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The Nyexon Rock Avalanches in the southern Qinghai-Tibet Plateau is a huge scale
earthquake-induced slope disaster in the Holocene, the accumulation area has distinct
sedimentological characteristics, which is of great significance for studying the intrusion
and restraint mechanism during long-distance transportation of large rock avalanches or
debris avalanche. This long-distance transportation induced a series of landform types,
such as ridges, hills, and ravines; they are widely distributed in all areas and extensively
developed shear zones, jigsaw cracks, and other structures within the sedimentary
structure. With the analysis of DEM data and geological survey, two main types of
basement structures and their transition relationships are distinguished; they play an
essential role in the restraining bottom during rock avalanches. In the sedimentary
structure, the block facies and mixing facies occupy the main body of the deposition
from the center to the distal area. Under the basement restriction, mixing facies are formed
between the bottom of the sedimentary layer and the basement sedimentary structure; the
shear band is mainly developed along with the mixing facies and basement facies, which is
accompanied by basement liquefaction and rheology. A sedimentary facies model is
established based on the sedimentary structure sequence of the Nyexon Rock Avalanches
transportation. After analyzing the failure mechanism of the rock avalanches, it is believed
that in the initial stage of failure, the rock avalanches is transformed into a particle flow that
is similar to the debris avalanche, which is restrained by the basement structure and lateral
bound; then, an accumulated obstacle highland is formed in the central area after
deceleration, making the transportation of the main fluid to deflect quickly.

Keywords: rock avalanches, failure mechanism, intrusion constraint, transport processes, sedimentary structures

1 INTRODUCTION

Since the Holocene age, many giant rock slides and rock avalanches have been active in the Qinghai-
Tibet Plateau and the surrounding areas (Hewitt, 1999; Strom and Korup, 2006; Qi et al., 2011; Xu
et al, 2012; Wang et al., 2017; Wang et al., 2018; Zeng el al.,, 2020). During the risk assessment of
natural disasters in plateau areas, the kinematic study of large-scale rock slides and rock avalanches
with exceptional mobility has received particular attention. The complete intrusion process of large
rock avalanches or debris avalanches is rarely recorded. However, the well remained structure can
still provide a common basis and references for related specific research on rock avalanches or debris
avalanches.
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In the present, there have been many discussions about the
transportation and emplacement of rock avalanches or debris
avalanches (Anma et al.,, 1989; Vallance and Scott, 1997;
Takarada et al., 1999; Capra and Macias, 2000; Bernard
et al, 2009; Hu et al, 2009; Roverato et al., 2015).
Theoretical hypotheses on the cause of abnormal long-
distance transport include the theory of inviscid particle
flow, the theory of air cushion, and the theory of trapped
air causing fluidization (Kent, 1966; Shreve, 1966; Hsii, 1975;
Erismann, 1979; Davies, 1982; Sassa, 1988; Foda et al., 1994)
etc. Nevertheless, there is still no universal mechanism or
theory to explain all these types and phenomena (Orwin et al.,
2004; Devies et al., 2011).

In addition to the rock nature and the initial transportation
state, the main conditions or factors that constrain the long-
distance transportation and placement of rock avalanches or
debris avalanches include the basement surface undulation,
significantly raised obstacle, foundation structure strength,
water-bearing condition, etc. These factors will affect or limit
the direction, speed, and form of flow transport during the
transportation and placement of debris (Moore and Mathews,
1978; Davies, 1982; Evans, 1989; Evans et al., 1989; Erismann
and Abele, 2001Clavero, et al., 2002; Pollet and Schneider,
2004; Jibson et al., 2006; Bernard et al., 2009; Huang et al.,
2012; Weidinger et al., 2014; Dufresne et al., 2015). Almost all
geomorphology and structure are reflected in the evolution
process of sedimentary units, which result from the
emplacement and restraint of rock avalanches. The detailed
geological survey is helpful to reveal the intrusion mechanism
of certain large rock avalanches or debris avalanches (Schiliro
et al., 2019).

In order to evaluate the potential major slope disasters in
major engineering activities under the impact of strong
tectonic activity in the Qinghai-Tibet Plateau and to
explore the long-distance abnormal emplacement process
and restraint mechanism of large rock avalanches or debris
avalanches, Nyexon rock avalanches in the southern Qinghai-
Tibet Plateau were selected as the research subject. The
Nyexon rock avalanche (NRA) is a kind of earliest studied
slope hazard in the southern plateau, where active seismic
activity exists (Armijo et al., 1986). The rock avalanche event
occurred about 820 years ago (Zeng et al., 2020). Through
field investigation, compared with the three different
placement patterns of the usual rock avalanches or debris
avalanches (Pier et al.,, 1991), as a specific large-scale rock
avalanche, the L-shaped placement of the NRA is unusual,
making Senai Village directly facing the slope escape from the
disaster, but Nyexon Village is attacked under the condition of
no obvious terrain restrictions on the transportation route.
Therefore, the research on the NRA is valuable. Due to the
rich and well-preserved accumulation landforms formed by
the NRA, with the geological observation and mapping, the
collapse mechanism, the effect of sedimentary characteristics
on its placement, and the corresponding mechanism are
deeply discussed, which is of specific significance for
accurately evaluating and preventing the large-scale slope
disasters in seismically active areas.

