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Turkiye
Anahtar Kelimeler 0z
Caldiran Fay Zonu, Caldiran fay zonu (CFZ) bir ¢ok yikici deprem iireten ve depremsellik agisindan
B-Degeri, o6nemli bir aktif zondur. Bu fay sisteminde, 1976 tarihinde bu yikici depremlerin en
Deprem Olasiligi, sonuncusu (Ms = 7.3) meydana gelmistir. Dolayisiyla bu fay zonunda sismotektonik
Tekrarlama Zamani, b-degeri, deprem olasilifl, tekrarlama zamani ve Coulomb gerilme degisimi

Coulomb Gerilme Degisimi. ~ parametrelerine baglh olarak gelecek deprem potansiyeli ve pozitif/negatif gerilme
degisimleri arastirllmistir. Biiyiikliigi 3.6'dan biiyiik olan depremler, sismotektonik
parametrelerle ilgili olarak gerilme transfer yoniinii arastirmak i¢in kullanilmistir.
Calismanin sonuglarina gore, CFZ'nin giineydogusu boyunca kii¢iik b degerleri elde
edilmisken, biiyiik b degerleri Van Goéliiniin dogusu civarinda hesaplanmistir. Diger
taraftan, CFZ’'nin kuzeydogusu mevcut stress birikimini temsil etmektedir. Benzer
sekilde, 1976 depreminin Coulomb gerilme degisimi bu fay sisteminin
kuzeybatisinda gerilmelerin farkl derinliklerde biriktigini gostermektedir. Ayrica,
daha dnceki ¢calismalardaki uzun dénem kayma oranlari ve yatay 6teleme degerleri
dikkate alindiginda, 6.0'dan biiytk bir deprem i¢in tekrarlama zamani yaklasik 302
yldir. Sonug¢ olarak, bu Kkarsilastirmali analizler boélgede sismik tehlike
degerlendirmesinin etkilerini ve olasi bir sonraki deprem olusumunun tahminini
aciklamaktadir.

ANALYSIS OF COULOMB STRESS TRANSFER AND EARTHQUAKE HAZARD IN THE
CALDIRAN FAULT ZONE AND ITS ADJACENT REGION

Keywords Abstract

Caldiran Fault Zone, Caldiran fault zone (CFZ) are significant seismically active zone that generated many
B-Value, destructive earthquakes. In this fault system, the last of these major earthquakes
Earthquake Probability, occurred on 1976 (Ms = 7.3). Therefore, based on the seismotectonic b-value,
Recurrence Time, earthquake probability, recurrence times and Coulomb stress changes, we
Coulomb Stress Variation. investigate the future earthquake potential and positive/negative stress changes in

this fault zone. The events with a magnitude greater than 3.6 are used to investigate
stress transfer direction regarding the seismotectonic parameters. The results
indicate that the regions having smaller b-values are obtained along with the SE of
CFZ, whilst higher b-values are calculated around the east of Lake Van. On the other
hand, the northeast of CFZ represents current stress accumulation. Similarly, the
Coulomb stress variations of 1976 earthquake show that stress accumulated at
different depths in the northwest of this fault system. In addition, considering the
long-term slip rates and horizontal offset in previous studies, the recurrence time of
earthquakes has approximately 302 years for a magnitude greater than 6.0. Finally,
these comprehensive analyses explain the implications of seismic hazard evaluation
and forecasting of possible next earthquake occurrences in this region.
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Highlights

e Coulomb stress variations in the Caldiran fault zone are modeled.
e The small b-values are observed in the eastern part of Lake Van region.
e The comprehensive analyses show the high seismic hazard potential soon.

Graphical Abstract
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Figure. (A) The Same As Figure 7 But At A Depth Of 9 Km (B) The Cross-Section Shown In Figure 7a Is Obtained For A
Depth Range Of 0-30 Km.

Purpose and Scope
The purpose of this study is to investigate the Coulomb stress changes and the earthquake hazard potential.

Design/methodology/approach

Based on the seismotectonic b-value, earthquake probability, recurrence times and Coulomb stress changes,
the future earthquake potential and positive/negative stress changes are investigated in the Caldiran fault
zone.

Findings

The regions with small b-values cover the Caldiran fault zone, Hasantimur fault, Dorutay fault and Saray fault
zone, while high b-values are detected in the Ercis fault zone. Besides, the high positive Coulomb stress
variations using the events that occurred after 2010 are observed in the NW of the Caldiran fault zone.
Originality

In this study, we have studied the current earthquake potential in and around the Caldiran fault zone. For this
scope, small earthquakes (Mw<4.2) with no focal mechanism solution are selected in the region. After that, fault
plane solutions of other events are obtained using SEISAN software. On the other hand, the homogeneous
duration magnitude (Md4) catalog is used to estimate the parameters of next seismic activity in the region.

