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Abstract: The geological structure of the upper reaches of the Yellow River is complex, especially
in the Sigouxia-Laganxia section. It has always been a high-incidence area of landslide disasters,
which poses a threat to the safe operation of the upper reaches of the Yellow River. In this study,
based on the high-precision remote sensing image data, the spatial distribution of each landslide
was obtained by superimposing the remote sensing image and the 1:50,000 digital elevation model
(DEM). Some typical landslides were selected for detailed field investigation and field verification.
The results show that the remote sensing image characteristics of landslides in the upper reaches of
the Yellow River are obvious. Through remote sensing interpretation and field investigation, a total
of 508 landslides of various types were found, including 24 giant landslides. The spatial spreading
patterns of landslides mainly include six types: dumb-bell shape, rectangle, saddle type, long arc
shape, triangle, and side-by-side shape. The length and width of the landslide deposit are mainly
concentrated at 550-1500 m and 600-1500 m, and the average elevation of the sliding body is mainly
concentrated between 2000 and 2800 m. The average slope of the landslide is mainly distributed
between 15-20°. Giant landslides are mainly distributed in the Jianzha basin area, surrounded by
the Jishishan fault and the Lajishan fault in the West Qinling Mountains. The spatial distribution
characteristics of giant landslides have obvious regional differences due to different factors such
as lithologic differences and riverside erosion. The research results are of great significance for the
early identification, prevention, and mitigation of landslide disasters in the upper reaches of the
Yellow River.

Keywords: landslide; the upper reaches of the Yellow River; remote sensing interpretation; spatial
and temporal distribution; disaster prevention and mitigation

1. Introduction

In recent years, due to the influence of global extreme climate events, the frequency
of landslide disasters, especially large-scale and extra-large landslide disasters, has be-
come higher and higher [1]. A landslide is a typical mode of surface slope failure and a
manifestation of the geomorphological evolution process. It is formed, developed, and
evolved under the combined action of geological internal dynamics such as active structure
and external dynamic conditions such as climate change [2]. The formation, development,
and evolution of landslides are directly or indirectly affected by internal dynamic effects
such as crustal uplift [3], fault activity [4], and earthquake [5]. Climate change will have
an important impact on topography, hydrological conditions, and river erosion and often
trigger the occurrence of landslides [6,7].
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Different experts and scholars have studied the evolution process of landslides by
means of landslide spatial form, mutual superposition relationships, and terrace chronology
in river valley areas [8-12]. Among them, Journault et al. [8] analyzed the geological history
of the Thompson Valley, then monitored the deformation rate of the landslide using the
InSAR measurements and found that most Thompson Valley land-slides exhibit seasonal
changes in displacement rate. Li et al. [9] analyzed the formation mechanism of the
reservoir bank landslide with stepped sliding surfaces in the Three Gorges Reservoir area,
established a representative geological model with multiple stepped sliding surfaces, and
believed that the formation of the stepped landslide surface was closely related to the
Jurassic strata with interlayers and weak hard layers. Regmi [10] studied the development
characteristics of landslides, such as landslide area and landslide volume, through aerial
photography and field investigation and established a conceptual model of river cutting,
shallow landslides and deep large land-slides driving downslope facing highlands and
plateaus. Chen et al. [11] analyzed the geological process of landslide development and
river evolution in the Three Gorges Reservoir area of the Yangtze River. Yin et al. [12]
studied the response process of landslide development in the upper reaches of the Yellow
River to plateau uplift and river incision.

Regarding the response relationship between landslide development and geo-morphological
evolution in the study area, Su et al. [13] believed that there may be a relationship between
the formation of terraces and the glacial-interglacial climate cycle. The differences in the
sequence and age of the Yellow River terraces in the western Henan fault uplift zone and
the Huaibei fault depression zone indicate that surface uplift played an important role in
the formation of these terraces. Li et al. [14] studied the geomorphological evolution of the
upper reaches of the Yellow River and the uplift process of the Qinghai-Tibet Plateau in
the late Cenozoic. This series of plateau uplifts and the Yellow River incised background
provide broad space conditions and material sources for the development of landslides in
the study area. Based on the measurement and dating of the river terraces, Liu [15] drew
the profile of the typical river terraces and analyzed the neotectonic movement of the river
terraces in detail. Each tectonic movement developed large-scale geological disasters such
as landslides and de-bris flows, and the geological disaster effect was very obvious.

At present, research on the spatial and temporal distribution of landslides mainly
focuses on the distribution law and inducing factors of landslides in space and time by
field investigation, remote sensing interpretation, and dating [16]. Guo et al. [17] collected
OSL samples from the sediment covering the landslide and analyzed the absolute age
of the landslide. The study suggests that the formation of the Dehenglong landslide is
closely related to tectonic activity. Li et al. [18] believed that China’s land-slide disasters are
mainly distributed in six areas: the high and middle mountains in southwestern Yunnan,
the high and middle mountains in southwestern Sichuan, the Loess Plateau in central
Gansu and eastern Gansu, the Taihang Mountains in Lyuliang Mountains, the high and
middle mountains in Daba Mountains in Qinling Mountains, and the mountainous areas in
central Hubei, Guizhou and Yunnan. On the basis of a field investigation, Gariano et al. [19]
believe global warming is expected to increase the frequency and intensity of severe rainfall
events, a primary trigger of rapid-moving landslides that cause many landslide fatalities.
Chigira [20] believed that strong earthquakes, extreme weather and climate events, and
global climate change events were also the main triggers and inducing factors of landslides.

