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ABSTRACT

The 2020 Mw 6.8 Doganyol-Sivrice earthquake occurred on the Pltiirge Segment of the
left-lateral East Anatolian Fault Zone (EAFZ). Our field investigation within 6 weeks after the
earthquake suggests the following results. (1) The 2020 earthquake created a ~54-km-long
surface deformation zone along the Putlirge Segment. (2) No co-seismic surface slip has been
formed after the earthquake. (3) The deformation zone consisted of intense ground fissures, rock
falls, landslides, liquefaction of various lengths mostly occurred along fault traces mapped in
previous active fault investigations. When we have evaluated our field findings together with the
previous historical and instrumental earthquake data the following results on the long-term
behavior of the EAFZ have been determined. The significant co-seismic offset (between 2.0 and
4.5 meters) only forms when the earthquake magnitudes reach to Mw 7.0 along the EAFZ. In the
last 160 years, ~300-km-long part of the EAFZ ruptured with 7 major earthquakes (6.7<Ms<7.2).
The ~130-km-long part of the EAFZ still remains as seismic gap. Here we name two most

important seismic gaps of the EAFZ as the Kahramanmaras and the Bingdl Seismic Gaps.

Keywords 2020 Doganyol-Sivrice earthquake, Active plate boundary, East Anatolian Fault
Zone (EAFZ), Co-seismic slip, Seismic Gap.
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Highlights

Highlights

- The 2020 Doganyol-Sivrice earthquake (Mw 6.8) occurred on the Piitiirge Segment
of the left-lateral East Anatolian Fault Zone (EAFZ).

- The earthquake created a ~54-km-long surface deformation zone.
- No co-seismic surface slip has been formed after the earthquake.

- Evaluation of our field findings together with the previous historical/instrumental
earthquake data the following results on the long-term behavior of the EAFZ have
been determined.

- The significant co-seismic offset (between 2.0 and 4.5 meters) only forms when the
earthquake magnitudes reach to Mw 7.0 along the EAFZ.

- The ~130-km-long part of the EAFZ still remains as seismic gap.
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ABSTRACT

The 2020 Mw 6.8 Doganyol-Sivrice earthquake occurred on the Pltiirge Segment of the
left-lateral East Anatolian Fault Zone (EAFZ). Our field investigation within 6 weeks after the
earthquake suggests the following results. (1) The 2020 earthquake created a ~54-km-long
surface deformation zone along the Putlirge Segment. (2) No co-seismic surface slip has been
formed after the earthquake. (3) The deformation zone consisted of intense ground fissures, rock
falls, landslides, liquefaction of various lengths mostly occurred along fault traces mapped in
previous active fault investigations. When we have evaluated our field findings together with the
previous historical and instrumental earthquake data the following results on the long-term
behavior of the EAFZ have been determined. The significant co-seismic offset (between 2.0 and
4.5 meters) only forms when the earthquake magnitudes reach to Mw 7.0 along the EAFZ. In the
last 160 years, ~300-km-long part of the EAFZ ruptured with 7 major earthquakes (6.7<Ms<7.2).
The ~130-km-long part of the EAFZ still remains as seismic gap. Here we name two most

important seismic gaps of the EAFZ as the Kahramanmaras and the Bingdl Seismic Gaps.

Keywords 2020 Doganyol-Sivrice earthquake, Active plate boundary, East Anatolian Fault
Zone (EAFZ), Co-seismic slip, Seismic Gap.

1. INTRODUCTION

The left-lateral strike-slip East Anatolian Fault Zone (EAFZ), the active plate boundary
between the Anatolian and Arabian lithospheric plates, extends for ~430 km in NE-SW direction
between Karliova (Bing6l) and Kahramanmaras (Fig. 1A-1B) (Sengor, 1979; Reilinger and
McClusky, 2011). The EAFZ connects with the North Anatolian Fault Zone (NAFZ) in Karliova
(Bingol, Turkey) (Sengor, 1979; Saroglu, 1985; Sengor et al., 1985) and with the Dead Sea Fault
Zone (DSFZ) near Kahramanmaras (Turkey) (Fig. 1A) (McKenzie, 1976; Karig and Kozlu,
1990; Peringek and Cemen, 1990; Westaway & Arger 1996; Westaway, 2003). The left-lateral
EAFZ and the right-lateral NAFZ together accommodate the westward escape of the Anatolian
plate (McKenzie, 1972; Sengér, 1979).

An Mw 6.8 earthquake occurred on the Plturge Segment (cf. Duman and Emre, 2013) of
the EAFZ (Fig. 1B) (Sengor, 1979; Reilinger and McClusky, 2011) between the Doganyol
(Malatya) and the Sivrice (Elaz1g) districts at 17:55:11 UTC (20:55:11 local time) on 24 January

2020 (hereafter referred to as the 2020 earthquake). The main shock focus is estimated at
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approximately 6 km northeast of Doganyol, Malatya (39.0630°E — 38.3593°N) (Figs. 1B) at ~8
km depth (Pousse-Beltran et al., 2020). Severe damages to houses, infrastructures were occurred
not only along the rupture zone but also in the Elaz1g city center, approximately 30 km north of
the rupture zone. According to the Ministry of Interior Disaster and Emergency Management
Presidency of Turkey (AFAD), the 2020 earthquake caused the killing of 41 people, injuring of
~1600 others, destruction of 381 houses, heavy damage on 3.379 houses, medium and minor

damage on 5508 houses.

In this paper, we present (1) the results of a field survey held within 6 weeks of the
mainshock to clarify the characteristics of rupture associated with the seismic activity and (2) the
seismic data collected prior and after the 2020 earthquake along the rupture zone. It is crucial to
record field data of surface deformation immediately after the event since they rapidly disappear
due to human activities and erosion by rainfall. Defining the extent of rupture and the sense of

shear is important for the understanding of future disasters.

