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1. Introduction 
Types, mechanisms, and processes of slope movements 
have been studied since the end of the 19th century (e.g., 
Baltzer, 1875). The developments in the modern scientific 
period on the subject have gained momentum since the 
1950s (e.g., Varnes, 1978; Cruden and Varnes, 1996; 
Highland and Bobrowsky, 2008; Clague and Stead, 2012). 
Although studies especially focusing on earthquake-
induced slope movements have been developed starting 
from the mid-1940s (e.g., Imamura, 1946; Hadley, 1960; 
Seed, 1968), Keefer (1984) has founded and created a 
starting point for constructing the earthquake-induced 
slope movement mechanisms. Such studies had been 
accelerated since the late 1990s (e.g., Rodríguez et al. 1999; 
Papadopoulos and Plessa, 2000; Keefer, 2002; Yamada et 
al., 2013; Tanyaş et al., 2017). Although these inventory-
based studies are distributed from many countries and 
geographical regions all around the world, they mainly 
cluster in the USA, Japan, China, Iran, Taiwan, Indonesia, 
Chile, and Peru. 

For Türkiye, such studies are very few such studies in 
the instrumental period that are associated with a known 
earthquake. These encompass the several large landslides 
(more than 500) that were triggered by the March 13th, 1992 
Erzincan Earthquake (cf. Hencher and Acar, 1995; Acar, 
1997), underwater and/or near-shore slope movements 
that occurred in the August 17th, 1999 İzmit earthquake 
(cf. Çetin, 2004; Kuşcu et al. 2005; Aydan et al., 2008), 
continental landslides formed by 1999 İzmit and Kocaeli 
and 2000 Orta earthquakes (cf. Duman et al., 2005), Görüm 
(2016) also reported more than 70 landslides for 2011 Van 
earthquake, and recently the landslides developed by the 
January 24th, 2020 Sivrice (Elazığ) earthquake (cf. Karakaş 
et al., 2021, Köküm, 2021). On the other hand, the only 
known earthquake-induced landslide, which is reported 
before the instrumental period and supported by absolute 
dating methods, is the Sünnet landslide, which is located 
on and connected with North Anatolian Fault Zone 
(Ocakoğlu et al. 2023). It is noteworthy that there is very 
limited scientific literature related with the earthquake-
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induced slope movements in Anatolia, a terrain where 
there is intense and large earthquake activity throughout 
its existence.

In this study, a recent earthquake-induced geological 
structure, which occurred in the Tepehan neighborhood 
of the Altınözü district of Hatay province in Türkiye, 
is examined and evaluated for the first time via field 
observations and centimeter-precise GNSS-RTK readings 
using an Unmanned Aerial Vehicle (UAV). The field 
study has been conducted right after the earthquake. A 
comparison in terms of formation mechanism and type 
of this newly induced structure with the counterparts 
worldwide is also discussed at the final part of the paper.

2. Tectonic and geological setting of the study area
The eastern and southeastern parts of Anatolia represent 
an area formed by the relative movements of the Arabian, 
African, and Eurasian plates between each other during 
the Neotectonic period. This geodynamic interaction in 
the eastern Mediterranean creates Neotectonic structures 
developed in different deformation styles, at the eastern, 
central, and western parts of the Anatolian plate (Figure 
1a) (e.g., Dewey and Şengör, 1979; Şengör et al. 1985; 
Barka, 1992). The region where the tectonic pattern is 
controlled by the compressional and strike-slip dominant 
stress regimes comprises a few micro-blocks basically 
constrained by the North Anatolian Fault Zone (NAFZ) 
in the north, the East Anatolian Fault Zone (EAFZ) in the 
west, the Dead Sea Fault Zone (DSFZ) in the south, and 
the Bitlis-Zagros Suture Zone (BZSZ) in the east (Figure 
1b). Although the initial rigorous study focusing on the 
tectonic framework of the region started with Oswald 
(1906) who initially marked the faults on his regional 
maps, the EAFZ, which is related with the main subject 
of this study, was first illustrated roughly and piece by 
piece by Sieberg (1932), who evaluated the historical 
earthquakes and fractures together. Pınar and Lahn (1952), 
have shown the fault and fracture systems in their work, 
which was an earthquake-focused study. However, this 
tectonic structure was mapped for the first time by Arpat 
and Şaroğlu (1972), in the northeastern section between 
Karlıova and Hazar Lake, and named as the East Anatolian 
Fault. The authors also emphasized its left lateral identity in 
their work. Although there is a consensus in the literature 
about the beginning of the fault zone in Karlıova at the 
northeastern termination, there are different approaches 
to its continuity to the southeast, length, geometry, and 
segmentation (e.g., McKenzie, 1976; Lovelock, 1984; 
Muehlberger and Gordon; 1987; Perinçek and Çemen, 
1990; Tatar et al., 2004; Herece, 2008; Karabacak et al., 
2012; Duman and Emre, 2013; Yönlü et al. 2017; Emre et 
al. 2018). Although the new scientific data that emerged 
in the last earthquakes have revealed the necessity of 