* Corresponding author: hamdialkan@yyu.edu.tr, +90-432-444-5065
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1. Introduction

Anatolia is the most seismically active region in the Alpine-Himalayan orogenic system. The tectonic structure of
Anatolia is especially due to the relative motion among the Arabian plate, African plate and Eurasian plate (Figure
1). Concerning these relative plate movements, the African oceanic plate moved to the north-northeast direction,
started the Early Miocene, and roll-back beneath the western Anatolian along the Aegean-Cyprian arc (Bozkurt,
2001; Reilinger et al., 2006; Ozer et al.,, 2019). On the other hand, the northward motion of the Arabian plate (~ 15
mm yr-1) and southward motion of the Eurasian plate cause a compression mechanism along the Bitlis-Zagros
suture (BZS), creating the East Anatolian plateau (EAP) (Delph et al,, 2015). This collision started Mid-Miocene
time (~12 Ma) has resulted in the uplift of mountains (up to 2 km) along the suture and caused westward motion
and rotation of the Anatolian micro-plate (~ 20 mm yr-1), initiated in the Early Pliocene (~5 Ma), along with the
two best-known strike-slip fault systems due to the remarkable seismic activity. The right-lateral North Anatolian
fault zone (NAFZ) has a 24 + 2 mm yr-! motion and the left-lateral East Anatolian fault zone (EAFZ) has a sinistral
motion of 9 + 2 mm yr-1, conjugating near the Karliova region. On the other hand, the north of the NAFZ is bounded
by a Southern Black Sea Thrust Zone, associated with thrusting faults (Yigitbas et al., 2004). In the recent tectonic
process in the region, the crustal deformation is ongoing and the N-S compressional tectonic regime causes some
important thrust/reverse, normal and strike-slip fault mechanisms (McClusky et al., 2000; Bozkurt, 2001; Kogyigit
etal, 2001; Sengor et al.,, 2003; Tsapanos et al., 2014; Wang et al,, 2015; Emre et al,, 2018).

The Caldiran fault zone (CFZ) is the strike-slip fault system in the East Anatolian region (EAR) and is located in the
east of the Karliova triple-junction (KTJ). This fault system has a right-lateral strike-slip mechanism and extends
eastward to the North Tabriz fault and westward to Ercis and Tutak faults, considered the southern boundary of
the Caucasus block. According to detailed mapping, the CFZ is divided into three individual segments called
Gulderen, Hidirmentes and Alagayir sections (Sel¢uk et al., 2016). The GPS-derived slip rate of this fault system
has been studied by different researchers. According to Selcuk et al. (2016), detailed geometry, slip rate and age
of the CFZ are insufficient. Djamour et al. (2011) associated this fault zone with the southern boundary of the
Lesser Caucasian-Talesh block, moving towards NNE at a velocity of around 8.3 yr-1. Also, Copley and Jackson
(2006) calculated the GPS-derived slip rate value as 8 + 2 yr-L. On the other hand, using block modeling, Reilinger
et al. (2016) estimated a high slip rate of 10.1 + 1 yr-! for the CFZ. The CFZ caused many destructive earthquakes
in the instrumental and historical periods. According to the earthquake catalog (URL-1) of the Disaster and
Emergency Management Authority (AFAD), the region experienced many devastating earthquakes in different
years such as 1647, 1664, 1779, 1818 and 1872 around the Tabriz and Van settlements. The last of these
devastating earthquakes occurred on 24 November 1976 Caldiran (Ms = 7.3) with an approximately 55 km-long
surface rupture (Saroglu, 1986; Kocyigit et al., 2001; Ambraseys, 2009; Utkucu et al., 2013; Selguk et al., 2016;
Emre et al, 2018; Alkan and Akkaya, 2021). This earthquake is one of the biggest earthquakes in the EAR.
Quaternary alluvial units consisting of unconsolidated sediments and Pliocene volcanic rocks (trachyte, andesite,
and basalts) are common geological units of the Caldiran fault zone and its surrounding regions (Saroglu and
Yilmaz, 1986). Thus, in recent years, moderate-size earthquakes continue to occur in the region.

