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The failures of natural dams formed by landslides and glaciers in mountain areas
have triggered the most destructive flood events on Earth. Outburst floods are
effective agents in modifying landscapes, such as carving bedrock gorges and
transporting surface masses. Reconstructing the ages and magnitudes of
prehistoric landslide damming events allows us to capture the full range of
frequencies and magnitudes of similar events and deepen our understanding of
the interaction between large landslides and trunk rivers in tectonically active
high-relief mountains. Previous studies have revealed many paleo-landslide-
dammed lakes in the Yarlung Tsangpo River and its tributaries, the Jinsha River
and the Min River. However, most studies associated with paleo-event
reconstruction lack an estimation of the extent and volume of paleo-
landslide-dammed lakes. The paleo-level of a landslide-dammed lake can be
recorded in the variation in the sedimentary sequence and the geometry of the
breach channel of a landslide dam. This information has not been fully
exploited. In this study, we identified sedimentary evidence formed by an
ancient landslide-dammed lake in the Ligiu River, a left-bank tributary of the
Yalong River. The 12 exposures that we investigated mainly consist of typical
clay or silt varves deposited in deep water and the Bouma sequence deposited
by subaqueous turbidity flows, as well as climbing ripples that formed in a near-
shore environment. Based on sedimentary analysis, we inferred that the minimal
lake volume of this ancient lake was approximately 2.4 x 10® m?, corresponding
to a lake level at 3,187 m a.s.l. The maximal lake extent derived from relict dam
morphology reveals a lake volurme of 3.2 X 108 m® at the level of 3,200 ma.s.l. An
initial drainage that occurred as the lake water overtopped the landslide dam
was suggested to explain the small discrepancy in the lake level. The relict lake
has remained stable over a long period of time and has accommodated
continuous clay varve deposits. Furthermore, the optically stimulated
luminescence dating results illustrate that the dammed lake initiated before
7.9 ka BP and persisted until at least 3.9 ka BP. The long-term cumulative
coupled effect of tectonic movement and the rapid river incision rate
provided favorable conditions for the failure of the Yuting landslide.
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1 Introduction

The damming of major rivers and consequent catastrophic
outburst floods occurring in mountain regions are some of the
most destructive geological hazards (Wang et al., 2022). It has
been discovered that the majority of the most catastrophic
floods on Earth originate from the failure of landslides or
glacier dams (Carling, 2013; Liu et al., 2019; Baker, 2020; Bazai
etal, 2021; Yang et al., 2022), extending our knowledge of the
scale and frequency of known mass-transport events. These
floods rapidly modify planetary surfaces and carved large
bedrock canyons (Baker, 2009; Baynes et al., 2015; Larsen
and Lamb, 2016). Landslides or glaciers can construct natural
dams with both long and short durations. It is possible that
repeated blockage of major rivers by landslides or surging
glaciers may profoundly hinder retrogressive river erosion
and effectively interrupt the long-term evolution of fluvial
geomorphology (Korup and Montgomery, 2008; Korup et al,,
2010). Using the continually increasing data from this region
to reconstruct ancient extreme landslide damming events that
have not been observed in modern times, we can capture the
full range of the frequency-magnitude curve. Statistically, we
can quantitatively evaluate the impact of landslide damming
on the long-term incision of large rivers in this region and
explore how slope processes, such as landslides, correspond to
river incision driven by tectonic uplift. Moreover, this
evaluation can provide special insight into modern hazard
prevention and management under varying climatic and
tectonic conditions.

The eastern Tibetan Plateau features extremely high river
incision rates, high relief, and seismic activity. The unique
geological, geomorphological, and climatic conditions in this
region facilitate the prevailing of large landslides and
consequent cascade events, such as the Yigong events in 2000
(Delaney and Evans, 2015) and Baige events in 2018 (Liu et al.,
2021; Yi et al., 2022). Previous studies have revealed that the
watercourses of the Yarlung Tsangpo River and its tributaries
(Liu et al., 2015; Wang H. et al., 2019; Hu et al., 2022; Wang et al.,
2022; Yang et al.,, 2022) and the Jinsha River (Chen et al., 2008;
Zhang et al,, 2011; Chen et al., 2013; Wang et al., 2014; Liu et al,,
2018; Bao et al, 2020; Li et al, 2020) have been frequently
blocked by landslides in the late Quaternary. The most recent
case of a landslide-dammed lake in the Yalong River occurred on
8 June 1967. The landslide blocked the river and formed a lake
with a volume of 6.8 x10® m®, which breached on 17 June and
gave rise to an outburst flood of 5.3 x 10* m*/s (Chen et al., 1992).
However, most studies associated with paleo-event
reconstruction lack an estimation of the extent and volume of
paleo-landslide-dammed lakes, such as Ding et al. (2021). The
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paleo-level of a landslide-dammed lake can be recorded in the
variation in the sedimentary sequence and the geometry of the
breach channel of a landslide dam. This information has not been
fully exploited. We conducted a detailed investigation of the
Yalong River and identified an ancient landslide-dammed lake of
long duration in a tributary of the Yalong River—the Liqiu River.
Based on this illustrative example, we highlight the sedimentary
characteristics of the remnant sediment of a paleo-landslide-
dammed lake and propose an approach to reconstruct the lake
volume based on sedimentary analysis and geomorphic imprints.
Finally, by combining optically stimulated luminescence (OSL)
dating, it is possible for us to re-establish the evolutionary history
of this river-blocking event.