We have also evaluated our field findings with the previously published data on major
earthquakes (Ms>6.8) that occurred along the EAFZ in the last 160 years. Our evaluation
suggests a relationship between the earthquake magnitudes and the formation of co-seismic
surface slip along the EAFZ and has also given some new results on the long-term behavior of
the EAFZ.

2. OUTLINE OF THE EAST ANATOLIAN FAULT ZONE

Following the partly description of the EAFZ (Altinli, 1963) its transform fault nature
first recognized by Allen (1969). The destructive May 22, 1971, Bingdl (Mw 6.8) earthquake
(Seymen and Aydin, 1972) followed by first detail mapping of the EAFZ (Arpat and Saroglu,
1972). Since then, the seismicity of the EAFZ and its Quaternary evolution has been studied by
several groups (Arpat and Saroglu, 1975; McKenzie, 1976, 1978; Jackson and McKenzie, 1984;
Dewey et al., 1986; Muehlberger and Gordon, 1987; Westaway, 1994; Westaway and Arger,
1996; Reilinger et al., 2006; Reilinger and McClusky, 2011; Bulut et al., 2012; Duman and
Emre, 2013; Aktug et al., 2016; Yonlii et al., 2017; Khalifa et al., 2018). Although the formation
age of the EAFZ is still under debate, dating of the lignite brackets cropping-out along the fault
zone suggests that it is an active tectonic structure since the late Pliocene (Arpat and Saroglu,
1972; Hempton, 1985; Sengor et al., 1985; Dewey et al., 1986; Herece, 2008). Mapping of the
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offset of geological and geomorphic structures evidenced 15 km to 33 km of cumulative offset
along the EAFZ (Hempton, 1987; Westaway and Arger, 1996; Bulut et al., 2012). Consequently,
6 to 11 mm yr™ slip rate was calculated (Arpat and Saroglu, 1975; Herece and Akay, 1992;
Kiratzi, 1993; Westaway, 1994; Yirir and Chorowicz, 1998; Cetin et al., 2003; Aksoy et al.,
2007; Herece, 2008; Duman and Emre, 2013; Yonli et al., 2013). Recent GPS studies provide a
similar slip rate of ~10 mm yr™ along the EAFZ (Reilinger et al., 2006; Reilinger and McClusky,
2011; Mahmoud et al., 2013; Aktug et al., 2016). The segmented nature of the EAFZ has been
mapped by many studies (Arpat and Saroglu, 1972; Arpat and Saroglu, 1975; Hempton et al.,
1981; Muehlberger and Gordon, 1987; Barka and Kadinsky-Cade, 1988; Herece and Akay,

1992; Saroglu et al., 1992; Westaway, 1994; Herece, 2008; Duman and Emre, 2013). However,
there is still little consensus on the geometry and the lengths of its faults (or segments; cf. Duman
and Emre, 2013). In the present study, we use a simplified form of the detailed fault map
published by Duman and Emre (2013) as a base map (Figure 1B). Our simplified map does not
include the Surgi-Misis Fault (SMF) system and the Amanos Segment (AS) of Duman and Emre
(2013). We exclude the SMF because it is not clear whether it is the northern strand of the EAFZ
as suggested by Duman and Emre (2013). We also exclude the AS because it is more likely a
fault that belongs to the Dead Sea Fault Zone (DSFZ) (cf., Peringek and Cemen, 1990). In the
last 160 years, ~300-km-long part of the EAFZ ruptured with 7 major earthquakes (6.7<Ms<7.2)

(Fig. 1B) that we discuss in detail in the following sections.
3. METHODS

The earthquake data presented in this section has been provided by the Ministry of
Interior Disaster and Emergency Management Presidency of Turkey (AFAD) that was collected
in SeisAN earthquake analysis software (Havskov and Ottemoller, 1999). Earthquake solutions
are redrawn from the Ministry of Interior Disaster and Emergency Management Presidency of
Turkey (AFAD) database and are projected over a 10 m resolution Digital Elevation Model
(DEM) prepared in ArcGIS software (Fig 2A-2B). DEM of the survey field area prepared from
the printed topographical maps. We geo-referenced the printed maps in ArcGIS Software, drawn
the contour curves, and digitized the maps. We then run 3D Analyses-Data Management-TIN-
Create TIN-TIN to Raster Module in ArcGIS Software to create DEM.
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Our field survey was conducted along the roads and rivers crossing the area with intense
deformation of ground surface and damage of constructions. We used DEM to ensure the
relationship between fissure distribution and geomorphological features. Information from the
local community has also guided us to identify the trace of coseismic deformation along the
survey area. We also used satellite imagery from Google Earth (updated 2019) for certain areas.
All images datasets were integrated into ArcGIS software. We adopted criteria for judgment if
fractures of ground surface are formed associated with the 2020 earthquake that has: (1) lateral
continuity, and (2) fresh appearance without erosion that indicate co-seismic ground fissures. We
measured orientation data of fractures (mainly strike and dip of the fracture planes) and width of
the deformation zone defined as the range in which ground is flexural deformed by conventional

instruments for field surveys such as a hand-held GPS receiver and geological compass.
4. SEISMICITY ALONG THE PUTURGE SEGMENT IN THE LAST 15 YEARS

The 2020 earthquake occurred on the Pitlirge Segment of the East Anatolian Fault Zone
(Figs. 1B and 2) which is a significant source of the regional seismic hazard (Ambraseys, 1989)
due to its long fault trace over 96 km (Duman and Emre, 2013). Before the 2020 earthquake, the
last major earthquakes on the Pltiirge Segment occurred in 1874 (Ms 7.1), 1875 (Ms 6.7) and
1905 (Ms 6.8) (Ambraseys, 1989).

Since the last major earthquake occurred on the EAFZ, prior to the 2020 earthquake, is
the 1971 Bingdl (Mw 6.8) earthquake (Fig. 1B) we concentrated on the seismic data reported
between 1970 and 2020 near and over the PUtiirge Segment to give insight on the foreshock
activity. We realized that the most intense seismic activity before the mainshock occurred
between 2007 and 2019 along the Pitlirge Segment (Table 1, Fig. 2A). The focal mechanism
solutions of the M>4.0 earthquakes that occurred between 2007 and 2020 (Table 1) gives
predominantly left-lateral strike-slip mechanism with some minor vertical component in places
(Fig. 2A). The oblique solutions (Fig. 2A) are probably results of diffuse development of tearing

in the crust and small changes in the stress along secondary fault zones.

