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Introduction: Landslide-dammed lake outburst floods (LLOFs) are common
natural disasters in high-mountain regions, posing serious safety threats to
residents’ livelihoods and properties and causing major damage to engineering
facilities. Giant landslides and river damming events commonly occur in the
Eastern Tibetan Plateau in southwestern China. Dam failure generate LLOFs that
formoutburst deposits (ODs). This phenomenon is particularly common in some
giant ancient landslide-dammed lakes.

Methods: This study conducted a detailed investigation of the sedimentary
characteristics of large-scale landslide-dammed lake outburst deposits in the
Diexi Reach of the Upper Minjiang River and Tangjiashan Reach of the Tongkou
River Basin, West Sichuan Plateau, China. Meanwhile, typical evidence of high-
energy ODs was recorded.

Results and Discussion: The longitudinal distribution of these ODs is similar to
an elongated fan-shaped terrace along the river channel, presenting a distinctive
sedimentary disordered–sub-ordered–ordered sequence from upstream to
downstream. Several typical units of “sedimentary facies” are developed in
the OD profiles, such as boulder units deposited by high-energy outburst
flood (OF) events and the gravel and sand units representing pulsating-flow
sedimentary environments during the recession stage. The grain size frequency
curves are bimodal, and the granularity accumulated curves are upward convex,
which reflect that the detrital characteristics of the sediment source area are
mainly composed of coarse gravel and boulders. This indicates that the coarse
gravel sediment gradually become decreased from upstream to downstream.
Moreover, the OD hydrodynamic intensity displays a gradual weakening, and
sediment sorting is improved. From upstream to the downstream, the mean
particle-size and sorting of the ODs gradually decrease. The skewness become
larger, and the kurtosis of the ODs is distributed in all the types. In addition,
the different combinations of quartz sand surface microtextures indicate the
transformation from high-to low-energy impacts over a short distance, which is
controlled by flood hydrodynamics and regime.

Significance: These sedimentary characteristics of ODs explain the
hydrodynamic changes during the propagation of OFs, and are also important
records for distinguishing between ODs, and “normal” floods.
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landslide-dammed lake, dam breach, outburst floods (OFs), outburst deposits (ODs),
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1 Introduction

Catastrophic flood events are the most destructive natural
disasters in the world (O'Connor et al., 2002; Herget and Fontana,
2019; Wang H. et al., 2022), and their complete frequencies
and magnitudes cannot be captured by direct observation or
measurement (Baker, 2008; Korup and Clague, 2009; Wang et al.,
2023a; Benito et al., 2023). It is crucial to reconstruct flood
records on the scale of millennia or thousands of years based on
geological, geomorphological and chronological flood indicators
(Carling, 2013; Chen et al., 2018; Ma et al., 2018; Baker et al.,
2022; Baker and Carling, 2022; O'Connor et al., 2022; Quesada-
Román et al., 2022). Affected by global warming, the hydrological
and climatic changes in the Tibetan Plateau are intensifying, which
increases the risk and occurrence of dammed lake OFs (Korup and
Montgomery, 2008; Roe et al., 2017; Shugar et al., 2020; Bazai et al.,
2021; Taylor et al., 2023). In recent years, an increasing number
of studies on catastrophic flood events have been conducted in
the Tibetan Plateau (Herget and Fontana, 2019; Baker et al., 2022;
O'Connor et al., 2022; Yang et al., 2022). In most of the catastrophic
flood cases, dammed lake OFs account for the largest number
and widest distribution (Carling, 2013; Srivastava et al., 2017;
Liu et al., 2019; Borgohain et al., 2020; Fan et al., 2020; Ma et al.,
2022; Yang et al., 2022; Wang et al., 2023b).

There are more than 200 dammed lake OFs known on Earth,
with peak discharges exceeding 108 m3/s, and their peak discharges
aremore than 100 times that of the knownmaximummeteorological
flood (O'Connor et al., 2002). In the research by O'Connor et al.
(2022), of the 241 cases of dammed lake OFs on Earth with
precise peak flow records, 25 were caused by landslide-dammed
lake outburst floods (LLOFs). Among these LLOFs, the high
mountainous areas of the Tibetan Plateau in southwest China have
the highest distribution. These LLOFs often have profound and
lasting impacts on regional geomorphological evolution (Korup
and Montgomery, 2008; Korup, 2012; Liu et al., 2018; Fan et al.,
2020; Ma et al., 2022). Moreover, the outburst floods (OFs) will
also cause a large influx of freshwater resources into the ocean,
which is closely related to the fluctuations of the Quaternary
climate (Teller et al., 2002). Therefore, reconstructing historical
floods on the Tibetan Plateau and analyzing their sensitivity to
climate conditions will contribute to a better understanding of the
impact of future climate change on extreme hydrological events
(Knox, 2000; Benito et al., 2015; Støren et al., 2016; Harrison et al.,
2018; Baker et al., 2022). In addition, the study of dammed lake
OFs has profound significance for river evolution, mountain
environmental changes, and human civilization development
(Baker, 2008; Peng and Zhang, 2013; Liu et al., 2019; Fan et al., 2020;
Wang et al., 2023b; Taylor et al., 2023).

For modern dammed lake OFs, there are usually historical
or detailed data records, such as the 1933 Diexi Earthquake (25
August 1933, Ms.7.5), which resulted in 11 landslide-dammed
lakes in the Diexi area, Sichuan, China, which breached on
October 9 and killed approximately 2,500 people (Li et al., 1986).
Another example is the Tangjiashan dammed lake induced by
the Wenchuan Earthquake in 2008 (Cui et al., 2012; Peng and
Zhang, 2013; Chen et al., 2015; Wang Z. et al., 2022) and the Baige
dammed lake in Jinsha River in 2018 (Tian et al., 2020; Zhong et al.,
2020; Liu et al., 2021; Zhang et al., 2023), both of which have

detailed data on the OFs. However, there are no records of
ancient OF events, particularly those that occurred during the
geologic era, which need to be deduced using geomorphology,
hydrology, sedimentology, meteorology, and other methods. The
OF sediments (outburst deposits, ODs) formed in the lower
reaches of the dams are become the most direct evidence of
OFs induced by dammed lakes. Analyzing the distribution and
sedimentary characteristics of ODs is of great significance for the
paleohydrological reconstruction of dammed lake OFs (Dai et al.,
2005; Carling, 2013; Chen et al., 2013; Wang P. et al., 2014; Ma et al.,
2022; Wang et al., 2023a; Wang et al., 2023b).