debating these scientific views in the literature, a detailed 
description of the EAFZ is beyond the scope of this paper, 
and readers are referred to Karabacak et al. (2012) and 
Duman and Emre (2013) for further information.

3. Kahramanmaraş (Pazarcık) earthquake parameters 
Three devastating earthquakes occurred in the eastern and 
southeastern parts of Türkiye in February of 2023. The first 
big one was on February 6th at Pazarcık (Kahramanmaraş), 
and the second big one contiguously occurred at Elbistan 
(Kahramanmaraş) in the same day, nine h later. The last 
one took place during the field studies on February 20th at 
Defne (Hatay) within the impact area of the Antakya Fault 
Zone with a Mw: 6.4 (AFAD self-acting Focal Mechanism 
Solution, 2023, EMSC; European-Mediterranean 
Seismological Centre). The first earthquake occurred in 
the Türkoğlu-Pazarcık, Erkenek, and Amanos segments, 
which are included in the Eastern Anatolian Fault Zone, 
and the second one occurred on the Çardak Fault, the 
western termination of the Sürgü Fault and southwestern 
part of the Doğanşehir Fault Zone together (Figure 1b). 

The slope movement structure in Tepehan, which is 
the subject of this study, formed during the first major 
earthquake centred in Pazarcık (Kahramanmaraş), and 
this has been confirmed by the information received 
from many local people, some of whom have observed 
the phenomenon live. In addition, field and UAV-based 
studies on this structure were completed before the Defne 
(Hatay) earthquake. Therefore, only the parameters 
related to the first major earthquake centred in Pazarcık 
(Kahramanmaraş) will be presented in this section. 

Many observatories and seismology centres 
have provided self-acting (automatic) analysis of 
this earthquake. They suggested different moment 
magnitudes and hypocentral locations. For example; 
AFAD (Republic of Türkiye Ministry of Interior Disaster 
and Emergency Management Presidency) informed Mw: 
7.8 with a hypocentral depth of 18 km, KOERİ (Boğaziçi 
University, Kandilli Observatory and Earthquake 
Research Institute Regional Earthquake-Tsunami 
Monitoring Centre) reported a moment magnitude of 
7.7 with a hypocentral depth of 10 km, and finally USGS 
(United States Geological Survey) solution indicated a 
Mw: 7.9 earthquake with a hypocentral depth of 33 km 
(data presented on EMSC; European-Mediterranean 
Seismological Centre). In seismology-based scientific 
studies conducted immediately after the earthquake, for 
example, Melgar et al. (2023) reported its magnitude as 
Mw: 7.8, relocated the hypocentre at (37.0234° E, 37.2444° 
N) and the depth as 12 km. On the other hand, the surface 
rupture has been examined and evaluated by Sümer et al. 
(2023) using data from field observations, GNSS-RTK 
module mounted UAV footage, and complementary 
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Figure 1. (a) Active tectonic map and structural provinces of Türkiye and surroundings (combined and revised from 
Şengör et al. 1985; Koçyiğit 2003; Emre et al. 2018; Sümer et al. 2019 and 2023). AAFS: Afyon-Aksehir Fault System, 
ASZ: Amasya Shear Zone, CAFZ: Central Anatolian Fault Zone, DFZ: Deliler Fault Zone, DSFZ: Dead Sea Fault Zone, 
EAFZ: East Anatolian Fault Zone, EİFZ: Eskişehir-İnönü Fault Zone, NAFZ: North Anatolian Fault Zone, NFZ: Niğde 
Fault Zone, TGF: Tuz Gölü Faul. (b) Distribution of the main shock epicentres and focal mechanism solutions of the 
earthquakes, and related tectonic structures affected by the earthquakes. Active faults combined from Karabacak (2007), 
Karabacak et al. (2012), Meghraoui (2015) and Emre et al. (2018). DoFZ: Doğanşehir Fault Zone. Surface ruptures and 
impact zones constituted with the information presented in Sümer et al. (2023). Self-acting focal mechanism solution 
are taken from, AFAD (Republic of Türkiye Ministry of Interior Disaster and Emergency Management Presidency), 
KOERİ (Boğaziçi University, Kandilli Observatory and Earthquake Research Institute Regional Earthquake-Tsunami 
Monitoring Centre), and USGS (United States Geological Survey); data presented on EMSC (European-Mediterranean 
Seismological Centre).
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remote sensing methods such as radar interferometry, 
satellite images, and aerial photographs. They suggested 
the first major earthquake has formed an approximately 
270 km long surface rupture, extending between the south 
of the Kırıkhan to the southwest and towards the northeast 
of Erkenek to the northeast.  

