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ABSTRACT

The catastrophic rockslide, which frequently triggers numerous severe disasters worldwide, has drawn
much attention globally; however, understanding the initiation mechanism of catastrophic rockslides
in the absence of typical single triggering factors related to strong seismic activity or torrential precipi-
tation continues to be challenging within the global scientific community. This study aims to determine
the mechanism of the three largest catastrophic rockslides in the eastern Tibetan Plateau, Yigong, Xinmo,
and Baige, over the past 20 years using field investigation, remote sensing, and runoff analysis. Instead of
the conventional driving factors of heavy rainfall and strong earthquakes, the multi-wing butterfly effects
(MWBE) of climatic factors and weak earthquakes are for the first time identified as drivers of the catas-
trophic rockslide disasters. First, strong tectonic uplift, fast fluvial incision, high-density faults, and large
regional water confluence formed the slopes in the critical regime, creating the source conditions of rock-
slide. Second, the MWBE of early dry-heat events and antecedent rainfall, combined with imminent weak
earthquakes, initiated rockslide. Third, the delayed amplified runoff moving toward the sliding surface
and lowering the strength of the locking-rock segment constituted the fundamental mechanism of the
MWBE on rockslide. The catastrophic rockslide was ultimately inferred to be a nonlinear chaotic process;
however, prediction and forecasting of rockslide based on the MWBE in the early stages are possible and

essential. This finding presents a new perspective concerning forecasting progressive landslides.
© 2023 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

been a challenging and troubling scientific issue for more than a
century.

Landslides cost billions of dollars in damage and claim thou-
sands of lives annually (Handwerger et al., 2016). In particular,
high-elevation catastrophic rockslide disasters that have occurred
without heavy rainfall or strong earthquakes have drawn signifi-
cant research attention worldwide (Barnard et al., 2001; Schulz
et al,, 2009; Coe and J., 2012; Iverson et al., 2015; Watkinson and
Hall, 2019). Understanding the mechanism of these rockslide has
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Globally, catastrophic rockslide disasters without heavy rainfall
or strong earthquake occur frequently, particularly in certain
regions such as the eastern edge of the Tibetan Plateau, the north-
western edge of the Yunnan Plateau, the Rocky Mountains of North
America, the Andes of South America, the Apennines of Central
Italy and the European Alps (Delacourt, 2004; Handwerger et al.,
2013; Lewkowicz and Way, 2019; Bontemps et al., 2020; Song
etal.,2022).These disasters are typically large-scale and tectonically
highly complex and frequently occur in the absence of heavy rainfall
or strong earthquakes. However, a significant spatiotemporal
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coupling relationship between the changes in several meteorolog-
ical factors and weak earthquakes accompanied by these rockslides
occurrence can be observed. In 1963, during the analysis of mete-
orological disasters, the “butterfly effect” was proposed; that is, the
phenomenon that a slight change in factors could result in a con-
siderable disaster (Lorenz, 1963; Velasco et al., 2008; Schneider
et al., 2010; Ren, 2014; Schwalm et al.,, 2017; Bloschl et al.,
2019). Consequently, we refer to this multi-factor coupling effect
as “the multi-wing butterfly effect (MWBE).” The low-frequency
characteristics of the MWBE may have a driving impact on land-
slides similar to that of strong earthquakes or heavy rainfall.

Previous studies have also shown that many natural disasters
are caused by multiple factors worldwide (Schulz et al., 2009;
Moon et al., 2011; Coe and J., 2012; Larsen and Montgomery,
2012; Watkinson and Hall, 2019; Bontemps et al., 2020). Land-
slides are caused by the process of slope evolution reaching a crit-
ical regime owing to the factors of tectonics, geomorphology, and
climate change (Berrocal et al., 1978; Meunier et al., 2008;
Carlini et al.,, 2016; Chen et al, 2019a; Zhang et al., 2022a,
2022b). In addition, extreme climatic conditions and seismic
anomalies tend to trigger landslides on slopes that already exist
in critical regimes (Keefer, 1984; Moon et al., 2011; Larsen and
Montgomery, 2012; Lewkowicz and Way, 2019). The primary
causes of catastrophic rockslide disasters are the increase in water
pressure and attenuation of rock and soil strength caused by runoff
infiltration (Phillips, 1992; Huang et al., 2008; Palmer, 2017; Dille
et al., 2022; Gu et al., 2023). Based on this study, we reasonably
deduce that rockslide resulted from the increase in water pressure
caused by the delay in enlarged runoff infiltration on the slope in
the critical regime, owing to the combined effect of low-
frequency climatic factors and weak earthquakes. This effect is
referred to as MWBE in this study.

