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Coseismic landslides triggered by the 8th August 2017
Mg 7.0 Jiuzhaigou earthquake (Sichuan, China): factors

controlling their spatial distribution and implications
for the seismogenic blind fault identification

Abstract On 8th August 2017, a magnitude M 7.0 earthquake
struck the County of Jiuzhaigou, in Sichuan Province, China. It
was the third M, > 7.0 earthquake in the Longmenshan area in the
last decade, after the 2008 M, 8.0 Wenchuan earthquake and the
2013 M; 7.0 Lushan earthquake. The event did not produce any
evident surface rupture but triggered significant mass wasting.
Based on a large set of pre- and post-earthquake high-resolution
satellite images (SPOT-5, Gaofen-1 and Gaofen-2) as well as on 0.2-
m-resolution UAV photographs, a polygon-based interpretation
of the coseismic landslides was carried out. In total, 1883 land-
slides were identified, covering an area of 8.11 km?, with an esti-
mated total volume in the order of 25-30 x 10° m?. The total
landslide area was lower than that produced by other earthquakes
of similar magnitude with strike-slip motion, possibly because of
the limited surface rupture. The spatial distribution of the land-
slides was correlated statistically to a number of seismic, terrain
and geological factors, to evaluate the landslide susceptibility at
regional scale and to identify the most typical characteristics of
the coseismic failures. The landslides, mainly small-scale rockfalls
and rock/debris slides, occurred mostly along two NE-SW-
oriented valleys near the epicentre. Comparatively, high landslide
density was found at locations where the landform evolves from
upper, broad valleys to lower, deep-cut gorges. The spatial distri-
bution of the coseismic landslides did not seem correlated to the
location of any known active faults. On the contrary, it revealed
that a previously-unknown blind fault segment—which is possi-
bly the north-western extension of the Huya fault—is the plausi-
ble seismogenic fault. This finding is consistent with what
hypothesised on the basis of field observations and ground
displacements.

Keywords Coseismic landslides - Jiuzhaigou
earthquake - Seismogenic fault - Landslide inventory - Landslide
spatial distribution

Introduction

At 21:19:46 local time (13:19:46 UTC) on 8th August2017, a M; 7.0
earthquake (CENC 2017), My, 6.5 (USGS 2017), hit the north of
Sichuan Province, China, with epicentre in the town of Zhangzha
(33.20° N, 103.82° E), Jiuzhaigou County, Aba Prefecture. The
seismic shaking lasted for about 15 s (CSI 2017) and was felt in a
vast portion of Sichuan Province, including the City of Chengdu,
about 285 km away from the epicentre, and in several other
provinces. Within the next 36 h, more than 1700 aftershocks were
recorded, 30 of which with M;> 3.0, with the strongest one being a
4.8 M shake at 02:17:04 UTC on g9th August. The Jiuzhaigou
County is a popular tourist destination in China, featuring a

UNESCO World Heritage Site and a World Biosphere Reserve
(UNESCO 1992). More than 175,000 among tourists and locals
were affected by the event. More than 73,000 buildings were
damaged, 76 of which collapsed. Twenty-five fatalities, 6 people
missing and 525 injured were reported until 13th August, 12:00:00
UTC.

The epicentre and focal mechanism of the Jiuzhaigou earth-
quake did not seem correlated sufficiently with any of the already-
known active faults in the area. The seismogenic fault of the
Jiuzhaigou earthquake was firstly hypothesised by Li et al. (2017)
to be an unknown blind strike-slip fault, on the basis of the
combination of the fault mechanism solutions, field-inferred signs
of rupture and radon anomalies. However, since the inferred fault
slip was rather slight (in the order of a few centimetres: see CSI
2017), the location of the Jiuzhaigou earthquake’s seismogenic
fault has been debated.

Non-obvious surface ruptures are actually common in moder-
ate to large earthquakes with magnitude 6 <M, <7 (e.g. Sekiguchi
et al. 2000; Semmane et al. 2005; Wei et al. 2011; Xu et al. 2015; Le
Béon et al. 2017; Huang et al. 2017) characterised by strike-slip
motion. Various geophysical and geomorphological methods have
been proposed for the identification and characterisation of blind
seismogenic faults (e.g. Hartvich and Valenta 2013; Choi et al. 2015;
Bonini et al. 2016; Huang et al. 2017). The peak ground accelera-
tion, the earthquake magnitude, the direction of the seismic waves
and the distance from the seismogenic fault are obviously corre-
lated with the distribution pattern of the coseismic landslides
(Meunier et al. 2007; Chigira et al. 2010; Qi et al. 2010; Xu et al.
20133, b, ¢, d; Odin et al. 2017). Thus, an accurate mapping and
analysis of their distribution—besides being fundamental for a
reliable assessment of the coseismic and the secondary
geohazards, crucial for establishing risk mitigation
countermeasures—can be helpful in the identification of the
seismogenic fault, also when the surface rupture is not evident
(Meunier et al. 2013; Xu and Xu 2014; Zhou et al. 2016).

Within this framework, this work is aimed at providing a
detailed landslide inventory, and at delivering a quick statistical
assessment of the spatial distribution and controlling factors of the
geohazards triggered by the Jiuzhaigou earthquake, with the two-
fold scope of providing a first tool for the risk assessment related
to possible secondary geohazards, and of supporting the
seismogenic fault identification for further seismic hazard
assessments.

Study area
The area object of this study extends for about 840 km® around the
earthquake’s epicentre in Zhangzha Town, near the northern
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boundary of Sichuan Province. It is located in the northern part of
the Minshan mountain range, in the transition zone from the
Qinghai-Tibet Plateau to the Sichuan Basin, and it is crossed by
the Bai River, the Jiuzhai gully and the Rizhai gully. The area
features deep-incised valleys shaped by glacial, hydrological and
tectonic activity. The average elevation is over 4000 m a.s.l, with
peaks over 4700 m a.s.l., a minimum of 1160 m a.s.l. in the river
valley and slope gradients generally higher than 30°.

