| Recent Landslides

Landslides (2019) 16:993-1001
DOI 10.1007/510346-019-01168-w
Received: 23 January 2019
Accepted: 6 March 2019
Published online: 18 March 2019
© Springer-Verlag GmbH Germany
part of Springer Nature 2019

Abstract An Ms6.9 earthquake in the Yarlung Tsangpo gorge on
November 18, 2017 caused more than 700 landslides concentrating
along the gorge’s great bend, and three dammed lakes. The location
and area of the landslides are obtained by interpreting high-
resolution satellite images before and after the earthquake. About
31.45 Mm? of sediment from the landslides are distributed in seven
catchments that are highly susceptible to debris flows. In 2018, at
least three large-scale glacier-debris flows happened at Sedongpu,
one of the seven catchments, and blocked temporarily the main river
twice. The subsequent inundation and outburst floods resulted in
infrastructure and property losses extensively beyond the high-
seismic-intensity zone. Increase in the frequency of debris flows is
attributed to the instability of glaciers and sediment supply caused
by the earthquake. Glacier-debris flows will remain active for a long
period due to massive glacial till, abundant rainfall, and meltwater.
Geomorphic hazard chain triggered by such a mid-strong earth-
quake demonstrates that although coseismic landslides only occur
in a limited area, the space and duration of the quake-induced
hazards could extend largely under special geographical conditions.

Keywords Coseismiclandslides - Dammed lakes - Outburst
flood - Debris flow - Milin earthquake

Introduction

Strong earthquakes often cause various geomorphic hazard pro-
cesses, for instance, large-scale landslides and dammed lakes in
high mountain areas (Hu et al. 2017). Many such hazardous pro-
cesses have been well documented since the last century such as
the 1911 Usoi landslide and Lake Sarez by a Pamir earthquake in
southeastern Tajikistan (Schuster and Alford 2004), the Yinping
landslide and Lake Diexi by the 1933 Diexi earthquake in south-
western China (Costa and Schuster 1988; Chai et al. 1995), the 1970
Huascardn ice-rock falls and follow-up debris flows by an offshore
earthquake in Peru (Evans et al. 2009), and the numerous land-
slides and dammed lakes by the 2008 Wenchuan earthquake in
Sichuan, China (Cui et al. 2009, 2011).

It is commonly recognized that the location and scale of quake-
induced geo-hazards are mainly controlled by the earthquake’s
seismogenic fault, magnitude, and local geological and geomor-
phic settings (Kargel et al. 2016). For example, the landslides
caused by the 2008 Wenchuan earthquake mainly concentrated
within a distance of 10 km to the seismogenic fault, and were
particularly on the fault’s hanging wall (Huang and Li 2008; Cui
et al. 2011). The magnitude and scale of the quake-induced geo-
hazards are far greater than that of those induced by other causes.
The landslide area after the 1999 Chi-chi earthquake was three
times prior to the quake in the Chenyulan basin of Taiwan (Lin
et al. 2004). Worldwide inventory data of the quake-induced
landslides show some logarithmic relationships between the earth-
quake magnitude and the landslide properties such as area and
number (Keefer 1984, 2002).
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Landslides and dammed lakes triggered by the 2017
Ms6.9 Milin earthquake in the Tsangpo gorge

However, there are limitations on space or life period for
coseismic geo-hazards. Xin and Wang (1999) concluded that the
earthquakes that can trigger landslides on natural slopes should be
bigger than Ms4.7, and there are few coseismic landslides lied in
the seismic zones of < VI degree. But, due to some extensive
hazards such as dammed lakes or debris flows, the spatial and
temporal dimensions of the coseismic hazards largely extend.
Multi-hazard chains caused by earthquakes, such as the outburst
flood of Diexi lake and the 1970 Huascardn debris flows, evolve at
larger spatial and temporal scales, and impose greater threats on
human beings lived outside the dangerous zone of the earthquake
(Chai et al. 1995; Evans et al. 2009).