4. Material and methods
The standards mentioned in the North American 
Stratigraphic Commission, 2005 Nomenclature (Easton et 
al. 2005) rules have been followed for classical stratigraphy 
studies carried out in the field. In the definition of 
sedimentary facies, the standards proposed by Miall 
(1977), Reading (1996), Boggs (2006), and Nichols (2009) 
were used. Geometry and segmentation terminology for 
the EAFZ has been adapted from Karabacak et al. (2012), 
Duman and Emre (2013), and Emre et al. (2018). In 
this study, Melgar et al. (2023) and Sümer et al.’s (2023) 
data were used for the seismological parameters of the 
earthquake and for surface rupture data, respectively. 
In particular, the relations suggested by Scordilis (2005) 
were adapted in some earthquake magnitude conversion 
formulas used in the database collected in this study.

Data were collected in the field with a DJI Phantom 
4-Pro Unmanned Aerial Vehicles (UAV), which has a sun 
correction module, and a Real Time Kinematic (RTK)-
Global Navigation Satellite System (GNSS) calibrated from 
TUSAGA-Aktif (Türkiye National Basic GNSS Network-
Active). Three-dimensional and digital elevation models of 
the slope movement were created by using 562 orthophotos 
obtained with a resolution of 4.8 cm/px in autonomous 
flight mode over a total of 24 profiles at an altitude of 100 
m (Figures 2a and 2b). All numerical measurements of the 
structure were performed on these models in centimeter-
precision. For the determination of motion vectors and 
their values, premotion images were obtained with Maxar 
Technology’s sub-30 cm/px raster product visualization on 
Google Earth December 2022 images. 

The morphogenetic definition of the slope movement 
structure, and its formation mechanism in velocity scale, 
Varnes (1958 and 1978), Cruden and Varnes (1996), 
Rodríguez et al. (1999), Glastonbury and Fell (2010), 
Zhou et al. (2016), and Ito et al. (2021) were combined and 
evaluated. The relations between the earthquake and slope 
movement parameters have been constructed based on 
fundamentals proposed by Keefer (1984) and Rodríguez 
et al. (1999). The details of the archival database especially 
combined for this study will be given in section six. 

5. Field data, modelling, and measurements  
This earthquake-induced slope movement structure, which 
was formed on an olive grove agricultural land, is located 
in the Altınözü district of Hatay province. The area where 

this structure formed is located in a tectonically uplifted 
corridor controlled by the Antakya Fault Zone (AFZ) to 
the west and the approximately N-S directed Dead Sea 
Fault Zone (DFZ) to the east (Figure 1b). Geologically, this 
structure has formed on the Langhian-Serravalian (Middle 
Miocene) aged Tepehan formation, which is made up of 
fine-grained clastic and carbonate rocks and described by 
Selçuk (1985) and Herece (2008) in detail. 

