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Abstract. A detailed spatial-temporal analysis of the seismic activity in and around the Lake Van region was 
performed using several seismotectonic parameters such as b-value, Z-value, relative intensity (RI), pattern 
informatics (PI), and Coulomb stress changes. Correlations between these parameters were analyzed to esti-
mate and forecast potential seismic hazards in the Lake Van region. Particular attention was paid to the parts of 
the study region that exhibited smaller b-values, higher Z-values, and high-stress changes at the beginning of 
2022 and to the locations of earthquake hotspots determined from the composite earthquake forecast map for 
2022–2032, i.e., Muradiye, Çaldıran, Özalp, Erçek, Van city center and Gevaş covering the faults of Çaldıran, 
Yeniköşk, Erciş, Malazgirt and the fault zones of Saray and Van. To provide more accurate interpretations 
regarding potential earthquake occurrences in the near future, the seismotectonic parameters analyzed in the 
scope of this study were compared with the corresponding seismological, geological, geodetical, and geo-
chemical variables reported in the literature. This comparison showed that, firstly, our results are consistent 
with those reported in previous studies, and, secondly, all these variables should be interpreted in combination 
to correctly assess strong earthquake hazards. Furthermore, this type of multiple-parameter analysis may be 
important for the description of seismic, tectonic, and structural characteristics of the nature of the crust. Our 
findings show that almost all seismotectonic parameters indicative of anomaly regions, i.e., lower b-values, 
higher Z-values, high-stress distribution, and hotspots, were recorded in the same parts of the study region. 
Thus, the anomaly regions detected at the beginning of 2019 and between 2022 and 2032 may be considered 
to be potential zones of future great earthquakes. To summarize, the correlations among these variables may 
provide accurate information for assessing and forecasting earthquake hazards in this region.
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INTRODUCTION

Spatial-temporal occurrences of earthquakes are 
not random and they generally occur without any pre-
cursors. These natural disasters are quite destructive 
and dangerous. Assuming that the crust of the earth 
is quite complex and earthquake behavior is chaotic, 
earthquake forecasting can be considered on a statis-
tical basis. Thus, statistical modeling of earthquake 
behavior assumes great importance in forecasting 

future potential earthquakes (Rundle et al. 2002). In 
general, it is possible to distinguish two types of earth-
quake forecasts. The first one is based on experimen-
tal measurements of precursory variations, while the 
other one deals with statistical patterns of earthquake 
distribution (Holliday et al. 2007). A lot of research is 
performed to forecast earthquakes and to define their 
spatial-temporal behavior in Turkey and different re-
gions of the world (e.g., Varatsos, Alexopoulos 1984; 
Turcotte 1991; Keilis-Borok 1996; Sobolev, Tyupkin 
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1997; Huang et al. 2001; Tiampo et al. 2002; Polat 
et al. 2002; Keilis-Borok, Soloviev 2003; Holliday 
et al. 2005; Öncel, Wilson 2007; Öztürk 2011, 2020; 
Scholz 2015; Luginbuhl et al. 2018; Ulukavak et al. 
2020; Nanjo 2020; Beroza et al. 2021) applying dif-
ferent physical models, scaling laws, parameters, ob-
servations, and approaches.

Comprehensive spatial-temporal analyses of seis-
micity show that earthquake occurrences display cha-
otic behavior, and hence, complicated statistical tools 
are necessary to evaluate the randomness and distribu-
tions of earthquakes. The frequency-magnitude rela-
tion (b-value) of the Gutenberg-Richter (G-R) scaling 
law (Gutenberg, Richter 1944) is one of the best-
known and most frequently used tools in earthquake 
statistics. Literature survey indicates that b-value is 
related to the relative proportion of both small and 
great earthquakes. Also, it reflects the seismotecton-
ic structure and the region-time-depth variations of 
stress (Utsu 1971). Therefore, by analyzing b-value, 
the fractal correlation between some variables such 
as the frequency of earthquakes, fault length, seismic 
energy, and seismic moment can be established. The 
G-R relationship is applied in numerous earthquake 
studies in different regions of the Earth (e.g., Smith 
1981; Olsson 1999; Enescu, Ito 2002; Scholz 2015; 
Yaghmaei-Sabegh, Gholamreza 2021). These studies 
propose that the fractal behavior of earthquake occur-
rences may be related to seismogenic stress condi-
tions throughout the earthquake activity and be also 
correlated with successive earthquake occurrences.

Besides the frequency-magnitude relation, abnor-
mal spatial (regional)-temporal variations in earth-
quake occurrence rates are also considered to be 
precursors of seismic events. One of such indicators 
is the precursory seismic quiescence defined as a no-
table decline in the mean earthquake activity rate as 
against the background activity in a limited part of a 
seismotectonic region (Wiemer, Wyss 1994). A lot of 
research is available on the phenomenon of the precur-
sory quiescence preceding the mainshock. According 
to these studies, several years before the mainshock, a 
significant decrease in seismicity is observed in focal 
regions (Wiemer, Wyss 1994; Console et al. 2000; 
Öztürk 2011, 2020; Puangjaktha, Pailoplee 2018; 
Derode et al. 2021; Öztürk, Alkan 2022a). Thus, as 
a technique for earthquake forecasting, the evaluation 
of seismic quiescence can provide advance informa-
tion about the local tectonic evolution and the forth-
coming seismic hazard (Bowman, King 2001).

The static changes in stress caused by a seismic 
event can change the current stress state and trigger 
a successive earthquake occurrence on a neighboring 
fault. Recent studies indicate that earthquakes cause 
stress distributions in the crust and this process can 
trigger earthquakes on nearby faults (e.g., Stein et al. 

1997; Nalbant et al. 2002; Toda et al. 2005; Ozer, 
Polat 2017; Ahadov, Jin 2019; Alkan et al. 2021; Li, 
Chen 2021; Öztürk, Alkan 2022b). Coulomb stress 
variations were estimated following the Okada model 
(1985) by analyzing elastic dislocations on rectan-
gular planes in a homogeneous and isotropic semi-
space. Tectonic stress along the fault is assumed to 
change over time. Stress may increase throughout the 
loading cycle before large earthquake events and may 
quickly abate. Thus, earthquake-induced crustal de-
formation causes stress disturbance in and around the 
earthquake region. From the viewpoint of earthquake 
physics, the possible location of the next great earth-
quake depends on the condition of the stress loaded by 
previous earthquakes and the existing seismotectonic 
conditions (Nanjo 2020). Therefore, stress changes 
are significant for earthquake interactions and can be 
used for the preliminary earthquake forecasting.

The pattern informatics (PI) method is recom-
mended as an alternative technique for forecasting 
earthquakes in addition to the G-R relation, precur-
sory seismic quiescence, and stress analyses (Rundle 
et al. 2002; Tiampo et al. 2002). Reliability of the 
PI technique depends on the accurate evaluation of 
spatial-temporal earthquake distribution. This fore-
casting method can be applied for identifying the 
precursory seismic quiescence (Nanjo et al. 2006a). 
The results obtained applying this method are used in 
producing maps of seismogenic regions, where earth-
quakes are forecast to occur in the future (five to ten 
years ahead) (Holliday et al. 2006).

Relative Intensity (RI) is another alternative 
method used for forecasting earthquakes and may de-
termine the possible regions of the next earthquake 
occurrences. The combined application of PI and RI 
techniques for earthquake forecasting yielded signifi-
cant results, which allowed predicting potential seis-
mic events in the study region more accurately (Hol-
liday et al. 2005, 2006). The use of these two types 
of retrospective earthquake forecasting techniques in 
combination with the analyzed spatial-temporal pat-
terns of the past events may allow predicting poten-
tial upcoming earthquake events.

Turkey is one of the best-investigated seismotec-
tonic parts of the Earth. Therefore, there are a lot of 
comprehensive studies performed on earthquake be-
havior patterns in different earthquake source zones 
in Turkey. The East Anatolian region (EAR), which 
is one of the most active zones in Turkey, has a sig-
nificant seismotectonic potential as regards the occur-
rence of great earthquakes in the medium and long 
term. Also, some destructive earthquakes occurred 
in Van and adjacent regions in the past and in recent 
years, e.g., April 29, 1903 Malazgirt (Ms = 6.7, sur-
face wave magnitude), September 10, 1941 Erciş-
Van (Ms = 5.9), February 26, 1960 Başkale-Van  
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(Ms = 5.8), November 24, 1976 Muradiye-Van  
(Ms = 7.5), June 25, 1988 Van Lake (Ms = 5.3), No-
vember 15, 2000 Gevaş-Van (Ms = 5.0), October 23, 
2011 Van (Ms = 7.2), June 24, 2012 Karagündüz-
Van (Ms = 5.0) and December 6, 2021 Van Lake  
(Ms = 5.0) (Bogazici University, Kandilli Observa-
tory and Research Institute, KOERI). Although there 
are many different studies conducted on seismicity in 
the Lake Van region, studies focusing on the immi-
nent earthquake forecasting in this part of EAR are 
relatively few.