Currently, research cases and data on landslide-dammed lakes
and LLOFs mainly focus on the causes and processes of landslide
damming, lake evolution, dam stability and breach mechanism,
hazard assessment and mapping, geomorphic consequences, and
sedimentary and controlling effects of the LLOFs on mountain
topographic and climatic features (Costa and Schuster, 1988;
Huggel et al., 2002; Ermini and Casagli, 2003; Korup et al., 2010;
Peng and Zhang, 2012; Walder et al., 2015; van Gorp et al.,
2016; Zheng et al., 2021; Wu et al., 2022). Theoretical and model
experimental studies have mostly been conducted (Chang and
Zhang, 2010; Schmocker et al., 2014; Shi et al., 2015; Jiang et al.,
2018; Jiang and Wei, 2019; Zhou et al., 2019; Zhu et al., 2019;
Zhong et al., 2021). However, there are still some unresolved
problems in the study of the relationship between the sedimentation
process of ODs and the dynamic characteristics of flood evolution.
The theoretical system is not yet perfect, and there are conflicts
among many pieces of evidence. Therefore, new sedimentary
evidence is needed to support these issues (Lord and Kehew, 1987;
Cutler et al., 2002; Borgohain et al., 2020; Wang et al., 2023a). An
abundance of ODs was discovered to be preserved in the Diexi
Reach of the Upper Minjiang River and Tangjiashan Reach of
the Tongkou River Basin (Ma et al., 2018; Jiang and Wei, 2020;
Jiang et al., 2021; Ma et al., 2022). These ODs were formed by
LLOFs induced by a giant ancient landslide-dammed lake and
the Tangjiashan dammed lake, respectively, and they have good
comparability in terms of deposition distribution, sedimentary
characteristics and profile structures. Fromancient tomodern times,
these two cases present distinct contrasts and distinctive features,
providing important sedimentary evidence for the giant landslide-
dam breach events in Western Sichuan, China. The main purposes
of this study are as follows: i) to explore the geomorphological and
sedimentary characteristics of the ODs in the Diexi Reach of the
Upper Minjiang River and Tangjiashan Reach of the Tongkou River
Basin; ii) to analyze the hydraulic characteristics of the LLOFs;
and iii) to explore the discrimination indicators between dammed
lake OF events and other “normal flood” events. This study has
a good practical significance for flood disaster prediction and
mitigation of dammed-lakes’ failures at present and in the future
at the southeastern margin of the Tibetan Plateau.

2 Regional settings

The West Sichuan Plateau acts as a transition zone between
the Tibetan Plateau (the First Gradient Terrain, and the altitude
is more than 3,500 m) and the Sichuan Basin (the Second
Gradient Terrain, and the altitude is between 1,000 and 2,000 m)
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(Figure 1A), with a vertical drop of more than 2,000 m between
the two terrains. This region is in the “Tethys–Himalayas–Tectonic
Zone,” surrounded by triangular geological structures composed
of the Songpan–Ganzi geosynclinal fold belt (NWW direction),
the West Qinling geosynclinal fold belt (EW direction), and
the Longmenshan–Minshan fault zone (NE direction). Some
complex tectonic structures have developed in this area, such as
the well-known “NS-Trending Tectonic Zone” (Wang et al., 2011;
Zhang, 2013) and several groups of major active fault zones—the
Longmenshan–Minshan, Minjiang, Huya, and Yingxiu–Beichuan
fault zones (Figure 1A). The study area is characterized by frequent
fault activities, frequent earthquakes and poor stability. Several
historical large-magnitude earthquakes have occurred in the past
2,000 years, including some large-scale ancient seismic activities
(Ran et al., 2008; Wang et al., 2011).

The Diexi Reach belongs to the middle section of the Upper
Minjiang River, located between Songpan County (upstream)
and Maoxian County (downstream) in A’ba Prefecture, Sichuan
Province, with distances of 80 km and 60 km, respectively
(Figure 1A). Deep incisions along the Upper Minjiang River
resulted from intense tectonic uplift at the West Sichuan Plateau
in the southeastern margin of the Tibetan Plateau since the late
Cenozoic (Li et al., 1986; Burchfiel et al., 1995; Xue et al., 1998;
Gao et al., 2002). This region is characterized by high mountains
and deep valleys with heights of ∼3,000 and 1,500 m, respectively.
Owing to the deep incisions, U- or V-shaped gorges are the main
features of the valleys, with steep slopes, mostly above 60°. The
valleys are relatively wide, ranging from tens of meters to several
hundred meters. Many small canyons are distributed on both sides
of the river, mostly alternating between mountains and rivers.
According to the regional geological survey report of the Sichuan
Provence (RGSTS, 1975), the lithology in the area mainly consists
of sandstone, phyllite, limestone, and griotte. It is evident that these
rocks have experienced different degrees of regional metamorphism
(Figure 1B). The drought phenomenon in this region is relatively
serious, belonging to the subtropical plateau–continent monsoon
climate, with an average annual rainfall of only 420 mm. The
Minjiang River is a perennial hydrographic system in this region,
with an annual average flow of 21.178 billion m3, which is mainly
supplied by atmospheric precipitation (Ma et al., 2022). In addition,
the Diexi Haizi dammed lakes, caused by the 1933 Diexi Earthquake
are composed of Shanghaizi (or Dahaizi) Lake and Xiahaizi (or
Xiaohaizi) Lake, with a maximum width of 692 m, ∼80 m in depth
and length of more than 10 km (Figure 1C). The total catchment
area on the Diexi Haizi is approximately 3.15 km2, among which,
the catchment areas of the Shanghaizi and Xiahaizi Lakes are 1.8
and 1.35 km2, respectively, and the corresponding volumes are 7 ×
107 and 5 × 107 m3, respectively (Figure 1C).

The Tangjiashan dammed lake is located in the Tongkou Reach
of the FujiangRiver.The landslide dam is approximately 6.5 kmaway
from Beichuan County downstream and approximately 74.5 km
from the Diexi dammed lake. The Tangjiashan Reach is a V-shaped
valley with a steep right bank (40°–60°) and a gentle left bank
(∼30°) terrain, and many small gullies are developed. The water
level in the Tangjiashan Reach is approximately 0.5–4.0 m, with a
water surface elevation of approximately 664.7 m (dry season) and
width of <300 m before the 2008 Wenchuan Earthquake occurred
(Cui et al., 2012; Chen et al., 2015). The Tangjiashan region has

a subtropical monsoon climate with an uneven distribution of
rainfall and an average annual rainfall of 1,335 mm, which is
concentrated in summer (May to September). The inflow during
the formation stage of the barrier lake is approximately 80 m3/s
(Bo et al., 2015; Wang Z. et al., 2022). The landslide dam in the
Tangjiashan Reach is a long strip with a length of 803.4 m along
the river and a maximum width of 611.8 m in the transverse
direction. The top width of the landslide dam is approximately
300–310 m, and the lowest and highest points of the dam crest
have elevations of 752.1 m and 793.9 m, respectively. The estimated
volume is approximately 20.37 million m3, and the catchment
area of the Tangjiashan dammed lake is 3,550 km2. On 21 May
2008, the lake water elevation reached 711.0 m, with a volume of
approximately 72.5 million m3. A relatively wide new river channel
was formed after the completion of discharge, with a curved shape
protruding toward the right bank. The length and bottom width of
the new central river channel are approximately 890 m and 100 m,
respectively, with a depth of 40–60 m (Cui et al., 2012; Chen et al.,
2015; Zhao et al., 2018; Xiong et al., 2022).