The eastern Tibetan Plateau is one of the world’s most
landslide-prone areas. In 85 years, 52 large landslide disasters
occurred in an area covering 60 x 10* km? (Supplementary Data
Table S1). Six of the 21 largest landslides in the area were catas-
trophic rockslides without heavy rainfall or strong earthquake.
The three largest rocksliedes, Yigong, Baige, and Xinmo, all of
which occurred within the past 20 years, were selected for this
study. Numerous detailed studies have been carried out for these
three rockslides. For Yigong rockslide, tectonic condition (Wang
and Lu, 2002), freeze-thaw cycles, glacier melting and heavy rain-
fall play key roles in the rockslide initiation (Shang et al., 2003; Xu
et al., 2012; Zhou et al., 2015). Some researchers have studied the
rockslide-dammed lake and outburst flood evolution (Chen et al,,
2019b; Turzewski et al., 2020; Zhou et al., 2020). For the Baige
rockslide, the coupled effect of exogenic and endogenic factors
on landslide occurrence has been explored (Tian et al., 2020;
Ding et al., 2021; Yi et al., 2022), the deformation process before
the rockslide has been studied by Insar technology (Liu et al,
2020; Xiong et al., 2020; Zhou et al., 2022), and the rockslide-
dammed lake and outburst flood evolution conducted was con-
ducted by numerical simulations (Chen et al., 2019b; Ouyang
et al.,, 2019; Wang et al., 2022). For the Xinmo rockslide, the rela-
tionship between landslides and historical earthquakes, rainfall
in early stage, and river incision has been studied (Fan et al.,
2017; Huang et al., 2019), the deformation characteristics were
obtained by Insar technology (Dong et al., 2017; Intrieri et al.,
2017), and the movement process was studied by numerical simu-
lation (Scaringi et al., 2018; Zhao et al., 2021). However, under-
standing the initiation mechanism of catastrophic rockslides in
the absence of typical single triggering factors related to strong
seismic activity or torrential precipitation continues to be chal-
lenging within the global scientific community. These three catas-
trophic rockslides all exhibit large scale, are located at high
altitudes and lack significant triggering factors. Furthermore, they
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have shown clear response to minor meteorological changes and
weak earthquakes of the MWBE. Therefore, this study presents
optimal prospects for revealing the mechanism of catastrophic
rockslides and draws our focus toward the potential general disas-
ter laws of multi-wing rather than single-wing butterfly effects.

2. Methods

First, the inductive methods of multi-type data were used to
prove the existence of the phenomenon of the MWBE (Supplemen-
tary Data Text S1). The tectonic uplift rates of the catastrophic
rockslides areas were determined using the historical global posi-
tioning system (GPS) and modern GPS monitoring based on the
crustal movement (Liu et al., 2010). The linear fault density was
calculated by measuring the fault length in the square with a uni-
form area of 100 km? in the study area. The size, gradient, slope
direction, locked segment location, and water confluence area were
obtained by analyzing post-sliding field photos, remote sensing
imageries, and Google Earth images. The fissure and joint densities
and rock orientation were obtained by field investigation. The
geotechnical characteristics were obtained by analyzing the rock
quality designation (RQD) value of the boreholes and on-site geo-
logical exploration. An X-ray diffraction analysis yielded the min-
eral contents of the weathered materials on the sliding surface.

Second, by understanding the spatial-temporal coupling rela-
tionship between deformation and runoff amplification and hys-
teresis, the MWBE of each rockslide in the critical regime was
revealed (Supplementary Data Text S1). Based on multi-site and
multi-period meteorological, hydrological, and seismic data, the
characteristics of the MWBE of the earthquakes, temperature,
and rainfall changes on the catastrophic rockslides were analyzed,
and the frequency of the catastrophic rockslides was calculated.
The recharged snowmelt of the Yigong rockslide was calculated
using the degree-day model, which is based on the linear relation-
ship between ice and snow melting and the positive accumulated
temperature (Zhang et al., 2006). The recharged runoff of rockslide
was obtained through the soil conservation service curve number
(SCS-CN) hydrological model based on the water balance equation.
The Slope/W and Seep/W modules in the Canadian geotechnical
simulation software GeoStudio were used to analyze the relation-
ship between the externally supplied seepage and the slope stabil-
ity. This study also explored the relationship between deformation
and seepage using the method of lagged correlations (Bevacqua
et al.,, 2021) (supplementary methods). The number of days that
landslide deformation lags behind peak runoff is then determined
based on the temporal distribution of runoff. Besides, the deforma-
tion of the Baige rockslide and Xinmo rockslide was derived from
two existing representative studies (Intrieri et al., 2017; Li et al,,
2020).