The principle aim of our study was to present 
different approaches to earthquake forecasting and 
hazard evaluation by performing spatial-temporal as-
sessments of seismicity in the Lake Van region at the 
beginning of 2022. For that purpose, a comprehen-
sive statistical evaluation of several seismotectonic 
parameters including the b-value of the G-R relation, 
Z-value of standard normal deviation (precursory 
seismic quiescence), and Coulomb stress changes 
was performed. Also, the applicability of the rela-
tive intensity and pattern informatics algorithms for 
forecasting strong earthquakes in this region was first 
assessed. It should be emphasized that the performed 
assessment of these parameters allowed obtaining 
significant findings for earthquake hazard forecasting 
and determination of the time and location of future 
earthquake occurrences in the Lake Van region.

TECTONIC STRUCTURES AND SEISMIC 
ACTIVITY IN VAN CITY AND ITS 
ADJACENT REGIONS

The tectonic structure of the EAR is the most 
complex in the Alpine-Himalayan orogenic system 
because it is affected by the active collision zone be-
tween the Eurasian and the Arabian plates. The N-S 
compressional tectonic regime of these main plates, 
which occurred in the past (~13 Ma), causes the crus-
tal shortening and uplift in the EAR. This movement 
caused the westward escape and counter-clockwise 
rotation of the Anatolian plate along the dextral 
strike-slip North Anatolian Fault Zone (NAFZ) and 
the sinistral strike-slip East Anatolian Fault Zone 
(EAFZ). NAF and EAF zones intersect the Karlıova 
Triple Junction (KTJ). This recent compressional tec-
tonic regime has caused many faults and fault seg-
ments with various earthquake focal mechanisms in 
the region (Fig. 1a). The Lake Van region is located 
southeast of KTJ (~125 km) and ~100 km north of the 
promontory thrust of the Bitlis-Zagros Thrust Zone 
(BZTZ) (McClusky et al. 2000; Bozkurt 2001; Ke-
skin 2003; Şengör et al. 2003; Reilinger et al. 2006; 
Selçuk 2016; Alkan et al. 2020; Gülyüz et al. 2020; 
Kayın, İşseven 2023). At present, the Lake Van zone 
includes three deep sub-basins (Northern Basin, 

Tatvan Basin, and Deveboynu Basin) and basement 
ridges (e.g., Northern, Ahlat). This region is char-
acterized by oblique-slip boundary faults and a N-S 
shortened domal morphological structure (Çukur et 
al. 2017; Toker 2021).

Several active faults and fault zones around the 
Lake Van region were defined by Emre et al. (2013; 
2018) as shown in Fig. 1b. The main tectonic struc-
tures in and around the study region include the faults 
and fault zones called Erciş, Çaldıran, Süphan, Nem-
rut, Nazik Gölü, Malazgirt, Yeniköşk and Saray, and 
Van. The Erciş, Çaldıran, Nazik Gölü, and Saray fault 
zones are controlled by the right-lateral strike-slip 
mechanism, while the mechanism underlying Süphan 
and Malazgirt faults is mainly left-lateral strike-slip. 
However, the Yeniköşk fault and the Van fault zone 
are controlled by reverse fault mechanisms typically 
trending E-W, whereas the Nemrut fault and the ex-
tension fissures of the Tendürek fault are character-
ized as normal fault systems. The Lake Van region 
is seismically very complex. It that has undergone 
numerous strong shallow earthquakes in the instru-
mental period. The most recent Van earthquake (Oc-
tober 23, 2011) caused great destruction in the region. 
This great earthquake generated a lot of aftershocks 
(~9,000) and some of them had a strong magnitude 
reaching 5.6 on the Richter scale (Irmak et al. 2012; 
Utkucu et al. 2013; Selçuk 2016).

EARTHQUAKE DATABASE AND SHORT 
DESCRIPTIONS OF THE METHODS

This study presents part of the earthquake cata-
logue compiled by Öztürk (2009). It spans the time 
interval between 1970 and 2006 (for details see 
Bayrak et al., 2009). This homogeneous database con-
tains information on the duration magnitude (Md) of 
392 earthquake occurrences in the period from 1970 
to 2006. In addition, in this study, we analyzed the 
data taken from KOERI (Bogazici University, Kan-
dilli Observatory and Research Institute) on 13,786 
earthquakes that occurred from 2006 to 2022. When 
selecting data for statistical analysis, preference was 
given to shallow earthquakes (depth < 70 km) be-
cause the seismogenic depth in the EAR study region 
is claimed to have changed from 40 to 45 km (Alkan 
et al. 2020). Hence, the total catalogue of the earth-
quakes discussed in this article lists 14,178 events 
with the magnitude in the range of 1.0 ≤ Md ≤ 6.6, 
which occurred in the period of approximately 51.09 
years, i.e. between November 28, 1970, and Decem-
ber 31, 2021. The epicenter locations of these earth-
quakes are plotted in Fig. 2 using different symbols 
for different magnitude sizes.

The Coulomb stress variation was investigated us-
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Fig. 1 (a) Tectonic structure in and around Turkey demonstrates the main neotectonics and provinces (modified from 
Bozkurt 2001; Emre et al. 2013, 2018). Large arrows indicate the general direction of the plate movement. The study 
region is presented in a red rectangular frame. Abbreviations: EBSB: the Eastern Black Sea Basin, WBSB: the Western 
Black Sea Basin, WAEP: the Western Anatolian Extensional Province, EAFZ: the Eastern Anatolian Fault Zone, NAFZ: 
the Northern Anatolian Fault Zone, NEAFZ: the Northeast Anatolian Fault Zone, BZTZ: the Bitlis-Zagros Thrust Zone, 
DSFZ: the Dead Sea Fault Zone, KTJ: the Karlıova Triple Junction. (b) Active tectonic faults in Lake Van and its adjacent 
region (taken from Emre et al. 2018). Claret red circles mark city locations

ing the information on 66 earthquakes (moment mag-
nitude, Mw ≥ 4.5), which occurred in the Lake Van 
region between 2011 and 2021. The catalogue infor-
mation on earthquakes (dip, strike, rake, etc.) present-
ed in Table 1 was obtained from the AFAD (Disaster 
and Emergency Management Authority). Also, Fig. 3 
shows the focal mechanism solutions and epicenter 
locations of all the events, which demonstrated strike-
slip faults in general. Thus, the stress variations are 
analyzed based on the strike-slip fault mechanism.

Magnitude-frequency relation of the Gutenberg-
Richter scaling law (b-value)

The empirical scaling law for earthquake oc-
currences was proposed by Gutenberg and Richter 
(1944). The basic formula for the frequency-magni-

tude relationship in earthquake statistics can be ex-
pressed as follows:
 log10 N(M) = a – bM (1)

where N(M) is the cumulative number of earthquake 
events with magnitudes equal to or greater than M 
during a certain time interval. The a- and b-values are 
positive constants; the b-value can be obtained from 
the slope of the frequency-magnitude distribution. 
However, the a-value is related to the seismicity rate. 
Changes in a-value for different regions are related 
to the period covered by the catalogue, size of the 
study region, and the number of earthquake events 
recorded. The b-value for different seismotectonic 
parts of the world (Utsu 1971) varies from 0.3 to 2.0, 
and the given average b-value fluctuates around 1.0 
(Frohlich, Davis 1993). The b-value is stated to be 
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Fig. 2 Epicenter distributions of 14,178 shallow earthquake 
occurrences with Md ≥ 1.0 in the Lake Van region in the pe-
riod 1970–2022 that are included in the original catalogue. 
The magnitude of earthquakes is represented using differ-
ent symbols (Catalogue information on earthquakes is taken 
from KOERI). The fault plane solution demonstrates the fo-
cal mechanism of the 2011 Van earthquake (Mw = 7.2)

Fig. 3 The fault plane solutions were calculated based on 
the events that occurred in the Lake Van region (See Table 
1 for details). Focal mechanism parameters were taken 
from the AFAD website (URL-1, DDA Catalog (https://
deprem.afad.gov.tr/ddakatalogu?lang=en)

related to the relative distributions of small and great 
earthquakes. However, different factors such as tec-
tonic features, anisotropic structure, and stress heter-
ogeneities can cause b-value variations. There exists 
a negative relation between the b-value and stress dis-
tribution. Also, geological complexity, crack density, 
thermal gradient, material properties, fault length, 
seismic wave velocity changes, seismic attenuation, 
strain circumstances, and slip distribution are associ-
ated with variations in b-value (Mogi 1962; Schor-
lemmer et al. 2005; Scholz 2015). Seismic activity is 
characterized by relatively high b-values in magmatic 
zones. Therefore, small effective stress variations can 
be related to high pore pressures and geothermal gra-
dients (Abdelfattah et al. 2020). Thus, b-value is a 
crucial parameter indicating the potential for earth-
quake occurrences in the region.

