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1 | INTRODUCTION

Landslides generalize the mass wasting behaviors downhill and are

identified as one of the major destructive natural hazards in

Abstract

Landslides can be caused by natural forcing and anthropogenic activities. Zhouqu
County (China) on the eastern margin of Qinghai-Tibet Plateau is set within the
active Pingding-Huama fault zone with evident fractures on the land surface. Fre-
quent landslides and debris flows have occurred in this region due to river erosion,
rainfall and deforestation. Here we quantified the slope movements using time-series
synthetic aperture radar interferometry (InNSAR) based on the ascending and des-
cending Sentinel-1 satellite images acquired between October 2014 and August
2020. We observed distinct displacements in the highly fractured fault zone. The
eastward and vertical displacement time series between February 2017 and July
2020 were constrained by the common-day ascending and descending acquisitions.
The eastward rates (461 mm/year) were greater than those in the vertical direction
(—185 mm/year). We also note displacement discontinuities across the thrust faults
beneath the Suoertou and Zhongpai landslides. Seasonal variations in the displace-
ment time series suggest that the cyclic rainfall is the primary driver for the mass
wasting processes rather than the tectonic loading. As a complement to in situ obser-
vations, our results demonstrate that InSAR is an effective tool to characterize the
spatio-temporal nature of landslide displacements in complicated geological
environments.

Plain Language Summary: Zhouqu County in the Pingding-Huama fault zone in the
eastern margin of Qinghai-Tibet Plateau is identified as a high priority site to research
on clusters of landslides and debris flows in a mixed geodynamic setting of active
tectonics, seasonal rainfall, river erosion and anthropogenic activities. However, our
knowledge about landslide kinematics in this complicated region is still limited. We
relied on remote sensing images from one ascending and one descending Sentinel-1
satellite tracks to constrain the spatial-temporal displacement dynamics of active
landslides from 2014 to 2020. The spatial patterns of displacements are determined
by thrust faulting, river erosion, and anthropogenic activities. The temporal variations
of landslide speed are mainly controlled by the seasonal rainfall rather than the tec-

tonic loading.

KEYWORDS
displacements, INSAR, Pingding-Huama fault, rainfall-driven landslides, slow-moving landslides

mountainous regions. From 2004 to 2016, 4 862 non-earthquake-
induced catastrophic landslides in the world killed 55 997 people.
About 75% of the events occurred in Asia, especially in the southern

margins of the Himalayas (Froude & Petley, 2018). Natural driving
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forces such as intensive rainfall, land degradation, wind and river ero-
sion and earth shaking (e.g., earthquakes, volcanoes and quarry
blasts) can mobilize slopes or even lead to catastrophic failures
(Bontemps et al., 2020; Cheaib et al., 2022; Chen et al., 2014; Fan
et al, 2019, 2021; Lacroix et al., 2014; Lacroix, Dehecq, &
Taipe, 2020). Landslide damage to life and property has continued to
increase throughout the past century (Froude & Petley, 2018;
Huang & Li, 2011).

In the context of active tectonics, river erosion and rainfall, as
well as anthropogenic deforestation and constructions (Ma
et al., 2021; Ren, 2014; Shu & Yang, 2012), Zhouqu County in the
Pingding-Huama fault zone is vulnerable to landslides and debris
flows. Frequent slope failures of the Jiangdingya landslide (Figure 1)
occurred in 1807, 1985, 1988, 1990, 1991 and 2018 (Guo

EHI-wWiLeyZ

et al., 2019), which dammed the Bailong River and destroyed the
infrastructures multiple times. More than 11 debris flows occurred in
Sanyanyu since 1823 (Hu, Ge, & Cui, 2010) (Figure 1). The debris
flows in Sanyanyu and Luojiayu on 8 August 2010 claimed 1 765 lives
and destroyed more than 5 500 households (Tang et al., 2011; Yu
et al., 2015). The rainfall drove the reactivation of the Yahuokou land-
slide in July 2019, which swept a distance of 500 m downslope with a
volume of 3.92 x 10° m®, destroyed several buildings and dammed
the Min River (Dou & Zhang, 2021). The Xieliupo and Suoertou land-
slides have been creeping for several years (Jiang et al., 2016; Sun
et al., 2015; Zhang et al., 2018), putting hundreds of lives at risk.
Therefore, Zhouqu County can be considered as a high priority site to
investigate the landslide behaviors in the complexity of faults and

