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Formation process of a large paleolandslide-dammed
lake at Xuelongnang in the upper Jinsha River, SE
Tibetan Plateau: constraints from OSL and 14C dating

Abstract A large number of the landslide dams located on the
major rivers at the southeastern margin of the Tibetan Plateau
have been previously identified through remote sensing analysis
and field investigations. The Xuelongnang paleolake was one of
the lakes formed by these landslide dams in the upper Jinsha River,
where the association of a relict landslide dam, lacustrine sedi-
ment, and outburst sediment is well preserved. This preservation
provides an opportunity to better understand the formation, evo-
lution, and longevity of a large landslide-dammed lake in the
upper Jinsha River. It was inferred that the Xuelongnang dammed
lake may have been formed by an earthquake-induced
paleoavalanche. The surface area of the lake at its peak was
estimated at 7.0 × 106 m2, and the corresponding volume was
approximately 3.1 × 108 m3. Two outburst flood events were deter-
mined to have occurred during the life span of the lake. Based on
the 18 ages obtained from optically stimulated luminescence (OSL)
and carbon-14 (14C) dating combined with stratigraphic sequences
observed in the field, the paleolandslide-dammed lake was formed
at approximately 2.1 ka and subsequently breached locally. The
dammed lake was sustained for a period of some 900 years based
on the chronological constraining. This study confirms that a
major landslide-dammed lake can be sustained for at least hun-
dreds of years and breached by several dam breaks in multiple
periods, which contributed to the preservation of the knickpoints
at millennial scale along the major rivers in the study area.

Keywords Paleolake . Optical dating . Formation
process . Landslide dam

Introduction
Dammed lakes can form in many ways in nature (Costa and
Schuster 1988). There are three geomorphologic regions within
which these lakes were commonly found:

1. Alpine valley regions. The eastern or southeastern margin of
the Tibetan Plateau (TP) of China is an example of such
regions, where the rock avalanches, rock falls, or debris flow
can block rivers (Dai et al. 2005; Zhang et al. 2011; Chen et al.
2013; Guo et al. 2016; Wu et al. 2016).

2. Alpine glacial regions. The southern side of the Tibetan Pla-
teau and the Alpine glacial zones in South and North America
are examples of such regions, where numerous ice-dammed or
moraine-dammed lakes are well developed (Trauth and
Strecker 1999; Korup and Montgomery 2008; Liu et al. 2015).

3. Volcanic belts. Dammed lakes may form in these regions due
to lahars, pyroclastic flows, or volcanic debris avalanches
which may block rivers (Waythomas 2001; Kataoka et al.
2008; Kataoka 2011).>

There have been numerous studies conducted regarding natu-
ral lakes and the corresponding dams (e.g., Clayton and Moran
1982; Korup and Montgomery 2008; Cui et al. 2009, 2012). These
studies have focused on the site descriptions, hazard assessments,
and fluvial responses and have included ice-, moraine-, landslide-,
and volcano-dammed lakes.

These natural lakes and their dams are remarkably diverse in
their formation, characteristics, and longevity (Costa and Schuster
1988). It has been found that the outburst and demise often
occurred to the dammed lake after the backwater rose high enough
to overflow the natural dam (Li et al. 1986; Dai et al. 2005).
However, some of the dammed lakes were determined to have
stably existed for long periods of time ranging from hundreds of
years to thousands of years (Ermini and Casagli 2003; Korup and
Tweed 2007). The water flows during the dam break outbursts
achieved high magnitudes but had short durations (days to weeks)
and were extremely erosive (Kehew and Lord 1986).

Large amounts of research data have been reported regarding
the geomorphic and sedimentary consequences of the outburst
flows on the proglacial outwash plains, the outlets of the caldera
lakes, as well as in the moderate reliefs within high-latitude regions
(Baker 1973; Costa 1983; Lord and Kehew 1987; Walder and Costa
1996; Cutler et al. 2002; Benn et al. 2006; Kataoka 2011). Further-
more, although geomorphic and sedimentary evidence of cata-
strophic outburst flows persists even in mountain belts subjected
to high erosion rates, unequivocal reconstruction of the causes of
damming and failure is not always straightforward (Korup and
Tweed 2007).