There are many studies on landslide dynamics and landslide disaster science, such
as the characteristics and genetic mechanisms of the sliding body of a single landslide.
However, there are few studies on the regional distribution of landslides in the Upper
Reaches of the Yellow River. In fact, the geological structure of the upper reaches of the
Yellow River is complex, especially in the Sigouxia-Laganxia section. Therefore, the study
of the regional distribution of landslides can help understand the development process,
influence range, and trigger factors of landslides, which will provide enlightenment for the
study of landslide disasters.
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2. Topographic Features of the Upper Reaches of the Yellow River

The upper reaches of the Yellow River are located on the northeastern margin of the
Qinghai-Tibet Plateau (Figure 1). It starts from the Lagan Gorge at the southeastern end
of the Gonghe Basin in the west and reaches the Sigou Gorge at the eastern end of the
Guanting Basin in the east. The Yellow River passes through the Gonghe Basin, Guide Basin,
Qunke-Jianzha Basin, Xinhua Basin and Guanting Basin from upstream to downstream.
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Figure 1. The location of the upper reaches of the Yellow River in the Qinghai-Tibet Plateau.

There are five intermountain basins in the study area, including Gonghe, Guide,
Qunke-Jianzha, Xunhua and Guanting (Figure 2). Each basin is separated by mountains.
For example, Gonghe Basin and Guide Basin are separated by Nanshan of Qing-hai Lake
and Waligong Mountain. Guide Basin and Qunke-Jianzha Basin are separated by Zama
Zari Mountain. Qunke-Jianzha Basin and Xunhua Basin are separated by Jishi Mountain.
Xunhua Basin and Guanting Basin are separated by Laji Mountain. From bottom to top,
the canyons are Jishixia, Gongboxia, Lijiaxia, Songbaxia and Longyang-xia. Under the
dual effects of internal and external geological forces, many high-steep rock-soil slopes
with a height of 200900 m have been intermittently shaped along both sides of the river.
The extensive development of these high-steep slopes has provided favorable topographic
conditions for the large-scale development of landslides in the study area. The quaternary
strata and lithology in the study area, as shown in Table 1.
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Figure 2. Topographical map of basin and mountain in the upper reaches of the Yellow River.
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Table 1. Quaternary strata and lithology in the study area.

System Series Sign Sedimentary Facies and Material Composition

Wind phase
It is composed of beige medium and fine quartz sand (more than
Qge°! 80%) and a small amount of dark minerals. The gravel is round and
the particle size is generally greater than 0.5 mm. The thickness is
generally 20—40 m.

Pluvial phase
Q4P1 The lithology is mainly breccia, gravel and sand, with sub-sand lens.
The sorting and roundness are poor, and the thickness is 12-30 m.

Holocene ) . .
Alluvial-diluvial facies

The lithology is gray and soil gray sand gravel layer with sand lens,
and the upper part is fine sand. The structure is loose and the
thick-ness changes greatly, generally 10-30 m.

Qu al-pl

Alluvial phase
It is mainly composed of riverbed sand gravel pebble layer and
Q! floodplain silty sand, fine sand, sandy soil, clay and so on. Gravel
sorting, roundness is better, generally 5-10 cm. The thickness is
generally 10-20 m.

Wind phase
Q! Earthy yellow, light grayish yellow silt. The silt content is more than
70%, with macropores and vertical joints. The thickness is 50-260 m.

Alluvial-diluvial facies
Gray gravel, sand and sub-clay layers. The sorting and roundness are
poor, the gravel composition varies from place to place, and the
thickness is generally greater than 30 m.

Qs al-pl
Quaternary

Epipleist
pipleistocene Pluvial phase

The gray-soil gray sand-gravel layer is sandwiched with gravel-sand
QsP! lens. The gravel composition is complex, mostly angular,
sub-angular, muddy and sandy filling, 30-60 m thick, medium
density. The thickness is generally greater than 30 m.

Alluvial phase
It is composed of a set of alluvial facies, the lower part is gravel layer,
and the upper part is fine sand and silt, loess, loess-like clay layer,
with a thickness of 5-30 m.

Q3 al

Ice-water phase accumulation
The lithology is gray-yellow sandstone, slate, granite, etc., which are
Q.8 poorly sorted and rounded. The mud gravel and sand gravel layer
composed of gravel and sand, with a layer of yellow sandy soil,
5-15 m thick.