watercourses.
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FIGURE 1 (a) Topography and (b) geological map of the Zhouqu County (modified from Schabitz et al., 2018; Yu et al., 2015). The red dashed
polygons in plane b outline the landslides mapped from INSAR results in this study. The SYY, JDY and YHK represent locations of Sanyanyu debris
flow, Jiangdingya and Yahuokou landslides occurred on 7 August 2010, 12 July 2018 and 16 July 2019, respectively. [Color figure can be viewed

at wileyonlinelibrary.com]
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Traditional displacement monitoring tools, for example, piles,

inclinometers, extensometers, crack gauges and Global Navigation
Satellite System (GNSS)/Global Positioning System (GPS), have been
installed on selected landslides in Zhouqu (Hou et al., 2020; Jiang
et al, 2016; Meng et al., 2013). With an advantage of hundreds of
kilometers’ swath width, Synthetic Aperture Radar (SAR) satellite
images were added to measure the ground displacements in landslide-
prone regions (e.g., Shi et al., 2022). The interferometric SAR (InSAR)
method, relying on the phase recorded in the backscattering electro-
magnetic waves, enables us to measure ground displacements along
the line-of-sight (LOS, a.k.a., range) direction (Hanssen, 2001; Lu &
Dzurisin, 2014). The accuracies of InSAR method are primarily limited
by atmospheric signals and digital elevation model (DEM) errors and
intrinsic geometric  distortion in mountainous region (Shi
et al., 2019b). Time series INSAR methods, for example, persistent
scatterer INSAR (PSI) (Ferretti, Prati, & Rocca, 2001) and small base-
lines subset (SBAS) InSAR (Berardino et al., 2002), can achieve high-
accuracy ground displacement measurements based on coherent scat-
terers in a stack of interferograms. PSI utilizes a series of interfero-
grams referring to a single reference image and focuses on persistent
scatterers (e.g., buildings and bare rocks), which usually remain coher-
ent during time. SBAS InSAR relies on interferograms generated by
images with short temporal and spatial baselines to minimize
decorrelation and focuses on both persistent and slowly decorrelated
scatterers. SBAS InSAR usually has a better performance in monitor-
ing displacements in natural environments such as landslides.

Multi-source, multi-band and multi-temporal SAR satellite
datasets, for example, X-band COSMO-SkyMed data during 2010-
2012 (Wasowski & Bovenga, 2014), C-band ENVISAT Advanced Syn-
thetic Aperture Radar (ASAR) data during 2003-2010 (Zhang
et al.,, 2016) and Sentinel-1 descending data during 2017-2018 (Dai
et al., 2021; Li et al.,, 2023), and L-band ALOS PALSAR ascending data
during 2007-2010 (Sun et al., 2015; Zhang et al., 2018), have been
used to identify active slopes in Zhouqu using time-series InSAR
methods such as PSI, SBAS InSAR, and temporarily coherent point
(Zhang et al., 2012a) InSAR. Sentinel-1 is superior to ALOS-1
PALSAR-1 and Envisat ASAR datasets in terms of a shorter revisit
time (Dai et al., 2021). Sun et al. (2016) applied the multi-temporal
INSAR analysis using the ascending and descending Envisat ASAR
datasets and one ascending ALOS-1 PALSAR-1 dataset during 2008-
2010 as well as the surface-parallel slip assumption to constrain the
three-dimensional displacements of Xiuliupo landslide. We note that
previous landslide displacement mapping using multi-temporal INSAR
datasets mostly focused on one-dimensional line-of-sight or slope-
parallel displacement measurements, which limit our ability to inter-
pret the results. The complete 3D displacements offer more details on
ground surface dynamics (Hu et al., 2014). The shorter revisit time of
Sentinel-1 mission allows us to better compare the displacement time
series with rainfall. Beyond that, a joint analysis of ascending and des-
cending Sentinel-1 datasets provides distinct imaging perspectives to
unveil landslide displacement details.

In our study, we mapped the slope displacements in Zhouqu
based on time-series INSAR method using Sentinel-1 datasets from
October 2014 to August 2020. Two-dimensional displacement time
series were constrained by compiling the common-day ascending and
descending acquisitions from February 2017 to July 2020. The hori-

zontal east-west displacements were three to four times of the

vertical displacements. The high-frequency signals in the displacement
field coincided with the tectonic faults. Displacement time series

suggested a temporal correlation with seasonal rainfalls.

