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A B S T R A C T   

The devastating Kahramanmaraş earthquake sequence occurred on February 6, 2023. Two main events, Mw 7.8 
and Mw 7.5 occurred 9 hours apart, affected 11 cities in Turkey, and subjected an area of ~90,000 km2 to shaking 
levels known to trigger landslides (peak ground acceleration > 0.08 g). Extensive landsliding was expected given 
the hilly terrain affected by this significant ground shaking—about 15% of the topography is steeper than 
20◦—but was not initially apparent in early satellite imagery, mostly because of obscuring snow that fell just 
after the earthquakes. However, after a more detailed investigation using high-resolution satellite images, aerial 
photos, and a field survey, we confirmed that this earthquake sequence did, indeed, trigger numerous landslides. 
In this study, we present those findings and provide a preliminary characterization of the spatial distribution, 
general characteristics, and dominant types of landslides and hillslope deformation triggered by the earthquake 
sequence. We mapped 3673 coseismic landslides, mostly concentrated in the northern half of the impacted area. 
Rock falls are the most abundant landslide type, but bedrock rotational landslides, translational slides and lateral 
spreads are also numerous. Surface rupture through mountainous terrain caused several large, and in some cases 
fatal, landslides. Incipient landslides and ground cracks are also widespread, especially in the north. Lithology, 
spatial variability of ground shaking, and topographic relief appear to be the main variables controlling the 
spatial distribution of coseismic landslides. There are few detailed studies of earthquake-triggered landslides in 
arid and semi-arid regions such as this one, nor for such complex earthquake sequences. Therefore, this 
contribution provides valuable information for future hazard and modeling efforts in arid and semi-arid regions.   

1. Introduction 

Türkiye is located within the Alpine-Himalayan mountain belt and is 
one of the most actively deforming regions in the world (Bozkurt and 
Mittwede, 2001). In the last three decades, the country was affected by 
several strong earthquakes including the 1999 Mw 7.6 Izmit, 1999 Mw 
7.2 Düzce, 2011 Mw 7.1 Van, 2020 Mw 6.8 Elazığ and 2020 Mw 7.0 
İzmir earthquakes. And yet, earthquake-induced landslides (EQILs) in 
Türkiye rarely have been investigated or documented. So far, EQIL in-
ventories are available only for the 2011 Van (Görüm, 2016) and the 
2020 Elazığ (Karakas et al., 2021) earthquakes. As a result, compared to 
other mountainous landscapes experiencing strong earthquakes trig-
gering tens of thousands of EQILs (e.g., Gorum et al., 2013; Harp and 

Jibson, 1996; Roback et al., 2018; Tanyaş et al., 2022; Xu et al., 2014; 
Zhao, 2021), the characteristics of historical EQILs have been poorly 
examined in Türkiye. 

On the early morning of 6 February 2023 at 04.17 UTC + 3, a strong 
earthquake (the Pazarcık earthquake) struck southeastern Türkiye and 
northwestern Syria (Fig. 1). It occurred along the left-lateral East 
Anatolian Fault Zone. The magnitude of the earthquake was estimated 
as Mw 7.7 by the Kandilli Observatory and Earthquake Research Institute 
(KOERI) and Mw 7.8 by the U.S. Geological Survey (USGS). This was the 
strongest earthquake recorded in this region since the Mw 7.81938 
Erzincan earthquake. Nine hours after this event, another strong 
earthquake (the Ekinözü earthquake), estimated as Mw 7.6 by KOERI 
and Mw 7.5 by the USGS occurred approximately 90 km north of the 
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mainshock’s epicenter. Together, these two earthquakes are named the 
Kahramanmaraş earthquake sequence in reference to the City of 
Kahramanmaraş, which is located near the center of the impacted area 
(Fig. 1). 

This was the strongest historical earthquake doublet of magnitudes 
above 7.5 ever recorded in this region, and the consequences were 
catastrophic. As of March 30, 2023, the Disaster and Emergency Man-
agement Presidency (AFAD) of Türkiye reported 50,096 fatalities, 
107,204 injuries, and 3 million people displaced. An area of ~90,000 
km2 experienced peak ground accelerations (PGA) of 0.08 g or greater, 
and >15 million inhabitants were significantly affected by the earth-
quake sequence. Here, and throughout the rest of the paper, we use PGA 
estimates from the USGS composite ShakeMap for the sequence (Gold-
berg et al., 2023; Wald et al., 2023), which reports the maximum PGA 
value recorded at each grid for either mainshock and for any aftershocks 
>Mw 5.5. 

The earthquake doublet affected mountainous terrain and thus the 
near-real-time USGS Ground Failure (GF) product (Allstadt et al., 2022) 
predicted the highest possible landslide alert level (red) for both 
earthquakes because of an estimated extensive area exposed to landslide 
hazard (>100 km2) and extensive number of people living in areas that 

could have produced landslides (>10,000 people) (U.S. Geological 
Survey, 2023a, 2023b). These estimates are based on aggregate statistics 
for hazard and population exposure that are computed based on geo-
spatial probability maps output by a globally available statistical geo-
spatial landslide model (Nowicki Jessee et al., 2018) as outlined in 
(Allstadt et al., 2022). The probabilistic model approach proposed by 
Nowicki Jessee et al. (2018) is based on a logistic regression algorithm 
fed by ground shaking, slope steepness, lithology, land cover type and 
topographic wetness index. In the resultant map, high landslide proba-
bilities, representing predicted landslide areal coverage for the com-
posite ShakeMap at a resolution of about ~250 m, were modeled along 
the west side of the fault in the south and both sides of the fault in the 
north, with a gap south of Kahramanmaraş (Fig. 2a). 

