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Abstract: On 05 September 2022, an Ms 6.8 (Mw 
6.6) earthquake occurred in Luding County, 
Sichuan Province, China, with the epicenter at 
29.59°N, 102.08°E and a focal depth of 
approximately 16.0 km. Combining field 
investigations, high-resolution satellite images and 
multiple datatpes characterizing the seismogenic 
structure, topography and geology, this study 
attempts to discuss the influence of geomorphic 
and tectonic indexes on landslide distribution. The 
results show that the 2022 Luding earthquake with 
seismogenic fault at the Moxi fault, was a sinistral 

strike-slip event that triggered at least 4528 
landslides over an area of ~2000 km2. These 
landslides span a total area of 28.1 km2, and the 
western section of the seismogenic fault, which 
serves as the active wall area, is characterized by a 
higher landslide concentration, especially in the 
Wandong Basin. The seismogenic fault and 
lithology influence the regional distribution of 
landslides, and more landslides occurred closer to 
the seismogenic fault and in the controlling 
lithologies of granite and dolomite. Local 
topography influences the landslide occurrence 
position on the slope; the eastern section is prone 
to form landslides in the lower gorge section, and 
the western section is prone to form landslides in 
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the upper-top section of the gorge. For coseismic 
landslides in the eastern Baryan Har block, the 
eastern boundary (Longmenshan fault), where the 
earthquakes are characterized by thrusts with 
slight dextral strike-slip movement, could be the 
primary landslide-prone area; the southern 
boundary, the Moxi fault and the southern segment 
of the Xianshuihe fault, with more intensive strike-
slip movement, may be the secondary landside-
prone area; and the northern boundary is the 
tertiary landside-prone area. Additionally, the 
current landslide inventory may be underestimated 
although this underestimation has limited 
influence on the results. 
 
Keywords: Landslides; Luding earthquake; Spatial 
distribution; Geomorphic index; Tectonic index 

1    Introduction  

Earthquakes, caused by the sudden release of 
energy from Earth’s lithosphere, can cause strong 
shaking of the surface of the Earth and thus massive 
rock masses to detach from mountains, forming 
earthquake-triggered landslides; earthquake-
triggered landslides are usually called seismic or 
coseismic landslides (Keefer 1984, 2002; Stein and 
Wysession 2009; Harp et al. 2011; Huang and Fan 
2013; Tanyaş et al. 2017; Fan et al. 2019). It is widely 
accepted that individual seismic events are capable of 
regionally triggering landslides, and these coseismic 
landslides shape the regional topography and serve as 
important agents of landscape evolution, especially in 
seismically active mountainous areas (Ren et al. 2014; 
Kargel et al. 2016; Roback et al. 2018; Wang et al. 
2020). Some studies have indicated that coseismic 
mass wasting may restrict mountain growth (Parker 
et al. 2011).  

Numerous studies have reported that the 
Qinghai-Tibet Plateau could be a typical coseismic 
landslide-prone area, especially the eastern margin 
(Xu et al. 2014a, 2015; Fan et al. 2018; Zhao et al. 
2022b). The high geostress, deep-cutting gorges, 
densely distributed faults and fractures, etc., make the 
eastern margin very sensitive to earthquakes, and 
slight shaking may cause rock slope failures (Zhao 
2020). For example, since 2000, at least 7 
earthquakes have triggered massive landslides on the 
eastern margin, including the 2008 Mw 7.9 
Wenchuan (197481 landslides), 2010 Mw 6.9 Yushu 

(2036 landslides), 2013 Mw 5.5 Minxian (6478 
landslides), 2013 Mw 6.6 Lushan (15645 landslides), 
2014 Mw 6.2 Ludian (1414 landslides), 2017 Mw 6.5 
Jiuzhaigou (5633 landslides), and 2022 Mw 5.8 
Lushan (1288 landslides) earthquakes (Xu et al. 
2014a, 2014b, 2015; Tian et al. 2019; Zhao et al. 
2022b). These coseismic landslides bring catastrophic 
consequences for locals, such as village submergence, 
fatalities and lake damming (Zhao et al. 2022b). 

Before evaluating spatial and size distribution of 
coseismic landslides triggered by one seismic event, it 
could be essential to establish a complete inventory as 
it could provide the basic ground truth for landslide 
analysis and assessment (Guzzetti et al. 2012; Xu 
2015). Some relative analysis, such as Kernel density 
distribution, size distribution, influence of 
seismogenic fault, rocks, river, elevation, slope, local 
relief and aspect on landslide distribution, were 
carried out (Keefer 1984; Fan et al. 2019). Some basic 
laws were also accepted generally, such as the 
landslide-affected area, landslide size and landslide 
concentration generally increase with increasing 
earthquake magnitude (Keefer 1984; Gorum et al. 
2011; Xu et al. 2014a, 2015; Fan et al. 2019; Zhao 
2021; Zhao et al. 2021a, 20121b, 2022a). Not every 
earthquake will trigger coseismic landslides because 
the local geological, topographic, tectonic and climate 
conditions also influence landslide occurrence 
(Gorum et al. 2013; Kargel et al. 2016; Conforti and 
Ietto 2020; Zhao et al. 2022a); for example, coseismic 
landslides are concentrated mainly in mountainous 
areas featuring high local reliefs (Meunier et al. 2008; 
Clarke and Burbank 2010; Chen et al. 2011; Jeandet et 
al. 2019; Medwedeff et al. 2020), and fractured rock 
may be more susceptible to the occurrence of 
coseismic landslides (Pradhan et al. 2006; Owen et al. 
2008; Chen et al. 2012). Thus, enhancing the 
understanding of coseismic landslides triggered by 
individual seismic events could provide valuable 
information for further geohazard assessment and 
evidence of the relationship between tectonics and 
geohazards (Roback et al. 2018; Fan et al. 2019; Zhao 
et al. 2020a). 

On 05 September 2022, 12:52 (Beijing time), an 
Ms 6.8 (Mw 6.6) earthquake, later called the Luding 
earthquake, struck Luding County, Sichuan Province, 
China, with an epicenter at 29.59°N, 102.08°E and a 
focal depth of approximately 16.0 km (CENC 2022); 
the event caused 93 casualties (before 12 September) 
and severe infrastructure damage (CCTV 2022). 
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Additionally, this earthquake caused numerous 
landslides; thus, this study attempts to explore the 
possible influences of seismogenic structure, 
topography, and lithology on the regional distribution 
and abundance of coseismic slope failures. We also 
systematically compare our findings with the results 
of other earthquakes on the eastern margin of the 
Baryan Har block. 