The stratigraphically lower part of the structure is 
composed of whitish beige-coloured, massive to thick-
bedded, well-stratified, well consolidated clayey limestone, 
marl, and siltstone lithologies, while the upper part is 
predominantly made of milky-brown coloured thin to 
thick bedded fine-grained clastic sediments including 
whitish-coloured carbonate nodules (Figures 3a and 3b). 
The strike is generally in N-S and NNE-SSW directions 
and dip angles of the bedding range between 9°E and 
11°ESE. The average thickness of the lower consolidated 
part of the sedimentary package is 9 m, while the thickness 
of the upper semiconsolidated section is measured 4.5 
m. In the lower part, the stratified carbonate and clayey 
carbonate facies are predominantly in micritic nature and 
contain green to light grey coloured laminated claystone 
and mudstone levels that do not exceed 15 cm thickness. 
Very rare gastropods and ostracods fragments, and 
sedimentological characteristics of the formation indicate 
a freshwater lake and lake margin carbonate environment. 
Almost all sections of the exposed lower stratigraphic part 
were silicified under the control of the secondary processes 
after sedimentation, and well compacted parts are 
characterized by conchoidal fracture with curved breakage 
surfaces. A soil cover with high caliche content represents 
the upper levels of the toe section of the structure, and in 
the easternmost part freshwater small ponds originating 
from meteoric source leaking between sedimentary 
packages of the units and/or especially rainfall has been 
determined (Figures 3c and 3d).

From the measurements on the digitized models, it has 
been calculated that approximately E-W oriented longest 
axis of the structure is 496 m, and the widest profile, which 
extends in the N-S direction is 184 m. Circumference of 
the structure before the movement is calculated to be 1.23 
km, and the area of the total moving mass is estimated to 
be ca. 71,000 m2 (7.1 ha) (Figure 4a). The average thickness 
of the sliding part of the formation was approximately 
13.5 m. The average volume should be at least 1.1 million 
m3, and with a density of the exposed sedimentary rocks 
observed in the stratigraphic section, which was assumed 
to be 2.5 g/cm3, the approximate weight of the total 
sliding mass should be 2.75 megatons. In addition, the 
maximum vertical displacement in the disrupted part at 
the head section of the structure is approximately 3 m, 
and the vertical distance of the highest fractured section, 
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Figure 2. The slope movement in the olive grove in Tepehan village of Hatay province Altınözü district. (a) Three-dimensional (3D) 
image obtained from orthophotos taken with Unmanned Aerial Vehicles (UAV), (b) Digital elevation model processed with the 
captured images.
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which is located on the southern flank is calculated 16.9 
m. A dragged material accumulation in front of the 
movement with an area of   approximately 0.45 ha and 
387 m in circumference has reached 9.6 m in height in 
the toe section of the structure at its eastern termination. 

In the inner centre, at the western part of the toe section, 
the longitudinal offset-cracks reach 8 m horizontally 
and 2.6 m vertically along the discontinuities lying in 
approximately E-W direction. These semiparallel cracks are 
uninterruptedly followed towards the west into the E-W 

Figure 3. Field photographs of the Tepehan Rockslides (a–b) Panoramic views of exposed outcrops of clayey limestone, marl and fine-
grained clastic sedimentary rocks of the Tepehan formation, (c) Whitish-light milky brown coloured soil part with high caliche content 
forming the upper section of the toe part, (d) freshwater rockslide pond which is formed in front of and juxtaposed to the toe section. 
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Figure 4. (a and b) Aerial orthophotos before and after the earthquake respectively. The red line shows the main 
slide body before the movements and the yellow line shows the position after the earthquake. Yellow arrows 
and numbers show movement directions and amounts on the horizontal plane in meters, green line indicates 
AA´A´´cross-section, navy blue line represents displaced fracture/crack on the northern edge of the structure 
and the westward continuation dotted part indicates possible ancient structural discontinuity, blue areas show 
freshwater ponds. (c) Integrated topographic cross sections on the same ridge (before and after earthquake). 
Dark blue line shows the original ridge topography by Maxar Technology and the red line indicates after the 
earthquake by this study. 
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directed valley, which is located on the northern edge of the 
structure which is probably characterized by an ancient fault 
strand. At this point, although the some high-angles planes 
observed in this valley cuts the Miocene rocks abruptly have 
been determined, since no clear fault slickenlines and/or 
kinematic indicators have been determined in these planes, 
a probabilistic interpretation has been made here.     

