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The eastern margin of the Qinghai-Tibet Plateau is renowned for its deep gorges and significant 
tectonic activities, which makes it a region prone to the formation of natural dams. However, there 
are limited studies focusing on the stable natural dams in this area. To elucidate the distribution 
of stable natural dams and the factors contributing to their long-term stability, we established an 
inventory of stable dams with the aid of remote sensing mapping and detailed field investigations. The 
findings indicated that there are at least 348 stable natural dams within the Qinghai-Tibet Plateau, 
comprising 294 current natural dams and 54 paleo natural dams. The origins of these stable natural 
dams included rock avalanches (36.5%), rock slides (7.7%), rock falls (23%), and moraine (32.8%). We 
summarized six types of stable dam geomorphometry. The origin types contributing to the formation 
of stable landslide dams include rock avalanches, landslides, and glacial moraine damming events. 
This leads to the formation of dam structures categorized as follows: inverse grading from high-speed 
long-runout landslides, slipped or seated pseudo-bedrock structures from short-runout landslides, 
boulder-dominated architectures from proximal avalanche river-blocking events, and soil-rock matrices 
resulting from damming by interbedded soft-hard rock sequences or heterogeneous deposits. The 
structural configuration of the dam plays a critical role in ensuring the long-term stability of landslide 
dams.
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 As the Indian Plate continues to collide with the Eurasian Plate, the Qinghai-Tibet Plateau has emerged as the 
highest plateau in the word1,2. This tectonic activity has contributed to the eastern margin of the Qinghai-Tibet 
Plateau becoming a globally recognized area characterized by deep gorges. During the ongoing uplift of the 
Qinghai-Tibet Plateau, the slopes slowly deform, and the rock gradually deteriorates, especially along the eastern 
margin. As a result of the combined effects of earthquakes, rainfall, and glaciation, fractured rock masses lead 
to landslides and other mass movements that can obstruct river flows, ultimately resulting in the formation of 
natural dams. In addition, numerous moraine resulting from the global warming has also contributed to the 
blocking of rivers to form dammed lakes in the eastern margin of the Qinghai-Tibet Plateau. These dammed 
lakes are particularly susceptible to the formation of deep valleys and the catastrophic flooding, which poses 
significant risks to downstream areas.

Historically, numerous natural dam failures have been documented on the eastern margin of the Qinghai-
Tibet Plateau. For example, the 1786 Ms 7.75 Moxi earthquake triggered the Mogangling landslide, which 
blocked the Dadu River. This dam subsequently failed after ten days, resulting in more than 100,000 fatalities 
downstream3,4. This event may represent the highest recorded casualty count associated with a natural dam 
breach. Similarly, the 1933 Ms 7.5 Diexi earthquake caused three natural dams to form, which blocked the 
Minjiang River; one of these dams failed after 45 days, resulting in a minimum of 2,500 deaths downstream4–6. 
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The notorious Tangjiashan dam, formed during the 2008 Ms 8.0 Wenchuan earthquake, threatened the lives of 
millions in Mianyang city7–9. Furthermore, statistical analyses from various scholars indicate that natural dams 
typically have a short lifespan, with most existing for less than one year10–13. However, some natural dams on 
the eastern margin of Qinghai-Tibet Plateau have existed for extended periods. They not only avoid catastrophic 
floods but also positively influence fluvial geomorphology and ecological environment. For example, three 
natural dams have existed for more than 1,000 years in the Shenxi Gully, which is located on the tributary 
of the Minjiang River and near the Yingxiu-Beichuan fault. The longevity of these dams has resulted in the 
formation of a knickpoint in the river profile, which effectively protects the upstream slope from continuous 
erosion14. Consequently, no geological disasters occurred upstream of these natural dams during the 2008 Ms 
8.0 earthquake14. A similar phenomenon was also observed upstream of Dahaizi dam in Diexi town during the 
Wenchuan earthquake6. The Mahu dam has existed for at least 4,200 years in Leibo County, which regulates the 
local microclimate required to increase the yields of vegetables and fruits15,16. Additionally, the Mahu dam serves 
as a summer resort that attracts tens of thousands of tourists annually.

Following the 2008 Wenchuan earthquake, which triggered numerous unstable natural dams, research 
has increasingly focused on the failures of these natural dams on the eastern margin of the Qinghai-Tibet 
Plateau17–21. However, due to the long-term stability of certain natural dams, there has been limited investigation 
into their characteristics22–25. Currently, management measures for natural dams in this area often prioritize their 
rapid removal through manual excavation and blasting. Nonetheless, not all dams pose a risk of catastrophic 
flooding. Given the numerous benefits associated with stabilizing natural dams, some studies advocate for their 
preservation26,27. Thus, it is imperative to clarify the distribution of stable natural dams and the reason behind 
their long-term stability.

The eastern margin of the Qinghai-Tibet Plateau is characterized by intense tectonic activity, mega-
earthquake, deeply incised valley, and extensive glacial deposits, which creates favorable conditions for the 
formation of the numerous stable natural dams. A comprehensive understanding of the spatial distribution, 
reason, and fundamental conditions for the formation of long-term natural dams in the Qinghai-Tibet Plateau 
will be beneficial for future natural dam management. This study aimed to reveal the distribution of long-term 
natural dams and their associated characteristics on the eastern margin of the Qinghai-Tibet Plateau through 
remote sensing interpretation and long-term field investigations.