The estimation of b-value, mapping of the precur-
sory seismic quiescence, and estimation of the com-
pleteness magnitude (Mcomp) are very important for 
obtaining reliable and high-quality statistical results. 
The latter type of estimation must be done before oth-
er analyses. Mcomp can be defined as the minimum 
magnitude above which all earthquakes within a cer-
tain region are reliably recorded. It can be estimated 
from the frequency-magnitude distribution of events 
(Wiemer, Wyss 2000).

90% of the earthquake events listed in the cata-
logue exceed the magnitude of completeness. Mcomp 
variations over time can affect statistical outputs, and 
hence, the maximum number of events must be used 
to achieve correct estimations. As Mcomp value is 
used in several analyses, Mcomp changes over time 
are examined first.

Declustering Process and Standard Normal 
Deviate (Z-value, Precursory Seismic Quiescence)

One of the most important stages in compiling 
quantitative earthquake statistics for the assessment 
of seismicity rate changes and earthquake hazard 
analyses is the procedure of separating secondary 
earthquake events (earthquake swarms, foreshocks, 
or aftershocks) from the primary ones and exclud-
ing them from earthquake catalogues (Mizrahi et al. 
2021). During declustering, all the main events are re-
moved from each cluster and all primary earthquakes 
are recorded as a single event. Thus, to ensure the uni-
formity of the data to be used in earthquake forecast-
ing models, the catalogue of earthquake events must 
undergo the declustering procedure. In our study, 
the catalogue was declustered following Reasenberg 
(1985) and applying the ZMAP (Wiemer 2001) pack-
aged software.

According to the seismic quiescence hypothesis, 
which was put forward by Wyss and Habermann in 
1988, an earthquake is preceded by a significant de-
crease in earthquake activity, otherwise known as 
precursory quiescence, in a limited part of the seis-
mogenic zone (Wiemer, Wyss 1994). There exist 
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Table 1 Focal mechanism results for the earthquake occurrences in the study region (38.0°N–39.5°N latitude and 42.0°E–
44.0°E longitude) between 2011 and 2022. Focal mechanism solutions were taken from the AFAD website (URL-1, DDA 
Catalog, afad.gov.tr)
No Date (UTC) Latitude (°N) Longitude (°E) Magnitude (Mw) Depth (km) Strike (°) Dip (°) Rake (°)

1 05/12/2021 
21:46:47 38.906 43.485 4.7 7.62 127 87 –163

2 14/12/2020 
21:58:45 38.901 43.487 4.7 9.2 212 82 8

3 07/08/2020 
19:20:13 38.131 42.613 4.6 6.99 331 83 171

4 03/04/2020 
05:44:24 38.909 43.529 4.7 12.99 175 85 3

5 14/06/2018 
15:42:21 38.941 43.555 4.5 13.66 187 45 36

6 01/05/2017 
16:30:40 38.265 42.928 4.5 12.44 308 88 177

7 23/11/2016 
12:14:36 38.539 43.870 4.6 9.97 305 76 167

8 23/01/2016 
07:53:44 38.049 42.670 4.5 15.21 279 42 163

9 29/10/2015 
09:46:39 39.119 43.743 4.8 4.9 119 61 –167

10 23/06/2015 
22:35:20 38.681 43.179 4.5 30.45 268 44 97

11 18/02/2014 
21:51:35 38.836 43.563 4.6 11.67 224 81 34

12 21/09/2013 
02:15:44 38.673 43.418 4.5 17.03 252 42 50

13 12/06/2013 
19:02:51 38.624 43.690 4.6 15.91 232 23 87

14 24/11/2012 
16:04:28 38.833 43.572 4.5 17.53 93 66 145

15 24/06/2012 
20:07:21 38.733 43.667 5.0 23.62 96 42 89

16 26/03/2012 
10:35:33 39.234 42.276 5.0 16.96 116 67 168

17 24/02/2012 
13:07:10 38.827 43.565 4.5 22.09 22 82 –10

18 17/02/2012 
09:32:57 38.743 43.216 4.6 7.02 258 50 56

19 06/12/2011 
02:55:59 38.833 43.616 4.7 15.36 119 58 172

20 04/12/2011 
22:15:03 38.481 43.299 4.9 12.22 32 86 2

21 30/11/2011 
00:47:21 38.470 43.290 5.0 19.79 166 56 –58

22 24/11/2011 
00:48:07 38.633 43.028 4.5 15.9 253 53 47

23 22/11/2011 
03:30:35 38.609 43.200 4.5 22.95 55 88 6

24 21/11/2011 
20:55:56 38.669 43.205 4.6 22.74 82 42 97

25 18/11/2011 
17:39:39 38.802 43.852 5.2 8.0 201 90 20

26 17/11/2011 
12:38:31 38.867 43.569 4.5 17.1 92 78 –166

27 14/11/2011 
22:08:14 38.703 43.083 5.1 23.32 256 41 66

28 14/11/2011 
16:47:16 38.624 43.075 4.7 18.98 103 49 105

29 14/11/2011 
16:31:31 38.621 43.040 4.5 19.21 95 45 90

30 12/11/2011 
18:20:01 38.632 43.173 4.6 19.15 71 47 73

31 09/11/2011 
20:45:38 38.464 43.253 4.5 17.74 39 77 –9

32 09/11/2011 
19:23:34 38.438 43.282 5.6 21.47 163 52 –44
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No Date (UTC) Latitude (°N) Longitude (°E) Magnitude (Mw) Depth (km) Strike (°) Dip (°) Rake (°)