Regarding the previous seismicity, many strong earthquakes were experienced frequently in the region, causing
heavy damage in the towns and villages. These destructive events in the past are a view for future large
earthquakes. Based on these past events, the main purpose of this study is to explore and understand the different
viewpoints for possible future earthquake forecasting and hazard evaluation by performing b-value distribution,
earthquake probability, recurrence time and Coulomb stress changes in the CFZ. Based on the Coulomb stress
analysis at the different depths, we discuss the stress transfer effects of the previous large 1976 Caldiran
earthquake (Ms = 7.3) and past earthquakes that occurred along the CFZ between 2010 and 2021 (M = 3.6),
meanwhile, we predict the next potential earthquakes using the homogeneous database for duration magnitude
(M4) containing the events between 1975 and 2021. In the present study, the Coulomb stress changes of
earthquakes that occurred on the CFZ are interpreted with seismotectonic parameters, and the direction of stress
transfer is estimated for possible large earthquakes. The combination of these statistical parameters gives
significant evidence to forecast earthquakes and detect the time occurrences of future events in real-time for CFZ
and its surrounding region.
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Figure 1. (A) The Main Tectonic Elements in And Around Turkey (Modified From Alkan Et Al,, 2021). The Study Region Is
Shown in A Red Rectangular Frame. The Arrows Depict The Relative Direction Of Plate Motions And Velocities (Reilinger Et
Al,, 2006) (B) The Morphology Of The Study Region. The Active Tectonic Faults Have Been Taken From Emre Et Al (2018).
Abbreviations: WAGS: West Anatolian Graben System; SBST: Southern Black Sea Thrust; EAFZ: East Anatolian Fault Zone;
NAFZ: North Anatolian Fault Zone; NEAFZ, Northeast Anatolian Fault Zone; BZSZ: Bitlis-Zagros Suture Zone; DSFZ: Dead Sea
Fault Zone; AS: Alacayir Segment; HS: Hidirmentes Segment; GS: Giilderen Segment

2. Methods
2.1. Gutenberg-Richter Relation, Recurrence Time And Earthquake Probability

The power-law relation of earthquake distributions is given by Gutenberg and Richter (1944) and this well-known
statistic (G-R) is one of the most frequently used forms in seismology. G-R size-scaling relation explains the
magnitude-frequency variations of earthquake distributions and this form is given by a mathematical equation as
follows:

log,, N(M)=a—-bM €))

where N(M) is the cumulative number of earthquakes during a specific time period with magnitudes larger than
or equal to M, whereas the a-value and b-value are positive constants. Variations in a-value are associated with the
time interval of the catalog, the size of the study region and the number of earthquakes. Thus, the a-value shows
important changes depending on the seismicity of different regions. b-value is estimated from the slope of the G-R
relation and this parameter is very important to give the characterization of earthquakes. It is stated that the b-
value is associated with the relative number of earthquakes. Many factors such as the tectonic features, anisotropic
structure and stress heterogeneities affect the b-value changes. A negative relationship can be seen between the
b-value and stress distribution. In addition, crack density, geological complexity, material properties, thermal
gradient, fault length, strain circumstances, seismic wave velocity changes and attenuation, and slip distribution
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lead to variations in the b-value (Mogi, 1962; Scholz, 2015). The b-value is changed between 0.3 and 2.0 for
different regions in the world (Utsu, 1971). However, the b-value is defined as around 1.0 on average (Frohlich
and Davis, 1993). Thus, previous studies indicate that the b-value is one of the most significant parameters for the
rheological analysis of the region. Earthquake probabilities of different magnitude sizes can be calculated from the
next equation (Ali, 2016):

P(M)=1-¢ VM (2)

where P(M) is the probability that an event occurs in given Tr years. N(M) and M are derived from Equation 1. On
the other hand, the recurrence times for different magnitudes can be calculated from the formula (Ali, 2016):

Q=1/N(M) (3)

where Q is the recurrence time and is defined as the expected time interval for an earthquake with a magnitude
greater than or equal to M. Magnitude completeness (Mc-value) is the other important parameter in the statistical
analysis. Mc-value is the minimum magnitude and can be estimated from the magnitude-frequency distribution
(Wiemer and Wyss, 2000). This magnitude level encompasses 90% of the earthquakes in the catalog. Temporary
differences in the Mc-value can influence the seismicity parameters such as the b-value. Thus, the maximum
earthquake numbers are planned to be used for exact results for the analysis. Therefore, this type of estimation
must be considered in the first stage of the analysis. In this study, some of the statistical parameters are calculated
by using the ZMAP package introduced by Wiemer (2001).

2.2. Coulomb Stress Change

The Coulomb failure stress change (Aocs) for a source fault is given by the difference between the shear stress
change (Ats) which is positive in the direction of slip and the effective normal stress change (Ao»’) along the fault
plane and the effective coefficient of friction (u’) changed within 0 to 1, as follows:

AGcfs = ATS + lLl'A(Tn. (4)

The effective coefficient of friction is regarded as 0.4 in an elastic half-space and included changes in pore pressure
(King et al., 1994). Young’s modulus (E) is selected as 8x105 bars and Poisson’s ratio (v) is 0.25 for this study. The
Coulomb stress observation between -0.1 and 0.1 (bar) is satisfactory to forecast following earthquake hazards
(Yadavetal., 2012). The increased Coulomb stress variation represents the loading stress, pushing the fault toward
brittle failure, while the declined Coulomb stress change corresponds to the unloading stress, inhibiting
earthquake rupture (Stein et al.,, 1994). In this study, Ao changes are obtained with the Coulomb 3.4 software
(Todaetal, 2011). The source parameters for all earthquakes are used to calculate Aofs, showing generally strike-
slip fault mechanisms.