Third, based on the nonlinear theory, the evolution process of
the MWBE was corroborated and discussed (Supplementary Data
Text S1). The logistic growth model, also known as a self-
inhibition equation, was used in this study to analyze the deforma-
tion characteristics of the landslide (May 1976; Alsharawi and
Angelos, 2006).

The following logistics difference Eq. (1) was used in this study:

dX,
dt

=kXa(1 —X,) (1)

where k denotes the growth rate of the deformation rate (x,,;) at a
certain time relative to the deformation rate (x,) of the previous
period, and X1, X, represents the ratio of x,,1, x, to the maximum
deformation of the existing slopes. When k is < 1, the landslide is in
the normal creep stage; when k is between 1 and 3, the landslide is
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in the accelerated deformation stage, and when k is > 3 the landslide
is assumed (predicted).

3. Results

3.1. Large scale and long cascade characteristics of catastrophic
rockslide disasters

In 2000-2019, the Yigong, Baige, and Xinmo catastrophic rock-
slides occurred within deep-cut canyons of the Yigong Zangbo
River (the tributary of the Yarlung Zangbo River), the mainstream
of the Jinsha River, and Songping gully (the tributary of the Min-
jiang River), respectively, in the eastern mountainous area of the
Eastern Tectonic Syntaxis of the Tibetan Plateau. The three rock-
slide disaster chains are located respectively on the northern edge
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of the Eastern Tectonic Syntaxis, the suture zone of the Jinsha
River, and the western edge of the Minjiang Fault block (Fig. 1a).
The elevations of the shear outlets of all three rockslide disasters
exceed 3047 m, with the highest being the Yigong rockslide at
4510 m. Thus, they are identified as high-elevation catastrophic
rockslides that formed long disaster chains and resulted in large
volumes of altered materials. The volumes of the Yigong, Baige,
and Xinmo rockslides were 199, 22, and 8 million m?, respectively
(Supplementary Data Figs. S1-S5, and Supplementary Data
Table S2). The first rockslide, Yigong, dammed the Yigong Zangbo
River and breached the resulting barrier lake, causing flooding at
a peak discharge of 100,000 m3/s (Chen et al., 2019b). This resulted
in a 606-km-long disaster chain with economic losses amounting
to 294.42 million dollars in China and approximately 94 casualties
in India (Fig. 1a, Supplementary Data Table S3). The second rock-
slide, Baige, was not fatal, owing to successful intervention and
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Fig. 1. Map and geographical setting of the three catastrophic rockslides in the eastern Tibetan Plateau. (a) Location map of the study area. The red, white, and yellow lines
represent the fault, contour, and topographic profile. Circles of different sizes indicate earthquakes of different magnitudes (M;s > 4.3). Blue, green, and white squares
represent the large landslides caused by heavy rainfall, earthquake, and human activities, respectively (Supplementary Data Table S1). The green triangle represents
catastrophic rockslides without heavy rainfall or strong earthquake before 2000. The red five-pointed stars indicate the locations of the three catastrophic rockslides within
the last 20 years. YGL: Yigong rockslide, BGL: Baige rockslide, XML: Xinmo rockslide. (b) The scale of the three catastrophic rockslides disasters and resulting losses. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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forewarning. However, the flood resulting from the barrier lake
breach at a peak discharge of 31,000 m>/s (Fan et al., 2019b) caused
economic losses of 947.34 million dollars and a 429 km-long disas-
ter chain (Fig. 1b). The third rockslide, Xinmo, resulted in 83 casu-
alties, financial losses amounting to 25.44 million dollars, and a
disaster chain>5 km in length (Fig. 1c, Supplementary Data Tables
S3, S4, and S5).