The Jiuzhaigou area lies in the Songpan-Ganzi sub-block in the
east of the Bayan Har block, in the middle section of the well-
known North-South seismic zone in China, where the recurrence
time of earthquakes with magnitude larger than 7.0 can be as low
as 14.2 years (Ren et al. 2002). The eastward extrusion of the
Songpan-Ganzi sub-block, which obliquely collides with the west-
ern Qinling fold belt and the Longmenshan thrust belt, results in
five known main faults in the Songpan-Ganzi tectonic boundary
(Fig. 1), i.e. the Wenxian-Maqin (1), Minjiang (2), Huya (3),
Qingchuan-Pingwu (4) and Xueshan (5) faults. These seismogenic
structures all have a potential for earthquakes of magnitude M >
7.5 (Li et al. 2016a). The northern boundary of the Songpan-Ganzi
block (the Wenxian-Magqin fault) protrudes sharply southward,
while the south boundary fault (the Qingchuan-Pingwu fault)
protrudes northward slightly, forming a tectonic bottleneck zone
in the Songpan-Jiuzhaigou area. The eastward extrusion of the
Songpan-Ganzi block is locked, and this causes a high crustal
stress concentration in this zone.

Xu et al. (2008) showed that the Bayan Har block is cut into two
sub-blocks by the Longriba fault, namely the Aba sub-block in the
west and the Longmenshan sub-block in the east. The translational
velocity of the Aba sub-block is about 11.4 mm/year eastward,
while that of the Longmenshan sub-block is about 8.5 mm/year
in N116° E direction (Lu et al. 2003; Shen et al. 2005). The differ-
ence of velocity is absorbed by the right-lateral faulting and
thrusting in the adjacent areas (Xu et al. 2008). The left-lateral
strike-slip rate of the Wenxian-Magqin fault since the late Cenozoic
is ~ 9.7 mm/year, while the right-lateral strike-slip rate of the
Qingchuan-Pingwu fault is ~5.1 mm/year (Li et al. 2017). The
Minjiang fault is dominated by thrusting, with vertical slip rates
of 0.4-0.5 mm/year, while the Huya fault is dominated by left-
lateral strike slip, with horizontal slip rates of about 1.4 mm/year
(Zhou et al. 2006).

The Jiuzhaigou area suffered more than 50 events with M;>5in
the past century, some of which with M;>7 (CENC 2017). The
epicentre of the 8th August 2017 event is located just 65 km to the
east of the epicentre of the M; 8.0 Wenxian earthquake that struck
the Wenxian-Magqin fault in 1879 (Li et al. 2017), 65 km to the
northwest of the epicentre of the 1976 M; 7.2 Songpan-Pingwu
earthquake that struck the Huya fault (Chen et al. 1994), about
130 km to the north of the epicentre of the 1933 M; 7.5 Diexi
earthquake that possibly struck the Minjiang fault (Chen et al.
1994) or the Sonpinggou fault (Ren et al. 2017), and about
245 km to the north of the epicentre of the 2008 M; 8.0 Wenchuan
earthquake that struck the Yinxiu-Beichuan fault (Dai et al. 2013;
Huang et al. 2012).

The regional geology of the epicentral area features outcrops of
the Middle to Late Triassic sedimentation (see Fig. 2). The area is
characterised by a thick sequence of Triassic strata of deep marine
deposits, commonly referred to as the Songpan-Ganzi flysch com-
plex, which was intensely deformed by folding and thrusting
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during the Late Triassic and Early Jurassic (Yin and Harrison
2000).

Data and methods

To quantify and analyse the coseismic geohazards statistically, a
landslide inventory was compiled through the interpretation
and cross-checking of high-resolution images from different
sources (Table 1; Fig. 3) over a study area of 840 km®. Satellite
images from Spot-5 with 2.5 m resolution were used as the pre-
earthquake data, while the Chinese Gaofen-1 and Gaofen-2 sat-
ellites were the source of 1 m resolution images taken soon after
the earthquake. Some very high-resolution (0.2 m) aerial images
of key areas were also acquired within 72 h after the earthquake
through UAV photography (Table 1; Fig. 3). The images were
adjusted through geometric correction, colour enhancement
and coordinate system conversion to facilitate their
interpretation.

The study area is mostly covered by dense vegetation. Thus,
the use of automatic tools for the identification of coseismic
landslides and discrimination from pre-existing landslides was
deemed unfeasible, and a more time-consuming polygon-based
visual interpretation in GIS environment with in situ checks was
performed to ensure the high-quality of the landslide mapping.
The landslide classification was chosen in compliance with the
updated classification by Hungr et al. (2014). Some examples of
coseismic landslides identified by comparing pre- and post-
earthquake images are shown in Fig. 4. As part of the relevant
information for the analysis of the controlling factors and sus-
ceptibility derives from the sole source areas, the latter were
mapped separately from the deposition areas. For a few hardly
identifiable cases, the uppermost 35% of the landslide area was
assumed to be the source area, on the basis of empirical rela-
tionships (Corominas 1996) between landslide size, slope angle
and runout distance.

Terrain data, geological data and earthquake data were also
acquired, so that the analysis of the main controlling factors of
the coseismic landslides could be performed, and hence a quick
evaluation of the landslide susceptibility in the area (Table 1) and
the identification of the most typical landslide characteristics
could be carried out. The 5 m resolution pre-earthquake DEM,
provided by the Sichuan Bureau of Surveying and Mapping, was
used to produce the map containing the topographic attributes
(slope angle, aspect, elevation etc.). The geological map with scale
1:200,000 was acquired from the Sichuan Bureau of Geological
Exploration and Exploitation of Mineral Resources. The seismic
data were obtained from the China Earthquake Networks Center
(CENC 2017).