A comparison of the USGS GF product aggregate statistics for the 
combined Türkiye earthquake sequence to other well-known historical 
landslide-triggering earthquakes (Fig. 2b) suggests that this sequence 
was similar but slightly higher in terms of both hazard and population 
exposure than the 1999 Mw 7.6 ChiChi, Taiwan and 2011 Mw 9.1 
Tohoku, Japan earthquakes, and similar in hazard but far higher in 
terms of population exposure than the 2016 Mw 7.8 Kaikoura, New 
Zealand and 2002 Mw 7.9 Denali, Alaska earthquakes. However, despite 

Fig. 1. Spatial distribution of coseismic landslides overlain by the two main earthquake epicenters (U.S. Geological Survey, 2023a, 2023b) fault rupture (yellow, 
Reitman et al., 2023) and the USGS composite peak ground acceleration (PGA) map representing the maximum PGA recorded at each location for all quakes of 
magnitude 5.5 and larger from the sequence (Goldberg et al., 2023). Major active faults (Emre et al., 2013) are indicated by white lines. EAF: Eastern Anatolian Fault, 
NAF: North Anatolian Fault. The 0.12 g PGA contour is shown with a dark gray line. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

T. Görüm et al.                                                                                                                                                                                                                                  



Engineering Geology 327 (2023) 107315

3

having the highest alert level, the overall estimated hazard and popu-
lation exposure was substantially lower than three of the most severe 
landslide-triggering events on record: the 2005 Mw 7.6 Kashmir, 2015 
Mw 7.8 Gorkha, and 2008 Mw 7.9 Wenchuan earthquakes. This event 
sequence might also be the largest historical earthquake-induced land-
slide event ever recorded in Türkiye because the previously documented 
EQIL events triggered only a few hundred landslides (Görüm, 2016; 
Karakas et al., 2021). 

In the days immediately following the earthquake, we examined 
high-resolution satellite images and aerial photos to identify landslides 
of particular concern for human safety and to provide situational 
awareness to authorities. We also sought better insight into the spatial 
distribution of coseismic landslides. This remote campaign was supple-
mented a few weeks after the earthquake by field surveys. Here we 
present the preliminary findings of these investigations. 

2. Study area 

Global observations show that a coseismic landslide could be trig-
gered in the far field with PGA values as low as 0.02–0.08 g (Jibson and 
Harp, 2016), but most occur at higher levels of shaking. Typically, about 
90% of landslides occur where PGA exceeds 0.12 g (Tanyaş and Lom-
bardo, 2019). Though this value can differ depending on the topo-
graphic characteristics of a given earthquake-affected area, we consider 
0.12 g PGA as a good first approximation of the PGA contour likely 
containing most of the landslides. Therefore, all subsequent analyses in 
this study were conducted for the areas bounded by the 0.12 g PGA 
contour (Fig. 1). 

Fig. 2. USGS Ground Failure product results for the composite ShakeMap (considering both mainshocks and all aftershocks >M5.5), showing the distribution of 
landslide probabilities in panel (a), which represent a prediction of the proportion of the area that could be affected by landslides. Coseismic landslides mapped in 
this study are overlain for comparison. Panel (b) compares the aggregate statistics for area exposed to hazard and population exposure for the Mw 7.8 Pazarcık 
earthquake and the Mw 7.5 Ekinözü earthquake (triangles) and the composite Kahramanmaraş earthquake sequence (star, labeled "both") to other well-known 
historical landslide-triggering earthquakes. The four alert levels used for each aggregate statistic are delineated along the axes. 
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2.1. Tectonic setting and characteristics of the earthquake doublet 

The earthquake doublet of February 6, 2023 in Türkiye occurred in 
the left-lateral East Anatolian Fault (EAF) zone, one of the main intra-
continental transform faults in the eastern Mediterranean region (Arpat 

and Şaroğlu, 1972; Duman and Emre, 2013; Şengör and Yazıcı, 2020). 
The EAF zone (see Fig. 1) starts at the Karlıova triple junction, where the 
EAF meets the right-lateral North Anatolian Fault (NAF) zone in the 
northeast and extends southward for about 550 km to Iskenderun Bay in 
the Mediterranean Sea (Duman and Emre, 2013; Herece, 2008; Köküm 

Fig. 3. Panels showing (a) climatic zones, (b) average monthly precipitation, and (c) average monthly temperature in the study area. The updated version of the 
Köppen-Geiger climate classification (Peel et al., 2007) is used in panel (a). MERRA-2 data produced by NASA Global Modeling and Assimilation Office (GMAO 
(Global Modeling and Assimilation Office), 2015) is used to generate precipitation and temperature patterns in panels (b) and (c). 

