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Abstract

A good understanding of seismic giant landslides could provide favourable guidance for
seismic stability evaluation of nearby slopes. Here, an excellent example of a catastrophic
seismic landslide named the Mogangling giant landslide (MGL), located upstream along
the Dadu River and triggered by the 1786 Moxi M 7.75 earthquake, is analysed for its
deposit characteristics, failure mechanism and dammed lake. The MGL, with a volume of
approximately 4500 x 10* m®, 450 m long and 1000 m wide, blocked the Dadu River com-
pletely and caused over 100 000 deaths when the landslide dam broke. The MGL occurred
on the upper part of a narrow granite ridge; a potentially unstable wedge-shaped rock mass
was separated from the remaining massif by unloading fissures and an active fault (Detuo
fault) that just crossed the slope foot. The Moxi earthquake coupled with strong site ampli-
fication triggered the MGL, which blocked the Dadu River; the elevation of the dam crest
was approximately 130 m higher than the present river level. The dammed lake had a vol-
ume of approximately 9.504 x 10% m?, an area of 19.91 km? and a length of approximately
31 km; the peak flow of the outburst flood was larger than 7100 m%s. After hundreds of
years of concave bank erosion, the deposit is divided into the right bank deposit (main
deposit) and left bank deposit (residual deposit).
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1 Introduction

Seismic giant landslides refer to seismic landslides with volumes>10°® m*® and are
important drivers of regional landscape evolution and erosion rates (Turnbull and
Davies 2006; Korup et al. 2007; Hewitt et al. 2008; Antinao and Gosse 2009; Panek
et al. 2010). Seismic giant landslides usually affect slopes at depths of tens to hundreds
of metres of terrain change under strong seismic shaking, and sudden dramatic terrain
changes can have catastrophic consequences, such as blocking rivers and burying vil-
lages (Dai et al. 2005; Chen et al. 2013; Guo et al. 2016; Deng et al. 2017; Wang et al.
2018a).

At present, giant seismic landslides occur all around the world (Petley 2013; Havenith
2014; Yang et al. 2014; Kargel et al. 2016), and the eastern margin of the Tibetan Pla-
teau (EMTP) is a typical area prone to seismic giant landslides (Dai et al. 2005; Huang
and Fan 2013; Guo et al. 2016; Wu et al. 2018; Wang et al. 2018b). The EMTP, forming
the transitional zone between the Tibetan Plateau and the Sichuan Basin, presents strong
tectonic activity, high geostress, frequent mega-earthquakes and intense river erosion;
these unfavourable factors make this region a world famous area prone to seismic giant
landslides. For example, the 2008 Wenchuan Ms 8.0 earthquake triggered 112 giant
landslides (Xu et al. 2009a, b, 2011); the 1933 Diexi Ms 7.5 earthquake generated 17
giant landslides, (Zhao 2020); the 1879 Wenxian Ms 8.0 earthquake produced 49 giant
landslides; and the 1786 Moxi Ms 7.75 earthquake triggered at least 3 giant landslides
(Wang et al. 2019; Zhao 2020). The typical geomorphic features of deeply cut gorges
in the EMTP give these seismic giant landslides, such as the Tangjiashang landslide,
Daguangbao landslide, Lantianwan landslide and Wangjiayan landslide, the character-
istics of high source relief, completely dammed rivers and bedrock outcrops that appear
deceptively stable due to incomplete disintegration (Cui et al. 2012; Huang et al. 2012;
Yin et al. 2015; Wang et al. 2019).

In fact, a seismic giant landslide is the important beginning of a hazard chain and is
responsible for the next blockage of a river or frequent debris flows (Xu et al. 2009a,
Huang and Fan 2013, Wang et al. 2019, Zhao et al. 2019). A good understanding of the
failure mechanism and damming process could provide useful guidance for interrupt-
ing hazard chains and evaluating regional susceptibility. In this study, we present an
example of an ancient seismic giant landslide—the Mogangling giant landslide (MGL)
triggered by the 1786 Moxi M 7.75 earthquake, located in the upstream reach of the
Dadu River. The Dadu River is a typical active river, and numerous giant landslides are
distributed along its bank (Wu et al. 2011; Wang et al. 2012, 2019; Deng et al. 2017).
According to historical records, the MGL dam blocked the Dadu River completely, and
the breaching of the landslide dam 10 days after the occurrence of the landslide caused
more than 100 000 deaths in the downstream section (Dai et al. 2005; Wu et al. 2013).

The main objectives of this study are to (1) analyse the regional setting, morphologi-
cal features and typical characteristics of the source area and deposit area; (2) determine
the failure mechanism; and (3) discuss the process of dam break.
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Fig. 1 Location and regional tectonic settings of MGL landslide. a Large regional tectonic and seismic features
and landslide location, b distribution of sub-fault blocks, historical earthquakes, fault zones and topography fea-
tures around landslide site and seismic intensity of Moxi earthquake. The historical earthquakes are from China
Earthquake Network Center (http://www.cenc.ac.cn/), the GPS data are from Zhao et al. 2015, intensity contour of
Moxi earthquake is from Dai et al. 2005. SC B Sichuan basin, C-D B Chuan-Dian block, SP-GZ B Songpan-Ganzi
block; KD Kangding (earthquake), LS Lushan (earthquake), MX Moxi (earthquake), ZDT Zheduotang (earth-
quake), DF Daofu (earthquake), WC Wenchuan (earthquake); LMS F. Longmenshan fault zone, XSH F. Xianshu-
ihe fault zone, DT F. Detuo Fault zone. LS Lengzhuguan station, MGL Mogangling giant landslide
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2 Geomorphic and geological setting
2.1 Regional tectonic setting

The MGL is located in Mogangling Mountain, Luding County, Sichuan Province,
Southwest China, which is on the EMTP (Fig. 1a). The EMTP is a transitional zone
between the Tibetan fault block and the Yangtze fault block and is famous for its wide-
spread tectonic activity and earthquakes (Hubbard and Shaw 2009; Xu et al. 2017; Ren
et al. 2018). The MGL lies in one of the areas with the most active tectonism (Fig. 1a).