Intrusion Restraint Mechanism for NRA

2 GEOLOGICAL SETTING OF NRA

Since the late Cenozoic, the south-north tectonic belts are
developed significantly in the southern part of the Qinghai-
Tibet Plateau (Armijo et al, 1986; Tapponnier et al., 2001;
Taylor et al, 2003; Pan et al, 2006; Yin and Taylor, 2011),
among which the Yadong-Gulu rift is the most active one
(Wu et al, 2015). The rift zone on the north side of the
Yarlung Zangbo suture zone expands into the Nyemo graben
group consisting of seven graben bodies. The studied area is
located in the Angang graben on the east side (Figure 1).

The Angang graben is a willow-like intermountain basin,
where the main fault is located in the basin-mountain
intersection on the west side of the basin (Figure 1), and the
fault triangular face of the mountain front shows the activity of
the graben structure. Besides, in this area, the seismic activity is
frequent (Wu and Ye, 2009), the rock strata is mainly pale-
colored, coarse-grained, two-cloud granites of the Paleogene
(Wang et al, 2019), and the intrusive magmatic rock
structures such as dark pyroxene homogenous enclaves,
homologue enclaves, and band structures are well developed.
In the Angang Basin, the sediments are formed through the cross-
deposition effect among the glacial water deposits, piedmont
alluvial fans, swamps, and rivers. From north to south, the
swamp type gradually changes from alluvial fan swamps to
river swamps. The weathered soil on the slope's surface and
the colluvial deposits form slope wash facies with a great
thickness. The bottom sediment of the basin is mainly
demonstrated by modern fluvial deposits in the Xuqu River
and swamp facies.

3 ANALYSIS METHODS

Considering the wvast coverage of the NRA, the entire
accumulation area was investigated with the route method,
and the characteristics of the debris size, composition,
provenance were drawn and statistics in detail. Moreover,
along with the Xuqu River and Xiagaqu River, tens of exposed
mounds, ridge morphology, basement structure, etc. were
investigated and sampled in detail. In addition, in order to
explore the accumulation and distribution of debris below the
scar area, high-density electrical geophysical methods are used in
the field to detect the area from the bottom to the proximal area of
the scar area to investigate the characteristics of the basal
structure and the water-bearing conditions.

Using high-resolution Google remote sensing images, the
features of NRA and its surrounding area were drawn in detail
from the aspect of the macro landscape; then, the spatial
distribution sequence of mounds, ridges, and fractures was
analyzed. In addition, the spatial distribution of huge breccias
on the surface and the development law of particle size were also
included.

As the basis for detailed geological observations, a quadrotor
drone was used to capture image data with a resolution of 0.1 m
and an area of 8.3km” to create a digital elevation model
(DEM). The ArcGIS software is adopted to establish macro-
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FIGURE 2 | Remote sensing image map of the Nyexon Rock Avalanches. (A) Plan view of the NRA loaded, yellow line for the NRA sedimentary area, green line for
the undeposited area, and black line for the scar area, with (B) view of its scar area. (C) A high escarpment formed by lateral erosion of the original ridge and foot on
the left.
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FIGURE 3 | Longitudinal profile of the NRA. Number 2-2 is the geophysical prospecting section line number.
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topographic indicators, in which the focal statistic method is
used to calculate the topographic undulations of the
accumulation area. Moreover, by carefully describing the
development and distribution of hills, ridges, and faults, it
reflects the internal relationship between the transportation
sequence of debris and the accumulation structures. While
investigating the source of the detrital material in the field,
according to the formation cause, the detribalization
characteristics of different weathering degrees were
distinguished, and the mixing degree of the base material
components in each area was determined; according to the
sedimentary structure and topography, the type and transition
characteristic of sedimentary facies belts in each region are
categorized. Finally, considering the interaction between the
debris accumulation and the basement, the mechanism of the
debris avalanche placement process, the high-fluidity
emplacement process, and the constraining factors, are
discussed.

4 RESULT
4.1 General Characteristics of NRA

NRA comes from the thick and tall granite mountains on the west
side of the Angang Graben, where the protruding ridges
sandwiched by gullies form the original landform. In this area,
the normal faults across the bottom of the slope and huge
piedmont landslides develop above them. The debris caused by
the rock avalanche covers a range of about 4.68 km” from the gentle
slope of the mountain front to the bottom of the flat valley. The
horizontal distance from the scar area to the far end is 4.67 km, the
height difference of the transportation path is 890 m, and the
overall slope is 110%o. The plane morphology of the accumulation
area shows that during the rock avalanches transportation, the
starting location is 105°, and it quickly deflects southward to 155
after passing the Xuqu River (Figure 2A). However, the coverage
width is 0.9-1.4km, which means that compared with the

transportation in the main direction, the horizontal expansion
of fluid did not occur significantly.