2 | THESTUDY AREA

Zhouqu County is in the eastern margin of the Tibetan Plateau, where
the western wing of the West Qinling Mountains sits beside the Min
Mountains. This tectonic zone is featured with rugged mountains and
deeply incised valleys (Yu et al., 2015). The altitude of the inclined land
surfaces to the southeast ranges between 4 500 and 1 000 m above
the sea level (Figure 1a). The black circles in Figure 1a represent the
historic earthquakes with magnitudes larger than 2.0 since 1900 from
the United States Geological Survey (https://earthquake.usgs.gov).

The lithology of our study area mainly contains the Silurian slates
and phyllites, Permian limestones, Devonian limestones and slates,
Carboniferous limestones and Triassic sandstone, slates and phyllites
(Wang, 2013). The phyllites and limestones are characterized by
highly weakened and water-bearing materials, which are subject to
erosion and weathering. Quaternary loess is generally distributed in
the ridges, terraces and alluvial fans of Bailong River and other sec-
ondary streams (Yu et al., 2015). It is an accumulation of aeolian denu-
dation and erosion with a thickness less than 40 m. The loess ridges
and terraces were later reclaimed and cultivated (Shu & Yang, 2012).

The Bailong River basin encompasses multiple strands of active
strike-slip and thrust faults (Kirby et al., 2003) (Figure 1). Various fault
strands in different dimensions affect the formation and development
of slow-moving landslides and slope failures. The Pingding-Huama
fault is a primary one in the Guanggaishan-Dieshan fault zone (Yang
et al., 2013; Yu et al., 2012), which can be divided into the eastern
and western segments by Min River in Dangchang County (Figure 1).
The reverse slip rates in the western segments are 0.49 + 0.08 to
1.15 £ 0.28 mm/year and the left-lateral strike-slip rates are 0.51
+ 0.13 mm/year (Yu et al,, 2012). GNSS measurements during 2009-
2011 revealed a strike-slip rate of 1.4 mm/year and a thrust rate of
3.7 mm/year, respectively (Chen et al., 2012). The bedrock is deeply
fractured and highly weathered (Yu et al., 2015), which provides
favorable conditions for landsliding. More than 2 000 landslides
occurred in Zhougu and Wudu Counties (Schabitz et al., 2018). A total
of 878 landslides triggered by the magnitude 8.0 Wenchuan earth-
quake in 2008 were in Dangchang, Zhouqu, and Wudu Counties (Bai
et al, 2012). We detected 34 active landslides (dashed polygons in
Figure 1b), including the Suoertou, Xieliupo, and Zhongpai landslides.
The Suoertou and Xieliupo landslides have been in motion for more
than one century (Jiang et al., 2016; Sun et al., 2015). Table S1 shows
the geographic locations, slope, aspect, area, and altitude of these
34 landslides. Yet we lack information about when did these land-
slides activate/reactivate.

We used a 10-m-resolution land cover map (Brown et al., 2022)
generated by Sentinel-2 images acquired on 27 September 2019
(Figure S1). The high mountain areas are covered by trees while the
lower and flat areas are covered by grass, shrub and scrub. Anthropo-
genic disturbances from buildups and farmland are mainly concen-
trated along the Bailong and Min riverbanks. Zhouqu County has the
continental monsoon climate (Zhang et al., 2012b). The local climate is

controlled by atmospheric circulation and topography, characterized
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by vertical climate zoning and distinct dry and wet seasons. The pre-
cipitation from June to September accounts for approximately 75% of
the annual precipitation total (Tang et al., 2011). Frequent rainstorms
promote undercutting and erosion, which may further instigate land-
slides and debris flows (Fan, 2006).

3 | GROUND DISPLACEMENT
MEASUREMENTS

3.1 | InSAR methodology

We obtained Sentinel-1 images from ascending track (51-A) and des-
cending track (S1-D) (Table S2 and Figure S2) to map the displace-
ments of active slopes in Zhouqu County. The ascending and
descending tracks share the same 96 acquisition dates between
February 2017 and July 2020, allowing us to well constrain the 2D
displacement time series without bias in time. Images acquired on
27 April 2018 were selected as the reference of co-registration. An
enhanced spectral diversity method (Jiang, 2020) using ALOS World
3D-30 m (AW3D30) and Precise Orbit Determination (POD) products
was employed to co-register all the secondary images to the reference
images. We only considered consecutive images to generate interfer-
ometric pairs with short temporal intervals and to reduce the temporal
decorrelation and phase unwrapping errors. Multi-looks of 4 by 1 in
range and azimuth and a Goldstein filter (Goldstein & Werner, 1998)
with a 16 x 16-pixel window size were applied to enhance the signal
to noise ratio.