Fig. 4. Pre- (a) and post-earthquake (b) aerial photo and satellite image coverage.  
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and ̇Inceöz, 2018; Tatar et al., 2020). The transform characteristic of this 
fault zone, on which many destructive historical earthquakes have 
occurred (Ambraseys, 2009; Ambraseys, 1989; Arpat, 1971; Arpat and 
Şaroğlu, 1975; Dewey et al., 1986; Kaymakci et al., 2010; McKenzie, 
1976; McKenzie, 1972; Stiros, 2022; Stucchi et al., 2022; Tan et al., 
2008; Tatar et al., 2020; Taymaz et al., 2021; Taymaz et al., 1991; 
Westaway, 2003), was first defined by Arpat and Şaroğlu (1972). The 
EAF consists of >15 segments having different slip rates (Herece, 2008). 
Relative plate motion is accommodated predominantly by left-lateral 
strike-slip faulting at slip rates of 10 ± 1 mm/yr in the northern 
strand (Reilinger et al., 2006), decreasing to 4.5 mm/yr in the south 
(Aktug et al., 2016). 

During the February 6, 2023 earthquake sequence, surface rupture 
length was 270 km ± 10 km and 167 km ± 12 km for the Mw 7.8 
Pazarcık earthquake (Karabacak et al., 2023) and Mw 7.5 Ekinözü 
earthquake (Kurcer et al., 2023), respectively. This earthquake sequence 
produced extremely complex rupture dynamics (Abdelmeguid et al., 
2023; Mai et al., 2023; Melgar et al., 2023; Okuwaki et al., 2023; Stein 
et al., 2023), with maximum left-lateral displacements of 7.3 m for the 
Mw 7.8 Pazarcık (Karabacak et al., 2023) and 8.8 m for the Mw 7.5 
Ekinözü (Kurcer et al., 2023) earthquake. Inversion of Interferometric 
Synthetic Aperture Radar (InSAR) and Global Positioning System (GPS) 
data revealed significant lateral variations of fault slip and locking 
depths along the central and western segments of the EAF, which 

Table 1 
List of satellite images and aerial photos used in landslide mapping. We did not rectify any of the images, but instead relied on the rectification provided by the vendors.  

Source Spatial resolution (m) Pre-seismic imagery Post-seismic imagery 

# of images Total area (km2) Dates # of images Total area (km2) Dates 

Aerial photos (HGM) 0.3 7560 43,468 06-09-2016/ 15-08-2020 5525 44,927 07-02-2023/ 21-02-2023 
SPOT-6 & 7 1.5 19 106,331 03-04-2022/ 20-12-2022 20 64,641 07-02-2023/ 09-03-2023 
MAXAR 0.3 18 3386 01-06-2010/ 26-01-2023 24 20,113 07-02-2023/ 28-02-2023 
PLEIADES 0.5 – –  13 5255 08-02-2023/ 01-03-2023  

Fig. 5. Aerial and satellite images show an example of a landslide whose mapping was hampered by snow cover near Çelikhan, Adıyaman. Panel (a) shows the locus 
of the landslide, panel (b) shows an oblique view, acquired by UAV, of the landslide (white polygon) on 11 March 2023. Panel (c) shows this area in a pre-event 
satellite image (Airbus), panel (d) shows the same area covered in snow after the earthquake (3 March 2023 aerial image), and panel (e) shows the area in a 
SPOT-7 image collected on 5 April 2023 after the snow melted where the landslide is more clearly visible (yellow line indicates the landslide crown). The red point in 
panels (a) and (b) shows the landslide location used in the inventory. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Fig. 6. Population and frequency distributions of landslides as a function of distance to the fault. The background colors show the kernel-density estimates of the PGA 
at landslide locations with respect to fault-rupture distance. 

Fig. 7. Frequency distribution of (a) PGA, (b) elevation, (c) slope, and (d) local relief expressed as kernel density estimates (Sheather and Jones, 1991) for both 
landslide locations and the entire landscape. Landscape characteristics are shown with and without flat areas. Boxplots were generated for landslide locations. 

T. Görüm et al.                                                                                                                                                                                                                                  



Engineering Geology 327 (2023) 107315

7

suggested large heterogeneity of the slip along individual fault planes (Li 
et al., 2023). 

2.2. Climatic characteristics of the study area 

The study area is located within the Mediterranean region, charac-
terized by mild wet winters and warm to hot, dry summers (Lionello 
et al., 2006). However, within the area affected by the earthquake 
sequence, the dominant climate conditions range from cold and arid in 
the north, to temperate in the south (Fig. 3a). The variation is controlled 
mainly by the mountainous landscape becoming more prominent to-
ward the north. Based on the updated version of the Köppen-Geiger 
climate classification (Peel et al., 2007), the study area includes seven 
climatic zones. 

July and August are the driest and the hottest months; January and 
February have the most precipitation (Fig. 3b and c). Even in this wet 
season, the average precipitation is <100 mm/month. 

3. Sources and methods 

3.1. Landslide mapping 

We followed a four-step methodology to map landslides: (i) collect-
ing satellite images and aerial photos, (ii) identifying landslide hot spots 
with the collected imagery, (iii) carrying out a field survey, and (iv) 
mapping landslides using collected images and field observations. All 
landslides were mapped as points. Steps iii was conducted only for a 
subset of the landslides, about 20–30% of those mapped. 