The detrital material in the rockfall accumulation area is
mainly composed of granite debris from the scar area and the
material mixed in the basement with the transportation. The
clastic particle ranges from boulders to clay, and it also contains
the peat layer with rich organic matter in river swamp facies
(Figure 3 and Figure 6E).

Considering the expansion of the original source of the rock
avalanche and the proportion of the substrate material during the
transportation, it is relatively reasonable to estimate the disaster
of the space volume of the scar area. Due to the uncertainty of the
original slope morphology of the scar area, its original surface
morphology of the scar area is reconstructed based on the
assumption that the surface morphology still keeps the
original shape, and the disaster scale is estimated to range
from 27.5 x 10°m” to 35.8 x 10°m’.

4.2 Scar Area

The entire scar area is composed of the head cliff, two lateral
slopes, and the bottom surface (Figure 2). At the front edge of the
scar area, a steep slope belt with a height of 90 m is developed, the
topography at the exit section is extremely complex; at the trailing
edge of the slope, a geomorphic uplift zone is formed, below
where the front edge of the slope is mainly covered by primitive
collapsing deposits (Figure 2B), forming a very convex ridge,
which gradually descends and extends eastward about 0.7 km.
The upper rock mass structure of the scar area is mainly
controlled by two main groups of wedge-shaped bodies that are
composed of dominant fissures (Figure 2C). Because the bottom
area is affected by the regional fault structure, a densely dipping
fissure zone develops in the bedrock area (Wang et al., 2019).
At present, in the scar area, only the bottom area is covered by
debris with different thicknesses. The results of geophysical
exploration show that the burial depth of the damaged bottom
bedrock is 5-20 m, and the morphology is generally gentle; at the
same time, the low conductivity area shows that the width of the
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FIGURE 4 | (A) Shaded relief map of the NRA showing zones and subzones, accumulation area on the east side contains eight facies’ intervals. White dashed line is
the partition line, red dashed line is the ground fracture, black dashed line is the direction of the mound, yellow dashed line is the direction of the ridge. White arrow is the
direction of movement, and range line is the direction of the levees. Green rose diagram is the ridge and hill, yellow rose diagram shows the location of the point break. (B)
Drone top view of the proximal area, two different longitudinal mounds, black is the boundary of the sedimentary structure. (C) Drone top view of the central area,

affected zone of the bottom fault layer is more than 40 m, and the
current fault zone is in a water-rich state (Figure 3). According to
the on-site investigation, the ridge is not completely destroyed,
and most of the deposits in the middle and lower parts are
retained. Moreover, erosion also causes a steep slope zone on the
left side of the ridge in the lateral direction (Figure 2B).

4.3 Structure

In the proximal area, NRA retains massive survivors and
significant breccia accumulations on the surface; in the distal
area, it forms a mixing facies structure similar to detrital
avalanches, whose macroscopic accumulation forms include
hummocks, ridges, scarp, trenches and levees, etc. The
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FIGURE 5 | The features of the sedimentary structure of the NRA. (A) Contact features of the block facies and the basement in the central area. (B) Transverse
grooves and ridges in the central area. (C) Cross-sectional structure of the carapace facies at the front edge of the longitudinal mound. (D) Plane deposition range and
the potential source area of the block are inferred to be the red range in the middle and upper part of the scar.

accumulation area of NRA is divided into different structural
units, and the corresponding relationship between internal
structure and macro-topography is reflected through the
detailed description (Figure 4A).

4.3.1 Hummocks

The morphology of mounds includes longitudinal hummocks,
round mounds, and transition types. Longitudinal hummocks are
distributed from the proximal end of the scar area to the scarp belt
near the Xuqu River (Figure 4B). Along the left side of the central
line, the longitudinal hummocks are divided into two uplift belts
arranged coaxially; the uplift amplitude increases toward the
front edge, forming levees on the outer edge of the distal
region of the longitudinal hummocks (Figure 4A).

In the proximal area of the scar area, except for the main debris
accumulation part of the two longitudinal hummocks in the left
area, in the center of the proximal end and the limited range of the
right ridge, a more critical debris longitudinal mound is retained
(Figure 4B). Through the inversion analysis of the slope map
processed by the DEM, it is found that this area is
macroscopically a gentle trough inclined from both sides to
the center, and several parallel low-undulating longitudinal
hummocks are developed at the bottom and inside
(Figure 4B). Therefore, it is inferred that the placement
process of the debris is in the proximal region. The piedmont
alluvial fan acts as the base emplacement process, making the base
structure undergo strong compression and deformation and
inducing a mixed accumulation zone of the base on the
further right bank of the xuqu; at the same time, the section

of cliff in the front area shows the obvious high-angle contact
relationship between the clastic matrix accumulation and the
laterally uplifted alluvial fan fine-grained sedimentary layer,
showing the intrusion mode of the proximal central area
(Figure 4B).