The phase components of each pixel are given by
P= W{(pdisp+¢atm+(ﬂorb + Pdem +(ﬂn} (1)

where Qgisp, Patms Porb, Pdem and @, are the phase components caused
by ground displacement, atmospheric phase screen, orbital ramps,
DEM error and noise. W{.} is the wrapping operation. We selected
coherent pixels based on the amplitude dispersion and phase stability
indices (Ferretti, Prati, & Rocca, 2001). We discarded pixels with tem-
poral coherence smaller than 0.3 in phase unwrapping. We removed
the spatially correlated orbital ramps and the elevation-correlated
atmospheric phase screen in the unwrapped interferograms using a
guadratic model (Sun et al., 2015).

@orb + Patm = 00 -+ A1X -+ a2y +asxy +asx® +asy? +bh 2)

where g; (i=1, 2, ..., 5) is the orbital phase ramp coefficients, x and
y are the rows and columns in the radar coordinates, and b is the lin-
ear coefficient to the elevation h. The DEM errors were inverted
based on the mathematical relationship between the perpendicular
baselines and unwrapped phases (Schmidt & Birgmann, 2003).

4z B
Pdem = =" Rsing 3)

where B, Ah, A, R, 6 are the perpendicular baseline, DEM error, wave-
length, slant range, and incidence angle, respectively. The displace-
ment time series were retrieved using least-squares method from the

corrected, unwrapped interferograms.

-WILEYLZ

3.2 | 2D displacement solution

The InSAR-derived displacements are one-dimensional along the LOS
direction, which is projected from the complete 3D displacements
(Fujiwara et al., 2000; Shi et al., 2021).

dycosf —dgcosasing+dysinasind =d,os + 6,05 (4)

where dy, dg, dy are displacements measured in the vertical, east, and
north directions, respectively, « and 6 are the satellite heading angle
and nominal incidence angle and d;os and 6,05 are the observed LOS
displacements and the respective errors.

Generally, the contribution of the north-south component of the
surface displacement to the satellite line-of-sight length change is
negligible relative to the east-west and the up-down components (Shi
et al., 2019b). To co-locate the pixels from the ascending and des-
cending orbits, we selected the descending dataset as the reference,
and pixels in the ascending dataset within 20 m of pixels in the des-
cending dataset were selected and averaged. We established two

equations with two unknowns dy, dg considering Euler rotations.

dy
[cos 67 — cosa®™ sing™* €0s %€ — cosa®®*sin Hde“} {

E
[os | , [315s
= desc + |: lesc :| (5 )
Los LOS

where the superscripts asc and desc indicate measurements from
ascending and descending datasets, respectively. A weighting matrix
W was determined by the standard deviation o of measurements.

1
2
w— | (oexc) 1 (6)
0
(O'desc)z

The final 2D displacements were solved by the least-squares
method using the LOS displacements from ascending and descending
datasets. We also extracted 2D displacement time series using images

acquired on the same dates based on Equation (4).

4 | RESULTS

4.1 | The 2D displacements

LOS displacements are one-dimensional slant range measurements
with respect to the position of the satellite sensor. Figure 2 shows the
LOS displacement rates from S1-A and S1-D between October 2014
and August 2020. The positive or negative values represent ground
movements towards or away from the satellite sensor, respectively.
The S1-A and S1-D trajectories view the ground targets at distinct
directions, and their measurements were opposite in sign, as illus-
trated in our results of the Suoertou, Daxiaowan and Zhongpai land-
slides. The maximum displacement rates reached >280 mm/year
moving away from the ascending satellite sensor and >250 mm/year
towards the descending satellite sensor. The outstanding deforming

areas from both orbits were consistent. We detected 34 active
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FIGURE 2 Displacement rates of
Zhouqu County in the line-of-sight (LOS)
direction of (a) S1-A and (b) S1-D. [Color
figure can be viewed at wileyonlinelibrary.
com]

landslides in areas of 0.4-3.7 km? and the total area is ~23.6 km?
(Table S1). All landslides are distributed within 1.5 km to the faults in
the vicinity of the Bailong River. The rocks in fault zone and the sur-
rounding areas are mostly compressed and broken with joints and fis-
sures on both sides of the fault zone (Qi et al., 2021).

