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Abstract

It has been globally documented over different tectonic environments that Coulomb static stress changes
caused by a mainshock can promote or demote stresses along the neighboring faults and thus triggers or
delays following seismicity. In the present study Coulomb stress changes of the earthquakes in the Lake
Van area are calculated using available data and the likely source faults. The calculated stress change
maps demonstrate that the large earthquakes in the Lake Area are mostly stressed by the preceding
earthquakes, suggesting earthquake rupture interactions. It is further suggested that Coulomb stress maps
could be used for constraining the likely locations of the future large earthquakes and in the earthquake
hazard mitigation studies.
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1. Introduction

Coulomb static stress perturbations caused by a mainshock can increase or decrease stresses along
the neighboring faults and thus triggers or delays following aftershocks and mainshocks along
them. Spatial correlations between mainshock coseismic stress changes and aftershock occurrences
have been globally documented over different tectonic environments [1, 2, 3, 4, 5, 6, 7]. Tiny stress
increases can bolster occurrence of aftershocks (or increase seismicity rates) while a few
aftershocks occur (or seismicity rate decreases) in the area of stress drops or stress shadows [8, 9].
This puts forwards usage of Coulomb stress changes modelling as a tool for understanding of
earthquake interactions and earthquake hazard mitigation purposes.

This study is aimed to investigate earthquake stress interactions in the Lake Van Area, Eastern
Turkey, using the all available data related to seismicity and the source faults. Further results are
to be presented following Utkucu et al [6] who modeled Coulomb static stress changes before and
after the October 23, 2011 Van earthquake.
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Northward movement of the Arabian plate with respect to the Anatolian plate is the main cause
behind the tectonics of the eastern Anatolian block (Figure 1) [10, 11]. The convergence results in
a continent-continent collision along a suture zone known as Bitlis Thrust Zone (BTZ) [12]. Main
tectonic features of Lake Van Area are the BTZ lying immediate south of Lake Van (Figures 1 and
2) and a number of dextral and sinistral faults. Dextral Karayaz1 Fault, Tutak Fault, Ercis Fault
Zone, Hasantimur Fault and Caldiran Fault Zone and sinistral Malazgirt, Siiphan and Cakirbey
faults are the members of the distributed strike-slip faulting lying close to Lake Van (Figures 1 and
2) [13, 14, 15, 16, 17].
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Figure 1. Major tectonic elements of eastern Anatolia. Large rectangle encloses the map areas shown in Figures 2, 3
and 4 and large arrows indicate relative plate motions. Extent of faults and relative plate motions are from Reilinger
etal [11] and MTA [17], respectively. NAFZ North Anatolian Fault Zone, EAFZ East Anatolian Fault Zone, BTZ
Bitlis Thrust Zone, MRB Mus Ramp Basin.
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The active tectonics features of the Lake Van area mentioned above have caused dense seismic
activity in both historical and instrumental periods [18, 19, 20, 21, 22]. Epicentral distribution of
the damaging earthquakes after the 7 April 1646 Van earthquake and before 1860 and the M > 5.0
earthquakes after 1860 to the occurrence of the 2011 Van earthquake is shown in Figure 2.
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Figure 2. Local tectonic features and epicentral distribution of significant earthquakes (red and green stars) for the
Lake Van area. Van. Extent of faults is from Kogyigit et al [15], MTA [17] and Degens et al [23]. The black-white
beach ball represents focal mechanism of the 23 October 2011 Van earthquake by USCS-NEIC. NBF Northern
Boundary Fault, SBF Southern Boundary fault, EFZ Ercig Fault Zone, CFZ Caldiran Fault Zone, MF Malazgirt
Fault, BIF Bitlis Fault, BSF Bahgesaray Fault, AHF Ahlat Fault, EF Edremit Fault, KF Kalecik Fault, AF’ Alabayir
Fault, DB Deveboynu Basin, 7B Tatvan Basin, V'F Van Fault, GF Giirpmar Fault.