According to regional tectonic structures, the MGL area is at the intersection of 3 blocks
separated by active fault zones: the Sichuan Basin, Songpan-Ganzi block (eastern margin
of the Baryan Har fault block in Fig. 1a) and Chuan-Dian block; numerous earthquakes are
distributed along block boundaries (Fig. 1b; Wang et al. 2011; Sun et al. 2018). Regional
global positioning system (GPS) measurements near the MGL area present an obvious
change from more than 10 mm/y in the Chuan-Dian block decreasing to less than 6 mm/y
in the Sichuan Basin (Fig. 1b, Zhao et al. 2015); much strain energy accumulates here, and
high geostress is widely distributed (Wu et al. 2013).

Two fault zones also meet near the MGL area: (1) the Longmenshan fault zone that trig-
gered the 2008 Wenchuan Ms 8.0 and 2013 Lushan Ms 7.0 earthquakes (Xu et al. 2009a,
b; Gorum et al. 2011; Xu et al. 2013b) and (2) the Xianshuihe fault zone that has produced
numerous large earthquakes, such as the 1725 Kangding Ms 7.0, 1786 Moxi Ms 7.75 and
1955 Zheduotang Ms 7.5 earthquakes (Zhou et al. 1983; Papadimitriou et al. 2004; Dai
et al. 2005; Fig. 1b).

The MGL is in the upstream reach of the Dadu River and on the right river bank
(Figs.1b, 2). The high relief from more than 7000 m (Gongga Mountain in Fig. 1b) to less
than 1000 m (Dadu River valley) and the deeply cut gorge are typical geomorphic features
of the MGL area. Four sub-faults, the Moxi fault, Detuo fault, Maowen fault and Jinping
fault, converge in the MGL area (Fig. 2); these sub-faults are branches of the Longmenshan
fault zone (Maoxian fault) and Xianshuihe fault zone (Moxi fault, Detuo fault and Jinping
fault) (Zhao et al. 2012; Wu 2013; Qi et al. 2017).

The MGL area is an area with typically high geostress; the maximum principal stress
reaches 26 MPa and is oriented in the N50°-75°W direction (Huang et al. 2011; Wu
2013). This stress and the rapid river incision (Luding section: 0.38 mm/y, Zhao et al.
2013) causes rock to unload strongly towards the free space. All these factors lead to many
fractures in the rocks near the MGL area (Wang et al. 2007). Frequent earthquakes can
easily trigger these fractured rocks, making the MGL area susceptible to large landslides,
as shown in Fig. 2. Based on field investigations, there are 17 giant landslides distributed
along the Luding section of the Dadu River (approximately 65 km long); detailed informa-
tion on these giant landslides is listed in Table 1. All these palaco-landslides blocked the
Dadu River, and the MGL is one of the youngest.

On 1 June 1786, a very large earthquake (the Moxi earthquake) struck the Luding area
with an epicentre located at 101° 15" E, 30° 03’ N and a focal depth of approximately
20 km (Wang and Pei 1988; Dai et al. 2005). Its magnitude is estimated at M =7.75, its sur-
face rupture extended approximately 80 km, and its intensity reached degree X, as shown in
Fig. 2 (Wang and Pei 1988). The seismogenic fault is the Moxi fault, which is a thrust and
sinistral strike-slip fault with an average horizontal slip rate of 9.9+0.6 mm/y (Zhou et al.
2001; Dai et al. 2005). The MGL is located in the hanging wall area of the Moxi seismic
event within the intensity IX area (Fig. 2).
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Fig.2 Small regional settings around MGL and distribution of nearby giant landslides. F1-Maowen fault
(Longmenshan fault zone), F2-Jinping fault, F3-Detuo (DT) fault, F4-Moxi fault. The detail information
of giant landslides is listed in Table 1. The intensity is the intensity contour of 1786 Moxi earthquake (Dai
et al. 2005)

The Moxi earthquake triggered at least 3 giant landslides: the Mogangling, Lantianwan
and Detuo landslides, as listed in Table 1 (Wu 2013; Gu et al. 2016; Wang et al. 2019).
The Mogangling landslide was the most serious slide; it blocked the Dadu River and later
caused more than 100 000 deaths when the landslide dam broke (Dai et al. 2005).