Regional geological background
The study area is located at the eastern margin of the Qinghai-Tibet Plateau and covers an area of 54.76 × 104 
km2 (Fig. 1a). Seven major rivers traverse the study area from west to east, including the Yarlung Zangbo River, 
Nujiang River, Langcang River, Jinsha River, Yalong River, Dadu River, and Minjiang River (Fig. 1a). The depths 
of these river valleys typically exceed 400 m and exhibit distinct deep valley features28–30. The rock mass along 
the riverbank has been undergoing continuous deterioration due to intense tectonic activity, frequent seismic 
events, and long-term weathering31,32. The overall topography of the study area exhibits a pattern of higher 

Fig. 1.  Location and topographic features of the study area. (A) – Location and major rivers in the study area; 
(B) – Detailed topographic features of the study area. This map was created using ArcGIS 10.3 (URL: ​h​t​t​p​s​:​/​/​d​e​
s​k​t​o​p​.​a​r​c​g​i​s​.​c​o​m​​​​​)​.​​​​
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elevations in the north and west and lower elevations in the south and east. Specifically, the central and western 
regions of the study area exceed 3,500 m in elevation, while the eastern region predominantly lies below this 
threshold (Fig. 1b).

As the Qinghai-Tibet Plateau continues to rise, the study area has gained recognition as a globally significant 
tectonically active region33,34. According to Deng’s35 classification of tectonic subblocks within the Qinghai-
Tibet Plateau, the study area encompasses four subblocks: Lhasa, Qiangtang, Baryan Har, and Chuan-Dian (Fig. 
2A). Additionally, the area intersects at least 35 fault zones (Fig. 2B), including notable active fault zones such 
as the Yarlung Zangbo fault zone (F35), Jiali fault zone (F33), Nujiang fault (F31), Lancangjiang fault zone (F30, 
sinistral strike-slip: 5.1 mm/yr), Jinshajiang fault zone (F28, stike-slip: 5 mm/yr), Batang fault zone (F26, stike-
slip: 2–4 mm/yr), Ganzi-Litang fault zone (F17, sinistral strike-slip: 5.4–14 mm/yr), Xianshuihe fault zone (F8, 
sinistral strike-slip: 7.9–10 mm/yr), and Longmenshan fault zone (F1 − 3, thrust and dextral strike-slip: 0.14–1 
mm/yr and 1.67–8 mm/yr, respectively).

  
The study area is characterized by three seismic belts: the Himalayan seismic belt (S1), Kangding-Ganzi 

seismic belt (S2), and Wudu-Mabian seismic belt (S3, Fig, 2 A). The activity of these fault zones has resulted in a 
series of earthquakes within the area (Fig. 2C). For instance, the activity of the Longmenshan fault zone triggered 
the 2008 Wenchuan Ms 8.0 earthquake, which led to the formation of at least 828 natural dams in the study 
area18. Historical records indicated that at least 13 strong earthquakes with magnitude exceeding 7.0 occurred 
in the study area (Fig. 2C). The peak ground accelerations (PGA) also exhibit high intensity, and their values are 
often not less than 0.15 g (Fig. 2C).

Methodology
Scholarly perspectives on the existence and longevity of stable natural dams vary37–39. This study adopted the 
Kroup’s definition of stable natural dams40, which categorized those that have existed for more than 10 years as 
stable and long-term. The focus of this study encompassed both current and paleo natural dams. To accurately 
identify long-term natural dams within the study area, we employed a methodology that integrates detailed 
remote sensing interpretation with long-term field investigation.

Recognition of the existing stable natural dams
A defining characteristic of long-term natural dams is the persistence of a lake surface. Compared with traditional 
manual visual remote sensing interpretation, remote sensing analysis of water surfaces significantly reduces the 
workload. A previous study constructed a comprehensive global surface water mapping database spanning 32 
years at a 30-meter resolution by using three million Landsat satellite images41. This study utilized JavaScript 
code in Google Earth Engine (GEE) to access the interpretation results from the database. The water surfaces 
present for more than 10 years (2010 to 2020) in the study area were marked in yellow (Fig. 3A). It is important 
to note that not all yellow-marked surfaces correspond to long-term natural dams, and most of them are natural 
lakes and rivers. Hence, to ascertain whether the yellow-marked surfaces represent long-term natural dams, 
high-resolution remote sensing data from Google Earth was employed for verification42,43. Ultimately, a surface 
water formed by the damming of a river by rock avalanche, landslide, or moraine deposits was classified as a 
long-term natural dam (Fig. 3B and C, and 3D).

Recognition of the paleo stable natural dams
Paleo stable natural dams, which have existed for hundreds, thousands, or even tens of thousands of years, can 
leave significant traces on fluvial geomorphology and upstream areas. Firstly, potential paleo stable natural dams 
were identified using high-precision remote sensing from Google Earth. If a natural dam has existed for a long 
time, the head scarp of the paleo natural dam typically exhibits a circular chair shape in the geomorphology. 
Fluvial geomorphology often shows river channels that are squeezed and narrowed, with accumulation platform 
preserved on both sides of the river channels (Fig. 3E). Secondly, a field investigation was conducted in the study 
area for several years. If a paleo natural dam has existed for an extended period, lacustrine deposits should be 
preserved upstream (Fig. 3F and G). Field investigations were conducted in the study area over several years.

Results
Spatial distribution of long-term stable natural dams
The results of the remote sensing interpretation and detailed field investigations indicated that there are at least 
348 stable natural dams in the inventory (Fig. 4A and B). Among them, 54 were classified as paleo stable natural 
dams that historically blocked rivers and developed deep lacustrine deposits behind them. Currently, 294 long-
term natural dams are still obstructing rivers.