We generated 2D displacement maps from measurements along
the S1-A and S1-D LOS (Figure 3). Positive values in Figure 3a,b sug-
gest horizontally eastward and vertically upward movements. The hor-
izontal rates range from —126 to 461 mm/year while the vertical
rates range from —185 to 160 mm/year. The upward displacements
might be caused by compression and accumulation of materials at the
foot of landslides. Vertical displacement rates vary significantly within
landslides due to smaller signal-to-noise ratio and irregular basal sur-
faces (Li et al., 2021). The horizontal east-west displacements are
generally consistent with the slope aspects (Figure S3).

4.2 | Suoertou and Daxiaowan landslide
displacements

The Suoertou and Daxiaowan landslides are two giant landslides
~3 km west of Zhouqu. The bedrocks and soil matrix of these two

landslides are extremely fragmented (Dai et al, 2021; lJiang

et al.,, 2015; Qi et al., 2021). The displacement rates in the LOS, east-
ward, and vertical directions of these two landslides are shown in
Figure 4.

The reactivated Suoertou landslide is approximately 4 200 m in
length with an elevation difference of 900 m (Jiang et al., 2015). The
moving direction of Suoertou landslide is S135°E with an average
slope of 12°. The thickness varies from 20 to 100 m with a volume of
>8.8 x 10”7 m® (Huang et al., 2013b). The Suoertou landslide has been
creeping at rates of 300-600 mm/year since 1970s (Jiang &
Wen, 2014). The monitoring pile demonstrates that the cumulative
displacements were 3-8 m during 1991-1999 and 0.4-1.1 m during
2008-2010 (Huang et al., 2013b). The Suoertou landslide has distinct
sections in terms of the composition, morphological and hydrological
environments (Figure 4). The displacements in the middle
section were larger than that in the upper and lower sections. The
rates in the middle section of the Suoertou landslide were —256 and
271 mm/year in the LOS direction from S1-A and S1-D, respectively.
To cross-validate the results from ascending and descending orbits,
we projected the LOS displacement time series to the downslope
direction defined by the slope aspect (Hu et al., 2018b) at P1 located
in the middle section and P2 located in the lower section (Figure 5a,c).
The averaged downslope displacement difference between the

common-day measurements from ascending and descending datasets
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FIGURE 3 Displacement rates of Zhouqu County in the (a) eastward and (b) vertical directions. [Color figure can be viewed at

wileyonlinelibrary.com]

at P1 and P2 were 2 and 5 mm and the standard deviations were
21 and 22 mm, respectively. The cumulative displacements in the
downslope direction of P1 and P2 were 2 548 and 1 201 mm, respec-
tively. The displacement at P1 and P2 accelerated during rainy sea-
sons, especially during the water years of 2017-2019. The seasonal
rainfall can elevate the pore water pressure at the base and thus
decrease the shear strength (Hu et al., 2020).

The magnitude of eastward rate (460 mm/year) was about four
times of than that in the vertical direction (=110 mm) (Figure 4c,d).
The resolved accumulative eastward and vertical displacements were
1618 and —217 mm at P1 and 487 and —64 mm at P2 from February
2017 to July 2020 in Figure 5b. The inferred eastward and vertical
displacements at P1 and P2 exhibited seasonal variations. Figure 6
shows the eastward and vertical displacement rates of profile AA’, BB’

and CC'’ crossing the Pingding-Huama fault. The displacement rates of

profile CC’' off the Suoertou landslide were generally less than
+10 mm/year.