3.Data

For the statistical analysis, a part of the homogeneous duration magnitude (Ma) catalog is obtained from Oztiirk
(2009) (for details see Bayrak et al., 2009), which is composed of 83 events between 1970 and 2006. The other
catalog, which is existed 6086 events, is supplied by Kandilli Observatory and Earthquake Research Institute
(KOERI) between 2006 and 2022. The part of the earthquake database on the KOERI until 2012 shows that the
given magnitude type is Mq. After 2012, the catalog gradually starts to transform into local magnitude (MLw).
Therefore, instead of converting a 40-year Mg type to the last 10-year M. type, it has been deemed more
appropriate to use the data for the last 10 years of empirical Ma - My relations. KOERI provides the local magnitudes
of the earthquakes for M4 which is not calculated recently. In this status where Mqs was not determined in the KOERI
catalog between 2006 and 2022, unknown My is calculated from Mq - ML equations suggested by Bayrak et al.
(2009). In this way, the errors in the magnitude conversions are further reduced. For this reason, the Mq type is
used instead of the other magnitude types for more reliable results, and magnitudes in the target catalog are not
calculated empirically. The shallow earthquakes (depth < 70.0 km) are preferred to make the statistical
evaluations. Because Alkan et al. (2020) stated that seismogenic depth changes between 40 and 45 km for the East
Anatolian region covering the study region. Finally, an earthquake catalog with a magnitude range of 1.0< My<5.6
including 6169 earthquakes between July 12, 1975, and December 29, 2021, approximately 46.47 years, is
prepared. Epicenter locations of the original catalog consisting of 6169 earthquakes are plotted in Figure 2 by
using different symbols for different magnitude levels.
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Figure 2. Epicenter Distribution Of 6169 Earthquakes From 1975 To 2020. Also, The Caldiran Earthquake (Ms = 7.3) And Its
Fault Plane Solution Are Given In The Figure

For the Coulomb failure stress change, source parameters of selected events (M = 3.6) that occurred along the CFZ
between 2010 and 2021 and the 1976 Caldiran earthquake (Ms = 7.3) are given in Table 1. Although the focal
mechanism parameters (strike/dip/rake) of some earthquakes (event numbers are 5, 6, 8 and 10) are given by
the AFAD, fault plane solutions of other events are obtained using SEISAN software (Ottemoller et al., 2021) with
broad-band stations records (Figure 3). In addition, the focal parameters of the 1976 Caldiran earthquake, which
is very important to interpret stress variation in the study region, are taken from the USGS (URL-2). SEISAN is very
advantageous computer software and is built on some programs to analyze earthquakes from local and global data.
FPFIT (Reasenberg and Oppenheimer, 1985) and PINV (Suetsugu, 1998) are integrated into SEISAN software to
understand the fault plane mechanism. FPFIT gets the double-couple fault-plane solution using the source model
compatible with the study region. FPFIT uses first observing polarities for a suite of earthquakes and gives the
inversion results via a two-stage grid search algorithm, which is the weighted sum of first motion polarity
discrepancies. The algorithm calculates the uncertainty in the model parameters for the estimated uncertainty
interval (Reasenberg and Oppenheimer, 1985). On the other hand, PINV (Suetsugu, 1998) gives the best focal
mechanism solution depending on P-phase polarities (Ottemdller et al., 2021). Figure 3 demonstrates the focal
mechanism solutions and epicenter locations of all events with the spatial distribution of broad-band stations.
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Figure 3. The Selected Earthquakes Along With The Caldiran Fault Zone To investigate Coulomb Stress Changes. The AFAD
And SEI On Each Beach Ball Represent AFAD And SEISAN Focal Mechanism Solutions, Respectively. The Yellow Circles Show
Earthquakes With No Broad-Band Station Records. The Purple Triangles Represent The Broad-Band Stations Used For The
Focal Mechanism Solutions
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Table 1. Focal Parameters Of Earthquakes Obtained From The AFAD (URL-1) And SEISAN Software To Calculate Coulomb
Failure Stress Changes in The Study Region