3 Materials and methods

3.1 Sedimentological investigation

Previous studies have commonly used slack water deposits
(SWDs) (Jarrett and England, 2002) as paleo-stage indicators
(PSIs) of ancient floods (Guo et al., 2017; Ruiz-Bellet et al., 2017).
Paleoflood SWD-PSI is a type of suspended sediment with a sharp
decrease in flow velocity under high water level stagnation (or
backwater) environments, usually consisting of fine-grained sand,
clay and silt with parallel bedding (Guo et al., 2023; Mao et al.,
2023). It is considered to be a complete paleoflood deposit with
significant precise water level indicators (Baker and Carling, 2022;
Benito et al., 2022). SWDs are widely used for reconstructing
smaller-scale paleoflood events (Benito et al., 2003; Baker, 2008;
Huang et al., 2010; Wang L. et al., 2014; Mao et al., 2016). However,
SWDs in the alpine canyon river system in a large-magnitude and
high-energy OF environment are difficult to preserve but instead
formODsmainly composed of coarse gravel (Carling, 2013).TheOF
induced by a giant landslide-dammed lake is a typical “Megaflood”
(Baker and Carling, 2022; O'Connor et al., 2022), which forms an
abundance of ODs on the bank and riverbed downstream of the dam
(Wang P. et al., 2014; Chen et al., 2018; Ma et al., 2018).

Typical large-scale landslide-dammed lakeODswere discovered
in the Diexi Valley of the Upper Minjiang River and the Tangjiashan
Valley of the TongkouRiver.The sedimentary characteristics of these
ODs are significantly different from those of mountain river facies,
normal floods, alluvial fan, and debris flow. In this study, we focused
on examining and analyzing the geomorphologic environment and
sedimentary sequences of the ODs in the Diexi Valley of the Upper
Minjiang River and the Tangjiashan Valley of the Tongkou River,
including the following: i) investigating the outcropping sequence
strata and geomorphic characteristics of ODs, such as exposed
sites, channel expansions and constraints, channel bends, channel
branching, and obstacle shadows; ii) recording the sedimentary
characteristics of profile outcrops, including bed geometry, bed
thickness, bed contacts, color, grain size, texture, and internal
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FIGURE 1
Study area. (A) Map showing the study area and outline of the active tectonics in the East Tibetan Plateau; (B) Lithologies of the exposed bedrocks in
the Diexi region of the Upper Minjiang River, and the distribution of the Diexi ancient landslide-dammed lake, lacustrine sections, and ODs
(modified from Ma et al. (2022)); (C) Topography of the Diexi paleo landslide area. The base image was captured and modified from “Google Earth”
(date: 9 January 2016). The Diexihaizi lakes are modern dammed lakes induced by the Ms. 7.5 Diexi Earthquake that occurred in 1933.
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FIGURE 2
(A) Locations of the ODs sections and sampling sites. The base image was captured and modified from “Google Earth” (date: 9 January 2016); (B)
Scatter plot of the altitude and relative distance of sampling sites.

sedimentary structures, to determine the hydrodynamics during
the OF stage.

3.2 Sampling

In sedimentology, studying grain size characteristics is the
most important aspect of the sedimentary characteristics of
clastic sediments. Grain sizes can reflect the transporting dynamic
environment and are one of the main characteristics of the deposits.
In this study, the ODs distributions in the Diexi Reach of the Upper
Minjiang River in the vertical direction were divided into upper,
middle, and lower sections (Figure 2). 3 sets of grain size samples
were collected from per ODs profile, and each set contained 3
samples from different layers, with approximately 1 kg per sample.
A total of 72 grain size samples were collected. Table 1 shows the
characteristics of the sampling sits.

3.3 Granularity experiment

The ODs grain size characteristics were tested by laboratory
sieving analysis with a set of standard sieves measuring 4, 2, 1,
0.5, 0.25, 0.125, and 0.0625 mm. Then, an arithmetic method of
moments is utilized to determine the grain size parameters (mean

particle size, sorting coefficient, skewness, and kurtosis) of the
ODs in the study area (McManus, 1988). These are quantitative
indicators which effectively reflects the grain-size characteristics
and sedimentary environments (Gao and Collins, 1994; Blott and
Pye, 2001; Blott and Pye, 2012). Meanwhile, approximately 300 g
of fine ODs was collected from per grain size sample for the
surface microstructure analysis of quartz sand using a scanning
electronmicroscope (model: Zeiss supra 55). In previous researches,
microtextures have been recombined into several microstructure
families (Mahaney and Kalm, 2000; Costa et al., 2012; Molén, 2014),
which are used to distinguish depositional environments such
as desert and glacial sediments (Bellanova et al., 2016). In this
study, the comprehensive surface microstructure analysis of ODs
quartz sand was performed to classified different characteristics
(Immonen, 2013; Chen et al., 2019).

4 Results

4.1 Sedimentary records of landslide-dam
breach events

4.1.1 The Diexi Reach in the Upper Minjiang River
In this study, several typical sedimentary and geomorphological

features were discovered in the Diexi Reach of the Upper Minjiang
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TABLE 1 Descriptions and locations of the ODs sections and sampling sites.

Sampling
site

Distance
from the
relict
landslide
dam (km)

Exposed
length (m)

Maximum
thickness
(m)

Top
elevation
(m)

Sample
height
above
channel
bottom (m)

Location

Latitude/N Longitude/E

1 0.45 120 9.3 2024.7 8.4 32°01′24.86″ 103°41′08.84″

2 0.8 150 25 2032.9 6.0 32°01′20.81″ 103°40′57.71″

3 1.2 78 18 2027.2 13.2 32°01′11.38″ 103°40′58.11″

4 1.6 25 4.2 1972.8 8.4 32°00′57.56″ 103°40′45.00″

5 2.0 110 8.5 1964.3 8.5 32°00′48.91″ 103°40′40.22″

6 2.6 60 3.4 1949.4 5.2 32°00′30.36″ 103°40′37.12″

7 3.2 30 2.2 1929.2 4.7 32°00′11.77″ 103°40′33.35″

8 4.9 62 4.9 1893.5 1.9 31°59′23.22″ 103°40′25.27″

River. A relict paleolandslide dam in Jiaochang Village of Diexi
Town, lacustrine deposits with a length of approximately 30 km
upstream, and an abundance of outburst sediments at approximately
5 km downstream of the Minjiang River were well preserved
(Figure 3), indicating that a distinct damming incident had occurred
in the Upper Minjiang River that formed a giant paleodammed lake,
and that the dammed lake subsequently breached and caused a large
OF in the late Pleistocene (Ma et al., 2018).