Middle
Pleistocene

The Gonghe Basin is a set of yellow and grayish yellow silty
mud-stone, siltstone mixed with colored fine sandstone and
sand-containing gravel lens.
The area of Yezangcaotan and Yelangtan in Guide Basin is a set of
Q1 conglomerate and fine siltstone with sandstone, which is generally
exposed at an altitude of 2800-3300 m.
Leyangsang in Hualong Basin is a set of gray-white-light
orange-yellow conglomerate, glutenite with thin sandstone and
mudstone. The thickness is 206-405 m.

Lower
Pleistocene

3. Temporal and Spatial Distribution of Landslides in the Upper Reaches of the
Yellow River

3.1. Material and Methods

The process of remote sensing interpretation and recognition of regional landslide
disasters mainly includes five parts: image preprocessing, establishment of interpretation
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marks, image segmentation, image classification, and accuracy evaluation. The image
preprocessing of this study is carried out in the environment for visualizing images (ENVI)
5.3 software, and the image segmentation, classification, and accuracy evaluation are com-
pleted in the e-Cogniton 9.0 software. The specific process of remote sensing interpretation
and identification of landslide disasters in the study area is shown in Figure 3.

Original remote sensing
Orthophoto correction data
Geometric registration 1
Mosaic Pretreatment
Fusion I
Establishment of .
Cut out s ablis \ment ol ] Field survey data
nterpretation tagging
Scale parameter
Shape factor —{ Image segmentation [+ ESP tool
Compactness ]
Image classification
1
Classification accuracy
evaluation

Figure 3. Remote sensing identification process of landslide disasters in the study area.

During remote sensing imaging, various factors lead to certain phenomena, such
as geometric deformation and radiation changes in remote sensing images, which are
unfavorable for the analysis of remote sensing images. Therefore, the preprocessing of
remote sensing images is a crucial step before conducting image analysis. The process
of image preprocessing mainly includes orthorectification, geometric registration, image
mosaicking, image fusion, and image clipping. Since the study area is a high and steep
canyon region that exceeds the coverage of a single remote sensing image, the precision
requirement for image preprocessing is very high. We utilize professional remote sensing
software ENVI and auxiliary digital elevation model (DEM) data to preprocess the images
and obtain the experimental images.

The remote sensing identification of landslides is a technical method that utilizes
remote sensing images, combined with human—computer interaction and visual inter-
pretation, to obtain relevant information about landslides. Its principle is based on the
differences in tone, shape, shadow, texture, and pattern between landslide bodies and their
background geological bodies. These differences manifest as specific combinations of tone,
texture, and geometric shapes on remote sensing images, known as direct interpretation
signs for landslide identification [21].

Based on field investigation data, representative landslides in the study area were
selected for establishing the interpretation markers. Subsequently, the remote sensing
characteristics of landslides in high and steep canyon areas were summarized based on
remote sensing images.

By comparing the field investigation data, typical landslides were selected to analyze
their development characteristics. Most of the landslides are water-related and are dis-
tributed along both banks of the river. Ultimately, the landslide disaster interpretation
markers in the study area were determined to have spectral features and shape characteris-
tics. Spectral features are primarily manifested as: relatively developed vegetation on the
surface of the landslide body, with scattered small collapses; and the base of the landslide
is the reservoir bank slope. The shape characteristics of the land-slide development can be
observed through the distinct gullies on both sides of the landslide, mainly manifesting as
rectangle, triangle, side-by-side shape, and so on.

Landslides are represented as individual image objects on remote sensing images,
and their classification utilizes the spectral and geometric characteristics of these objects.
Therefore, the interpretation of landslides in remote sensing adopts the object-oriented
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image classification approach. Object-oriented image classification mainly consists of two
parts: image object construction and object classification.

The construction of landslide images utilizes the multi-scale segmentation algorithm
in e-Cognition software to perform segmentation experiments on the images of the study
area. Before conducting the segmentation experiments, the band combination of the images
can be performed, which can comprehensively select the characteristics of each band to
improve the interpretability of ground features and make the interpretation results more
scientific and reasonable [22]. In multiscale segmentation algorithms, it is necessary to
consider two factors that affect image heterogeneity: the spectral factor and the shape factor,
which in turn include smoothness heterogeneity and compactness heterogeneity. Due to
the time-consuming nature of multi-scale segmentation algorithms, representative areas of
landslides in the study area were selected. Meanwhile, in order to determine the optimal
segmentation scale while ensuring high homogeneity of landslide objects. Using Estimation
of Scale Parameter (ESP) as a scale evaluation tool [23,24]. This tool calculates the local
variation (LV) of image object homogeneity under different segmentation scale parameters
as the standard deviation of the segmentation object layer in order to determine whether the
segmentation effect is optimal. Use the rate of change value ROC-LV (rates of change in LV)
to indicate the optimal scale parameter for object segmentation. When the rate of change
reaches its maximum and reaches its peak, the segmentation scale value corresponding
to that point is the optimal segmentation scale. Select the optimal segmentation scale
parameter for land features by visually judging the segmentation effect and matching it
with the vector image.