The spatial distribution of stable natural dams revealed a pronounced non-uniformity across basins (Fig. 4B). 
More than 76.1% of long-term natural dams are concentrated in eight basins: Yalung Zangbo River (89 natural 
dams, 25.6%), Minjiang River (43 natural dams, 12.4%), Jinsha River (38 natural dams, 10.9%), Nujiang River 
(37 natural dams, 10.6%), Dadu River (30 natural dams, 8.6%), and Yalong River (28 natural dams, 8%). Among 
these, the current and paleo stable natural dams distributed along the Yarlong Zangbo River and the Minjiang 
river are the most prevalent, totaling 86 and 20, respectively.

Gaussian kernel density estimation of existing long-term natural dams indicated the presence of eight 
concentration zones (see zones Ⅰ-Ⅷ in Fig. 4C). A total of 135 long-term natural dams are concentrated in 
these zones, which account for 38.7% of the total. Zones Ⅰ-Ⅷ are located in the Bailong River section, Minjiang 
River section, Dadu River section, Jinsha River section, Yalung Zangbo River section, and Niyang River section. 
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Fig. 2.  Regional geological background of the study area. (A) – Regional tectonic units and seismic belt 
features; (B) – Regional active fault zone features; (C) – Historical earthquake and peak ground accelerations 
features. S1 - Himalayan seismic belt; S2 - Kangding-Ganzi seismic belt; S3 - Wudu-Mabian seismic belt. F1 – 
Guanxian-Anxian fault zone; F2 – Yingxiu-Beichuan fault zone; F3 – Maowen fault zone; F4 – Minjiang fault 
zone; F5 – Xueshan fault zone; F6 – Huya fault zone; F7 – Ganluo-Zhuohe fault zone; F8 – Xianshuihe fault 
zone; F9 – Xiaojinhe fault zone; F10 – Maerkang fault zone; F11 – Sahde fault zone; F12 – Yunongxi fault zone; 
F13 – Mula fault zone; F14 – Cazhong fault zone; F15 – Litang-Dewu fault zone; F16 – Litang-Yidun fault zone; 
F17 – Ganzi-Litang fault zone; F18 – Zengke-Shuoqu fault zone; F19 – Dege-Xiangcheng fault zone; F20 – Maisu 
fault zone; F21 – Ganzi-Yunshu fault zone; F22 – Zaga-Chuma fault zone; F23 – Qingshuihe fault zone; F24 – 
Niqu fault zone; F25 – Yuke fault zone; F26 – Batang fault zone; F27 Dingquhe fault zone; F28 – Jinshajiang fault 
zone; F29 – Xiongsong-Suwalong fault zone; F30 – Langcangjiang fault zone; F31 – Nujiang fault; F32 – Baqing-
Leiwuqi fault zone; F33 – Jiali-Chayu fault zone; F34 – Magnon fault zone; F35 – Yarlung Zangbo fault zone; The 
regional tectonic units are from Deng35; the historical earthquake data is from the China Earthquake Network 
Center (http://news.ceic.ac.cn/) and the PGA is from the GB18306-201536. This map was created using ArcGIS 
10.3 (URL: https://desktop.arcgis.com).
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Notably, four zones are primarily located in the Minjiang River (Ⅱ and Ⅲ) and the Yalung Zangbo River (Ⅵ 
and Ⅶ).

Origins of stable natural dams
Based on detailed field investigations and the landslide classification by Cruden and Varnes44 and Hungr et al.45, 
there were three main types of landslide that blocked rivers to form stable natural dams in the study area. The 
origins of stable natural dams included rock avalanches (RA, Fig. 5A), rock slides (RS, Fig. 5B), and rock falls 
(RF, Fig. 5C). In addition, due to the impact of global warming, it is common for moraine at higher altitudes 
in the study area to block river channels, thereby forming stable natural dams (MD Fig. 5D). The proportions 
of rock avalanches and moraine that blocked rivers to form stable natural dams were the highest, at 36.5% and 
32.8%, respectively (Fig. 5E). The contributions of rock falls and rock slides were comparatively lower, at 23% 
and 7.7%, respectively (Fig. 5E).

In the case of rock avalanches forming stable natural dams, large rock masses disintegrated during 
earthquakes, which resulted in fragmented rocks that can travel considerable distances and ultimately block 
rivers. Rock slides that form stable natural dams usually have relatively intact rock structures and are caused 
by strong seismic activity. Rock avalanches feature long travel distances, while rock slides are characterized by 
shorter travel distances. The significant freeze-thaw cycles at high altitudes in the study area often damage the 
integrity of the slope. The intense seismic activity can lead to the disintegration of the slope, resulting in rock falls 
that contribute to the formation of stable natural dams. Typically, the dam bodies formed by rock falls mainly 
consist of giant boulders. Furthermore, glaciers at higher altitudes can erode rock masses within the channels 
during their movement, which easily leads to the accumulation of debris that forms stable moraine-natural 
dams.