3.2. Catastrophic rockslides occurred in critical slopes formed in a
unique geological and geomorphic environment on spatial scale

The stability analysis results revealed that the safety factor of
the three rockslides before severe deformation varied between
1.09 and 1.25, which highlights the slope characteristics of the crit-
ical regime. Evidently, the three catastrophic rockslide areas fea-
tured the characteristics of high fault density, strong tectonic
uplift, fast fluvial incision, a high and steep slope, low rock
strength, and a weak sliding face (Fig. 2). The fault lengths in the
area within 100 km? of the landslides were 30.1, 29.9, and
33.9 km for the Yigong, Baige, and Xinmo rockslides, respectively.
Correspondingly, the fault densities were 2.3, 1.6, and 9.6 times the
density of the regional average faults (Supplementary Data Fig. S6).
Meanwhile, all three rockslides are located in areas with strong
tectonic uplift. From lowest to highest, the uplift rates in the
Xinmo, Baige, and Yigong rockslide areas were observed to be
1.9, 4.0-6.0, and 12.9-14.1 mm/yr, respectively (Supplementary
Data Table S6 and Figs. S7, S8). Between all the three catastrophic
rockslides, a high elevation difference is exhibited, between 810 m
and 1300 m, with slopes ranging of 29°-40°.
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Meanwhile, the rock mass of all slopes in the critical regime has
been severely weathered, thereby exhibiting a broken structure.
The sloping rock has formed fracture zones with thicknesses rang-
ing of 50-90 m. The joint fissures of the rock are also well-
developed, producing three groups of joints and thereby segment-
ing the rock into broken blocks with joint fissure densities ranging
of 7-10 pieces/m (Supplementary Data Fig. S9). The bedrock at all
sites has undergone severe chemical weathering, amplified by the
runoff from in the watershed adjacent. For the Baige rockslide, ser-
pentinite weathering has formed clay minerals with a small
amount of calcitic cementation. In the serpentinite, 49% lizardite
(H, Mg, O, and Si), 39% chrysotile (H, Mg, O, and Si), 9% dolomite
(C, Ca, Mg, and 0), 3% magnetite, and 1% calcite were observed
(Supplementary Data Fig. S10). The weathered soil of the Xinmo
rockslide sliding surface contained 30.9%, 30.6%, 28.5%, 9.0%, and
0.9% of mica, quartz, feldspar, chlorite, and magnetite contents,
respectively. The clay mineral content in the deposition area of
the Yigong rockslide was 3.2%.

For all sites, the prolonged geological processes lead to a weak
sliding surface on the slope in the critical regime subject to the
supporting force of a locked segment. The sliding surface after
the rockslide comprised a smooth sliding surface and a new brittle
fracture surface (Supplementary Data Fig. S11). For the Xinmo
rockslide, the upper part of the sliding surface comprised a strong
weathered surface that appeared to have formed over a relatively
long period of geological history, with an average length of
414 m, a width of 231 m, and an orientation of 196°/40° (dip
direction/ dip angle) (Supplementary Data Fig. S11). The orienta-
tion, average length, width, and thickness of the lower section
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Fig. 2. Slope in the critical regime of the three catastrophic rockslides and the geological and geomorphological background. (a) Schematics of Yigong, Baige, and Xinmo
rockslides. (b) Geological and geomorphological maps of the Yigong, Baige, and Xinmo rockslides. (c) Geological profiles of the Yigong, Baige, and Xinmo rockslides.
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are 217°/33°,181 m, 136 m, and 61 m, respectively. For the Baige
rockslide, a weak sliding surface with a length of 950 m and an
average width of 290 m developed on the slope surface that
appeared following the landslide itself. A new locked segment of
metamorphic gneiss with a length of 199 m outcropped at the
lower part of the sliding surface. For the Yigong rockslide, a locked
segment with a length of 206 m developed in the middle of the
landslide surface within an altitude ranging of 4551-4697 m,
forming a new fractured section. The sliding surface of the Yigong
rockslide was formed along with two sets of south-dipping joints.
The top and bottom parts of the sliding surface are connected, with
the top at the altitudes of 5320-4697 m and the bottom at 4551-
4510 m (Supplementary Data Fig. S12).

3.3. The MWBE of multiple meteorological and earthquake factors on
catastrophic rockslides in temporal scale

Notably, only one earthquake with a magnitude of 4.8 occurred
before the Yigong rockslide. Based on the intensity—duration (I-D)
model (Copernicus, 2020), the minimum rainfall intensities over
24 h required to induce the Yigong, Baige, and Xinmo rockslides
were 3.5, 2.4, and 2.2 mm/h, respectively. However, the actual pre-
cipitation levels were much lower, at 0.47, 0.00, and 0.94 mm/h,
respectively. Therefore, the imminent short-term rainfall is unli-
kely to have solely induced the catastrophic rockslides (Supple-
mentary Data Fig. S13).