3.2. Spatial Geometric Distribution Characteristics of Landslide

Using high-resolution satellite remote sensing images (Table 2), it is found that there
are 508 landslides of various types in the Sigouxia-Laganxia section of the upper reaches of
the Yellow River. The remote sensing image and the 1:50,000 digital elevation model are
superimposed to obtain the spatial distribution pattern of each landslide, the length and
width of the landslide accumulation body, the elevation value of the front and rear edges,
the slope value of the landslide accumulation body, and the slope direction. Based on the
field investigation, the author obtained the thickness information for 116 landslides. On
the basis of remote sensing interpretation, we selected some typical landslides for detailed
field investigation and field verification. The landslide distribution map of the study area
is shown in Figure 4.
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Figure 4. Landslide distribution map of the study area.
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Table 2. Satellite data characteristics used in landslide remote sensing image interpretation.

Spectral . . . . . .
Data Type Characteristics Spatial Resolution Receiving Time Main Uses
4 bands from visible to Panchromatic image Landslide information
QuickBird near-infrared, 1 band of 0.61 m, multispectral August 2006 extraction in
full color image 2.4 m disaster area
Multi-spectral blue, Panchromatic image Macro information
GeoEye green, red and near 0.41 m, multispectral May 2007, September extraction of landslide
infrared four bands, U 2009, March 2012
. image 1.65 m development
panchromatic one band
Natural disaster
Multispectral 4 bands, Panchrqmatlc 1m£?ge 2.1 pr.eventlon,
ZY-3 . m, multispectral image May 2012 environmental
panchromatic 1 band .
6m monitoring and
protection
. Panchromatic image Geological disaster
ZY-102C Multispectral 3 bands, 2.36 m, multispectral April 2012 investigation,

panchromatic 1 band

image 10 m monitoring, etc.

The morphological characteristics of landslides in the study area are very obvious; the
plane shape of the trailing edge of the landslide presents a typical ring chair shape, and
the back wall is generally steep, with a slope of 15-25°. The front edge of the landslide is
tongue-shaped or long tongue-shaped. The front edge of the ancient landslide and the old
landslide have been eroded many times, and even most or all of the sliding body has been
eroded clean. Only the chair-shaped shape of the trailing edge and a small amount of steep
slope remaining due to erosion are preserved. A high floodplain or terrace can be seen at
the foot of the old landslide slope.

According to the characteristics of its spatial distribution (Google Earth), this study
divides it into six types: dumb-bell shape, rectangle, saddle type, long arc shape, triangle,
and side-by-side shape. The spatial form and detailed information of the representative
landslide remote sensing images of each type of landslide are shown in Figure 5 and Table 3.

Yellow river

Mangla river
Long arc shape

Saddle type
.

a8y

Figure 5. Cont.
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Lannitan landslide

Triangle Bectangls

Yellow river
(f)

Figure 5. Plane morphological characteristics of landslide in the study area. (a) Dumb-bell shape;

(b) Side-by-side shape; (c) Saddle type; (d) Long arc shape; (e) Triangle; (f) Rectangle.

Table 3. Representative landslide locations and image types.

Number Representative Ligiu?teu?;d Remote Sensing Plane Morphological
Configuration Landslide 8! Image Type Characteristics
Coordinates
. Google earth Slide length is greater
. onel ong’/
a Dumb-bell shape = Kuogeza landslide  101°36" E, 36°08"' N GeoEye than width
Zhaii ‘an Multiple single
b Side-by-side shape | d-sli] de ;gou 101°55" E, 36°06' N ZY-3 landslides are
group arranged side by side
Mangla River - oAnt . Trailing edge center
c Saddle type estuary landslide 100°27" E, 35°42' N GeoEye-2 bend
. Lateral margins and
Mangla River left ong! oxnl Google earth o
d Long arc shape bank landslide 100°26" E, 35°43' N GeoEye pos-terior wall are
curved
. Gelongbu ongl 0qn/ Google earth Regular triangle or
N Triangle shape landslide 102°36°E, 49°12'N GeoEye in-verted triangle
Rectangular in shape
f Rectangle Xijitan landslide ~ 101°26’ E, 36°06' N ZY-3 with an upright

back wall

According to the interpretation of remote sensing images, the author counted the
length, width, slope, area, and volume of 508 landslides. Based on the statistical division of
the above data, the main distribution areas and the most concentrated distribution areas of
the length, width, thickness, area, and volume of each landslide were obtained. The length
of the landslide in the study area spans a large range, with a minimum length of 120 m and
a maximum length of 6500 m, mostly between 500 and 2200 m. Mainly concentrated in the
550-1500 m, there are 388, accounting for 76.4% of the total number of landslides; especially
in the length of 550-1000 m landslides have 165, accounting for 32.5% (Table 4). The width
of the landslide is also large, the minimum width is 90 m, the maximum is 7200 m, mostly
560-2500 m, mainly concentrated at 600-1500 m, there are 405, accounting for 79.7% of the
total number of landslides (Table 5).
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Table 4. Statistical table of landslide length.
Length Range/m Number Percentage of Total/%
<550 111 219
551-970 165 325
971-1400 113 222
1401-2670 92 18.1
2671-4800 22 43
>4801 5 1.0
Table 5. Statistics of landslide width.
Width Range/m Number Percentage of Total/%
<560 175 345
561-1040 144 28.3
1041-1510 89 17.5
15012930 71 14.1
2931-5300 23 4.5
>5300 6 1.1