A clear understanding of the processes including the formation
and breaching of landslide-dammed lakes is crucial for hazard
mitigation, as well as for the reconstruction of the previous events
and landscape evolution (Korup 2002). Abundance of large-scale
paleolandslides, along with their associated dammed lakes and
relict dams, has been observed at the Batang-Zhongzan Reach
along the upper Jinsha River valley, the southeastern margin of
the TP (see Fig. 1). Some of the paleolandslides were dated in our
previous work (Chen et al. 2013). The origin and evolution history
of the major paleo-dammed lakes in the study area have drawn
wide attention. It is suggested that the major paleo-dammed lake
clusters may have formed in multiple periods through field inves-
tigation (Chen et al. 2013; Wang et al. 2014), despite the causes are
still under debate. This study focuses on investigating the forma-
tion processes of the Xuelongnang major paleo-dammed lake, by
examining the associations of the relict landslide dam, lacustrine
sediment, and outburst sediment through field study in conjunc-
tion with optically stimulated luminescence (OSL) and 14C dating.

The goals of this study include (1) characterizing the geomor-
phological and sedimentological features of the Xuelongnang
paleo-dammed lake; (2) determining the formation and breaching
time of the paleo-dammed lake, based on the constraints from
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OSL and 14C dating; and (3) understanding the formation process-
es of the major landslide-dammed lake in the upper Jinsha River.

Regional setting
Since the late Cenozonic period, intense tectonic uplift results in
deep incisions along the upper Jinsha River at the southeast
margin of the TP (Burchfiel et al. 1995; Cui et al. 1996; Li and
Fang 1998). This area is characterized by typical canyon landforms.
The Xuelongnang-Wangdalong Reach has an average elevation
greater than 2300 m and narrow valleys 100 to 200 m in width.
The slopes in this area are steep, with the majority being greater
than 30°.

On the valley floors, the climate is arid and hot due to the foehn
effect. Annual average rainfall is less than 400 mm. The rainy
season lasts from June to September (Chen et al. 2013). The annual
average temperature is approximately 16 °C. However, the peak
temperature can reach as high as 35 °C. Therefore, this area can be
considered as having a subtropical dry-hot valley climate. The
physical weathering is very strong, conditioned by the dry climate
and large daily temperature variations, and consequently, soil
erosion is very severe leading to sparse surface vegetation.

The lithologies of the exposed rock along the valley sides are
mainly schist, marble, limestone, granite, and volcanic rocks, as
illustrated in Fig. 1 (RGSTY (Regional Geological Survey Team of
the Yunnan Bureau of Geology and Mineral Resources) 1982).

Two groups of major active faults are present within the study
area: the Batang Fault (F1) and the Jinsha River Fault zone (F2).
The Jinsha River Fault zone mainly contains four active faults:
the Zengziding River Fault (F2-1), Zigasi-Deeqeen Fault (F2-2),
Benxie-Dagaiding Fault (F2-3), and Xiongsong-Suwalong Fault
(F2-4), as shown in (Fig. 1a). The faulted landforms and

chronology allowed to estimate a strike-slip rate of the Jinsha
River Fault zone of 6 to 7 mm/a and the vertical rate between 2
and 3 mm/a (Xu et al. 2005).

According to existing historic earthquake records (Wu and Cai
1992), strong seismic activities frequently occurred in the study
area. As illustrated in Fig. 1, the active Xiongsong-Suwalong Fault
runs through the eastern side of the Jinsha River valley. A number
of major paleolandslides or paleolandside dams formed along the
Xiongsong-Suwaong Fault zone (Chen et al. 2013).

Methodology

Sample collection
Several sections around the Xuelongnang landslide dam were
selected for sampling for the purpose of OSL and 14C dating.
Deposits in these sections are comprised of lake sediments or
outburst sediments. The lake sediment consists mainly of well-
laminated clay and silt (locs. 1 to 6 and loc. 9 in Figs. 2 and 3). The
outburst sediment consists of cobble, gravel, and sand (loc. 7 and
loc. 8 in Figs. 2 and 3). The elevations were measured with a
portable Trimble GeoExplorer 6000 Series (GPS). All of these
sections are along the Upper Jinsha River, and the elevation of
each section is shown in Fig. 2. The characteristics of the
Xuelongnang paleolake before its draining are reconstructed
through ArcGIS 10.0 based on the data from ASTER Global Digital
Elevation Model (ASTER GDEM) version 2.