33 08/11/2011 
22:05:50 38.719 43.077 5.4 8.36 255 43 59

34 07/11/2011 
22:14:12 38.935 43.483 4.5 14.63 156 69 –14

35 07/11/2011 
15:54:48 38.663 43.632 4.8 4.43 31 69 5

36 06/11/2011 
02:43:12 38.939 43.554 4.6 11.66 9 81 30

37 05/11/2011 
19:19:15 38.814 43.513 4.6 22.03 191 74 17

38 02/11/2011 
04:34:21 38.884 43.590 4.8 18.03 25 84 0

39 01/11/2011 
21:10:44 38.846 43.609 4.5 5.06 237 54 56

40 30/10/2011 
01:55:04 38.729 43.612 4.6 22.36 31 73 –23

41 29/10/2011 
22:24:22 38.924 43.543 4.8 16.67 199 90 –18

42 29/10/2011 
18:45:49 38.622 43.152 4.6 13.97 80 42 110

43 28/10/2011 
16:34:10 38.897 43.583 4.5 12.44 198 86 –18

44 26/10/2011 
16:19:44 38.659 43.285 4.5 1.45 35 89 –3

45 26/10/2011 
03:16:18 38.692 43.200 4.8 20.62 222 57 70

46 26/10/2011 
02:59:05 38.828 43.506 4.6 14.81 58 75 22

47 25/10/2011 
15:27:13 38.826 43.566 4.5 16.01 55 83 21

48 25/10/2011 
14:55:06 38.823 43.585 5.4 17.44 36 89 –9

49 24/10/2011 
23:55:15 38.787 43.390 4.6 26.37 21 89 –22

50 24/10/2011 
22:13:30 38.713 43.097 4.5 19.24 239 52 65

51 24/10/2011 
15:28:06 38.693 43.147 4.8 18.71 215 70 25

52 24/10/2011 
08:49:19 38.706 43.582 5.0 17.27 231 43 73

53 24/10/2011 
04:18:45 38.680 43.310 4.5 12.58 145 57 141

54 23/10/2011 
20:45:34 38.644 43.127 5.8 6.79 137 55 147

55 23/10/2011 
19:43:24 38.697 43.150 4.5 7.55 228 52 –119

56 23/10/2011 
19:06:05 38.735 43.328 5.0 22.09 252 34 65

57 23/10/2011 
18:53:47 38.724 43.302 4.8 6.08 129 74 124

58 23/10/2011 
18:10:44 38.629 43.192 5.0 19.81 106 30 102

59 23/10/2011 
16:05:10 38.751 43.508 4.8 20.85 175 43 57

60 23/10/2011 
15:57:59 38.717 43.326 4.6 21.78 63 43 100

61 23/10/2011 
15:24:29 38.590 43.149 4.7 21.55 77 22 153

62 23/10/2011 
13:17:03 38.811 43.467 4.7 15.41 140 68 128

63 3/10/2011 
11:32:40 38.777 43.394 5.5 22.61 213 51 99

64 23/10/2011 
10:56:48 38.782 43.363 5.8 19.92 305 71 –140

65 23/10/2011 
10:41:20 38.689 43.465 6.7 19.02 98 66 88

66 30/04/2011 
15:26:03 38.183 42.525 4.5 5.0 125 86 –176
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many different methods for identifying and character-
izing seismicity rate changes. Most of them are based 
on the spatial-temporal modeling of the seismic qui-
escence before the mainshocks. The algorithm pro-
vided by the ZMAP computer program was devised 
by Wiemer and Wyss (1994). The ZMAP technique 
is used to monitor the areas exhibiting the period of 
quiescence in earthquake activity. Z-test generates 
the Long-Term Average, LTA(t) function for the sta-
tistical evaluation of the confidence level in standard 
deviation units:

  (2)

where R1 is the mean activity rate in the overall fore-
ground period, R2 is the mean activity rate in the back-
ground period, σ is the standard deviation and n is the 
number of the sample within and outside the window. 
Z-value is estimated as a function of time. Thus, Z-
value lets the foreground window slide along the time 
interval of the catalogue and is called LTA (t).

Relative Intensity (RI), Pattern Informatics (PI), 
and Forecast Map Creation

Another way of earthquake forecasting is based 
on the analyses of the occurrence rate of small past 
earthquakes and regions exhibiting high seismic ac-
tivity and/or quiescence. Large earthquake events 
are followed by a sequence of smaller events, i.e. af-
tershocks, caused by release of residual stress. They 
steadily decrease in magnitude and frequency and are 
instrumentally detectable in the area until a succes-
sive earthquake hits (Holliday et al. 2007). In relation 
to this process, the combined application of PI and 
RI techniques for earthquake forecasting has recently 
yielded significant results. Although the application 
of these techniques cannot gurantee the prediction 
of earthquakes, their combined use can forecast the 
seismogenic areas (hot spots) where earthquakes can 
be expected to occur in the period of the next 5–10 
years.

RI and PI algorithms are used in numerous studies 
dealing with earthquakes and their prediction (Nanjo 
et al. 2006a, b; Holliday et al. 2005, 2006, 2007). The 
essence of the relative intensity (RI) method used in 
this study can be described as follows (see Nanjo et 
al. 2006b for details):

a. The study area is divided into a grid of boxes 
with a linear dimension ∆x.

b. The number of events with a magnitude Md 
equal to or larger than Mcomp value in box j 
is calculated for the period between tS and tE. 
tS and tE are the starting and ending times of 
the earthquake events listed in the catalogue, 
respectively. This number is averaged to deter-

mine the number of events per day, denoted as 
nj (tS, tE).

c. The relative value of nj (tS, tE) is defined as the 
RI score. It is described as nj (tS, tE)/nMAX. The 
largest value of nj (tS, tE) is nMAX and thus, RI 
value changes between 0 and 1.

d. When considering the threshold value of w 
from zero to one (0 ≤ w ≤ 1), the next large 
events are expected to occur only in boxes of 
RI values higher than w-value. The boxes of 
RI values lower than the threshold w-value are 
accepted as the regions where the next large 
events are not forecast to occur.

e. According to the RI model, great events are 
most likely to occur in the regions of more in-
tense earthquake activity.

The essence of the PI method and algorithm used 
in this study can be conveyed as follows: (see Nanjo 
et al. 2006b for details):

a. As in the case of RI method, the study area is 
divided into a grid of boxes with a linear di-
mension ∆x.

b. All the events with the magnitude Md equal to 
or larger than Mcomp value (Md ≥ Mcomp), re-
corded in the study area from time t0, are in-
cluded.

c. The analysis focuses on three time periods:
1) The reference time between tb and t1.
2) The period between tb and t2 (t2 > t1). The 

change period, during which seismicity 
variations are observed, is between t1 and t2. 
The time tb is between t0 and t1. The aim is 
to determine abnormal earthquake activity 
in the change period from t1 to t2 relative to 
the reference period from tb to t1.

3) The forecast period from t2 to t3 is the period 
for which the forecast is valid.

d. The earthquake intensity in the box for the  pe-
riod is the average number of events with Md 
≥ Mcomp that occurred throughout this period. 
The earthquake intensity in the box j during 
the reference period from tb to t1, denoted as 
nj (tb, t1), is the average number of events that 
occurred between tb and t1. The earthquake in-
tensity in the box j during the period from tb to 
t2 denoted as nj (tb, t2), is the average number of 
events that occurred between tb to t2.

e. To allow the comparison between seismic in-
tensities during two different time periods, 
they are required to have the same statistical 
features. Hence, the earthquake intensities are 
normalized by subtracting the average seismic-
ity from all the boxes and dividing the aver-
age seismicity by the standard deviation of the 
seismicity in all the boxes. These normalized 
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intensities are denoted as nj(tb, t1) and nj(tb, t2).
f. The degree of abnormal earthquake activity in 

the box j is given as the difference between two 
normalized earthquake intensities, ∆nj(tb, t1, t2) 
= nj(tb, t2)-nj(tb, t1).

g. To diminish the relative significance of random 
fluctuations in seismicity, the average change 
∆nj(tb, t1, t2) is calculated for all possible initial 
times tb between t0 and t1. The result is given as 
∆nj(t0, t1, t2).

h. The possibility of the next event in the box j is 
given as Pj(t0, t1, t2). It is defined as the square 
of the intensity variation, Pj (t0, t1, t2) = {∆nj(t0, 
t1, t2)}

2.
i. To denote abnormal areas, it is necessary to 

calculate the variation in the possibility Pj(t0, 
t1, t2) relative to the background activity. This 
means that the average probability is subtract-
ed from all boxes < Pj (t0, t1, t2)>. This variation 
in the possibility is expressed as P’j(t0, t1, t2) = 
Pj(t0, t1, t2) – <Pj (t0, t1, t2)>.

j. The relative possibility value is defined as PI 
score. This is formulized with P’j (t0, t1, t2)/
PMAX. PMAX is the greatest value of P’j (t0, t1, 
t2) since it is related to the seismic quiescence/
activation relative to the background seismic-
ity. These values are replaced by zero if boxes 
have PI values smaller than zero. Thus, PI val-
ue changes between 0 and 1.

k. If a threshold w-value is accepted to vary be-
tween 0 and 1, the next large events in boxes 
of PI values are expected to be greater than this 
w-value. The boxes of PI values lower than the 
threshold w-value are the regions where the 
next large events are not forecast to occur.

l. According to the PI model, great earthquakes 
are expected to occur in areas with higher 
earthquake quiescence or activity.

The results obtained applying the PI method in-
dicate the areas where earthquakes are most likely to 
occur in the future. PI and RI maps are combined to 
create a forecast map. This map is then renormalized 
to obtain the earthquake probability for the future 5 to 
10-year period (see Holliday et al. 2007 for details):

a. As a first step, a relative intensity map is creat-
ed for all the areas. Then, relative values higher 
than 10-1 are adjusted to 10-1, and nonzero val-
ues smaller than 10-4 are adjusted to 10-4. In the 
end, every box with zero historic earthquake 
activity is set to 10-5.

b. The PI values are calculated over the top 10% 
of the most active parts of the study region. 
The times t0, t1, and t2 are defined for the calcu-
lations. Since future events are expected to oc-
cur in hotspots, they are stated with probability 
values.

c. Finally, a composite forecast map is created by 
superimposing the Pattern Informatics map and 
its Moore neighborhood (the pixel + its eight 
adjacent neighbors) onto the Relative Intensity 
map. Entire hotspot pixels have a possibility 
of 1 and, all other pixels have possibilities that 
vary from 10-5 to 10-1.