2    Seismogenic Setting 

2.1 Regional setting 

On 5 September 2022, a magnitude Ms 6.8 
earthquake, named the 2022 Luding earthquake, 
struck the Xianshuihe fault zone (CENC 2022). The 
2022 Luding seismic event occurred at the junction of 
three fault blocks: the Songpan-Ganzi fold belt 
(eastern margin of the Baryan Har block), Sichuan 
Basin (Huanan block), and Chuan-Dian block (Fig. 

1A). The regional GPS velocities present a SE 
direction from over approximately 20 mm/yr to less 
than 5 mm/yr, and a considerable strain energy is 
concentrated in this area (Fig. 1A; Zhao et al. 2015; 
Wang et al. 2021). 

Three active faults, namely, the Xianshuihe fault, 
Longmenshan fault and Anninghe fault, are located 
along these three block boundaries, and numerous 
earthquakes have occurred along these faults (Fig. 1A; 
Papadimitriou et al. 2004; Ran et al. 2008, 2010; 
Wang et al. 2014; Bai et al. 2022). The Xianshuihe 
fault is a NW fault with sinistral strike-slip movement 
and can be divided into the Luhuo (9-12 mm/yr; 
Wang et al. 2009), Dawu (8.12-9.30 mm/yr; Sun et al. 
2021), Qianning (14-20 mm/yr; Chen et al. 2016) and 
Moxi (9.6-13.4 mm/yr; Bai et al. 2021) segments from 
north to south. The 2022 Luding seismic event 
occurred in the Moxi segment (Moxi fault) of the 
Xianshuihe fault (Fig. 1B). Since 1700, there have 
been 9 seismic events along the Xianshuihe fault with 
magnitudes ≥ 7.0, and all of them have produced 

 
Fig. 1 Tectonic setting of the 2022 Luding seismic event. (A) Regional setting; (B) seismogenic setting. The 
topographic data are from a 90 m DEM (http://www.gscloud.cn); the active faults are from Deng et al. (2014); the 
GPS velocity (time period: 2009–2014, Panels A and B) is digitized from Zhao et al. (2015). Historical earthquakes 
(1900-2022) in Panel A are from the USGS (https://earthquake.usgs.gov/earthquakes/map); historical earthquakes in 
Panel B are from Papadimitriou et al. (2004). In Panel A, SP-GZ fold belt – Songpan-Ganzi fold belt, XSH F. – 
Xianshuihe fault, LMS F. – Longmenshan fault, ANN F. – Anninghe fault. 
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surface ruptures (Bai et al. 2022). 
The 2022 Luding earthquake-affected area is 

located in the Shimain-Luding section (mid-
downstream) of the Dadu River (Fig. 2A). The Moxi 
fault in this area presents an approximately N‒S 
extension, is located in the western section of the 
mainstream, and crosses the subbasins of Yanzigou, 
Moxizigou, Hailuogou, Wandong, Changheba, 
Tianwan, etc. (Fig. 2A). The typical geomorphic 
features are deep-cutting gorges with high reliefs from 
7000 m (Gongga Mountain in Fig. 2A) to less than 
1000 m (Dadu River valley), and the mainstream 
valley usually contains two sections: a lower gorge 
section and a higher wide valley section (Wang et al. 
2007, 2012; Wu 2013; Bai et al. 2020; Zhao et al. 
2021c). 

The 2022 Luding earthquake area is also an area 
with typically high geostress, and the maximum 
principal stress reaches 26 MPa and is oriented in the 
N50°–75°W direction (Huang et al. 2011; Wu 2013). 
The high geostress coupled with the rapid river 
incision (Luding section: 0.38 mm/yr, Zhao et al. 
2013) causes rock to unload strongly toward the free 
space (Zhao et al. 2021c). All these factors lead to 
many fractures in the rocks in this area (Wang et al. 
2007, 2013; Wu 2013; Zhao et al. 2021c).  

The earthquake area widely covers the early 
Sinian granite (T1), early Proterozoic Heiyangbaozi 
superunit (T2), middle Triassic Leikoupo group (T3), 
etc.; the most common rocks include granite, 
dolomite, quartz diorite, and quartz sandstone (Fig. 
2B). 

 
Fig. 2 Regional setting of the epicentral area. (A) Physical geographical characteristics, (B) geological characteristics. 
In Panel A, the geological data are digitized from a 1:50,000 geological map, and the road route is from 1:250,000 
national basic geographic data (https://www.webmap.cn/). In Panel B, T1-T13 are stratum symbols, and T1 – early 
Sinian granite, T2 – early Proterozoic Heiyangbaozi superunit, T3 – middle Triassic Leikoupo group, T4 – upper 
Triassic Zagunao group, T5 – middle Sinian Guanyin-Dengying group, T6 – Devonian Bangda-Hexin group, T7 - 
Paleoproterozoic undifferentiated ultrabasic rocks, T8 – Presinian Kangding rock group, T9 – upper Jurassic 
Youxianping superunit, T10 – Permian Emeishan basalt, T11 – lower Permian Liangshan group, T12 – Triassic granite, 
T13 – lower simian Suxiong group, others belong to the stratum that no coseismic landslides occurred.  
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2.2 Characteristics of the 2022 Luding 
earthquake 

The 2022 Luding seismic event occurred due to 
slip on the Moxi fault (southern segment of the 
Xianshuihe fault) in Hailuogou gully (Fig. 2). The 
Moxi fault is very active and is considered the 
seismogenic fault of the 1786 Ms 7.75 earthquake 
(Moxi earthquake; Dai et al. 2005; Wang et al. 2019; 
Zhao et al. 2021c). The 1786 Moxi earthquake 
triggered the Mogangling and Lantianwang landslides, 
and the Mogangling landslide blocked the Dadu River 
completely for ten days; when the dam broke, it 
resulted in over 100,000 casualties (Dai et al. 2005). 

