distribution of aftershock sequence with the observed clusters suggests that the hypocentral variation of seismic
activity is not unidirectional but very complex and highly clustered, consisting of the repeated formation of small
and large-sized clusters over brief time periods.

The most dense hypocenter activity occurs just beneath the mainshock area along the azimuth-dependent
rotational projections. Only one, unique and larger cluster is observed in the projections at 30 km depth.
Depending on the azimuthal rotations, the distributional pattern of this cluster ranges from the conical-shaped to
the square-like narrow and widening volumetric patterns and covers the whole crustal seismicity. An individual
temporal cluster of microseismicity and its spatial distribution can be observed in the rupture area. The spatial
and temporal distributional pattern of each microseismicity cluster represents the vertical migration of the
aftershock activity on an evolving subsidiary fault and indicates the nucleation point of the failure between faults
(f1 and f2) and the progressive failure of adjacent patches of the possible fault. The west-east trending fault
morphology hosting cluster forms part of the evolving fault network in the rupture area. This cluster suggests the
complex faulting behavior of the rupture process both within and through the central cluster.

The results from the current study show that the observed spatial and temporal variations of the Van aftershock
sequence represent dynamic characteristics in the distribution of the spatial hypocenter locations of events and
related to significant changes in the local stress regime over an 3-year period. This indicates a rapid dynamic
redistribution of stresses rather than their gradual static increase, suggesting the azimuth-dependent spatial
variations of the intraplate seismic coupling along the distance versus the depth plots and anisotropic stress
transfer through the occurring events. This study provides valuable insight into the structural interaction of the
Van aftershock events at various scales comparable to, or better than the earthquake source dimensions. Hence,
this analysis of the structural characteristics of the 2011 Van mainshock might a give a clue to understanding the
seismogenesis in the area; however, this approach to the Van rupture complexity is still lacking in terms of various
stress and strain sources. To improve our study, a promising approach is to undertake a high-resolution spatial
analysis of a much larger number of different events and clusters including strike-slip aftershocks and volcano-
magmatic (e.g., swarm) activities.
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