Fig. 3.  Long-term natural dam mapping in study area. A – Spatial distribution of impossible current long-term 
natural dam; B, C and D – Example of the typical natural dam; E – Fluvial geomorphology features of the paleo 
long-term natural dams; F and G – Lacustrine deposit features of the paleo long-term natural dams. This map 
was generated using Google Earth (URL: https://www.google.com/intl/zh-cn/earth/index.html).
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Geomorphic classification of the stable natural dam
The interaction between fragmented rock runout and local topography allows deposits to form dam bodies 
capable of holding back water above the ‘normal’ river level39. The morphological classifications of dam bodies, 
which are established based on the relationship between the shape and size of the dam body and the dimensions 
of the blocked valley, are widely accepted10,39. Costa and Schuster10 first proposed a geomorphic classification of 
dam bodies based on a statistical analysis of 225 worldwide case studies. The geomorphic classification of dam 
bodies forming the natural dams in the study was summarized accordingly.

This paper proposes a geomorphic classification comprising six types of dam bodies that form stable natural 
dams in the study area (i.e., types Ⅰ, Ⅱ, Ⅲ, Ⅳ, Ⅴ, and Ⅵ) (Table 1). The geomorphic classifications of Type I, 
II, III, and IV are consistent with those proposed by Costa and Schuster10. Types V and VI are proposed in this 
study. Unlike Costa and Schuster’s10 classification, which focused solely on landslide dams, our classification 

Fig. 4.  Spatial distributions of existing long-term natural dams in the study area. A – Basic spatial distribution 
characteristics; B – Statistical results of long-term natural dams divided by basin; C – Non-uniform spatial 
distribution and concentration zones of long-term natural dams. 1 – Bailong River; 2 – Fujiang River; 3 – 
Tuojiang River; 4 – Minjiang River; 5 – Tsing Yi River; 6 – Dadu River; 7 – Yalong River; 8 – Jinsha River; 9 – 
Langcang River; 10 – Nujiang River; 11 – Chayu River; 12 – Niyang River; 13 – Irrawaddy River; 14 – Parlung 
Zangbo River; 15 – Yigong Zangbo River; 16 – Yalung Zangbo River. This map was created using ArcGIS 10.3 
(URL: https://desktop.arcgis.com).
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also included moraine dams. Detailed information on the geomorphic classifications of stable dam bodies is 
provided in Table 1.

Structural characteristic of stable natural dams
Through field investigations, geophysical interpretation, and comprehensive analysis, the structural types of 
stable landslide dams in the study area can be categorized into four types: (1) Reverse grading structure formed 
by far-source (high-position) high-speed landslides damming rivers (Fig. 6A1); (2) Sliding or seated pseudo-
bedrock structure formed by short-travel landslides (Fig. 6B1); (3) Earth-rock mixture structure formed by river 
blockage from interbedded hard and soft rock masses or deposits (Fig. 6C1); (4) Giant boulder structure formed 
by near-source collapse damming rivers (Fig. 6D1).

The stable landslide dam with an inverse grading structure is typically characterized by a distinct vertical 
heterogeneity of the particle size distribution, meaning that the dam structure exhibits a coarser upper part 
and a finer lower part in the vertical profile (Figs. 6A2 and A3). Numerous stable landslide dams exhibiting such 
inverse grading have been identified within the study area. Representative examples include the Wenxian Tian 
landslide dam, the Batang Conaxueco landslide dam, the Diexi Baishihai quartz sandstone interbedded with 
slate landslide dam, and the Changhaizi stable landslide dam.

The pseudo-bedrock structure in stable landslide dams is typically characterized by the preservation of 
large, relatively intact rock blocks that retain the original stratigraphic sequence of the source slope (Figs. 6B2 
and B3). This structure typically forms when the landslide’s shear outlet is located at a low elevation, and the 
slope structure is predominantly dip-slope. During the short-distance movement, the confined space of the 
narrow valley restricts the disintegration of the sliding mass. As a result, large segments of the rock mass remain 
comparatively intact and rapidly block the river, forming the dam. Consequently, landslide dams formed by 
low-elevation (proximal) landslides often exhibit a pseudobedrock structure that closely resembles the original 
stratigraphic and structural configuration of the source slope.

Stable boulder-dominated landslide dams are characterized by a dam body composed of numerous extremely 
large rock blocks. This structure typically originates from slopes exhibiting well-developed joint systems, such 
as transverse slopes (where joint sets intersect the slope face at a high angle) or obsequent slopes (where the 
dip direction of bedding planes opposes the slope direction). Under seismic activity or gravitational forces, 
the intensely jointed rock mass undergoes detachment, disintegrating into isolated boulders and large blocks 
that ultimately obstruct the river channel, forming the landslide dam (Figs. 6C2 and C3). According to the 
classification of dam structures proposed by Casagli and Ermini46​, the boulder-dominated structure falls under 
the clast-supported type, wherein the large rock blocks are in mutual contact, forming a stable framework with 
high porosity and permeability.

Furthermore, stable landslide dams with a soil-rock mixture structure are also developed within the study 
area. Their formation can be attributed to two primary mechanisms: (1) The first mechanism involves blocks 
of hard rock plowing into and incorporating loose colluvial or slope-wash deposits along their path. Due to 

Fig. 5.  Typical origin types of stable natural dams in the study area. A – Rock avalanche; B – Rock slide; C – 
Rock fall; D – Moraine dam. This map was generated using Google Earth (URL: ​h​t​t​p​s​:​/​/​w​w​w​.​g​o​o​g​l​e​.​c​o​m​/​i​n​t​l​/​z​
h​-​c​n​/​e​a​r​t​h​/​i​n​d​e​x​.​h​t​m​l​​​​​)​.​​​​
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Case and sketch Description

Type

Costa and 
Schuster (1988) This paper

The simultaneous instability of slope 
rock masses on both sides of the river 
and their movement to the valley 
bottom can lead to the formation of 
dam bodies that connect head-to-
head and block the river channel. 
Rock falls are the primary origin of 
this geomorphological type in the 
study area.

