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Abstract: The geohazards associated with strongly deformed and reactivated large-scale ancient
landslide are analyzed through a study of the Xiongba ancient landslide. The SBAS-InSAR method,
combined with remote sensing interpretation, was used to obtain the Xiongba ancient landslide
surface deformation characteristics, on the western bank of the Jinsha River, during the period from
October 2017 to June 2020. Two large strong deformation zones were discovered in this study, H1

and H2, which were located at the front edge of the Xiongba landslide. The maximum cumulative
deformation in the H1 deformation zone was approximately 204 mm, and the deformation in the
H2 deformation zone was approximately 302 mm. Influenced by the Jinsha River erosion, the
Baige landslide-dammed lake-dam breakage-debris (LDLDB) flow/flood hazard chains, which
occurred 75 km upstream reaches in October and November 2018, and the erosion of the foot of
the Xiongba ancient landslide foot resulted in notably enhanced deformation. The creep rate in
the H1 deformation zone was 14~16 times that before the Baige landslide hazard chains occurred,
and the hazard chains caused sliding in the H2 zone. The Xiongba ancient landslide is undergoing
retrogressive reactivation. The Xiongba ancient landslide is currently experiencing continuously
creep-sliding, and the deformation rate in some areas is accelerating, which may induce a large-scale
reactivation of the Xiongba ancient landslide and an LDLDB hazard chain.

Keywords: SBAS-InSAR; Xiongba village; reactivation of ancient landslides; deformation monitoring;
geohazard chain

1. Introduction

The upper Jinsha River is located on the eastern edge of the Tibetan Plateau, which
features a complex geological structure, such as dense faults and folds, deep-cutting valleys
and strong neotectonic movements. A series of large to giant ancient landslides and newly
occurring landslides are densely developed in this area, especially under the combined
effect of internal and external dynamics [1–5]. Typical ancient landslides, such as the
Temi [6] and Zhubalong ancient landslides [7], have caused dammed lake-dam breakage-
debris flow hazard chains. In addition to the ancient landslides developed in this area,
some newly occurring landslide-dammed lake-dam breakage (LDLDB) hazard chains have
caused many episodes of heavy economic losses in recent years. For example, in October
and November 2018, two landslides occurred successively in Baige village, Jiangda County,
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Tibet, China, which successively dammed the main stream of the Jinsha River and formed
a barrier lake that broke after several days [8–10].

The Xiongba giant ancient landslide is located on the western bank of the Jinsha River,
Xiongba village, Gongjue County, Tibet, and is also located in the Jinsha River active tectonic
zone [11]. The topography and geological structures in this area are very complex, with quite
variable lithologies. Remote sensing interpretation and field investigation revealed the Xiongba
ancient landslide to be a circular chair-like landform, with a length of 2.13 km, a width of 2.68 km,
a plane area of approximately 5.33 km2, and a thickness of approximately 50~110 m [12]. The
volume of the landslide is estimated to be approximately 2.6× 108~6.0× 108 m3. The front
edge of the landslide has been locally deformed and slipped under gravity and river
erosion, and the middle and front edges of the landslide have deformational features, such
as tensile cracks. The stability and development characteristics of the Xiongba ancient
landslide have an important impact on the safety of some large construction projects, such
as the Sichuan-Tibet Railway and hydropower stations that have recently been planned
and constructed in this area [13,14].

Large ancient landslide formation, reactivation mechanisms, and stability have long
been key research issues, especially in hazard prevention and mitigation worldwide. Many
methods have been used to study large ancient landslide deformation study, such as field
geological surveys, remote sensing monitoring, and global navigation satellite system
(GNSS) displacement monitoring. Technical methods have been developed and applied in
recent years, such as differential interferometric synthetic aperture radar (D-InSAR) [15],
permanent scatterer interferometric synthetic aperture radar (PS-InSAR) [16], and small
baseline subset interferometric synthetic aperture radar (SBAS-InSAR) [17,18]. Compared
with traditional monitoring methods, such as GNSS, optical remote sensing, and geophysi-
cal prospecting [19–21], the InSAR technology has the advantages of a wide monitoring
range, high point density and high accuracy, and is less dependent on natural geography
and weather conditions [22,23]. After the Baige LDLDB hazard chains occurred in 2018, the
debris flow/flood impact area reached Hutiao Gorge in Yunnan, 700 km downstream of
the Baige landslide location. Large displacements and deformations occurred locally in the
Xiongba ancient landslide, which is located 75 km downstream the Baige landslide, and
the Xiongba landslide position please find in the Supplementary Materials. Local villages
have been relocated, and residents have been resettled under the action of the government.
However, the deformation of these ancient landslides, especially another violent slide,
might dam the Jinsha River again, and the resulting dammed lake-dam breakage-debris
flow hazard chains could have serious consequences. Therefore, based on the SBAS-InSAR
deformation analysis method, this study carried out remote sensing and field geological
surveys to determine the deformation characteristics of the Xiongba ancient landslide,
during the period from October 2017 to June 2020. This paper analyzes the deformational
trend of the Xiongba ancient landslide and discusses the effects of the outburst flood caused
by the breach of the upstream landslide dam. The research results and understanding
could provide basic data and scientific support for major project planning and construction
in this area and geohazard prevention and mitigation throughout the watershed.