Coulomb stress changes

Coulomb stress analysis is a well-established ap-
proach to studying stress conditions under which fail-
ures occur in source faults. Dependence of the Cou-
lomb failure stress (Δσcfs) change on the receiver fault 
can be expressed as follows:
 Δσcfs = Δτs + μ'Δσn' (3)

Here, Δτs represents the shear stress variation associ-
ated with the positive direction of the receiver fault 
slip, Δσn' is the normal stress change along the fault 
plane and μ' is the effective coefficient of friction on 
the fault (Toda et al. 2011). μ' includes the effects 
of pore-pressure changes and varies between 0 and 
1. For the calculation of stress changes, μ'-value was 
taken as 0.4 as stated in King et al. (1994). We assume 
that the dimensionless Poisson’s ratio (v) is 0.25 and 
Young modulus (E) is chosen as 8 × 105 bars. The 
Coulomb stress changes from -0.1 to 0.1 (bar) are 
considered to record the forthcoming earthquake haz-
ards (Yadav et al. 2012). The positive Coulomb stress 
variation shows the loading of stress, pushing the 
fault towards brittle failure, whilst negative changes 
in the Coulomb stress distribution correspond to the 
unloading stress, inhibiting the rupture of the earth-
quake (Stein et al. 1994; Liao et al. 2022).

RESULTS

The detailed analysis and forecasting of the earth-
quake hazard in the Lake Van region, an important 
seismic hazard region in Turkey, was performed using 
multiple parameters: (i) the b-value of G-R relation, 
(ii) the precursory quiescence Z-value, (iii) Coulomb 
stress variations (iv) RI, PI, and their combination. 
For this purpose, the spatial-temporal behavior of 
earthquake occurrences was mapped for the begin-
ning of 2022.

For the determination of the minimum magnitude 
to be used in spatial-temporal seismicity analyses, 
the estimation of Mcomp, which shows variations of 
completeness over time, must be done as a first step. 
However, the principal aim of this analysis was to en-
sure the statistical reliability of calculations by using 
the maximum number of events. Woessner, Wiemer 
(2005) stated that Mcomp variations over time can be 
calculated by using a moving time window technique. 
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In this study, temporal Mcomp variations with their 
standard deviations were obtained for every 250 sam-
ples per window. The original catalogue containing 
14,718 Md ≥ 1.0 earthquake events was used in this 
study. The variation of Mcomp over time was plotted 
in Fig. 4. Until 2011, the range of Mcomp variation 
was 2.8–3.3. At the beginning of 2012, it decreased to 
about 2.5, and since 2012, it has been fluctuating be-
tween 2.0 and 2.5. Thus, temporal Mcomp variations 
are not stable and there was a clear fluctuation be-
tween 2.0 and 3.3 recorded in the period 1970–2022. 
It can be concluded that Mcomp = 2.5 is consistent 
with the findings of our previous studies (Öztürk 
2017, 2018) and is suitable for the analyses. Since 
this study includes b-value, Z-value, RI, and PI statis-
tics, Mcomp analysis is conducted as a first step and 
2.5 is used as the average Mcomp value in all statisti-
cal estimations.

As stated above, the original earthquake catalogue 
lists 14,178 Md ≥ 1.0 shallow earthquake events re-
corded over the period 1970–2022. As a result of the 
performed catalogue declustering, 5449 earthquakes 
(nearly 38.43%) were removed from it. When ex-
amining the original database, Mcomp was set equal 
to 2.5. The Md < 2.6 earthquake events, which were 
4934 in number, were removed from the database. 
After declustering, ~73.24% of the original catalogue 
was eliminated. Thus, the number of earthquakes de-
creased to 3794. This uniform and independent data-
base was used for seismic quiescence analysis.

Fig. 5 shows the cumulative number of earth-
quake occurrences over the time period indicated in 
the catalogue. This catalogue lists 14,178 Md ≥ 1.0 
earthquakes. In addition to this original database, the 
declustered catalogue including 8729 Md ≥ 1.0 earth-
quakes and the declustered catalogue listing 3794 Md 
≥ 2.5 earthquakes were represented in Fig. 5. There 
were no significant fluctuations in seismicity record-
ed during the period 1970–2001, and very few seis-

mic events were observed in the period 2001–2012. 
However, a significant increase in the number of 
earthquakes was recorded after the 2011 Van earth-
quake. As seen in Fig. 5, the cumulative number of 
declustered earthquake events with Md ≥ 2.5 have a 
smoother slope than those listed in the original da-
tabase. Literature surveys show that Mcomp analysis 
and catalogue declustering are necessary both for 
the removal of dependent earthquakes such as after-
shocks, foreshocks, or swarms from catalogues and 
for the statistical assessment of earthquake behavior 
(Katsumata, Kasahara 1999; Joseph et al. 2011). The 
catalogue is ready to be used for statistical spatial-
temporal earthquake analyses after it has been declus-
tered and Md < 2.6 earthquakes have been removed 
from it.

Fig. 6 shows b-value and its regional variations. 
It is computed based on the original catalogue, in-
cluding 14,178 earthquake events, and the maximum 
likelihood estimation with the Mcomp (Mcomp = 2.5) 
value set equal to 2.5. As seen in Fig. 6a, b-value is 
equal to 1.08 ± 0.07 with its standard deviation. On a 
global scale, b-value fluctuates between 0.3 and 2.0, 
and tectonic events are suggested when b-value is 
within the range of 0.5–1.5, although the average b-
value is close to 1.0. Therefore, the b-value of earth-
quake distribution in the Lake Van region is well rep-
resented by the G-R scaling law with the b-value close 
to 1.0. The regional variation of b-value is presented 
in Fig. 6b, which was plotted using a moving window 
technique in ZMAP with a sample of 850 earthquakes 
per window. This map was prepared considering a 
spatial grid of 0.02 × 0.02° for longitude and latitude. 
The analysis of the declustered catalogue of Md ≥ 2.5 
earthquakes revealed that the regional b-value varies 
within the range of 0.85–1.22. According to Frohlich 
and Davis (1993), the b-value suggesting earthquake 
occurrences is well represented by the G-R relation 

Fig. 5 Time variations of the cumulative number of earth-
quakes between 1970 and 2022 for the original database of 
earthquakes with Md ≥ 1.0 (black line), for the declustered 
database of earthquakes with Md ≥ 1.0 (blue line), and for 
the declustered database of earthquakes with Md ≥ 2.5 (red 
line)

Fig. 4 Temporal variation of magnitude completeness, 
Mcomp, from 1970 to 2022. The standard deviation, 
δMcomp, was also plotted. Mcomp value was determined 
using the moving window technique, each window consist-
ing of 250 events
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with an average value of b = 1.0. According to this ex-
planation, the areas exhibiting higher b-values (> 1.0) 
are located in western, northwestern, southern, and 
southwestern parts of the Lake Van region, includ-
ing Patnos, Malazgirt, Bulanık, Tatvan, Adilcevaz, 
Gevaş, Erciş and covering Süphan, Malazgirt, Nazik 
Gölü, Nemrut faults. On the contrary, the regions 
with lower b-values (< 1.0) are generally located in 
the northern, northeastern, eastern, and southeast-
ern parts of the Lake Van region including Çaldıran, 
Muradiye, Özalp, Erçek, and Van city center that are 
located along the faults Tendürek, Çaldıran, Erciş, 
and Yeniköşk, Van, and Saray (Fig. 6b). The regions 
with higher b-values generally experience a great 
number of small-magnitude earthquakes, whereas 
lower b-values are determined in the regions where 
large-magnitude events generally occur (Fig. 2). Con-
sequently, the b-value, as estimated from the G-R re-
lation, shows a clear relationship with the seismic and 
tectonic structure.