The spatial distribution analysis was performed in GIS environ-
ment through spatial statistical analysis functions. Eight factors
were considered for the statistical analysis, namely the Peak
Ground Acceleration (PGA), the distance from the hypothesised
seismogenic fault, the elevation, the slope gradient, the slope
aspect, the lithology and the distance from rivers and from roads.
The raster layers of different factors were prepared and classified,
and the relative occurrence probability of the different classes for
each factor were calculated. A binary logistic regression model
(e.g. Schumacher et al. 1996; Menard 2002; Mathew et al. 2009)
was adopted to evaluate the geohazard susceptibility. As there is
no specific requirement on the statistical distribution of the factors
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Fig. 1 Location of the 2017 Jiuzhaigou earthquake and tectonic setting of the study area: a Longmenshan thrust belt (1), Songpan-Ganzi block (Il) and Western Qinling
fault block (Ill); b Wenxian-Maqin fault (1), Minjiang fault (2), Huya fault (3), Qingchuan-Pingwu fault (4) and Xueshan fault (5)

(Dai et al. 2002; Dai and Lee 2003), a binomial distribution was
assumed under the hypothesis of independence of the controlling

factors. Further details on the susceptibility assessment are given
in the electronic supplementary material (Online resource 1).

103°40'0"E 103°50'0"E
iy
¢ ']'-’/"“Jf_ | legend
%_ ;' ﬁ’)/; - E @ Town
2 ~f_{€}ﬁ'-§v a5 ® Earthquake epicentre(M,7. 0)
™~ /] ——~ River
~ 'livr Thrust fault
:*”__'-_,- "#/F\ == Strike-slip fault
=5 ’;{ - = - Inferred seismogenic fault
Lake
g_ é Quaternary
2 5 E Negoene
= Triassic
” | | Permian
‘ Carboniferous
N\ Devonian

103°40'0"E 103°50'0"E

Fig. 2 Geological map showing the outcropping formations, the major faults and the field-inferred (Li et al. 2017) slight surface ruptures caused by the seismogenic fault
in the Jiuzhaigou area
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Table 1 Remote sensing images and other geographical information data

Data type Source Date Resolution
Image Spot-5 21 Dec 2015 25m
Spot-5 7 Dec 2015 25m
UAV aerial image 11 Aug 2017 0.2m
Gaofen-2 9 Aug 2017 Tm
Gaofen-1 16 Aug 2017 Tm
Terrain model (DEM) Sichuan Bureau of Surveying, Mapping and Geoinformation Pre-earthquake 5m

Geological map

(scale, 1:200,000) of Mineral Resources

Sichuan Bureau of Geological Exploration and Exploitation

Pre-earthquake -

Earthquake China Earthquake Networks Center

9 Aug 2017 -

Spatial distribution patterns of the coseismic landslides and controlling
factors

In total, 1883 landslides were identified (Fig. 5). Some typical,
representative examples, are shown in Fig. 6: like most of the
coseismic landslides triggered by the Jiuzhaigou earthquake, they
are small-scale shallow rock/debris slides and rockfalls (Hungr
et al. 2014 classification) that occurred in the lower part of rather
steep slopes (35-55°), in proximity of the road network, that
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crosses the valleys in the epicentral area with frequent inslope
sections constructed with seemingly insufficiently reinforced slope
cuts. Details of the typical landslide characteristics based on the
controlling factor analysis are given in the next sub-sections.

The largest landslide covers about 231,000 m” in horizontal
projection, while the smallest one is just 9.7 m®. The average area
is about 4307 m?, and the total landslide area is 8.11 km?. The total
landslide volume was estimated to be in the order of 15-85 X 10° m?
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Fig. 4 Examples of coseismic landslide interpretation based on high resolution pre-earthquake (a—e) and post-earthquake (A—E) images

on the basis of various area-volume empirical relationships
(Guzzetti et al. 2009; Larsen et al. 2010; Parker et al. 2011; Xu
et al. 2016), which were calibrated by the respective authors on
different datasets of field measurements and remote sensing im-
ages of landslides of different types and different sizes. The range
of volume (V) = 25-30 x 10° m?, obtained using the equation pro-
posed by Larsen et al. (2010) and the associated uncertainty (£1
standard deviation), was considered to be the most reliable, given
the large size of the dataset used by the authors for calibration, and
considering that such dataset comprises both soil and bedrock
landslides, also of very small size. On the contrary, for instance,
the equation proposed by Xu et al. (2016) was discarded as it was
calibrated on landslides with A >10,000 m* only. Details on the
equations, on the related uncertainties and on the reliability for
the application to the present case, are given in detail in the
electronic supplementary material (Online resource 2).

The inventory map (Fig. 5) shows that the coseismic landslides
are not clustered evenly around the epicentre. Instead, they are
mostly located at Jiudaoguai, i.e. at the junction between the field-
inferred blind fault (F1 in Fig. 5) and the secondary fault of
Minjiang fault and at Xiongmaohai, i.e. at the SE end of the
field-inferred blind fault. The areas also correspond to two NE-
SW oriented valleys, which are typical deep-cut valleys shaped by
Quaternary glacial activity and feature several historical marine
lakes (Fig. 5).

The spatial distribution of the coseismic landslides can be
correlated with seismic, terrain and geologic factors (Keefer
2000, 2002; Huang and Li 2008; Xu and Li 2010a, b; Xu et al.
20133, b, ¢, d; Xu and Xu 2013; Fan et al. 2017). To identify the most
relevant factors controlling the Jiuzhaigou coseismic landslides,
eight factors belonging to these three categories (terrain, geology,
seismology) were considered. Each attribute map was divided into
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Fig. 6 Typical landslides revealed by the field investigation: a debris slide (location: wild review 1 in Fig. 5) and b rock fall, ¢ rock slide and d rock topple (location: wild
review 2 in Fig. 5)
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discrete classes (Table 2). Then, through spatial statistics tools in
GIS environment, the number and the cumulated area of the
landslides falling in each class of each attribute were calculated.
The “landslide number density” was defined as the number of
coseismic landslides in 1 km?® and the “landslide areal density”
was defined as the ratio between the area covered by the coseismic
landslides and the total area of the class.