The images before (Maxar data) and after (UAV data) 
the earthquake are studied for a morphometric analysis, to 
determine the mechanism of the movement. The horizontal 
displacement amounts and directions of 12 locations, 
those of which the original premovement positions were 
detected before the earthquake, were evaluated (Figure 
4b). In addition, an integrated topographic cross section 
of the subject terrain before and after the earthquake was 
prepared, in order to determine the morphological change 
on the ridge (Figure 4c). While the amount of horizontal 
movement varies between 3 to 14 m in the areas close to the 
crown part, and 21 to 26 m near the toe section, the greatest 
displacements are in the range of 40 to 45 m in the middle 
part of the structure. The motion vectors show that the 
structure is oriented approximately to the east at its starting 
point to the west, approximately northeast in the middle part, 
and north-northeast in the distal part. In the measurements 
made along approximately E-W trending displaced fracture/
crack on the northern edge of the structure, it was determined 
that the block in the north of the fracture was offset about 
10 m less than the southern block, and this situation creates 
a left lateral offset due to this slightly different motion. All 
these data show that the movement has started in the western 
initiation part towards the east and then turned NE direction 
with a counter-clockwise rotation. The main displacement 
was accommodated by the structural discontinuity in the 
northern termination. In comparison of the cross sections 
little change was observed in the topography of the middle 
main part of the structure. It was determined that the changes 
in topography reaching up to 10 m is especially prominent 
towards the toe part. Three freshwater small ponds with areas 
of 40, 160, and 315 square m were developed in front of these 
uplifted sections, along the outermost line running in SW-NE 
direction, respectively (Figure 4c).   

6. Identification of the structure and comparison with 
similar events on a global-scale
According to the “Classification of Slope Movements” 
established on the foundations of Varnes (1958 and 1978), 
the structure that constitutes the main subject of this study 
is “slide” in terms of movement type, and “translational” 
due to its sliding surface being a plane. As the sliding 
material type is a rock and is made of many lithological 
units, it should be called a “translational rock slide”.

In order to make an assessment on the velocity of 
movement of the structure, firstly the duration of the 

subsurface rupture and the earthquake duration felt in 
the area of the movement should be known. Okuwaki et 
al. (2023) reported that a sufficiently long maximum slip 
duration for total source is 80 s. The closest seismic station 
to the structure is AFAD’s TK-3136 Hatay/Altınözü 
which is located approximately 5.5 km southeast and on 
the same geological formation with the structure (Figure 
1b). For this station, Gülerce et al. (2023) reported, Peak 
Ground Acceleration (PGA) values of 394 cm/s2 in the 
E-W component and 533 cm/s2 in the N-S component, 
maximum significant duration of 32.73 s, and time 
interval in the acceleration measurement window to be 
limited in 110 s. Besides, the information obtained from 
the local people who were outside during the earthquake 
is that the formation of structure has terminated during 
the earthquake and movement was not continued after 
the earthquake in palpably. Hereby it is expected that 
the formation time of the structure will probably be 
completed between 32 to 110 s. The maximum horizontal 
displacement measured in the middle of the structure is 
45 m. When these data are evaluated together, velocity of 
the movement is calculated to be ranging between 1.4 m/s 
to 2.4 m/s. These velocity estimates appear to lie between 
rapid (3m/min) and extremely rapid (5m/s) limits with 
in the very rapid velocity scale, which was suggested 
by Cruden and Varnes (1996). From this perspective, 
in the classification of slope movement velocity scale, 
the structure should be in the least very rapid class. In 
another approach; Rodríguez et al. (1999) suggested that 
earthquake-induced rockslides, according to geometric 
characteristics, should be divided into two main groups 
as coherent and disrupted, and disrupted slides in rocks 
occur preferentially on sedimentary rock material slip 
surfaces that are predominantly planar in shape. Tepehan 
translational rockslide has two main bodies separated 
from each other, especially in its head part meaning it 
should be classified as disrupted. Movements showing 
similar morphogenetic characteristics, occurring on low-
inclined slide surfaces and having a parallel/semiparallel 
geological unit bedding with a similar angle-sliding plane 
were defined as “large rock glide” by Glastonbury and Fell 
(2010). Since the slope, geological units, and slip plane 
are close to each other and vary between 9°–11° degrees, 
Tepehan slope movement can also be considered as a 
rock glide. In addition, Zhou et al. (2016) classified the 
earthquake-induced landslides on basis of their volumes. 
According to their definition small-scaled landslides have 
volumes less than 10 × 104 m3, moderate, large-scaled and 
giant landslides have volumes of 10–100 × 104 m3, 100–500 
× 104 m3, and larger than 500 – 104 m3, respectively. In this 
perspective, considering at least a 110 – 104m3 volume 
of structure moved, the Tepehan translational rockslide 
should be evaluated as large-scaled. On the other hand, Ito 
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et al. (2021) also subdivided rockslides into three branches 
by their topography as “shallow-type”, “slope-type”, and 
“ridge type”. They also reported that the depth of the 
slip surface theoretically increases in the order shallow, 
slope and ridge-types in similar size. According to their 
classification, if the crown clack or scarp crossed the ridge 
line with a high angle, and there is a relatively deep sliding 
surface it can be classified ridge type. There is a very similar 
geometry in Tepehan rockslide. When all presuggested 
classifications detailed above are evaluated together, this 
structure can be defined as “at least very rapid developed 
translational disrupted ridge-type earthquake-induced 
large-scaled rockslide or large rock glide”. 