2. Geology Background

The Jinsha River fault zone is located on the eastern Tibetan Plateau, and the Baige-
Batang section along the Jinsha River has extremely complex topography, geomorphology
and geological structures, as well as high terrain relief. The elevation of the Jinsha River
is approximately 2600~2800 m, and the highest elevations on both sides of the river are
approximately 3652~4100 m. The valley height difference is approximately 900~1300 m,
with average slopes of 15~30◦, and the maximum slope exceeds 60◦ at the steep toe of the
slope. Due to neotectonic movements and river erosion, geohazards in this area are extremely
developed. For example, the Baige landslide with a volume of 2× 107~2.5× 107 m3 occurred
in 2018, and two successive LDLDB hazard chains occurred.
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More than 20 large-scale landslides and debris flows are developed in the section
from Baiyu County to Batang County in the upper reaches of the Jinsha River; for ex-
ample, the Guili landslide, Sela landslide, Rina landslide, Xiongba ancient landslide and
Muruxue debris flow are all large to giant geohazards distributed along the Jinsha River
(Figure 1). Some landslides are active, with deep creeping and sliding and large amounts
of local deformation.

Remote Sens. 2021, 13, x FOR PEER REVIEW 3 of 22 
 

 

slope. Due to neotectonic movements and river erosion, geohazards in this area are ex-
tremely developed. For example, the Baige landslide with a volume of 2 × 107~2.5 × 107 m3 
occurred in 2018, and two successive LDLDB hazard chains occurred. 

More than 20 large-scale landslides and debris flows are developed in the section 
from Baiyu County to Batang County in the upper reaches of the Jinsha River; for example, 
the Guili landslide, Sela landslide, Rina landslide, Xiongba ancient landslide and 
Muruxue debris flow are all large to giant geohazards distributed along the Jinsha River 
(Figure 1). Some landslides are active, with deep creeping and sliding and large amounts 
of local deformation. 

 
Figure 1. Typical giant landslide distribution along the Jinsha River fault zone. (a)—The distribution 
map of the Jinshajiang fault zone; (b)—Baige landslide (view to NW); (c)—Xiongba ancient landslide 
(view to SE); (d)—Sela ancient landslide (view to NE). 

The Xiongba ancient landslide is located in Xiongba village, Shadong town, Gongjue 
County, Tibet, China, on the western bank of the Jinsha River. The Jinsha River fault zone 

Figure 1. Typical giant landslide distribution along the Jinsha River fault zone. (a)—The distribution
map of the Jinshajiang fault zone; (b)—Baige landslide (view to NW); (c)—Xiongba ancient landslide
(view to SE); (d)—Sela ancient landslide (view to NE).

The Xiongba ancient landslide is located in Xiongba village, Shadong town, Gongjue
County, Tibet, China, on the western bank of the Jinsha River. The Jinsha River fault zone
and the Luona-Buxu fault pass through the middle and rear of the Xiongba ancient land-
slide. The stratum exposed in the landslide body is mainly mica quartz schist of the Lower
Permian Gangtuoyan Formation (PT1g). The Quaternary gravel soil and a residual gravel
soil layer are exposed at the surface. Due to the historical Jinsha River fault zone activities,
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the rock masses are broken in this area, with quite variable stratum occurrences. The local
structural breccias have strong silicification and limonite mineralization in this area.

3. Engineering Geological Characteristics of the Xiongba Ancient Landslide
3.1. Development Characteristics of the Landslide

The Xiongba ancient landslide has an armchair shape in cross-section. The maximum
elevation of the back edge of the landslide is 3800 m, while the front edge of the landslide
has an elevation of 2763 m and is located near the Jinsha River bank. The overall slope of
the landslide is 20~30◦. Based on the remote sensing interpretation and field investigation,
the steep wall at the back edge of the landslide is clear, and a platform is developed in the
middle of the landslide, where the residents of Xiongba village live. The landslide body has
a length of 2.13 km and a width of 2.68 km. According to the development characteristics
of different parts of the body, the Xiongba ancient landslide is divided into three parts
on the surface (Figure 2), e.g., the source area (I), the platform area (II) and the strongly
deformed frontal edge area (III). The latter two areas of section II and section III constitute
the main accumulation body of the Xiongba ancient landslide.
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3.1.1. Characteristics of the Source Area (I)

The source area (I) is mainly located in the upper part of the landslide body, with
an elevation of approximately 3359~3800 m. The terrain is relatively steep, with an av-
erage slope of 42~45◦, and can reach nearly 60~70◦ locally. The scarp at the back edge
is approximately 250~320 m high. The source area of the landslide is stable except for
some local slides 1© and 2© that are developed on the northern side (Figure 2a). Slides 1© is
approximately 670 m long, 420 m wide and 300 m high, and is basically stable state at
present. The potential landslide 2© has a clear steep wall, with a length of 1200 m, a width
of 600 m and a slope of 20◦, which is stable at present, without obvious development
of fractures.