Seismic factors

The tectonic setting of the Jiuzhaigou earthquake area is complex
(see the “Study area” section). Even though the focal mechanism
solution and the aftershock distribution both indicate that its
causative fault movement was dominated by a NW-SE-oriented
left-lateral strike-slip (CENC 2017; Li et al. 2017), the identification
of the seismogenic fault is not obvious as there is no clear surface
rupture. Li et al. (2017) identified two possible slight surface
ruptures with length of 23.0 and 19.0 km, respectively, with relative
displacement of just 0.015-0.035 m, which they believed to be the
surface ruptures of the seismogenic fault and of its secondary
fault. Their hypothesis was supported by abnormal radon mea-
surements along these ruptures. Nevertheless, there are controver-
sies in the seismogenic fault identification, as the Tazang fault, the
central part of the Wenxian-Maqin fault and the Huya fault are
also NW-SE oriented and located relatively close to the Jiuzhaigou
earthquake epicentre (see Fig. 2).

The seismogenic fault can exert a strong control on the
coseismic landslide distribution, as observed in several earth-
quakes (Keefer 1984, 2000; Sato et al. 2007; Huang and Li 2009;
Gorum et al. 2011; Xu et al. 2013b). Thus, a statistical analysis
was used to infer the seismogenic fault based on the landslide
distribution. In GIS environment, buffer areas with 1 km dis-
tance intervals from the candidate faults were first generated.
Then, the landslide areal density in each buffer area was calcu-
lated and the relationship between the landslide areal density
and the distance from the candidate seismogenic fault was
analysed. As shown by Fig. 7b (bottom), most of the landslides
(total area=5.3 km? i.e. ~65% of the total landslide area)
occurred within 2 km from the field-inferred (Li et al. 2017)
blind fault (F1 in Fig. 2), particularly in the NE plate (the active
plate), and the highest landslide area, areal density and number
density were evaluated within 1 km from the fault. Coseismic
landslides were not found more than 7 km away from the fault.
Conversely, by hypothesising the Wenxian-Magqin fault as the
causative fault, the landslide area, areal density and number
density would increase with the distance from the fault and
peak 9 km away (Fig. 7b, top), which seems unreasonable. For
comparison, the M, 8.0 Wenchuan earthquake produced land-
slide clusters within just 5 km distance from the northern
portion of the seismogenic fault, which was dominated by
strike-slip motion (Gorum et al. 2011). It seems reasonable that
the blind-rupture of the comparatively weaker M 7.0 Jiuzhaigou
earthquake was unlikely to result in a wider zone affected by
landslides, and the field-inferred blind fault can thus be con-
sidered the most likely seismogenic fault. This fault possibly
constitutes the north-western extension of the Huya fault (see
Fig. 1). The distribution of landslides with the distance from the
blind fault F1 is given also in Fig. 8a for comparison with other
controlling factors.

The main-shock PGA in the study area was between 0.08 and
0.26 g. As shown by Fig. 8b, the landslide area is comparatively
higher in PGA 0.2 g class and in 0.24 g class, which account for 73%
of the total landslide area. The landslide areal density increases
sharply for PGA >0.18 g and peaks with a value of 1.39% in the
0.26-g PGA class.

Terrain factors

A contour map with 200 m elevation intervals was generated and
analysed. Nearly 61% of all landslides clustered between 2600 and
3200 m a.s.l, although this area only accounts for 30% of the total
study area (Fig. 8c). The peak landslide areal density, 1.4%, was
evaluated at elevations from 2800 to 3000 m a.s.l. The areal density
below 2200 m a.s.l. is higher than that above 3200 m a.s.l. (0.82 and
0.13%, respectively), possibly because of the concentration of
coseismic landslides along roads and rivers and also because of
possibly incomplete remote-sensing interpretation in the high-
elevation areas covered by snow.

Landslide inventories of nearby earthquakes showed that most
of the landslides triggered by the Wenchuan earthquake occurred
along slopes with inclination between 20° and 50° (Huang and Li
2008), and most of the landslides triggered by the Lushan earth-
quake occurred along slopes with inclination of 30-50° (Chang
et al. 2016). For comparison, most of the landslides triggered by
the 2017 Jiuzhaigou earthquake occurred on slopes with inclina-
tion of 35-55° (Fig. 8d).

The relationships between landslide distribution and the dis-
tance to roads and rivers are shown in Fig. 8e, f. The landslide area
and areal density decrease with the distance in similar way for
both factors, because most of the road network in the study area
was built in close proximity to the river network. Relative larger
values are found within 1 km from the rivers or roads, with 58% of
the total landslides occurring in this area. The landslide abun-
dance along the road network points out a possible, important
anthropic influence on landslides occurrence, which deserves fur-
ther investigation and suggests that the number of coseismic
landslides might be greatly reduced through preventive slope
reinforcement works along the roadways.

The coseismic mass wasting affected different portions of the
slopes unevenly. To visualise the distribution of the coseismic
landslides comprehensively, their area, number density and rela-
tive position with respect to the top and to the bottom of the slope
were plotted on a virtual slope profile (Fig. 9). In the diagram, the
horizontal axis is the relative distance of the landslide boundary to
the top of the slope (the mountain ridge), while the vertical axis is
the relative distance to the bottom of the slope (the river valley).
The marker size is consistent with the landslide area. The relative
landslide density is displayed by different background colours,
with the red colour indicating high density and the blue colour
indicating low density. A marker close to the origin of the axes
indicates a landslide which covers a large proportion of the slope.
Conversely, a small shallow failure is indicated by a small marker
close to the surface of the virtual slope. The representation in Fig. 9
allows for the following observations: most of the small-scale
landslides (with area up to 1000 m?*) occurred in the lower section
of the slope (relative distance to the valley less than 0.5) or very
close to the ridge (relative distance to the top less than o.1); most
of the comparatively larger landslides (with area >1000 m?) in-
volved the middle part of the slope; several tens of landslides
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Table 2 Classification of the seismic, terrain and geologic controlling factors used in the spatial distribution analysis