2. Coulomb Stress Changes Analysis
The Coulomb failure stress changes are calculated over the fault plane of the earthquake interested
by taking account its strike, dip and rake angles in the stress calculations. Coulomb failure stress

change (Aocr) can be simply written as

Ao=At+ ' Aoy (1)
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where At and Ao, represent the changes in the shear and the normal stresses over the target fault
plane, respectively. Here, p' is the apparent coefficient of the friction [24], which includes the
unknown effect of pore fluid pressure. Stein [25] indicated that p’ varies in the range 0.2-0.8 and
we have used p' = 0.4 in the study. Earthquake ruptures are assumed as rectangular dislocation
surfaces in an elastic half-space having Young’s modulus of 8x10° bar and Poisson’s ratio of 0.25
and the stress calculations are based on the coseismic elastic dislocation modelling of the
earthquakes [26]. The calculations are implemented using Coulomb 3.2 software [27, 28].

Only M > 6.0 earthquakes, with the exception of the 2000 Gevas earthquake (Mw = 5.6), after the
1646 Van earthquake have been used in the Coulomb stress change modeling (Table 2).

Table 1. Fault parameters of the earthquakes used for the Coulomb stress change modelling in the Lake Van area
(after Utkucu et al [6]). S1 and S2 stand for first and second segment of the earthquake rupture under interest.

Dat Lat. Lon. Maenitud Strike Dip Rake  Faultlength  Fault width Slip
ate o o agnitude o o o
©) ©) ) ) ) (km) (km) (m)

07.04.1646 38.30 43.70 Ms 6.7 265 50 73 38! 23.50 1.7!

12.08.1670 38.00 42.00 Ms 6.7 303 85 175 38 18.07 1.4!
S1 105 85 176 42 24

14.04.1696 - - Ms 6.8 UT02
S2 117 85 176 36 24

08.03.1715 38.40 43.90 Ms 6.6 255 50 73 35 30 UTI13

30.05.1881 38.75 42.30 Ms 6.3 250 85 5 21! 10.04 0.5

03.05.1891 39.15 42.50 Ms 6.0 250 85 5 21! 10.04 0.5
S1 204 85 5 20 18.07

28.04.1903 39.14 42.65 Ms 7.0 1.5!
S2 251 85 5 21 18.07

10.09.1941 39.07 43.40 Ms 6.0 145 85 175 14! 10.04 0.3!
S1 105 85 176 36 24

24.11.1976 39.10 44.02 Ms 7.3 UT02
S2 117 85 176 42 24

15.11.2000 38.40 42.92 My 5.7 228 40 37 9! 5 0.32-0.24

23.10.2011 38.73 4343 My 7.1 255 50 73 35 30 UT13

"Fault lengths and slip values are determined from the empirical relations of [29]. UT02= [30], UT13=[31]

The rupture parameters (strike, dip, rake and slip values of the faulting) for the earthquakes in the
instrumental periods are taken from the published studies [30, 31]. As for the rupture parameters
and source faults of the historical earthquakes following methodology is used. First, much likely
source faults are assigned by assessing damage descriptions in the historical sources and the strike
values are measured from the active fault map [15, 17], (Figures 2 and 3). If the fault type is strike
slip then the dip angle is in the range 80°-90° while the rake angle is in the range +170° - 180° and
0° - £10° for the dextral and sinistral faults, respectively. The empirical relationships of Wells and
Coppersmith [29] are used to define the rupture length and slip amplitude of the historical
earthquakes by assuming homogeneous fault slip. The seismogenic thickness starting from the
earth’s surface and is assumed as 20 km for all earthquakes. The stress changes are calculated at a
depth of 9 km, which almost corresponds to half the seismogenic thickness in the Lake Van area.
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3. Results

The map view of the calculated stress patterns before the 2011 Van earthquake are shown in Figures
3 and 4. The stress changes due to the 1646 Van earthquake is resolved onto the 2011 Van
earthquake’s rupture plane requires a stress shadow over the 2011 Van earthquake rupture plane
(Figure 3a). Therefore the stress changes are mapped from the earthquakes occurred after the 1715
Van earthquake (Figure 3b). Effect of the 2011 Van earthquake on the both Caldiran Fault’s
segments are shown in Figure 3c and 3d. Figure 4 reflects the stress interactions among the
background earthquakes of the 2011 Van earthquake. Both in Figures 3 and 4, enhancement and
reduction in the stresses are represented with red and blue colors, respectively.
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Figure 3. (a) The stress changes caused by the 7 April 1646 Van earthquake alone and (b) by the earthquakes after
the 1715 Van earthquake calculated over the 2011 Van earthquake’s fault. The stress changes of the 2011 Van
earthquake alone resolved onto the (¢) SE and (d) NW segments of the Caldiran Fault that produced 1976 Caldiran
earthquake.
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4. Discussion