2.2 Geomorphic and lithological features
Figure 3 shows a geological map of the MGL area, which is mainly composed of intru-

sive rocks (granite and diorite), the Triassic Xujiahe Group and Quaternary sediments. The
granite can be divided into common granite (,), potash feldspar granite (y;,), plagiogranite
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Table 1 Detail information of giant landslides in Dadu River Luding section

Landslide Scale Type Location Block river River bank Occurred time
(10°m*)
E(®) N ()

Gancaocun 880 Rock 102°11'50” 29°53'55"  Yes Right Ancient
(GO

Detuo (DT) 4.3 Rock 102°10"54" 29°34'12"  Yes Left Ancient

Lantianwan 30 Rock 102°10"46" 29°35'27"  Yes Left 1786
(LTW)

Mogangling 45 Rock 102°09"41" 29°37'30" Yes Right 1786
(MGL)

Jiajun (JJ) 130 Rock 102°12' 15" 29°40'26" Yes Left Ancient

Shangkuiwu 55 Rock 102°11'30" 29°39"47"  Yes Right Ancient
(SKW)

Haizishang 15 Rock 102°11'32" 29°43"17" Yes Right Ancient
(HZS)

Wuzhisuo 200 Rock 102° 13" 11" 29°44'43"  Yes Left Ancient
(WZS)

Gangudi 380 Rock 102°12'58" 29°49'28"  Yes Left Ancient
(GGD)

Chuni (CN) 400 Rock 102°21'1" 29°49'20" Yes Right Ancient

Siwanli 50 Rock 102°13"49" 29°56'18"  Yes Left Ancient
(SWL)

Zanli (ZL) 30 Rock 102°12'37" 29°58'28"  Yes Right Ancient

Wasigou 190 Rock 102°9'51" 30°4' Yes Right Ancient
(WSG) 21.89"

Zhanggu 290 Rock 102°10"3" 30°5'20" Yes Right Ancient
ZG)

Yangchangu 1.1 Rock 102°10" 18" 30° 7" 58" Yes Right Ancient
(YCG)

Jiaojigou 5.8 Rock 102°11'6" 30°5'10"” Yes Left Ancient
JIG)

Xiongju (XJ) 2.0 Rock 102°10'3" 30°5'20" Yes Left Ancient

Ganbhaizi 16 Rock 101°52'38" 30°57' 18"  Yes Right Ancient
(GHZ)

(7,2) and migmatitic granite (y,,,). The MGL occurred in the plagiogranite (y,,), and some
outcrops of the Triassic Xujiahe Group are present on the bank opposite the MGL (Fig. 3).
The Detuo fault, especially its western branch, crosses the MGL (Fig. 3).

The MGL originated on a typical narrow ridge bounded by two rivers: the Dadu River
and the Moxi River (Fig. 4). The Dadu River has an obvious deflection at the MGL, where
it turns from NE in the upstream reach to SE in the downstream reach. The concave bank
erosion theory (Page and Nanson 1982; Nanson and Hickin 1986) indicates that the foot of
Mogangling Mountain is continuously eroded. The Dadu River is an important tributary
of the Yangtze River; the maximum discharge generally occurs during the summer season
between June and September, the flow is between 100 and 1500 m>/s, and the average flow
is approximately 891 m%s (Dai et al. 2005).

The high geostress and intense rock unloading have fractured Mogangling Moun-
tain; for example, two outcrops of very fractured rocks collapse frequently (Fig. 4c, d).
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This situation poses a serious threat to traffic safety and provides sufficient deposits for
the occurrence of debris flows.

3 Methodology

In this study, a detailed field investigation, along with unmanned aerial vehicle (UAV)
and digital photography, drill holes, geophysical prospecting, historical records and
seismic responses, is used to study the geomorphic features, deposit structure and
zonation, failure mechanism and dammed lake caused by the MGL.

@ Springer



466 Natural Hazards (2021) 106:459-485

EAN Narrow ridge B

Mogangling (M) Mt.

A Length /m

T
1000

mcmcm AMT profile
O Dril hole

= = = Fault

Fig.4 Typical characteristics of M (Mogangling) mountain. a Satellite image of Mogangling landslide, b
profile of Mogangling mountain, c—d field photographs of fractured rock at ¢ point and d point. Geophysical
prospecting profile (c—d) is shown in Fig. 8. The satellite image is from Google earth

3.1 Field investigation and drill holes

A detailed field investigation was conducted using a hand-held GPS instrument, laser
rangefinders, geological compass and field records. The material composition, bounda-
ries and other field properties of the landslide deposits were determined and recorded.
The slope structures, the lithology of the source area and evidence of the failure mecha-
nism were also collected. UAVs were used to characterize the overall features of the
MGL. Historical records about the MGL were gathered to identify the triggering fac-
tor and the features of the dammed lake. A high-resolution topographic map (1:5 000),
geological map (1:200 000), and detailed parameters for the Moxi earthquake are also
obtained.

Table 2 Detail information of 6 drill holes

Drill hole Location Elevation (m) Drilling depth (m) Deposit depth (m)
E(©) N ()
ZKO01 102.156262 29.62522 1375 97.30 97.30
ZK02 102.158472 29.62525 1335 202.10 192.00
ZKO03 102.160950 29.62611 1125 96.20 15.60
ZK04 102.157582 29.62195 1400 103.50 79.10
ZKO05 102.159298 29.62231 1355 202.90 180.70
ZK06 102.161417 29.62454 1145 95.10 85.20
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Six drill cores (Fig. 9, Table 2), whose lengths ranged from 95 to 202 m, were drilled to
characterize the deposit structures and depths, the original river channel, the bedrock and
the scale of the landslide. Detailed information about the 6 drill holes is listed in Table 2.