The focal mechanism indicates that the 2022 
Luding earthquake was a strike-slip earthquake with a 
strike of 166° and a dip of 80° (IEF 2022a). The GNSS 
result shows that the southern section (near Jiulong 
County) underwent SSW coseismic deformation with 
a maximum reaching 20 mm, the eastern section of 
the Moxi fault (near Luding County) underwent NNE 
coseismic deformation, and the area near Shimian 
underwent NW deformation (Fig. 3A; IEF 2022b). 
The theoretical coseismic deformation is similar to 
the GNSS result (Fig. 3B; IEF 2022c). The maximum 
earthquake intensity reached IX degrees and was 
mainly concentrated between Wangangping town and 
Moxi town (Fig. 3A). 

According to the aftershock inventory provided 
by the Sichuan Earthquake Administration, there 
were 2731 aftershocks up to 12 September 2022, 8:52: 
4, 56, and 387 events with magnitudes (Ms) of 4.0-5.0, 
3.0-4.0 and 2.0-3.0, respectively. Additionally, three 
obvious areas of aftershock concentration arose in 
Caoke town, Gongga gully and the northern section of 
Yanzigou town (Fig. 3C). Additionally, the western 
section of the Moxi fault is the hanging wall. 
According to the relationships of regional GPS 
movements, the western section of the Moxi fault was 
active wall area, and the eastern section was passive 
wall area. 

3    Material and Method 

3.1 Data collection 

To clarify how geology, topography, etc., 
influence coseismic landslide occurrence, we collected 
multiple remote sensing, topographic, seismic, 
geological, physical geographic, and field 
investigation datasets. For remote sensing data, we 
collected multiple high-resolution satellite images 
after the 2022 Luding event, as shown in Fig. 4. The 
satellite images consist of Gaofen 6 images (resolution: 
8 m), Gaofen 2 images (resolution: 3.2 m) and Beijing 

 
Fig. 3 Typical characteristics of the 2022 Luding seismic event. (A) Seismic intensity and monitoring coseismic 
deformation, (B) theoretical coseismic deformation distribution, (C) distribution of aftershocks (mainshock – 
12.09.2022 8:52). The Panel A is from IEF (2022b), the Panel B is from IEF (2022c); the seismic intensity is from 
Ministry of Emergency Mangement (https://www.mem.gov.cn/xw/yjglbgzdt/202209/t20220911_422190.shtml), the 
aftershock inventory is provided by Prof. Shiyuan Wang from Sichuan earthquake Administration. 
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3 images (resolution: 2 m). These 
satellite images cover an area of 
2×104 km2. As plenty of satellite 
images taken before the 
earthquake are available, 
including Sentinel 2, Google Earth, 
Gaofen 6, and Gaofen 2 images, 
we do not list all the satellite 
images taken before the 2022 
Luding seismic event here. 

For topographic data, we used 
STRM 90 m DEM for regional 
tectonic analysis, STRM 30 m 
DEM for earthquake-affected area 
analysis, and 12.5 m TanDEM-X 
for detailed landslide analysis; all 
SRTM topographic data were from 
the Geospatial Data Cloud 
(http://www.gscloud.cn/), and 
the TanDEM-X topographic data 
were from Natural Earth 
(http://www.naturalearthdata.com
/downloads/). The slope was 
directly derived from the 12.5 m 
DEM on the GIS platform. 

For seismic data, we used 
seismic intensity data (https:// 
www.mem.gov.cn/xw/yjglbgzdt/202209/t20220911_
422190.shtml) and seismogenic fault and aftershock 
inventories. For geological data, we used fault block 
data from the Qinghai-Tibet Plateau (Deng et al. 
2014), the regional active fault dataset (Deng et al. 
2014), regional GPS data (Zhao et al., 2015), and 
stratum data (1:500,000). For physical geographic 
data, we collected average annual rainfall (duration 
2007-2018; Brocca et al. 2019), land cover 
(GlobeLand30: http://www.globallandcover.com), 
river and road (https://www.webmap.cn/) data. 

For field data, one day after the mainshock, we 
carried out a field investigation (Fig. 4). During the 
field investigation, we preliminarily mapped the 
typical characteristics of coseismic landslides, found 
evidence of the relationships between tectonics and 
geohazards, and confirmed the coseismic landslide 
mapping area. As the field investigation occurred 
earlier than the landslide mapping, the field 
investigation enhanced the later landslide mapping 
accuracy, as numerous coseismic landslides were 
investigated during the field survey. 

Additionally, to make a comparison with other 

coseismic landslide inventories, we also considered 
the landslide inventories of the 2008 Wenchuan (Xu 
et al. 2014a), 2013 Lushan (Xu et al. 2015), 2017 
Jiuzhaigou (Tian et al. 2019; Zhao et al. 2018), and 
2022 Lushan (Zhao et al. 2022b) earthquakes. We 
also collected some earthquake information from 
other areas of the world (Xu et al. 2014a, 2015; Macro 
2016; Macro et al. 2017; Fan et al. 2018; Zhao et al. 
2021b, 2022b). 

3.2 Landslide mapping 

Before landslide mapping, we combined multiple 
satellite images (Gaofen 6) and field data to confirm 
the coseismic landslide mapping area with an area of 
2,600 km2 (black box in Fig. 4). We used visual 
interpretation to map landslides; we first imported 
pre- and postearthquake satellite images into the GIS 
platform, and then we created a polygon file to map 
the whole landslide boundary. Additionally, we added 
a point file to define the location of source area of 
every landslide. During landslide mapping, we also 
recognized landslide damming points. Finally, we 

Fig. 4 Satellite image coverage and field investigation route. The areas in 
different colors indicate different areas of counties. 
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established a coseismic landslide inventory (polygon 
inventory and point inventory) and landslide 
damming inventory. 

3.3 Data analysis 

All data were processed on a GIS platform. 
Landslide density was calculated by kernel density 
with 1 km radius (Fig. 5B). To illustrate spatial 
distributions of different landslide sizes, category 
classification was adopted (Fig. 6A), and the spatial 
join operation was applied to determine the number 
of landslides that occurred within a specific lithologic 
unit, seismic intensity, rainfall, landcover, etc. Other 
statistical data, such as data pertaining to landslide 
elevations, distance to seismogenic fault and rivers, 
slope angle, and aspect, were also calculated on GIS 
platform. 

To quantitatively analyze the landslide size 
distribution, we computed landslide number ratio 
(Fig. 6B), the size–frequency statistics (Fig. 6C), 
cumulative number ratio (Fig. 6D), relative position 
index r. The detail definitions of landslide number 
ratio, size–frequency statistics and cumulative 
number ratio are listed in Zhao et al (2021, 2022a). 