Statistics show that there are a large number of landslides with a length greater
than the width of the sliding body, which are mainly distributed on both sides of the
mainstream of the Yellow River in the Qunke-Jianzha Basin. These slopes have large
height differences and open free surfaces, so it is easy to form large-length landslides, such
as Xiazangtan landslide, Kangyang landslide, Lannitan landslide, Shenguotan landslide,
Sozi landslide, etc., which belong to the category of giant landslides in terms of volume,
belong to mudstone landslides in terms of material composition type, and are mainly in
the form of ring chairs, long tongues, giants, dumbbells, etc. This type of landslide has
a long sliding distance and a large sliding speed, which is a typical high-speed and long-
distance landslide type [25]. The Yellow River is partially blocked, forming a huge barrier
lake, leaving landslide deposits on the other side of the Yellow River, such as the Suozi
landslide and the Gelongbu landslide; some landslides belong to the creep type, with a short
sliding distance and a small sliding speed, such as the Shangen landslide in Gongboxiakou.
Meanwhile, landslides with width greater than length are mainly distributed in the Gonghe
Basin on both sides of the main stream of the Yellow River, such as the Baicitan landslide,
the Mangla River left bank landslide, and the Mangla River estuary landslide. The Yellow
River tributary is generally narrow, the free surface is limited, and the wide body landslide
is developed. From the material composition type, it belongs to the semi-consolidated
diagenetic landslide, and the plane shape is mainly presented as semi-elliptical, dustpan-
shaped, saddle-shaped, semi-arc-shaped, etc. The sliding distance of this type of landslide
is short, and the back wall is well-preserved and has a straight and steep shape. Therefore,
these two types of landslides are obviously different from each other in terms of sliding
body morphology and material composition.

Among the 508 landslides in the study area, there are 303 landslides with a length
greater than their width. There is a certain relationship between the length (L) and the
width (W) of the landslide body. When the length and width of the landslide body are less
than 1500 m, the ratio of width to length is close to 1, and this kind of landslide accounts for
more than 1/5 in the study area. However, when it is greater than 1500 m, the length and
width show a linear relationship, extending in the direction of polarization, but the overall
increase in length is greater than the increase in width. The length-width ratio peaks at 2
and 3.2, reflecting that the length of some landslides is 2 times, 3 times, or even more than
the width (Figure 6a). When it is greater than 1500 m, the length and width show a linear
relationship, extending in the direction of polarization, but the overall increase in length
is greater than the increase in width. As shown in the following figure, the correlation
coefficients between length and width are 0.87 and 0.76, respectively (Figure 6b).
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Figure 6. Relationship between length and width of landslide. (a) Length-width ratio of landslide
body; (b) The correlation coefficients between length and width.

The minimum thickness of 116 field survey landslides in the study area is 15 m, the
maximum is 135 m, and the average thickness is 39.6 m. According to the classification
standard of the thickness of the landslide accumulation body [26], the author counted the
thickness of 116 landslides in the field survey and found that the thickness of the landslide
body was mainly concentrated in 30-50 m, which was a deep landslide, accounting for
67.2% of the total number of surveys. In addition, there are 25 ultra-deep landslides
greater than 50 m, mainly giant landslides, accounting for 21.6% of the total number of
investigations, as shown in Table 6.

Table 6. Statistical table of landslide thickness.

Landslide Thickness Classification/m

Catego Average Shallow Mid-Level Deep-Seated Ultra-Deep
gory Thickness/m Landslide Landslide Landslide Landslides
<10 10-25 25-50 >50
Number of 39.6 0 13 78 25
individuals
Percentage /% 0 11.2 67.2 21.6

Among the 508 landslides, the smallest area is 0.01 km?, the largest is 16.26 km?,
mainly distributed in the range of 0.01-4 km?, of which 319 landslides with an area of
0.8-1.5 km?, accounting for the vast majority, mainly distributed in the small slopes of
the Qunke-Jianzha Basin and the Hualong Basin on the north bank of the Yellow River.
Generally, the height difference and the free surface are not large, and the stratigraphic
lithology is dominated by loess landslides. The number of landslides with an area of more
than 4 km? is small, mainly distributed on both sides of the mainstream of the Yellow River
and some large tributaries. For example, the Xiazangtan landslide on the south bank of the
Yellow River in the Qunke-Jianzha Basin is stage I, and the sliding body area is 14.12 km?.
The total residual volume of 116 landslides is 98.35 x 108 m3, and the average volume
is 0.85 x 108 m3. The residual volume peaks are mainly concentrated in four intervals:
0.5-4 x 108 m3, 6-8 x 10® m?, 10-12 x 10° m® and 15-17 x 10® m®. The former two
sections and the latter two sections belong to the category of super-large landslides and
giant landslides, especially the giant landslides with >15 x 108 m3 are developed in the
mudstone strata of the study area, such as the Xiazangtan landslide phase I on the right
bank of the Yellow River in the Qunke-Jianzha Basin and the Xijjitan landslide on the left
bank of the Yellow River in the Guide Basin, which are not developed in other strata.
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3.3. Slope Characteristics of Landslide Body