In order to compare this earthquake-induced 
rockslide type slope movement with similar structures 
on the global-scale, an archival database is compiled 
in this study from 42 different scientific studies total 34 
rockslides (Supplementary material). This archival work 
shows in general that, the earthquake-induced rockslides 
can develop medium to large-scale earthquakes ranging 
between 5.9 to 9.2 moment magnitudes, in all types of 
geological formations and ages, and they may occur 
over 200 km away from earthquake epicentre (Figure 5). 
However, a closer look to this compilation reveals that 
earthquake-induced rockslides are mostly concentrated in 
sedimentary rocks and 40 km away from the earthquake 
epicentres. The parameters required for evaluation on 
Tepehan Rockslide are; the moment magnitude of the 
earthquake (Mw:7.8), the distance to the epicentre and 
the surface rupture (136 km and 19 km in respectively), 
type of the geological formation in which the structure 
is formed (Middle Miocene aged sedimentary package 
especially fine-grained clastic and carbonate rocks), and 
the dimensions of the structure (acreage of moving mass 
is approximately 7.1 ha and the volume of the structure is 
at least 110 × 104 m3). With these specifications, Tepehan 
Rockslide, is a large-scaled earthquake-induced structure 
formed farthest from earthquake epicentre distance in the 
Oligo-Miocene and Pliocene sedimentary rocks. However, 
the presence of rockslides of much larger size (especially 
giant scale) which has formed due to even smaller moment 
magnitude earthquakes and further away from their 
epicentres suggests that Tepehan Rockslide is not a unique 
structure. Nevertheless, it is important that, it is the first 
reported such in detail example known to be classified as 
earthquake-induced rockslide in Türkiye. In this study, 
the relations between the earthquake moment magnitude, 
the distance to the epicentre and surface rupture, and the 
volume and diversity of the rockslide type slope movement 
were also evaluated on the compiled database (Figures 
6a and 6b). In the basic analyses, best fit on correlation 
coefficient (R2) between earthquake moment magnitude 
to the epicentre and the surface rupture distances are 

calculated as 0.56 and 0.54 respectively. These values 
suggest only a weak to moderate correlation. As can be seen 
in Figure 6, there are some examples of larger rockslides, 
formed during smaller earthquake magnitudes, and 
farther from both the epicentre and the surface rupture. 
This situation must be related to the inadequacy of the data 
set and/or the effect of different data inputs (e.g., slope 
degree, water content, porosity, and other engineering 
parameters). However, when only the rockslides developed 
on the Oligo-Miocene and Pliocene sedimentary rocks are 
evaluated, it is seen that there is a consistency within itself 
both earthquake magnitude versus distance to epicentre 
and surface rupture graphics. At this point, it is clear that 
checking whether this correlation can be strengthened by 
adding new data to the database is a necessity.  

Many other earthquake-induced slope movement 
structures that developed in the February 2023 
earthquakes were also observed during field studies. The 
most important and well-known of them are as follows: 
(1) the İdilli landslide, which developed very close to the 
surface rupture formed during the first major February 
6th  Pazarcık (Kahramanmaraş) earthquake, has occurred 
approximately 4 km southwest of İslahiye district of 
Gaziantep city, reaching 12 ha in areal coverage; (2) a 
landslide located in the Aşağı İçme neighborhood of 
Ekinözü district of Kahramanmaraş city that  covers more 
than 15 ha, it was formed adjacent to the surface rupture 
during the second major earthquake; and (3) small-scaled 
landslides located around Çökek, Toygarlı, and Karaali 
neighborhoods of Samandağ and Antakya districts of 
Hatay city that occurred on February 20th Mw: 6.4 Defne 
(Hatay) earthquake. However, as all the earthquake-
induced slope movements were formed by February 2023 
earthquakes, Tepehean Rockslide is distinct and largest 
structure in terms of rockslide type of slope movement.