On 18 November 2017, an Ms6.9 earthquake happened in the
depopulated zone of Tsangpo gorge, Pai Town, Milin county,
Xizang (Tibet) Autonomous Region (epicenter 29.75° N, 95.02° E,
focal depth 10 km). According to the China Earthquake Adminis-
tration, the maximum intensity (VIII degree) region is about
310 km®* The center of the earthquake zone is the Tsangpo gorge,
the deepest gorge in the world where the Yarlung Tsangpo cuts a
maximum depth of 6 km, and drops 2000 m over a reach of
200 km. It is also the most sensitive region in the world to climate
change with rapid tectonic uplift. The coupling of special geo-
environment of high mountains aggravates the effects of the
earthquake-induced geo-hazards. In this paper, the landslides
and dammed lakes caused by the Milin earthquake are interpreted
with pre- and post-quake satellite images, and their control factors
are presented. A series of blockage and breach events happened
after the earthquakes, and the resulted lake outburst floods influ-
enced farther downstream to India. This case shows how a mid-
strong earthquake happened in a depopulated zone can bring
damages to an extensive region in a long period.

Study area
This study focuses on the area in the river of Yarlung Tsangpo,
with quake intensity higher than VII degree, about 2050 km?,
located in the eastern Himalayas, Tibet, China. It has unique
geomorphological features of high mountain valleys with
hillslopes of 25°~50°, deeply incised gorge, and the great bend
(Fig. 1). The elevation ranges from 750 m a.s.] at Medog to
7782 m a.s.l at Namche Barwa massif. The river runs from west
to east and then to south, at an average gradient of about 12.2%o.
The grand gorge is the largest water vapor channel on the edge
of Tibetan Plateau. The warm and humid monsoon from the
Indian Ocean makes it one of the highest rainfall areas in the
world, from the peak of the glaciers and permanent snow to the
valley of the tropical, constituting a vertical zone. The annual
rainfall is as high as ca. 4000 mm in the southern part of the
gorge, and between 1500 and 2000 mm in the northern part. Heavy
rain is mainly concentrated in summer. The entire area is therefore
extremely humid. It is full of dense forests and forms the most
diverse biodiversity in the world. Majority of the study area has no
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Fig. 1 The location map of the Milin earthquake and historical earthquakes near the Tsangpo gorge since 1950 (MLF, Milin fault; JLF, Jiali fault; ZYF, Zayu fault; XXLF,
Xixingla fault; DDKF, Daduka fault; ZLQDJF, Zanda-Lahu-Qiduojiang fault; MDF, Medog fault)

95°4'E 95°8'E

29°52'N

29°48'N

Earthquake
* 5
epicentre

Landslides
(Pre-EQ)
Landslides
(Post-EQ)
1.5 3

Fig. 2 Distribution of landslides induced by the Milin earthquake
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Fig. 3 Elevation distribution map of landslides and four profiles of the gorge where the concentrated area of landslides is (K7, K38, and K45 point to the three blockage

sites shown in Fig. 4)

habitant, and the closest settlement to the epicenter and the great
bend is the Jiala village.

The area can be divided into three units: the Namche Barwa
metamorphic body, the Yarlung Tsangpo suture zone, and the
Gangdese-Lhasa block (Zhang et al. 1992). The noticeable tectonic
structure is the Namche Barwa syntaxis, the eastern tip of the
interaction between the India plate and the Eurasian plate. It is a
huge composite antiformal structure and has a complex geological
structure. The left side of the antiform structure is bounded by the
Milin-Lulang fault, and the right side is bounded by the Aniqiao-