Factor No. Factor (lassification
type
Seismic 1 Peak ground (1) <0.08; (2) 0.08 ~ 0.10; (3) 0.10 ~ 0.12; (4) 0.12 ~ 0.14; (5) 0.14 ~ 0.16; (6) 0.16 ~ 0.18; (7)
acceleration 0.18 ~ 0.20; (8) 0.20 ~ 0.22; (9) 0.22 ~ 0.24; (10) 0.24 ~ 0.26.
(PGA) (q)
2 Distance to M<1,21~203)2~3,43~405)4~5,06)5~6;(7)6~7,(8)7~8;(98~09;(10)
seismogenic 9~10; (11) 10 ~ 11; (12) 11 ~ 12; (13) 12 ~ 13; (14) 13 ~ 14; (15) 14 ~ 15; (16) > 15.
fault (km)
Terrain 3 Elevation (m) (1) < 2200; (2) 2200 ~ 2400; (3) 2400 ~ 2600; (4) 2600 ~ 2800; (5) 2800 ~ 3000; (6) 3000 ~ 3200;
(7) 3200 ~ 3400; (8) 3400 ~ 3600; (9) 3600 ~ 3800; (10) 3800 ~ 4000; (11) 4000 ~ 4200; (11)
> 4200.
4 Slope angle (deg) (1) <10; (2) 10 ~ 20; (3) 20 ~ 30; (4) 30 ~ 35; (5) 35 ~ 40; (6) 40 ~ 45; (7) 45 ~ 50; (8) 50 ~ 55; (9)
55 ~ 60; (10) > 60.
5 Slope aspect/fault (1) FLAT; (2) N; (3) NE; (4) E; (5) SE; (6) S; (7) SW; (8) W; (9) NW.
slip direction
6 Distance to (1) 0 ~ 500; (2) 500 ~ 1000; (3) 1000 ~ 1500; (4) 1500 ~ 2000; (5) 2000 ~ 2500; (6) 2500 ~ 3000;
rivers (m) (7) 3000 ~ 3500; (8) 3500 ~ 4000; (9) 4000 ~ 5000; (10) 5000 ~ 6000
7 Distance to (1) 0 ~ 500; (2) 500 ~ 1000; (3) 1000 ~ 1500; (4) 1500 ~ 2000; (5) 2000 ~ 2500; (6) 2500 ~ 3000;
roads (m) (7) 3000 ~ 3500; (8) 3500 ~ 4000; (9) 4000 ~ 5000; (10) 5000 ~ 6000
Geologic 8 Lithology (1) N2; (2) T3; 3) T2; (4) T1; (5) P2; (6) P1; (7) C3; (8) C2; (9) C1; (10) D3.

reached the rivers, as shown by the red markers in the bottom of  gentle slopes at high elevation and by a rather sharp transition into
the virtual slope. Fortunately, these landslides did not produce any  gorges with steep scarps due to strong gully erosion (Fig. 10).

dammed lakes according to the field investigation, but they can In order to investigate the correlation between the direction of
enhance the sediment transport by the rivers (e.g. Li et al. 2016b; movement of the blind strike-slip fault and the slope aspect, the
Croissant et al. 2017). The comparatively higher density of land- landslide area, areal density and number density were subdivided
slides in the lower portion of the slopes might be due to the micro- in classes according to the angle difference A° between the slope
landform observed in the study area. In fact, the slopes in the aspect and the direction of movement of the NE plate (331°). The
Jiuzhaigou area are characterised by wider valleys with relatively  results of the analysis are shown in Fig. 8g. Slopes whose aspect is
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Fig. 8 Possible controlling factors for the coseismic landslides trig-
gered by the Jiuzhaigou earthquake: a distance from the seismogenic
fault, b PGA, c elevation, d slope angle, e distance to road and f
distance to river. In (g), the relationship between slope aspect and
fault orientation is analysed: on the left side, landslides on the NE
plate are reported, where the fault slip direction was 331°% on the right
side, landslides on the SW plate are reported, where fault slip direction
was 151°

parallel and concordant with the movement direction of the NE
plate (331°) have A° = o. Conversely, slopes whose aspect is parallel
and discordant with the movement direction of the NE plate, i.e.
the aspect is concordant with the movement direction of SE plate,
have A°=180° (Fig. 8g). High values of landslide area, areal den-
sity and number density are found on slopes with high A° on the
NE plate and on slopes with low A° on the SW plate. In other
words, the analysis shows that the coseismic landslides are more
abundant along slopes in which the movement of the plate acted as
a destabilising force. Furthermore, landslides are much more
abundant on the NE plate (active plate) than on the SW plate
(passive plate). A similar correlation between the direction of
movement of the fault and the slope aspect was observed by Xu
et al. (2013b) for the M; 7.1 strike-slip Yushu earthquake, which was
characterised by similar seismic intensity and fault geometry.

Geological factors

According to the geological map provided by the Sichuan Bureau
of Geological Exploration and Exploitation of Mineral Resources
(scale 1:200,000), ten geological formation units outcrop in the
study area (Fig. 2). The coseismic landslide distribution with
respect to the outcropping formations are presented in Fig. 11.
Most of the coseismic landslides (5.85 km?) occurred in Mesozoic
Formations that mainly consists of limestone, accounting for
72.1% of the total landslide area, while the total area of the Meso-
zoic Formations outcrops only constitutes 31.1% of the total study
area. The Carboniferous Formations exhibits the largest landslide
areal density (1.67%), followed by the Permian Formations. On the
other hand, the Neogene Formation, which consists of conglom-
erate and sandy gravel, appears to be the least susceptible zone
landslides, possibly simply because of its distance from the
seismogenic fault, low PGA and low slope steepness (see Figs. 2
and 5).