As stated above, the identification of precursory 
quiescence in earthquake activity showing the rate of 
seismicity in a region may provide credible evidence 
for earthquake forecasting. For this purpose, as in 

the case of the b-value calculation, the study region 
is divided into rectangular grids of 0.02 × 0.02° in 
latitude and longitude. The time window length (TW) 
selected for Z-value mapping is 5.5 years, because 
this time length enhances the visibility of quiescent 
regions. The declustered data on 3794 earthquakes 
with Md ≥ 2.5 were used to map the regional distribu-
tion of Z-value. Figs 7a–7i show spatial variations of 
the standard normal deviate (Z-value) in the period 
2012–2022. As shown in Figs. 7a–7i, spatial varia-
tions of Z-value were mapped every six months from 
2012 to 2022 by adding time intervals TW = 5.5 years 
to the chosen time. These years were indicated as “cut 
at” time on Figs 7a–7i. The current Z-value map pro-
duced at the beginning of 2022 is presented in Fig. 7j. 
These figures show spatial-temporal variations of Z-
values with the beginning of quiescence. Figs 7a–7i 
show that in the period 2012–2018, there was no no-
table quiescence recorded in the regions of seismic 
activity. However, these maps indicate some regions 
of clear quiescence that became apparent after 2018, 
and especially in the period between 2020 and 2022. 
As seen in Fig. 7j, at the beginning of 2022, there 
existed six quiescence regions. At the beginning of 
2022, the regions of seismic quiescence were con-
centrated at (a) 39.10ºN–42.36ºE (region A, between 
Malazgirt and Bulanık provinces covering the Malaz-
girt fault), (b) 38.97ºN–43.08ºE (region B, between 
Patnos and Erciş provinces encompassing the Süphan 
fault), (c) 38.94ºN–43.84ºE (region C, between Mu-
radiye, Çaldıran and Özalp provinces covering the 
Çaldıran and Saray fault zones), (d) 38.48ºN–43.52ºE 
(region D, between Van and Erçek provinces cover-
ing the Yeniköşk and Van fault zones), (e) 38.54ºN–
42.91ºE (region E, the southern part of Lake Van 
and the northwestern part of Gevaş province) and (f) 
38.68ºN–42.36ºE (region F, north of Tatvan province 
covering the Nemrut fault). Thus, these regions of 
the seismic quiescence anomaly may be significant, 
and the results obtained from the comprehensive Z-
test can enhance the reliability of precursors in earth-
quake forecasting in the region.

In the framework of this study, a composite fore-
cast map for the Lake Van region and its adjacent 
regions was created by combining the RI map (Fig. 
8a) and PI map (Fig. 8b). As in the cases of b-value 
and Z-value maps, rectangular grid spaces of 0.02 × 
0.02° in latitude and longitude (∆x = 0.02°) represent-
ing the study region were investigated. Mcomp value 
was taken equal to 2.5 as in the cases of b-value and 
Z-value maps. Then, the great earthquake events that 
were recorded during the forecast period (defined in 
the “Methods” section) were described by the total 
number of Md ≥ 5.0 events expected over the next ten 
years. Finally, the times (tS, tE, t0, t1, t2, t3) and time 
intervals (forecast and change periods) were defined. 

Fig. 6 (a) The Gutenberg-Richter scaling law and b-value 
of frequency-magnitude relation. b-value, its standard de-
viation, a-value, and Mcomp were also presented. (b) Spa-
tial variations in b-value for the Lake Van region. White 
dots indicate the declustered events with Md ≥ 2.5
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Fig. 7 Regional variations in Z-value for every six months between 2012 and 2022: (a) between 2012 and 2017.5, (b) 
between 2012.5 and 2018, (c) between 2013 and 2018.5, (d) between 2013.5 and 2019, (e) between 2014 and 2019.5, 
(f) between 2014.5 and 2020, (g) between 2015 and 2020.5, (h) between 2015.5 and 2021, (i) between 2016 and 2021.5, 
(j) between 2016.5 and 2022. Figure 7j represents the quiescence regions detected at the beginning of 2022. Declustered 
events with Md ≥ 2.5 were used and represented with white dots. The set time window is TW = 5.5 years
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The period between January 1, 2022 and January 1, 
2032 was selected as a forecast interval. The analyzed 
interval of seismic activity change was from Janua-
ry 1, 2012 to January 1, 2022. Hence, it was accept-
ed that t3 = January 1, 2032, tE = t2 = January 1, 2022,  
t1 = January 1, 2012, and tS = t0 = November 28, 1970. 
The initial time was t0 = 1970, the change period 
was from t1 = 2012 to t2 = 2022, and the forecast pe-
riod was from t2 = 2022 to t3 = 2032. Previous stud-
ies suggested that the length of the change interval 
should be equal to that of the forecast period (Tiampo 
et al. 2002; Holliday et al. 2006). Using these input 
values, the regional and temporal forecasting of the 
strong earthquakes expected to occur in the Lake 
Van and surrounding regions in the intermediate term  
(t3 – t2 = 10 years) was produced for the period between 

January 1, 2022 and January 1, 2032. The composite 
forecast map created by combining RI and PI maps 
is presented in Fig. 8c. Since the use of clear spatial 
and temporal relationships that are responsible for the 
interdependent behavior of earthquakes is the basis of 
these methods, aftershocks were not eliminated from 
the catalogue (Nanjo et al. 2006b). As can be seen in 
Fig. 8, the regions of the forecast earthquakes are more 
conspicuous on the composite map created by com-
bining RI and PI maps. Employing these methods, the 
highest probability of large earthquake occurrence is 
determined in the regions of more intense earthquake 
activity or deeper seismic quiescence. As seen on the 
earthquake epicenter map presented in Fig. 2, the re-
gions of higher seismic activity and strong earthquakes 
coincide with zones of the expected earthquakes indi-

Fig. 7 Regional variations in Z-value for every six months between 2012 and 2022: (a) between 2012 and 2017.5, (b) 
between 2012.5 and 2018, (c) between 2013 and 2018.5, (d) between 2013.5 and 2019, (e) between 2014 and 2019.5, 
(f) between 2014.5 and 2020, (g) between 2015 and 2020.5, (h) between 2015.5 and 2021, (i) between 2016 and 2021.5, 
(j) between 2016.5 and 2022. Figure 7j represents the quiescence regions detected at the beginning of 2022. Declustered 
events with Md ≥ 2.5 were used and represented with white dots. The set time window is TW = 5.5 years
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tive methods is aimed at providing the medium-term 
forecasting of forthcoming earthquakes and accurately 
predicting the most probable time and location of their 
occurrence.

Coulomb stress variations at depths of 10, 20, and 
30 km are represented on the maps using a grid size 
of 0.1 × 0.1 km (Fig. 9). Stress reduction and incre-
ment are represented in blue and red, respectively. As 
shown in Fig. 9, at a depth of 10 km, there are two 
positive-stress zones along the NW-SE direction and 
two negative-stress zones along the NE-SW one. The 
map for the 20 km depth is a bit of a complex structure. 
In summary, in the region between Van and Özalp cit-
ies, the load of stress at this depth is on the increase. As 
evidenced by the hypo-central distribution of events 
(Figs 2 and 3), this stress change originates from the 
Van fault zone. Stress variations at a depth of 30 km 
indicate positive lobes in the E-W direction and a neg-
ative-stress corridor in the N-S direction intersecting 
them. As evident from the map, Coulomb stress change 
cannot be transferred to the western part of Lake Van 
at all depths. Coulomb stress variation maps indicate 
that the eastern part of Lake Van, the Erciş fault, and 
the Saray fault zone are high-stress zones at all depths. 
Another significant zone is around Çaldıran province 
where mostly negative-stress change was recorded at 
depths of 10, 20, and 30 km. As for the earthquake 
epicenter distribution shown in Fig. 2, there have been 
no devastating earthquakes recorded in this fault zone 
since the 1976 earthquake. Overall, it can be stated that 
the recent seismic activity (2011) has been followed by 
small and large events in positive stress regions in the 
NE-SW direction.