Date
No (dd/mm/yy) I:Eﬁg‘ Mag (l;;t) Ii?ﬁ)g S/D/R (°) Source
(hh:mm:ss)
1 222/20_%_28);1 5.24 Muw=4.2 38.853 44.647 142°/78°/158° | Seisan/FPFIT
2 1%/99%_2;)620 7.34 M.=3.6 38.779 44.694 85°/75°/-41° Seisan/FPFIT
3 141/50_342;)219 11.78 Mw=4.5 38.984 44.349 220°/64°/29° Seisan/PINV
4 231/19;é?£g8 2.05 Myw=3.8 38.816 44.669 118°/78°/-161° | Seisan/FPFIT
21/07/2018 _ o /o /1480
5 o720 7.52 Mw=4.5 39.038 44153 75°/85°/-148 AFAD
18/09/2017 _ °/86°/-173°
6 O 431 Mw=4.1 39.186 43.623 119°/86°/-173 AFAD
7 29/11/2015 712 Mw=3.8 39.017 44.496 0°/78°/-141° Seisan/FPFIT
06:08:54
29/10/2015 _ o /e10 e
8 oW 490 Myw=4.8 39.119 43743 119°/61°/-167 AFAD
9 107102013 9.25 Mi=3.6 39.061 44.006 97°/34°/86° Seisan/PINV
13/04/2012 - o /a1 /1670
10 o 428 Mi=4.3 39.030 44.167 286°/81°/-167 AFAD
11 311/29%_210912 4.89 M.=3.6 39.018 43.840 60°/58°/134° Seisan/PINV
12 311/09%_21(? 414 M.=3.9 39.029 43.853 147°/25°/-5° Seisan/PINV
13 0%/2%??3 7.0 M.=3.9 39.089 43,725 52°/48°/-41° Seisan/FPFIT
14 060/51_%'28)810 2.4 Mi=4.1 38.955 44.335 123°/65°/-43° Seisan/FPFIT
15 060/11_(1)é '210410 5.0 Mi=4.1 38.859 44433 130°/58°/-33° Seisan/PINV
16 2%.1212/.11?;6 36.0 Ms=7.3 39.121 44.029 111°/81°/167° USGS

4. Results And Discussion

Coulomb stress changes, seismotectonic b-value, probability and recurrence times are used to understand how
earthquakes interact with each other and to predict future seismic hazard. For this purpose, the Coulomb stress
variations calculated by the 1976 Caldiran earthquake and the recent earthquakes are compared at different depth
intervals. The obtained stress changes along the CFZ are then contrasted with the b-value changes, probability
and recurrence times of the events.

The b-value changes, magnitude-frequency distribution, standard deviation, a-value and Mc-value are
demonstrated in Figure 4. The b-value is calculated with the maximum likelihood method (Aki, 1965). As indicated
in Figure 4a, the average Mc-value for all catalogs is taken as 2.6 and the b-value is determined as 1.07 + 0.09. As
previously mentioned, the b-values vary between 0.3 and 2.0 on the global scale and tectonic events are presented
with a b-value changing from 0.5 to 1.5 with an average of ~1.0. The regional variation of b-value is also
demonstrated in Figure 4b. The b-value map is obtained by using a moving window technique with a sample of
1100 earthquakes and prepared by grid cell spacing of 0.02° in longitude and latitude. The regional variation of
the b-value is estimated at 0.75 to 1.21. The regions with the high b-values (> 1.0) are estimated in and around the
eastern part of Lake Van including the Ercis fault zone. However, the regions with the low b-values (< 1.0) are
observed in all regions including the Caldiran fault zone consisting of the Alacayir segment, Hidirmentes segment
and Giilderen segment, Hasantimur fault, Dorutay fault and Saray fault zone. The regions with the small b-values
correspond to great-magnitude earthquakes (Figure 2). Consequently, the b-value estimation presents the best fit
with seismic activity.
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Figure 4. (A) Magnitude-Frequency Distribution And B-Value Of G-R Relation. B-Value, Its Standard Deviation, A-Value, And
Mc-Value Are Also Supplied In Figure (B) Regional Variations In B-Value For The Study Region

One of the most important applications for statistical behaviors of earthquake occurrence includes the estimation
of probabilities and recurrence times. For this purpose, earthquake probabilities and recurrence times of different
magnitudes that the catalog includes are drawn in Figure 5. As stated in the data section, the earthquake catalog
consists of a magnitude range between 1.0 - 5.6 and the largest magnitude in the earthquake catalog with M4 = 5.6
is the 1976 Caldiran earthquake. For this reason, the largest earthquake magnitude is chosen as M4 = 6.0 on the
magnitude axes. Probabilities of earthquake activity in different magnitudes show comparatively great values
changing from 70-100 % for earthquakes of 1.0 < My < 4.5 and the values relatively lower than 70 % for
earthquakes of 4.5 < My (Figure 5a). According to Figure 5a, the probabilities of earthquakes with Mg =5.0 in Tr =
10, 20, 50, 70 and 100 years are estimated as about 30 %, 50 %, 84 %, 92 % and 97 %, respectively. The
probabilities of Ma = 5.5 earthquakes in Tr = 10, 20, 50, 70 and 100 years are calculated as about 11 %, 20 %, 44
%, 55 % and 68 %, respectively. Also, the probabilities of Ms = 6.0 earthquake occurrences in Tr = 10, 20, 50, 70
and 100 years are found as about 4 %, 7 %, 18 %, 23 % and 32 %, respectively. Therefore, the probabilities of the
other magnitude levels in the other Tr years can be estimated from Figure 5a. The recurrence times of the
earthquakes in different magnitudes are drawn in Figure 5b. Slightly small recurrence times (< 1.0 years) are
estimated for the magnitude levels between 1.0 and 3.5. The recurrence times of 1 to 10 years are calculated from
3.5 to 4.5 magnitude intervals. Also, the recurrence times of 10 to 100 years can be anticipated for the magnitude
interval between 4.5 and 5.5, while the recurrence times bigger than 100 years can be regarded as magnitudes
larger than 5.5. As seen in Figure 5b, the recurrence times of Ma = 5.0, 5.5 and 6.0 earthquakes are estimated as
about 29, 90 and 300 years, respectively. Also, the recurrence times of the other magnitude levels can be easily
observed in Figure 5b. The results of probabilities and recurrence times suggest that earthquake occurrences
changing from 3.0 - 4.5 magnitude levels are more probable than those of the other occurrences in the short term.
Thus, these results can supply usable findings to define the statistical behaviors of strong earthquake occurrences
in the study region.
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60,70, 80,90 And 100 Years (B) Recurrence Times For Different Magnitude Levels Of The Earthquake Occurrences