EightODs sections (Table 1)were discovered onboth riverbanks
at the downstream reach of the Diexi paleo-dam (Figure 4A).
The lithology of the exposed ODs are detailed in Figures 4B–I.
These deposits present distinctive sedimentary sequences and
characteristics. From upstream to downstream, a depositional
model in a disordered–sub-ordered–ordered sequence is shown
in the distribution of sedimentary profiles. The deposits profile at
site 1 (near the breaching gate) are mixed and disordered, without
obvious bedding and sedimentary structures (Figure 4B).The gravel
in this profile section poorly arranges, with a maximum size of
3.5 m in diameter and “Floating Clasts” characteristics (Russell and
Knudsen, 1999; Carling, 2013). The profile and flat surface of the
gravel are slightly inclined downstream, with an inclination angle
of approximately 7°–9°. Approximately 300 m downstream from the
breaching gate, several sedimentary layers appear in the ODs profile,
and large boulders are clustered (Figure 4D). Sedimentary layers
and bedding characteristics become more obvious in the middle
and lower sections than that in the upper section, and a special
sedimentary structural unit with a rhythmic interbedding of coarse
and fine gravel layers appeared. The bedding is nearly horizontal or
slightly inclined downstream. The coarse- and fine-grained layers
composed of rhythmic units represent the various “cycles” at site 7
in the lower section (Figure 4H).

These special sedimentary features explain the hydrodynamic
changes of the OFs, and are also important indicators for
distinguishing the ODs from the other types of sediments in the
study area. Some typical “sedimentary facies” units of boulder

(Bcm), coarse gravel (Gm), fine gravel (Gfm), fine sand-gravel
(Grm), and sand (St, Sp, and Sh) can be identified from these
depositional profiles (Figures 4B–I) and are described as follows:

- Bcm: clast-supported massive coarse boulder gravel layer, with
gravel, cobbles, and sand matrix;

- Gm: clast-supportedmassive coarse gravel layer, with boulders,
cobbles, and sand matrix;

- Gfm: massive clast-supported fine gravel layer;
- Grm: massive matrix-supported fine granule-gravel layer;
- St: trough cross-bedded sand layer, with fine gravel;
- Sp: planar cross-bedded sand layer, with fine gravel;
- Sh: massive to thinly laminated medium-coarse sand layer,

with fine gravel.

The large boulders in the Bcm units were usually clustered
within all of the profiles were laterally extensive, which were
approximately horizontal throughout. This unit could be
continuously traced between every two profiles, with massive
and clast-supported structures. In addition, large numbers of
subrounded to rounded boulders were commonly distributed on the
riverbed, usually forming ODs terraces, which were mostly covered
with bushes and grass, indicating a low water level stage after a high-
energy flood flow. The gravel units (Gm, Gfm, and Grm) underlay
and overlay the Bcm units, with a lateral expansion from several to
tens of meters, which were typically structured by matrix-supported
or massive, medium-coarse sandy or silty sand matrices. Sand units
(St, Sp, and Sh) were found to exist among the Bcm and gravel units
in several sections, forming thin layers or lenses with a maximum
thickness of 0.5 m and appearing at different levels. The sand units
were horizontally stratified, and contained scattered pebbles.

4.1.2 The Tangjiashan Reach in the Tongkou River
Tangjiashan ODs are distributed from downstream of the

landslide dam to Beichuan County, with a length of approximately
5 km (Figure 5). Based on the Google Earth image on 25 December
2015, and field investigations, it was found that the ODs in the reach
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FIGURE 3
Sedimentary geomorphology features in the Diexi Reach of the Upper Minjiang River. (A) Spatial characteristics of sedimentary distribution and
topography; (B) Longitudinal profile showing the relict paleolandslide dam in Jiaochang Village of Diexi Town, lacustrine deposits in the upstream, and
ODs along the downstream of Minjiang River.

fromTangjiashan to Beichuan can be divided into the upper,middle,
and lower sections by the first right turning point of the river channel
and the Kuzhuba suspension bridge (Figure 5A). The sedimentary

characteristics of the ODs in the three sections are different and
form a corresponding relationship with river channel bending. In
addition, there were significant distribution changes in the middle
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FIGURE 4
Distribution and lithologic columns of the ODs sections of the Diexi paleolandslide-dammed lake. (A) Geomorphological characteristics of the Diexi
region, and locations of the ODs sections. The base image was captured and modified from “Google Earth” (date: 9 January 2016); (B–I) field
photographs and lithologic columns of the profiles at sites of ODs 1–8, respectively.

and lower sections of the ODs in the Google Earth image on 20
March 2020 (Figure 5B), which could have been caused by human
activities.

The ODs in the upper section (sites 1–4) are distributed in
the river valley at a distance of 1.5 km from the landslide dam to
the first river bending. Among them, ODs 1 is the largest one,
which is distributed in a long strip along the left bank of the river,
forming a large platform similar to an “accumulation terrace”. An
artificial prospecting trench with a length, width, and height of
approximately 5.0, 3.0, and 1.0 m respectively, was explored at the
tail of this accumulation profile, and the sedimentary characteristics
were clearly visible (Figure 6A). ODs 2 is distributed on the opposite
bank (right bank) of the prospecting trench, which is 1.0–2.0 m
above the water surface (Figure 6B). Moreover, ODs 3 is pendant-
shaped in the river channel, which is small in scale and originally
part of ODs 2, separated by river flow cutting.

The middle section of the Tangjiashan ODs is distributed
between the first and second major bends of the river channel
downstream of the landslide dam, with a length of approximately

2.0 km, including ODs 5–7. The most typical exposed profile in
this section is ODs 7 located near the Kuzhuba Hydroelectric
Station, which has good continuity and integrity (Figure 5A).
The planform of ODs 5 is shuttle shaped, with a prominent
vertical exposed profile developed at the end. Although the upper
part of the profile is covered by a pile of rubble, a certain
arrangement structure can still be recognized (Figure 6C). ODs
6 is distributed on the right bank of the river bend, protruding
outward, forming a flat half-moon shape. The fan-shaped ODs 7
extends along the left bank of the river. A typical vertical profile
is exposed on the southeast side of the Kuzhuba Hydroelectric
Station, with a thickness of approximately 4.0 m and well-developed
sedimentary features (Figure 6D). Approximately 200 m upstream
of the Kuzhuba suspension bridge at the end of the middle section,
gravel content is lower than that of the upper and middle parts, and
the gravel size decreases.