2 Regional setting

The watercourse of the Yalong River follows a series of
north-south-oriented faults in the Hengduan Mountain(s).
The upper and middle reaches of the Yalong River are
tectonically situated in the Ganzi-Aba fold belt and are
bounded by the Xianshuihe fault and the Batang fault.
Triassic low-grade metamorphic rocks dominate the lithology
of the study area and mainly consist of sandstone rocks
intercalated with granite intrusions, Permian carbonate, shale,
and ophiolitic melanges. The lower reach of the Yalong River is
composed of Paleozoic carbonates and low-grade metamorphic

rocks, with minor basalt, gneiss, schist, granite, and
conglomerate.
The Yalong River (26°32'-33°58'N, 96°52'-102°48'E)

originates from the Bayan Har Mountains at an elevation of
nearly 5,000 m and is the largest tributary of the Jinsha River in
the eastern Tibetan Plateau, with a total basin area of
approximately 136,000 km®> and a mainstream length of
1,571 km (Li et al., 2014; Wang Y. et al,, 2019). The Yuting
landslide-dammed lake is located in the Liqiu River basin, which
is one of the major tributaries of the Yalong River (Figure 1). The
Yalong River, with an average annual discharge of 1914 m?/s, is
mainly supplied by precipitation occurring during the wet season
(June to October), which accounts for 75% of the precipitation
(Feng et al., 2008). Due to the influence of the monsoon climate,
the average annual precipitation entering the Yalong River is
500-2,470 mm, and the average annual temperature range in the
basin is 4.9 °C-19.7 °C (Li et al., 2014; Wang Y. et al., 2019). The
Ligiu basin has a total area of 5,828 km’ with a length of
203.5km. The relief from the river head to the confluence
with the Yalong River is approximately 2078 m, giving an
average channel gradient of 10.21%o. The discharge of the
Liqiu River is absent.
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FIGURE 1
Study area and Yuting landslide-dammed lake. (A) Map of the Tibetan Plateau. (B) Location of the study area in the eastern Tibetan Plateau. Filled
red circles represent historical earthquakes. The green pentagram in (A) represents the location of the Yuting landslide-dammed lake. (C) Satellite

image of the Yuting landslide-dammed lake. Satellite image is from Google Earth.

3 Materials and methods

3.1 Facies analysis
To define sedimentary facies, detailed analyses of

sedimentary characteristics in lacustrine exposures were
carried out at eight exposures in the Ligiu catchment
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(Figure 1B). In the sedimentary sequences, we logged some
changes in grain size, bed thickness, bed geometry, bed
contacts, and internal sedimentary structures (Russell and

Arnott, 2003; Wang H. et al., 2019) and used photographs

and lines to record details and show differences in

sedimentary facies at each outcrop, which were helpful for
differentiating lacustrine deposits from other deposits.
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FIGURE 2
Dose recovery test results for 38—63 pm quartz in sample
YLJ-19. Three aliquots were used per preheating temperature. The
dashed line is drawn at the average De of the aliquots measured
with preheating temperatures between 220 and 260°C.

3.2 Luminescence dating

Twelve samples were collected from section #1 (LQ-1), section
#5 (LQ-5), and section #6 (LQ-6) for OSL dating to estimate the
chronological limits of the studied landslide-dammed lake (Figures
2, 3). Sample preparation (chemical extraction of pure quartz grains
from sediment and OSL measurements) was performed under
subdued red light based on the specific collection, pretreatment
steps, and measurement procedure reported in Lai and Ou (2013).
All the processes were completed in the OSL laboratory of the
Institute of Mountain Hazards and Environment, which is equipped
with a Lexsyg research reader.

Because of the possibility of exposure in the collection,
approximately 3 cm of material at each end of the sample tubes
was removed and reserved for environmental dose rate and water
content measurements. The environmental dose rate was calculated
from measurements of radioactive element concentrations of the
surrounding sediment with a small contribution from cosmic rays. U
and Th concentrations and K contents for all samples were measured
using neutron activation analysis in the Xian Center of the
Geological Survey, China. The cosmic ray dose rate was calculated
from the burial depth of the samples and the altitude and latitude of
the study area (Prescott and Hutton, 1994). The a efficiency value of
0.035 + 0.003 was adopted during the dose rate calculation (Lai and
Briickner, 2008). The observed water contents of samples from
lacustrine sediments ranged from 5% to 17%, with an average
water content of 13%. Given that the section has been exposed to
sand excavation for a long time, the uncertainty of water content
changes after burial, and the slight loss of sample moisture that occurs
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naturally during sampling and transport, a lifetime average water
content of 15 + 5% was used for dose rate calculations for lacustrine
samples (Liu et al,, 2015; Wang H. et al,, 2019).