Overall, the catastrophic rockslide occurrences exhibit temporal
coupling with the MWBE of early dry-heat events, antecedent rain-
fall, and imminent earthquakes. These processes show the charac-
teristics of the MWBE to have a low superposition frequency (once
in 1203-3922 years). For the Yigong rockslide, the driving factor
was the MWBE of climatic factors and weak earthquake (Fig. 3a).
In 2000, this Yigong rockslide was influenced by a dry-heat event
during winter and spring and an imminent earthquake with a mag-
nitude of 4.8. The standard precipitation index (SPI) in February
2000 was —1.67, with a low frequency of 0.05, indicating a severely
dry state before the rockslide. In addition, a remarkable increase in
temperature occurred from April 1 to April 9, 2000, with an aver-
age temperature of 4.63 °C and a low frequency of 0.075. The
earthquake acceleration generated at the rockslide location by
the imminent small earthquake on April 9, 2000, was 43.32 Gal,
with a low frequency of 0.1522. Before the Yigong rockslide, the
cumulative rainfall from January 1 to April 9, 2000, was
107.9 mm, less than the average precipitation over the same per-
iod, and the frequency was 0.6744. The superposition frequency
of the Yigong rockslide indicators was determined to be once in
2598 years (Supplementary Data Table S7). For the Baige rockslide,
the driving factor was the MWBE of antecedent rainfall and
increasing winter and spring temperatures (Fig. 3b). In 2018, this
rockslide occurred under extreme antecedent rainfall and dry heat
during winter and spring. The lowest temperature from March to
May 2018 was —1.2 °C, and the frequency was as low as 0.0172.
The cumulative antecedent rainfall from July 01 to October 10,
2018, was 530.2 mm, and the frequency was as low as 0.0323.
The lowest SPI during the winter and spring before the rockslide
was —0.4, which was close to the average SPI in the same period,
and the frequency was 0.459. Therefore, the superposition fre-
quency of the Baige rockslide indicators was determined to be once
in 3922 years (Supplementary Data Table S7). For the Xinmo rock-
slide, the driving factor was the MWBE of antecedent rainfall and
the dry-heat event during winter and spring (Fig. 3c). In 2017, it
occurred under extreme dry heat during winter and spring, along
with antecedent rainfall. The lowest SPI before the rockslide was
—1.61 in January 2017, and the frequency was as low as 0.1364,
indicating that conditions were severely dry before the rockslide.
The average lowest temperature during winter and spring, from
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March to May 2017, was —1.8 °C, and the frequency was as low
as 0.0408. The cumulative antecedent rainfall from March 1 to June
24, 2017, before the Xinmo rockslide, was 342.9 mm, and the fre-
quency was as low as 0.1493. Therefore, the superposition fre-
quency of the Xinmo rockslide indicators was determined to be
once in 1203 years (Supplementary Data Table S7).

3.4. Enlarged lagging runoff driving mechanism of the MWBE on
catastrophic rockslides

Owing to the MWBE, either the amplified and delayed runoff or
the additional influence of imminent earthquakes increased the
water pressure, thereby promoting the rupture mechanism of the
locked segment and triggering the occurrence of rockslide. In terms
of geomorphology, the formation area of an rockslides generally
includes an additional water confluence area of 4.9-23.9 times
the landslide area and can be categorized into three models: the
slope, valley, and ice melting models (Fig. 2b). For the Baige rock-
slide, the valley infiltration of the watershed (14.8 km?) at the slop-
ing rear increased the seepage of the landslide (Fig. 2b). The
additional water confluence catchment area was 23.9 times more
than the landslide body above the locked segment. For the Yigong
rockslide, an ice-snow meltwater confluence area of 1.12 km? was
observed around the landslide body, 4.9 times that of the landslide
body above the locked segment (Fig. 2b). For the Xinmo rockslide,
the runoff water on the sloping rear and the lateral confluence
water infiltrated the landslide slope along the bedding plane and
fissures. The water replenishment area of the Xinmo rockslide
was 0.84 km?, which is 5.6 times that of the landslide body above
the locked segment (Fig. 2b). Also, the groundwater has become
exposed at the front edge of the landslide. The slope of the rock-
slides typically exhibited a replenishment effect of runoff amplifi-
cation caused by the landforms from the exterior of the body of
each rockslide. The runoff amplification caused by the combination
of antecedent rainfall, antecedent temperature, and the confluence
of the landforms significantly increased the seepage rate of the
slope, which was 8.5-26 times more than that of the body of the
landslides (Fig. 3d, e, f). For the Baige rockslide, the maximum
seepage rate from the landslide body was 0.1 m3/s on July 2,
2018, whereas that from the Bogong gully at the rear of the land-
slide was 2.6 m3/s, 26 times more than that of the body of the
slope. For the Xinmo rockslide, the maximum seepage rate from
the landslide body was 0.01 m3/s on June 1, 2017, whereas that
from the rear and lateral side of the slope was 0.1 m?/s, which is
ten times more than that of the body of the slope. For the Yigong
rockslide area, the precipitation from April 1-9, 2000, was
42.9 mm, and the amount of snowmelt was 288.2 mm. The maxi-
mum daily average discharge was 1.07 m3/s on April 1, 2000,
entirely generated by snowmelt. The runoff generated by snow-
melt was 8.5 times more than that caused by precipitation.