The relative position index r =L/S defines the ratio r 
of the distance to the valley bottom (L) to the distance 
between the ridge line and the valley bottom (S). The 
r value intervals of [0.0–0.2), [0.2–0.4), [0.4–0.6), 
[0.6–0.8), [0.8–1.0], and [0.9–1.0] were adopted to 
represent the lower, lower–middle, middle, upper–
middle, and upper part and peak, respectively, of a 
hill (Zhao et al. 2021). 

Additionally, based on other coseismic landslides 
on the eastern margin of the Haryan Har block, we 
systematically compare our findings with the results 
of other earthquakes, including spatial and size 
distribution with response to different seismogenic 
faults, landslide damming, etc.  

4    Results 

4.1 Basic characteristics 

4.1.1 Spatial distribution 

The inventory of coseismic landslides triggered 
by the 2022 Luding earthquake contains at least 4528 
landslides in an area of approximately 2000 km2 (Fig. 
5A), and the highest landslide density reached 63 

 
Fig. 5 Spatial distributions of coseismic landslides. (A) Size distribution, (B) density distribution. 
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landslides/km2 (Fig. 5B). The coseismic landslides are 
mainly concentrated in the Xinmin-Moxi section of 
the Dadu River, and there are no obvious landslide 
concentrations near the epicenter (Fig. 5). According 
to the corresponding seismogenic fault, the landslide 
area can be divided into an eastern section and a 
western section (Fig. 5). 

The area near the seismogenic fault (Moxi fault) 
could be a typical area prone to coseismic landslides, 
as the highest concentration of landslides is 
distributed along it (within 2 km). The seismogenic 
fault usually corresponds to the strongest seismic 
shaking area, and this phenomenon has been 
observed in many seismic events worldwide (Keefer 
1984, 2002; Xu et al. 2014a; Kargel et al. 2016; Fan et 
al. 2018; Valagussa et al. 2019). 

The western section shows a higher landslide 
concentration (generally > 40 landslides/km2) of 
landslides than the eastern section (generally < 30 
landslides/km2, except for some small areas near the 
seismogenic fault; Fig. 5B). This distribution is similar 
to the distribution of aftershocks (Fig. 5A). According 
to the fault movement, the western section 
corresponds to the hanging wall and to the active area. 
This area usually exhibits stronger seismic shaking 

than the footwall and passive area (Abrahamson and 
Somerville 1996; Chang et al. 2004; Yuan et al. 2013; 
Guo et al. 2013). A similar phenomenon was also 
observed in the 2017 Jiuzhaigou earthquake (Ling et 
al. 2021). However, as massive clouds still covered the 
western section during landslide mapping, there were 
only 1990 landslides identified in the western section 
and 2538 landslides identified in the eastern section. 

Some subbasins also show high landslide 
concentrations, and there are 1164, 508, 380 and 187 
landslides in the Wandong, Changheba, Tianwan and 
Hailuogou basins, corresponding to 27.3%, 11.9%, 8.9% 
and 4.4% of all events, respectively. All of the areas 
with the highest concentrations are distributed in the 
Wandong Basin. Yhe Wandong, Changheba, Tianwan 
and Hailuogou basins are located in the western 
section, and the seismogenic fault crosses them (Fig. 
5). Additionally, in the eastern section, the Dadu 
River valley has the highest concentration of 
coseismic landslides in its branches (Fig. 5B). 

4.1.2 Size distribution 

All 4528 landslides span a total area of 28.1 km2, 
with the largest individual landslide with an area of 
3.2×105 m2. The mean landslide area is 6211 m2, and 

 
Fig. 6 Size distribution and statistical relationships of coseismic landslides. (A) Size distribution, (B) landslide 
number ratio vs. landslide area, (B) frequency density p vs. landslide area, (C) cumulative number ratio N vs. landslide 
area. 
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there are 3380, 1308, 670, 68 and 17 landslides with 
areas larger than 1×103 m2, 5×103 m2, 1×104 m2, 5×104 
m2 and 1×105 m2, respectively. Most relatively large 
landslides are distributed in the western section (Fig. 
6A); for example, in the western section, there are 
1596, 723, 407, 45, and 13 landslides with areas larger 
than 1×103 m2, 5×103 m2, 1×104 m2, 5×104 m2 and 
1×105 m2, respectively, accounting for 47.2%, 55.3%, 
61.0%, 66.2% and 76.5% of the total number of same 
area intervals. Landslides along the Dadu River valley 
are mainly small landslides with areas less than 3000 
m2. 

To quantitatively analyze the landslide size 
distribution, we computed the interval number ratio 
R (Fig. 6B), the size–frequency statistic p (Fig. 6C), 
and the cumulative number ratio N (Fig. 6D). The 
interval number ratio refers to the ratio of the number 
of landslides in an area intervals to the total number 
of landslides (Zhao et al. 2021b), and the Luding 
event follows an exponential distribution for areas 
less than 105 m2: = 0.034 × [ ( ( ) . ) .⁄ ]             (1) 

where R is the interval ratio and A is the area interval 
value. The size–frequency statistic p is defined as p = 
dN/dA (the ratio p between the number of landslides 
dN within the corresponding landslide area interval 
dA; Roback et al. 2018; Tebbens 2020), and its 
distribution usually exhibits a power-law scaling 
when landslide sizes exceed a certain threshold 
(Tanyas et al. 2019; Tebbens 2020). The p of the 
Luding event is listed in Fig. 6C, and the landslides 
with area > 104 m2 exhibit a logarithmic function as 
follows: Log	( ) = −2.34 × Log( ) + 8.4              (2) 

where p is the probability density and A is the 
landslide area. The cumulative number ratio N 
defines the cumulative number ratio N in different 
landslide area intervals, and its distribution also 
exhibits a power-law scaling when landslide sizes 
exceed a certain threshold (Xu et al. 2014c; Zhao et al. 
2021b). The cumulative number ratio distribution of 
the Luding event is shown in Fig. 6D, and the 
landslide areas with sizes between 104 and 105 m2 
follow a logarithmic function as follows: log	( ) = −1.65 × log( ) + 5.8              (3) 

where A is the landslide area and N is the number of 
landslides with a landslide area larger than A. In 
addition to the landslide area, the landslide volume 
could also be an important indicator of the regional 

erosion rate and the activity level after debris flows. 
As the actual landslide volume is difficult to obtain, a 
classical empirical equation can help to estimate it, 
and the general relationship is expressed as follows 
(Parker et al. 2011): = ∑                               (4) 

where Ai is the landslide area, α and γ are empirical 
coefficients, and VL is the estimated landslide volume. 
As different scholars or areas utilize different 
empirical coefficients, we adopted the empirical 
coefficients of the Wenchuan earthquake proposed by 
Parker et al. (2011), which are α = 0.146 and γ = 
1.332±0.005. The total coseismic landslide volume 
triggered by the Luding earthquake was calculated to 
be approximately 112.6+5.9/-5.6 Mm3. 