We collected all available satellite imagery and aerial photos 
showing pre- and post-seismic conditions. This included high-resolution 
aerial photos shared by the General Directorate of Mapping of Türkiye 
(Harita Genel Müdürlüğü, HGM), SPOT-6-7 (1.5 m) and MAXAR images 
(0.3 m) shared by MAXAR’s Open Data Program and Pleiades imagery 

provided by AIRBUS. Overall, we examined an area of ~45,000 km2 

using aerial photos and expanded this area by visually examining 7597 
pre-earthquake and 5582 post-earthquake satellite images, which were 
available through HGM’s Geoportal (https://geoportal.harita.gov.tr/) 
(Fig. 4 and Table 1). 

We then manually scanned these images to identify areas hosting 
large landslides or locations with high landslide concentrations. At this 
stage, we did not map individual landslides but identified landslide hot 
spots. 

Next, we carried out a three-week field survey to visit some of the 
identified locations. At each site, we recorded post-seismic landscape 
conditions using a DJI Mavic Pro 2 unmanned aerial vehicle (UAV). 

Field verification was an essential step of landslide mapping because 
in the early morning of February 6, the earthquake-affected area 
received snowfall that obscured the terrain and made interpretation of 
remote-sensing imagery challenging. Fig. 5 shows an example of an area 
where we mapped a coseismic landslide after the snow cover melted. A 
comparison between the first coseismic image (an aerial photo) acquired 
on March 3, 2023 (Fig. 5d) and its pre-seismic counterpart acquired on 
August 4, 2022 (Airbus satellite imagery available from Google Earth, 
Fig. 5c) barely shows the footprint of the landslide because of snow 
cover. In contrast, the SPOT-7 Image acquired on May 5, 2023, after the 
snow melted, shows surface deformations associated with the landslide 
(Fig. 5e). Local residents confirmed that the landslide was triggered by 
the earthquakes on February 6. 

Ultimately, we re-examined the satellite and aerial imagery again, 
guided by our field observations, and mapped individual landslides 
triggered by the earthquake sequence. We manually assigned points in 
the approximate source areas. 

3.2. Analyzing the spatial distribution of landslides 

We analyzed the spatial distribution of coseismic landslides in rela-
tion to topography, geology, and ground shaking. For topography, we 
used a 5-m resolution digital elevation model (DEM) derived from pre- 
event stereo aerial photos (mostly 2019) acquired by the Turkish 
Command of Mapping. We used the DEM to quantify elevation, slope, 
local relief, and aspect of landslide locations as well as overall landscape 
conditions. We calculated local relief as the maximum difference in 
elevation within a circular moving window with a 1-km radius. To 
characterize the geology, we used 1:500,000 geological maps of Türkiye 
(MTA, 2002) and analyzed the spatial distribution of landslides over 
both geological units and specific rock types. To examine the spatial 
distribution of landslides with respect to ground shaking, we used two 
variables: (1) PGA from the USGS PGA map shown in Fig. 1, and (2) 
distance to the surface fault rupture. 

Grids of estimated ground-shaking from the main earthquake shocks 
are commonly are used to analyze the spatial distribution of landslides 
(e.g., Gallen et al., 2017; Jibson et al., 2000; Parker et al., 2015; Rob-
inson et al., 2017). However, compound effects of mainshocks and af-
tershocks are used rarely in the literature (Tanyaş et al., 2022) because 
estimates of ground shaking generally are only generated for individual 
events. Here we used the USGS composite PGA map representing the 
maximum PGA at each location for the mainshocks and aftershocks 
(>M5.5) as described earlier (Goldberg et al., 2023; Wald et al., 2023). 

In general, the intensity of ground shaking tends to decrease with 
distance from the fault rupture plane. As a result, for strike-slip faults 
that tend to have a near-vertical dips, landslide concentration tends to 
decrease nearly symmetrically perpendicular to faults if other suscep-
tibility factors are similar (e.g., Gorum and Carranza, 2015; Keefer, 
2000; Fan et al., 2019). Thus, distance to fault is strongly correlated with 
ground shaking estimates and both are widely used as variables con-
trolling the spatial distribution of coseismic landslides (e.g., Fan et al., 
2019; Massey et al., 2018). However, depending on rupture dynamics 
and fault zone structure, near-field ground motion may also play a factor 
in landslide generation, so the two are not necessarily redundant (Oral 