ODs 8–12 in the lower section are located at the third
river bend downstream of the Tangjiashan landslide dam, with
relatively scattered distributions and small scales (Figure 5A). ODs
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FIGURE 5
Distribution locations and geomorphological characteristics of Tangjiashan ODs in the Tongkou River Basin. (A) Distribution and geomorphological
characteristics of the ODs in 2017, with a “Google Earth” image date of 25 December 2015; (B) Distribution and geomorphological characteristics of the
ODs in 2017, with a “Google Earth” image date of 20 March 2020.

8, 10, and 12 lie in the river channel, forming gravel diara
deposits. These gravel diara are 2.0–3.0 m thick with high gravel
content and large gravel (Figure 6E). The presence of gravel diara
also indicates that this location is approaching the end of the
Tangjiashan ODs. ODs 9 and 12 are the two larger accumulations
in the lower section, both of which have a half-moon shape.

Several typical sedimentary structures develop in the profile
of ODs 9 (Figure 6F).

The Tangjiashan ODs can be longitudinally divided into five
depositional types: erosional residual-dam deposits, backwater
deposits, and fan-apex deposits in the upper section; fan-in
deposits in the middle section; and fan-margin deposits in the
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FIGURE 6
Distribution characteristics of Tangjiashan ODs. (A) The artificial trench at the end of ODs 1 in the upper section; (B) The distribution characteristics of
ODs 2 and 3 in the upper section; (C) Profile characteristics at the end of ODs 5 in the middle section; (D) Profile characteristics of ODs 7 on the
southeast side of the Kuzhuba Power Station in the middle section; (E) Gravel diara deposits in the river center of the lower section; (F) Profile
characteristics at the end of ODs 9 in the lower section (See Figure 5 for the locations).

lower section (Figure 7). Six types of sedimentary facies, including
Bcm,Gm,Gfm,Grm, and Sp/Sh, are presented in the vertical profiles
of the ODs.

The erosional residual-dam deposits is an accumulation unit on
the new river channel after lake discharge, which is characterized
by several juxtaposed large gravel diara deposits, mainly composed
of poorly sorted gravel. In addition, multiple boulders are scattered
on the top residual dam, either horizontally on the diara island
or in the river channel. The maximum boulder has a particle

size of approximately 8 m and weighs 300 t (Figure 8A). The
backwater deposits are composed of sorted sand and fine gravel,
with clear horizontal bedding and varying layer thicknesses. The
upper and lower parts of the backwater deposits are composed
of Grm, and the middle part is composed of multilayer sand
faces (St/Sh) (Figure 8B). This is due to the low flood level in
the early stage of dam failure, resulting in backflow on both
sides of the barrier dam (Figure 5A), which is a sign of early
water level drop.
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FIGURE 7
Schematic diagram of the longitudinal profile showing the Tangjiashan ODs’ sedimentary characteristics. The freehand sketch was
initially drawn by Cui et al. (2013).

The boulders on the riverbed and diara island of the fan-apex
deposits in the upper section, with particle sizes ranging from
a few centimeters to several tens of centimeters, are obviously
reduced.The exposed profile of the prospecting trench shows typical
sedimentary characteristics (Figure 8C). This vertical profile has
obvious stratification, but does not have rhythm.Thegravel in profile
likely formed into imbrication structure characteristics. In addition,
the ODs on the diara island and south bank of the river contain few
gravel components but more silt. There are loose gravel deposits at
the foot of the profile, indicating that the gravel structure in these
ODs is unstable and easily scatters under river erosion or gravity.

There are almost no large boulders (particle size >1 m) on
the riverbed and diara island in the middle section. A five-
story building of the Kuzhuba Hydropower Station buried by
the ODs 7. The estimated maximum thickness of the ODs in
this section must be more than 15 m (Figure 8D). This also
intuitively reflects the water depth of the Tangjiashan LLOFs at
the flood stage. Figure 8E shows sedimentary characteristics of
an exposed ODs 7 profile on the southeast side of the Kuzhuba
Hydropower Station, with clear bedding and structures. There is
a clear rhythmite-interbedded structure in the profile horizontal
bedding. Five “cycles” could be found in this profile, illustrating
that five flood peaks of the LLOF would occur in the dammed-
break period. This depositional profile has developed boulder facies
(Bcm) and gravel facies (Gm, Gfm and Grm). The coarser gravel
layer presents gravel support-stacked, cavitation, stone-in-line and
imbrication structures. Clustered gravel in the profile exhibits a
“huddling” phenomenon. These sedimentary characteristics explain
the regular changes in the hydrodynamic conditions of the OFs at
the time of breaching.

The gravel diara on the riverbed of the lower section is
mainly composed of fine gravel (<10 cm) and sand. The scale and
quantity of gravel diara have increased, resulting in more river
bifurcation. Because of the weakening of flood dynamic conditions
in the lower section, the pulsating-flow characteristics were also
weakened, which makes the stratification characteristics of the
ODs indistinct. The exposed profile of ODs 9 in this section
presents a combination pattern of an overhead gravel layer at the

lower part, a cemented dense diamicts layer in the upper part,
and a slightly inclined bedding layer downstream of the riverbed
(Figure 8F). The lower gravel layer of this profile is composed of
Gm facies and Bcm facies, with a maximum thickness of 20 cm.
Because of the low sand matrix content in the Bcm facies, the
gravel in the profile does not have a foundation, forming gravel
support-stacked and cavitation structures (Figure 8G). The top
part of the ODs 9 profile is a Bcm unit composed of a mixture
of large boulders and sand, with a thickness of approximately
50 cm. ODs 9 in the middle section extends to approximately
100 m. It is inferred that the lower Bcm and Gm units should
develop in anOF environment with weak hydrodynamic conditions,
whereas the upper Bcm unit represents a turbidity-current flood
environment with strong hydrodynamic conditions. A similar ODs
profile appears approximately 50 m downstream from the above site,
with a thickness of only 1.0 m, developing Bcm facies sandwiched
with a lens of thinGfm facies (Figure 8H).Most boulders in the Bcm
unit are poorly rounded and disorderly arranged, showing many
cavitation structures.These sedimentary characteristics indicate that
this profile must have been formed by the rapid accumulation of
high-energyOFs, and later eroded by low-energy floods, causing the
fine-grained matrix components to be washed away.