4.2 Control of seismogenic structure and 
lithology at the macroscale 

As the preliminary distribution law indicates that 
seismogenic fault areas belong to typical landslide-
prone areas, we analyzed this phenomenon in detail 
(Figs. 7, 8 and 9). The satellite and field images in the 
meizoseismal area show that the seismogenic fault 
area contains many more landslides than recent 
nonseismogenic fault areas (Fig. 7). For example, the 
recent Detuo fault that extends along the Dadu River 
is an active fault (Wu 2013; Zhao et al. 2021c), and 
few landslides except for some shallow landslides or 
rock falls have occurred along it (Figs. 7A and 7B), 
while mountains near the Moxi fault host numerous 
landslides (Figs. 7A, 7C and 7D). Additionally, as the 
Moxi fault just crosses the Wandong River, two banks 
of the Wandong River host densely distributed 
landslides, while the nearby Dadu River valley hosts 
fewer landslides (Fig. 7A). Thus, this seismogenic 
fault influences the regional occurrence of coseismic 
landslides. 

Furthermore, with increasing distance to the 
seismogenic fault, the number of landslides decreases 
(Fig. 8A), and there are 1335, 3783, and 4421 
landslides distributed within 1, 5 and 10 km of the 
seismogenic fault, corresponding to 29.5%, 83.5% and 
97.6% of the total number of landslides, respectively. 
Among the two sections, the western section presents 
a sharp decrease with increasing distance to the 
seismogenic fault (Fig. 8B), and there are 934 and 
1847 landslides distributed within 1 and 5 km of the 
seismogenic fault, corresponding to 46.9% and 92.8% 
of the total number of landslides, respectively. The 
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eastern section presents a wavy distribution within 5 
km of the seismogenic fault, and this area belongs to 
the Dadu River valley (Fig. 8B). 

From the relationship between the distance to the  
seismogenic fault and elevation of the landslides, 
landslides in the western section are obviously 
generally higher than those in the eastern section, 
especially for the Dadu River valley, which is the area 
with the lowest elevations (Fig. 8C). When the 
distance to the seismogenic fault is over 6 km, the 
elevations of landslides in the western section remain 
similar, and those in the eastern section increases 
gradually (Fig. 8C). Coseismic landslides mainly 
occurred at intensities of VII, VIII and IX. In the 
study area, 3176 landslides were distributed in the 
area with a seismic intensity of IX, accounting for 70% 
of the total number of landslides (Fig. 8D). There are 
1480 and 1697 landslides in the areas with a seismic 

intensity of IX of the eastern and western sections, 
accounting for 58.3% and 85.2% of the total number 
of individual landslides in the eastern and western 
sections (Figs. 8E and 8F). 

A total of 1438, 980, 855, 577 and 205 landslides 
occurred in T1 (early Sinian granite), T2 (early 
Proterozoic Heiyangbaozi superunit), T3 (Middle 
Triassic Leikoupo group) and T4 (Upper Triassic 
Zagunao group), accounting for 31.8%, 21.6%, 18.9% 
and 12.7% of the observed landslides, respectively (Fig. 
9A). We also determined the controlling lithologies in 
every stratum (Fig. 9B) and found that 1479, 1060, 980 
and 578 landslides occurred in R1 (granite), R2 
(dolomite), R3 (quartz diorite) and R4 (quartz sandstone) 
rocks, accounting for 32.7%, 23.4%, 21.6% and 12.8%, 
respectively. Thus, the distribution of granite, dolomite 
and quartz could influence regional landslide occurrence. 
Additionally, our field survey found that landslides in 

 
Fig. 7 Coseismic landslides concentrated along seismogenic faults. (A) The satellite image shows the spatial 
distribution of coseismic landslides near the seismogenic fault, and (B, C and D) the field images show obvious 
distribution differences between seismogenic fault (Moxi fault) and nonseismogenic faults (Detuo fault). The profiles 
I-I` and II-II` are shown in Figs. 11A and 11B. 
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Fig. 8 Landslide distributions with respect to the seismic characteristics. (A, B and C) Seismogenic fault, (D, E and F) 
seismic intensity. 
 

 
Fig. 9 Landslide distributions with respect to geological characteristics. (A) In different strata, (B and C) in different 
controlling lithologies, (D) higher coseismic landslides mainly occurred in rock slopes, and (E) some small landslides 
occurred in Quaternary slopes. In Panel A, the introductions of T1 – T13 are listed in caption of Fig. 2. In Panel B, R1 – 
Granite, R2 – Dolomite, R3 – Quartz diorite, R4 – Quartz sandstone, R5 – Carbonate, R6 – Ultrabasic rock, R7 – 
Plagioclase amphibolite, R8 – Basalt, R9 – other rocks. 
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middle-upper slopes or with larger areas are mainly 
rock landslides (Fig. 9D), and the controlling 
structures and lithologies could reflect their 
composition. While numerous soil landslides remain 
as surficial eluvial talus widely coveringmountains 
(Fig. 9E), they are usually small landslides  or occur 
along roads or river bank feet, and thick forests 
usually cover them. As satellite images cannot capture 
them very well, the current landslide inventory 
contains fewer soil landslides than expected. 
Therefore, the controlling structural and lithologic 
distribution could reflect the actual distribution of the 
current landslide inventory. 

4.3 Complexity of local topography controls 
landslide occurrence at the microscale 

As seismogenic faults and lithology control the 
concentration of coseismic landslides in a certain 
region, this chapter discusses the influence of local 
topography on detailed occurrence locations. Here, 
we adopted elevation, distance to river, relative 
position index r (the detail definition is listed in 
Section 3.2) and slope as geomorphic indicators (Fig. 
10).  