OSL measurements were performed on Lexsyg research
readers equipped with blue LEDs (458 + 5nm, ~100 mW/
cm?) and infrared LEDs (850 + 20 nm, ~300 mW/cm?). A
combination of the single-aliquot regenerative-dose (SAR)
protocol (Murray and Wintle, 2000) and the standard growth
curve (SGC) method (Roberts and Duller, 2004; Lai, 2006) was
applied to determine the equivalent dose (De) of 38-63 pm
quartz grains. Twenty aliquots were measured for each
sample, of which six to eight aliquots were used for De
determinations using SAR to construct the SGC. Twelve to
fourteen additional aliquots were measured for their natural
(LN) and test dose (TN) OSL signals under the same
measurement conditions as those of SAR. The De value was
obtained by matching the test dose-corrected natural OSL signal
in the SGC. Samples for which the difference between SGC De
and SAR De was within 10% (Table 2) suggest that the De results
determined by the SGC are in agreement with those determined
by the SAR protocol (Lai et al., 2014) and that the SGC could be
used for De determination. The final De value was the mean of
the SAR Des and the SGC Des. Otherwise, the mean value of SAR
De was used for dating (Liu et al., 2012). Using the combined
approach, it is possible to construct standardized growth curves
by parts of standard SAR measurements; then, the remaining
accurate estimates of De can be obtained based solely on
measurements of Ln and Tn, which can effectively speed up
the measurement process and reduce the measurement time
(Roberts and Duller, 2004; Lai, 2006).

To check the suitability of the SAR protocol for De
determination, a dose recovery test (Murray and Wintle,
2000) was conducted for sample YLJ-19 (Figure 2). Before the
dose recovery test, the OSL single from each aliquot was bleached
with a solar simulator using a certain exposure time, and the
residual natural doses were measured to ensure that they had
reached a negligible level. Subsequently, they were given a known
dose close to the equivalent dose, with preheating temperatures
increasing from 180 to 300 °C at an interval of 20 °C. For each
preheating temperature point, three aliquots were used for De
determination (Murray and Wintle, 2000; Lai et al., 2009; Li et al.,
2020). For sample YLJ-19, a plateau was observed for
temperatures from 220 to 260 °C, and the average measured-
to-given dose ratio was close to 1 (n = 3). Therefore, the optical
measurements were performed after heating at a temperature of
260°C for 10s for natural and regenerative doses and after
preheating at a temperature of 220 °C for 10 s for test doses.

4 Results

Careful investigation in the field revealed eight lacustrine
exposures along the No. S215 Highway associated with landslide-
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FIGURE 3

Detailed sedimentary logs and photographs of lacustrine sediment in section #1 at the Yuting landslide-dammed lake. Solid black circles and
YLJ symbols represent the depth and number of OSL dating samples. (A) Panorama picture of section #1. Note that the maximum exposed thickness
is 6 m. (B) Close-up photograph of climbing ripples on the top of section #1. (C) Close-up of wavy lamination in section #1. (D) Typical annual

lacustrine varve couplet.

dammed lakes in the lower reach of the Ligiu River near Shade
town. We analyzed the evolution of this landslide-dammed lake
based on sedimentary interpretation and OSL dating. The
elevation of the sedimentary association in the reservoir area
and the morphology of the body of the landslide dam were
further used to reconstruct the dam height and volume of lake
water.

4.1 Characteristics of lacustrine deposition
The relative locations of the eight exposures of lacustrine

sediments lie between the Shade and Laha villages (Figure 1C).
Their coordinates and elevations are listed in Table 1. All of the
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_. wavy lamination

exposures are commonly characterized by coupled varve
laminae, comprising couplets of a light-colored summer-
deposited coarse-grained silt layer and a dark winter-deposited
fine-grained clay layer with mm- to cm-thick beds (Figures 3-6).
Continuous varve sediments contain multiple seasonal laminae
with obvious contrasts in color, grain size, and bed thickness
(Zolitschka et al, 2015). Locally, the clay varves in most
exposures, including section #1, section #3, section #5, and
section #8, are slightly wavy (Figures 3C, 4A,4B). Another
the
(Figure 4C), which alternates between light-colored silt and

distinguishing ~ characteristic is laminated carbonate

dark carbonate-rich clay, with a maximum lateral extension of

a few tens of meters, ranging from a few centimeters to some
decimeters thick. The dark winter-deposited carbonate clay in
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TABLE 1 The elevations of lacustrine exposures and simple descriptions of sedimentary characteristics.