From the center to the far end of the left bank of the Xuqu
River, the shape of the mounds mainly includes long mounds,
round mounds, shield mounds, etc. The plane morphology of
their arrangement is affected by the fracture and appears to be
more fragmented, forming coaxial parallel train hummocks
(Figure 4C). However, suppose the influence of lateral fracture
is not considered. In that case, the front-end mound train occurs
slight vertical expansion in the form of a stream zone (Belousov
et al., 1999), indicating that even under the constraining effect of
the structure of the substrate, the variation of flow velocity in the
front-end area is almost insignificant. In the farthest area, the
thickness of the debris accumulation is very thin (Figure 5A), and
in the bottom structure dominated by shear bands, the content of
fine particles increases, and the distribution of mounds become
more isolated.

4.3.2 Ridge

Ridge is the uplifted landform similar to the hill, and they can be
distinguished according to the Overall aspect ratio, the aspect
ratio of the former is generally greater than 1.5 (Dufresne and
Davies, 2009). As for ridges in the NRA accumulation area, they
are mainly characterized by steep slopes and sharp ridge tops.
According to the direction of the ridge top line, they are defined as
transverse ridges and longitudinal ridges. The former intersects
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FIGURE 6 | The characteristics of sedimentation reflected by NRA on-site photographs. (A) Multiple shear zones and detailed features. (B) Rheological and shear
phenomena of the sedimentary bottom layer. (C) Horizontal shear zone and diapir structure inside the basement. (D) Injection structure. (E) Outside the central area. The
contact relationship between the horizontal deposition of the peat-bearing marsh facies and the clastic deposition. (F) Clastic deposition thickness in the distal area and

movement direction

the main direction of transportation at a large angle. Lateral
ridges appear below the cliffs at the far end of the longitudinal
hummocks (Figure 4B), and most of them are distributed in the
intermediate transition zone and lateral edges of the
accumulation area, and horizontal ridges are arranged in the
way of parallel geese, showing the phenomenon of distortion or
discontinuity in the same direction (Figure 4A).

The ridge landform unit of NRA is composed of a mixed
clastic structure, which is not obviously different from mounds. It
is surveyed that the formation of transverse ridges is related to the
accumulation and compression of the basement, and the

transverse ridges at the back of the central area are most
developed; the original basement structure in this area is the
transition zone between the accumulation of alluvial fans and the
river peat swamp (Figure 6E), where the upper layer
accumulation body develops debris jigsaw cracks. Therefore, it
is speculated that the intrusion of the clastics is mainly horizontal
displacement, and is mainly affected by the base structure.
Although the sediments of the river marsh facies have finer
grain size and the water content exceeds the proluvisis fan
body, the gentle terrain is the main factor that causes the
difference in fluid transportation speed, which leads to a
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reduction in the speed of the front end of the transportation to
make the rear side be squeezed in the horizontal direction.

4.3.3 Furrows and Trenches

The gully is an adverse linear terrain that regularly extends from
the proximal end to the distal end. The gullies are densely
developed in a nearly parallel arrangement from the middle to
the distal area and extend along the main direction of
transportation in a nearly parallel manner; in the central area,
the length of the longest longitudinal gully is 0.6 km; and in the
distal area, the gully is dense, and a part of the gully cuts off the
longitudinal ridge at a short and sharp angle, forming densely
arranged train hummocks (Figure 4C).

During the transportation, the flow is restricted by the base
structure, resulting in differentiated transportation between
blocks and causing stretching gully and shearing gully between
blocks. By drawing the statistical map of the gully in different
areas (Figure 4A), it is shown that the longitudinal gully is nearly
parallel to the main transportation direction, and the horizontal
gully is relatively underdeveloped. However, it turns into a
conjugate gully form in the side edge area. At the front edge
of the central zone, the extension of the gully is not straight.

From the topographic map based on DEM data (Figure 4), an
arc-shaped gully spreading across the entire area along the front
edge of the central area is clearly identified; besides, the river
profile shows that a deformed basement facies is developed along
the relatively open bottom of the gully. The basement layered
sedimentary structure is inclined upstream due to the overlying
pressure (Figure 5B), and the height of the ridge outside the gully
has a significant step-like decline. It is inferred that the debris
transportation in this area appears stretched and detached under
the effect of the basement structure.

In the highest area in the central zone of the NRA, the
developed shield-shaped mounds are formed by a set of
conjugated gullies (Wang, et al, 2019), indicating the
difference in the forces of the blocks in the accumulation area.
These two groups of intersecting gullies show the main force
property of horizontal left-handed shear. However, the right side
of the shield-shaped mound in the central zone inclines
downward to the outside, and multiple parallel ploughing
ridges are developed forward (Figure 5B), indicating that
during fluid transportation along the main direction, restricted
by the base, a set of force couple is formed at the right side,
resulting in the whole left-handed shear, thus forming
longitudinal ridges separated by nearly parallel gullies in the
middle area of the whole.