3.1.2. Characteristics of the Platform Area (II)

The landslide platform area (II) is at the elevations of 3326~3534 m, and the terrain
slopes gently with at approximately 10~15◦. Vertical gullies are partially developed per-
pendicular to the Jinsha River, while the deformation of the surface and buildings on the
landslide is not obvious. Overall, the landslide platform area is in a relatively stable state.

3.1.3. Characteristics of the Strongly Deformed Frontal Edge Area (III)

The strongly deformed frontal edge area (III) is the main area of the ancient landslide
body and is located in the lower middle part of the landslide accumulation body, at
elevations of approximately 2692~3216 m. This area is slowly creeping and deforming,
and can be divided into two secondary deformation zones, i.e., the III1 and III2. Five
large gullies, scarps and many vertical fractures are developed in this region (Figure 2b,c),
among which the maximum fracture is 50~150 m long. The remote sensing images show
that the front edge of the landslide is strongly deformed and that collapses have occurred
at the front edge due to the erosion by the Jinsha River (Figure 2a). This area has becomes a
strong deformation area (III3 and III4) near the river. The front edge has pushed the Jinsha
River channel, causing a “water drop” in the water level.

3.2. Landslide Volume

The area of the Xiongba ancient landslide is approximately 5.33 km2. By drilling the
landslide body, Li et al. (2021) [12] revealed that there are two sliding zone levels at the
depths of 51~56 m (sliding zone S1) and 101~115 m (sliding zone S2). Specifically, the total
volume of the Xiongba ancient landslide is approximately 2.6 × 108~6.0 × 108 m3, and the
total volume of the landslide accumulation body corresponding to the potential sliding
zone S1 is approximately 2.67 × 108~2.88 × 108 m3. The volume of the III1 secondary
strong deformation zone is approximately 0.85 × 108~0.92 × 108 m3, and that of the III2
secondary strong deformation zone is approximately 0.61 × 108~0.66 × 108 m3. The total
volume of the landslide accumulation body corresponding to the potential sliding zone S2
is approximately 5.28 × 108~6.02 × 108 m3, among which the volume of the III1 secondary
strong deformation zone is approximately 1.68 × 108~1.92 × 108 m3, and the volume of
the III2 secondary strong deformation zone is approximately 1.21 × 108~1.37 × 108 m3.

4. Methods

The interferometric synthetic aperture radar (InSAR), refers to the acquisition of surface
deformation characteristics through the phase information of radar image data [15,24,25].
Due to its superior full-time, high precision, and large-scale data, InSAR can provide
continuous surface deformation information in a certain area on the order of centimeters or
even less [26,27]. The InSAR has been widely used in land subsidence monitoring [28,29],
ground fissure deformation monitoring [30], coseismal deformation observation [31] and
landslide deformation monitoring [32–34]. The application of InSAR to landslides studies
was first used in the 1990s, when the French scholar J. Achache (1996) [35] used SAR data
obtained from the European Remote Sensing (ERS)-1 satellite to obtain ground deformation
interferograms by D-InSAR technology processing, and they conducted a study on the
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Saint-Etienne-de-Tinee landslide in southern France, thereby demonstrating the accuracy
and reliability of D-InSAR technology for monitoring landslide deformation. Subsequently,
InSAR deformation studies of landslides have been carried out around the world.

At present, the methods of landslide monitoring research based on InSAR mainly
include D-InSAR [15,36–38], PS-InSAR [16,39,40], and SBAS-InSAR [17,41–43]. In recent
years, the SBAS-InSAR method has achieved outstanding progress in phase unwrapping
algorithms, error removal algorithms, and time series model improvements. There are sig-
nificant advantages in landslide deformation monitoring research with high measurement
accuracy by the SBAS-InSAR method. Therefore, in this study, the SBAS-InSAR method
was used to analyze the deformation monitoring of the Xiongba ancient landslide.

4.1. Principles of Surface Deformation Analysis Based on SBAS-InSAR
4.1.1. InSAR Deformation Calculation Principle

Differential interferometry is a measurement technology that refers to the use of two
InSAR interferometric images in the same area, namely, the pre-deformation and post-
deformation interferograms SAR1 and SAR2, and the two interferograms are differentially
processed to obtain small surface deformations [44]. The SAR1 and SAR2 represent the two
imaging positions of the same satellite (Figure 3). Parameter B in Figure 3 represents the
baseline distance between the two images. Baseline distance B is decomposed along the
radar line-of-sight, from which the component B//, which is parallel to the line-of-sight,
and the component B⊥, which is perpendicular to the line-of-sight, can be obtained.
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4.1.2. SBAS-InSAR Small Baseline Set Deformation Analysis Method

The Italian scholar Berardino (2002) [17] first proposed SBAS-InSAR and carried out
surface deformation monitoring. The SBAS-InSAR technology has effectively alleviated the
errors, which are due to the decoherence and atmospheric delay caused by the traditional
D-InSAR technology in the spatial baseline. The land surface deformation time series are
obtained through the least squares method, and the singular value decomposition (SVD)
method is used for time-space fitting [45], so the accuracy of InSAR surface deformation
monitoring could reach the mm level [46,47].