Many studies analyzed the deformation characteristics of the
rockslide based on remote sensing techniques, such as time-
series SAR observations, and found that both the Xinmo rockslide
and the Baige rockslide had a long history of deformation
(Intrieri et al., 2017; Li et al., 2020). In particular, the cumulative
deformation of the Baige landslide was as much as 40 m in the past
decade before the event (Fan et al., 2019a). In addition, signifi-
cantly accelerated deformation phases were detected before the
landslides occurred. However, there was no heavy rainfall or strong
strong earthquakes at the time of landslide occurrence. From these
results, it can be stated that the long-distance infiltration of
enlarged runoff causes significant hysteresis of landslide occur-
rence. For the Baige rockslide, based on the lagged correlation anal-
ysis, the correlation coefficient between landslide deformation and
seepage was highest when deformation lagged seepage by 88-
91 days, with 0.87-0.92 (Fig. 3e and Supplementary Data
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Fig. S14a). So the seepage discharge from June 26 to July 7, 2018,
was found to have caused the most considerable deformation of
455.1 cm from September 22 to October 3, 2018, and the deforma-
tion lagged 89 days after the date of the maximum seepage. There-
fore, for the Baige rockslide, it can be concluded that the maximum
seepage from the Bogong gully, which occurred 89 days earlier,
caused the most considerable deformation on October 3, 2018. Fol-

lowing this, the continuous heavy rainfall of 41.0 mm in the subse-
quent six days (July 8-13) led to the rockslide occurrence on
October 10, 2018 (Fig. 3e). For the Xinmo rockslide, based on the
lagged correlation analysis, the correlation coefficient between
landslide deformation and seepage was highest when deformation
lagged seepage by 5-9 days, with 0.60-0.66 (Fig. 3f and Supple-
mentary Data Fig. S14b). So, the seepage discharge of June 1-12,
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2017, resulted in a maximum deformation of 9.5 mm during June
8-19, 2017. The deformation lagged eight days after the date of
the maximum seepage. Therefore, the maximum seepage of the
Xinmo rockslide that occurred eight days earlier caused the largest
deformation. The continuous rainfall of 39.1 mm in the subsequent
five days (June 13-17, 2017) led to the rockslide occurrence on
June 24,2017 (Fig. 3f). For the Yigong rockslide, the extremely high
temperature (1955-2018, T95P > 95%) that occurred nine days
before the landslide caused maximum snowmelt runoff. The snow-
melt runoff most likely infiltrated and reached the locked segment
after nine days, thereby initiating the landslide (Fig. 3d). The
delayed and enlarged runoff led to an increase in water pressure,
consequently reducing the strength of the locked segment. Numer-
ical simulation results reveal that the initial water pressures of
locked segments in the Yigong, Baige and Xinmo rockslides were
—14.95, 56.02, and 19.64 kPa, respectively (Supplementary Data
Figs. S15, S16, S17, and Table S8). Moreover, the internal and exter-
nal geological dynamic effects decreased the strength of the locked
segments by 0.28-0.77 times that of their initial regimes. For all
the rockslides, the replenishment runoff increased the water pres-
sures of the locked segments in Yigong, Baige, and Xinmo to
140.21, 118.81, and 1608.21 kPa at the time of each landslide,
which was 10.37, 2.12, and 81.88 times more than the initial water
pressures, respectively. The continuous increase in water pressure
and decrease in rock mass strength at all sites eventually led to the
rockslides. In addition, for the Yigong rockslide, a small earthquake
before the landslide further increased the water pressure and pro-
moted the landslide at that site.