Fig. 8. Rose diagram showing the aspect distribution of coseismic landslides 
(contouring) and the landscape (binned rosette plot) in the examined area. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Fig. 9. Spatial and frequency distribution of landslides over (a) aggregated and (b) specific rock types seen in the study area. Landslide frequencies were normalized 
for the percentage of the study area covered by each of these rock types. 
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Fig. 10. Drone images showing an area affected by rock falls (lat: 36.67◦, lon: 36.43◦) near Kırıkhan, Hatay. The red point in panel (a) shows the landslide location. 
Panels (b) and (c) show the entire hillslopes exposed to rock falls and a house destroyed by a rock fall, respectively. The width of the hillslope was indicated in panel 
(b) as a bar scale. The viewing angle of panel (c) was indicated in panel (b).  (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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et al., 2020). 
We run a kernel density estimator (Sheather and Jones, 1991) to 

assess the distribution of failed locations and the entire landscape for 
distance to the fault and PGA. Specifically, we used the density function 
in R (R Core Team, 2020) proving 2-dimensional density estimates based 
on a Gaussian kernel. We present the characteristics of the terrain with 
and without flat areas. To identify flat areas, we applied a landform 
classification algorithm provided by the GRASS GIS module r.geo-
morphon (Jasiewicz and Stepinski, 2013). The algorithm uses pattern 
recognition and mainly uses inner (5 grids), outer search (25 grids) 

radius and flatness (5◦) threshold (e.g., Tanyaş and Lombardo, 2019). 
We also gave examples of some of the mapped coseismic landslides in 
terms of their consequences such as fatalities or damaged engineering 
structures. 

4. Results 

4.1. General characteristics of coseismic landslides 

We mapped 3673 coseismic landslides. Our field observations 

Fig. 11. Drone images showing an example of a bedrock rotational slide (lat: 37.91◦, lon: 37.78◦) near Dogansehir, Malatya. The red point in panel (a) indicates the 
landslide location. Panel (c) shows zoom-in view of seepage seen around the boundary of the landslide. Panels (b) and (d) show landslide in upslope and downslope 
angles, respectively. Panel (c) shows zoom-in view of seepage seen around the boundary of the landslide. The viewing angle of panel (d) was indicated in panel (c). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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suggest that the actual total coseismic landslide population could be 
significantly greater because smaller landslides were not visible in the 
imagery and we didnot visit all areas in the field. Also, the snow cover 
and arid landscape create low-contrast between pre- and post-slide 
conditions in optical imagery, so identifying additional landslides 
would require more detailed mapping coupled with field work. 

Our findings show that the 0.12-g PGA contour includes >99% of all 
mapped coseismic landslides, with only 54 located outside of this area 
(see Fig. 1). The majority of coseismic landslides were triggered close to 
the rupture zone. >70% of the landslides occurred within a 10-km-wide 
zone around the faults. A 20-km-wide zone encompasses >90% of 
landslides (Fig. 6). Therefore, the majority of the landslides were 
concentrated in a fairly narrow zone along the fault trace where PGA 
was high. 

We further examined the density distribution of landslides with 
respect to PGA, elevation, slope, and local relief on failed hillslopes 

compared to the entire landscape (Fig. 7). Landscape characteristics are 
shown both with and without flat areas. About 70% of the mapped 
coseismic landslides occurred in areas where PGA ranges from 0.3 to 0.6 
g; the peak landslide concentration is in areas where PGA is about 0.6 g. 
Most landslides (>70%) occurred on hillslopes in an elevation range of 
800–1400 m, with slopes of 20–45◦, and local relief of 400–700 m. 

Additionally, we compared the mapped landslide locations to the 
USGS GF product estimates of areal coverage (Fig. 2a). We cannot 
quantitatively compare the two because the GF product estimates the 
proportion of the ~250 m resolution grid cell expected to be affected by 
a landslide, and we cannot compute the actual areas of landslide 
coverage using a point inventory. However, we can compare the land-
slides to the model qualitatively. A visual comparison suggests the 
mapped landslides seem to be concentrated around the rupture zone 
where estimated GF areal coverage values are also elevated. However, 
the frequency distribution of the landslides show that many landslides 

Fig. 12. Aerial photos showing the translational slide (lat: 36.16◦, lon: 36.22◦) triggered near Altınözü, Hatay. The red point in panel (a) shows the landslide 
location. Panels (c) and (d) show the entire landslide body and the crown of the landslide, respectively. The viewing angle of panel (c) was indicated in panel (b). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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occurred in areas where GF areal coverage values were relatively low 
(Fig. 2a inset). In particular, many landslides occurred in the far 
northeast in areas of low GF areal coverage estimates (<1%), which 
suggests that the shaking is potentially underestimated in this region. 

We also analyzed the slope-aspect distribution of failed hillslopes 
and the entire landscape. Results showed slopes of all azimuths with the 
greatest concentration in the NNW and SSE direction. Failed slopes faced 
primarily south (Fig. 8). This could be associated with differences in 
vegetation type and density that can result in higher causing a relatively 
high landslide susceptibility on south facing hillslopes in some semi-arid 
environments in the Northern Hemisphere (e.g., Li et al., 2021; Deng 
et al., 2022). 

Approximately 60% of the landslides occurred in sedimentary rock, 
30% in metamorphic rock, and 10% in volcanic rock. However, sedi-
mentary rocks cover >70% of the study area (i.e., area bounded by PGA 
of 0.12 g). Therefore, we normalized these values for the percentage of 
the study area covered by each of these rock types. After normalizing, 
the majority of landslides appeared to be associated with metamorphic 
rock (51%) and ophiolitic (25%) rocks (Fig. 9). Specifically, schist, 
gneiss and pelagic limestone are the most susceptible units. 

Our field investigations showed that lithologic units and their con-
tact relationships played a role in the spatial distribution of coseismic 
landslides. We elaborate on this observation with site-specific examples 
in the following section. 