The basic principle is as follows.
On the basis of acquiring N + 1 SAR images in the study area, the appropriate primary

and secondary images are determined for registration, and M interferograms are obtained.
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Suppose t is the acquisition time of the images (sorted by time). After removing the flat
ground effect and terrain phase, the interference phase of the image is generated by the
pixel point (x, r) (x is the azimuth coordinate, r is the distance coordinate) at two moments,
tA and tB, and then Formula (1) can be determined:

δϕj(x, r) = ϕ(tB, x, r)− ϕ(tA, x, r)

≈ 4π
λ

[
∆ddisp(tB−A, x, r)

]
+ 4π

λ ·
B⊥j∆h
r sin θ + 4π

λ [∆datm(tB−A, x, r)] + ∆nj

(j = 1, . . . , M)

(1)

In Formula (1), δϕj(x, r) is the interference phase at the pixel; ϕ(tB, x, r) and ϕ(tA, x, r)
are the phases of the pixels at times tA and tB, respectively; j is the number of differential
interferograms; λ is the center wavelength; ∆ddisp is the deformation phase difference; ∆h
is the terrain phase difference; ∆datm is the atmospheric phase error.

After removing the terrain phase error and the atmospheric phase error, an equation
group can be obtained from Formula (1), in which there are M equations and N unknowns,
ϕ(ti, x, r) (I = 1, . . . , M), and then Formula (2) can be constructed:

Aϕ = δϕ (2)

In Formula (2), A is an M × N matrix and ϕ represents an unknown deformation
phase vector. At the same time, the format of Formula (2) can be converted, the unknown
phase parameter can be replaced by the average velocity v between two time points, and
Formula (3) can be obtained:

Bv = δϕ (3)

In Formula (3), B represents the M×N matrix. If the SAR data are divided into several
independent small baseline sets, it causes the rank deficit of matrix B and leads to infinite
solutions of matrix Equation (3). However, using the SVD method in the SBAS processing
procedures to perform a pseudo-inverse operation on matrix B, the least squares solution
of Equation (3) can be obtained [17]. If SVD is used to solve Equation (3), to a certain
extent, a linear assumption is made to find the average velocity. At the same time, before
Equation (3) is solved, it is necessary to perform orbit error removal, digital elevation
model (DEM) error removal and atmospheric error removal. The SBAS-InSAR technical
process is shown in Figure 4.
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4.2. InSAR Data

The SAR satellites now used in geoscience analysis mainly include Japan’s J-RES and
ALOS, ESA’s ERS1/2, Envisat, and Sentinel-1; and Germany’s TerraSAR-X, and TanDEM-X,
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among which the Sentinel-1 satellite is a new generation of ground observation radar data
satellite launched by the European Space Agency in 2014. It consists of two satellites,
Sentinel-1A and Sentinel-1B, which form a constellation. It has multiple polarization
modes and uses the terrain observation by progressive scans (TOPS) mode for imaging.
The revisit period is 12 days, the working band is the C-band, and the wavelength is 5.6 cm
(Table 1). The Sentinel-1 data have been widely used in landslide deformation analysis
research [48,49] and have achieved outstanding results.

Table 1. The basic parameters of SAR image data.

SAR Sensor Sentinel-1A

Orbital direction Ascending
Path 99

Frame 1280
Wave band C

Radar wavelength/cm 5.6
Incident angle/(◦) 33.85

Complementary angle of Incidence/(◦) 56.15
Time interval for image acquisition(day) 12

Image acquisition time 8 October 2017 to 6 June 2020
Quantity of captured images 79

The Xiongba ancient landslide generally tends in the NE direction, and is located in
a deep valley with steep terrain, and terrain slopes of approximately 20~40◦. According
to the ascending orbit data, the landslide is suitable for analyzing the slope deformation
in the east, southeast, and northeast directions, while the descending orbit data are not
available for the slope deformation in the east, southeast, and northeast directions [50,51].
Moreover, the slope of the Xiongba ancient landslide is smaller than the complementary
angle of the incident angle of the Sentinel-1A ascending data used in this study (Table 1),
which is conducive to identifying the deformation of the slope. Therefore, the Sentinel-1A
ascending image data are used in this study (Figure 5). The image acquisition data time
period ranges from 8 October 2017, to 6 June 2020, and a total of 79 scenes were used in
this study.
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4.3. Data Processing Procedures