Exposure ID Coordinate Top Relative height Sedimentary description
elevation above river (m)
(as.l)
Section #1 29°40'10.87"N, 3,187 14 In addition to Shade village, the exposure height is approximately 6 m
101724'21.98"E (Figure 3C). The upper part is 2 m thick and contains climbing ripples

of fine sand and silt. The lower part, which is 3 m thick, consists of
wavy lamination and typical lacustrine clay varves. Six OSL samples,
YLJ-10—YLJ-15, were collected from this section.

Section #2 29°39'47.62"N, 3,187 25 Approximately 1.5 km downstream from section #1. The whole
101°23'32.34"E exposure consists of silty clay varves.

Section #3 29°39'5.84"N, 3,177 27 In addition to the $215 Highway, the exposure is 18 m thick. The lower
101°23'12.26"E 16-m-thick part is composed of clay varves (Figure 4D).

Section #4 29°38'59.10"N, 3,165 19 Approximately 1.5 km downstream from section #3. The lacustrine
101723'4.19"E sediment is approximately 9.8-m thick and mainly consists of

carbonate-rich, well-cemented, and dark-colored clay varves
(Figure 4C).

Section #5 29°38'53.27"N, 3,162 16 The opposite bank of Wayue village. This exposure is approximately
101722'54.74"E 5.5 m high and consists of silty clay varves. The lamination is slightly
wavy. Four OSL samples, YLJ-16—YLJ-19, were collected from this
section (Figures 4A,B).

Section #6 29°37'32.52"N, 3,149 14 Close to Shade town. The exposure is approximately 12.1 m. The
101°22'19.26"E middle 2-m-thick part is a typical Bouma sequence consisting of
laminated sand and silt and climbing ripples. Two OSL samples, YLJ-
20 and YLJ-20, were collected from this section (Figure 4A,B).

Section #7 29°36'17.55"N, 3,155 38 Approximately 2.3 km downstream from section #6. The exposure
101722'4.55"E contains 2.3-m-thick clay varve drapes on the toe slope. Intraclasts can
be observed (Figure 6).

Section #8 29°36'0.51"N, 3,122 16 In addition to the $215 Highway, the lacustrine sediment of clay varves
101°21'6.62"E is 8.6 m thick. The angular colluvial sediment that is 4.6 m thick
overlies the lacustrine varves. The lower 16-m-thick part is composed
of clay varves (Figure 5A).

these carbonate laminations is well cemented. We identified only et al, 2015). The geological conditions are usually in a
a 5-20-cm-thick layer of climbing ripples occurring in the upper stable state and do not alter the sedimentation process
parts of section #1, which are made up of light-colored silt to during the lifetime of a lake. In contrast, climatic conditions
sand. In successive laminae, nearly all climbing ripples were not a vary over longer timescales and can produce a series of
perfect superposition but rather a minor displacement of the seasonally contrasting and characteristic laminae (Zolitschka
ripple crests (Figure 3B). et al,, 2015; Lettéron et al., 2018). The necessary precondition

Another major variant in the sedimentary association of the for forming an annual lacustrine varve couplet is a seasonally
Yuting landslide-dammed lake is the Bouma sequences (Ta-Te) varying sediment flux into the lake (Zolitschka et al., 2015).
in section #6 (Cantero et al, 2012; Wang H. et al, 2019). As The color of varve laminae commonly adjusts following
Figure 4B shows, the uppermost part (Ta) of section #6 is variations in the organic matter content. A lighter color, for
composed of debris flow deposits, which are mainly massive instance, indicates a low content of organic matter.
mixtures of angular and subangular gravel and sand that lack Simultaneously, a regularly bedded succession is indicative
sedimentary structures. Intervals Tb to Tc tend to be sand, of perennial subaqueous environments (Lettéron et al,
showing layers of climbing ripples that are interbedded with 2018). The discrepancy in the grain size of a varve couplet
laminated sand beds. The Bouma sequence is introduced in detail is due to the variation in the seasonal runoff that carries
in Cantero et al. (2012). Ferromanganese nodules with circular suspended sediment into the lake. Coarser particles (sand
shapes can be locally observed inside the laminated varves in the and coarse silt) are deposited immediately as they enter the
upper parts of section #7 (Figure 6C). Small faults in laminated lake, whereas finer materials (silt and clay) remain in
clay can be occasionally observed (Figures 6B,C). suspension for a longer time. Accordingly, a varve couplet is

The components of lacustrine deposition are controlled by typically composed of both a coarse-grained layer and a fine-
the catchment geology and climate conditions (Zolitschka grained lamina (Zolitschka et al., 2015; Wang H. et al., 2019).
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agular gravel

FIGURE 4

Detailed sedimentary logs and photographs of lacustrine section #5 at the Yuting landslide-dammed lake. Solid black circles and YLJ symbols
represent the depth and number of OSL dating samples. (A) Intact exposure of section #5. Planar and parallel laminations dominate the sedimentary
characteristics. (B1,B2) Close-up photographs of the calcareous plate and wavy lamination. (C1,C2) Massive carbonate unit. (D) Lacustrine deposits

in section #3.