As shown in Figure 7, the average slope of the landslide deposits in the study area
is small, and most of them belong to small-angle landslides. Statistics show that they are
mainly concentrated between 15-40°, especially 15-20° and 35-40°. Field investigation
found that most of the 15-20° landslides have been stabilized, and the possibility of
overall sliding is very small. Another group of landslides between 35° and 40° is more
unstable, and it is very likely to be revived under the action of heavy precipitation and
continuous precipitation.

160

L40

Number of landslides

0 10 20 30 40 50 60 70 80

Average slope of landslide/®

Figure 7. Landslide slope distribution map.

In addition, it was found that the length of the landslide body in the study area has
a certain relationship with the slope. The longer the landslide body is, the smaller the
average slope is. On a slope, if the sliding force of the slope is greater than its own friction,
the slope is very unstable and prone to landslides under the action of inducing factors.
Assuming that the sliding force of the slope is F, the friction force of the slope is f, the
friction coefficient is y, the component force of the gravity of the slope itself perpendicular
to the slope is N, the slope has a gradient of «, the length of the slope is L, and the height
difference between the front and rear edges is H, then there is:

p=1 M)
H
r=7 2)
According to the similar triangle principle, there are:
poca €)
For the same slope body, its N is a fixed value, then:
o f 4)

According to the principle of mechanics, when F > f, the slope will decline, and vice
versa, it is stable. Therefore, when « is greater than a certain angle, the landslide will occur,
and vice versa, it will be stable.

According to the above formula, it is deduced that the landslide with a large length
has stabilized because of its small slope. For those landslides with smaller lengths, only
a small number of them have stabilized. A large part of them are not stable because of
their large sliding force, and their leading edge may be reactivated and disintegrated again;
therefore, those landslides are above the fitting line, as shown in Figure 8.
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Figure 8. Relationship between landslide length and average slope.

4. Spatial Distribution Characteristics of Giant Landslides in the Upper Reaches of the
Yellow River

Among the 508 landslides, they were classified according to the square amount of
landslide deposits [26]. Super-large-scale landslides (with a square amount of landslide
greater than 1 x 108 m3) accounted for 21 of them (Figure 9, Table 7). Large-scale land-slides
(accumulation volume greater than 1 x 107 m3) accounted for 92 cases, and the rest were
large-scale landslides or below.
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Figure 9. Distribution map of DEM, active structure and giant landslide in the study area.

A detailed field investigation was conducted on the 21 giant landslides, such as the
Xiazangtan landslide, Baicetan landslide, Shenguotan landslide, mudflat landslide, and so
on. It is considered that the spatial distribution of these giant landslides is very uneven in
each basin, each section, and both sides of the main stream. The number of landslides in
the cluster-Jianza basin is the largest, with 9 landslides, the largest residual square, and the
highest density intensity. Followed by Xunhua Basin 3, Jishi Gorge area 3, Gonghe basin 3,
Guide basin 2, and Guanting basin 1.
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Table 7. Statistical table of giant landslides in the upper reaches of the Yellow River.
Relative
Height
. . Difference Residual
Distribution Landslide Landslide Longitude Latitude between Volume/ Sl(fpe o
Number Name . 8 3 Gradient/
Landslide x10° m
Front and
Back Edge
Landslide on
HP1 t}gef ﬁf;fg"‘lzk 100°26/18" 35°43/56/" 418 1.20 4
River
Gonghe White Thorn
basin HP2 Beach 100°30'07" 35°49'11" 538 2.84 40
landslide
Chana oral 1ol on=/a!!
HP3 lordalide 100°48'49 36°05'38 350 1.27 35
ASthIl onAln1! ono/n!!
HP4 londstide 101°34/01 36°09'07 556 1.60 40
Guide basin Xijitan
HP5 slippery 101°27/06" 36°03'44" 240 8.40 30
landslide
Tangse
HP6 village 101°48'55" 36°05'27" 790 1.20 35
landslide
Quhe beach
HP7 mouth 101°56'12" 36°00'28" 700 0.17 51
landslide
HPS If:‘;‘iylfgeg 101°57/20" 36°00/05" 715 10.60 4
Xiazang
HP9 Beach 101°58'51" 36°08'51" 300 15.05 30
Qunko- landslide
jianzha Basin HP10 ez;fiﬁ‘dzﬁje 102°03/45" 35°54/36// 608 0.10 20
Shenguo
HP11 Beach 101°53/12” 36°06/32" 730 0.48 30
landslide
Xia Qiong
HP12 Temple 101°53/46" 36°06/04” 300 0.35 30
landslide
HP13 gﬁdilfilgg 101°58/58" 35°59/55// 372 0.86 20
HP14 Locked slide  102°03'41” 35°54/40" 250 13.55 48
HP15 1af;s(1)it e 102°32/53" 35°46/43" 400 1.08 25
Recgz:ilitmg HP16 f:‘r?é‘s%fé‘eg 102°21/12" 35°53/57" 500 0.39 25
HP17 Tangjiacatan ) 5501 415 35°14/20" 305 2.40 30