There are some scientific reasons why such a large 
structure had been formed that far from the earthquake 
epicentre. Okuwaki et al. (2023) calculated that the initial 
earthquake involves a back-propagating supershear 
rupture, which was started at Pazarcık splay continuing by 
the initial bifurcated-fault rupture along the main strand 
of the East Anatolian Fault Zone, and the finally rupture 
reached to south of the Kırıkhan at its southern termination 
with a strong directivity of the SW-oriented back rupture 
process. This strong directivity in the rupture may also 
tend to increase the local ground acceleration. Actually, 
the earthquake transferred its last energy towards the 
south in terms of the rupture mechanism, and the Tepehan 
Rockslide corresponds to the southward projection of the 
surface rupture followed to the south of Kırıkhan, which 
may have also contributed to the formation of the structure. 
At this point as data reinforcing this interpretation, also at 
the AFAD station parameters which is very close to the 
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Figure 5. Distributions worldwide earthquake-induced rockslides, their geological units, and distance from epicentre (design 
of the figure was inspired by Higaki and Abe, 2013). For detail of the descriptions of rockslides please see supplementary 
material.

structure and located on the same geologic formation, 
Gülerce et al. (2023) reported PGA values 2 times faster 
in the N-S component rather than the E-W component. 
In addition, the lithological features and the internal 
stratigraphy of the geological formation prone to slope 
movements and also the presence of probable an ancient 
fault strand that controls the structure from its northern 
edge should be an important actor on the formation of the 
Tepehan Rockslide.   

7. Concluding remarks

• Tepehan Rockslide is an at least very rapid developed 
translational disrupted ridge-type earthquake-induced 
large-scaled rockslide or large rock glide, which was 
formed at a distance of 19 km from the surface rupture 
and 136 km from the epicentre that belongs to the Mw:7.8 
February 6th Pazarcık (Kahramanmaraş) earthquake 
that occurred on the Türkoğlu-Pazarcık, Erkenek, and 
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Amanos segments of the Eastern Anatolian Fault Zone.
• When the worldwide database compiled is evaluated, 

it is seen that such an earthquake-induced rockslide 
so far from the earthquake epicentre is rare, however, 
it is also noted that such structures have been formed 
further away from the earthquake epicentre in smaller 
earthquake magnitudes and in larger volumes. The 
areal coverage of the slope movements that have 
occurred in the impact area of the February 2023 
earthquakes are large (e.g., Ekinözü/Aşağı İçme 

landslide is covering over 15 ha, İdilli landslide is 
reaching 12 ha). However, although the Tepehan 
Rockslide covers a smaller surface area of 7.1 ha, it 
is the largest earthquake-induced slope movement of 
rockslide type.

• The features of the geological formation in which 
this structure developed are also noteworthy that it is 
in an area that corresponds to the projection of the 
southward extension of the surface rupture observed 
up to the south of Kırıkhan. On the other hand, 

Figure 6. Relations between earthquake moment magnitude and (a) distance to epicentre and distance to (b) surface rupture on 
earthquake-induced rockslides. For detail of the descriptions of rockslides please see supplementary material. For the colours of the 
rockslides, please fallow the geologic features presented in Figure 5. 
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probable an ancient fault structure at the northern 
boundary of the rockslide seems to control the 
pattern of the beginning and the continuation of the 
movement. 

• According to Karabacak et al. (2012) there are many 
paleo landslides, especially along the Erkenek and 
Türkoğlu segments of the EAFZ and in its immediate 
part. In addition, the presence of many paleo-slope 
movement structures in different locations and 
large areas within the Tepehan formation observed 
during the field studies indicate that the region has 
the potential to produce earthquake-induced slope 
movements in terms of its lithological, topographic, 
and morphological characteristics. The fact that the 
region is surrounded by active faults that can produce 
large earthquake(s) also increases this potential.

• Therefore, this region is an area under the potential 
risk of the earthquake induced slope movements. It 
is highly recommended to carry out and produce 
more scientific studies in terms of geotechnics and 
engineering geology discipline.
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