’ wavy lamination
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The wavy lamination of clay may form as a result of
settling from suspension onto an undulating lake bottom
substrate or uneven sedimentation of the suspended matter.
The laminated carbonate may indicate enhanced carbonate
dissolution and carbonate input into the lake from the
surroundings. The accumulation of lacustrine carbonates is
ascribed to a massive influx of carbonate, including bedload,
suspended load, and dissolved load. The widespread carbonate
deposits reveal a stable lacustrine environment and internal
lake processes, which determine whether precipitation or
deposition of carbonates can be well preserved (Lettéron
et al., 2018). The deposition of climbing ripples in section
#1 implies the existence of long-lasting unidirectional flows
(Lang and Winsemann, 2013). In view of the fact that the
existence of climbing ripples requires deposits to be
bedload, of

indicate a lake

transported as the multiple occurrences

climbing ripples relatively  shallow
environment (Wang H. et al., 2019).
The Bouma sequence in Figure 5B2 is a typical product of

high-density turbidity flows, such as subaqueous debris flows.
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The Ta-Te units that form from bottom to top indicate the
waning process of the flow (Cantero et al., 2012). The rapid
settlement of coarse-grained gravel in the turbidity flow gave
rise to the Ta unit. Parallel sand laminations in the Tb unit
indicate bedload reworking as sediment settles, and the
ripple of the Tc
sedimentation rates under a lower flow regime during phases

climbing layers unit imply high
of reduced discharge (Lang and Winsemann, 2013; Lang et al.,
2017; Winsemann et al., 2018). Laminated silts (Td) may occur
due to silt suspension fallout of turbulent flow (Wang H. et al.,
2019). The Te unit resulted from the settling of the finest clay
component in the final stage of the turbidity flow process. The
growth of ferromanganese nodules in Figure 6C requires a
sustained source of Fe and Mn from the underlying sediment
porewater. Ultimately, the Fe and Mn derived from the
sediments are released to the sediment porewater by
their
hydroxides, which is a common diagenetic process in lake
sediments. Once in the porewater, the dissolved Fe (II) and

Mn (II) can migrate by advection and/or diffusion upwards to

reductive dissolution of respective  oxides and
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FIGURE 5

Detailed sedimentary logs and photographs of lacustrine sections #6 and #8 in the Yuting landslide-dammed lake. (A1) Macroscopic
sedimentary features of section #8. (A2) Wavy parallel laminae and climbing ripples from section #8. (B1) Debris flow sediments in the upper part of
section #6. (B2) Typical Bouma sequence in the middle of section #6.

the sediment-water interface and oxidize rapidly by chemical the sedimentary sequence of all exposures, which implies
or biologically mediated mechanisms (Hayles et al., 2021). The that the lake remained stable for a long period of time.
small faults of laminated clay in Figures 6B,C may result from
the slight slump of the lacustrine slope responding to the
postevent incision by the river. 4.2 Landslide volume estimate

Overall, except for section #6, the typical vertically

continuous clay or silt varve deposition that developed in The landslide dam of the Yuting landslide-dammed lake was
all lacustrine exposures represents a stable depositional generated from a bedrock ridge to the east of the Liqgiu River,
environment in relatively deep water. The climbing ripples forming an obvious negative relief (Figure 1C). The sliding mass
in section #1 emerge in near-shore shallow water. We did not exhibits expansion toward the west, hitting the opposite side of
observe any alternation of varve and climbing ripple units in the mountain and forming a landslide dam. Based on the
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FIGURE 6

section #7.

Macroscopic and detailed sedimentary characteristics of section #7, mainly including soft-sediment deformation structures. (A) Panorama
picture of section #7. (B) Close-up photograph of clay lamination in section #7. (C) Close-up photograph of ferromanganese nodules in

geometry of the landslide deposit, we calculated an area of
approximately 1.36 x 10°m? The estimated volume V of a
given landslide of area A depends on a scaling exponent y
and intercept a (Simonett, 1967):

V = aA?

Taking a y value of 1.41 and a loga value of 0.23, as proposed
for bedrock landslides in the Himalaya by Larsen et al. (2010), the
volume of the Yuting landslide is calculated as 1.02 x 10° m®.