landslide
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Table 7. Cont.
Relative
Height
. . Difference Residual
Distribution Landslide Landslide Longitude Latitude between Volume/ Sl(fpe o
Number Name . 8 3 Gradient/
Landslide x10° m
Front and
Back Edge
Mengda
HP18 Township 102°38'19” 35°49/48" 250 0.16 18
landslide
Jishi Gorge
area HP19 Mlz:ssﬁé’;‘g 102°35'18" 36°49/31" 350 0.42 50
HP20 Sggg’ﬁ 102°36/45" 35°49'46" 875 1.19 51
G‘gzzit;“g HP21 ?jf;i‘gg 102°55/03" 35°22/05" 350 0.66 35

Field investigation and remote sensing image analysis show that the width of the
front and back edges of the giant landslide in the study area and the length and width of
the slide body are similar. The relative elevation difference between the top of the back
edge of landslide deposits and the shear outlet of the leading edge has three peaks, which
are located at 350 m, 550 m, and 750 m, respectively, and the maximum can reach 875 m.
This is basically consistent with the results of the relative height difference between high
and steep slopes in the basins on both sides of the main stream of the Yellow River. The
back wall of most landslides is well preserved, and the slope of the landslide is mostly
between 25° and 40°. For example, the average slope of the Xiazangtan landslide located
in the Qunke-Jianzha Basin is 26.4°. During the sliding process of the landslide, the front
topography reversed, and the water in the middle of the landslide formed a landslide lake
with a depth of 26.4 m.

The distribution of landslides in the Sigouxia and Laganxia sections of the upper
reaches of the Yellow River is affected and restricted by environmental factors such as
landform, stratigraphic lithology, active structure, and climate change. Through remote
sensing images and field investigation, it was found that the landslides in the study area are
mainly distributed in Qunke-Jianzha Basin, accounting for 29.3% of the total investigated,
followed by Xinhua Basin, Gonghe Basin, Guanting Basin, Guide Basin, Laxiwa Gorge,
Lijia Gorge, Jishi Gorge, and Gongbo Gorge. The south bank of the Yellow River has more
landslides than the north bank. For example, the Guide Basin and Qunke-Jianzha Basin on
the south bank have extremely large-scale and high-intensity development, while the north
bank has relatively few landslides. The spatial distribution characteristics of landslides are
closely related to the factors of landform, active structure, and climate change in the study
area. In the process of landslide formation and development, one or several factors may
play the main controlling role.

From the analysis of the age of landslide development, ancient landslides and old
landslides are the most developed landslides in the study area, and the slide distance
is relatively long, belonging to the high-speed remote landslide type. Some landslide
slopes once blocked the Yellow River, leaving a large number of landslide remnants on the
other side of the Yellow River. For example, the Golongbu landslide (semi-consolidated
rock landslide) in the Jishi Gorge area, the Suozi landslide (bedrock landslide), and the
Xiazangtan landslide (mudstone landslide) in the Qunke-Jianzha basin.

The spatial distribution patterns of giant landslides in the study area mainly have the
following characteristics:

( Giant landslides are mainly distributed in the area bounded by the Jishishan fault
and the Laji Mountain fault in the West Qinling Mountains (Figure 9), and the Jianzha
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basin is the most developed, accounting for about 1/3 of the total number, showing a
concentrated distribution in the region. The topography of the upper reaches of the Yellow
River is generally presented as a Neogene red bed basin bounded by the Jishi Mountain
and the Lagi Mountain bedrock belt. The Yellow River runs through the basin and forms a
deep valley. The phased uplift of the Tibetan Plateau causes the Yellow River to be sharply
cut down in stages, and multistage terraces are formed along the valley [27].

@ Restricted by river-side erosion, giant landslides in the study area mainly occur
at the concave bank and bend of the Yellow River. For example, the mudflat landslide
in the Qunke-Jianzha Basin, the Kangdong landslide, and the Golongbu landslide in the
Jishi Gorge area all occur at the concave bank of the Yellow River. Meanwhile, landslides
occurring at the bend of the river make it easy to block the Yellow River and form barrier
lakes. On the other hand, after the occurrence of a landslide, the accumulation body
changes the channel and accumulates in the convex bank.

(® The elevation of the giant landslide front is closely related to the terrace. Ac-cording
to the distribution of the front elevation of 21 giant landslides, they are concentrated at an
elevation of 2000-2200 m. Since the slope foot is the most concentrated part of shear stress,
the front elevation of large landslides is usually located near the riverbed elevation [28].