Sixteen luminescence samples and two 14C samples at different
levels of the sequences were collected. The OSL samples collected
from the lacustrine and outburst sediments were determined to be
silty-clay and fine sand, respectively. The two 14C samples consist
of organic matter or buried wood charcoal contained in the lake

Fig. 1 Study area in the southeastern margin of the Tibetan Plateau. a Location map of the study area. b Geological map of the Xuelongnang Reach of the upper Jinsha
River

Original Paper

Landslides 15 & (2018)2400



sediment. The concentration levels of uranium (U), thorium (Th),
and potassium (K) for each sample were measured using a neutron
activation analysis (NAA) and flame photometry, respectively, at
the Chinese Atomic Energy Institute in Beijing. Cosmic gamma
contribution was calculated following Prescott and Stephan (1982).
The paleomoisture values were estimated based on the moisture
content, with uncertainties of 5% for all of the samples.

Optically stimulated luminescence sample preparation and
measurement
The OSL samples were taken from freshly cleaned profiles using steel
tubes. The sample’s exteriors were removed, and the middle portion
was used to extract quartz for the equivalent dose (De) determination.
The sample pretreatment and OSL measurements were performed
under a subdued red light environment. Firstly, the raw ones were

treated with 10% HCl and 30% H2O2 to remove carbonates and
organic matter. Then, grains between 63~90 and 125~150 μm were
selected by dry sieving and pretreated with sodium polytungstate
heavy solution and 40% HF (for 2 h) to dissolve feldspars and clean
quartz grains (Aitken 1998). The purity of quartz extract was tested
using infrared-stimulated luminescence (IRSL). Contaminated sam-
ples were re-etched. All of the OSL measurements were performed
using a RiSø TL/OSL-DA-15 in the Institute of Geology and Geophys-
ics, Chinese Academy of Sciences, which was equipped with an inter-
nal 90Sr/90Y beta source and blue-light-emitting diodes (LEDs) (λ=
470 ± 20 nm). The luminescence signals were detected using a 9235QA
photomultiplier tube, which was fitted with 7.5-mm-thick Hoya U-340
filters.

The optical measurements were performed after the samples
were heated at a temperature of 260 °C for 10 s for the natural and

Fig. 1 (continued)
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regenerative doses and after preheating at a temperature of 220 °C
for 10 s for the test doses. The initial 2 s of 100 s of a shine-down
curve was used for analysis. In this study, a single-aliquot regen-
erative-dose (SAR) protocol (Murray and Wintle 2000) method
was used for De determination. This method had been previously
successfully applied to dammed lake sediments (Chen et al. 2013;
Wang et al. 2014; Guo et al. 2016). For each sample, 15–20 aliquots
were measured using the SAR protocol. The mean of all SAR Des is
the final De for each sample (Murray and Wintle 2000).

The 14C samples were measured using original bulk materials or
buried wood charcoal in the accelerator mass spectrometry (AMS)
14C laboratory at the Department of Archaeology, Peking Univer-
sity. The determination of the radioactive isotopes was accom-
plished using a method of a benzene liquid scintillation counter,
and the averaged radiocarbon ages were performed using
CALIB5.0.1 computer software developed by Washington Univer-
sity (Stuiver and Reimer 1993).

Results

Evidences for the damming and breaching
Generally speaking, the characteristic geomorphic features of a
previously dammed lake can be summarized as follows: (1) the
presence of a river with a large catchment area, which could
potentially form a dammed lake following the introduction of a
major damming body; (2) a breach rim formation, which is some-
times accompanied by thick lacustrine deposits in the upstream
areas; and (3) pendant-shaped, band-shaped, or fan-shaped out-
burst landforms developed in the downstream areas (Scott and
Gravlee 1968; Lord and Kehew 1987; Reneau and Dethier 1996;
Benn et al. 2006; Kataoka 2011; Chen et al. 2013; Van Gorp et al.
2013). In the Xuelongnang Reach of the upper Jinsha River, all the
three geomorphic features, i.e., relicts of a landslide dam and
upstream lacustrine deposits, as well as downstream pendant- or
band-shaped outburst accumulation landforms, have been ob-
served in the field. These features indicate that a major
landslide-dammed event had occurred and that the dam subse-
quently breached (Fig. 4). These geologic and geomorphologic
characteristics will be described in the subsequent subsections.