The focal mechanism solutions of the 2020 earthquake (Mw 6.8) and its Mw>4.0
aftershocks indicate almost pure strike-slip faulting (Table 2, Fig. 2B). The relocation of the
hypocenter of the mainshock (Pousse-Beltran et al., 2020) suggests that the earthquake occurred
at 8 km deep (Table 2, Fig. 2C). More than 3000 aftershocks between Mw 1.0 and Mw 5.1 are
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documented covering an area of 60 km-long, 15 km-wide and all of the aftershocks have
occurred in the first 20 km of the crust (Fig 2C). This data well coincides with the relocated
aftershock focal depths (7 to 17 km - Pousse-Beltran et al., 2020) and the results of an
earthquake tomography study suggesting a maximum of 20 km depth for seismogenic zone along
the EAFZ (Ozer et al., 2019).

5. RESULTS OF THE FIELD STUDY

Despite its large magnitude, the 2020 earthquake was accompanied by no surface
ruptures. In this section, we report the results of our field survey with insights on location,
distribution, the orientation of the deformation associated with the 2020 earthquake (Table 3).
We have mapped surface deformation for a distance over 54 km associated with the 2020
earthquake. The earthquake followed by significant liquefaction, landslides, rockfalls, pressure

ridge, and fissure formations.

In the southwestern area, between Ormanici and Tosunlu villages (Plturge, Malatya), the
deformation zone associated with the 2020 earthquake does not always coincide with previously
inferred faults (Fig. 3A). Instead, the deformation zone widens towards the northern part of the
alluvial plain of the Mollahan Stream where new surface breaks formed over previously
unmapped faults (the red lines in Fig. 3A). A pressure ridge with extensive ground fissures with
a trend of N55E was observed over the cliffs at the south of the Mollahan Stream (location 1 in
Fig. 3A and Table 3), approximately 30 km southwest of the epicenter (Fig. 3B). This is the
southwesternmost co-seismic deformation structure we have mapped in our field study. The
observed rockfalls and landslides on the northern side of this cliff and the extensive fissure
formation also going towards the south indicate severe co-seismic damage around this pressure
ridge. Another highly deformed area with major deep-reaching ground fissures (loc. 2 in Fig. 3A
and Table 3) was observed at the north of the Mollahan Stream (Fig. 3C). Here, the deep-
reaching ground fissures can be interpreted as the faults bounding the asymmetric grabens of a
small transtensional pull-apart basin, formed during the 2020 earthquake (Fig. 3C). This small
pull-apart basin is a ~50-meters-long and ~7-meters-wide structure and the general trend of the
ground fissures in this basin is N75E (Table 3), parallel to the main fault direction (Fig. 3A-3C).
The most prominent liquefaction (loc. 4 in Fig. 3A and Table 3) observed 4.2 km east of

Ormanigi (Fig. 3D) where one stream channel offset sinistrally about 1.6 km (Fig. 3A) with the
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historical earthquakes. We have visited this liquefaction area twice; (1) on 25 January 2020, the
day after the 2020 earthquake and, (2) on 4 May 2020. On 24 January 2020, we observed a
formation of a spherical crack with little sand eruption, discharges of spring, and sulfur smell
(Fig. 3D). During our second visit, on 4 May 2020, erupted sand and discharged spring water
seemed to be covered entire liquefaction area with a diameter of ~10 meters. Discharge of water
and gas (manifested by bubbles) was continuing at the site. In Tosunlu Village, ~14 km SW of
the epicenter, numbers of discontinuous ground fissures (loc. 5 in Fig. 3A and Table 3) whit a
general orientation of N70E (Fig. 3E) and severe damage of the houses were together observed.

In the northeastern co-seismically damaged area, between Doganyol (Malatya) and
Sivrice (Elaz1g), the deformation zone associated with the 2020 earthquake coincides with
previously inferred faults (Fig. 4A). Sivrice district stays at the northeastern tip of the
deformation zone (Fig. 4A), we observed no deformation as we go further northeast. Destruction
in Sivrice is very little however the Sivrice Mosqgue (loc. 19 in Fig. 4A and Table 3) is heavily
damaged (Fig. 4B) (38.448°N-39.309°E). That seems to be the result of low-quality construction
as approved by the lack of lateral reinforcement binders in damaged load-bearing columns (Fig.
4C). Over the road in front of the Sivrice Mosque, we have observed N-S directed cracks
representing echelon cracks formed perpendicular to the main fault direction. In Sivrice, the
windows on the N-S directed walls of buildings were all broken. Towards the southwest, surface
deformation mainly represented by the gravitational cracks (Fig. 4C-4D) and ground fissures
with an average trend of N65E are formed concentrated in the zones of several tens of meters,
respectively (Fig. 4A and Table 3; locations 7, 8, 10, 13, and 15 to 18). The average direction of
the gravitational cracks (Table 3) coincides with the N60E direction of the Pitlirge Segment
reported by Duman and Emre (2013). In some of these locations, sand eruption indicating
liquefaction accompanies the cracks (e.g., loc 14 in Table 3 and Fig. 4A). Between Akseki and
Sivrice, an approximately 4 km long area above the previously mapped active faults is severely
damaged (Fig. 4A and Table 3; locations 10 to 16). Along this area, co-seismically triggered
landslides (loc. 9), gravitational cracks with up to 40-50 cm downward movement (Fig. 4D; loc
13), overturned-damaged trees with up to 50 cm diameter (loc. 11) and severe damage on
telephone poles (Fig. 4E; loc 12) are together observed (for locations see Fig. 4A and Table 3).
Cevrimtas Village (Sivrice, Elazig) which stays only at ~2 km NE of the epicenter (Fig. 4A) is
one of the places that suffered the most damage in the 2020 earthquake. In this village, 90 % of
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the houses were destroyed, two people were killed, 4 were injured and nearly 30 cattle also died.
The co-seismic faulting caused the formation of a pressure ridge just south of the Cevrimtas
Village along the Karakaya Dam Lake that filled the Euphrates River Valley (Fig. 4F-4G; loc. 6
in Fig. 4A and Table 3). Over this pressure ridge, many cracks with an average N8OE direction
were also formed (Fig. 4G). In Doganyol (Malatya) which stays ~3 km south of the epicenter
(Fig. 4A), we have also observed serious damage represented by intense ground fissures, rock

falls, landslides, destruction of houses and discharges of springs, during our field survey.
6. DISCUSSION