3.2 Geophysical prospecting profile

To clarify the internal characteristics of the MGL, a geophysical prospecting profile
(Fig. 4a) using the audio-frequency magnetotelluric (AMT) method was measured, and the
geophysical prospecting equipment used was a V8 Electric instrument (Canadian Phoenix
Geophysics, http://www.phoenix-geophysics.com/products/receivers/v8/). The location of
the geophysical prospecting line is shown in Fig. 4a; its length was 2000 m, and the inter-
val between adjacent sounding points was 20 m. The standard crisscross pole distribution
was adopted as shown in Fig. 5.
The sounding depth can be estimated by the following equation (Liu 2014).

h =365/, /f (1)

where & is the estimated prospecting depth, p, is the resistivity and fis the frequency. The
frequency range of the V8 system, was 0.1-10,000 Hz, and the sounding depth could range
from tens of metres to thousands of metres (Zhang 2015). The MTSoft2D software was
adopted for lateral data processing and inversion, and the inversion was performed by the
Bostick method. The interpreted result is shown in Fig. 8.

3.3 Seismic response to narrow ridge

The MGL was triggered by an M 7.75 earthquake (the Moxi event), and the seismic condi-
tions of the Mogangling slope instability can provide useful guidance for determining the
failure mechanism. Therefore, a simple earthquake station, named the Lengzhuguan (LZG)
station, was established 50 km upstream from the MGL (Figs. 1b, 2) in a location with
features similar to those of the MGL, including corresponding geomorphic units (narrow
ridge linked to a large mountain and cut by two rivers) and the same lithology (granite);
both locations are on the right river bank and have a concave bank (Figs. 3, 4a, 6a).

Fig.5 Standard crisscross pole

distribution of sounding points Electrodel ] 0°

using AMT m;thod. The figure is True or

revised from Liu (2014) magnetic
North

Ey dipole

90°
270°

Ex dipole
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The LZG station, made up of 3 accelerometers, is located on a narrow granite ridge
(L1 and L2), as shown in Fig. 6. Because the MGL occurred in the upper part of the nar-
row ridge, accelerometers L1 and L2 are located in the middle and top parts of the narrow
ridge, and accelerometer L7R is in the inner part (250 m) of the large mountain and treated
as a reference station. The Lengzhuguan station works year round to capture as many seis-
mic events as possible.

4 Moxi earthquake triggered the MGL

At noon on 1 June 1786, the Moxi M 7.75 earthquake struck the Luding area and triggered
the MGL, which was recorded on a local stele (Fig. 7a). The distance from the MGL to
the epicentre is approximately 31 km, while that to the seismic fault (Moxi fault) is only
approximately 2 km.

The main slide direction is approximately 75°. After hundreds of years of erosion and
transformation, some deep gullies have formed, especial at its two lateral boundaries
(downstream boundary and upstream boundary, Figs. 7, 9). The front edge of the deposit
is the Dadu River, the deposits have been eroded intensively (Fig. 7e), and obvious local
headscarps exist (Fig. 9).
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Fig.7 Overall UAV images of MGL. a Moxi earthquake-triggered MGL recorded by ancient stele, b over-
all UAV images of MGL, ¢ upstream boundary, d downstream boundary, e front edge of MGL
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Fig.8 Geophysical prospecting profile (AMT method) of Mogangling landslide; location of profile is
shown in Fig. 4a

The interpreted results of geophysical prospecting using the audio-frequency magne-
totelluric (AMT) method are shown in Fig. 8. Figure 8 illustrates that the Detuo fault just
crosses the slope foot, which may have had a direct influence on the occurrence of the
MGL. The original course of the Dadu River was also located at the original slope foot,
and the MGL forced the channel eastward (Figs. 8, 10).
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The width (along the river), length and relative height of the MGL are approximately
1000 m, 1200 m and 770 m, respectively (Figs. 9, 10), and the deposit depth varies between
55 and 192 m, as revealed by drill holes (Fig. 9). The volume of the MGL is approximately
4500% 10* m’.
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After the occurrence of the MGL, its deposits blocked the Dadu River (Fig. 9), and
10 days after the event occurred, the dam broke (Dai et al. 2005). An obvious resid-
ual deposit platform remains in the front section (Figs. 9, 10), which indicates that the
deposits accumulated at the bottom of the V-shaped gorge and completely filled it after
the unstable slope broke loose; a relatively gentle platform formed, which is similar
to the Tangjiashan landslide deposit triggered by the 2008 Wenchuan earthquake (Xu
et al. 2013a). The rock in the source zone is plagiogranite, and the boundary between
the deposit zone and source zone is clear (Fig. 11). Hundreds of years of erosion have
completely cut the deposits into 2 parts (right bank part and left bank part), as shown in
Fig. 11.