Discussion

Strong continental earthquakes can induce massive geohazards,
causing severe economic loss and a large number of casualties. The
2008 M 8.0 Wenchuan earthquake triggered nearly 200,000 land-
slides, more than 60,000 of which with an area larger than
35,000 m*> (Huang and Li 2009; Gorum et al. 2011; Huang and
Fan 2013; Xu et al. 2013a). It produced more than 800 dammed
lakes (Fan et al. 2012, 2015, 2017) and sharply increased the debris
flow activity, which will likely take decades to normalise (e.g.
Zhang and Zhang 2017). The death toll of the chain of geohazards
has been evaluated in one third of the total number of casualties
caused by the earthquake (e.g. Wang et al. 2014). Relatively weaker
earthquakes can cause serious hazards as well. In 2013, the M; 7.0
Lushan earthquake triggered 1129 landslides over an area of
2200 km” (Chen et al. 2013; Xu et al. 2015; Tang et al. 2015), and
the My, 6.5 Ludian County earthquake in Yunnan Province in 2014
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caused more than 1800 landslides (Zhou et al. 2016). Worldwide, a
tremendous number of geohazards was triggered in recent times,
for instance, by the 1999 M,, 7.5 Chi-Chi earthquake in Taiwan, by
the 2004 M,, 6.6 Mid-Niigata Prefecture Earthquake in Japan, by
the 2005 M,, 7.6 Kashmir earthquake in Pakistan, by the 2010 M,,
7.0 Haiti earthquake and by the 2015 M,, 7.9 Nepal earthquake (e.g.
Keefer 2002; Chigira et al. 2003; Chigira and Yagi 2006; Sato et al.
2007; Gorum et al. 2013; Xu et al. 2014; Kargel et al. 2016; Roback
et al. 2017). It is evident that a reliable assessment of the
earthquake-induced geohazards and of their secondary
geohazards chain is crucial for establishing risk mitigation coun-
termeasures. Indeed, the scientific community is working strenu-
ously, after each event, on the inventory, spatial distribution,
mechanism and risk assessment of coseismic geohazards and on
the forecasting and prevention of post-seismic geohazards (e.g.
Keefer 2010; Qi et al. 2010; Dai et al. 2011; Huang et al. 2012; Has
and Nozaki 2014; Xu et al. 2014; Xiaoli et al. 2015; Chen et al. 2017;
Fan et al. 2017; Roback et al. 2017; Robinson et al. 2017; Tanoli et al.
2017).

Comparison with other coseismic landslide inventories
In Fig. 12, the total area, total estimated volume and landslide
number density resulting from the Jiuzhaigou coseismic landslide
inventory are compared with those relative to several earthquakes
worldwide (Keefer 1984, 1994; Xu et al. 2015; Marc et al. 2016). Both
Keefer (1984) and Xu et al. (2015) identified a linear relationship
between the earthquake magnitude and the logarithm of the total
landslide area. The points relative to the Jiuzhaigou coseismic
landslide inventory fit within this trend, as shown by Fig. 12a, b.
Similarly, Marc et al. (2016) hypothesised a linear relationship
between the logarithm of the earthquake magnitude and the log-
arithm of the total estimated landslide volume. The point relative
to the Jiuzhaigou earthquake is in good agreement with this
empirical relationship (Fig. 12c). However, it can be seen in Fig. 12a
that earthquakes with the same magnitude can result in landslide
areas which differ by up to 2 orders of magnitude. The Jiuzhaigou
earthquakes resulted in a comparatively low landslide area. This
might be related to the relatively low PGA (0.26 g) and MMI
intensity (VIIIL, limited to an area of 155.8 km?). By comparison,
the Lushan earthquake, characterised by the same magnitude
(Ms=7.0) as that of the Jiuzhaigou earthquake, triggered land-
slides with a total area more than ten times greater (Xu et al. 2015).
The 2008 M; 8.0 Wenchuan earthquake, the 2013 M; 7.0 Lushan
earthquake and the 2017 M 7.0 Jiuzhaigou earthquake struck the
same region during the last decade but had different fault mech-
anisms, namely: a combination of thrusting and strike-slip, blind
reverse-slip and blind strike-slip respectively (e.g. Xu et al. 2009).
They occurred in areas with similar topographic and climatic
conditions, and their epicentres seem sufficiently far from each
other to exclude that an earlier earthquake could have acted as a
predisposing factor in triggering more coseismic landslides during
a more recent event. Thus, by comparing the landslide distribution
patterns relative to these three events, the influence of the fault
mechanism on the landslide distribution can be highlighted. In
Fig. 12d, a comparison is done using the three-parameter inverse-
gamma distribution proposed by Malamud et al. (2004). The
landslide frequency density, f (vertical axis), is defined as the ratio
between the landslide number within the corresponding landslide
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area class and the total number of landslides in the whole inven-
tory. The rollover point (modal landslide area) divides the curve
into two parts, with relatively small landslides on the left side and
relatively large landslides on the right. It can be seen that the
modal landslide area of the Jiuzhaigou earthquake is two times
bigger than that of the Lushan earthquake (despite having the
same magnitude), but about seven times smaller than that of the
Wenchuan earthquake (300, 150 and 2000 m?, respectively). The
frequency densities of the Jiuzhaigou coseismic landslides are
higher than those of the Lushan coseismic landslides for all area
classes. The frequency density of small landslides is even higher
than that of the Wenchuan earthquake, although this might be an
effect of the limited resolution of the landslide inventory of this
latter. Conversely, the frequency density of large landslides trig-
gered by the Jiuzhaigou earthquake is 1 to 2 orders of magnitude
smaller than that of the Wenchuan earthquake.