6.1. RELATIONSHIP BETWEEN EARTHQUAKE MAGNITUDE AND CO-SEISMIC
SURFACE SLIP OF MAJOR SEISMIC EVENTS ALONG THE EAFZ

Along the EAFZ, major earthquakes (6.7<Ms<7.2) occurred during the historical and
instrumental periods (Fig. 5; Table 4) (Pinar and Lahn, 1952; McKenzie, 1972; Jackson and
McKenzie, 1984; Dewey et al., 1986; Ambraseys 1989; Guidoboni et al., 1994; Shebalin and
Tatevossian, 1997; Ambraseys and Jackson 1998; Kondorskaya and Ulomov, 1999; Cetin et al.,
2003; Taymaz et al., 1991; Tan et al., 2008; Kalafat et al., 2011). The historical earthquake
record goes back to the 6™ century on the EAFZ (cf., Duman and Emre, 2013), however, for no
time interval earlier than the 19" century we confidently identify reliable earthquake data that
also includes observed fault lengths, and co-seismic surface slip measurements (cf., Duman and
Emre, 2013). Thus, here we review the published data on major earthquakes (Ms>6.7) that
occurred along the EAFZ in the last 160 years. This review suggests a relationship between the
earthquake magnitudes and the formation of co-seismic surface slip (Fig. 5; Table 3). We also
plotted the time of these earthquakes vs their known ruptured fault length to show the position of

major seismic gaps (Fig. 5B), that we also discuss here briefly.

The first major earthquake of the 19" century accepted as the Ms 7.5, 1822 earthquake
(Ambraseys and Jackson, 1998) that occurred at the southwestern part of the EAFZ (Fig. 5B)
(e.g., Duman and Emre, 2013). However, this earthquake occurred on the Amanos Segment of
the Duman and Emre (2013) which is the northernmost segment of the Dead Sea Fault Zone
(Fig. 5) (cf., Peringek and Cemen, 1990).

Hence, in our opinion, the first major earthquake is the Ms 7.2, 1866 earthquake
occurred on the northeastern tip of the EAFZ, (Fig. 5) (Ambraseys and Jackson 1998) of the last
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earthquake cycle of the EAFZ. According to the Duman and Emre (2013), the 1866 earthquake
caused rupture only on the Karliova Segment which is a 34-km-long fault. The length of the
Karliova segment is significantly shorter than the reported rupture length which is 45 km
(Ambraseys and Jackson, 1998; Nalbant et al., 2002). As we think of the other known
earthquakes with similar magnitudes (Table 3), the suggested 45 km rupture length seems more
compatible with the reported magnitude. Hence, we suggest approximately 10 km of the Ilica
Segment was also ruptured together with the Karliova Segment during the 1866 earthquake (Fig.
5). A 3.5 £ 0.1 m co-seismic offset formed during the 1866 earthquake (Table 4) (Herece, 2008).

The 1866 earthquake followed by the Ms 7.1, 1874 earthquake occurred on the Palu
Segment (Fig. 5; Table 4) (Ambraseys, 1989; Ambraseys and Jackson 1998; Duman and Emre,
2013). The 1874 earthquake created a significant surface rupture as indicated by both historical
(Ambraseys and Jackson 1998) and palaeoseismological studies (Cetin et al., 2003). During the
event, the rupture length reached 45 km and the block at the southeast of Lake Hazar was
uplifted by 1 to 2 m along the rupture zone (Ambraseys, 1989). Herece (2008) measured a 2.6 m
left-lateral offset created by the 1874 earthquake (Table 3). Recent the fieldwork of Duman and
Emre (2013) raised the average displacement of the 1874 earthquake to 3.5 + 0.5 m (Table 3).

A year later in 1875, a Ms 6.7 earthquake occurred on the northwestern part of the
Pitirge Segment (Ambraseys, 1989; Ambraseys and Jackson 1998; Herece, 2008). On the
contrary, Duman and Emre (2013) suggested that this earthquake occurred on the southwestern
part of the Palu segment which they called Lake Hazar releasing bend. In our opinion, this
proposition cannot be correct because their Lake Hazar releasing bend is only a 10 km long fault
zone (Duman and Emre, 2013), hence, incapable to create a Ms 6.7 earthquake. It has been
known that the 1875 earthquake caused a 20 km long surface faulting (Ambraseys and Jackson,
1998). We think that this value is a better assumption because close-sized (Mw 6.8) earthquakes
occurred on the EAFZ in the instrumental period formed at least 35 km long surface faulting
(Table 3). No offset was detected in the field related to the 1875 earthquake (cf., Herece, 2008;
Duman and Emre, 2013).

In 1893 an earthquake of Ms 7.1 occurred on the Erkenek segment (Ambraseys, 1989;
Ambraseys and Jackson 1998; Duman and Emre, 2013). A left-lateral displacement of 4.5 m
(Table 3) is attributed (Herece 2008) to this highly destructive earthquake (Ambraseys, 1989).
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According to Duman and Emre (2013), this event caused the formation of 86-km-long surface
faulting. The damage zone covered a 220 km long, and 120 km wide area (Ambraseys, 1989).
When the highly destructive nature of this event (Ambraseys, 1989) evaluated together with the
86-km-long surface faulting (Duman and Emre, 2013) it can be speculated that the magnitude of
the 1893 earthquake could be even higher than the Ms 7.1.