Medog fault (Zhang et al. 1992; Burg et al. 1998; Xu et al. 2008).
Around the structures are a large number of small-scale faults and
active faults, with frequent seismic activities (Fig. 1). It is a seismic
zone in the southern part of the Qinghai-Tibet Plateau; the fre-
quency of earthquakes is relatively high, most are moderate-
strong, and seismic intensity is VII-VIII degrees. According to
China Seismic Information, 67 recorded earthquakes (Ms>3.0)
were distributed near the study area since 1950, including the
Medog 8.6 earthquake with the focal depth of 15 km happened at
14:09:34 UTC on 15 August 1950 near the China-India border (also
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Fig. 4 The satellite remote sensing images of three dammed lakes. a K7 lake identified with the Sentinel 2 image of 9.4 m resolution; K38 (b) and K45 (c) lakes identified
with the Spot 7 image of 1.3 m resolution (the red arrow is the flow direction, and the triangles are the blockage sites at which the dams were partially breached at that

time)

known as the great Assam in India) (Chen and Molnar 1977) (Fig.
1). The regional fractures are located in the coseismic and post-
earthquake coulomb stress-increasing regions caused by the Nepal
earthquake in 2015, and there is still the possibility of occurrence
of moderate-strong earthquakes in the later period.

The main outcrops in the epicenter area are the Namcha Barwa
rock group, mainly composed of schist, gneiss, granulite, and
other metamorphic rocks. The rock mass is broken and its stability
is poor because of the strongest tectonic stress, the highest uplift
and exfoliation rate in the Himalaya orogenic belt, the strongest
metamorphism, and deep-melting effect in the Cenozoic (Xu et al.
2008). There are also widespread Quaternary glacial till, slope
wash, and colluvium.

Coseismic landslides and dammed lakes

The Milin earthquake

The Ms6.9 Milin earthquake was the third largest magnitude in the
study area since 1950. Its epicenter is located in the Bomi-Medog
active structural belt, and the seismogenic fault is the NW-SE
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Xixingla fault (Fig. 1), surrounded by active thrust faults such as
the Nujiang fault in the northwest, the Jiali fault, the Aparon fault,
the NE-NNE Milin fault, the Medog fault, and the Yarlung Tsangpo
fault, and some of them are accompanied by a large slip rate (Yin
et al. 2018).

The earthquake affected six counties including Milin, Bayi,
Medog, Chayu, Bomi, and Gongbo’gyamda. More than 12,000 were
affected; some of the infrastructures such as houses (about 3000
houses), roads, communication lines, flood prevention embank-
ments, and irrigation canals were damaged to some extent, but
only three people were slightly injured. The earthquake induced a
series of secondary hazards such as collapses, landslides, and
debris flows, which caused multiple streamway blockages and
dammed lakes. The great bend in the Tsangpo gorge was the
worst-hit areas and the secondary hazards were mainly distributed
in this area.

Coseismic landslides
The Milin earthquake has triggered a large number of rock/soil
slides and collapses, which were identified by interpreting high-
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Fig. 5 Multi-temporal remote sensing image comparison (the satellite images in 2012, 2014, and 2016 were obtained from Google Earth, and the image in 2017 was from

Sentinel)

resolution remote sensing images, including post-earthquake sat-
ellite images from Spot 7 with 1.3 m resolution and Sentinel with
9.4 m resolution, and pre-earthquake satellite images from
Landsat 7 ETM with 15 m resolution and Google Earth. Due to
high coverage of the vegetation, visual interpretation method was
used to identify the coseismic hazards in the proximity of the
epicenter. Nine hundred thirty-nine landslides were identified,
covering an area of 37.65 km” (Fig. 2). Among them, 766 landslides
with an area of 33.61 km® were attributed to by the Milin earth-
quake by comparing the satellite images before and after the quake
(Landsat 7 ETM on Nov. 5, 2017 and Spot 7 on Dec. 12, 2017). Most
landslides were shallow and small, distributed in clusters. The
largest cluster of landslides covers an area of about 4.9 km?, the
minimum is 62.79 m® and the mean area is about 0.05 km?®.
Limited by image accuracy, it is difficult to identify smaller areas
of landslides. The total landslide volume (V) was calculated by the
power-law landslide area-volume scaling relationship (V=aA")
proposed by Larsen et al. (2010), where « is area-volume correc-
tion factor and -y is empirical index, respectively, and A is landslide
area. The parameters in the scaling relationship are mainly