Recurrence time change for the events with M4 = 5.0, 5.5 and 6.0 are plotted in Figure 6. As given in Figure 643,
recurrence times are estimated as relatively smaller, ranging between 5 and 35 years, for a magnitude level of Mg
=5.0. Recurrence times changing 25 to 35 years are estimated in and around the eastern part of Lake Van including
the Ercis fault. The other regions have small recurrence times (~15 years) for the Mg = 5.0. Figure 6b depicts the
recurrence times of Mg = 5.5 earthquakes, ranging from 20 to 100 years. Also, recurrence times of M4 = 6.0
magnitude are drawn in Figure 6c. Recurrence times for this magnitude size vary generally from 50 to 350 years.
As seen from Figures 6a, 6b and 6c, the regions with smaller/greater recurrence times are estimated in nearly the
same regions. This means that there is a good relationship between the b-value and recurrence time. As seen from
Figure 6, recurrence times for strong earthquakes with My = 5.0 are roughly between 5 and 15 years for a large
part of the study region. This result can be promoted by recurrence times with magnitude shown in Figure 5. The
detailed analysis of recurrence times for strong earthquake occurrences shows an earthquake potential in the
intermediate/long term. Therefore, these earthquake behaviors can promote earthquake hazard in the future.

Figures 7 and 8 demonstrate the Coulomb stress variations at a depth of 3, 5, 7 and 9 km around the main rupture
of CFZ. The chosen depth ranges to observe stress changes are associated with the hypocenter depths of the
selected earthquakes. In the Coulomb stress change maps, the warm colors indicate positive stress values (bar)
while the cold colors represent negative stress values (bar). Since the fault mechanism solutions of selected events
reflect optimally oriented strike-slip fault mechanisms (Figure 7), the stress variations are calculated into this fault
mechanism. In Figures 7 and 8, we observe clustered and small-scale stress variations for each depth level.
Especially at shallow depths, the stress changes are positive values towards the North Tabriz fault in the SE
direction, whilst it is observed that the stress is positive values at the northwest section of the CFZ at a depth of 5
km. On the other hand, the cross-section “A-B“ passes through the hypocentral locations of earthquakes to observe
the vertical stress changes as shown in Figure 7a. Along with the “A-B” profile in an NW-SE direction, there is a
positive-stress region observed up to 10 km depth in the northwest segment of the CFZ called Alagayir. However,
the stress level towards the southeast is observed at really low values at all depth levels. Besides, it can be observed
that the stress is quite low at increasing depths due to the hypocentral distribution of earthquakes.
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Figure 9 shows the Coulomb stress changes related to the occurrence of the 1976 Caldiran mainshock (Ms= 7.3)
for a depth of 10 to 40 km. The focal parameter solution of USGS shows a dextral strike-slip fault with (111° strike,
81° deep and 167° rake) with 50 - 55 km surface rupture (Selguk et al., 2016; URL-2). This devastating earthquake
created high positive stress values at depths of 10, 20 and 30 km depth in the region. It is demonstrated that the
study region is divided into two lobes along the Caldiran fault zone. Positive-stress values in the north-northwest
trend (red) and negative-stress values in the south-southeast trend (blue) can be observed clearly for 10 to 30 km
depth intervals. Coulomb stress variation maps (Figures 7 and 8), calculated by using earthquakes that occurred
after 2010 (Table 1), demonstrate that there is a higher stress accumulation around the NW segment of the CFZ,
Alacayir segment, despite having shallow focal depths (~10 km). The positive stress region appearing on the
Coulomb stress change maps of the 1976 Caldiran mainshock is also directly related to this vicinity of the Caldiran
fault zone. On the other hand, as shown in Figures 9 and 10, the epicenter locations of the earthquakes selected
after 2010 are within the positive stress region calculated from the 1976 mainshock. Concerning the shallow
earthquake-generating mechanism of the EAR, the positive stress change region obtained from the 1976 main
shock provides the consistency of these study results. However, up to 40 km depth, stress change is accumulated
in the northwest direction of CFZ (Alagayir segment), whilst negative stress values are observed in the Hidirmentes
segment and the Giilderen segment. This high-stress change proves that the stress transfer is along with the
Alagayir segment in the northwest direction. Also, it reduces the likelihood of an earthquake occurring at
increasing depths southeast of the CFZ, Hidirmentes, and Glilderen segments. In this case, finally, the stress
transfer of the CFZ may be towards the Ercis fault and Tutak fault in the northwest direction.