4.2. Types of ground failure 

In this section, we use specific examples to describe the most 

prominent ground-failure phenomena we observed: (1) rock falls, (2) 
bedrock rotational landslides, (3) translational slides and (iv) lateral 
spreads. 

4.2.1. Rock falls 
Rock falls are the most abundant coseismic landslides in the study 

area. Most originated in limestone, and individual blocks were as large 
as six to seven meters in some areas. Some of these rock falls hit popu-
lated areas and caused financial losses and fatalities. Fig. 10 shows 
farmland and a house that were damaged extensively by rock falls. Some 
rock falls traveled as far as 600 m from their source areas. 

Rock-fall fatalities were reported in the news and social media. For 
example, a fatal rock fall in the Bektaşlı village, approximately 5 km 
south of the Deliçay Demre Lake, was reported to have killed 49 people. 
However, local residents from the Bektaşlı village informed us that the 
majority of the deaths were caused by ground shaking and rotational 
landslides, although some houses were hit by rock falls as well. 

4.2.2. Bedrock rotational slides 
Bedrock rotational slides also are common in the study area, espe-

cially in the north. They were mainly triggered within pre-existing 
landslides. Our preliminary investigations suggest that failures of 
deep-seated landslides might have occurred along geologic contacts 
separating units having different permeabilities. We observed seepage 
around the crown of some deep landslides (e.g., Fig. 11c), which we 
interpret to indicate the contact between more permeable geologic units 
above and less permeable units below. This permeability contrast could 
cause an increase in pore-water pressure along the contact, which would 

Fig. 13. Drone image showing an area affected by lateral spreading (lat: 37.79◦, lon: 37.65◦) near Golbasi, Adıyaman. The red point in panel (a) shows the landslide 
location. Panel (b) shows the area from the top with a bar scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 14. Drone images showing a coseismic landslide occurred along the surface rupture (lat: 38.06◦, lon: 36.99◦) near Ekinözü, Kahramanmaraş. The red point in 
panel (a) shows the landslide location. Panels (b-c) and (d) show surface rupture and zoom-in view of landslide location, respectively. The viewing angles of panels 
(c) and (d) were indicated in panel (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 15. An incipient landslide (lat: 38.03◦, lon: 37.18◦) near Ekinözü, Kahramanmaraş. The red point in panel (a) shows the location of the selected hillslope. Panels 
(b) and (c) show the landslide location from different angles. The viewing angle of panel (c) was indicated in panel (b) (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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decrease the frictional resistance to sliding and contribute to slope 
failure. 

The Incirlik landslide, with an area of ~1.2 km2, is one of the largest 
mapped so far. This landslide occurred in the north, in Dogansehir, 
Malatya. Incirlik is the name of the village where dozens of houses were 
built on the slope of an ancient landslide (Fig. 11b). Metamorphic rock, 
primarily marble, outcrops near the crown of the ancient landslide. In 
the lower sectors of this slide, permeable sedimentary rock is in contact 
with ophiolite. The failure seems to have been triggered along this 
contact. Based on local accounts, we know the landslide occurred during 
the main earthquake shock in the early morning of February 6. No one 
died in this landslide, but the entire village moved approximately 450 m 
downslope. Most houses were damaged or buried, but the residents had 
time to move outside during the failure. This indicates that the failure 
occurred relatively slowly. The landslide blocked both a road and a river 
channel but did not impound any water. 

4.2.3. Translational slides 
An example of translational landslide is in Tepehan village near 

Altınözü, Hatay. A landslide with an area of ~1.3 km2 occurred in marl 
and clay-rich limestone. The slide formed deep cracks along undulating 
hillslopes (Fig. 12). The thickness of the failure is 20 m, and the sliding 
basal surface is the upper bedding surface of a clay-rich limestone unit 
interbedded with marl, which is intensely weathered in the upper parts 
(Sümer et al., 2023). 

4.2.4. Lateral spreading 
Lateral spreading was the most common in the south, in Hatay 

province. This is because slopes in this area are gentler, and the soils are 
more loose and sandy (Taftsoglou et al., 2023). Lateral spreading also 
occurred in some flat areas in the central sector but was not observed in 
the north where the slopes are steeper (Taftsoglou et al., 2023). One of 
the most notable examples of lateral spreading in the central area 
occurred at Golbasi Lake, located in Adıyaman. In this case, the lateral 
spreading caused several buildings to collapse and sink into the lake 
(Fig. 13). 

4.3. Landslides associated with surface rupture 

As indicated above, the earthquake sequence caused a long surface 
rupture, cumulatively >500 km. In some areas where surface rupture 
crossed through mountainous terrain, numerous landslides crowned 
along the surface rupture. Some of these landslides caused fatalities. 

The 0.5km2 Tepebasi landslide is an example of the destructive 
power of landslides triggered by this mechanism. The earth slide killed 
eight people and buried or damaged several houses (Fig. 14). It occurred 
in highly weathered volcanic rock. Drone images in Fig. 14 show how 
surface rupture extends just above the Tepebasi village and forms the 
upper part of the sliding surface. 