Figure 3a indicates that the strong stress shadow over the rupture plane of the 2011 Van earthquake
caused by the 1646 Van earthquake could not be overwhelmed by the earthquakes after the 1646
Van earthquake (Figure 3b). Indeed, Figure 3b suggests that the 2011 Van earthquake’s rupture
plane has been coseismically stressed after the occurrence of the 1715 Van earthquake. However
the stress increase after the 1715 Van earthquake has not been enough to overcome the stress
decrease due to the 1646 Van earthquake alone. Figure 4b suggests that the stress increase was
mostly or completely caused by the 1976 Caldiran earthquake rupture. Therefore it could be said
that the 1646 Van and 1976 Caldiran earthquakes are dominating earthquake ruptures to effect the
2011 Van earthquake rupture plane by means of coseismic stress changes from the background
seismicity under interest. As apparent from Figures 3c and 3d, the coseismic stress changes due to
2011 Van earthquake alone have promoted stresses over the SE and NW segments of the 1976
Caldiran earthquake rupture, respectively. Fortunately, the rupture of the Caldiran Fault is
relatively new and the stress increase caused by the 2011 Van earthquake is not currently a serious
problem by means of an occurrence of large earthquake, with magnitude comparable to the 1976
Caldiran earthquake, in the near future.

As for the coseismic stress interactions of the earthquakes in the background of the 2011 Van
earthquake, firstly situation of the fault producing 1881 earthquake is investigated. Figure 4a shows
that the 1881 earthquake fault is stressed by the earthquakes in its background. The 1670
earthquake is determined to be main cause of the stress increase. Notice that the 1891 earthquake
fault remains in the stress shadow. However, when the stress changes of the 1881 earthquake are
also taken into account southwestern part of the 1891 earthquake fault seems to be exposed stress
increase of the 1881 earthquake rupture (Figure 4b). In Figures 4c and 4d, the stress changes are
projected onto the northern and southern segment of the 1903 Malazgirt earthquake rupture,
respectively. Though Figure 4c indicates tiny stress decrease for the northern segment, the southern
segment is exposed to the tiny stress increase caused by the 1891 earthquake rupture, as seen from
Figure 4d. As for the 1941 Ercis earthquake, it is not stressed by neither all of the earthquakes in
its background nor the 1903 Malazgirt earthquake alone (Figures 4e and 4f). Rather the 1941 Ercis
earthquake rupture remains in the stress shadow of the previous earthquakes. In order to have an
idea about the future earthquake hazard, stress condition of the Nazik Lake Fault is also
investigated using the all earthquakes in the Lake Van area. Figure 4g indicates that SE part of the
fault is strongly stressed by the background earthquakes while the Figure 4h indicates that the 1903
Malazgirt earthquake rupture is the main cause of the stress increase. In spite of the stress increase
it is difficult to interpret its earthquake potential because there is no information about what is the
earthquake recurrence interval along the fault and when did the last earthquake take place.

Conclusions

Coulomb stress changes of the earthquakes in the Lake Van area are calculated using available data
and the likely source faults. It is shown that the large earthquakes in the Lake Area have been
interacted with each other and most of the future earthquakes was stressed by the preceding
earthquakes. This put forward usage of the Coulomb stress maps in interpreting the future
earthquake hazard and its reduction.
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Figure 4. Maps of Coulomb stress changes related with the background earthquakes of the 23 October 2011 Van
earthquake in the Lake Van area. The stress changes are estimated from the earthquakes that occurred before the target
earthquake fault ruptures. The targets are (a) the 1881, (b) 1891 (c) NW and (d) SE segments of the 1903 Malazgirt,
(e) and (f) 1941 Ercis earthquakes. In (g) and (h) the target is Nazik Lake Fault. Note that in (f) and (h), the stress
changes are computed using only the 1903 Malazgirt earthquake rupture as a source.
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