There exist numerous analyses including different seismic and tectonic parameters to make comprehensive
assessments of the future seismic potential in the East Anatolian region. The general interest in the Van Lake region
is quite high after the 2011 Van earthquake. For this reason, many studies are performed to provide regional
seismic hazards (Oztiirk, 2009; Irmak et al., 2012; Bayrak et al,, 2013; Elliot et al., 2013; Tsapanos et al., 2014;
Oztiirk, 2015). However, although the Caldiran fault zone is an important mechanism due to seismic potential
concerning occurrences of strong earthquakes, the number of previous studies is quite limited.

Irmak et al. (2012) studied the main rupture process of the 2011 Van earthquake (Mw = 7.1), extending an N-S
direction from Ercis to Van. The focal mechanism solution of the mainshock was accompanied by the main thrust
faultin direction of NE-SW. The main shock and secondary structural elements such as left-lateral strike-slip faults
and intra-plate tensional cracks were generated by the continental-continental plate collision in the region. Irmak
et al. (2012) stated that these secondary structural elements caused very probable great earthquakes, especially
in the NE direction beyond the mainshock. Akinci and Antonioli (2013) investigated the effect of big and possible
earthquakes in the Lake Van region. The stress redistribution computation of Akinci and Antonioli (2013)
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demonstrated that the Coulomb stress changes were positive in the Lake Van region and the stress level was
enhanced in the northern CFZ. Toker et al. (2021) created off-fault-stress modeling of the crustal depths using the
2011 Van earthquake and aftershocks. They suggested that mainshocks and aftershocks increased the intensity of
the stress field in an off-fault region through the upper or brittle crust, the SW-NE direction of the source rupture.
Consequently, the results of the Coulomb stress variations in the present study are compatible with those of [rmak
etal. (2012), Akinci and Antonioli (2013) and Toker et al. (2021).
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Figure 9. Coulomb Stress Changes Are Produced By The 1976 Caldiran Mainshock (Ms = 7.3) At A Depth Of 10 Km (A), 20 Km
(B), 30 Km (C) And 40 Km (D). The Red Circles Demonstrate The Locations Of The Selected Earthquakes. The Pink Circles
Show Earthquakes That Occurred After 2000 in The Study Region (URL-3). Thick Black Lines Represent Active Faults in The
Study Region (Modified From Emre Et Al,, 2018).

Oztiirk (2018) revealed the current earthquake potential in the Eastern Anatolia region of Turkey. According to
the fractal dimension (Dc) value, b-value, and the seismic quiescence Z-value, the CFZ and its surroundings
reflected low b-values (< 1.0) and were characterized by high-magnitude earthquakes. Dc-values were calculated
as bigger than 2.2, associated with high-stress values. Also, Oztiirk (2017) calculated that the recurrence times of
earthquake occurrences for magnitudes greater than 6.0 was approximately 10 years for the EAR which held an
earthquake hazard potential. On the other hand, Alkan and Bayrak (2021) investigated tectonic Coulomb stress
variations and b-values distribution of the Lake Van region. In the study of Alkan and Bayrak (2021), the
earthquakes that occurred in the Lake Van region were used to calculate the Coulomb stress changes. These local
event selections gave the stress change topically and showed negative stress changes towards the SW of the
Caldiran fault zone. These previous results are compatible with the stress change maps of the 1976 Caldiran
earthquake (Figure 9) given the negative stress values towards the south of the Caldiran fault zone at crustal
depths. Besides, Alkan and Bayrak (2021) obtained b-values smaller than 1.0 around the CFZ. This value was in
accord with the higher stress release around the southern part of CFZ.