affected by landslide type and geo-materials. The empirical index
for shallow soil landslides is about 1.1-1.3, and for bedrock land-
slides with a deep scar area has a larger value (y =1.3-1.6). Con-
sidering the landslides in the study area are almost soil landslides,
we adopt the global soil landslide parameters (logox = —0.44, 7=
1.145) from Larsen et al. (2010) as the empirically calibrated scaling
parameters. It is roughly estimated that there was an increase of
0.085 km? in the total volume of loose materials. More accurate
estimation of the total volume requires detailed field investigation.

The distribution of coseismic landslides is correlated with seis-
mic, topographic, and geologic factors (Keefer 2002; Fan et al.
2017). The three factors play different roles in the landslide distri-
bution in the study area. More than 90% of the landslides occurred
at the great bend of the east structural knot of the Himalayas (Fig.
2), located in the leading edge area where the Indian plate and the
Eurasian plate collide strongly and the geological body is signifi-
cantly deformed (Yin and Harrison 2003). Poor stability of the
stratum is because of the wide distribution of fractures and
Namcha Barwa metamorphic rock group. Landslides are distrib-
uted in the middle mountain area (a.s.l. 1000~3500 m), and a small
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Table 1 The basic information of the earthquake-triggered dammed lakes

Number Longitude Latitude Lake area Estimated water Water Volume Dam parameters
(km?) depth (m) level (m) (m’) Width
(m)
K7 94° 55" 29° 45" 2.40 21.00 2766 077 x 10 302.00 2259.00 21.00
588" E 18.0”
N
K38 95° 09" 29° 45' 0.92 58.00 2340 270 x 107 335.00 1418.00 48.00
216" E 28.8"
N
K45 95° 10" 29° 47" 0.58 89.00 2120 310 x 107 482.00 3325.00 71.00
37.2"E 16.8"
N

amount is distributed in the high mountain area (a.s.l.
3500~5000 m). The concentrated distribution of the landslide is
an incised cut canyon with a V-shaped profile and steep slopes on
both sides (Fig. 3). Earthquake-triggered landslides are mainly
distributed on both sides of the canyon, especially at U-turns,
not primarily along the seismogenic fault. The slopes on both sides
of the river erosion form a temporary surface, and the steep terrain
is easy to form a landslide under the action of ground motion.
Moreover, the scour action, strong erosion, and the amplification
effect on the seismic waves are conducive to the distribution of the
landslides clustered on both sides of the Tsangpo gorge near the
epicenter, and high landslide density in this area.

Accumulation and dam blockage

Nine landslide dams and three large earthquake-induced dammed
lakes are identified in the valley section of Tsangpo, which formed
in the Milin and the historical earthquakes. It is sure that the 1950
Assam earthquake caused some of the old landslides and dams.
Zhang (1985) documented a large-scale glacier-debris flow event in
the evening on 15 August 1950 triggered by the Assam earthquake.
The event happened at Zelongnong catchment 20 km upstream of
Jiala village, destroyed the Zhibai village at the foot of Namcha
Barwa (Fig. 1), and blocked the Tsangpo river. The three lakes are
located at 7 km (K7), 38 km (K38), and 45 km (K45) downstream of
Jiala village respectively (Fig. 4). Among these, K7 dammed lake
was formed by debris flows before the earthquake in November
2017; the other two dammed lakes K38 and K45 were formed by the
earthquake-induced landslides. The latter two dams were
overtopped shortly after the 2017 earthquake, and the lake storage
capacity was not large (Fig. 4).