The SBAS-InSAR method was used in this study, and 79 Sentinel-1A radar images
were analyzed based on Gamma software to study the deformation characteristics of the
Xiongba ancient landslide. Interference pairs were combined by setting time baselines
and spatial baselines with different thresholds. In order to improve the quality of data
interference and ensure that the data have good coherence, the registered data were paired
with a time baseline of 36 days and a spatial baseline of 150 m as a threshold, and a total of
171 interference pair combinations were generated (Figure 6).
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In order to obtain the differential interference phase, the flat ground effect and terrain
phase error were removed from the acquired 171 interference pairs, and we used the
adaptive filtering method to filter the differential interferogram (Figure 4). As the study
area is surrounded by mountains and valleys, the surface is undulating. In addition, the
radar system is based on the principle of side-view imaging, and the acquired data have
overlaps and shadows. Therefore, this paper introduces 30 m Shuttle Radar Topography
Mission (SRTM)-DEM data to mask the differential interferogram to remove overlaps and
shadow areas. Phase unwrapping adopts the minimum cost flow (MCF) method, selects
relatively stable residential areas and buildings as reference points, with a threshold of
0.3, and eliminates areas with poor coherence. The phase unwrapping reference point is a
relatively stable building (Figure 5), which is located in a stable area with a 25 × 25 m grid
and is 32.8 km west of the Xiongba ancient landslide, and the coherence remains above
0.8. Through the establishment of a function model, the obtained high-quality unwrapping
phase is decomposed, high- and low-pass filtering is used to remove the atmospheric
phase, and then the deformation rate is solved according to the SVD method. Finally, a
deformation interferogram of the Xiongba landslide is generated.

5. Results

After being processed with the SBAS-InSAR data processing method, a total of 79 Sentinel-
1A datapoints covering the Xiongba ancient landslide area were calculated, and the results of
the surface deformation monitoring from October 2017 to June 2020 were obtained.
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5.1. Overall Landslide Deformation
5.1.1. Analysis of Deformation as a Whole of the Xiongba Ancient Landslide

The surface vegetation coverage on the Xiongba ancient landslide area is relatively
low and dominated by low shrubs. Section 4.2 of this paper shows that using ascending
SAR data to study NE-directed landslides has advantages. Therefore, there are many
coherent points calculated based on SBAS-InSAR. Importantly, the interference results of
these points are better, with a very remarkable rate accumulation.

According to the deformation results from October 2017 to June 2020 in the direction of
the radar line-of-sight (Figure 7), the landslide undergoes strong deformation. Specifically,
a negative value of the deformation rate VLOS indicates that the points move away from
the satellite sensor. However, the positive value of the deformation points moves toward
the satellite sensor. Figure 7 shows the deformation rate VLOS of the lower part of the
landslide accumulation area is negative as a whole, which indicates that the Xiongba
ancient landslide is sliding below the surface and toward the Jinsha River.
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The InSAR monitoring results reveal that the most serious deformation was distributed
in the middle and lower parts of the landslide deposits (III1 and III2), with a deformation rate
exceeding−100 mm/a, and a maximum deformation rate of−132 mm/a. On the basis of the
InSAR surface deformation classification scheme proposed by Feng et al. (2020) [52] and the
field survey in this area, we divided the deformation of the Xiongba ancient landslide into four
levels, that is, the extremely strong deformation zone (−132 mm/a ≤ VLOS < −59 mm/a),
strong deformation zone (−59 mm/a ≤ VLOS < −20 mm/a), medium deformation zone
(−20 mm/a ≤ VLOS < 2 mm/a) and low deformation zone (2 mm/a ≤ VLOS < 55 mm/a)
(Figure 7).

According to the remote sensing interpretation (Figure 2) and the distribution charac-
teristics of the landslide deformation rate, the Xiongba ancient landslide could be divided
into two secondary sliding deformation bodies, H1 and H2 (Figure 7). Specifically, the H1
deformation body is located on its southeastern side. The maximum cumulative deforma-
tion reached 204 mm from October 2017 to June 2020. The H2 deformation body is located
on the northeastern side of the landslide, and the maximum cumulative deformations was
approximately 302 mm.
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5.1.2. Deformation Analysis of Typical Sections of the Xiongba Ancient Landslide

In order to further analyze the deformation and failure modes of the Xiongba ancient
landslide, the deformation rate profiles along the main sliding directions of the two creeping
bodies were drawn (Figures 8 and 9). These profiles show that the VLOS varies greatly in
the direction of the landslide section. The high rate (negative value) mainly occurs from the
middle part of the slope to the toe. The maximum rate could reach −80 mm/a (Figure 9a).
In addition, the deformation rate is greatly affected by the local topography of the landslide
area. There is a local uplift in the strong deformation zone in the 1.9~2.2 km section of
the H2 deformation body (Figure 9b), which may be newly strongly deformed along with
the front edge of the zone; in addition, the interior of the slope is creeping, resulting in
significant differences in the deformation of the entire slope. Geological phenomena, such
as reverse warping of landslides, local formation of landslides, drums, unevenness, gentle
grooves and steep ridges appear on the platform [53,54], and the landslide exhibits spatially
uneven movement. The difference between the movement rate and ground surface is a
common geological feature in the process of deformation of large and deep creeping
landslides. Furthermore, the magnitude of the rate is related to the radar data acquisition
and processing results. Finally, the trend of the overall movement indicates that the two
secondary sliding bodies are creeping. Both of these bodies are undergoing retrogressive
sliding, and the sliding rate is within the range of −80~−110 mm/a.
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Figure 9. Typical profile of the InSAR deformation rate of the Xiongba ancient landslide. (a) Deformation rate profile of the
H1 deformable body; (b) deformation rate profile of the H2 deformable body.