Relict landslide dam
A large paleolandslide was recognized along the Xuelongnang
Valley, located on the western bank of the upper Jinsha River,

within the territory of Mangkang County, Tibet, during a field
excursion. The relict landslide dam, located on the western bank
of Jinsha River, is approximately 700 m long and 600 m wide and
has a dam-front thickness of approximately 84 m, with an esti-
mated landslide volume of ~ 2.3 × 107 m3 through field investiga-
tion (Fig. 5). The landslide dam materials consist of diamicton,
ranging from sand, gravel to boulders (Fig. 6a, b). At this location,
the boulders are poorly sorted and unstratified beige-colored
schist, with maximum diameters of up to 4 m. Another diamicton
accumulation overlays the slope of the bedrock on the eastern
bank (Fig. 6c). The top of the diamicton deposit is approximately
100 m above the current water level of the Jinsha River and
approximately of 1.5 × 104 m3 in volume. The deposit materials
are mainly clast-supported boulder gravel consisting of beige-
colored schist, which are the same as the landslide deposit mate-
rials on the western bank. These evidences suggest that all of these
accumulations of the landslide deposit blocked the river at once.
The river reach, where the landslide relict is exposed, is very
narrow with a width of 80 m, which makes it easy for rapids or
cascades to form. Additionally, there are many boulders accumu-
lated on the river’s gravel beach, with a maximum diameter of 6 m.
These were found to be poorly sorted and angularly shaped, which
also suggests their association with the relict accumulation of the
dam following the breakdown of a landslide dam.

Lacustrine deposits in the upstream area
Within the study area, thick lacustrine silty-clay deposits with
well-developed bedding were found to overlay the landslide de-
posits (Fig. 6a) or fluvial terraces on the western bank (Fig. 7a).
Silty-clay layers (lacustrine facies) with horizontal bedding devel-
opment were observed, approximately 200 m upriver from the
relict landslide deposit along the eastern river bank. The exposed
thicknesses of lacustrine deposit range from 3 to 5 m, and the top
elevation is at approximately 2427 m, as shown in Fig. 7b. Soft-
sediment deformation structures (SSDS) were observed in the
exposed lake sediment layer located at the bottom of the
Xuelongnang Valley (Fig. 6d). A 25-cm-thick silty-clay layer is
characterized by the presence of curvilinear laminae and folds,
along with a mixing of clastics draped by broken silty-clay lami-
nae. The mixed clastics consisting of sand is exposed as inclined
dykes. The silty-clay layer is underlaid by a 20-cm-thick brownish
fine sand horizon. The material of the mixed clastics appears to
have originated from the underlying sand horizon.

Fig. 2 Longitudinal river profile showing present-day elevation and location of all dating sections (locs. 1 to 9) is indicated
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The lacustrine deposits were observed from the landslide dam
to as far as approximately 16 km upriver along the banks of the
Jinsha River. The lacustrine deposits form platform-shaped ter-
rain and almost continuously distribute along the banks on both
sides of the Jinsha River, as well as overlay on the level-1 fluvial
terrace (T1) (Fig. 7a). The thickness of lacustrine deposits can

reach up to 16 m in this area. The dimensions of the lacustrine
sediments allow us to infer an elongated narrow strip shape of a
paleolake. It was observed that the thickness of the lacustrine
deposit is only 3 m at the end of the backwater lake area. The top
elevation of the lacustrine deposits here is at approximately
2425 m. The thick lacustrine deposits develop with distinct

Fig. 3 Columnar sections showing the stratigraphy and dating ages of samples
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horizontal bedding and extend upriver along the banks of the
Jinsha River. The thicknesses were found to gradually become
thinner, but the top elevation of the lacustrine deposits basically
remained the same.

Outburst bar deposits in the downstream area
An abundance of diamicton accumulation (Flint et al. 1960; Cui
1988; Cui et al. 2013) was found to be distributed along both sides
of the river between the reaches from the Xulongnang landslide
dam to as far as 3.5 km downstream. Some of this relict accumu-
lation was exposed on the slope’s bedrock appearing as Briver
terraces,^ while others were exposed on both sides of the river

bed appearing as a high Bfloodplain,^ showing as Bpendant-
shaped^ or Bband-shaped^ in bird’s eye view.

The relict outburst diamicton accumulation was recognized at
three different levels of elevation. The outburst deposit at the
highest elevation was found to be exposed above the slope’s
bedrock on the east bank, with a top elevation of approximately
2420 or 44 m above the present river channel. The second deposit
level was located on the downriver side of the landslide dam on the
west bank (Fig. 8a) and had an elevation of approximately 2394 m
at the top. Two sets of outburst diamicton layers are identified
along the vertical profiles of the second deposit level. It was
estimated that the thickness of the upper diamicton layer was
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about 4 m, while the thickness of the lower diamicton layer was
approximately 11 m. The lacustrine strata downriver of the dam
were deposited between two outburst deposits, with a thickness of
approximately 4.5 m, and were overlaying the lower outburst
diamicton layers (outburst deposit I) (Figs. 6c and 8b, loc. 5).
Two kinds of typical sedimentary structures were identified in
the outburst deposits: gravel support-stacked structure (Fig. 8d)
and rhythmite-interbedded structure (Fig. 8e). The lacustrine de-
posits downriver of the dam locally show a clear cross-lamination
structure about 4.5 m thick. The outburst deposit at the lowest
elevation was observed on both sides of the current riverbed, and
an imbricated structure can be clearly seen in this set of deposit
(Fig. 8f). The top elevation of this deposit was approximately about
2373 m or only 2 to 5 m above the current level of the river surface.