Many debris flows happened in the study area before the
earthquake. Over the past decades, several debris flow events
occurred in Sedongpu catchment adjacent to Ky lake which is
located between the Gyala Peri massif (7294 m) and Namcha
Barwa massif (Fig. 5). Glacier instability, meltwater, and local
storms are the primary causes of these events. The drainage area,
length of the main stream, and the average gradient of the catch-
ment are approximately 66.7 km?, 8.75 km, and 395%eo, respectively.
The relative relief is 4544 m from the Gyala Peri massif to the
outlet at 2750 m a.s.l. to the Tsangpo. There are 16 glaciers with the
total area of 23.6 km* and plenty of till in the area higher than
3600 m a.s.l. It is estimated that the Milin earthquake increases a
volume of 3.3 Mm® sediment by the coseismic landslides.
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As shown in Fig. 5, according to the analysis of the remote
sensing image from Google Earth on December 16, 2012, December
31, 2013, and October 25, 2014, a large-scale debris flow occurred in
the catchment during 2013 to 2014. The height of the muddy mark
and mean channel slope of the event are obtained from the topo-
graphical map and satellite images. And based on the cross-
sectional method, the overall debris flow volume was approximate-
ly 4.5 million m?, briefly blocking Tsangpo. Based on further inter-
pretation of Sentinel remote sensing image on December 10, 2017
and Spoty remote sensing data on December 12, 2017, a large-scale
debris flow event occurred in 2017, with a total of approximately 13
million m>. The debris flow deposits blocked the river and formed a
dammed lake of 1.48 km?* (K7). And the elevation of the water level
was about 2766 m (from Google Earth), currently.

Based on the results of the visual interpretation and the DEM
with a resolution of 15 m, the geometric size parameters of the
three dammed lakes were estimated, preliminarily. All dam shapes
were controlled by the shape of the canyon and are elongated
(Table 1). We used the GIS software to estimate the volume of
the reservoir water, inundated area, and water depth in front of the
dams. In the calculation process, the maximum water level of K7,
K38, and K45 were 2766 m a.s.l., 2340 m a.s.l,, and 2120 m a.s.l.
respectively. According to preliminary estimates, in December
2017, the area of K7 dammed lake was 2.40 km? and the total
water volume was about 0.77 X 10’ m?, and with a water depth of
about 21 m; the lake K38 was about 0.92 km?, and the water volume
was about 2.70 X 10’ m?, and with a water depth of about 58 m; K45
dammed lake area was about 0.58 km?, and the water volume was
about 3.10 X 10’ m?, and with a water depth of about 89 m.

Later glacier-debris flows and dammed lakes

Due to large river gradient and high hydropower, the three
dammed lakes naturally overflow shortly after the earthquake
and no local people reported their existence. However, the
earthquake triggered many landslides in the seven catchments
on the left bank of the Tsangpo, and yielded a total volume of
31.45 Mm® of loose materials in them (Table 2, Fig. 6). These
loose materials are likely to form large-scale debris flows due to
ice and snow melting water in spring and heavy rainfalls in
summer. Hu et al. (2018) predicted that the near-future large-
scale debris flows would increase the height of the dams and the
lake storage capacity, and warned of the danger of dammed lake
outburst floods.



Table 2 Seven catchments with massive sediment supplies from the earthquake

Longitude Latitude Watershed area Main stream length Gradient Sediment increment
(km?) (m) (Mm’)
14 94° 56' 29°45' 291" 66.7 8.75 0.139 33
12.45"
2# 94° 57" 0.63" 29° 45 422 3.20 0.267 0.06
26.04"
3# 94° 58' 29° 45" 403" 444 232 0.281 0.16
22.61"
At 94° 59’ 29° 46’ 14.29 4.05 0.346 1.71
33.28" 16.28"
5# 95°7" 6.72" 29° 45" 8.3" 2.20 1.96 0.386 0.2
6# 95° 8 '40.39" 29° 47 6.37 3.65 0.203 17.57
53.67"
7# 95°5' 50.78" 29° 49" 30.3" 25.35 6.27 0.200 8.45