5.2. Field Investigation and Verification of the Xiongba Ancient Landslide Deformation

In order to further review the InSAR deformation monitoring results, we conducted
field investigation and verification. The field investigation shows that the Xiongba ancient
landslide mainly occurs in the creeping slide state. The transverse and lateral tension cracks
also developed in the middle and front of the landslide accumulation area. Moreover, fault
scarps are locally developed. Additionally, the front edge of the landslide is eroded by the
Jinsha River. As a result, a series of steep walls are formed, and the slope collapses locally
(Figure 10).
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front; (c) three-dimensional image of deformation characteristics of H1 front.
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5.2.1. Field Survey of Deformation Characteristics in the H1 Deformation Area

The H1 deformation part is located in the southeastern section of the landslide, and is
approximately 1400 m long and 650 m wide. During the deformation of the landslide, the
front edge compresses the Jinsha River channel, and there are many secondary slips in the
middle and lower parts of the south side. Furthermore, InSAR monitoring results show
that the landslide deformation rate in the area ranges from −131 mm/a to 17 mm/a. In
addition, field surveys and unmanned aerial vehicle (UAV) surveys show that the front
edge of the area has undergone large displacement and deformation, and there are seven
collapsed bodies 1©~ 7© located at the foot of the slope (Figure 10a). The height of the largest
collapse 3© is approximately 86 m, and the horizontal length is approximately 90~110 m.
Two large, deformed landslide bodies have also developed. First, landslide L1 is shaped
like a long tongue, of 500 m in length and 140 m in width, and the estimated thickness is
approximately 50~60 m (Figure 10c). The potential sliding direction of the landslide is 35◦,
and the potential instability volume is approximately 3.5 × 106~4.2 × 106 m3. Second, the
cracks on the trailing edges of potential sliding bodies have penetrated through landslide
L2 and landslide L3. The potential sliding volume is approximately 8.2× 106 m3. Therefore,
if the Xiongba landslide slides again, a large landslide-dammed lake could form.

5.2.2. Field Survey of Deformation Characteristics in the H2 Deformation Area

The H2 deformation area is located on the northeastern side of the landslide. The
elevation of the deformation area is approximately 2705~3241 m, and the area is approx-
imately 1200 m long and 900 m wide. The main direction of creeping deformation is
approximately 60◦. It is worth noting that there is one scarp ridge and 7 large cracks.
According to the InSAR monitoring results, the landslide deformation rate in this area is in
the range of −132 mm/a~24 mm/a. In addition, the field survey and UAV survey show
that the displacement and deformation of the front edge of the area are both large. The
height of the collapse at the foot of the slope is approximately 61 m (Figure 10b), and the
horizontal extension length is approximately 280~420 m.

5.3. Analysis of the Deformational Trend of the Xiongba Ancient Landslide

According to the field geological survey and the distribution map of the deformation
rate (Figure 7), the cumulative deformation values of different stages of the Xiongba ancient
landslide from August 2018 to December 2018 were determined (Figure 11). According to
Figure 11, the creep rate accelerated during and after the formation of the Baige landslide
on 10 October 2018, and when the first dam broke on 12 October. Compared with those on
October 3 (Figure 11d), the creep rate and area increased on 15 October 2018 (Figure 11e).
Beginning on 27 October, the creep rate of the H2 sliding body began to accelerate.
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To quantitatively analyze the spatiotemporal deformation patterns and characteristics
of the Xiongba ancient landslide, two typical profile lines, namely, A-A’ and B-B’, were
selected on the slope body. The cumulative deformation curve diagrams were drawn by all
the monitoring points (Figures 12 and 13).
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5.3.1. Analysis of the Deformational Trend of the H1 Sliding Body

The A-A’ profile line is taken from the H1 sliding body, and monitoring point #2 is
located in the middle and rear parts of the slope, with a maximum cumulative deformation
of 203.8 mm. According to the cumulative deformation curve of the A-A’ profile line
(Figure 12), before 10 October 2018, the H1 sliding body was in a slow creeping state, the
creep rate was approximately 8~9 mm/a, and the cumulative deformation over 12 months
was less than 100 mm. After October 2018, the deformation rate of the H1 sliding body
has an obvious trend of accelerated deformation. The deformation rate of the central part
was the fastest overall. On the northeastern side of the A-A’ profile line, the deformation
rate of the slope was relatively low due to the large deformation, the leading edge of the
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landslide had the second highest deformation rate, the deformation rate of the trailing
edge of the landslide was the slowest and the deformation rate of the leading edge of the
slope was lower. On 6 June 2020, the maximum cumulative deformation reached 203.8 mm,
which was an increase of 134 mm compared with the Baige landslide before the occurrence.
The deformation rate reached −131 mm/a, which was 14~16 times that before the Baige
landslide occurred in 2018, which shows that the area has multiple levels of deformation
or sliding.