Regarding elevation, 1000–2200 m could be the 
landslide-prone area, and there are 3621 landslides 
concentrated in this interval, accounting for 80% of 
the total number (Fig. 10A). With increasing elevation, 

 
Fig. 10 (A, B and C) Elevation, (D, E, and F) distance to river, (G, H and I) relative position r and (J, K, and L) slope, 
and their impacts on the spatial distribution of coseismic landslides. 
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the landslide area increases and follows the 
relationship log(y) = 0.0007x+2.3 (where x is the 
elevation and y is the landslide area). The western 
section has a higher controlling elevation interval 
(1800–22400 m, 1153 landslides, 57.9% of landslides 
in the western section) than the eastern section 
(1000–1600 m, 1738 landslides, 68.5% of landslides 
in the eastern section; Figs 10B and 10C). Both 
sections also present an increase landslide area with 
an increase in elevation. 

For the whole study area, as the coseismic 
landslides show increasing distance to the river, the 
number of landslides decreases (Fig. 10D), and the 
two sections present similar phenomena (Figs. 10E 
and 10F). Landslides in the eastern section were 
influenced by rivers more obviously than those in the 
western section. For example, in the eastern section, 
there are 1203 and 2170 landslides that occurred 
within 500 and 1500 m of the distance to the river, 
accounting for 47.4% and 85.5%, respectively, while 
the western section has 624 and 1445 landslides, 
accounting for 31.4% and 72.6%, respectively. There 
are no obvious relationships between landslide area 
and distance to river. 

For the relative position index r, the whole area 
exhibits two peaks at intervals of 0.1-0.4 (lower 
section of the hill) and 0.6-0.9 (upper-top section of 
the hill) (Fig. 10G), and the r distribution of the two 

sections shows peaks at intervals of 0.1–0.4, which 
are mainly concentrated in the eastern section, and 
peaks at intervals of 0.6–0.9, which are mainly 
concentrated in the western section (Figs. 10H and 
10I). There are no obvious relationships between the 
landslide area and r value. Slopes of 35°-50° are in 
the controlling slope intervals of all sections (Figs. 10J, 
10K and 10L). 

From the above, we conclude that landslides in 
the eastern section are prone to occur at lower 
elevations (1000-1600 m), lower sections of the 
slopes (r: 0.1-0.4), and close to the river (< 1000 m), 
and landslides in the western section are prone to 
occur at relatively high elevations (1800-2500 m) and 
upper-top sections of slopes (r: 0.6-0.9). We mapped 
these restrictions on typical river profiles of two 
sections (Fig. 11). We found that the landslide-prone 
area in the eastern section coincides with the location 
of the gorge section of the Dadu River valley, and the 
upper wide valley section is a secondary landslide-
prone area (Figs. 11A and 11A1). The lower gorge 
section usually has more fractures than the wide 
valley, caused by intensive erosion, strong unloading, 
the steep slope, etc. (Wang et al. 2007, 2013; Bai et al. 
2020). Additionally, we suspect that the bank slope 
foot, where roads are usually located, is also a 
landslide-prone area, as there exist numerous small 
soil landslides distributed in this area (Fig. 11A2), but 

 
Fig. 11 Typical profile sketches of valleys in the (A) eastern section and (B) western section showing landslide-prone 
areas, respectively, and (A1 and A2) field images showing the landslide distribution in eastern section. The locations of 
profiles I-I` and II-II` are listed in Fig. 7A. 
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the remote images could not capture them very well 
because they are too small and are covered with a 
thick forest. 

The landslide-prone area in the western section 
coincides with the upper-top section of the gully (Fig. 
11B), and as these gullies belong to branches of the 
Dadu River, they characterize typical gorge landforms. 
Some monitoring results have revealed that the 
upper-top section of the gorge could provide stronger 
site amplification than the lower section, whose 
amplification factor could reach 5-12 times (Luo et al. 
2014; Zhao et al. 2020a). Therefore, the upper-top 
section with stronger seismic shaking could have 
triggered more landslides. Additionally, we suspect 
that the bank slope foot is also a landslide-prone area 
(Fig. 11B). 

Coseismic landslides are concentrated in areas 
with higher annual rainfalls (> 1200 mm/yr; Fig. 12A), 
especially in the interval of 1450-1550 mm/yr (3155 

landslides, accounting for 69.7%; Fig. 12C). As 
landslide-affected areas mainly coincide with forest 
areas (Fig. 12B), 3800 landslides occurred in forest 
areas (Fig. 12D). 

5    Discussion 

5.1 Comparison with other earthquakes in the 
eastern Baryan Har block 

5.1.1 Spatial distribution with respect to 
different seismogenic mechanisms 

According to the distribution of fault blocks on 
the Qinghai-Tibet Plateau, the 2022 Luding event 
occurred on the southeastern boundary of the Baryan 
Har block (Fig. 13). The current Baryan Har block is 
very active, especially at its eastern margin. Since 
2000, there have been 5 earthquakes that have caused 

 
Fig. 12 Spatial distributions of landslides under different distributions of (A and C) annual rainfall and (B and D) land 
cover. The land cover data are from GlobeLand30 (http://www.globallandcover.com), and the annual rainfall data are 
from Brocca et al. (2019). 
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massive landsides: the 2008 Mw 7.9 Wenchuan 
(197481 landslides; Xu et al. 2015), 2013 Mw 6.6 
Lushan (15645 landslides; Xu et al. 2015; 3810 
landslides; Tang et al. 2015), 2017 Mw 6.5 Jiuzhaigou 
(1883 landslides; Fan et al. 2018; 4834 landslides; 
Tian et al. 2019), 2022 Mw 5.8 Lushan (1288 
landslides; Zhao et al. 2022b) and 2022 Luding event 
studied here (4528 landslides). Their spatial 
distributions are listed in Fig. 14. 

As earthquakes occurred in different locations of 
the boundary, earthquakes characterize different focal 
mechanisms, and the earthquakes (2008 Wenchuan 
earthquake, 2013 and 2022 Lushan earthquakes) that 
occurred at the eastern boundary were caused by the 
Longmenshan thrust fault (Xu et al. 2009, 2013; Zhao 
et al. 2022b), which is a nappe structure (Chen and 
Wilson 1996; Jia et al. 2010). These earthquakes 
characterize thrust movement with slight dextral 
strike-slip (Xu et al. 2009). The earthquakes located 
on the southern boundary (the 2022 Luding 
earthquake and the 1786 Moxi earthquake; Dai et al. 
2005; Zhao et al. 2021c) were both caused by the 
Xianshuihe fault with sinistral strike-slip motion 
(Papadimitriou et al. 2004; Ran et al. 2008, 2010; 
Wang et al. 2014). The earthquake located on the 
northern boundary (2017 Jiuzhaigou earthquake) was 
caused by the east Kunlun fault with sinistral strike-
slip motion (Ren et al. 2017). 