4.4 Facies

Along with the bank slopes of the Xuqu River and the tributary
Xigaqu River, the exposed continuous and complete cross-sections
and longitudinal sections show the details of the NRA macro-
sedimentary structure, which is the upper carapace facies, the
jigsaw-fractured body facies including blocks facies, mixing
facies, shear facies, and basal facies according to the sedimentary
sequence. Through careful investigation, it is found that it is typical
for the missing of some sedimentary sequences in different regions,
and the sequence of sedimentary structure is related to the structural

Intrusion Restraint Mechanism for NRA

properties of the clastic flow and interaction between the structure
of the basement during the emplacement process.

1) The carapace facies are distributed from the proximal end of
the scar area to the middle of the accumulation area
(Figure 5C). In the proximal longitudinal mound area, the
carapace layer is formed by the giant breccia and the vast
internal survivor puzzle fissure, which is composed of the
large breccia body and strip structure. The conclusion about
the source of the large breccia is that it mainly comes from the
middle and upper part of the scar area, develops in a belt shape
along the advancing direction (Figure 5D).

It is worth noting that the crustacean facies abruptly
disappeared in the central area and concentrated in a slightly
distant part (Figure 4C). Generally, the carapace facies of NRA
are distributed in most areas; in the proximal region, the granular
structure of the carapace facies is characterized by megabreccias,
the thickness of the crustaceans is large, and the boundary
between the crustaceans and the body facies is not obvious.
Starting from the middle of the Xuqu River, along with the
distal direction, the particle size of breccias in the crustacean
facies gradually decreases and shows an apparent discontinuity in
the transition area from the middle to the distal, and then is
concentrated generated. The crustacean almost disappeared in
the leading edge area at the distal end.

2) The body facies are the accumulation, whose different regions
are composed of a matrix of granularity ranging from coarse
grain to clay, as the main part of the NRA. Its secondary types
include block facies, fragmented facies, and mixed facies.
Jigsaw cracks developed in block facies and mixed facies
exist in most areas and particle size scales (Figure 5C), and
their transition relationship depends on the content of fine-
grained breccia and the mixed base sediments.

The shear facies of NRA is well developed. In the near-source
area, parallel multi-shear zones or imbricated shear zones are
developed inside the clastic deposits at the edges (Figure 6A).
From the central area to the distal area, the shear zones mainly
develop in the mixed facies, base deposition layer or between
them, bands of finely ground are formed in the shear zone with a
bandwidth ranging from centimetres millimetres (Figure 6B).

The investigation shows that the shear facies of Nyexon rock
avalanches are developed from the bottom of the body facies to
almost all ranges and depths of the disturbed basement. In the
remote area, the development of the shear zone is affected and
controlled by laminar flow and is often associated with
rheological facies inside the clastics (Figure 6C). However, it
also appears in the fine-grained block facies or mixed facies at the
bottom. Different from the above characteristics, the upper mixed
facies is in sharp contact with the substrate contact zone. The
thickness of the mixed facies usually ranges from a few
centimeters to more than 2m. Shear bands significantly
develop between the substrate facies and the mixed facies and
inside the mixed facies. The direction of the internal jigsaw cracks
is consistent with the transportation direction, and the
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TABLE 1 | Description of facies zone of the NRA deposit

Facies zone

Sb (Scar block facies)

SP (Southern Proximal Longitudinal
Hummocks Facies)

NP (Northern Proximal Longitudinal
Hummock Facies)

Cm (Central Mixed Facies)

NC (Northern Central Mixed facies)

SC (Southern Central Mixed facies)

Dh (Distal facies)

Main structures

Ridges

Ridges, hummocks levées,
trenches

Ridges, hummocks levées

Faults; trenches

Ridges, hummaocks, faults

Ridges, hummaocks, faults

Hummocks

Intrusion Restraint Mechanism for NRA

Description

The surface deposits are mainly mixed with breccias at the bottom of the scar area and the
left slope zone.

Longitudinal ridges up to 940 m long oriented mostly SSE; the trenches are up to 30 m long;
the levées are up to 530 m long; composed of carapace surface facies and internal mixed
phases; flood dike is composed of mixed bas phases

Longitudinal ridges up to 590 m long oriented mostly SSE; mixed block phase is the primary
internal structure. The levées are up to 530 m long; base phase is the main material
composition

Located in the central zone of the deposit, lack of mounds and ridges, faults up to 150 m, the
faults trend SS; trenches up to 240 m, trenches trend ENE; the largest deposition thickness
developed, mainly composed of base material mixing, lack of surface crustacean facies
Mainly structure consists of ridges, hummocks extending in the direction of SEE and NEE,
and faults in the direction of NEE. Ridges and hummocks are 10-15 m high. It is mainly
composed of local surface layer carapace phase, internal breccia matrix, and basement
mixed phase materials

Dominated by the ridges and hummocks structure extending in the direction of NWW and
NEE. The heights of ridges and hummocks are 5-12 m, and they are mainly composed of
local surface carapace phase and internal breccia matrix and basement mixed phase
materials

Composed of horizontal ridges and hummocks extending in the SEE direction. Ridges and

hummocks are 3-8 m high and mainly composed of mixed phase materials

occurrence of the shear zone is in the range of near-horizontal to
steep upstream.