Under the Kuzhuba suspension bridge, the sedimentary profile
at the end of OFs 9 becomes more mixed (Figure 8I). Only a
clearly layered Gfm unit can be distinguished at the bottom of
the profile, which is mainly composed of fine gravel and sand
without cavitation. The particle size of the boulders distributed
in the overlying Bcm unit mostly ranges from 20 to 30 cm and
are mainly plate- or sheet-shaped, with poor rounding and mixed
arrangement. The sand content of the Gm unit in the upper
part of the profile is higher than that of the gravel, and the
flat surface of the gravel has an upstream tendency. The profile
generally presents disordered sedimentary characteristics, with
good cementation, which reflects the fact that when the OF reaches
the lower section, its pulsatility becomesweak due to the influence of
transmission distance and topography, but it still maintains a strong
hydrodynamic condition.
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FIGURE 8
Sedimentary characteristics of Tangjiashan ODs. (A) Sedimentary characteristics of residual-dam deposits. The field photo was provided by Cui et al.
(2013); (B) Sedimentary characteristics of backwater deposits. The field photo was provided by Cui et al. (2013); (C) Sedimentary characteristics of the
prospecting trench at the end of ODs 1 in the upper section; (D) Comparison before and after burring of the original Kuzhuba Power Station in the
middle section; (E) Sedimentary characteristics of the central part of ODs 7 in the middle section. (F–H) Sedimentary characteristics and structures of
the upper part of ODs 9 in the lower section; (I) Sedimentary characteristics of the exposed profile at the end of ODs 9 in the lower
section (See Figure 5 for the locations).
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TABLE 2 Grain size proportion and sample statistics using the arithmetic moment method of the ODs in the Diexi Reach.

Section

Grain size portion (%) Sample statistics

Gravel
(64–2 mm)

Sand
(2–0.0625 mm)

Silt and clay
(<0.0625 mm)

Mean
grain size
(mm)

Sorting Skewness Kurtosis

Upper 72.01 26.68 1.31 19.57 15.65 0.06 1.42

Middle 70.46 28.04 1.50 18.60 15.91 0.06 1.19

Lower 67.12 30.96 1.92 17.21 16.02 0.06 1.11

Average 69.86 28.56 1.58 18.46 15.81 0.06 1.24

4.2 Grain size characteristics

This study determined that the main components (with a
particle size of <64 mm) of the ODs in Diexi Reach are gravel
(69.86%), followed by sand (28.56%), with minimal content levels
of silt and clay (1.58%) (Table 2). Furthermore, from the upper to
the lower sections, the gravel content displays a gradual decrease,
whereas the sand content increases. The strong hydrodynamics of
the OF at the time of dam failure evidently result in rapid deposition
of coarse gravel components, while fine-grained components are
transported downstream. The fine particles (sand, silt and clay)
increased in the middle and lower sections of the ODs, which
illustrates that the OF hydrodynamics decreased. The maximum
granularity distribution of the ODs occurs at 4 mm, which is the
peak of the particle size frequency curve (Figure 9). Furthermore,
the large slope of the frequency curve between 4 and 2 mm indicates
that the granularity distributes in a small interval and that the
particles are relatively concentrated in gravel, which confirms that
the OF is in high energy and strong hydrodynamics, resulting
in gravel depositing quickly. There is a sub-peak (approximate
0.375 mm) of sand content in the upper section (Figure 9A), but
not in the middle and lower sections (Figures 9B,C). However,
the particle composition between 2 and 0.0625 mm (sand content)
increases from upstream to downstream (Table 2), indicating that
the OF energy gradually weakened, and the ODs sorting improved
which was similarly charactered to that of the channel sand
(Ma et al., 2018). In addition, the transport modes of the ODs in the
study area include pushing, saltation, and suspension (Figure 10),
which can reflect the material composition, particle sorting, and
intersection of transport medium (Visher, 1969). The pushing
sections of the grain size accumulated probability curves present
steep-slope characteristics, which reflects the material source is
coarse-grained detritals, consisting with the fact that the ODs
in the study area are mainly composed of gravel components.
Furthermore, the curve slopes of the saltation and suspension
sections quickly flattened and are much smaller than that of the
pushing sections, reflecting a rapid decrease in the content of
coarse-grained components from the upper section to the lower
section. From upstream to downstream, the intervals of the pushing
sections gradually increase, the intervals of the suspension sections
gradually decrease, and the interval differences of the saltation
sections are small. These findings indicate that the coarser-grain
compositions (gravel) decreased and finer-grain compositions (silt

and clay) increased, which resulted from gradually weakened OF
energy, stabilized sedimentary environment and, improved sorting
from upstream to downstream. In the current study, the grain size
characteristics in the upper section of the ODs are similar to those
of the debris flow deposits, whereas the grain size characteristics in
the middle and lower sections are similar to those of the channel
sand sediment. However, with regard to the precise definition of
this new type of sedimentary environment, further in-depth study
is recommended.

The mean particle-sizes of the upper, middle, and lower
segments were 19.57 mm, 18.65 mm, and 17.21 mm, respectively
(Figure 11A). From which we may learn that the mean particle-
size of the deposits has gradually decreased from the upper section
to the lower section. This indicates that a large amount of fine
particles have removed by the OF in the upper section, leaving the
larger particles behind. The average sorting coefficient values are
15.65, 15.91, and 16.02 for the upper, middle, and lower sections,
respectively, with an average sorting coefficient of 15.81, which is
characterized by very poor sorting (Figure 11B). However, from
the upper section to the lower section, the sorting coefficient value
tends to become gradually smaller, which indicates that the sorting
of sediment has improved. The average skewness value is 0.06 for
each section, which belongs to the symmetrical type (Figure 11C).
Thedeposits presents very coarse skewed-type characteristics, which
indicates that the fine particles have easily formed into suspended
matter, and then migrated to the lower section by means of
pushing and suspension. For the entire study area, the kurtosis
values of the sediment ranges between 1.02 and 2.15, with an
average value of 1.24. The very platykurtic kurtosis (<1.7) accounts
for 91.7%, therefore the ODs in the study area belongs to the
very platykurtic type of sediment (Figure 11D). It is determined
that the narrower the kurtosis is, the more concentrated the
particle-size distribution of the samples would be, which confirms
that at least a part of the sedimentary particulates are without
environmental modification, and have been directly transformed
into the environment in this area.