A large glacier-debris flow event occurred at Sedongpu around
5 a.m. on 17 October according to the official Xinhua news. But, the
exact occurrence time is not unanimous, and two seismographic
stations nearby recorded strong non-seismic wave signals at 22: 48
on the previous day. The mass of ice and debris covered and made
up the residual dam at the same location in Fig. 4a, and completely
blocked the Tsangpo. The accumulation area was 0.83 Mm®, and
the lowest point on the dam crest was about 80 m high. If the
average depth of the accumulation was half of the height, the total
volume of the deposited sediment was up to 33.2 Mm?>. Of course,

the volume is the sum of several previous debris flow events. The
maximum water level was 2830 m a.s.] at upstream Jiala village,
and the impoundment was up to 0.6 billion m® when the right part
of the dam began to overtop at 13:30 (Beijing time) on October 19
(Fig. 7). The peak discharge of the outburst flood was 23,400 m?/s
measured at 23:40 by Dexing hydrological station 180 km down-
stream of the dam. Just 10 days after the dam breach, a smaller
debris flow occurred at Sedongpu and blocked the river again. The
maximum impoundment was 0.32 billion m® at 9:30 a.m. on 31
October when the new dam was breaching.
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Fig. 6 The seven catchments with massive sediment supply and in high risk (the no. 1 is the Sedongpu catchment)
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Fig. 7 The photos of the glacier-debris flow dam before and after the breach on October 19 taken by news reporters of the Xinhua News Agency from a helicopter

Conclusions

Interpretation of multi-temporal high-resolution satellite images
shows that the 2017 Milin earthquake triggered 766 landslides with
a total area of 33.61 km” and an estimated volume of 0.085 km? on
both sides of Tsangpo gorge around the epicenter. The landslides
caused nine temporary dams and three large dammed lakes in the
trunk river shortly after the quake. The dammed lakes overflowed
rapidly due to the steep gradient of the main river. But, in 2018, the
rivers were completely blocked twice by several glacier-debris
flows at Sedongpu catchment. The 2018 dammed lake inundated
upstream highways and bridges, and its outburst flood made
damages to downstream hydraulic engineering.

The Milin earthquake shows an example of how local topogra-
phy strongly affects the spatial distribution of earthquake-induced
landslides. The coseismic landslides spatially distribute along both
sides of the gorge, especially on the U-turn reach, but not along the
seismogenic fault. Trunk river incision generates free surfaces and
steep hillslopes that are susceptible to quake-induced landslides.
The earthquake not only provides a great amount of loose mate-
rials for debris flows, but also aggravates the instability of glaciers
near the epicenter. During the almost 40 years before the 2017
earthquake, there were two glacier-debris flow events at Sedongpu.
However, at least three events happened just in 10 months after the
earthquake and blocked the Yarlung Tsangpo. The increase in the
frequency and scale of debris flows may result from the unstable
glaciers and coseismic landslides. Furthermore, the activity of
glacier-debris flows will last a long time due to massive glacial till,
abundant rainfall, and meltwater. But, for different types of events,
the meltwater and rainfalls may play different roles in the initia-
tion of debris flows.

The influence period of earthquake-induced geo-hazards is
prolonged greatly by the gorge’s special geomorphic settings. Al-
though these dammed lakes have overtopped, the upstream and
downstream areas are still in the high risk of future glacier-debris
dammed lakes. Hence, it is necessary to assess the potential danger
of future dammed lakes in the Tsangpo gorge, especially in reaches
near the seven high-risk catchments based on further field geo-
environmental surveys. Non-structural countermeasures such as
monitoring and warning systems and evacuation plans are suitable
for dealing with future hazards.
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