Coseismic landslides tend to distribute along the seismogenic
fault, but the width of the landslide-affected area depends on the
type of faulting and is not symmetric on the two sides of the fault.
For the Wenchuan earthquake, Gorum and Carranza (2015) ob-
served that the coseismic landslides clustered in a narrow band
along the strike-slip segment of the fault, while they occurred also
much further from the fault along the thrust-slip segment. In

particular, most coseismic landslides occurred on the active
plate/hanging wall up to 4.7, 8 and 11.5 km from the seismogenic
fault in the strike-slip segment, in the oblique-slip segment and in
the thrust-slip segment, respectively. According to the dataset
published by Dai et al. (2011), a relatively large landslide areal
density (>1%) could be evaluated up to 40 km from the
Beichuan-Yinxiu thrust-slip fault segment. For the M; 7.0 Lushan
earthquake, most of the coseismic landslides (landslide area ratio
larger than 0.8%) were evaluated in areas with PGA >0.2 g or
within 31 km from the seismogenic fault (Xu et al. 2015). For the
Jiuzhaigou earthquake, large landslide areal density (> 0.8%) was
observed within just 2 km from the field-inferred seismogenic fault
or in areas with PGA >o0.8 g, suggesting that the blind-fault-
rupture releases a comparatively smaller energy on the surface.
Indeed, also the M 7.1 Yushu earthquake, which is another strike-
slip earthquake, was characterised by relative large landslide areal
density (>0.12%) within just 4.0 km from the fault (Xu et al.
2013b).

Comparatively, much higher landslide abundance was observed
for all the above earthquakes in the active plate/hanging wall side
(“hanging wall effect,” Xu and Li 2010a). According to the land-
slide database compiled by Dai et al. (2011), the landslide areal
density in the hanging wall was more than double than that in the
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Fig. 10 Micro-landform observed in the study area and its hypothesised effect on landslide occurrence

foot wall for the 2008 Wenchuan earthquake. Moreover, the den-
sity dropped below 1% 35 km away from the thrust-slip fault
section on the hanging wall, and “just” 15 km away on the foot
wall. An even bigger difference can be seen between the active
plate and the passive plate for the Jiuzhaigou earthquake strike-
slip motion: Fig. 7b (bottom) highlights a landslide areal density
twice larger in the NE (active) plate than in the SW (passive) plate.

According to the database by Dai et al. (2011), the landslide
areal density increases sharply (>0.6%) for PGA > o0.40 g for the
Wenchuan earthquake. For the Lushan earthquake (Xu et al. 2015),
the landslide areal density increases significantly (> 0.2%) for PGA
>o0.24 g. For the Jiuzhaigou earthquake (Fig. 8b), the landslide

areal density increases significantly (> 0.2%) for PGA > 0.18 g. The
lower PGA threshold in this latter case might be due to the local
micro-landform, characterised by abundant steep, incised slopes
(Fig. 10), which are more easily prone to failure. Conversely, the
Lushan epicentral area features gentler river valley terrain.
Regarding the terrain factors, about 53% of the landslides trig-
gered by Wenchuan earthquake occurred within a transition zone
with elevation between 1750 and 1950 m and moderately high
topographic slope (30-32°) (Gorum et al. 2011). Dai et al. (2011)
observed that the landslide areal density peaked between 1000 and
1500 m a.s.l. and increased with the increase of slope angle, espe-
cially when it exceeded 35°. The difference between the elevation

Conglomerate and sandy gravel(N2)

Tuffaceous sandstone and feldspar quartz sandstone(T3)
Shale,carbonaceous shale with siliceous limestone(P2)
Sandstone with limestone and sandstone with slate(T2)
Biolithite with argillaceous limestone,layered dolomite(D3)
Limestone and slate(T1)

Breccioid limestone, dolomitic limestone and dolomite(P1)
Compacted limestone with dolomite and argillutyte (C3)
Chert limestone and arenopelitic limestone(C2)

Calclithite and compacted limestone(C1)

0.000

Fig. 11 Relationship between coseismic landslides areal density and lithology
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intervals found by the two researches might be due to the different
mapping techniques, as Gorum et al. (2011) mapped the landslides
by single points representative of the sole source areas. For the
Lushan earthquake, Xu et al. (2015) found the highest landslide
areal density at elevations ranging from 1000 to 1500 m a.s.l. as
well, with the density increasing with the slope angle especially
when it exceeded 40°. For the Jiuzhaigou case, the landslide areal
density peaks at elevations ranging from 2800 to 3200 m a.s.l. (Fig.
8c) and increases quickly when the slope angle exceeds 40°. The
critical slope angle for large landslides abundance (or high land-
slide areal density) seems correlated with the earthquake magni-
tude, as both the M, 7.0 Lushan earthquake and the M; 7.0
Jiuzhaigou earthquake exhibit a critical angle 5° lower than that
evaluated for Wenchuan earthquake.

The influence of the lithology on the landslide occurrence has
been controversial for the Wenchuan earthquake: while Dai et al.
(2011) suggested that slopes consisting of Pre-Sinian schist or
Cambrian sandstone and siltstone intercalated with slate were
the most susceptible to failure, Huang and Li (2009) suggested
that igneous rocks, carbonatite and sandy conglomerates were the
most susceptible, particularly for large-scale landslides. For the
Lushan earthquake, Xu et al. (2015) indicated that the largest
landslide areal density occurred on slopes composed of igneous
rocks or Triassic dolomites. For the Jiuzhaigou earthquake, Car-
boniferous limestone suffered the largest landslide areal density,
followed by the Permian limestone and the Triassic sandstone.
Given the limited difference of the tectonic background on the
stratum construction and evolution, it seems reasonable to con-
clude that hard rocks such as igneous rocks, dolomites and lime-
stone are more susceptible to coseismic landslides in the region.