In 1905, a Ms 6.8 earthquake (Ambraseys 1989; Ambraseys & Jackson 1998) generated
along the Pittrge Segment (Fig. 5) (Duman and Emre, 2013). As a result of this earthquake,
heavy damage with loss of life occurred in the mountain villages between Pitlirge and Celikhan
and the shock caused widespread liquefaction of the Euphrates river deposits (Ambraseys 1989).
It is reported that the earth was split into many places, the road is cut, presumably by landslides
(Ambraseys 1989) with no co-seismic surface slip (Table 3). These observations, including lack
of co-seismic surface slip, is very similar to our observations on the 2020 earthquake. According
to Duman and Emre (2013), the 1905 earthquake may have occurred on the 15-km-long
Yarpuzlu bend that makes the southwestern part of the Pitiirge Segment. On the contrary,
Nalbant et al. (2002) suggested that 38-km-long surface faulting may have been formed by the
1905 earthquake. Considering the size of the damage zone (Ambraseys 1989), we prefer Nalbant
et al. (2002)’s suggestion on the length of the co-seismic surface faulting (Table 3).

Except the 2020 earthquake, only one major earthquake occurred in the 21 century
which is the Mw 6.8, 1971 Bing0l earthquake (McKenzie, 1972; Taymaz et al., 1991). This
earthquake created a discontinuous 35-km-long surface rupture along the Goyniik Valley of
Bingdl (Arpat and Saroglu, 1972; Seymen and Aydin, 1972). The earthquake caused heavy
damage with loss of life in the Bingdl city center and the neighboring villages (Arpat and
Saroglu, 1972; Seymen and Aydin, 1972). During the 1971 earthquake, the whole length of the
35-km-long Ilica Segment was ruptured (Fig. 5) (Duman and Emre, 2013). A maximum left-
lateral co-seismic offset of 25 cm reported after the 1971 earthquake (Table 3) (Seymen and
Aydin, 1972) which is significantly small compared with the co-seismic offset values reported
after the Ms>7.1 earthquakes of the 19" century (Table 3). Along the tension gashes oriented
nearly perpendicular to the main fault, 5 to 10 cm vertical offset was also formed during the

Bingol earthquake (Arpat and Saroglu, 1972).

6.2. THE SEISMIC GAPS ALONG THE EAST ANATOLIAN FAULT
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As it is shown in Figure 5, two segments with a total length of 108 km seem to be
carrying a high risk of major earthquakes; the G6kdere and the Pazarcik Segments (Nalbant et
al., 2002; Duman and Emre, 2013). Additionally, the approximately 20-km-long northeastern
part of the Palu Segment which is in connection with the Gokdere Segment also seemed to be a
seismic gap (Fig. 5). Some InSAR studies suggest that the 100-km-long Palu Segment (actually
it is 77-km-long; see Duman and Emre, 2013) is exhibiting a seismic creep at the surface (e.g.,
Ozarpac et al., 2017). However, the rupture length analyses on the 1874 and 1875 earthquakes
(Fig. 5; Table 3) do not reconcile with fault creep documented by InSAR.

According to the Duman and Emre (2013), the Gokdere Segment (or their Gokdere
Restraining Bend) is a 25-km wide, 45 km-long fault jog. On the contrary, Herece (2008) defines
a 15-km wide, 30 km-long uplift zone in the north and another 50 km long narrow fault zone in
the south of the Bingol pull-apart basin (the Geng Segment of the Arpat and Saroglu, 1972) in
the region of the Duman and Emre (2013)’s Gokdere Segment. Our recent ongoing mapping
supports the existence of two major faults as Herece (2008) reports. It is clear that some stress
transfer likely to have taken place to the Gokdere (Duman and Emre, 2013) and/or the Geng
Segments generated by the 1971 (M 6.8) Bingol earthquake. Hence, a 45 to 50-km-long
earthquake rupture with a possible magnitude between Mw 6.7 and 7.0 (see Table 4 for rupture-
magnitude relationship) is likely to happen along the southern or northern border of Bingél pull-
apart basin in the future. Because of lack of aggrement on fault structure and the geographic
position of the Bingdl City center, here we call this seismic gap as the Bingdl Seismic Gap (Fig.
5B).

The Pazarcik Segment is probably the most dangerous seismic gap of the EAFZ (Fig. 5)
(Nalbant et al., 2002; Karabacak et al. 2011; Duman and Emre, 2013). Here we call this seismic
gap as the Kahramanmaras Seismic Gap (Fig. 5B) because Kahramanmaras would be the most
affected city by a future earthquake. Based on palaeoseismological studies a recurrence interval
of 350400 years and a slip rate of 9.18 + 054 mm yr™* were suggested for the Pazarcik Segment
(Karabacak et al. 2011; Duman and Emre, 2013). The latest known earthquake occurred on the
Pazarcik Segment is the Ms 7.4, 1513 earthquake (Ambraseys, 1989). Coulomb stress modeling
shows that the 1822 event increased stress over the Pazarcik Segment by as much as 8 bar which
caused a strain accumulation of c. 3.5 m (Nalbant et al., 2002). By using the time elapsed since

the last large earthquake (491 years) and the amount of strain accumulation (3.5 m) a maximum
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magnitude of Mw 7.3 is suggested for the future earthquake that will probably occur on the
Pazarcik Fault (Nalbant et al., 2002).