5 Landslide zonation and corresponding characteristics

According to the field investigations, in addition to dividing the MGL into the source
zone and the deposit zone, each zone be divided into sub-zones. The deposit zone is
divided into 2 sub-zones (sub-deposits I and II). The source zone can be divided into
the source area and the transitional area; the source area can also be divided into 2 sub-
sources (sub-sources I and II), as shown in Fig. 11. These sub-zones feature different
morphological elements and geological structures and are discussed in detail.
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5.1 Source zone

The elevation in the source zone varies between 1380 and 1890 m. The bedrock of the
MGL is plagiogranite, which is an intrusive rock without internal planes; thus, the struc-
tural planes that developed in the rock mass become the key element to slope stability.
According to numerous structural plane measurements in the source zone, 3 obvious
sets of structure planes are present: plane-1: 65°—95° 2£40°—60°, plane-2: 140°—180°
£45°—70°, and plane-3: 300° —330° £50° —70°. The corresponding stereographic projec-
tion indicates a potential wedge-shaped rock mass bounded by these sets of structure planes
(Fig. 12a). Plane-1 is a bedding plane, and plane-2 and plane-3 are lateral planes (Fig. 10).
Numerous wedge-shaped rock masses (Fig. 12b, c¢) and small wedge failures (Fig. 12d) are
formed by these sets of structural planes in the source zone. These results indicate that the
MGL is a wedge-shaped rock mass failure landslide.

The source zone can be divided into the source area (1600-1890 m in elevation) and
the transitional area (1380 m-1600 m in elevation) based on whether bedrock crops out.
The bedrock outcrop section is the source area, and the section buried in colluvium is the
transitional area.

5.1.1 Source area
The source area in this section mainly refers to bedrock exposures whose elevation is

1600-1890 m. The slope gradient varies from 50°—75°. The source area can be divided
into two sub-source I and sub-source II (Fig. 13).

Fracturedrock 7,

Fig. 12 Stereographic project diagram in source zone (a) and typical wedge rock masses (b, ¢) and wedge
failures in source zone (d). Locations of b, ¢ and d are listed in Fig. 13a
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Over view

Sub-source |

Sub-source ll

Fig. 13 Typical characteristics of source zone. a Overall view of source area, b bedrock in sub-source I, ¢
narrow ridge (head scarp), d gravitational graben in narrow ridge, e overall view of sub-source II, f eroded
gully is developed in the boundary of bedrock and deposit, g fractured rocks and wedge failure in source
area

Sub-source I is located in the southern section of the source area and is a relatively sta-
ble area; outcrops of plagiogranite generally cover this sub-zone (Fig. 13b). The slope gra-
dient is generally between 50° and 60°, and obvious gravitational grabens are found in this
sub-zone (Figs. 11, 13d). The headscarp is a typical narrow ridge (Fig. 13c). Some eroded
gullies are also present.

Sub-source II is located in the northern section of the source area; it is in an unsta-
ble state at present, the rocks are fractured, and rock falls occur frequently (Fig. 13e).
An eroded gully has developed in the boundary between sub-source II and the deposits
(Fig. 13f). A detailed field investigation shows that the bedrock is very fractured, and frac-
tures cut the rocks into wedge-shaped masses (Fig. 13g).

5.1.2 Transitional area

The transitional area is the transition zone between the source area and the deposit zone
(Figs. 11, 14a). The elevation of this area varies from 1380 to 1600 m, and the slope gradi-
ent is approximately 30°—40°, which is obviously less than that of the source area.
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Fig. 14 Images show typical features of Transition zone. a UAV image shows overall view of transition
zone, b rubbles (colluvium) cover on the transition zone

The surficial deposits are colluvium that is composed of rubble and blocks whose sizes
are mainly concentrated at 5-15 cm (gravel) and 15-28 cm (blocks) (Fig. 14b), while its
bedrock forms part of the source area (Fig. 10). The surficial deposits mainly originated
from later rock falls after the MGL event, and rock falls continue to occur frequently. Some
prominent deeply eroded (5-10 m) gullies are found in this area.

5.2 Deposit zone

According to the morphological elements and geological structures, the deposit zone can
be divided into sub-deposit I and sub-deposit II.

5.2.1 Sub-deposit zone |

This sub-deposit zone is the main body of the MGL deposit and is mainly concentrated at
elevations of 1120-380 m. Due to Dadu River erosion, sub-source zone I can be divided
into a left bank deposit and a right bank deposit (Figs. 11, 15b).

The right bank deposit is the main deposit and contains a deposit platform (Figs. 11,
15a). The deeply eroded gully (depth: 50 m) cuts the deposit platform into two parts (plat-
form 1 and platform 2), as shown in Fig. 15a. The elevations of these two platforms vary
mainly from 1330 to 1380 m, and the slope gradient is gentle (5°—10°). The front section of
the right bank deposit is a steep slope whose gradient and height are approximately 50° and
210 m, respectively, and a clear local scarp is present (Fig. 15d), indicating that the right
bank deposit has been intensely eroded.

The field investigation shows that some landslide deposits with the same contents as in
the right bank deposit are also found on the left bank of the Dadu River (Fig. 15b, e). These
left bank deposits are distributed above the river and extend to the road (Fig. 15c). The col-
luvium consisting of the Triassic Xujiahe Group that comes from the left bank mountain
partially covers the MGL deposit (Fig. 15f, g). This situation indicates that the MGL dam
may have been higher than the current road elevation (approximately 1150 m). The MGL
can be concluded to have blocked the Dadu River, and the dam height was at least 30 m
(the Dadu River level is 1120 m).

@ Springer



Natural Hazards (2021) 106:459-485 475

Transitional area {7,/ %, ‘,
.