5.3.2. Analysis of the Deformation Trend of the H2 Deformation Body

According to the cumulative deformation curve of the selected monitoring points
(Figure 13), before September 2018, the H2 deformation body was stable, and the cumu-
lative deformation for 11 months was less than 30 mm. Taking point #6 as an example,
the displacement of some monitoring points was staggered, with low positive–negative
deformation values, which indicates that it was in a stable state. After October 2018, the H2
deformation body began to slide abruptly, and all the characteristic points in the selected
section line were strongly creeping and sliding. In the B-B’ landslide profile, characteristic
point #7 was severely affected by flood erosion from the Jinsha River. After 10 October 2018,
especially after the second dammed lake broke on November 12, the deformation values of
the B-B’ profile line show that the deformation increased rapidly from December 2018 until
June 2020. The maximum deformation reached 302 mm, which was an increase of 274 mm
compared to that on 10 October 2018. When the Baige landslide occurred, the deformation
rate reached −132 mm/a, which was more than 40 times the deformation rate before the
Baige landslide hazard chain occurred upstream.

6. Discussion
6.1. Discussion on the Overall Deformation Characteristics and Trends

Two floods produced by dam breaches at the Baige site in October and November 2018
strongly eroded the foot of the Xiongba ancient landslide 75 km downstream. As a result,
the stability of the ancient landslide was reduced, and retrogressive deformation occurred.
The results of the InSAR deformation analysis reveal that the deformation rates of the H1
and H2 deformation bodies increased from October 2017 to June 2020. The extremely strong
deformation zone and the strong deformation zone of the H1 sliding body have an area
of 8.85 × 105 m2, with creep rates of −131 mm/a to 17 mm/a. Before the Baige landslide
occurred, the H2 deformation body was basically stable. In December 2018, one month
after the second dam breach, the H2 deformation body began to accelerate due o landslide
toe erosion by the Jinsha River. Under the effects of river erosion, the tectonic activity
and heavy rainfall, the deformation rates of these two deforming bodies are expected to
continue to increase. It was shown that the shear strength of the sliding zone soil decreases
when the sliding rate increases. Therefore, the strong deformation bodies L1, L2 and L3 at
the front edge of the H1 deformation body might continue to slide, which could induce
erosion of the front edge, forming steep ridges and rear edge tears. Once this body loses
stability, a new landslide-dammed lake with a volume of 6 × 106~10 × 106 m3 or more
may occur. The new landslide might cause a wider range of slides, forming a chain of
dammed lakes, dam breakages, debris flows and flood geohazards, thereby affecting the
safety of downstream bridges and towns.

6.2. Discussion on the Influence of the LDLDB Hazard Chain on Downstream Landslide Deformation

The geohazard chains formed by large-scale river-damming landslides, the subsequent
breaches of the dammed lakes, and the resulting powerful floods are characterized by fast
movement, high energy and strong erosiveness, which might influence slope deformation
and instability and cause ancient landslides to be reactivated downstream [55,56]. For
example, the Yigong long run-out landslide occurred in 2000 in Tibet, China, dammed the
Yigong Tsangpo River and formed a dammed lake with a volume of 30 × 108 m3. The
dammed lake broke after a month, and the mudslides and floods influencing the area
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reached the Indian South Asian Plain 500 km downstream. The mudslides and floods
washed away the bridges, transportation and communication facilities on both sides of the
Yigong Tsangpo, Parlung Tsangpo and Yarlung Tsangpo Rivers. When the flood passed
through the Tongmai Bridge 17 km downstream of the Yigong landslide dam, the peak
flow reached 124,000 m3/s [57,58], which was 2.4 times the flood peak of 50,000 m3/s at the
Wuhan Yichang hydrological station during the Great Flood of the Yangtze River in 1998,
China [59], and 73 times the maximum measured flow of 1700 m3/s in normal years along
the Yigong Tsangpo River [60]. The highest flood level was 45 m higher than the normal
water level of the Yigong Tsangpo River and 32 m above the destroyed Tongmai Bridge. In
addition to the landslide hazard chain directly damaging bridges and other engineering
facilities by debris flow floods, Liu et al. (2002) [58] and Lv et al. (2003) [61] concluded
that the Yigong hazard chain also caused strong erosion on both banks of the river 130 km
downstream and caused slope instability based on remote sensing image interpretation
and analysis. Approximately 15 to 36 landslides or collapses, with volumes ranging from
hundreds to thousands of m3, were caused by the geohazard chain.