 The coseismic landslides along the eastern 
boundary were triggered by thrust events, and their 
distributions exhibit an obvious hanging wall effect. 
The hanging wall hosts more landslides than the 
footwall (Figs. 14A, 14B, 14C, 14D, 14G, 14H, 15A), 
especially for the 2008 Wenchuan earthquake. The 

seismic monitoring of the Wenchuan earthquake 
indicates that the hanging wall is characterized by 
stronger shaking than the footwall at the same distance 
to the seismogenic fault (Fig. 15B; Abrahamson and 
Somerville 1996; Chang et al. 2004; Guo and Hamada 
2013). Additionally, the landslide-affected area in the 
hanging wall could extend 20-50 km (Figs. 14 and 15; 
Xu et al. 2014a, 2015; Zhao et al. 2020b). 

Coseismic landslides at the southern and 
northern boundaries were triggered by seismic events 
with sinistral strike-slip motion, and their 
distributions exhibit an active area effect, i.e., the 
active area concentrates more landslides than the 
passive area, and the landslide-affected area in the 
active area could extend 10-20 km (Figs. 8A, 8B, 14E, 
14F and 15C. The 20 km is estimated from the Luding 
event, as the cloud covers the area 14 km or farther 
from the seismogenic fault, but there should be 
coseismic landslides there. Although the two events 
are both strike-slip events, the southern boundary 
presents more intensive tectonic movement (strike-
slip rate 10-13 mm/yr; Deng et al. 2014) than the 
northern boundary (strike-slip rate 5.4 mm/yr; Deng 
et al. 2014). This indicates that the southern boundary 
could accumulate more strain energy rapidly and has 
a higher geostress, resulting in more frequent 
earthquakes and more fractured rocks. 

Combining the above results, we summarized the 
effects of fault types on landslide distribution in the 
eastern Baryan Har block, as shown in Fig. 15D. We 
consider the eastern boundary (Longmenshan fault) 
with thrust movement to be the primary coseismic 
landslide-prone area, the southern boundary (Moxi 
section of the Xianshuihe fault) to be the secondary 

 
Fig. 13 Location of the Baryan Har block and the distribution of 5 large earthquakes. The block fault is from Deng et 
al. (2014), the GPS data is from Zhao et al. (2015). 
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Fig. 14 Spatial and size distribution of the (A and B) 2008 Wenchuan, (C and D) 2013 Lushan, (E and F) 2017 
Jiuzhaigou, and (G and H) 2022 Lushan events. Landslide inventories of 2008 Wenchuan, 2013 Lushan, 2017 
Jiuzhaigou and 2022 Lushan earthquakes are from Xu et al. (2014a, 2015), Tian et al. (2019) and Zhao et al. (2022b). 
All PGA contours are from USGS (https://www.usgs.gov/). In Panels A and B, M-W – Maoxian-Wenchuan fault, YX-
BC – Yingxiu-Beichuan fault, G-A – Guanxian-Anxian fault. In Panels C and G, YJ – WL – Yanjin –Wolong fault, SS-
DG – Shuangshi – Daguan fault, DY – Dayi fault. 
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landside-prone prone area, and the northern 
boundary (east Kunlun fault) to be the tertiary 
landside-prone area. 

5.1.2 Landslide sizes 

To compare the landslide sizes of different 
earthquakes along the eastern margin, we collected 
landslide number, landslide area, and landslide 
volume data (Figs. 16, 17 and 18). For landslide 
number, the relationship between landslide number 

(y) and seismic magnitude (x) follows an exponential 
distribution of y = 6.54e0.9603x (Fig. 16A; Fan et al. 
2018;  Zhao et al. 2021b), and the Wenchuan, Lushan, 
and Luding earthquakes lie above the fitting line; the 
Jiuzhaigou and 2022 Lushan earthquakes lie below 
the fitting line (Fig. 16A). Regarding the landslide-
affected areas, all earthquakes are distributed within 
the two envelopes of log (y) = 0.6*log(x)-7.6 (upper 
envelope) and log (y) = 0.6*log(x)-9.1 (lower 
envelope), where y is the landslide-affected area  (km2) 

 
Fig. 15 Seismic characteristics influence the spatial distribution of landslides. (A and C) Relationships of landslide 
distribution and distance to seismogenic fault, (A) Wenchuan and (C) Jiuzhaigou earthquakes, (B) spatial distribution 
of PGA in hanging wall and footwall areas (Wenchuan earthquake), (D) schematic representation of effects of fault 
types on landslide distribution in the eastern Baryan Har block. The Panel A is derived from Yuan et al. (2013), the 
Panel B is is derived from Guo and Hamada (2013), the Panel C is derived from Ling et al. (2021). 

 

          
Fig. 16 Characteristics of the (A) number of landslides and (B) total affected area impacted by the Luding event 
compared to other seismic events worldwide. In Panel A, other events are from Fan et al. (2018), Zhao et al. (2020b, 
2022b), the base map of Panel B is retrieved from Marc et al. (2017). 
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and x is the seismic magnitude (Fig. 16B). The Luding 
earthquake lies between the Lushan (upper) and 
Jiuzhaigou (lower) earthquakes. 

 For the total landslide areas, all earthquakes are 
located above the trending line, and the total area of 
the Luding earthquake is higher than that of the 
Lushan and Jiuzhaigou earthquakes (Fig. 17A). For 
the cumulative number of landslides N, except for the 
Jiuzhaigou earthquake, the other earthquakes follow 
similar distributions and lie between two trend lines 
(F1: log(y) = -1.9*log(x)+5.57, F2: log(y) = 
1.9*log(x)+6.95), and the Luding earthquake has a 
similar distribution to the Wenchuan earthquake (Fig. 
17B). All interval number ratio distributions follow 
normal distributions but have different coefficients   

(Fig. 17C). The frequency density distributions follow 
similar trends and lie between two trend lines (F2: 
log(y) = -2.34*log(x)+7.6, F2: log(y) =  
-2.34*log(x)+10.0), and the Luding earthquake lies 
between two trend lines but closer to the lower trend 
line (Fig. 17D). Regarding the landslide volumes, the 
Lushan, Jiuzhaigou and Luding earthquakes are all 
located higher than the range of other events and 
fitting lines of Keefer (1994) and Marc (2016), and the 
Luding event has the largest total volume among 
these three events (Fig. 18). 