LS
-

3 S
e
- Sltsurface Ry
< Vit Y s, *yC
'_‘/ Platform-2 ‘q'?”\""‘,-l ‘\;}: 2, Triassic'Xujiage group (T,x)
N
Eroded gully. ™ NeX

-
BHA Ay

.
1
!
1
1
1

e &
I eft balV deposit
esidualueposit)

Head scarp
Local scarp "

Gravels
(Carbonaceous shale)

Rock falls

1
1
Gravels )
(Carbonaceous shale) “

83
>

Pla'tfo:rm-Z

Fig. 15 Images show the typical characteristics of sub-deposit I. a Overall view of sub-deposit I, b deposits
are eroded into two sections by Dadu River, ¢ gravels (carbonaceous shale) lie on the deposit that from the
Triassic Xujiahe Group (right bank), d, e show local typical features of deposits; f shows detail features of
left bank rock falls (carbonaceous shale); g shows features of platforms, left bank deposit and left bank rock
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5.2.2 Sub-deposit zonelll

Sub-deposit zone II presents an irregular triangular shape (Fig. 16a); the deposits in this
zone mainly consist of soils and gravels belonging to unconsolidated deposits. There is
only one erosion gully in this zone whose length and profile slope are 770 m and 20°, and
it is very active that the debris flows occur almost every years according to local reports
(Fig. 16b). At present, this gully has been eroded intensely, and its depths reach 10-14 m
(downstream), 16-20 m (middle stream) and 10—13 m (upstream), as shown in Fig. 16c, d,
e f, g

The catchment area of this zone is located in sub-source II with an area of 17 x 10* m?.
The average annual rainfall for the MGL area (Luding station) listed in Table 3 reveals that
intense rainfall is concentrated mainly in the summer season (June—September) and that the
maximum daily rainfall reaches 72 mm. These conditions provide sufficient flood waters
for the occurrence of debris flows. After the occurrence of a strong debris flow (one that
erodes deeply), the gully bank frequently collapses (Fig. 16c, d, e, f, g) because the slope
foot has been eroded, which prepares the provenance for the next debris flow. The erosion
cycle is summarized in Fig. 16h, and every cycle makes the gully eroded wider and deeper.
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Fig. 16 Images and concept maps show the typical characteristics of sub-deposit II. a- The UAV image
shows the overall view of sub-deposit II; b, ¢, d, e, f, g the field images show the detail characteristics of
sub-deposit II; h the erosion circle of deposits

Table 3 Rainfall data (multi-annual average: 1952-2008) for the MGL area (Luding station) (Wu 2013)

Average Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec mm

Monthly 09 32 159 368 656 105.1 143.0 1457 851 333 79 06 Total
642.9
Max. daily 4.2 84 133 207 302 676 723 659 618 450 177 3.6 Max
72.3

6 Discussion

6.1 Failure mechanism

6.1.1 Deterioration by multiple factors

Prior to the Moxi earthquake-triggered MGL, the rock mass in the source zone had been
unstable, and a good indicator is that outcrops of very fractured rocks are still present and

collapse frequently in the source area (sub-source II) and on MGL Mountain, as shown in
Figs. 4, 12 and 13. This shattering is the cumulative result of numerous adverse geological
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factors, such as high geostress and intense unloading, an active fault (Detuo fault), concave
erosion and frequent earthquakes.

6.1.1.1 High geostress and intense unloading. As noted in Sect. 2.1, the MGL area is
located at the intersection of two fault zones: the Xianshuihe fault zone and the Longmen-
shan fault zone (Fig. 1b). The construction of a nearby power station (Dagangshan station)
reveals that the core disking phenomenon is very common during drilling, and in situ tests
show that the maximum principal stress reaches 26 MPa in the direction of N50°-75°W.
These characteristics imply that the MGL area is an area with high geostress and that its
direction is approximately perpendicular to the river trend and the ridge line of MGL Moun-
tain.

Rapid river erosion (0.38 mm/y, Zhao et al. 2013) has generated a deeply cut can-
yon along the Dadu River (V-shaped valley). During this process, strong unloading has
occurred in the granite body with high energy storage, and numerous unloading fissures
have been produced, especially in the MGL area, because its direction is perpendicular to
the direction of high geostress.

6.1.1.2 The Detuo fault As shown in Figs. 8, 17, the Detuo fault just crosses the slope
foot. The scanning electron microscopy (SEM) and electron spin resonance (ESR) dating of
Detuo fault gouges shows that from N, (middle Neogene) to Q, (Quaternary), the activity
on the Detuo fault increased; it peaked at O, and then began to decrease continuously. The
latest activity is recorded mainly by Q;—Q;, with no obvious activity since Q5 (Cai et al.
2013). The movements along the Detuo fault fractured the rock mass continuously over a
long time scale.

6.1.1.3 Strong erosion at the cut bank The interpreted results of the geophysical prospect-
ing profile (Fig. 8) and the drill holes (Fig. 10) indicate that the current course of the Dadu
River was diverted, forced by the MGL; the original channel followed the slope foot, and the
MGL is located in the cut bank (concave bank) of the Dadu River. The continuous lateral
scouring of the slope foot in the cut bank eroded the rock mass, which weakened the integ-
rity of the rock mass and contributed to the occurrence of the MGL.

6.1.1.4 Frequent earthquakes As noted in Sect. 2, the MGL area is an earthquake-prone
region (Fig. 1), and many large earthquakes have occurred near the MGL, such as the recent
2013 Lushan M 7.0 earthquake and the 2014 Kangding M 6.3 earthquake (Zhao 2020). The
frequent large earthquakes enhanced the structural planes, especially in the source area of
the MGL, which is a typical narrow ridge (Fig. 17) with a very strong site effect (discussed
in detail in Sect. 6.1.2). The integrity of the rock mass in the source area has been weakened
continuously during earthquakes.