7. CONCLUSIONS

January 24, 2020, Sivrice Mw 6.8 earthquake created a ~54-km-long surface rupture
along the Pitirge segment of the East Anatolian Fault. No co-seismic surface slip has been
formed during the earthquake. The deformation observed as intense ground fissures, rock falls,
landslides, liquefaction of various lengths. Evaluation of the data collected after the 2020
earthquake with the data of the earlier events suggest that (1) the large co-seismic left-lateral
surface slip (between 2.0 and 4.5 meters) only occurs when the earthquake magnitudes reach to
Mw 7.0 along the EAFZ, and (2) ~130 km long part of the EAFZ remains as seismic gaps (the
20 km-long part of the Palu Segment, the Pazarcik and the Gokdere Segments) at least since
1822,
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Figure 1. A: Tectonic map of the eastern Mediterranean and the Middle East. Arrows and
numbers indicate the global positioning system (GPS)—derived velocities (mm yr™) with respect
to Eurasia (Reilinger and McClusky, 2011; Ergintav et al., 2014). EAFZ: East Anatolian Fault
Zone; DSFZ: Dead Sea Fault Zone; BZATZ: Bitlis Zagros Active Thrust Zone; NAFZ: North
Anatolian Fault Zone; RAE: Region of Aegean Extension. B: The map of the EAFZ between
Karliova (Bingol) and Kahramanmaras (Km) and the map of DSFZ between Kahramanmaras
and Antakya. The fault map is redrawn from Duman and Emre (2013). Please note that the DSFZ
has been mapped as the Amanos Segment of the EAFZ in Duman and Emre (2013). The colored
faults are the fault fragments that were ruptured during Mw>6.5 earthquakes in the last 200
years. The colored numbers refer to years of the earthquakes that ruptured each fault. The
earthquake data have been compiled from Ambraseys (1989), Guidoboni et al. (1994), Shebalin
and Tatevossian (1997), Ambraseys and Jackson (1998), Kondorskaya and Ulomov (1999), Tan
et al. (2008) and our study. For the review of the earthquake data see also Duman and Emre
(2013). DSFZ: Dead Sea Fault Zone; Siv.: Sivrice.

Figure 2. A: The map of the Pitiirge Segment and the eastern part of the Palu Segment of the
EAFZ, and the position-focal mechanism solutions of the M>4.0 events that occurred before the
2020 earthquake (see also Table 1) shown over the Digital Elevation Model (DEM). The faults
are redrawn from Duman and Emre, 2013. B: The position and the focal mechanism solutions of
the 2020 earthquake (in red) and the Mw>4.0 aftershocks (see also Table 2) shown over the
DEM. C: The depth and the location of the Mw>3.0 aftershocks. The solutions of the Mw>4.0

aftershocks are also shown (redrawn from AFAD database).

Figure 3. A: The active fault map of the Pltiirge Segment between Ormanici and Tosunlu
Villages and the position of the observed deformations (numbered). Black faults are from Duman
and Emre (2013), the red faults are drawn during this study. B: The pressure ridge with extensive
ground fissures formed during the 2020 earthquake, south of the Mollahan Stream. C: Deep-
reaching ground fissures at the north of the Mollahan Stream. D: The liquefaction area at the east
of Ormanici on 25 January 2020 (upper) and on 4 May 2020 (lower). E: An extensional,
discontinuous ground fissure in Tosunlu Village. The numbers in figures are the location

numbers shown in Figure 3A. See text and also Table 3 for the explanation.
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Figure 4. A: The active fault map of the Piitiirge Segment between Doganyol (Malatya) and
Sivrice (Elaz1g) and the position of the observed deformations (numbered). Faults are from
Duman and Emre (2013). B: The heavily damaged mosque in Sivrice. C: The photograph of the
load-bearing columns of the Sivrice Mosque. Please pay attention to the lack of lateral
reinforcement binders. D: A gravitational cracks with up to 40-50 cm downward movement. E:
A surface crack that caused severe damage to telephone poles. F: The co-seismically formed
pressure ridge south of the Cevrimtag Village. The water body is the Karakaya Dam Lake that
filled the Euphrates River Valley. G: The cracks formed over the pressure ridge with an average
NB8OE direction.

Figure 5. A: The map of the EAFZ between Karliova (Bingol) and Kahramanmaras (Km) and
the map of DSFZ between Kahramanmaras and Antakya. Fault map and segment names (accept
DSFZ) are from Duman and Emre (2013). For the location of this figure see Fig. 1A. B: The
rupture lengths vs rupture year of the major earthquakes (6.3<Ms<7.5) occurred along the EAFZ
and the northern part of the DSFZ since the 1822. Those that caused formation of co-seismic
surface slip are indicated with continuous lines. Those that were not caused formation of co-
seismic surface slip are indicated with dashed lines. The earthquakes have been compiled from
Ambraseys (1989), Guidoboni et al. (1994), Shebalin and Tatevossian (1997), Ambraseys and
Jackson (1998), Kondorskaya and Ulomov (1999), Tan et al. (2008) and our study. For the
review of the earthquake data see also Duman and Emre (2013).

TABLE CAPTIONS

Table 1. Parameters for fault plane solutions of the M>4.0 foreshocks of the 2020 earthquake
occured between 2007 and 2019 (from AFAD database) depicted in Figure 2A.

Table 2. Parameters for fault plane solutions of the 2020 earthquake and its Mw>4.0 aftershocks
(from AFAD database) depicted in Figure 2B-2C.

Table 3. Field data of the 24 January 2020 Mw 6.8 Doganyol-Sivrice earthquake.

Table 4. Earthquakes (Ms>6.7) on the EAFZ since 1866 with the co-seismic surface slip values
reported for each earthquake. Dates, magnitudes, epicenters and observed fault lengths of the are
from, Arpat and Saroglu (1972, McKenzie (1972), Seymen and Aydin (1972), Ambraseys
(1989), Ambraseys and Jackson (1998), and Nalbant et al. (2002). Date, magnitude, the epicenter



538  of the 2020 earthquake is from AFAD and ruptured fault length is measured during our study.