Utkucu et al. (2013) analyzed Coulomb stress variations concerning the 2011 Van earthquake. They suggested that
the 1976 Caldiran earthquake (Ms = 7.3) was a recurrence of the 1696 Caldiran earthquake (Ms = 6.8). Also, the
1976 Caldiran earthquake caused an increase in stress over the 2011 Van earthquake. They defined four
aftershock distribution clusters regarding the 2011 Van earthquake and there was stress transfer towards the CFZ
in the direction of NE. Also, Reilinger et al. (2006), Copley and Jackson (2006), and Djamour et al. (2011) calculated
the GPS-derived slip rate for the CFZ. According to their findings, the long-term slip rates based on the large
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earthquake (M = 6.0) recurrence time are 231, 343 and 331 years, respectively. According to the results of the
present study, the recurrence time of a strong earthquake (M = 6.0) is approximately 300 years. In addition to that,
Figure 10 shows the instrumental and historical periods of seismic activity. In the region, the average return period
for an event with a magnitude of Mw 2 7.0 /I = ~8.0 is ~ 100 yr, especially after the 16th century. The destructive
earthquakes occurred in the SE-NW direction between the Caldiran fault zone and the North Tabriz fault zone.
This recurrent seismicity is most probably associated with these fault zones. Therefore, the findings of this study
about the recurrence times are similar to the findings of Utkucu et al. (2013) and these results can be useful for
the earthquake hazard evaluation in the intermediate/long term for the study region.
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Figure 10. Instrumental And Historical Period Seismicity Of The Study Region. The Symbol “I” Depicts Earthquake intensity.

Large Red Circles Indicate Devastating Earthquakes That Have Occurred in The Region (Utkucu Et Al,, 2013; URL-1). Yellow

Circles Show The Earthquakes (Source Parameters Are Listed In Table 1) That Occurred After The 1976 Caldiran Mainshock
And Are Used To Calculate The Coulomb Stress Change Along With The CFZ.

The general tectonic compression regime (N-S direction), the existence of fault mechanisms (thrust and strike-
slip faults) (Mackenzie et al., 2016), the slip models resolved by InSAR observations (Elliott et al., 2013), recent
earthquake activities (2011 Van earthquake (Mw = 7.1), 2011 Edremit earthquake (Mw = 5.6), 2020 Khoy
earthquakes (Mw = 5.9 and 6.0), and 2020 Saray earthquake (Mw = 5.4)) and Coulomb stress variations show that
the earthquake generation potential of the northern parts of the Lake Van region has increased. Considering the
changes in the b-value and Coulomb stress variation, CFZ contains high seismic risk. On the other hand, CFZ has
not produced a major or devastating earthquake since 1976 and it is associated with the North Tabriz fault. These
are the other important seismic risk factor for the region. In addition to this, the deficiency of earthquake seismic
stations in the region and the limited digital data increase the importance of the results of this study.

Another extremely important output obtained from this study is the relationship between the statistical
parameters and the building stock in the region. The shallow earthquake potential (Mackenzie et al., 2016), the
local geological units, and the low-building quality (Alkan and Akkaya, 2021) may cause high acceleration, an
increased probability of damage, and a high seismic hazard. Considering the loss of life and damage after the 1976
Caldiran earthquake, the population and building density compared to today have increased by 1-1.5 million in
the surrounding provinces. On the other hand, the building stock has changed dramatically. When imagining an
earthquake similar to the 1976 Caldiran mainshock, the possible loss of life and property will inevitably be higher
than the damage at that time.

5. Conclusion
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In the current study, seismotectonic b-value, earthquake probability and recurrence times with Coulomb stress
changes are taken into consideration for a reliable seismic hazard and forecasting of strong earthquakes in and
around the Caldiran fault zone. For this purpose, we use a homogeneous catalog composed of 6169 shallow events
(depth < 70.0 km) with 1.0 £ Mg < 5.6 from July 1975 to December 2021. The statistical analyses are performed in
the region covered by coordinates 38.6°N - 39.3°N and 43.4°E - 44.8°E. For the mapping of Coulomb stress changes,
15 events with M = 3.6 that occurred in and around the Caldiran fault zone between 2010 and 2021 and the 1976
Caldiran mainshock (Ms = 7.3) are used. These seismotectonic parameters are applied to predict future earthquake
occurrences. The regions with small b-values (< 1.0) cover the Caldiran fault zone, Hasantimur fault, Dorutay fault
and Saray fault zone, while high b-values (> 1.0) are detected in the Ercis fault zone. Besides, the high positive
Coulomb stress variations (~0.1 bar) using the events that occurred after 2010 are observed in the NW of the
Caldiran fault zone. However, in other segments of the CFZ, the derived Ao values are more complex. As an
important note, the Coulomb stress variation of the 1976 Caldiran earthquake shows the high in the N-NE region
of the CFZ, especially at shadow depths. It is well known that a region with small b-value, high-stress variations
and historical seismic activity is indicated to be the future strong/large earthquake region. In addition to this, the
evidence from earthquake probabilities and recurrence times exhibits that the occurrence of earthquakes with a
magnitude less than 4.5 in the short term is a high probability and the anomalies of strong earthquakes (M = 6.0)
are also quite compatible with the recurrence times of previous large earthquakes. Finally, the findings of the
present study can interpret a great guide for further seismic hazard studies in near future.
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