3.5. Formation processes of MWBE on catastrophic rockslides

The formation of these catastrophic rockslide is a chaotic slope
process in the critical regime subject to the MWBE events and can
be predicted early in the process. For any given rockslide where a
fractured weathering face and locked segment with low weather-
ing intensity co-exist, the sliding face is non-homogeneous, and
the evolution process is nonlinear. The loose deposits heaped at
the toe of the slope after the occurrence of rockslide show us
the chaotic system existence. The slope in the critical regime
formed by tectonics and climate change in the early stage of
the landslide process indicates the starting location for the evolu-
tion of the chaotic system. The fractured surface of the locked
segment in the body of the landslide reflects characteristics of
the micro-fracture process of the rock, in which a thermodynamic
entropy reduction process occurs, thereby indicating one stage of
the chaotic process. Many factors, such as early-micro distur-
bances, pro-micro disturbances, and imminent micro-
disturbances of the rockslide, jointly play a role in the specific
mode of the event (Fig. 4). Changes in temperature and antece-
dent rainfall and drought combined with or without earthquakes
amplify exceptional runoff and can also cause considerable dis-
turbances to a landslide. The complexity of these factors demon-
strates that catastrophic rockslide is a chaotic process. Further,
the deformation process of rockslide is positively affected by
the increase in water pressure and the decrease in resistance
caused by the runoff infiltration. Meanwhile, deformation is neg-
atively affected by the leakage, evaporation, and consolidation of
the sliding surface. For example, the maximum Lyapunov expo-
nents of the Xinmo and Baige rockslides were found to be
0.1329 and 0.0771, respectively (Supplementary Data Fig. S18).
In this way, the rockslide deformation process satisfies the chao-
tic process of the logistics difference equation.

The ratios of the last recorded deformation velocity to the pre-
vious deformation velocity before the Xinmo and Baige rockslides
were 2.88 and 1.28, respectively. They were consistent with the
characteristics of the balance section of the logistics difference
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equation. As shown in Fig. 4, the entire deformation process of
rockslide can be divided into the normal creep deformation phase
(k < 1), accelerated deformation phase (k = 1 to 3), and chaotic
phase of rupture and sliding of a locked segment (k > 3). In the nor-
mal creep deformation phase, the negative effect is greater than
the positive effect. In the sliding phase, the positive impact is sig-
nificantly greater than the negative effect, and the slope begins to
enter a chaotic process. In the accelerated deformation phase, the
rockslide process with a k value ranging from 1 to 3 can be pre-
dicted and forewarned about.

4. Discussion

Based on the aforementioned research, the MWBE mechanism
of catastrophic rockslides is considered universally applicable.
According to the disaster data published in the China Geological
Environment Bulletin and the China Geological Survey, 502 catas-
trophic rainfall-induced landslides with casualties or property
losses of >1 million RMB occurred in China between 2010 and
2020. Among them, at the occurrence time of 340 landslides (ac-
counting for 67.9% of the total), there was no heavy rainfall or
strong earthquakes that could be said to have directly triggered
these landslides. Instead, the landslides were mainly affected by
multiple other factors such as antecedent rainfall, dry-wet cycles
and freeze-thaw cycles at early stages, light-to-moderate seismic
shaking, and landform runoff amplification (Shang et al., 2003;
Gariano and Guzzetti, 2016; Su et al., 2017; Tian et al., 2020;
Song et al., 2022). Similarly, precipitation clustering was detected
before 83% of landslides in Portugal (Bevacqua et al., 2021). These
show that the MWBE has a universal influence on landslides. In
addition, indications of MWBEs can be noted from typical cases
of large-scale landslide disasters, such as the Lugong and Touzhai
landslides on the Yunnan-Guizhou Plateau in China, the Tang-
gudong landslide on the eastern edge of the Tibetan Plateau in
China (Huang, 2009), the Peruvian Mantaro landslide in the Andes
(Berrocal et al., 1978), and the Honduran EI Berrinche landslide
(Olsen and Villanueva, 2007).

Moreover, most debris flow disasters related to landslides are
also the result of MWBE. For example, in the Panxi region of China,
only about 40% of debris flows and heavy rainfall occur simultane-
ously (Tan et al., 1994). Thus, it is reasonable to infer that 60% of
debris flow disasters are related to the effects of multi-factors, such
as antecedent rainfall and dry-wet and freeze-thaw cycles. In addi-
tion, according to the 3839 catastrophic debris flows in Sichuan
Province, China from 1949 to 2017 the distribution of debris flows
showed that 90% were distributed in dry valleys and seismic zones
(Di et al., 2019). This phenomenon indicates that the distribution of
debris flows is not only controlled by rainfall but also by the char-
acteristics of soil masses, topography, and other factors in dry val-
leys and seismic zones. Based on this, debris flows are clearly the
result of multiple factors, that is, the MWBE described in this
paper. For example, the Zhouqu debris flow that occurred on
August 8, 2010, was affected by numerous factors, such as drought,
which caused soil cracking, disturbances from the Wenchuan
earthquake in its early stages, heavy rainfall, and human activities
(Ren, 2014). The drought before the Puge debris flow, which
occurred on August 8, 2017, was also conducive to the occurrence
of debris flow (Zhong et al., 2021).