From the viewpoint of accumulation positions of these
diamicton deposits, no large tributary stream or debris-flow gully
was found around the deposits, which indicated that the diamicton
deposits are sourced from the main channel. The diamicton accu-
mulations consist exclusively of beige-colored schist, which is
consistent with the lithology of the clastics of the landslide dam.
These findings indicated that the accumulation of the landslide
dam was the main source of the downstream diamicton

d
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Fig. 6 Photographs taken in the Xuelongnang Valley. a Relict landslide dam and
lacustrine deposits on the western bank of the Jinsha River. b Boulders
accumulated on the top of dam-front of residual landslide dam. c Relict landslide
debris overlying the bedrock on the eastern bank of the Jinsha River. d Clastic dyke
developed at the bottom of the upstream lacustrine sediments
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Fig. 7 Lacustrine deposits in the upstream area. a Lacustrine deposits with parallel
bedding overlying the T1 fluvial terrace at the western bank. b Well-developed
lacustrine deposits about 150 m upriver from the landslide dam at the eastern bank
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accumulations. Additionally, the diamicton accumulations were
only found in the downstream of the landslide-dam relict, and
this evidence supports the interpretation that these are products of
landslide-dam outburst.

Dating results
Figure 9 details the preheat plateaus for quartz, shine-down curve,
radial plot, growth curve, and distribution of equivalent dose (De) of

sample XLN4-1. Figure 9b shows that the OSL signals decrease very
quickly during the first 2 s of stimulation, indicating that the OSL
signal is dominated by the fast component. The distribution of De

(sample XLN4-1) approximates a positive skewed distribution shape,
indicating that the sample was being relatively well-bleached.

The OSL dates are listed in Table 1 and are also shown in Fig. 3.
The calibrated ages for the 14C samples are listed in Table 2.
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events. c Two sets of outburst deposits with a set of lacustrine layer intercalated developed in the western blank. d Clear gravel support-stacked structure within outburst
deposits. e Rhythmite-interbedded structure composed of boulder facies (BCM facies) and clast-supported cobble and boulder gravel facies (GM). f Downstream of
longitudinal midchannel bar (no. 2), with sorted boulders ~ 0.2 m in diameter. Note boulder imbrication (flow left to right)
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Discussion

Timing of dam formation and breaching
In this study, it was confirmed that this particular set of lacustrine
deposits upriver of the landslide dam was in fact a set of landslide-
dammed lake deposits through correlating the spatial relationship
between the locations of the landslide mass and lacustrine deposits
and the sedimentary features of the observed lacustrine deposits.

These findings revealed that a large rock avalanche had dammed
the Jinsha River in the study area once upon a time.

It is known that a landslide-dammed lake may last for as short
as several minutes, or as long as several thousand years depending
on many factors (Costa and Schuster 1988; Ermini and Casagli
2003). These factors include (1) the volume, size, shape, and
sorting of the blockage material; (2) rates of seepage through the
blockage; and (3) rates of the sediment and water flow into the

Fig. 9 OSL data: a preheat plateaus for quartz, b shine-down curves, c radial plot, d growth curves, and e distribution of equivalent dose (De) of sample XLN4-1
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newly formed lake (Costa and Schuster 1988). Landslide dams
commonly fail through overtopping, followed by breaching from
erosion caused by the overflowing water. In most of the docu-
mented cases, dam breaches are caused by the fluvial erosions of
the landslide material when the head-cutting initiates at the toe of
the dam and progressively moves upstream to the lake (Costa and
Schuster 1988; Ermini and Casagli 2003). Once the head-cutting
reaches the lake, breaching occurs.

The results from OSL and 14C dating in this study have revealed
that the ages of the OSL samples at the bottom of lacustrine
sections (locs. 1, 2, and 3), at the upstream of the residual landslide
dam, are 2.1 ± 0.2, 2.1 ± 0.3, and 2.1 ± 0.1 ka, respectively. The age of
the 14C sample XLN2-2 at the bottom of loc. 2 section is 2150–
1990 cal a BP, which is in good agreement with the OSL ages (Fig.
3). These data confirm that the paleo-dammed lake formed at
approximately 2.1 ka.