The Daxiaowan landslide is approximately 2 800 m in length with
an elevation difference of 850 m. The main sliding direction is S149°E
with an average slope of 18° (Li et al., 2021). The Daxiaowan landslide
has highly varied topography (Figure S3) and distinct materials (Li
et al., 2021). The maximum LOS displacements of the landslide were
—260 and 277 mm/year during 2015-2020 in the LOS direction from
the S1-A and S1-D tracks, respectively (Figure 4a,b). Outstanding
rates occurred at two blocks in the middle section and one block in
the lower section (—113 to —13 mm/year), corresponding to three
secondary landslides. The eastward rates were as large as 422 mm/
year while the vertical rates varied between —185 and 154 mm/year.
The cumulative downhill displacements of P3 and P4 (Figure 5c)

reached 2 514 and 1 706 mm during 6 years, in phase with seasonal
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FIGURE 4 Displacement rates from (a) S1-A and (b) S1-D in the line-of-sight (LOS) and (c) eastward and (d) vertical directions of the
Suoertou and Daxiaowan landslides. [Color figure can be viewed at wileyonlinelibrary.com]

Abong slope displacement (mm)
g 8
= k
() jrepupes Ajeg

il

-3000 0 -
24Ot 2020-fusg

E-won

: g
§ 1500 i
H £
d el
2

2

s [ b d
2014-Oct 2015-Dac 2017-Fab 2018-Apr 2019-kun 2020-Aug

{Lnin) jjRpupRs jEnuy

i) fpgues jEnLRy

Cumulative displacement (mm)

Cumulative displacemant (mm)

o g
1000 g3
T E
HE
7 £ E
500 |5
]
i3
of @

-500 o i+

2017-Faty 2017=0ct 2018=Jul 2019-Mar 2078-Noy 2020-dul
1500 T T T T 420 4 150

(d) - P&-ﬂaﬂ 0 Plvedical O Pdoast O Pdverical

1000 -
>
1
500 g2
<k
3|2
B2
ElE
o 5|3
ild
-500
1000 — H a -
2017-Fety 2017-Oet 2018-Jul 2018-Mar 2019-Now 2020-Jul

FIGURE 5 Cumulative slope-parallel displacements of (a) P1 and P2 on the Suoertou landslide and (c) P3 and P4 on the Daxiaowan landslide.
Two-dimensional cumulative displacements of (b) P1 and P2 and (d) P3 and P4. [Color figure can be viewed at wileyonlinelibrary.com]

displacement variations of the Suoertou landslide. The average differ-
ences in downhill motions between the ascending and descending
results were 18 and 11 mm on average at P3 and P4, and the standard

deviations were 36 and 46 mm, respectively. The cumulative eastward

and vertical displacements from February 2017 to July 2020 were
1487 and —504 mm at P3 and 941 and —266 mm at P4, respectively
(Figure 5d). In addition, the displacement acceleration in 2018 related

to the continuous rainfall. The eastward displacement rates increased
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from 302 to 551 mm/year at P3 and from 210 to 345 mm/year at P4.
The vertical displacement rates increased from —116 to —189 mm/
year at P3 and from —64 to 104 mm/year at P4.

4.3 | Xieliupo landslide displacements

The Xieluiupo landslide is a tongue-shape debris slide with a length of
~2 600 m and a width of ~600 m (Figure 7). The sliding direction of
the Xieliupo landslide is about N60°W with an average slope angle of
11° (Figure S4). It bounds the Pingding-Huama fault fractures. The
landslide has been recognized as active with extensive fractures since
1963 (Dai et al., 2021), and eight rapid failures since 1904 (Jiang
et al., 2016). The landslide has been moving slowly with displacement
rates from sub-metre to several meters per year since the most recent
failure in 1981 (Huang et al., 2013a; Jiang et al., 2016). Figure 7a,b
show the LOS displacements from S1-A and S1-D tracks, respectively.

(ESPL VYV T oA e

The displacement gradients in most of the Xieliupo landslide exceed
the resolvability of INSAR using Sentinel-1 Interferometric Wide
(IW) swath mode images (~1mm/day) (Li et al, 2023;
Manconi, 2021). Therefore, valid pixels were only located over the
less deforming foot of the Xieliupo landslide. The fastest displacement
rates were —122 mm/year from S1-A track and 145 mm/year from
S1-D track on slopes close to the Bailong River. The maximum hori-
zontal rate was —214 mm/year westward while the vertical rates
ranged from —62 to 84 mm/year (Figure 7c,d). The movements in the
unmapped area (missing valid pixels in the middle of the transport
zone) of the Xieliupo landslide were expected to be even faster. The
upward displacement mainly concentrated at the southern distal area
which might be caused by the compression and material accumula-
tion. The along slope displacements at P5 reached —851 mm from
2014 to 2020 with an overall linear displacement trend (Figure 8). The
average difference between the common-day downhill movements
inferred from S1-A and S1-D tracks was 2 mm. The westward
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FIGURE 6 Cross-sections AA’ (on-slide), BB’ (on-slide) and CC’ (off-slide) of Suoertou landslide. Location of profiles are marked in Figure 4.