Ⅰ

As instability arises on one side of 
the slope, the movement toward the 
river valley is limited, and most of 
loose materials from the slope do not 
significantly ascend the opposite side, 
thereby blocking the river channel. 
The formation of stable dams of 
this geomorphological type is also 
predominantly caused by rock falls.

Ⅱ

In cases where loose material 
crosses the riverbed at high speed, 
it may ascend to a certain height on 
the opposite side. The source area 
for this geomorphological type is 
typically situated at high-elevation 
slopes, which can provide sufficient 
kinetic energy for loose material to 
traverse the riverbed and ascend the 
opposing slope. Rock avalanches 
are responsible for the rapid 
movement that characterizes this 
geomorphological type.

Ⅲ

The volume of this type of stable dam 
is generally substantial, with loose 
material extending into the riverbed 
and downstream along the river 
valley. Given the long travel distance 
of the loose material, downstream 
tributaries are often blocked.

Ⅳ

Continued
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the spatial constraints of the river valley, the landslide did not evolve into a high-speed, long-runout event. 
Consequently, the hard rock blocks became entrained within a large volume of loose fine-grained material, 
collectively blocking the river and forming the dam; (2) The second mechanism occurs when the landslide is 
composed of interbedded hard and soft rocks. During movement, the less competent layers are readily crushed 
into fine particles. These fines, mixed with more resistant rock blocks, can also effectively block the river, resulting 
in a stable dam of soil-rock mixture structure. According to the classification of dam material structures by 
Casagli and Ermini46​​, the structure corresponds to a matrix-supported type. In this type, the rock blocks are not 
in mutual contact but are instead suspended within and supported by the finer-grained matrix (Figs. 6D2 and 
D3). Matrix-supported dams generally exhibit lower stability compared to their clast-supported counterparts 
due to the controlling influence of the weaker matrix on the overall shear strength.

Discussion
The reasons for the long-term stability of natural dams
Numerous studies have indicated that the internal structure of a landslide dam plays a decisive role in its 
stability47,48. Therefore, this paper selects typical cases of stable landslide dams from the study area, specifically 
those exhibiting inverse grading, pseudobedrock, and boulder-dominated structures, to preliminarily explore 
the mechanisms underlying their stability from a structural perspective. While these selected cases of stable 
landslide dams exhibit individual differences, they are not isolated phenomena. Rather, for those sharing the 
same dam structure type, commonalities exist in their stabilizing mechanisms.

Particularly, landslide dams with a soil-rock mixture structure are generally more prone to failure. 
Nevertheless, some stable dams of this type persist in the study area, primarily due to their exceptionally large 
volume and the relatively small catchment area upstream—fundamental conditions that contribute to their 
prolonged stability. It is important to note that the structure itself contributes minimally to the overall stability 
of these dams. Therefore, this type of dam structure is not analyzed further in this study.

Inverse grading structures
The Conaxue Co landslide dam is a representative example of a stable dam with an inverse grading structure 
within the study area. It is located in Batang County, Ganzi Tibetan Autonomous Prefecture, Sichuan Province, 
with geographic coordinates of E99°31′56.6″, N30°11′54.6″ (Fig. 7A). Under the influence of intense seismic 
activity, the slope rock mass—composed of Late Yanshanian granite on both banks—underwent failure and 
initiated a high-speed, long-runout movement. The resulting disintegrated materials from both sides converged 
within the Kangrilongba Valley. Ultimately, obstructing the river and forming the Conaxue Co landslide dam 
(Fig. 7B). Field investigations reveal that the deposit of the Conaxue Co dam exhibits a distinct inverse grading 
structure. The surface layer of the dam is predominantly composed of extremely large boulders, while the lower 
portion consists mainly of crushed rock, angular gravel, and fine-grained sandy soil (Fig. 7C).

Similar to numerous high-speed long-runout landslides, the blocky deposit of the Conaxue Co landslide dam 
underwent vibrational sorting and compaction during its movement. This process resulted in a highly dense, 

Case and sketch Description

Type

Costa and 
Schuster (1988) This paper

For this type of dam body, the shear 
outlet is located at a low position, 
indicating that the landslide did 
not completely disintegrate during 
movement, resulting in an overall 
geomorphology characterized by 
sliding or sitting.

Ⅴ

Only moraine-blocked rivers exhibit 
this type of geomorphology. Due to 
the continuous forward movement 
of moraine, this geomorphological 
type often presents a long, tongue-like 
shape in plan view.

Ⅵ

Table 1.  Geomorphic classifications of stable natural dams in the study area. The remote sensing images were 
obtained from Google Earth. The form of the sketch is referenced from fan et al.39.
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fine-grained layer at the base of the dam, which exhibits low permeability and acts as a relatively impermeable 
aquitard. This layer prevents the Conaxue Co lake from drying up during dry seasons by minimizing water 
seepage. Meanwhile, the large boulders distributed across the upper part of the dam and within the spillway 
significantly alter the flow patterns when overtopping occurs. As water flows over these boulders, it generates 
intense turbulence and exerts substantial drag forces on the channel bed. However, the abundant large boulders 
distributed across the spillway bed possess high erosion resistance, effectively mitigating scour of the underlying 
fine-grained materials and thus providing protection to the basal layer of the dam (Fig. 7D).