539  Segment names are from Duman and Emre (2013).



Table 1

Click here to download Table: Tablel ForeShocks.docx

Table 1
Eventno  ---Date/Hour (GMT)---- Latitude Longitude Strike Dip Rake Magnitude
(inFig. 2A)  (dd/mm/yy) / (hh:mm:ss) (N°) (E®) (Type)
1 11/02/2007 06:23:48 38.4742 39.0655 2250 810 -11.0 4.2(Ml)
2 21/02/2007 11:05:26  38.3827 39.3082 262.0 60.0 6.0 5.4 (Ml
3 28/02/2007  20:08:10 38.3843 39.1932 247.0 78.0 80 4.2(MI)
4 28/02/2007  23:27:46  38.3487 39.2607 40.0 750 -120 4.3 (MI)
5 14/04/2007 04:30:37 38.3528 39.2848 2440 57.0 80 45(MIl)
6 22/03/2009 02:31:52 38.3483 38.9557 238.0 610 350 4.0(MI)
7 07/07/2009 15:57:02 38.2547 38.7407 200.0 38.0 -41.0 5.0(MI
8 05/10/2009 01:58:08 38.3683 39.2918 247.0 780 -17.0 4.0(MI)
9 23/06/2011 07:34:43 38.5562 39.6307 259.0 83.0 150 5.3 (Ml)
10 23/06/2011 12:00:06 38.5867 39.6008 141.0 83.0 134.0 4.0(MI)
11 04/08/2011  03:13:08 38.5952 39.6348 252.0 90.0 20 4.4 (MI)
12 10/10/2011 07:14:31 38.4543 39.2525 356.0 58.0 -128.0 4.0 (M)
13 28/08/2013 06:26:08 38.3793 38.9065 257.0 78.0 50 4.2 (M)
14 19/01/2018 13:53:12 38.2900 38.8178 230.0 81.0 3.0 4.1 (Mw)
15 04/04/2019 17:31:07 38.3865 39.1205 345.0 840 1730 52(Mw)
16 27/12/2019 07:02:25 38.3898 39.0158 346.0 86.0 -139.0 4.9 (Mw)


http://ees.elsevier.com/tecto/download.aspx?id=797456&guid=7efc8b21-7f93-4480-bfd4-58e73dde8c9b&scheme=1

Table 2
Click here to download Table: Table2_Main_and_AfterShocks.docx

Table 2

Eventno ---Date/Hour (GMT)---- Latitude Longitude Depth Strike Dip Rake Magnitude

(in Fig. 2B) (dd/mmlyy) / (hh:mm:ss)  (N°) (%)  (km) (Mw)
1 24/01/2020  17:55:11 383593 39.0630 8.06 2480 760 10 68
2 24/01/2020  18:08:05 38.4140 39.2006 7.03 257.0 780 50 45
3 24/01/2020 18:17:57 38.3891 38.9261 14.62 230.0 810 3.0 41
4 24/01/2020  18:32:35 383698 39.0316 13.01 2400 79.0 50 46
5 24/01/2020  18:36:22  38.2676 387096 6.96 249.0 57.0 3.0 43
6 24/01/2020 19:03:07 38.2675 387088 1122 340.0 70.0 -1620 4.6
7 24/01/2020 19:49:38  38.4186 39.1520 14.84 2460 840 40 45
8 24/01/2020  20:42:10 383681 39.0995 7.25 259.0 83.0 180 4.1
9 24/01/2020  20:45:03  38.4233 39.1463 1350 259.0 830 150 43

10 25/01/2020  00:48:51  38.4883 39.2030 7.57 2710 680 2.0 4.3
11 25/01/2020 06:07:33  38.3848 39.0368 16.46 336.0 80.0 -158.0 4.2
12 25/01/2020  08:40:03  38.4790 39.2895 13.65 246.0 670 -9.0 4.4
13 25/01/2020 10:14:56  38.2760 38.7530 11.01 245.0 81.0 -21.0 45
14 25/01/2020  16:30:07  38.3740 39.1310 16.40 2440 580 -7.0 5.1
15 25/01/2020 16:44:01  38.3926 39.1235 11.86 247.0 740 -13.0 4.4
16 25/01/2020  16:44:23  38.4101 39.1071 1225 248.0 87.0 -4.0 4.3
17 25/01/2020  16:45:06  38.3833 39.1268  7.00 246.0 84.0 4.0 4.1
18 25/01/2020 16:46:58  38.3896 39.0806 12.06 246.0 67.0 -9.0 4.3
19 27/01/2020 16:12:00  38.3950 39.1333 11.94 165.0 84.0 -172.0 4.2
20 31/01/2020  23:32:49  38.4916 39.3286 15.56 212.0 85.0 -14.0 4.5
21 01/02/2020  00:03:49  38.4511 39.2505 19.92 53.0 83.0 -10.0 4.2
22 03/02/2020 22:19:40  38.3986 39.1543  7.18 240.0 850 22.0 45
23 17/02/2020  11:42:13  38.3960 39.1150 11.64 650 840 -1.0 4.2
24 25/02/2020 23:03:36  38.3291 38.7696 14.29 2450 43.0 -15.0 4.9
25 27/02/2020 02:08:45  38.2525 38.6566  7.00 346.0 59.0 -136.0 4.1
26 29/02/2020  12:29:46  38.4421 39.2356 8.15 233.0 87.0 8.0 4.6
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Table 3

Click here to download Table: Table3 FieldData.docx

Table 3

Location no in

Latitude Longitude Strike of Short explanation

Figs.3Aor4A  (N°) (E®) structure
1 38.769 38.198 N55E  Pressure ridge with ground fissures
2 38.773 38.211 N75E  Deep reaching ground fissures
3 38.227 38.814 N8OE  Ground fissures
4 38.822 38.225 na Liguefaction
5 38.280 38.918 N70E  Gravitational cracks
6 39.069 38.345 N85E  Pressure ridge parallel to the local main fault direction
7 39.104 38.363 N75E  Gravitational cracks
8 39.109 38.363 N60E  Gravitational cracks
9 39.169 38.385 na Towards S co-seismic landslides were observed
10 39.182 38.384 N4OE  Cracks along the road
11 39.183 38.385 na Trees up to 50 cm diameter have been overturned
12 38.385 39.183 N50E  The telephone poles and the trees cut by the fault
cracks were collapsed
13 39.186 38.387 N70E Gravitational cracks; 40-50 cm downward movement
14 39.184 38.389 na Liguefaction
15 39.191 38.390 na Gravitational cracks
16 38.423 39.281 N70E  Gravitational cracks
17 38.427 39.266 N65E  Gravitational cracks
18 38.412  39.205 N60E  Gravitational cracks
19 38.448  39.309 na Heavy damage of the Sivrice Mosque