4.3 OSL dating results

The OSL dates for lacustrine sediments are summarized in
Table 2. Twelve samples for OSL dating were collected from section
#1, section #5, and section #6. The OSL signal of the natural (N),
regeneration (0 Gy), and test (ITD) doses for sample YLJ-17 are
shown in Figure 7A. Both the natural quartz OSL and regeneration
dose signals attenuate rapidly to the background level within the first
second of stimulation, indicating that the quartz OSL signal is
dominated by the fast component (Steffen et al., 2009; Fan et al,,
2011). The growth curve of eight individual aliquots of the same
samples can be well fitted using an exponential plus linear function
(Figure 7B). The recuperation of the natural signal for all 108 quartz
aliquots from 12 quartz samples is less than 5% (Figure 7C). For
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recycling ratios, most of the samples are between 0.9 and 1.1
(Figure 7C), and we rejected aliquots that did not meet the
criteria. According to these standards, there are not enough
aliquots to calculate De for samples YLJ-12 and YLJ-14.

The extent of grain bleaching prior to burial is a basic
concern in luminescence dating (Mangerud et al, 2001;
Wallinga, 2002). All samples reported here were collected
from lacustrine sediments, which means that the problem of
partial bleaching may exist, as underwater zeroing is slower
(Mangerud et al, 2001; Wallinga, 2002). According to the
Abanico plot (Figure 8), the tight and symmetric distribution
of most ages favors basically zeroing the OSL signal (Murray
et al,, 1995; Olley et al., 1998; Olley et al., 1999). If samples have
been poorly bleached prior to burial, the OSL dates may tend
toward a range skewed to older ages, which may yield a higher
uncertainty than expected, as we could not assess the extent of
bleaching of grains for each individual sample. Moreover, the
overdispersion (OD) of De can be used to illustrate incomplete
zeroing during deposition, and samples with values greater than
20% are not considered (Yang et al., 2022). YLJ-19 shows the
highest overdispersion (32.61%), which may be due to the
problem inherent in OSL dating of young sediments (Lapointe
et al,, 2019). Young sediments are universally characterized by
low luminescence sensitivity (Figure 7D) due to the short
sedimentary history of young orogenic belts (Preusser et al,
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TABLE 2 Paleodose, dose rate, and ages obtained from quartz extracted from deposits.

Section

1%

5t

6"

*Aliquot numbers using the SAR protocol.

Aliquot numbers using the SGC protocol. OD is the overdispersion (%) of De values for each sample.

Sample Depth K (%) Th U Water Dose rate Aliquot SAR SGC Final Age oD

ID (1)) (ppm) (ppm) content (%) (Gy/ka) numbers DIN(€}Y)) DIN(€}Y)) De (Gy) (ka) (%)

YLJ-10 29 209 + 201 +05 | 289 +0.1 1545 431 +0.30 8+ 120 1561 + 147 1693 +1.11 1640 + 0.88 | 4.1 +04 2450
0.06

YLJ-11 37 221 + 166 +05 | 328 +0.1 1545 423 +0.29 6 + 14° 1504 + 1.77 1588 098 1563 +0.85 & 39+03  23.60
0.06

YLJ-12 46 219 + 19205 | 262+0.1 1545 421 +0.29 — — — — — —

0.07

YLJ-13 5.1 225+ 16104 | 337 +0.1 1545 422 +0.30 7 2132+ 1.19 2416+ 155 2132+ 119 | 54+05 1344
0.07

YLJ-14 59 238 + 197 05 | 412 +0.1 1545 448 + 031 — — — — — —

0.07

YLJ-15 6.9 234 + 177 £05 | 328 +0.1 1545 4.09 + 0.29 7 2482+ 1.69 3460 170  2482+169 @ 61+06 1663
0.07

YLJ-16 14 237 + 165+ 04 | 323+0.1 1545 4.16 + 0.28 8+ 120 2124+ 158 | 2258 + 138 2204+ 1.03 | 53+04  19.63
0.07

YLJ-17 2.4 242 + 152 +04 | 3.20+0.1 1545 4.07 +0.28 8+ 120 3228 +3.60  31.94+277  3208+214 | 79+08 2897
0.07

YLJ-18 32 28+008 192+05 301 +0.1 1545 4.59 + 0.31 8+ 120 3536 +2.01 @ 3496+ 144 3512+ 115  77+06 1338

YLJ-19 42 315 + 247 06 | 293 +0.1 1545 521 + 0.37 8+ 120 33.66 + 582 | 3345 +249 | 3354+267 64+07 3261
0.09

YLJ-20 42 337+  1445+07 440 +0.1 1545 5.76 + 0.40 6 2979+ 085 = 1637 +129 = 2979+085 | 52+04 668
0.06

YLJ-21 52 210 + 152407 | 271+0.1 1545 3.63 % 0.26 8+ 120 1643 + 1.18 1780 + 1.60 1725+ 1.05 | 48 +04  24.26
0.08

e 1@ buep
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Luminescence characteristics of sample aliquots. (A) Decay curves of the OSL signals for sample YLJ-17; (B) growth curves of the OSL signals
obtained using the SAR protocol for sample YLJ-17. The data were fitted using an exponential plus linear function. The thick red curves represent the
fitted standard growth curve; diamonds and circles represent regeneration OSL signals, where circles represent R1~R5 and diamonds represent R1’.
The square and dotted red lines indicate the sensitivity-corrected natural signal; (C) recycling ratios and recuperation values of all quartz
aliquots; (D) decay curves of OSL signals for samples YLJ-18 and YLJ-19.