The aforementioned landslides and debris flows are examples of
the extreme process of gravitational erosion in the evolution of
landforms (Egholm et al., 2013). Geological disasters such as land-
slides and debris flows can be induced by heavy rainfall or strong
earthquakes and can also be caused by MWBE. There are differ-
ences between the landslides caused by MWBE and the landslides
induced by strong earthquakes or heavy rainfall (Table 1). How-
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Table 1

Main differences between the landslides caused by MWBE and the landslides induced by strong earthquakes or heavy rainfall.

Landslides induced by MWBE

Landslides induced by strong earthquakes

Landslides induced by heavy rainfall

Drivers Compound of multiple drivers
Distribution Individual distribution
Scale Very large scale, mainly deep landslides
Time Spring or Summer or Fall /
Preconditions  Slope in critical regime with weak-soil and strong-water /
conditions
Mechanism Increased water pressure caused by amplified and delayed
runoff
Prediction Combination of rainfall trends, topographic features, the
and compound of multiple drivers, and deformation indicators
warning

Strong earthquakes
Strip-like distribution
From very large to small scale

Reduction of elastic modulus, the formation or
widening of cracks at the top of the slope, etc.
Synchronization with prediction and warning of
strong earthquakes

Heavy rainfall

Regional distribution

Moderate or small scale, mainly
shallow landslides

Mainly during Summer

/

Increase in soil water content, pore
water pressure, and buoyancy force
IntensityDuration curve and
deformation indicators

ever, consider that the energy accumulation process of a strong
earthquake with a magnitude of 8 or above, such as the Wenchuan
earthquake, takes about 4000 years (Shen et al., 2009). Meanwhile,
super-heavy rainfall, which can directly trigger landslides and deb-
ris flows, tends to be a low-frequency event, usually once in a hun-
dred years to once in a thousand years (Huang, 2009). The MWBEs
analyzed in this study are also low-frequency events representing
the combination of early extreme drought, temperature changes,
antecedent rainfall, and weak earthquakes. Therefore, the MWBE
is a widespread condition that can cause landslides and debris
flows in long-term landform evolution.

In summary, the proposed MWBE mechanism for catastrophic
rockslides reflects that low-frequency events involving multiple
small factors can be an alternative for the role of a single highly
abnormal earthquake or heavy rainfall as the triggers of catas-
trophic landslides/rockslides. Besides, the MWBEs formed by com-
bining multiple factors are universal.

5. Conclusions

Using the three largest rockslides (Yigong, Xinmo, and Baige) in
the eastern Tibetan Plateau over the past 20 years as a basis, this
paper proposes for the first time that the multi-wing butterfly
effects (MWBE) of climatic factors and weak earthquakes may
drive catastrophic rockslides disasters rather than heavy rainfall
or strong earthquakes. The following conclusions can be drawn
from this study:

(i) The catastrophic rockslide caused by MWBE on the eastern
edge of the Tibet Plateau has large-scale characteristics, a
long disaster chain, repeated occurrence and difficult
prevention.

(ii) The slopes in critical regime formed by strong tectonic uplift,
fast fluvial incision, high-density faults, and significant
regional water confluence area laid the basis for catastrophic
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rockslides. Therefore, the target rockslide-prone areas can be
identified early based on the tectonic background and geo-
morphological characteristics.

(iii) The MWBE of early dry-heat events and antecedent rainfall,
combined with imminent weak earthquakes, drive the
occurrence of AGSR. Therefore, the compound of multiple
small factors can be used for the prediction and warning of
landslides, but its accuracy needs to be further improved
with the increasing number of study cases.

(iv) The delayed amplified runoff moving toward the sliding sur-
face and lowering of the strength of the locking-rock seg-
ment constituted the fundamental mechanism of the
MWBE on catastrophic rockslide. Therefore, special atten-
tion should be paid to the hysteresis characteristics between
the time of such a rockslide and peak rainfall.
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