Seismogenic fault identification

The seismogenic fault is usually inferred through the examination
of the fault-rupture surface or the fault mechanism solution based
on the records from nearby seismometers soon after the earth-
quake (Keefer 1984). Nevertheless, fault-surface-rupture tracing in
the field is a time and resource-consuming work, and for historical
earthquake the traces of the coseismic rupture can be obliterated
due to both natural and anthropic activities. Obviously, blind-
rupture faults are harder to identify as they do not show evident
signs on the surface. The use of the fault mechanism solution
method requires high-quality seismic wave records, and some
uncertainties remain. Aftershocks within 24 h after the main shock
can assist to identify seismogenic fault (Kanamori 1977), but it
might be difficult to collect enough data of aftershocks if a dense
local network of seismometers is not in place (Meunier et al. 2013).
Hence, a combination of surface fault-ruptures or mapped fault
traces and aftershock recordings (see Fig. 1b) is employed in
practice. Furthermore, the spatial distribution of the coseismic
landslides can provide a useful insight for identifying the
seismogenic fault among possible candidates, both for a recent
earthquake and for historical earthquakes since the traces of
coseismic landslides are generally preserved better in time than
the fault rupture surfaces.

In principle, identifying the seismogenic fault through the
coseismic landslides distribution requires all seismic factors that
contribute to the landslide distribution to be considered. In prac-
tice, an insight can be given by comparing the distribution and the
performance of the susceptibility assessment with respect to

different hypothesised locations of the seismogenic fault. For
thrust-dominated faults, significant landslide clustering was ob-
served on the hanging wall side in historical earthquakes, such as
the 1999 M,, 7.6 Chi-Chi earthquake, the 2005 M, 7.6 Kashmir
earthquake, the 2008 M,, 6.9 Iwate-Miyagi Nairiku earthquake and
the 2008 M,, 7.9 Wenchuan earthquake (Yagi et al. 2009; Sato et al.
2007; Wang et al. 2003; Huang and Li 2009; Gorum et al. 2011;
Huang and Fan 2013; Xu et al. 2013d). Hence, the significant
difference in landslide abundance between the two sides of the
fault can reasonably help to identify the seismogenic fault. For
instance, Meunier et al. (2013) firstly analysed the density pattern
of coseismic landslides to track the distribution of fault slip in two
large thrust earthquakes in Japan. Xu et al. (2015) identified the
blind-thrust seismogenic fault of the M 6.6 Lushan earthquake on
the basis of changes of landslide density along profiles perpendic-
ular to the strike direction. For strike-slip faults, the difference in
landslide abundance across the fault might be limited by the
usually sub-vertical fault surface. On the other hand, the horizon-
tal slip component, particularly in the active plate, can be used in
combination with the slope aspect for the identification of the
orientation of the seismogenic fault. In fact, as shown by Fig. 8g,
slopes whose aspect is parallel and discordant with the slip
direction are much more susceptible to failure than those whose
aspect is parallel and concordant with the slip direction. A similar
observation was made by Xu et al. (2013b) for the M; 7.1 strike-slip
Yushu earthquake, which was characterised by similar seismic
intensity and fault geometry as the Jiuzhaigou earthquake. Addi-
tionally, similar evidence was found in the 2010 M,, 7.2 strike-slip
Sierra Cucapah earthquake, which resulted in landslide densities
roughly four times higher on slopes with aspect aligned parallel to
the horizontal component of the coseismic displacement vector
than those that were aligned perpendicular to it (Barlow et al.
2015).

By analysing the controlling factors described in “Spatial dis-
tribution patterns of the coseismic landslides and controlling
factors” and summarised in Table 2, and assuming the field-
inferred fault (Li et al. 2017, Sect. 1) to be the seismogenic fault
on the basis of the landslide abundance—slope aspect analysis and
“hanging wall” effect (Xu and Li 2010a, Sect. 5.1), a susceptibility
map for the coseismic landslides was produced (Fig. S2 in the
Online resource 1). A binary logistic regression model was used
to conduct the assessment, after normalisation of each factor. The
receiver operating characteristic (ROC) curve of the susceptibility
assessment was produced, and the area under the curve (AUC)
was computed. The AUC of the model resulted equal to 0.851,
highlighting a satisfactory prediction precision (see Online re-
source 1). It is worth noting in Table S2 in Online resource 1 that,
besides the slope angle, the slope aspect is the controlling factor
which best correlates with the landslide distribution. This is actu-
ally well consistent with the earlier considerations on the strong
relation between the direction of the strike-slip fault motion (left-
lateral motion of the NE plate in the present case) and the slope
aspect (Fig. 8g).

Conclusions

In this work, the first comprehensive inventory of the coseismic
landslides triggered by the 2017 M; 7.0 Jiuzhaigou earthquake was
presented. The landslides were identified through polygon-based
visual interpretation, on the basis of a set of pre- and post-
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Landslide area against frequency density relationship for the Jiuzhaigou earthquake, the Lushan earthquake and the Wenchuan earthquake

earthquake high-resolution satellite images and UAV photographs.
In total, 1883 landslides were recognised, with a total horizontal
projection area of 8.11 km® and an estimated total volume in the
order of 25-30 X 10° m>.

The landslides occurred mainly along two NE-SW oriented
valleys close to the epicentre, within areas with PGA larger than
0.18 g, and consisted mostly of small-scale rock falls and rock/
debris slides that developed in proximity of the road and fluvial
networks, pointing out a possible important anthropic influence

on their occurrence. The critical slope angle, defined as the slope
angle at which high landslide abundance occurs, is in the order
of 40°, which is consistent with the angle evaluated for the M;
7.0 Lushan earthquake. Abundance of landslides was also found
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at elevations around 3000 m a.s.l., where the micro-landform

evolves from broad valleys to deep-cut gorges, possibly due to a
local ground motion amplification, consistently with what ob-
served for the landslides triggered by the M 8.0 Wenchuan

earthquake.

The spatial distribution of the coseismic landslides did not
correlate sufficiently with the location and orientation of any of
the known active faults. On the contrary, the landslides clustered
within a distance of just 2 km—in particular on its NE plate (i.e.
the fault’s active plate)—from a previously unknown blind fault
segment characterised by left-lateral strike-slip. The fault location
and orientation inferred from the landslides distribution is argued
to be the most probable seismogenic fault, which is possibly the



north-western extension of the Huya fault, also dominated by left-
lateral strike-slip motion. This finding is consistent with what
hypothesised on the basis of field-inferred clues of small surface
ruptures and ground displacements.
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