[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Displacement rates from (a) S1-A and (b) S1-D in the line-of-sight (LOS) and (c) eastward and (d) vertical directions of the Xieliupo

landslide. [Color figure can be viewed at wileyonlinelibrary.com]
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accumulative displacements (349 mm) were much larger than the ver-
tical accumulative displacements (—47 mm) from February 2017 to
July 2020. The decomposed 2D displacement time series illuminate
the kinematics of Xieliupo landslide better than InSAR LOS measure-
ments. We note apparent rainfall-correlated seasonal variations in the
vertical displacement component rather than westward displacement
component.

44 | Zhongpailandslide displacements

The Zhongpai landslide in the intersection area of multiple faults is a
giant mobile mass (>9.9 x 107 m®) (Yang et al., 2013). The length and
width of the landslide are approximately 3 500 and 1 000 m, respec-
tively. The landslide is nested in the residential areas and cultivated
lands (Figure S5). Figure 9 shows the LOS displacements from S1-A
and S1-D tracks and the inferred 2D displacement maps of the
Zhongpai landslide. The maximum rates were —156 and 159 mm/year
in the LOS direction from S1-A and S1-D tracks, respectively. The
maximum horizontal rate to the east (248 mm/yr) was much larger

than that in the vertical direction (—87 mm/year). The displacement

rates decreased from the lower part where the faults cutting through
the upper part of the landslide. The highly fractured rock along the
fault zone facilitated landslide movements. Moderate upward move-
ments at 20-60 mm/year occurred at the foot of the Zhongpai land-
slide with slopes less than 10° (Figure Sé). Our results of the 2D
decomposed displacements are primarily eastward and downward.
Maximum eastward rates are more than three times of the maximum
subsidence rates (Figure S7).

The off-slide, cross-fault profile FF’ has shown insignificant differ-
ence in displacement rates. On the other hand, the on-slide, cross-
fault profile DD’ presented distinct rate differences in both eastward
and vertical directions at the intersection with fault segments F1 and
F2 (locations marked in Figure 9) while the variations crossing the PH
fault was still minor (Figure 10). The faults cutting through the
Zhongpai landslide might regulate the active margins and displace-
ment distributions of the landslide system.

P6 in the lower section and P7 in the middle section of the
Zhongpai landslide were selected for the time series analysis. The
cumulative slope-parallel displacements of P6 and P7 were —1
330 and —846 mm from October 2014 to August 2020 (Figure 11).

The average differences of the common-day measurement of S1-A
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FIGURE 9 Displacement rates from (a) S1-A and (b) S1-D in the line-of-sight (LOS) and (c) eastward and (d) vertical directions of the
Zhongpai landslide. The displacement rates of cross sections DD’ and FF’ are given in Figure 10. [Color figure can be viewed at wileyonlinelibrary.
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FIGURE 10 2D displacement rate cross-sections DD’ and FF’ of Zhongpai landslide. The locations for profiles and fault segments (F1 and
F2) are marked in Figure 9. [Color figure can be viewed at wileyonlinelibrary.com]

and S1-D tracks were 4 mm at P6 and 2 mm at P7, respectively. The
cumulative eastward and vertical displacements were 460 and
—36 mm at P6 and 329 and —44 mm between February 2017 and
July 2020, respectively. Seasonal accelerations correlated with the
rainfall, especially pronounced during 2018 and 2019.

5 | DISCUSSION

Landslide movements in Zhouqu are controlled by multiple factors, for
example, faults, lithology, rainfall, irrigation and other anthropogenic
activities (Jiang & Wen, 2014; Yu et al,, 2015; Zhang et al., 2012b;
Zhang et al., 2018).