As explained above, in some parts of the study re-
gion there are several anomaly regions showing low 
b-values, great Z-values, hotspot points, and positive-
stress distributions. Low b-values along with high Z-
values were recorded along the Çaldıran fault, in the 
Saray fault zone (region C), Yeniköşk fault, Van fault 
zone (region D), and in the southern part of Lake Van 
(region E). Low b-values and positive-stress changes 
were recorded in Muradiye-Özalp-Erçek-Van-Gevaş 
provinces including the northeastern part of Lake Van. 
Low b-values and the forecast hotspot regions are 
found in Çaldıran-Özalp-Erçek-Van-Muradiye prov-
inces covering the Erciş and Yeniköşk faults as well 
as in zones located along the Van and Saray faults. 
Positive-stress distribution and forecast hotspot re-
gions were recorded in Muradiye, Özalp, Erçek, Van, 
and Gevaş provinces covering the Erciş and Yeniköşk 
faults, and in zones along the Van and Saray faults. 
Also, high Z-values and forecast hotspot values were 
estimated for Malazgirt and Bulanık provinces (re-
gion A), in Muradiye, Çaldıran, and Özalp provinces 
(region C), in Van and Erçek provinces (region D), 
and in the southern part of Lake Van (region E). The 

Fig. 8. (a) Forecast map created using the relative inten-
sity method. (b) Forecast map created using the pattern in-
formatics method; and (c) Forecast map created using the 
composite method. The times used are t0 = Nov. 28, 1970, 
t1 = Jan. 1, 2012, t2 = Jan. 1, 2022 and t3 = Jan. 1, 2032. PI 
score, RI score, and the combined score were presented as 
logarithmic values using the color code

cated on the RI, PI and combined forecast maps. As 
seen in Fig. 8c, some regions are the hotspots of Md 
≥ 5.0 earthquake occurrences forecast for the 2022–
2032 period. These regions are located in and around 
Bulanık, in the southern part of the Lake Van region 
including Gevaş and the adjacent regions, in the east-
ern part of Lake Van covering some parts of the Erciş 
fault, in Muradiye, Çaldıran, Van, Erçek provinces 
covering the Yeniköşk fault, and zones of the Van 
and Saray fault zones. Hence, the use of these alterna-
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Fig. 9 Coulomb stress changes produced using the focal mechanism solutions of events listed in Table 1 at different 
depths: (a) 10 km, (b) 20 km, and (c) 30 km for the Lake Van region

recorded lower b-values are viewed as evidence for 
the high stress release and the lowest b-values may be 
interpreted as a sign of high strain due to the active 
tectonics of the study region. The low b-values may 
be also related to the temporal stress increase, which 
is released through events that are less frequent but 
larger in magnitude (Öncel, Wilson 2007). As men-
tioned in previous studies, low b-values and high-
stress regions signal locations of forthcoming, poten-
tial earthquakes. The regions with lower b-values and 
higher Z-values may be the most probable locations 
of the forthcoming great earthquake occurrences. 
This assumption is supported by the evidenced exist-
ence of a direct relationship between a decrease in the 
b-value and an increase in stress values. The forecast 

earthquake map created based on the analysis of spa-
tial-temporal patterns of past earthquake events also 
indicates potential locations of the future earthquakes 
with Md ≥ 5.0 that are expected to occurr between 
2022 and 2032. As a remarkable fact, all the anomaly 
regions of the estimated parameters were recorded in 
the same regions. Therefore, these regions should re-
ceive particular attention.

DISCUSSION

Different seismotectonic parameters of earth-
quake occurrences in the Lake Van region have been 
addressed in numerous statistical studies. Compre-
hensive assessments of seismic, tectonic, structural, 
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morphological, and volcanic parameters based on the 
correlation between different geophysical data have 
been provided by numerous researchers (Utkucu 2006; 
Selçuk et al. 2010; Inan et al. 2012; Irmak et al. 2012; 
Kalafat et al. 2014; Dogan et al. 2014; Demirkesen, 
Evrendilek 2017; Öztürk 2018; Akkaya, Özvan 2019; 
Toker et al. 2021; Alkan, Bayrak 2022). Their study 
results indicate that the Lake Van region falls into a 
high-level earthquake hazard zone as regards poten-
tial intermediate- and long-term occurrences of strong 
earthquakes. Although this part of the EAR has been 
investigated in numerous different studies, statistical 
studies aimed to forecast earthquake occurrences in 
this region are relatively few. Therefore, the objec-
tive of the currently undertaken study was to perform 
a comprehensive spatial-temporal analysis of seismic 
activity aimed at assessing the earthquake potential 
and producing intermediate-term earthquake fore-
casts for this region.

Inferences about water level variation as one of 
the triggers of earthquakes with magnitude M ≥ 4.0 
in the Lake Van were made in a study by Utkucu 
(2006). The recent water level changes are claimed 
to be climate change-related. Study results showing 
temporal interrelations between earthquake activity 
and water level changes support the hypothesis on the 
hydrogeological mechanism underlying earthquake 
triggering. Fourteen M ≥ 5.0 earthquakes and the in-
creasing number of 4.0 ≤ M < 5.0 earthquake events 
are claimed to have been accompanied or followed 
by clear variations in the annual average of water lev-
el. In addition, a tendency was observed for M ≥ 4.0 
events to occur if low water levels persist through-
out a year. For this reason, the monitoring of varia-
tions (increases and decreases) in the annual average 
of water level in combination with the earthquakes 
triggered by hydrogeological factors in the Lake Van 
region may be efficient at providing persuasive im-
plications for the earthquake and earthquake hazard 
forecasting and assessment.

Selçuk et al. (2010) performed a probabilistic 
earthquake hazard assessment for the Lake Van basin 
applying a probabilistic approach and using the earth-
quake database for the 1907–2010 period. The return 
periods of MS ≥ 4.0 (MS: surface wave magnitude) 
earthquakes were used to estimate the G-R parame-
ters for the study region. Also, iso-acceleration maps 
of the basin were produced for the 100- and 475-year 
recurrence intervals. On the hazard map, the highest 
seismic hazard levels were determined in the north-
eastern, northwestern, and southwestern parts of Lake 
Van, within the Lake and its shores. Thus, the find-
ings and relations between seismotectonic earthquake 
parameters in our study are very similar to those re-
ported by Selçuk et al. (2010). These results indicate 
that serious earthquake hazards may be expected in 

the above-mentioned parts of the study region in the 
intermediate/long term.

Inan et al. (2012) performed a chemical analysis 
of the bottled spring water gushing out from the 2011 
Van earthquake epicenter location, which revealed 
clear increases in Ca2+, Mg2+, K+, and Cl- contents, and 
decreases in Na+ and SO4

2- contents. As reported by 
the authors, all ion concentrations stabilized nearly a 
month after the main shock. Hence, it was hypoth-
esized that chemical spring water anomalies may be 
considered as potential geochemical pre-earthquake 
precursors. To reveal the mechanisms responsible for 
the reported pre-earthquake geochemical anomalies, 
these regions must be subjected to multi-disciplinary, 
i.e., seismological, geodetical, or geochemical, ob-
servation. Thus, the observation of recent variations 
(decreases and increases) in these types of parameters 
and their assessment together with our results may be 
highly promising for providing preliminary indicators 
of seismic hazard in the Lake Van region.

The rupture process of the 2011 Van earthquake 
and aftershocks with their tectonic implications were 
analyzed by Irmak et al. (2012). They compared the 
fault-plane solutions with the surface rupture geom-
etry for active tectonics modeling in the region. Their 
results showed that the Van earthquake occurred on 
the main thrust fault plane trending northeast-south-
west between Lakes Van and Erçek located in the 
East Anatolian compressional province. Analysis of 
the total slip distribution showed that a great asperity 
region could be seen with a large slip in and around 
the hypo-central region. As stated by the researchers, 
the rupture was very smooth and gradually expand-
ed near the hypocenter and propagated bilaterally 
in northeastern and mainly southwestern directions. 
Hence, the results obtained by Irmak et al. (2012) 
support the results of our study.

Kalafat et al. (2014) analyzed the fault-plane solu-
tions of the 2011 Van earthquake and its aftershocks to 
define the deformation and stress regime in the Lake 
Van region. The distribution of strong earthquake 
events and aftershocks proved that seismicity in the re-
gion was caused by faults trending east-west and north-
east-southwest. According to the results of focal mech-
anism and stress analysis solutions for the 2011 Van 
earthquake, events occurred on the reverse faulting and 
the earthquake activity in the study area continued in 
the compressional regime. The authors concluded that 
the Van earthquake caused the regional stress distribu-
tion, which triggered earthquakes on adjacent faults. 
Later, mid-sized events can be expected to occur on 
the nearby faults due to the apparent stress drop on the 
fault related to the mainshock. It is a remarkable fact 
that the results and the relationships between seismo-
tectonic parameters calculated in our study are compat-
ible with those reported by Kalafat et al. (2014).
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Dogan et al. (2014) investigated spatial-temporal 
patterns of the post-seismic deformation that took 
place after the 2011 Van earthquake to obtain evi-
dence for the aseismic fault reactivation. They ana-
lyzed the geodetic parameters after the 2011 Van 
earthquake and revealed a fault splay on the footwall 
block of the co-seismic thrust fault. According to their 
results, the slip deficit on the shallow part of the co-
seismic fault determined by interferometric synthetic 
aperture radar-based models was partially filled by an 
aseismic slip. They stated that stress transfer due to 
aseismic slip could also be taken into consideration 
when evaluating earthquake hazards on the adjacent 
seismically active faults.  Evaluation of stress changes 
due to co-seismic and post-seismic slips on the Van 
rupture using various seismotectonic parameters con-
sidered in this study may be a more accurate approach 
to earthquake forecasting in the study region.