Within the area of interest, lacustrine sediment platforms were
also observed downstream of the residual Xuelongnang landslide
dam (see locs. 5, 6, and 9). Chen et al. (2013) describe two other
large, ancient landslide dams near the study site along the reach
from Wangdalong to Xuelongnang in the upper Jinsha River

formed around 1900 ± 60 a BP, which were inferred to be associ-
ated with a large paleoearthquake by a previous study. Therefore,
this study considered that the reason for the formation of the
lacustrine sediment downstream of this dam was that previously
another landslide dam downstream blocked the river and formed
another dammed lake later. The strata of the two sections (locs. 5
and 6) from top to bottom include outburst sediment, lacustrine
sediment, and outburst sediment, sequentially (Fig. 8b, c). The
intercalated lacustrine layer is approximately 4.5 m in thickness
and extends to at least 800 m in length. The combination of
stratigraphic sequence and age dating results suggests that there
had been at least two outburst flood events in the Xuelongnang
area. The ages of OSL samples, XLN5-3 and XLN6-1, at the bottom
of the lacustrine sections (locs. 5 and 6) are 2.1 ± 0.3 and 2.0 ±
0.3 ka, respectively, which indicate that the first outburst flood
event occurred at least 2.1 ± 0.3 ka. Samples XLN7-1 and XLN7-2
were collected from the top of the fluvial sediment (consists of
gray coarse sand or fine sand, nonlaminated) in loc. 7 section (Fig.
3) with the OSL ages of 0.5 ± 0.1 and 0.4 ± 0.1 ka, respectively.
These indicate that the dammed lake breached, new river channels
formed, and a flood event occurred at least 0.5 ka.

Table 1 OSL dating results of samples

No. Section U (ppm) Th (ppm) K (%) De (Gy) Dose rate
(Gy/ka)

Water
content (%)

Age (ka)

XLN1-1 Loc. 1 2.05 10.2 2.0 4.8 ± 0.4 3.46 ± 0.17 0.8 1.4 ± 0.1

XLN1-2 Loc. 1 1.25 8.1 1.59 5.6 ± 0.5 2.72 ± 0.14 0.27 2.1 ± 0.2

XLN2-1 Loc. 2 2.24 8.75 1.35 5.84 ± 0.70 2.78 ± 0.13 0.26 2.1 ± 0.3

WDL6-4a Loc. 3 2.66 10.9 1.63 4.30 ± 0.33 3.04 ± 0.05 3.6 1.4 ± 0.1

WDL6-5 Loc. 3 2.13 11.55 2.92 10.46 ± 0.11 4.98 ± 0.20 2.0 2.1 ± 0.1

XLN4-1 Loc. 4 1.98 6.31 1.15 2.81 ± 0.36 2.34 ± 0.11 0.18 1.2 ± 0.2

XLN4-2 Loc. 4 1.41 7.49 1.2 3.33 ± 0.35 2.32 ± 0.11 0.2 1.4 ± 0.2

XLN5-1 Loc. 5 1.39 6.89 1.13 2.73 ± 0.60 2.22 ± 0.10 0.23 1.2 ± 0.3

XLN5-2 Loc. 5 1.48 7.25 1.18 3.69 ± 0.30 2.33 ± 0.11 0.18 1.6 ± 0.1

XLN5-3 Loc. 5 1.58 8.07 1.18 5.00 ± 0.73 2.34 ± 0.11 0.26 2.1 ± 0.3

XLN6-1 Loc. 6 1.31 6.95 1.47 4.9 ± 0.6 2.4 ± 0.13 0.33 2.0 ± 0.3

XLN7-1 Loc. 7 1.7 7.66 1.33 1.32 ± 0.36 2.55 ± 0.12 0.3 0.5 ± 0.1

XLN7-2 Loc. 7 1.83 8.88 1.37 1.01 ± 0.14 2.69 ± 0.13 0.25 0.4 ± 0.1

XLN8-1 Loc. 8 1.2 6.4 1.49 2.6 ± 0.4 2.43 ± 0.13 1.6 1.1 ± 0.2

XLN9-1 Loc. 9 2.97 7.41 1.29 3.69 ± 0.66 2.79 ± 0.12 0.55 1.3 ± 0.2

XLN9-2 Loc. 9 1.6 6.75 1.27 4.84 ± 0.68 2.39 ± 0.11 0.26 2.0 ± 0.3

a From Chen et al. (2013)