4.4. Incipient landslides and crown cracks 

Strong shaking disturbed the ground surface in many areas, partic-
ularly in the north, and created pervasive extensional cracks. For 
instance, incipient landslides are particularly common in the north 
along the rupture zone of the second earthquake. They were mainly 

Fig. 16. The drone image showing an example of a crown crack (lat: 37.75◦, lon: 37.98◦) near Tut, Adıyaman. The red point in panel (a) shows the location of the 
selected hillslope. Panel (b) shows the landslide location from the top with a bar scale. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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formed in massive limestone units along ridges crests adjacent to the 
fault rupture. Fig. 15 shows the crown of an incipient landslide crossing 
the entire hillslope along ridges crests around the Ekinözü, 
Kahramanmaraş region close to the epicenter of the second earthquake. 
The vertical displacements along the crown reach up to a few meters, 
and some surface deformations were also visible toward the lower part 
of the same hillslope. 

We documented some crown cracks and the Çekirge Dağı region 
provides a good example (Fig. 16). These hillslopes are located in the 
central part of the area close to Tut, Adıyaman. The 2023 earthquake 
opened new tension cracks within neritic limestone forming the steep 
upper part of these hillslopes. The lower parts of the hillslope consist of 
weak clastic rocks, resulting in smoother topography. A pre-existing 
landslide crown, on the other hand, is visible at the upper part of the 
hillslope. 

Notably, these highly deformed hillslopes will be more prone to 
landslides in the post-seismic period, and in this regard, they are the 
direct manifestation of the earthquake legacy effect in the area (Kincey 
et al., 2021; Parker et al., 2015; Tanyaş et al., 2021). 

4.5. Major consequences of landslides 

Coseismic ground failure caused fatalities, large financial losses, and 
infrastructure damage. In this section, we present a few cases that 
demonstrate the range of the resulting societal consequences. 

4.5.1. Blocked roads 
Blocked roads are a common consequence of coseismic landslides (e. 

g., Harp and Jibson, 1996; Kargel et al., 2016; Kieffer et al., 2006) 
hampering not only emergency response actions following the earth-
quake but also recovery in the post-seismic phase. A striking example 
that occurred in Çelikhan, Adıyaman, toward the northeastern edge of 
the first earthquake fault rupture, shows how problematic blocked roads 
can be. Many landslides were triggered in this area by the mainshock, 
some of them fatal. For instance, in Mutlu village (Çelikhan, Adiyaman) 
49 people were killed by the compound effect of collapsed buildings and 
coseismic landslides. In this mountainous terrain, only two roads access 
Mutlu village, and both of those roads were blocked by landslides at 
several locations. Fig. 17 shows one of those road sectors blocked by a 
large coseismic landslide in highly weathered metamorphic rock. A ~ 
500 m long section of the road was blocked on February 6 and remained 
closed until early March. Reopening the road took more than a month 
because the landslide body was still prone to reactivation, and thus 
removal of the toe material was difficult and risky. This hampered post- 
seismic disaster response operations. 

4.5.2. Blocked river channels 
The blockage of river channels by coseismic landslides that form 

natural dams is also a common phenomenon after strong earthquakes 
(Fan et al., 2012; Parvaiz et al., 2012). In the post-seismic period, the 
failure of those dams could cause cascading hazards (Fan et al., 2019). 
Although few landslide dams formed following the February 6 earth-
quake sequence, they still require attention as their failure could cause 
flooding downstream. 

A landslide dam formed in the south of the earthquake-affected area, 
close to Islahiye. The landslide was triggered in limestone by the 

Fig. 17. View of the main road connecting the mountainous hamlets and district blocked by coseismic landslides (lat: 38.05◦, lon: 38.36◦) near Adıyaman. The red 
point in panel (a) shows the landslide location. Panel (b) shows the road, failed landslide and crown cracks. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Fig. 18. Aerial photos showing an example of a landslide dam (lat: 37.00◦, lon: 36.59◦) near Islahıye, Gaziantep. The red point in panel (a) shows the landslide 
location. Panel (b) and (c) show landslide body from different angles. The viewing angle of panel (c) was indicated in panel (b). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 19. Aerial photos showing a hydroelectric power plant hit by a coseismic landslide (lat: 38.05◦, lon: 38.42◦) near Çelikhan, Adıyaman. The red point in panel (a) 
shows the landslide location. Panel (b) shows both penstock and powerhouse, while panel (b) presents the destroyed forebay. The viewing angle of panel (c) was 
indicated in panel (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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mainshock, and water impounded rapidly behind the dam in the 
following month (Fig. 18). The General Directorate of State Hydraulic 
Works (DSI) opened a spillway on top of the landslide dam to reduce the 
lake level and prevent failure of the dam. However, a settlement 
downstream appears to be at risk from flooding if failure were to occur. 

The rock slide that formed the dam is one of the largest (~1.2 km2) 
landslides in the south. Most landslides near the landslide dam are much 
smaller rock falls and shallow landslides. An open pit mine has been 
operating directly upslope of the failed hillslope for approximately the 
last 10 years, which might have influenced the stability of the slope that 
failed due to blasting operations. 