2005; Preusser et al., 2006; Pietsch et al., 2008; Preusser et al.,
2009) and vyield less imprecise ages. The possibility of partial
bleaching cannot be excluded even if the OD is relatively low
(e.g., <20%), and the ages should be used as maximum ages.
In total, we obtain ten OSL ages of lacustrine sediment
deposited in the Yuting landslide-dammed lake (Table 1;
Figure 8A). The oldest age of 7.9 + 0.8 ka BP(YJL-17) is
present in section #5. Because we failed to identify and date
the lowest contact of lacustrine sediment, YJL-17 simply
indicates the Yuting landslide-dammed lake formed before
7.9 £ 0.6 ka BP. The youngest lake deposition occurred in
section #1, including YLJ-10 of 4.1 + 0.4 ka BP and YLJ-11 of
3.9 £ 0.3 ka BP, implying that the water depth of the Yuting
landslide-dammed lake at section #1 was shallow and close to
its end around 3.8-3.9 ka BP (Table 2). Consequently, it can
be deduced that persistent deposition of consecutive
lacustrine sediments was continuing within a lifespan of
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at least 4.0 ka. The OSL dating results illustrate that the
Yuting landslide-dammed lake initiated before 7.9 ka BP and
at least persisted until 3.9 ka BP. This chronological limit
should be considered as the minimal lifespan of the Yuting
landslide-dammed lake, which may have formed earlier and
persisted longer.

5 Discussion

5.1 Evolution of the Yuting landslide-
dammed lake

On most occasions, the top elevations of lacustrine sediments
are used to reconstruct the paleo-extent of ancient dammed lakes.
As shown in Figure 1C and Table 1, section #1 and section
#2 have the highest elevations of 3,187 m a.sl. among the
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Equivalent dose distribution of samples in the Abanico plot (Dietze et al,, 2016), which is a combination of radial, histogram, and probability
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12 exposures in the reservoir area of the Yuting landslide-
dammed lake. The upper climbing ripples overlying lacustrine
clay varves in section #1” is indicative of the shallow water depth
at this site or its adjacency to upstream inflow from the inundated
river. Thus, the top elevation of section #1 (3,187 m a.s.l.) can
represent the minimal lake level of the Yuting landslide-dammed
lake, corresponding to a lake volume of 2.4 x 10® m® and a lake
area of 5.3 km”. The maximum depth near the dam at a lake level
of 3,187 m is approximately 115 m. Generally, the water depth at
sites of other exposures, except section #2, increases in the
downstream direction, ranging from 10 m to 65 m. This trend
results from the travelling capacity of suspended silt or clay in the
lake reservoir area.

On the other hand, the above analysis neglects that there
may be an apparent water column present above the lake-
bottom sediment as the lake ends. The elevations of lake-
bottom sediments may underestimate lake levels (Johnsen and
Brennand, 2004). Furthermore, it was proposed that 85% of
landslide dams failed within 1year (Costa and Schuster,
1988). It is possible that the lacustrine sediment in sections
#1-#2 was deposited by relict lakes that had outburst earlier.
We deduced the original or maximum lake level from the
morphology of the remnant dam (Figures 9B,C). Cross-
sections AA’ and BB’ display slightly rugged or undulating
morphology on the left bank, which represents the landslide
body. We extend the left-bank slope laterally toward the right
to reconstruct the original elevation of the landslide dam,
which is approximately 3,200 m a.s.l., giving a dam height of
approximately 127 m. In other words, the Yuting landslide
completely initially blocked the Ligiu River at 3,200 m a.s.l.
The water volume of this original lake is approximately 3.2 x
10° m®, with an area of 6.2 km?, the maximum estimate of the
lake’s extent.

The continuous deposition of clay varves suggests that the
lake maintained relative stability over a long period from
7.7 ka BP to 3.9 ka BP. Considering the breaching behavior
of the landslide-dammed lake proposed by Costa and Schuster
(1988), we propose that the lake level of the Yuting landslide
dam started to decrease due to incision as the lake water
overtopped the dam, and then maintainsed stable as the water
level lowered to 3,187 m a.s.l. The relict lake persisted for a
sufficiently long period that the deposition rate at the
upstream end surpassed that of the central lake. The
aggradation in the location of section #1 contributed to a
shallow marginal environment that facilitated the formation
of climbing ripple deposition during 4.1-3.9 ka BP. At this
time, the infill capacity was not reached at other locations of
the Yuting landslide-dammed lake. However, nearly all of the
OSL dates from clay varves, except for YLJ-10-YLJ-11 from
climbing ripples, are concentrated in the period before 5.0 ka
BP. As long as the infill capacity was not reached, it is
impossible that the deposition at the location of sections
#3-8 completely stopped between 5.0-3.9ka BP. We
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inferred that post-event erosion due to lateral migration of
the river have erased the deposition in the upper parts of
sections #3-8 during this period of time.