Table 2 14C dating results of lake deposit samples

No. Section Material 14C agea (a BP) Calibrated age (2σ)b (cal a BP)

XLN2-2 Loc. 2 Black mud 2100 ± 25 (2150–1990) 2070

WDL6-1c Loc. 4 Wood charcoal 900 ± 60 (906–850) 878

a Averaged radiocarbon ages were obtained using the developed computer program CALIB 5.0.1 (Stuiver and Reimer 1993) with an error multiplier of 2.0 for the original analyses
b Calibrated ages used the developed computer program 5.0.1 (Stuiver and Reimer 1993); ages are 2σ range
c From Chen et al. (2013)
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The ages of four OSL samples collected at the top of four
lacustrine sections range from 1.2 ± 0.2 to 1.4 ± 0.2 ka (Fig. 3),
which indicate that the final outburst event occurred after 1.2 ka
due to possible overtopping dam break, resulting in the termina-
tion of the Xuelongnang paleo-dammed lake. Therefore, it can be
deduced that the Xuelongnang paleo-dammed lake may have
formed at approximately 2.1 ka, and subsequently, the landslide
dam breached locally. The landslide dam was then sustained for a
long period of time. Finally, the dam breached completely, and the
Xuelongnang dammed lake ended at approximately 1.2 ka. This
study confirms that one long-standing landslide-dammed lake had
been sustained for some 900 years in the upper Jinsha River valley,
which indicates that a major landslide-dammed lake may be ca-
pable of remaining stable for a duration at the millennial scale
(Costa and Schuster 1988; Hermanns et al. 2004; Korup and Tweed
2007; Hanson et al. 2012). Therefore, damming events may have
made important contributions to the preservation of the
knickpoints along the major rivers at the southeastern margin of
the TP (Korup and Montgomery 2008).

Scale of the landslide-dammed lake
The lake sediments on the upstream side of the landslide dam
were all found to be between 2390 and 2430 m asl in elevation (see
Fig. 3). These elevations are below the top of the residual landslide
dam surface elevation (2460 m asl) at Xuelongnang Village. The
ages of lake sediments at the different elevations were all found to
be similar (Fig. 10), which suggest that there was only one stage of
the paleo-dammed lake in the Xuelongnang gorge. The surface
elevation of the original paleo-dammed lake was about 2460 m asl.
The surface area of the lake at its peak was estimated at 7.0 ×
106 m2, and the corresponding volume was approximately 3.1 ×
108 m3 (Fig. 11).

Triggering mechanism of the landslide-dammed lake
Clastic dykes, curvilinear laminae, and folds were widely discov-
ered during this study in the upstream lake sediment within the
extent of ~ 16 km. The age of sample no. XLN1-2, collected from
the lake sediment underlying the SSDS layer in loc. 1 section, was
confirmed to be 2.1 ± 0.1 ka based on the OSL analyses (Fig. 8).
Clastic dykes are considered to be associated with underlying fine
sand horizons. These features can be produced by earthquake-
induced elevated fluid pressure or weight of overburden. Such
pressure can be released through the upward flow of fluid, lique-
faction, and fluidization (Lowe 1975; Mills 1983; Obermeier 1996;
Owen 1996). The lacustrine deposits downriver of the dam has a
cross-lamination structure in thick layers (4.5 m thick), also indi-
cating that the lacustrine deposits may have experienced intense
soft-sediment deformation subsequently. The presence of more
than one type of SSDS, along with widely distributed thick defor-
mation layers (thickness > 20 cm), and geological settings with
frequent earthquake occurrences suggest that the genesis of these
features is predominantly due to paleoseismic events.

Landslide is slope instability processes, which are the prod-
uct of local geomorphic, hydrologic, and geologic conditions.
The modification of these conditions can be caused by
geodynamic processes, vegetation, land use practices, and hu-
man activities, as well as the frequency and intensity of rainfall
and seismicity (Soeters and Van Westen 1996). According to
previous studies (Keefer 1984; Schuster et al. 1996; Reid and
Page 2003; Wilford et al. 2004; Korup et al. 2012; Regmi et al.
2014), rainfall, earthquakes, and fluvial incision are the three
principal mechanisms inducing landslides. Several studies have
identified characteristics of coseismic landslides, particularly
those caused by large-scale earthquakes (Keefer 1984; Jibson
et al. 1994; Khazai and Sitar 2004).