These processes caused the structural planes to penetrate throughout the source area and
greatly reduced its stability. The field investigations show that numerous structural planes
cut the rock mass into wedge-shaped masses.

6.1.2 Strong earthquake coupled with site effects triggered the MGL
Although the MGL is not located in the highest intensity area, the landslide occurred

in this place. An important factor is the site amplification effect that could be responsi-
ble for this event. The site amplification effect implies that different geomorphic units
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Fig. 17 Characteristics of Mogangling Mountain and Dadu River. a Topographic features MGL mountain,
b Dadu River diversion and position of Detuo fault

and elevations can produce different dynamic responses to basic seismic shaking (Fiore
2010; Wang et al. 2017).

On 20 April 2013, an M 7.0 earthquake (Lushan earthquake) occurred in the Long-
menshan fault zone (Fig. 1), whose distance to the Lengzhuguan station is approxi-
mately 86 km (Fig. 6). The Lengzhuguan station recorded this earthquake, and Table 4
and Fig. 18 show the typical seismic parameters for different accelerometers during the
Lushan earthquake.

Table 4 Basic seismic

Accel t PGA (mxs™2 Elevati
parameters of Lushan earthquake ceelerometer (mxs™) evation (m)

NS EW UD

L1 1.538 1.635  0.667 1516
L2 0.393 0424 0290 1478
L7R (Reference station) 0.139 0.126  0.111 1686
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Fig. 18 Polar diagrams of D-HVSR (horizontal-to-vertical spectral ratios) and D-SSR (standard spectral
ratios) of Sites L1 and L2

From Table 4 and Fig. 18, the narrow ridge (L1 and L2) experienced stronger site ampli-
fication than the large mountain (L7R), although the elevation of the mountain is higher than
that of the narrow ridge; the amplification factor reached 2.6-13.0 peak ground acceleration
(PGA, Table 4) and 16-50 standard spectral ratio (SSR, Fig. 18). For the narrow ridge, the
PGA of the ridge top reached 1.6 m/s*> (EW), 1.5 m/s> (NS) and 0.7 m/s> (UD), which pro-
vided overall directional site amplification and could produce more obvious amplification
than in the lower part; the amplitudes could reach 10 and perhaps more (Fig. 18). The site
resonances of sites L1 and L2 ranged between frequencies of 2 and 5 Hz, especially near 2 Hz
(Fig. 18).

From the above analysis, the narrow ridge produced stronger site amplification than the
large mountain, especially at the ridge top whose PGA exceeded 1.6 m/s> (EW), although the
Lushan earthquake magnitude was only 7.0 and the distance was greater than 80 km. Actu-
ally, the seismic conditions at the MGL site should have been much stronger during the Moxi
earthquake because the magnitude of the Moxi earthquake was 7.75, and the distance to the
seismic fault was only 2 km. As a reference, the Qingping national seismic station (China),
located on a stable rock mass, successfully recorded the 2008 Wenchuan M 8.0 earthquake,
and its distance to the seismic fault (Yingxiu—Beichuan fault) is approximately 3.0 km. The
PGA of the Wenchuan earthquake at Qingping station reached 8.2 m/s?> (EW), 8.0 m/s> (NS)
and 6.2 m/s® (UD) (Liu and Li 2012). Therefore, we estimate that the PGA of the MGL source
area (isolated ridge top) should have exceeded 1 g considering site amplification, and the
MGL could easily have occurred under this seismic condition.

The failure process of the MGL can be summarized in four phases, as shown in Fig. 19.
(1) Rapid erosion by the Dadu River and the Moxi River carved part of MGL Mountain into
a narrow ridge, especially in the source area (Fig. 19a). During this process, unloading caused
the granite, which can store high energy, to produce numerous unloading fissures, and fre-
quent earthquakes extended these fissures and weakened the integrity of the rock mass. (2)
With continuous erosion, the Detuo fault produced plastic deformation, which potentially
destabilized the rock mass (Fig. 19b). (3) The 1786 Moxi M 7.75 earthquake coupled with the
site amplification effect and all the penetrating structural planes led to the occurrence of the
MGL. The landslide dam blocked the Dadu River (Fig. 19c¢). (4) Ten days after the landslide
blocked the Dadu River, the dam broke, and the current topographic features formed after
hundreds of years of erosion (Fig. 19d).
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6.2 The dammed lake

After the occurrence of the MGL, a landslide dam blocked the Dadu River. The elevation
of the left bank deposit is approximately 1150 m. However, the elevations of the residual
deposit platform (1330-1380 m) and the completely accumulated deposit indicate that
the elevation of the left bank deposit at that time may have exceeded the current value of
1150 m.

For a landslide, the lowest elevation of a deposit is generally at the toe of the deposit,
and the dammed lake water also overflows the landslide dam at the lowest elevation of
the deposit. Therefore, estimating the elevation of the left bank deposit by calculating the
volume of the dammed lake could be a good idea and valuable historical records may help
accomplish this task.

The average flow along the Luding section of the Dadu River varies from 100—1500 m%/s,
and the annual average flow (1952-2008) is 891 m>/s. The landslide occurred on 1 June,
when the upstream Dadu River was experiencing the rainy season (Table 3). According
to the suggested average flow at the nearby power station (Luding station), a value of
1100 m?/s is adopted to estimate the volume of the dammed lake approximately.