Furthermore, a step-pool system formed by long-term fluvial transport of large boulders was identified 
within the spillway (Fig. 7E). This system consists of a series of alternating steep and gentle slopes connected 
with plunge pools, creating a cascading morphology. It has been extensively documented that such systems 
exhibit exceptionally high flow resistance, effectively dissipating stream energy and thereby mitigating erosion 
in the spillway channel49,50. In the case of the Conaxue Co landslide dam, energy dissipation within the step-
pool system primarily occurs through two mechanisms: step-related dissipation and pool-related dissipation. 
Step-related dissipation mainly involves two processes: skin friction and hydraulic jumps downstream of the 
steps. As water from the Conaxue Co lake flows over the steps, it interacts with the large boulders in the spillway, 
generating substantial frictional and form drag that dissipates energy. Subsequently, the flow is aerated and 

Fig. 6.  Structural characteristics of stable landslide dams in the study area. (A1) – Schematic diagram of a 
landslide dam with inverse grading; (A2, A3) – A typical landslide dam exhibiting inverse grading and its 
characteristic features; (B1) – Schematic diagram of a landslide dam with a pseudobedrock structure; (B2, B3) 
– A typical landslide dam with a pseudo-bedrock structure and its characteristic features; (C1) – Schematic 
diagram of a boulder-dominated landslide dam; (C2, C3) – A typical boulder-dominated landslide dam and its 
characteristic features; (D1) – Schematic diagram of a landslide dam with a soil-rock mixture structure; (D2, 
D3) – A typical landslide dam with an SRM structure and its characteristic features.
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deflected at the step edges, forming hydraulic jumps and generating vortices that further dissipate energy (Fig. 
8A). Unlike the large jumps in pools, these are relatively small-scale hydraulic jumps occurring on the step 
surfaces. Pool-related dissipation comprises three sequential mechanisms: first, energy is dissipated through 
hydraulic jumps in the main flow zone of the pool; second, significant kinetic energy is converted into turbulent 
energy at the interface between the main flow and the surrounding water; finally, large-scale vortices formed 
along both sides of the main flow zone transfer energy to smaller-scale turbulent eddies, further enhancing 
energy dissipation (Fig. 8B). As a result, the stream energy is significantly attenuated after passing through the 
step-pool system, contributing to the long-term stability of the Conaxue Co landslide dam.

To quantitatively calculate the energy dissipation rate of the step-pool system formed by the Conaxue Co 
dam, we employed the energy dissipation rate formula derived from experiments and field data by Lenzi51 and 
Wang et al.52 The specific calculation formula is as follows:

	
η = 0.226

( hc

Hs

)−0.584
� (6)

	 hc = 3
√

Q2/W2g� (7)

where η is the energy dissipation rate of the step-pool system, hc is the critical water depth (m), Hs is the step 
height (m), Q is the flow rate (m3/s), W is the river width (m), and g is the gravitational acceleration (m/s2).

Fig. 8.  Energy dissipation mechanisms of the step-pool system in the spillway of the Conaxue Co landslide 
dam. A – Schematic diagram of step-related energy dissipation; B – Schematic diagram of pool-related energy 
dissipation. (1) – Skin friction and form drag; (2) –hydraulic jumps; (3) –Main flow zone of hydraulic jump; (4) 
– Interface region; (5) – Large-scale vortex region.

 

Fig. 7.  Regional setting and structure characteristics of the Conaxue Co dam. A – Regional setting; B – Profile 
of the dam; C – The inverse grading structure of the dam; D – The huge boulders distributed in spillway; E – 
Steep-pool system of the dam.
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Field investigations revealed that flow rate of the river through dam is 1.5 m3/s, the step height is 1.5 m, and 
the average width of the spillway is 20 m. Based on this data, we calculated that the energy dissipation rate of 
the step-pool system in the spillway of the Conaxue Co dam is 0.68, indicating that 68% of the river’s energy is 
dissipated by the step-pool system. This high energy dissipation rate underscored the crucial role of the step-
pool system in maintaining dam stability.

Pseudo-bedrock structures
The Xiaohaizi dam serves as a representative case of rock slide dam, which is located in Maoxian County, Aba 
Tibetan and Qiang Autonomous Prefecture, Sichuan Province, with the geographical coordinates of E103 °40 
′48.54 ″, N32 °2 ′27.88 ″. This stable natural dam was formed by the 1933 Diexi Ms 7.5 earthquake, which caused 
extensive damage to the Triassic metamorphic sandstone intercalated slate (T2z) in the area (Figs. 9A and B).

Detailed field investigation, combined with existing drilling data, revealed that the structure of Xiaohaizi 
dam is a layered pseudo-bedrock. The dam is primarily composed of metamorphic sandstone intercalated with 
slate of the Triassic Zhuwo Formation (T2z, Fig. 10B). Due to the thick paleo natural dam sedimentary layer 
covering the dam’s surface, the layered pseudo-bedrock structure is only visible in the Jiaochang area near the 
Minjiang River. The pseudo-bedrock exposed on one side of the field has an incidence of 85°∠26°, with a reverse 
slope (Fig. 9C and D).

This study analyzed the role of the pseudo-bedrock structure during the stable existence period of the 
landslide dam using the evolution of the Xiaohaizi paleo natural dam from its formation to its current state as 
an example.