3) The basal facies of NRA can be categorized into two similar
types of structures. In the proximal area, the base facies is the
piedmont alluvial fan; the main material components include
the silt and gravel layer developed along the slope and gently
dipping bedding, and the matrix of mixing phenomena
between the base sediment and the overlying clastic
bottom. In the local area of the edge, the phenomenon of
diapir and injections occurs (Figure 6D).

The sediment components in the central and remote areas
include silty sands with horizontal bedding and organic-rich clay
interlayers. The lateral change law of basement facies structure
shows that this area is mainly the transitional sedimentary zone
between the end facies of alluvial fans and swamp facies (partially
peat swamp). Complex deformation structures are observed in
the bottom sediments covered by debris in a remote area. Some
pieces of sediment float under the fluid and flow to deform
accordingly (Figure 6B). However, in the remote area, the
deformation of the basement is limited to the too deep range,
which is usually in the range of 2~4 m from the bottom of the
riverbed; thus, the basement surface can maintain the original
horizontal sedimentary structure and disturbance.

Phenomena rarely occur. Even under the bedding shear zone
(Figure 6F), there is no evidence of deformation that occurs
inside the thin layer of horizontally bedding silt clay (Zeng et al.,
2020).

4.5 Sedimentary Unit Division

Through the careful geological survey, the NRA sedimentary
structure and spatial distribution range are investigated and
mapped in detail; the entire area covered by the rock
avalanche is divided into eight different sedimentary units or

facies belts. Table 1 lists the basic characteristics of the
main units.

5 DISCUSSION
5.1 Collapse Mechanism of NRA

Referring to the worldwide large rock avalanches, rock slides, or
detrital avalanches, different excitation conditions can cause
almost all types of slopes to collapse (Moore and Mathews,
1978; Voight, 1981; Voight et al., 1983; Voight and Elsworth
1997; Belousov et al., 1999; Siebert, 1996). Triggered by a strong
earthquake, the collapse of the rock avalanche or detrital
avalanche is often remarkable, which means that the triggering
effect of a strong earthquake can cause more severe damage, long-
distance, and multi-stroke transportation (Cheng and Tian, 2000;
Hu et al., 2009). Although for the Nyexon rock avalanches, there
is no specific evidence to prove the relationship between collapse
and the earthquake excitation, including the surface rupture
phenomenon or the relationship between the activation time
of the seismogenic fault and the rockfall event, strong earthquakes
in Angang graben and surrounding areas are recorded;
furthermore, the existence of Nyexon rock avalanches and
slope disaster groups (Zeng et al., 2020) can be used as a basis
for strong earthquake triggering.

Some collapse modes concerning large-scale rock avalanches
or clastic avalanches induced by strong earthquakes, including
the collapse mechanism of pyroclastic avalanches, are proposed
(Belousov et al., 1999; Bernard et al., 2009; Pollet and Schneider,
2004; Huang et al., 2012). Through a detailed investigation of the
scar area and slope environment of the Nyexon rock avalanche, it
is believed that the original bottom structure of the scar area is
affected by the fault to form a relatively weak basement, and
concentrated stress shear failure may occur under the
superimposed action of the overlying stress. The current
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spatial structure of the scar area is not a typical wedge-shaped
body, so it is a reasonable explanation of the foundation breaking
to cause the damage of the slope.

Through the analysis of the slope’s advantageous fracture
combination and potential block structure, it is inferred that
during the earthquake, the first deformation and destruction of
the basement can make the slope continue to extend backward in
the compression-induced fracture mode and develops into a deep
failure surface along the existing dominant steeply inclined
fissure, which eventually occurs the decomposition and failure
of the wedge-shaped body. Therefore, considering the rock mass
structure in different areas of the original slope in the scar area
and the existing failure boundary characteristics, the failure mode
of the basement collapse becomes a more reasonable explanation
than the wedge failure.

5.2 Suggestion for the Mode of Rock
Avalanche-Detrital Avalanche

Generally, the sedimentary structure of rock slip and rock avalanche
is similar; they both include carapace facies, body facies, mixed facies,
and basement facies, while the detrital avalanche lacks crustacean
facies (Dufresne et al,, 2015).

Through observation, in the proximal area of the Nyexon Rock
avalanche, the main transported structure is mainly composed of
incompletely broken breccia matrix and huge local survivors. Under
the action of eroded or plow cutting, the basement layer occurs great
deformation, where the development of the mixing facies is in the
initial stage. Later, as the transportation distance increases to the
remote area, the mixing facies becomes more mature, the
development degree of the shear zone in the base and the mixing
facies corresponds to its development stage; at the same time, the main
body of transportation gradually turns to be the debris avalanche
mode, in which the internal compression and collision behavior of the
debris is more prominent. Moreover, some studies define this state as
a particle flow (Friedmann, 2003; Hungr and Evans 2004).