According to Demirkesen, Evrendilek (2017), in 
terms of earthquake vulnerability, and pre-earthquake 
preparedness, the Lake Van region has not been re-
searched sufficiently. Therefore, these researchers 
provided the digital description of the Lake Van re-
gion relief and its interpretation in terms of the poten-
tial earthquake potential, using remote sensing sys-
tems in combination with geographical information. 
Their results revealed that Erciş-Van-Gevaş-Tatvan 
provinces face the highest earthquake risk, and these 
results are compatible with those obtained in the cur-
rent study. Thus, the spatial-temporal mapping and 
monitoring of different geophysical, geological, or 
geodetic parameters may provide more reliable inter-
pretations for assessing and forecasting earthquake 
hazards, which, in their turn, would allow avoiding 
structural failure and taking emergency preparedness 
measures to minimize pain and loss of life caused by 
major earthquake disasters.

Öztürk (2018) conducted the region-time-magni-
tude analysis of the seismic activity in the EAR based 
on the b- Dc-, and Z-values. In this study, the regions 
with high Z-values and small b-values were consid-
ered as the most likely regions for the forthcoming 
earthquake occurrences. Öztürk (2018) demonstrated 
that correlations between these seismic and tectonic 
parameters can provide important evidence about the 
seismic hazard situation and be used as a significant 
tool for earthquake forecasting. In the present study, 
some anomaly regions were found to have low b-
values, high Z-values, high-stress distribution, and 
hotspot scores. Thus, the anomaly regions such as 
Van, Muradiye, Çaldıran, Özalp, Erçek, and Gevaş 
provinces including Erciş, Çaldıran, and Yeniköşk 
faults as well as the fault zone of Van and Saray must 
be given particular attention.

Akkaya, Özvan (2019) investigated the site charac-
teristics of the Van settlement using surface waves and 

the horizontal-to-vertical spectral ratio microtremor 
method. According to these researchers, it is a region 
of active tectonism and numerous large earthquake 
events. For this reason, the site effect plays an impor-
tant role in assessing earthquake damage and designing 
new structures. Hence, these researchers aimed to de-
termine the physical and mechanical characteristics of 
soils in the Van settlement and adjacent regions and to 
describe their behavior during a potential earthquake. 
As has been explained already, the region under study 
is located on generally young, unconsolidated, and sat-
urated, current lake and stream sediments. According 
to these authors, the eastern part of Lake Van has still 
a high potential to generate strong earthquakes. The re-
sults of the performed multiple parameter analysis and 
the site properties determined in the study by Akkaya, 
Özvan (2019) are highly useful in earthquake forecast-
ing and evaluating quality deficiencies of structures in 
the Lake Van region.

Toker et al. (2021) performed an integrated analy-
sis of the October 23, 2011 Van earthquake by es-
timating Coulomb stress variations for the off-fault 
aftershocks. They presumed that the local source of 
lateral changes in stress distributions in crustal and 
sub-crustal structures strongly disturbs the regional 
stress field. They hypothesized that the strike-slip mo-
tion was generated by sub-crustal ductile processes in 
the absence of the mantle lid. According to Toker et 
al. (2021), their analyses provide new perspective for 
the significant role of stress accumulation under the 
Lake Van and Erçek areas. They arrived at a conclu-
sion that the evaluation of stress limits facilitates the 
determination of the off-fault seismicity triggered by 
stress transfer and forecast earthquake hazards. For 
this reason, these types of studies should be support-
ed by different statistical earthquake parameters as is 
the case in our study. Thus, the assessment of the in-
termediate/long term seismic hazard potential in the 
study region must be comprehensive.

In their study, Alkan, Bayrak (2022) aimed to 
evaluate the seismic potential in the Lake Van region 
based on the analysis of the tectonic stress variation 
performed using the so-called method of the Cou-
lomb stress change and the b-value distribution. To 
that end, the above-mentioned authors performed the 
Coulomb stress analysis of 83 local events that oc-
curred between 2000 and 2020 and calculated the b-
values for 17,815 events that occurred between 1903 
and 2021. Their findings (low b-values and positive 
Coulomb stress changes) show that Van, Yenişehir, 
Başkale and Çaldıran faults have a high seismic po-
tential in the future. The results reported by Alkan, 
Bayrak (2022) are in corroboration with those ob-
tained in this study.

The performed literature survey and the findings 
of the present study prove that a comprehensive as-
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sessment of the seismotectonic parameters such as 
the b-value, Z-value, the hotspot points determined 
applying RI and PI methods, and the Coulomb stress 
change provide more reliable evidence for the reli-
able assessment and forecasting of seismic hazards 
in the Lake Van region. This region was struck by 
strong earthquakes in the past and many moderate 
earthquakes have occurred in and around Lake Van 
in recent years. Therefore, future earthquake fore-
casting in this region is of critical importance. The 
types of seismic hazard assessments discussed in 
this study should be based on the monitoring and/or 
analysis of multiple geophysical parameters. As for 
the data and parameters used in this study, the above-
mentioned anomaly regions, and the obtained results 
such as the low b-value, high Z-value, hotspot points, 
and high-stress distributions, are supported by other 
geophysical parameters. Consequently, these regions 
must be given particular attention, and the analysis 
of spatial-temporal correlations among different seis-
motectonic parameters can prove efficient in seismic 
hazard assessment and large earthquake forecasting 
in and around the Lake Van region in the intermedi-
ate term.

CONCLUSIONS

The seismotectonic b-value, precursory seismic 
quiescence Z-value, RI and PI algorithms, and Cou-
lomb stress changes were evaluated in this study for 
assessing and forecasting earthquake hazards in the 
Lake Van region of Turkey. For these analyses, we 
used a homogeneous earthquake catalogue including 
14,178 shallow events (depth < 70 km) with the mag-
nitude of 1.0 ≤ Md ≤ 6.6, which occurred from Novem-
ber 28, 1970 to December 31, 2021. We performed 
our analyses in a rectangular study area within the 
coordinates 38.0°N – 39.5°N and 42.0°E – 44.0°E. 
Sixty-six seismic events with the magnitude of Mw 
≥ 4.5 recorded in and around the Lake Van region 
between 2011 and 2021 were used for the mapping 
of Coulomb stress changes. Firstly, spatial, and tem-
poral patterns of earthquake behavior were mapped 
using b- and Z-values, after which the analysis of the 
Coulomb stress variation recorded at the beginning 
of 2022 was performed. Then the forecast of future 
strong earthquake occurrences was made by superim-
posing RI and PI scores for the time interval of 2022–
2032. It should be emphasized that for the forecasting 
of strong earthquakes in this region of Turkey, these 
techniques were employed for the first time.

The anomaly regions exhibiting small b-values, 
high Z-values, hotspot points determined from com-
bined forecast maps, and positive Coulomb stress 
changes include Muradiye, Çaldıran, Özalp, Erçek, 
Van city center, and Gevaş provinces, covering the 

faults of Çaldıran, Yeniköşk, Erciş, and Malazgirt as 
well as the fault zones of Saray and Van. The regions 
showing small b-values, high Z-values, and positive-
stress distribution are considered to be the most po-
tential locations of the expected strong earthquake 
occurrences. The forecast of the forthcoming Md ≥ 5.0 
earthquakes that are expected to occur between 2022 
and 2032 shows that locations of the predicted earth-
quakes coincide with the anomaly regions determined 
based on the analysis results of various seismotecton-
ic parameters. Our results indicate that the correlation 
existing between these variables contributes to a bet-
ter understanding of seismic, tectonic, and structural 
properties of the region.

From the above findings, it can be concluded that 
a more promising strategy for the forecasting of the 
time and location of the forthcoming potential earth-
quakes should be based on the comprehensive analy-
sis of multiple parameters. This conclusion is con-
firmed by the correlations among all the estimated 
parameters that can be considered among the indica-
tors of strong earthquakes. Thus, the present study 
demonstrates that multiple parameter analysis may 
prove efficient for the intermediate-term earthquake 
forecasting in the Lake Van region.
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