4.3 Surface mechanical microtextures of
quartz grain in outburst deposits

The mechanical microtextures of ODs in the Diexi Reach of
the Upper Minjiang River, such as fractured plate, conchoidal
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FIGURE 9
Frequency curves of the grain size samples from the ODs in Diexi
region. (A) Frequency curve from the samples of the upper section; (B)
Frequency curve from the samples of the middle section; (C)
Frequency curve from the samples of the lower section.

fracture, impact crater, and V-shaped pit, are shown in Figure 12.
The quartz sand surface of in ODs presents a microtexture of the
breakage block with similar large geometry size (Figures 12A,D),
which is generated by strong collisions. This type of microtexture
characteristic is commonly found in the upper section of the
ODs. However, the middle section of the ODs is characterized
by conchoidal fracture (Figures 12C,D), which usually occurs in

FIGURE 10
Accumulated probability curves of the grain size samples from the
ODs in the Diexi region. (A) Accumulated probability curve from the
samples of the upper section; (B) Accumulated probability curve from
the samples of the middle section; (C) Accumulated probability curve
from the samples of the lower section.

mineral particles lacking clear joints caused by strong impact
(Margolis and Krinsley, 1974; Chen et al., 2019). This study shows
that the breakage block frequency in the middle and lower sections
of the ODs is arranged from 25% to 33%, which is less than half
of that in the upper section. From upstream to downstream, the
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FIGURE 11
Grain size distribution curves of the ODs in the Diexi region obtained
using an arithmetic moment method. (A) Mean grain size; (B) Sorting
coefficient; (C) Skewness; (D) Kurtosis.

frequency of large (>100 μm) and medium (10–100 μm) conchoidal
fractures shows a decreasing trend. However, the frequency of
small (<10 μm) conchoidal fractures appearing in the upper and
lower sections was higher than that in the middle section. Among
them, the upper section has the highest frequency of 40.09%
induced by inherited microtextures. The middle and lower sections
have small frequencies of conchoidal fractures, with values of

27.83% and 32.08%, respectively, which reflects that the OF
energy decreased.

Previous studies indicated that impact crater, V-shaped pit,
triangular marks, and impact pit are typical markers observed only
in the lower section of the ODs (Figure 12F), whereas impact craters
are common in the three sections (Figures 12B–E). However, from
the upper section to the lower section of the ODs, the frequency of
impact craters did not increase or decrease significantly. In addition,
scratch, groove andupturned platemicrotextureswere also observed
in the ODs (Figures 12A–C), with a relatively low percentage of
approximately 5.5%. The smooth surface (Figure 12F) with a sparse
content of <6% in the lower section suggests a fast deposition rate at
the flood stage.

5 Discussion

5.1 Difference between the outburst
deposits and other sedimentary types

Overall, the longitudinal distribution of ODs is similar to that of
an elongated fan-shaped terrace along the river channel (Figure 13).
Based on the morphological characteristics and developmental
locations, ODs can generally be divided into upper, middle and
lower sections from upstream to downstream, which presents
an obvious development regulation and distinctive sedimentary
characteristics.

From the perspective of developmental characteristics, the
sedimentary sequences of the ODs are between alluvial and
debris flow facies (Bridge, 1984; Blair and McPherson, 1998;
Moscariello et al., 2002; Ferring, 2020; Miall, 2022). The graded
bedding texture in ODs is clearer than that in debris flow deposits,
but there is no reverse or positive bedding rhythm in alluvial
deposits. With regard to the macroscopic characteristics, the ODs
profiles exhibit the accumulation characteristics of normal fluvial
deposits, such as a large-scale rough sorting mechanism (Bridge,
2006; Dino et al., 2012; Miall, 2013). Meanwhile, on a microscopic
level, they also exhibit the characteristics of diluted debris flow
deposits (Eyles et al., 1988; Sohn et al., 1999), such as mixed sizes
of gravel fragments and extremely inhomogeneous particle sizes,
which reflects a rapid and erratic accumulation process (Ma et al.,
2018). In terms of sediment formation conditions and distribution,
ODs are also different from alluvial and debris flow deposits. On
the one hand, regardless of the scale or flow magnitude of the
material source, the formation conditions of ODs far exceed those
of fluvial deposits, which also results in the absence of rhythmic
characteristics of fluvial deposits in the ODs. On the other hand,
the ODs lack the ability to maintain integrity such as debris flow
deposits, which will still be affected by river transformation in
the later stage. In addition, the ODs’ surface is flat and has a
long extension, with a leading front edge angle generally below
30°, which is different from the sharp-surface sedimentary facies
of alluvial deposits and the large-angle front edge of debris flow
deposits (Blair and McPherson, 1994; Bernhardt et al., 2012; Alván
and von Eynatten, 2014; Chen et al., 2017).

In the microcosmic research of sediments, quartz sand surface
microtextures have been widely applied in the reconstruction of
sedimentary environments (Sweet and Soreghan, 2010; Vos et al.,
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FIGURE 12
Quartz sand surface microtextures of the ODs in the Diexi region (modified from Chen et al., 2019). (A) Quartz sand surface microtextures (Mag =
535×) from site 2; (B) Quartz sand surface microtextures (Mag = 607×) from site 3; (C) Quartz sand surface microtextures (Mag = 396×) from site 4; (D)
Quartz sand surface microtextures (Mag = 483×) from site 5; (E) Quartz sand surface microtextures (Mag = 530×) from site 7; (F) Quartz sand surface
microtextures (Mag = 422×) from site 8; (G) The main surface microtextures changes of quartz sand during the transport.

2014; Gobala krishnan et al., 2015). Based on the statistical results
of quartz grain surface microtextures in ODs, it indicates that
the combination of mechanical microtextures changes obviously
along the transporting distance of the ODs (Chen et al., 2019).
Near the breaching gate, the morphology of quartz grains is
controlled by the breakage blocks, which is similar to the grains
of colluvial deposits (Goudie and Bull, 1984). However, the
inherited microtextural features (e.g., fluvial sediments, lacustrine
sediments and landslide deposits) representing these morphological
modifications are uneven, which may be related to the high
concentrations and rapid deposit process. As the distance increases,
the quartz grains in the ODs become more similar to the grains
from debris flow (Deane, 2010), which are characterized bymedium
conchoidal fractures and impact craters. In addition, the roundness

of quartz sands and frequent V-shaped pits and impact pits also
improved with transporting distance (Figure 12G). The different
combinations of quartz sand surface textures indicated that the
transformation process changed from high energy collisions to low
energy collisions over a short distance, which was controlled by the
hydrodynamic conditions or flow regime (Chen et al., 2019).

In sedimentology, based on sedimentary bedding and sorting
degree, the sedimentary types can generally be divided into
ordered and disordered, or ordered, sub-ordered, and disordered,
and any sedimentary type can only possess one sedimentary
sequence (Harms et al., 1975; Reading, 2009; Cui et al., 2013; Miall,
2022). Nevertheless, due to the influence of dynamic and medium
composition changes during transportation and accumulation, the
ODs will form disordered sedimentary sequence in the upper
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FIGURE 13
Longitudinal plane schematic diagram of the distribution of ODs along the river channel.

section, whereas sub-ordered or ordered sedimentary sequences will
form in the middle and lower sections. It is completely absent in
sedimentary deposits (Ma et al., 2018).