On the other hand, with the lateral expansion, the degree of
lateral expansion of clastic avalanches in the distal region is
smaller than that of rock slides and rock avalanches.
According to the plane evolution morphology, comparing to
the Luanshibao Landslide and Taheman Landslide on the
eastern edge of the Qinghai-Tibet Plateau while transporting
open and flat terrain (Wang et al., 2019; Wang, ea al., 2020; Zeng
et al, 2020), the lateral expansion of the Nyexon rockfall
accumulation area is found to be not significant.

Based on the analysis above, it is believed that except for the
evolution of the crustaceans, the Nyexon rock avalanche shows the
evolution model of the detrital avalanche. According to the
accumulation characteristics, the Nyexon rock avalanche enters
the evolution mode of the detrital avalanche at the initial stage
after the collapse; at this stage, the fragmentation process is
obviously different from that of many other large rock avalanches
during transportation, this may be an important aspect of the
dynamic conditions for long distance transportation of rock
avalanches, which also proves that different slide conditions may
lead to significant differences in the mechanism of rockslide motion
(Strom and Korup, 2006).

Intrusion Restraint Mechanism for NRA

5.3 Facies Model of Rock Avalanches
Deposition

Through the investigation of the sedimentary structure in
different regions, it is found that there is a strong relationship
between the accumulation morphology and sedimentation of the
Nyexon rock avalanche. Many previous studies on the
sedimentological characteristics of the rock avalanche are
reflected by the facies model (Yarnold and Lombard, 1989
Pollet and Schneider, 2004; Dufresne et al., 2015).

Regarding the internal characteristics of the rock avalanche
sedimentary structure, the vertical distribution of the clastic grain
with size accumulation forms in different regions is studied and
believed that the reverse hierarchical feature is for the upper
sedimentary structure (Dunning, 2011; Weidinger et al., 2014). In
the investigation of the Nyexon rock avalanche, most of the
reverse grain structure is found to be in the mound section of the
distal area (Wang et al.,, 2019), in which the impression of the
reverse grain structure is further deepened because of the adding
of the fine-grained basement material. The reverse structure is
only developed inside the multi-shear zone or imbricate shear
zone in the edge section in the proximal area. Therefore, the local
reverse particle size of the rock avalanche is mainly related to the
shearing mechanism. In this case, there is no direct field basis to
support the vibration screening mechanism.

On the other hand, the reverse grain size in the NRA
sedimentary structure is often closely related to the shear zone
and its internal jigsaw cracks. The few jigsaw cracks in the near-
source area of the NAR reflects scale benefits, which means that
the larger survivors are wrapped in the early period. Even if the
substrate is mixed or internally deformed, the influence of the
surrounding stress concentration is not obvious. The jigsaw
cracks appear more in the smaller-scale breccia matrix or a
mixed belt in the distal area.

The development of shear bands represents the nature of fluid
transport. In the proximal region, the shear bands mainly exist
inside the substrate bottom, while they can further extend to the
bottom or lower structure of mixed facies and body facies in the
distal region. At the bottom of the hill or ridge section, there is a
gentle bottom mixing zone and the basement interface that does
not match the surface morphology, and in some areas also occurs
a certain degree of uplift, forming rheological formation and
shear zones.

According to the detailed discussion of the spatial distribution
and internal structure of the various sedimentary facies during
the placement of the NRA, the mode of sedimentary facies of the
NRA is drawn (Figure 7).

5.4 Rockfall Dynamics and Emplacement

Restraint Mechanism

As mentioned in a previous section (Section 5.1), in the initial stage
after the collapse of the NRA, the main transport structure is
dominated by mixed giant breccias and debris but lacks the
original structure and strength. At the same time, the substrate
containing viscous materials is not added, it is defined as a non-
aqueous and non-sticky granular material and keeps the particle flow

Frontiers in Earth Science | www.frontiersin.org

January 2022 | Volume 9 | Article 824755


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Cui et al.

Intrusion Restraint Mechanism for NRA

L Proximal |

Central | Distal |

Flow direction

Carapace extension
facies =
Body facies

Block matrix

Basal mixing| |
Shear ficies _[]
Sabstratum

COl'l]pl'CSSiOl’l

differentiation; (7) basel injection.