Following the strong earthquake, the slopes along the layer in the Diexi Paleo Town experienced short-
distance movement and blocked the Minjiang River. As upstream water continued to flow into the natural dam, 
the lake water overflowed the dam top and formed a spillway at a relatively low-lying location for discharge (Fig. 
10A). The Xiaohaizi dam’s layered pseudo-bedrock structure provided resistance to river erosion comparable to 
that of bedrock. The extensive thick lacustrine sedimentary layers on the Jiaochang Terrace and upstream are 
direct evidence of the river’s slow erosion of the “pseudo-bedrock” structure of the dam body. The paleo dam has 
existed for approximately 15,000 years26. The horizontal stratification of the lacustrine phase indicated that the 
natural dam was situated in a static water environment at that time (Fig. 11). Over time, the river eroded through 
the layered pseudo-bedrock of the dam body, resulting in the formation of a deep gorges geomorphology (Fig. 
10B). Subsequently, the 1933 Diexi Ms 7.5 earthquake revived the paleo dam deposits in the Jiaochang area to 
block the Minjiang River once more. However, due to the existence of a layered pseudo-bedrock structure within 
the dam, the Xiaohaizi dam has remained intact for over 90 years (Fig. 10C). Therefore, the existence of the 
pseudo-bedrock structure of the Xiaohaizi dam significantly slows down the river’s downcutting, which allows 
the river water to flow over the dam’s top without causing overflow damage to the dam.

Boulder-dominated structures
The Mugecuo dam represents a typical case of a rock fall dam, located in Ganzi Tibetan Autonomous Prefecture, 
Sichuan Province, with geographical coordinates of E101 °51 ′52.7 ″, N30 °9 ′12.1 ″. The Mugecuo dam was 

Fig. 9.  Regional setting and structure characteristics of the Xiaohaizi dam. A – Regional setting; B – Profile 
of the dam; C, D – The pseudo-bedrock structure of the dam. 1 – Local scarp; 2 – Dam deposits; 3 –Pseudo-
bedrock; 4 - Metamorphic sandstone interbedded rock of Triassic Zhuwo Formation; 5 – Water line of the 
paleo natural dam; 6 – Original surface (inferred).
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formed by the rock fall of medium-coarse granite slope rock mass on the right bank of the river, which was 
mainly formed in the late Yanshannian period ( γ β 3

5), under the influence of a strong earthquake (Fig. 12A). 
The landslide deposits on the left bank of the river contribute to channel obstruction, which allows the river 
water to flow out through the lower elevations of rock fall deposits (Fig. 12B). A detailed field investigation of the 
Mugecuo landslide dam revealed that during dam formation, the rock mass fell from the source area, collided 
with the slope, and disintegrated into numerous huge boulders that subsequently blocked the river to form a 
giant-grained dam (Fig. 12C and D).

Detailed field investigation and comprehensive analysis indicated that the giant-grained structure formed by 
the rock fall of hard rock plays a crucial role in the long-term preservation of the dam. Unlike the inverse grading 
structure of rock avalanche dam, which primarily feature huge rocks at the top, the giant-grained structure dam 
is entirely composed of huge boulders. On the one hand, these huge boulders significantly dissipate the energy 
of the river water. The flame-like trace left on the surfaces of the boulders scattered throughout the spillway of 
the Mugecuo dam provide strong evidence of their energy-absorbing capabilities (Fig. 12E). On the other hand, 
the composition of the Mugecuo dam consists of particle support formed by boulders, with large gaps between 
them. In the early stage of the formation of the Mugecuo dam, the large gaps in the dam body allowed river 
water to flow through the dam body more easily from the upstream, thus reducing the likelihood of overflow. 
This characteristic mitigated the risk of overflow due to poor drainage of the dam, while the existence of huge 
boulders minimized the potential for seepage damage, thus providing favorable conditions for the long-term 
stability of the Mugecuo dam. In summary, the giant-grained structure is vital for the stability of the dam body 
formed by rock falls.

Fig. 11.  A deep lacustrine sedimentary layer developed in the Tuanjie village of Xiaohaizi dam. A – Lacustrine 
phase outcrop; B – Horizontal bedding of the lacustrine phase.

 

Fig. 10.  Schematic diagram of the role of the pseudo-bedrock structure in the evolution of the Diexi dam. 
A – The paleo dam that has existed for 15,000 years; B – The stage when the river cuts through the paleo dam; 
C – The 1933 Diexi Ms 7.5 earthquake revived the paleo dam to block the river, and the river cuts through the 
pseudo-bedrock structure layer of the dam again.
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Soil-rock mixture structure
The Rcuogencuo dam exemplifies a typical moraine dam, which is also located in Batang County, Garze Tibetan 
Autonomous Prefecture, Sichuan Province, with geographical coordinates of E99 ° 44 ′ 24.98 ″ and N30 ° 09 ′ 
26.47 ″. The formation of the Ruogencuo dam resulted from the movement of moraine deposits form higher 
altitude areas to lower altitude areas that blocked the river channel (Fig. 13A).

During the movement of glaciers, the rock mass within the channel underwent erosion and abrasion, leading 
to the formation of the Ruogencuo dam. Consequently, the structure of the dam is characterized by a soil-stone 
structure (Figs. 13B, C, and D). Compared with the aforementioned three types of dam structures, the stability of 
the soil-stone structure of the Ruogencuo dam is the weakest. In the early stage of the formation of the moraine 
dam, the poor permeability of the soil-stone structure could lead to river overtopping at the relatively low-lying 
position on the dam surface. As the river water continued to erode the dam, fine soil particles within the dam 
were washed away, while the boulders of stone particles were left in the spillway (Figs. 13B and C). These huge 
boulders that fill the spillway provided significant resistance to river erosion, thus maintaining the stability of 
the moraine dam.