5.1.3 Landslide damming  

According to satellite images (satellite image date: 
10 September 2022), we also mapped landslide 

 

 
Fig. 17 Characteristics of different coseismic landslide areas on the eastern margin of the Baryan Har block. (A) Total 
area distribution (the other events are obtained from Xu et al. (2014a, 2015); Fan et al. (2018), and Zhao et al. (2021b, 
2022b). (B) Relationship between the cumulative number of landslides N and the landslide area (the other events are 
based on Xu et al. (2015) and Zhao et al. (2022b)). (C) Landslide number ratios in the different landslide area intervals 
(the other events are retrieved from Xu et al (2014a) and Zhao et al (2022b)). (D) Landslide area versus the frequency 
density relationship (the other events are based on Fan et al. (2018) and Zhao et al. (2022b)). 
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damming, and we divided the dams into full blockage 
(with a dammed lake) and partial blockage (without a 
dammed lake) (Xu et al. 2009; Fan et al. 2012). There 
were at least 30 landslide damming points triggered 
by the Luding earthquake; 16 cases were full 
blockages, and the other 14 cases were partial 
blockages (Fig. 19A). Seventeen dams were 
distributed along seismogenic faults (Fig. 19). Among 
the 30 dams, 21 were located in the Wandong Basin 
(Fig. 19B), accounting for 70% of the total number. 
Among 16 dammed lakes, the maximum, minimum 
and mean lake areas were 9472, 212 and 3005 m2, 
respectively. For other earthquakes on the eastern 
margin, the Wenchuan earthquake caused 828 dams 
to form, 574 cases were full blockages, and 254 other 
cases were partial blockages (Fig. 20). Similar to the 
Luding earthquake, the seismogenic fault area also 
belongs to the landslide dam prone area (Fig. 20). 

5.2 Limitations 

Combined with field investigation and remote 
sensing interpretation, this study attempts to analyze 
the influence of geomorphic and tectonic indexes on 
landslide occurrence. However, there remain some 
limitations in landslide mapping and relative analyses. 

With regard to the landslide mapping, as 
mentioned in Sections 4.1 and 4.2, clouds widely 
covered the earthquake-affected area during imaging, 

especially in the high mountain area (elevation > 
2500 m) of the western section, and this area also 
belongs to the potential landslide-prone area. 
Unfortunately, we lack landslide data in this area, 
which could make the currently estimated landslide-
affected area slightly smaller than the actual 
conditions (especially for the western section). 
Additionally, the field investigation found that 
numerous small landslides occurred along the bank 
slope foot (where roads and usually located), while 
the remote image interpretation could not recognize 
them very well because they are too small and have 
thick forest growing on them. The above limitations 
could cause the number of current landslides to be 
slightly less than the actual conditions. Although the 
current landslide inventory is slightly underestimated, 
the current data cover the whole meizoseismal region 
of the Luding earthquake, and the above limitations 
will not change the results. 

Moreover, the peak ground acceleration (PGA), 
as an important influence index, is usually adopted to 
freely analyze its influence on landslide occurrence 
(Gorum et al. 2011; Xu et al. 2014a, 2015; Fan et al. 
2018; Zhao 2021; Zhao et al. 2012a, 2021b, 2022b), 
and this data can be downloaded from the USGS 
(https://earthquake.usgs.gov/earthquakes/map). 
However, the epicenter of the Luding earthquake 
monitored by the USGS deviates from our field 
conditions, similar to the PGA data; thus, we do not 
adopt it in this study. Additionally, valley 
morphological features are closely influenced by the 
integrity of the rock mass, and further analysis of the 
relationship between the valley morphology and 
landslide distribution is needed. 

6    Conclusions 

To gain insight into the roles of geomorphic and 
tectonic indexes on the landslide distribution caused 
by the 2022 Ms 6.8 (Mw 6.6) Luding earthquake, 
Sichuan Province, China, we carried out field 
investigation and landslide mapping systematically, 
and established a coseismic landslide inventory using 
a series of high-resolution satellite images. Some 
conclusions could be summarized as follows. 

The 2022 Luding earthquake triggered at least 
4528 landslides spanning a total area of 28.1 km2, and 
the active area is characterized by a higher landslide 
concentration, especially in the Wandong Basin. We 

Fig. 18 Characteristics of estimated total landslide 
volumes. Other data are from Marc (2016) and Zhao et 
al. (2021b). 
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also find that tectonism and topography 
fundamentally control the spatial distribution of these 
landslides at different scales, as the seismogenic fault 
structure and lithology influence the regional 
distribution (more landslides closer to the 
seismogenic fault and some controlling lithologies), 

and local topography influences the occurrence 
position on slopes (eastern section is prone to form 
landslides in the lower gorge section, and western 
section is prone to form landslides in the upper-top 
section). 

The earthquakes at the eastern boundary are 

 
Fig. 19 Spatial distribution of landslide damming points (A) and satellite image showing some typical landslide 
damming points (B). The satellite image of Panel B is Beijing 3 taken on 10 September 2022. 

 

 
Fig. 20 Spatial distribution of landslide damming points induced by the Wenchuan earthquake. The landslide 
damming dataset is from Fan et al. (2012). Land. Con. – Landslide concentration, PGA Con. – PGA contour. 
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caused by the Longmenshan thrust fault, 
characterized by thrust movement with slight dextral 
strike-slip motion; the earthquakes at the southern 
and northern boundaries were caused by the Moxi 
fault (southern segment of the Xianshuihe fault) and 
east Kunlun fault, respectively, and both are 
characterized by sinistral strike-slip movement, but 
the Moxi fault has exhibited more intensive strike-slip 
movement. The eastern, southern and northern 
boundaries could be the primary, secondary and 
tertiary coseismic landslide-prone areas, respectively. 

Additionally, the current landslide inventory is a 
slight underestimation, but this has limited influences 
on the results. The relationship between valley 
morphology and landslide distribution requires 
further analysis. 
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