Furthermore, Ojala et al. (2012) constructed a varve database
to study the fidelity of their varve chronologies. Among the
108 sites included in the varve database, varved records are
typically 200-500 cm  thick of
1,000-2000 years. The thicknesses of annual varve may range

and cover a period
from 0.07 to 27.3 mm/a, with a mean of 1.84 mm/a (Ojala et al.,
2012). Assuming that the annual deposition rates of lacustrine
the lake

approximately 1.84 mm/y, the lacustrine thickness reaches

sediments in Yuting landslide-dammed are
65 m, which is lower than the minimal estimation of maximal
depth behind the landslide dam. This result indirectly confirms

the reliability of the reconstructed paleo-extent.

5.2 Cause and trigger of the Yuting
landslide-dammed lake

The stability of a bedrock slope can be affected by
preparatory and triggering factors (Glade and Crozier,
2005). slopes
oversteepening by river incision and glacier debuttressing,

Preparatory factors, such as natural
mainly reduce the stability over time but do not cause
failure or movement (McColl, 2012). Triggering factors are
those that initiate failure or movement, including rainfall,
earthquakes, and sharp increases in porewater pressures
(Cruden and Varnes, 1996; Jones et al., 2021). The Yuting
landslide is located at a transitional position from a low-relief
landscape perched ~2-2.5 km above the local base level into a
rapidly incising, dissected landscape in its lower reaches
(2007)]. The

(10°-10° years) erosion rates in the upper reach of the Liqiu

[Figure 6 in Ouimet et al short-term
River range between 0.02 and 0.06 mm/a. However, the erosion
rate increases to 0.40 mm/a downstream from the Yuting
landslide (Ouimet et al., 2009). The rapid undercutting of
hillslopes and mean local relief (up to 2km) are high
enough to focus topography-induced stresses that facilitate
the occurrence of the Yuting landslide.

The watercourse of the Liqiu River develops along the Shade
fault, which passes through the source area of the Yuting
landslide. The slip rate and paleo-seismic activity of the
Shade faults remain unknown. However, it is adjacent to the
Xianshuihe fault which has given
59M, >5.0  earthquakes since 1725, including
18 My >6.0-6.9 and eight >7.0 earthquakes (Zhang et al,
2016). Ma et al. (2022)
paleoearthquake events that occurred from approximately
7,168-6,269 and 3,465-2,490 years BP near Kangding, which
is outside the range of the initiating and ending times of the

system, rise to

revealed six Holocene

Yuting landslide-dammed lake. This temporal inconsistency
may imply that the reconstructed damming event was not
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triggered by earthquakes. As with the similar cases of
Tanggudong landslide and Baige landslide, the intensive
crustal uplift and the rapid river erosion have markedly
altered the free face of the damaged rock mass, thereby
increasing the gravitational potential energy of the rock mass
(Yi et al., 2022). The long-term cumulative coupled effect of
tectonic movement and surface denudation represents the
fundamental mechanism of the Yuting landslides.

6 Conclusion

We revealed 12 exposures associated with an ancient lake
formed by the Yuting landslide blocking the Liqiu River in the
middle reach of the Yalong River. The sedimentary evidence
mainly consists of typical clay or silt varves deposited in deep
water. Locally, the Bouma sequence develops due to subaqueous
turbidity flows and climbing ripples. The elevation distributions
of 12 exposures and sedimentary analysis determine the minimal
estimate of the paleo-extent of this ancient lake, which is at
3,187 m asl, giving a volume of 2.4 x 10°m® The dam
morphology further provides the maximum estimate of the
lake extent at 3,200 m a.sl, with a lake volume of 3.2 x
10* m®. In total, we obtained 12 OSL ages collected from three
sections. An Abanico plot was used to test the error introduced
by partial bleaching of the OSL signal. Except for three OSL ages,
the OSL signals of the others are adequately zeroed. The results
illustrate that the Yuting landslide-dammed lake initiated before
7.9 ka BP and persisted until at least 3.9 ka BP. This chronological
limit should be considered the minimum lifespan of the Yuting
landslide-dammed lake, which may have formed earlier and
persisted longer. A small discrepancy exists between the
original dam height recovered from the morphology of the
landslide body and the water depth represented by the highest
lacustrine sediment. We suggest that an initial drainage occurred
as the lake water overtopped the landslide dam, which lowered
the highstand lake surface at 3,200 m a.s.l. to a long-lasting water
level at 3,187 m a.s.l. The long-term cumulative coupled effect of
tectonic movement and the rapid river incision rate provided
favorable conditions for the failure of the Yuting landslide.
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