Tectonic movements and dynamic earthquakes create fractures
on the landslide surfaces. The E-W strike of the Pingding-Huama fault
controls the moving directions of massive landslides, for example, the
Suoertou and Zhongpai landslides (Figures 6 and 10). Secondary land-
slides with surface fractures formed within giant landslides, for exam-
ple, Suoertou, Daxiaowan, Xieliupo and Zhongpai landslides

(Figures 4, 7 and 9). The displacement rates are different among

kinematic structures within a landslide. The persistent crustal uplift
has steepened the slopes since the Quaternary, producing a large
topographic relief (Huang et al., 2013a). The reported slip rates of
Pingding-Huama fault were less than 4 mm/year (Chen et al., 2012;
Yu et al, 2012). It is challenging to resolve this signal in vegetated
hillslopes using INSAR method. Tectonic movements aggravate the
rock and soil fragmentation. Co-seismic water level changes suggest
that earthquakes may change the permeability of the rock mass,
which may further entrap groundwater in the critical shear zone. In
the meantime, several devastating earthquakes near Zhouqu led to
fault zone weakening, rock shattering, slope titling and topographic
amplification (Cui et al., 2013). Earth shaking displaces the mass, cre-
ates cracks and loose materials at the surface (Hu et al., 2018a),
reduces the mechanical strength of rock and soil mass and may break
the stress equilibrium of the slopes.

Other natural triggers, such as rainfall and river erosion, may
jointly lead to accelerations and rapid failures of landslide systems.
Rainwater can penetrate through the fractures and increase the pore
water pressure at the critical shear zone (Hu et al., 2021). The sea-

sonal accelerations or even dynamic failures usually occur during wet
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seasons. Rainstorm usually triggered landslides in Zhouqu (Ren
et al., 2011). For example, the Jiangdingya and Yahuokou landslides
and Sanyanyu debris flows (Figure 1) all occurred during the mon-
soonal summertime with abundant rainfall. Guo et al. (2019) reported
that the daily precipitation on 25 June, 28 June, 29 June and 10 July
2018 reached 33, 48, 48 and 65 mm, respectively. The heavy rainfall
not only triggered the collapse of the Jiangdingya landslide in 2018
but also accelerated the displacements of other landslides such as
Suoertou and Daxiaowan landslides (Figure 5). Long-term (decadal)
displacement monitoring can be helpful to determine the rainfall
thresholds for landslide instability. The landslide toe erosion by the
Bailong River further destabilizes the slopes due to the wear and tear
of the landslide toe by the river water (Zhang et al., 2016). Nonethe-
less, the simulation results at the Suoertou landslide (Jiang
et al., 2015) suggest that the river erosion only plays a minor role and
the seismic shaking and groundwater variations have a greater impact
on the slope stability.

Anthropogenic activities also affect landslide behaviors. Defor-
estation makes the slopes in Zhouqu region vulnerable to landslid-
ing (Ren, 2014). Our detected landslides are located on or close to

man-made structures and farmland (Figure S1). The man-made
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structures were mainly built on a relatively flat or low-lying areas
which might affect the surface water runoff and groundwater flows
as well as the vegetation growth. The construction of the S313
highway at the toe of Xieliupo landslide (Huang et al., 2013a; Jiang
et al, 2016) and Daxiaowan landslide (Li et al., 2021) caused small-
scale failures; similar phenomena were observed in the Monroe
landslide in northern California, USA (Hu et al, 2019). Human
activities including cultivation in the Daxiaowan and Zhongpai
landslides might facilitate the formation and development of
scrapes and cracks (Figure S5). Agricultural irrigations on landslide-
prone region may lead to localized pore water pressure increase
and the shear strength reduction (Shi et al., 2019a), as documented
in Palu Valley in Indonesia where landslides, aqueducts and faults
coexist (Bradley et al., 2019).

6 | CONCLUDING REMARKS

We mapped the landslide displacements in Zhouqu during 2014 and
2020 using the ascending and descending Sentinel-1 satellite images.
Time-dependent 2D displacements between 2017 and 2020 were
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extracted from ascending and descending scenes acquired on the
same dates. Our detected landslides are nested in the active Pingding-
Huama fault zone with well-developed factures. Displacement rates
showed large variations in Suoertou and Zhongpai landslides. The
eastward displacement rates were three to four times of that in the
vertical direction. Abrupt displacement variations were overlapped
with some Pingding-Huama fault segments in Suoertou and Zhongpai
landslides. Displacement velocities obtained from satellite interferom-
etry shows that faults control the distribution of landslide displace-
ments and sometimes also define the boundaries of landslide systems.
Seasonal rainfall is correlated with displacement time series, and the
seasonal amplitude of displacement is proportional to the rainfall
intensity. SAR satellite images can provide explicit spatiotemporal dis-
placement details over landslides and is an important complement to

in situ surveying tools in harsh natural environments.
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