FIGURE 7 | The facies model of Nyexon rock avalanches. (1) Block facies; (2) mixed facies; (3) shear facies; (4) fine grained mixing facies; (5) and (6) substratum of

properties during the transportation. In the proximal region, the
debris particles are transported in the form of flow, and the intrusion
process causes the deformation of the substrate. The structure of
longitudinal hummocks and dams is related to the stretching
mechanism of the fluid in the slope zone (Wang et al, 2019),
which is related to some other debris avalanches. However,
corresponding to the limited conditions of the original lateral
ridge, the transportation direction of the fluid in the vicinity of
the edge is different from the middle fluid. After the collapse of the
scar area, the initial transportation state is the main factor in
controlling the transportation direction. When the longitudinal
mound in the left area is under the combined influence of the
lateral constraint and the deformation of the substrate, the
transportation of the fluid front decelerates and a key terrain
obstacle is formed behind the transverse ridge of the central zone
(the central area in Figure 4); after arriving, the middle area, affected
by the obstacle heights, the transportation direction of the fluid
furtherly changes from 103° to 155". Finally, the fluid continues to
run off and expand downstream, forming the current planar shape.
Although the bottom of the basin has the characteristics of
open and flat primitive landforms, the flow of rock avalanches has
inherited characteristics. The fluid entering the bottom of the
basin from the slope zone is affected by the transformation of the
substrate structure and friction properties. In order to quantify
the impact, the macroscopic friction coefficients generated by
rock slides at the interface of different substrate is calculated using
two different sections (Figure 2), and the results calculated by
applying the formula Ah/L (Ui, 1983) are respectively 0.18 and
0.23, indicating that the friction coefficient of the substrate of the
slope-diluvial fan is much higher than that of the swamp
substrate, and it also shows that the NRA is similar to some
other rock avalanches or clastic avalanches (Siebert, 1984; Shaller,
1991), it is not an abnormal long-distance transportation.
According to the previous description, hills or ridges are not
formed by the deformation and undulation of the basement
regarding the long-distance transportation mechanism of rock
avalanches at the bottom of river valleys. However, they are
mainly related to the compression and extension of the fluid.
From the central area to the distal area, the mixed facies and shear

zone mainly develop in the bottom area of the fluid, where the
fluid structure and density change the most. The investigation of
the NRA shows that the fluid intrusion in the remote area is
mainly in the form of destruction of the shear zone rather than
theology, and the bottom mixing zone rich in fine-grained
materials has a lower porosity. The swamp sediments of the
basal facies have finer grain size and are saturated with water.
During the fluid emplacement process, the substrate underwent
most of the shear failure under the action of excess pore water
pressure. In addition, along the basal facies or the mixed-facies
structure is a mainly laminar failure, and a small part of the
outside of the central area is the shear failure inside the mixed
facies, forming an inclined failure surface that is nearly parallel to
the surface of the mound.

In the distal and lateral areas, the fluid becomes abnormally
thin, and the shear band does not move down significantly,
indicating that the internal shear of the fluid is not directly
related to the overlying pressure determined by the fluid
thickness, so it can be inferred that the shearing is the reason
for inheriting the weak zone or shear zone that existed before the
lateral expansion.

6 CONCLUSION

In this paper, the Nyexon rock avalanche in Nyemo County,
southern Tibet, was studied, formed inside the Angang graben
under strong earthquakes. The debris formed after rock
avalanche damage is transported from the gentle slope belt in
front of the mountain to the flat and open lower reaches of the
Angang River valley, during which the transport direction of the
rock avalanche abnormally changes; this makes the Nyexon
avalanche be a specific case of studying the failure mechanism
and intrusion constraints of large rock avalanches. Finally, some
new understandings and summaries were obtained based on
detailed geological observations and previous studies.

1) The collapse and failure mode of the Nyexon rock avalanche
the foundation failure after the earthquake stress is
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superimposed on the weak foundation that is formed under
the control of the fracture in the bottom area of the slope
under the action of strong earthquakes, and after its strong
collision with the bottom surface and caused rapid
fragmentation, the rock mass in the scar area is broken
and decomposed to form the initial condition for rockfall
debris to be transported by particle flow.

The original slope landform and basement sedimentary
structure are different from previous understandings. The
basement of lateral ridges and piedmont gentle slopes is
composed of slope alluvial materials, while the bottom of
the Angang River valley is composed of river-swamp facies.
The difference in sedimentary structure has obvious influence
on the transportation and intrusion of rock avalanche.
Through the investigation and analysis of the morphology and
structure of the rock avalanche accumulation area, the
established Nyexon rock avalanche sedimentary facies
model includes: 1) block facies and disturbed basement
facies in the proximal area after initial fragmentation; 2)
the rheology of the block facies, the mixed facies, and the
base liquefaction facies in the central area; 3) the base facies
and shear zone in the distal region; 4) under tension and
compression, the formed surface morphology corresponding
to the hills, ridges, and ravines; and 5) radial transportation
based on horizontal shear zone.

The collapse and disintegration process of the slope in the
source area resulted in the separation of the clastic fluid during
the longitudinal transportation, and under the condition of
the lateral and base boundary being constrained, the
deceleration of the fluid transportation forms the high
obstacle land in the central area, forcing the intrusion
direction to be obviously deflected, which is the main
development process of the overall plane morphology of
the NRA.

2)

3)

4)
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