N-S directed cracks on the road
N-S directed windows are all broken



http://ees.elsevier.com/tecto/download.aspx?id=797458&guid=b02fd872-02b0-441a-b21d-db56687620a0&scheme=1

Table 4

Click here to download Table: Table4_CoeismicSlip.doc

Table 4
Date  Magnitude —Epicenter— Ruptured Ruptured Co-seismic Reference of the
(dd/mmlyy)  (Ms)  Lat(°) —Lon(°) Segment Length (km) surface slip (m) co-seismic surface slip
12/05/1866 7.2 39.2N-41.0E Karliova 45 3.540.1 Herece (2008)
03/05/1874 7.1 38.5N - 39.5E Palu 45 2.6 Herece (2008)
3.5£0.5 Duman and Emre (2013)
27/03/1875 6.7 38.5N — 39.5E Putirge 20 not observed
02/03/1893 7.1 38.0N —38.3E Erkenek 86 45 Herece (2008)
04/12/1905 6.8 38.1N — 38.6E Putirge 38 not observed
22/05/1971 6.8 38.9N —40.5E Ilica 35 0.25 Arpat and Saroglu (1972)
24/01/2020 6.8 39.0N - 38.4E Pltirge 54 not observed
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Figure 1. A: Tectonic map of the eastern Mediterranean and the Middle East. Arrows and
numbers indicate the global positioning system (GPS)—derived velocities (mm yr™) with
respect to Eurasia (Reilinger and McClusky, 2011; Ergintav et al., 2014). EAFZ: East
Anatolian Fault Zone; DSFZ: Dead Sea Fault Zone; BZATZ: Bitlis Zagros Active Thrust
Zone; NAFZ: North Anatolian Fault Zone; RAE: Region of Aegean Extension. B: The map of
the EAFZ between Karliova (Bingol) and Kahramanmaras (Km) and the map of DSFZ
between Kahramanmaras and Antakya. The fault map is redrawn from Duman and Emre
(2013). Please note that the DSFZ has been mapped as the Amanos Segment of the EAFZ in
Duman and Emre (2013). The colored faults are the fault fragments that were ruptured during
Mw>6.5 earthquakes in the last 200 years. The colored numbers refer to years of the
earthquakes that ruptured each fault. The earthquake data have been compiled from
Ambraseys (1989), Guidoboni et al. (1994), Shebalin and Tatevossian (1997), Ambraseys and
Jackson (1998), Kondorskaya and Ulomov (1999), Tan et al. (2008) and our study. For the
review of the earthquake data see also Duman and Emre (2013). DSFZ: Dead Sea Fault Zone;
Siv.: Sivrice.
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Figure 2. A: The map of the Pitirge Segment and the eastern part of the Palu Segment of the
EAFZ, and the position-focal mechanism solutions of the M>4.0 events that occurred before
the 2020 earthquake (see also Table 1) shown over the Digital Elevation Model (DEM). The
faults are redrawn from Duman and Emre, 2013. B: The position and the focal mechanism
solutions of the 2020 earthquake (in red) and the Mw>4.0 aftershocks (see also Table 2)
shown over the DEM. C: The depth and the location of the Mw>3.0 aftershocks. The
solutions of the Mw>4.0 aftershocks are also shown (redrawn from AFAD database).



Figure 3
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Figure 3. A: The active fault map of the Pltiirge Segment between Ormanici and Tosunlu
Villages and the position of the observed deformations (numbered). Black faults are from
Duman and Emre (2013), the red faults are drawn during this study. B: The pressure ridge
with extensive ground fissures formed during the 2020 earthquake, south of the Mollahan
Stream. C: Deep-reaching ground fissures at the north of the Mollahan Stream. D: The
liquefaction area at the east of Ormanici on 25 January 2020 (upper) and on 4 May 2020
(lower). E: An extensional, discontinuous ground fissure in Tosunlu Village. The numbers in
figures are the location numbers shown in Figure 3A. See text and also Table 3 for the
explanation.
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Figure 4. A: The active fault map of the Piitiirge Segment between Doganyol (Malatya) and
Sivrice (Elaz1g) and the position of the observed deformations (numbered). Faults are from
Duman and Emre (2013). B: The heavily damaged mosque in Sivrice. C: The photograph of
the load-bearing columns of the Sivrice Mosque. Please pay attention to the lack of lateral
reinforcement binders. D: A gravitational cracks with up to 40-50 cm downward movement.
E: A surface crack that caused severe damage to telephone poles. F: The co-seismically
formed pressure ridge south of the Cevrimtas Village. The water body is the Karakaya Dam
Lake that filled the Euphrates River Valley. G: The cracks formed over the pressure ridge
with an average N8OE direction.
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Figure 5. A: The map of the EAFZ between Karliova (Bingdl) and Kahramanmaras (Km) and
the map of DSFZ between Kahramanmaras and Antakya. Fault map and segment names
(accept DSFZ) are from Duman and Emre (2013). For the location of this figure see Fig. 1A.
B: The rupture lengths vs rupture year of the major earthquakes (6.3<Ms<7.5) occurred along
the EAFZ and the northern part of the DSFZ since the 1822. Those that caused formation of
co-seismic surface slip are indicated with continuous lines. Those that were not caused
formation of co-seismic surface slip are indicated with dashed lines. The earthquakes have
been compiled from Ambraseys (1989), Guidoboni et al. (1994), Shebalin and Tatevossian
(1997), Ambraseys and Jackson (1998), Kondorskaya and Ulomov (1999), Tan et al. (2008)
and our study. For the review of the earthquake data see also Duman and Emre (2013).
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