4.5.3. Destroyed engineering structures 
Coseismic landslides also caused financial losses from damaged 

infrastructure (e.g., hydroelectric power plants) and farmland. The 
power plant located in Askerhan village (Çelikhan, Adıyaman), toward 
the north end of the first earthquake fault rupture, was destroyed by a 
landslide in ophiolite (Fig. 19). The slide collapsed the forebay structure, 
and continued runout then hit the powerhouse, which was partially 
buried under the debris. Some minor failures also occurred along the 
penstock. Therefore, due to landsliding, the plant was destroyed and is 
no longer operational. 

5. Conclusions 

This study presented our preliminary observations regarding the 
landslides triggered by the 2023 Türkiye earthquake sequence. We 
analyzed satellite and aerial imagery covering the earthquake-affected 
area and supplemented our remote observations with field in-
vestigations. We mapped 3673 coseismic landslides associated with this 
event, making this the largest, documented coseismic landslide event in 
Türkiye. 

>90% of the mapped landslides occurred in a 20-km-wide zone 
along the fault rupture. Rock falls, bedrock rotational landslides, and 
lateral spreads are the main landslide types present. Among these types, 
rock falls were triggered over the entire area, whereas bedrock rota-
tional landslides are mainly present in the north, lateral spreads in the 
south. Incipient landslides and highly deformed hillslopes were also 
widely observed in the earthquake-affected area. 

Given the abundance of coseismic landslides and incipient land-
slides, an increase in landslide frequency in the post-seismic period is 
likely. This has been observed in many other landscapes affected by 
strong earthquakes (Chen et al., 2020; Fan et al., 2018; Tian et al., 
2020). Therefore, parts of the earthquake-affected area that are most 
prone to such ongoing hazard could be monitored using both remote 
sensing and in-situ measurements. 

This event could also provide a valuable contribution to our overall 
understanding of coseismic landslides in semi-arid areas. The global 
earthquake-induced ground failure repository (Schmitt et al., 2017; 
Tanyaş et al., 2017) includes only a few examples (e.g., the 1994 
Northridge and 2010 Sierra Cucapah earthquakes) characterizing 
coseismic landslide events that occurred in arid/semi-arid conditions. 
Therefore, models developed based on those inventories, such as the one 
used by the USGS GF Product (Nowicki Jessee et al., 2018), are missing 
potentially important climatic factors associated with physical weath-
ering caused by different climatic conditions. In this context, identifying 
the spatial distribution of landslides in this earthquake sequence could 
help us to upgrade our predictive capacity for future earthquake- 
induced landslides in areas having arid/semi-arid conditions. 
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Genel Müdürlüğü, Rapor No: 14138, 187 s., Ankara (In Turkish).  

Li, M., Ma, C., Du, C., Yang, W., Lyu, L., Wang, X., 2021. Landslide response to vegetation 
by example of July 25–26, 2013, extreme rainstorm, Tianshui, Gansu Province, 
China. Bull. Eng. Geol. Environ. 80 (2), 751–764. https://doi.org/10.1007/s10064- 
020-02000-9. 

Li, S., Wang, X., Tao, T., Zhu, Y., Qu, X., Li, Z., Huang, J., Song, S., 2023. Source Model of 
the 2023 Turkey Earthquake Sequence Imaged by Sentinel-1 and GPS Measurements: 
Implications for Heterogeneous Fault Behavior along the East Anatolian Fault Zone. 
Remote Sens. https://doi.org/10.3390/rs15102618. 

Lionello, P., Malanotte-Rizzoli, P., Boscolo, R., Alpert, P., Artale, V., Li, L., 
Luterbacher, J., May, W., Trigo, R., Tsimplis, M., Ulbrich, U., Xoplaki, E., 2006. The 
Mediterranean climate: an overview of the main characteristics and issues. In: 
Lionello, P., Malanotte-Rizzoli, P., Boscolo, R.B.T.-D. in E. and E.S. (Eds.), 
Mediterranean. Elsevier, pp. 1–26. https://doi.org/10.1016/S1571-9197(06)80003- 
0. 

Mai, P.M., Aspiotis, T., Aquib, T.A., Cano, E.V., Castro-Cruz, D., Espindola-Carmona, A., 
Li, B., Li, X., Liu, J., Matrau, R., 2023. The destructive Earthquake Doublet of 6 
February 2023 in South-Central Türkiye and Northwestern Syria: initial observations 
and analyses. Seism. Rec. 3, 105–115. 

Massey, C., Townsend, D., Rathje, E., Allstadt, K.E., Lukovic, B., Kaneko, Y., Bradley, B., 
Wartman, J., Jibson, R.W., Petley, D.N., Horspool, N., Hamling, I., Carey, J., Cox, S., 
Davidson, J., Dellow, S., Godt, J.W., Holden, C., Jones, K., Kaiser, A., Little, M., 
Lyndsell, B., McColl, S., Morgenstern, R., Rengers, F.K., Rhoades, D., Rosser, B., 
Strong, D., Singeisen, C., Villeneuve, M., 2018. Landslides triggered by the 14 
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Stein, R.S., Toda, S., Özbakir, A.D., Sevilgen, V., Gonzalez-Huizar, H., Lotto, G., 
Sevilgen, S.. Interactions, Stress Changes, Mysteries, and Partial Forecasts of the 
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