Large-scale landslides, -dammed lakes, and -dam breakages formed hazard chains,
causing downstream landslide deformation to increase, which also occurred in other areas.
For example, in October and November 2018, in Baige, Tibet, China, an LDLDB hazard
chain occurred twice within one month. The debris flow and flood formed by the broken
dam rushed 700 km downstream along the Jinsha River, reaching the Tiger Leaping Gorge
area of Yunnan. The peak flow of the debris flow and flood formed by the hazard chain was
10,000 m3/s [62], and destroyed the Zhubalong Bridge and other bridges downstream. The
peak flood water level was 77.65 m higher than the long-term annual flood water level of
the Jinsha River. The mudslide and flood formed by the geohazard chain might have caused
acceleration of the creep rate of a large number of ancient landslides to accelerate the creep
rate and local landslide reactivation on both sides of the Jinsha River downstream. Zhu et al.
(2021) [56] believed that the geohazard chain caused acceleration of the creep rate of the
Sela ancient landslide, which is on the western bank of the Jinsha River 80 km downstream.
The creep rate increased 6~7 times before and after this hazard chain, from 48–55 mm/a
to 319–338 mm/a. Lu et al. (2019) [34] believed that the Baige landslide geohazard chain
caused the H31 and H34 landslides to partially collapse and become unstable downstream
along the Jinsha River. The H34 landslide had a deformation of 20 mm over 11 days from
22 October to 3 November 2018, and the creep rate reached 660 mm/a, which is 6.6 times
the creep rate of 100 mm/a before the Baige landslide geohazard chain occurred.

It is considered that the abrupt changes caused by flood erosion could accelerate the
local deformation of large to giant landslides, which might also lead to the overall reactivation
of these large ancient landslides and cause serious hazards, such as the damming of rivers.

The Xiongba ancient landslide studied in this research is located 75 km downstream
of the Baige landslide along the Jinsha River. The study results showed that the Xiongba
ancient landslide creep rate accelerated to more than 132 mm/a, and the creep rate was
14~16 times that before the hazard chain occurred under the influence of two Baige LDLDB
hazard chains in 2018, which caused strong erosion of the slope foot.

It was shown that along regional large rivers, after the occurrence of large to giant
landslides, the large debris flows and floods formed by LDLDB hazard chains might
aggravate slope deformation and instability, and accelerate the creep rates of downstream
landslides. The landslide creep rate could be accelerated up to 6~18 times, and it might
cause large–giant ancient landslides to slide as a whole, which could form another LDLDB
hazard chain. Therefore, it is necessary to monitor the downstream slope and landslide
stability after the occurrence of a large-giant LDLDB hazard chain. In particular, advanced
technical methods of InSAR, UAVs, and field surveys with geophysical detection should
be carried out to conduct large-scale landslide deformation monitoring and early warning
research in the whole river watershed.



Remote Sens. 2021, 13, 3365 18 of 21

7. Conclusions

The SBAS-InSAR method, based on a small baseline set, and Sentinel-1A radar data
methods were used to study the deformation characteristics of the Xiongba ancient land-
slide in Tibet, China. The following main conclusions were reached.

First, the Sentinel-1A radar data processed based on SBAS-InSAR technology revealed
the deformation characteristics of the Xiongba ancient landslide. From October 2017 to
June 2020, the study results showed that the maximum cumulative deformation of the H1
deformation zone of the Xiongba ancient landslide was approximately 204 mm, and the
maximum deformation rate was −131 mm/a; the maximum cumulative deformation of the
H2 deformation zone was 302 mm, and the maximum deformation rate was −132 mm/a.

Second, the deformation rate of the Xiongba ancient landslide is divided into 4 levels,
the extremely strong deformation zone (−132 mm/a ≤ VLOS < −59 mm/a), the strong
deformation zone (−59 mm/a ≤ VLOS < −20 mm/a), the medium deformation zone
(−20 mm/a ≤ VLOS < 2 mm/a) and the low deformation zone (2 mm/a ≤ VLOS < 55 mm/a).
The extremely strong deformation zone is mainly located in the middle of the H1 defor-
mation body, and the local deformation is incoherent due to the large displacement. The
strong deformation zone is mainly located in the middle and front edge of the H1 and H2
deformation bodies. The division results are strongly consistent with the actual landslide
situation by field survey verification.

Third, the Baige landslide occurred 75 km upstream of the Xiongba ancient landslide.
After the Baige landslide resulted in two LDLDB hazard chain events in October and
November 2018, debris flows and floods eroded the foot of the Xiongba ancient landslide.
The strong erosion accelerated the creep rate of the H1 deformation body and triggered
the deformation of the H2 zone. Additionally, the deformation rate of the Xiongba ancient
landslide III1 reactivation area accelerated by 14~16 times. After October 2018, the cumu-
lative deformation reached 134 mm. The III2 deformation zone was reactivated, and the
deformation rate reached 132 mm/a, which was more than 40 times that before the Baige
landslide hazard chain occurred. The deformation rates of the H1 and H2 regions both
show an accelerating trend at present.

Fourth, under the continuous influence of river erosion and the LDLDB hazard chain
upstream, the deformation of the Xiongba ancient landslide appears to be undergoing
retrogressive sliding. Under the condition of an increasing deformation rate, the shear
strength of the landslide soil will further decrease. The Xiongba ancient landslide might be
reactivated as a whole, which may dam the Jinsha River, resulting in eventual breakage
and the occurrence of another geohazard chain. Strengthening the monitoring method of
the Xiongba ancient landslide deformation is recommended.
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