5. Discussion

From the above 4 sections, it can be seen that the cluster of giant landslides in the
study area is widely distributed, and analyzing the inducing factors of giant landslides will
help guide the prevention and control of giant landslides. This paper discusses the induced
factors of giant landslides from the Yellow River erosion effect, historical earthquakes,
and modern human engineering activities, taking the Xichengtan giant landslide as an
example. The Xichengtan giant landslide is located in the transitional zone between the
mountainous area and the river valley on the north coast of the Yellow River in the central
part of the Guide Basin and east of the Nongchun River, a first-class tributary of the Yellow
River. The terrain at the back edge is high and steep, with a maximum elevation of 3150 m,
while the front edge extends to the bank of the Yellow River, with an elevation of about
2220 m and a relative difference in elevation of more than 900 m. The lithology of the
basement strata in the landslide area is mainly Proterozoic and Triassic strata, overlying
the Xining Group of Paleogene purple sandy conglomerate, sandstone, and silty mudstone.
Above the Xining Group, a set of Guide Formation, Quaternary Republican Formation,
and Residual Slope Formation with a total thickness of more than 1000 m, dominated
by sandstones, conglomerates, and mudstones is unconformably overlain [29-31]. The
strata exposed in the landslide area are the Pliocene Guide Formation and the Holocene
Floodplain (Figure 10). The slide bed is mudstone, sandstone, and marl of the Pliocene
Guide Formation, which is in the form of a layer structure, with a thickness of 0.3-0.5 m in
a single layer, weathering is serious, and the yield is 358° £3°.

During the uplift of the Tibetan Plateau, the northern side of the Yellow River in the
Guide Basin has a steeper slope than the southern side due to the differential up-lift of
the northern and southern sides of the basin [32]. The Yellow River channel is close to
the north side of the mountain in the basin (Figure 11). The Yellow River has a strong
lateral erosion effect on the north side of the mountain, so it is easy to form a high and
steep slope on the left bank, which has the free-face condition for landslide development.
The stratigraphy of the Neoproterozoic Guide Formation on the north bank consists of
sandstones, mudstones, and marl, which are prone to destabilizing the strata under the
stripping effect of the Yellow River, resulting in a sit-down slide. The study shows that in
the early Holocene, the rapid warming of the Tibetan Plateau and ice and snow meltwater
led to an increase in the amount of water coming from the upper reaches of the Yellow
River, the hydrodynamic energy increased significantly, and the erosion effect on the north
bank was enhanced. The early Holocene was also a period of concentrated development of
landslides in the upper reaches of the Yellow River in the Lagan Gorge-Shi Gou section [33].
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Figure 11. The Yellow River channel is close to the north side of the mountain in the basin. (a) Topo-
graphic map of the Guide Basin; (b) Topographic profile across the Yellow River.

Since 1709 A.D., the study area has entered a period of frequent earthquakes and
other natural hazards, and earthquakes have been occurring continuously within the
Guide earthquake under the influence of the Ashigang-Dechenji active rupture, which has
been strongly active since the Holocene [34]. In particular, the 1872 A.D. Guide earthquake
caused the dust raised by landslides in the Beishan area of Guide to cover the sky. Therefore,
earthquakes are often capable of triggering mega-giant landslides, such as the Daguangbao
giant landslide triggered by the Wenchuan earthquake of 12 May 2008 [35] and the Baozi
village landslide triggered by the Minxian earthquake of 2013 [36].

In recent decades, droughts and floods have varied greatly in the basin, with annual
precipitation essentially concentrated in a short period of 2-3 months, and short periods
of sustained precipitation have caused atmospheric precipitation and groundwater to be
active along the fracture surfaces and fissure surfaces, which reduces the shear strength
of the rock strata and results in the formation of weak structural surfaces [37]. With the
intensification of human engineering activities, plazas and viewing platforms have been
constructed in the flat area at the leading edge of the landslide in Xichengtan, and these
engineering activities have acted as a trailing edge loading on the landslide, which will be
an important trigger for the occurrence of the landslide.
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6. Conclusions

Based on the study of the spatial plane morphology, distribution characteristics, and
spatio-temporal distribution of landslides in the upper reaches of the Yellow River, we have
the following three understandings:

(1) Landslide remote sensing images in the upper reaches of the Yellow River have
obvious features. The spatial distribution patterns of landslides mainly include dumb-bell
shape, rectangle, saddle type, long-arc shape, triangle, and side-by-side shape.

(2) The length and width of the landslide deposit body are mainly concentrated in
550-1500 m and 600-1500 m, and the length and width extend in the direction of polar-
ization. The average elevation of the sliding body is mainly concentrated in the range
of 20002800 m, and the relative elevation difference between the front and rear edges is
concentrated in the vicinity of 150-400 m and 750 m. The average slope of the slide body is
mainly distributed in the range of 15-20°.

(3) Giant landslides are mainly distributed in the Jianzha basin area, bounded by the
Jishishan fault and the Lashishan fault in the West Qinling Mountains. The giant ancient
landslides are mostly multi-stage and distributed in the form of landslide groups.
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