When river flow reaches a certain velocity, large particles within the dam may also be activated. To 
quantitatively explore the relationship between river flow velocity and rock particle size, a rock particle located 
on the surface of the moraine dam was selected for force analysis. As depicted in Fig. 14, the force diagram 
confirmed that the particle is subjected to four forces: frictional resistance (Fr), seepage force (Fp), drag force 
(Fd), and effective stress (Fg)

53.
The expressions for Fd, Fp Fw and Fr are as follows:

	
Fd = π

8 CDρ wu2
bd2� (8)

	
Fp = π

6 ρ wgid3(1 + e)� (9)

	
Fg = π

6 (ρ s − ρ
w

)gd3� (10)

	 Fr = tanΦ [Fwcosβ − Fl − Fpsin(β − α )]� (11)

where Cd is the thrust coefficient; ρw is the density of water (g/cm3); ub is the river flow velocity (m/s); d is 
the diameter of the rock particle; g is the gravitational acceleration (m/s2); i is the hydraulic gradient; e is the 

Fig. 12.  Regional setting and structure characteristics of the Mugecuo dam. A – Regional setting; B – Profile of 
the dam; C - The giant-grained structure of dam; D – The huge boulders distributed in spillway; E – The flame-
like trace left on the surface of the boulders.

 

Scientific Reports |         (2026) 16:5399 14| https://doi.org/10.1038/s41598-025-33618-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


porosity; ρs is the particle density; Φ is the internal friction angle (°); β is the slope of the downstream slope of 
the dam (°); α is the angle between the seepage force and the horizontal direction (°).

Using the principle of static equilibrium, the force analysis of the particles yields the following results:

	 Fd + Fpcos (β − α ) + Fwsinβ = Fr � (12)

Substituting Eqs. (8)-(11) into Eq. 12 yields the relationship between river velocity and rock particle size:

	
ub =

√
8gd{(ρ S − ρ w) (tanΦ cosβ − sinβ ) − ρ wi (1 + e) [cos (β − α ) + tanΦ sin (β − α )]}

tanΦ 6CLρ w + 6Cdρ w

� (13)

It can be concluded from the formula that, for identified geometric characteristics of the moraine dam, the 
erosion of specific particles depends on the river flow rate. The higher the river flow rate, the larger the particle 
size of dam body that can be activated.

Limitations and perspectives
This paper elucidated the reasons for the long-term stability of natural dams on the eastern edge of the Qinghai-
Tibet Plateau from the perspective of dam structure through field investigation and comprehensive analyses. 
However, current research predominantly examined dam stability from a macroscopic viewpoint and lacked 
methodologies such as flume experiments and fluid-solid coupling numerical simulation to analyze the stability 
of long-term natural dams formed by various origins from a mesoscopic perspective. Addressing this gap is an 
objective for future research. In addition, the age of paleo-landslide dams also requires further investigation in 
future studies.

Fig. 14.  Schematic diagram of the force on the boulder particles on the surface of moraine dam.

 

Fig. 13.  The characteristic of a typical stable moraine dam in the study area. A - Overview of the moraine dam; 
B and C –The huge boulders distributed in spillway; D – The soil-stone structure of the dam.
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Conclusions
The Qinghai-Tibet Plateau is a region prone to stable natural dams, yet there remains insufficient understanding 
of their stability. This paper established an inventory of stable natural dams on the Qinghai-Tibet Plateau and 
clarified the reasons for the long-term stability of natural dams of different origins types from the perspective of 
dam structure. The following conclusions can be drawn.

(1) A total of 348 stable natural dams were identified in the Qinghai-Tibet Plateau, which could be classified 
into two types: current (294) and paleo (54) stable natural dams. The spatial distribution of stable natural dams 
exhibits a pronounced non-uniformity across different basins. The Yalung Zangbo River (89, 25.6%) contained 
more stable natural dams than other basins.

(2) The origins of stable natural dams included rock avalanches (36.5%), rock slides (7.7%) rock falls (23%), 
and moraine (32.8%). The varying origins influenced the internal structure of the dam, while the dam structures 
formed by rock avalanches, rock slides, rock falls, and moraine included inverse grading, pseudo-bedrock, giant-
grained, and soil-stone in sequence.

(3) Six geomorphometric classifications for the stable natural dams in the study area were proposed (i.e., 
type Ⅰ, Ⅱ, Ⅲ, Ⅳ, Ⅴ, and Ⅵ). The morphological parameters of natural dams include dam volume, catchment 
area, dam height, and dam height. As dam volume and catchment area increased, the number of stable natural 
dams decreased. Conversely, the number of natural dams first increased and then decreased with increasing dam 
width and height.

(4) The internal structural characteristics play a crucial role in the stability of natural dams. For dams formed 
by rock avalanches, huge boulders exhibit a strong anti-erosion capability that can protect the underlying fine 
particle layer and mitigate the river erosion. The steep-pool system developed in the spillway also significantly 
dissipates the energy of the river. For dams formed by rock slides, the pseudo-bedrock structure provides 
resistance to river erosion comparable to that of bedrock. For dams formed by rock falls, the giant-grained 
structure dam, which is entirely composed of huge boulders, effectively dissipates the energy of the river and 
reduces the risk of seepage damage. For moraine dams, the boulders left in the spillway offer considerable 
resistance to river erosion.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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