Fig. 10 All OSL and 14C dates from around the Xuelongnang landslide dam. The errors of ages are also shown. Blue square symbol denotes the lacustrine deposits dated
and orange diamond symbol denotes the fluvial deposits dated
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In regard to the triggering mechanism of the paleolandslide-
dammed lake, the conclusion drawn through this study suggests
that most of the landslides were triggered by earthquakes based on
the following rationales.

On one hand, Xuelongnang Reach is located in a semiarid climate,
with an average annual rainfall of less than 400mm. The paleoclimate
records and modern meteorological observations show that the water
vapors in the Qinghai-Tibet Plateau and its adjacent areas mainly
originated from the Indian Ocean (Hodell et al. 1999; Chen et al.
2008). The southwest monsoons have important influences on the
climate in the study area. In the upstream section of the Jinsha River,

the climate was relatively warm and humid during the 11 to 5 ka BP.
After approximately 3.8 ka BP, however, the temperature and precip-
itation showed noticeable decreases. This change was attributed to
weakened southwestern monsoons (Hodell et al. 1999). The exposed
rocks on both sides of the Xuelongnang area are mainly hard volcanic
rock intercalated with schist, which are found to be well cemented and
stable under natural conditions. During the late Holocene period, the
XuelongnangValleywas dominantly characterized byminimal rainfall
and a dry climate. Therefore, it could be inferred that it is less likely
that any large dam-forming landslides (rock avalanches) be induced
by rainfall or fluvial incision in this dry valley area.

Fig. 11 Map showing the reconstructed lake (2460 m asl) behind the landslide dam
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On the other hand, Xuelongnang Reach is located in a well-
known tectonically active region, which has the potential geolog-
ical conditions for strong earthquakes (Wu and Cai 1992; Wen
et al. 2008). The Xiongsong-Suwalong Fault (F2-4) is the main
fault among the Jinsha River active fault zones, and it runs through
this area along the Jinsha River valley. Multiple historical seismic
events with magnitude of ≥ 6 since 1722 occurred in the study area
based on historic seismic records (Wang et al. 2014). In the study
area, the Xuelongnang paleolandslide dam is about 2 km away to
the east side of the Xionsong-Suwalong active fault. According to
our previous work (Chen et al. 2013), a number of major
paleolandslides and paleolandslide dams were developed on both
sides of the valleys within the Xuelongnang-Wangdalong Reach
and linearly concentrated along the Xiongsong-Suwalong active
fault. This study found that the existing sedimentology and chro-
nology evidences are in agreement with the results of previous
studies (Chen et al . 2013; Wang et al . 2014), that is ,
paleoearthquakes might have occurred in the Xuelongnang-
Wangdalong Reach, along the upstream section of the Jinsha River
during the late Holocene period. Through extensive examinations
of the paleoearthquake, paleoclimate, and landslide chronology,
we can infer that the Xuelongnang paleolandslide-dammed lake is
considered to have been the result of a large rock avalanche which
was triggered by a paleoearthquake.

Conclusions
Detailed field investigation and field sample OSL and 14C dating
were conducted for better understanding the formation process of
the Xuelongnang paleolake in the upper Jinsha River valley, south-
eastern Tibetan Plateau. The OSL and 14C dating were carried out
to obtain the ages associated with major events during the life span
of the paleolake. The integrated utilization of data obtained during
the field investigation and sample age measurements revealed that
the large paleolake formed in the Xuelongnang Reach during the
late Holocene period.

We conclude that the Xuelongnang paleolake is due to a large
rock ava lanche which was t r iggered by one s t rong
paleoearthquake. The Xuelongnang paleorock avalanche ran out
far enough to cross the river and subsequently formed the
landslide-dammed lake. There were at least two outburst flood
events during the life span of the Xuelongnang landslide-dammed
lake, which was formed at approximately 2.1 ka and subsequently
breached locally at one time. The dammed lake was then sustained
for a period of some 900 years and finally deceased at approxi-
mately 1.2 ka. The surface area of the lake at its peak was estimated
7.0 × 106 m2, and the corresponding volume was approximately
3.1 × 108 m3. Our study supported that it was possible for a major
landslide-dammed lake to be sustained for a time period of hun-
dreds of years, and breached by several dam breaks in multiple
events. The longevity of large paleolandslide-dammed lakes may
have contributed to the preservation of knickpoints along the
major rivers at millennial scale at the southeastern margin of the
Tibetan Plateau.
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