5.2 Different characteristics of the
landslide-dammed lake outburst floods
from “normal” floods

In a “normal” flood stage, low discharge and intensity are
consistent throughout the entire basin, which should form similar
sedimentary characteristics in sediments (McKee et al., 1967;
Mutti et al., 2000; Wang et al., 2023a). However, the ODs exhibited
inconsistent characteristics in the deposits profiles. Near the
breaching gate, the OF is under large-discharge and high-energy,
thus forming disorganized deposits profiles with no obvious
beddings, which are similar to the characteristics of “normal”
flood accumulation. In addition, the gravel in these profiles is
disordered and mixed with some isolated boulders. Subsequently,
with an increase in the transporting distance, the OF discharge and
intensity decreased gradually, and the regularity of sedimentary
characteristics also gradually became observable, such as the
increasingly obvious stratification characteristics and the gradual
reduction of gravel particle size.

Different sedimentary units in the ODs profiles record
contrasting transportation mechanisms. The characteristics of
massive and clast-supported structures, gravel cavitation, no or
poor sorting, and profile thicknesses in the Bcm unit indicate that
its formation conditions are closely related to high-energy flow
(Smith, 1986; Maizels, 1997; Cutler et al., 2002). This is consistent
with the transporting and sedimentation characteristics of OFs,
speculating that they should be accumulated by OFs. Gm, Gfm, and
Grm represent the recession stage of ODs, whereas the thin-layer Sh,
St, and Sp represent a brief sedimentary period under stable weak
hydrodynamic conditions after the accumulation of boulder units
within the same flood peak “cycle”. The isolated boulders in deposits
profiles are transported and rapidly deposited by high-energy
flood flows (Russell and Knudsen, 2002), which provides strong
evidence of LLOFs. In addition, because of the high flow velocity
and transport energy of theOF,most of the fine-grained components

cannot be quickly deposited but are transported downstream for a
longer distance. Therefore, no extremely fine sand and clay units
were found in the ODs.

5.3 Reconstruction of catastrophic paleo
landslide-dammed lake outburst floods

According to the statistics of large floods recorded worldwide
in a previous research, the OFs caused by ice or landslide dams
are much larger than that caused by rainstorms (O'Connor and
Costa, 2004; Benito and Thorndycraft, 2020), and its erosive
geomorphology, sedimentation process, flood magnitude, and
flooding path have distinct temporal and spatial characteristics
(Baker et al., 1993; Carling, 2013). The reconstruction of
catastrophic paleo LLOFs is conducted on the basis of accurate
identification of geomorphological evidence and chronology. The
geomorphological map was completed along the flooding path
during the same period as the catastrophic paleo OFs. Then,
flood level indicators within ODs are identified by comparing and
analyzing the evidence of different types of paleo-flood topography
(O'Connor et al., 2022; Guo et al., 2023).

Hydraulic models for catastrophic paleoflood reconstruction
mainly have two types: stable and unstable. The calculation of
the flow surface profile in the stable hydraulic model assumes
that the geomorphological indicators of the paleoflood are in
close proximity to the maximum flood water level. However, it
is crucial to determine the water level and flow rate of the OF
in the unsteady simulating hydraulic model. In addition, the flow
discharge of the OFs also depends on the water elevation and
volume of the dammed lake and the breaching gate and cross-
section geometry. On the basis of the sensitivity assessment between
geomorphological evidence and water surface elevation changes
of the OFs, the simulating model’s validation was conducted
(Baker et al., 1993; Carling, 2013; Benito and Thorndycraft, 2020;
Benito et al., 2023). In terms of high-energy floods, such as OFs
or flash floods in mountain regions, flow or boulder competence
methods are applicable to estimate the hydraulics of floods using
the relationships between the energy parameters of the flow and the
geometric characteristics of the sediment particles being transported
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by the floods (Costa, 1983;O'Connor, 1993;Ma et al., 2022). Because
of the significant uncertainty of hydraulic parameters used in
these empirical formulas, it is necessary to verify the rationality of
calculating the results in combination with other geomorphological
evidence andmodels (Wohl, 1992; Greenbaum et al., 2020;Ma et al.,
2022). Therefore, detecting the estimated results of discharge and
evaluating the topographic changes caused by OFs is important in
the reconstruction of catastrophic paleo-OFs.

6 Conclusion

During the evolution of LLOFs, materials from the landslide
dam and bank slopes and riverbed are transported downstream
and gradually deposited, forming ODs in the river channel. This
phenomenon is particularly common in some ancient landslide-
dammed lakes. This study discovered the development of large-
scale ODs in the Diexi Reach of the Upper Minjiang River, and
thus obtained a preliminary understanding of ancient giant ODs
and LLOFs. Investigations and studies were also conducted on
Tangjiashan ODs. These have become important means of studying
giant landslide-dam breach events. The accumulation profile has
developed structural features such as imbrication, cavitation, gravel
support stacking, and rhythmic interbedding. Moreover, the ODs
possess some typical “sedimentary facies” Bcm, Gm, Gfm, Grm, and
sand (St, Sp, and Sh). Among them, the Bcm units are deposited by
high-energy OF events, and the gravel and sand units represent the
recession stage of the flood.

This study determined that the main components (with a
particle size of <64 mm) of the ODs in Diexi Reach are gravel,
followed by sand, with minimal content levels of silt and clay,
which mainly originate from the landslide dam. From the upper
to the lower sections, the coarser-grain compositions (gravel)
decreased and finer-grain compositions (silt and clay) increased,
which resulted from gradually weakened OF energy, stabilized
sedimentary environment and, improved sorting from upstream
to downstream. The mean particle-size and sorting of the ODs
all displays gradual decreases from the upper section to the
lower section, which indicates that the sorting of ODs tends to
improve. There is found to be a tendency for the skewness to
become larger from the upstream to the downstream, and the
ODs presents a very coarse skewed type. The kurtosis of the
ODs is distributed in all of the types. The narrower the kurtosis
is, the more concentrated the particle-size distribution of the
samples would be, which indicates that at least a portion of the
sedimentary particulates is without environmental modification,
and is directly transformed into the environment. In addition,
the different combinations of quartz sand surface microtextures
indicate the transformation from high-to low-energy impacts over
a short distance, which is controlled by flood hydrodynamics
and regime.

Overall, the longitudinal distribution of ODs is similar to
that of an elongated fan-shaped terrace along the river channel.
Disordered sedimentary sequences are formed in the upper
section, whereas sub-ordered or ordered sedimentary sequences
are formed in the middle and lower sections, which are completely
absent in sedimentary deposits. The sedimentary sequences of
the ODs lie between the alluvial and debris flow facies. The

graded bedding texture in ODs is clearer than that in debris
flow deposits, but there is no reverse or positive bedding
rhythm in alluvial deposits. With regard to the macroscopic
characteristics, theODsprofiles exhibit accumulation characteristics
of normal fluvial deposits. Meanwhile, on a microscopic
level, they also exhibit the characteristics of diluted debris
flow deposits.

The special sedimentary characteristics of ODs can explain
the hydrodynamic changes during the propagation of OFs and
are important indicators for distinguishing between ODs and
“normal” floods.
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