According to historical records, the landslide dam held for ten days, and the volume of
the dammed lake was 1100 60X 60x 24 x 10=9.504 x 10® m®. Based on the ArcGIS plat-
form, digital elevation model (DEM) data with a resolution of 12.5 m are used to invert the
elevation level of the dammed lake according to its volume, and the results show that the
elevation level of the dammed lake was 1250 m, and the dammed lake area was approxi-
mately 19.91 km? These numbers indicate that the elevation of the deposit toe could have
reached 1250 m, which is 130 m higher than the current river level. The dammed lake
extended approximately 31.4 km, and the towns of Jiajun and Lengqi were both seriously
damaged by the lake waters, as shown in Fig. 20a, which coincides with local descriptions.

Ten days after the occurrence of the MGL, the landslide dam broke (Fig. 20b), in order
to acquire the peak flow of a dam break, a regression model proposed by Peng and Zhang
(2012) is adopted.

@ Springer



Natural Hazards (2021) 106:459-485 481

4 Elevation /m
19001 original surface 560
75° Rock falls /

1600 Ten days after the occurrence of MGLt 1600
1300 N Tx | 1300
Earthquakes 3

Y B
o \
1000 [Eenginm £ 7 W21 1000
0 300 600 900 1200 1500 1800 2100
Elevation /m
19001 original surface 1800
75
1600 Rock falls, / 1600
4__Landslide dam
1300 NG A o 22 T {1300
Earthquakes 5‘ Q" peposit 3
§ \@7 TRRELZ—
N/

1000 ILength/m PS 4000
0 300 600 900 1200 1500 1800 2100
1500 MElevation /m 1806

Original surface
: 75°
1600 Rock falls / 1600
<Landslide dam
1300 Tx L1300
Earthquakes -
\D
1000 H-ength/m 1000
0 300 600 900 1200 1500 1800 2100
AElevation /m
| 190 Original surface 1808
Rock falls /
1600 1600
1300 ~ Tx 1300
Contour_200m Length /m \E
1000 1000
ﬁ MGL Land. 0 300 600 900 1200 1500 1800 2100

l: Dammed lake

Vo Tx
Plagiogranite Triassic Xujiahe group

andslide deposit

Qe
Alluvium (Gravels) [ Colluvium (Gravels) D fracture

Fig.20 Dam Lake and dam erosion evolution process. a Dammed lake distribution after MGL landslide, b
dam broke ten days after the occurrence of MGL landslide, ¢, d e landslide dam erosion evolution process
with time going

—-0.471 1.569

—1.417 —-0.265 1/3 1/3
i = Hy Ha Vd_ Vl_ & %)
gl/ij/Z H, W, H, H,

where Q, is the peak flow, H, is the dam height, W, is the dam width (the base width of
the landslide dam measured parallel to the main valley axis, Peng and zhang 2012), V, is
the dam volume, V, is the lake volume, H, is a reference height (1 m, Wu et al. 2020), g is
gravity and « represents the erodibility of the dam. For the parameters of this dam break,
H,;=130 m (130 m=deposit elevation: 1250 m—river elevation: 1120 m), W,;=700 m,
V,=2500x 10* m®, and V;=9.504x 10® m’. Because the deposits are mostly fractured
blocks and the erodibility of the dam can be treated as moderate, a is set to —0.336 (Peng
and Zhang 2012). After calculation, the peak flow Q,>7100 m¥/s.
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The outburst flood rushed downstream, and more than 100 000 people in the down-
stream reach lost their lives during this flood according to historical records. Loosened
landslide deposits were also eroded rapidly from the deposit toe (Fig. 20c). Because the
MGL is located on a concave bank of the Dadu River, concave bank erosion makes the
river channel migrate gradually towards the right. As a result of this process, frequent rock
falls on the left bank have partially covered the residual deposit, and a steep slope (>60°)
has formed in the eroded deposit on the right bank (Figs. 20d, e). The landslide dam ero-
sion process is shown in Fig. 20.

7 Conclusion

At noon, 1 June 1786, the Moxi M 7.75 earthquake struck the MGL area and triggered the
MGL,; the distance from its source area to the seismogenic fault was approximately 2 km,
and the seismic intensity was degree IX. The MGL blocked the Dadu River for ten days
and caused more than 100 000 deaths after the landslide dam was breached.

The source area of the MGL is located at the intersection of the Xianshuhe fault zone
and the Longmenshan fault zone. The regional high geostress, the rapid river erosion and
an active fault (Detuo fault) that just crosses the slope foot have led to fractures in the rock
mass in the source area, which cut the rock mass into wedges.

The MGL occurred on a narrow ridge that can produce a strong site amplification effect,
and the seismic response to the 2013 Lushan M 7.0 earthquake indicates that shaking of the
isolated ridge can be magnified 10 times or more compared with that of the large moun-
tain, especially at the top part of the narrow ridge. The basic seismic conditions provided
by the Moxi earthquake and the superimposed site amplification effect supplied enough
seismic shaking energy for the occurrence of the MGL.

The MGL dammed the Dadu River, and during the ten days of river blockage, the vol-
ume of the dammed lake reached 9.504 x 10® m® with an area of 19.91 km? and a water
level of 1250 m, approximately 130 m higher than the current river level.
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