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Landslides are major hazards that lead to cataclysmic changes in regional physiography. Their consequences are
particularly significant when they affect a river system, forming dammed-lake upstream that represents a high
flood threat for the downstream region. The Naryn River is the largest river in the Kyrgyz Tien Shan and is of
great economic importance. The Beshkiol Landslide, the largest one in Central Asia but of unknown age, has most
likely blocked the Naryn River in the past during the Late Pleistocene, with evidence of thick lacustrine deposits
as well as numerous paleo-shorelines preserved upstream. In this study, a detailed geomorphological and sedi-
mentological analysis combined with luminescence and *C dating provides a strong chronological framework to
refine the dynamics between the Beshkiol landslides and dammed-lakes in the Naryn Basin. We propose that the
Beshkiol Landslide was first triggered 51.9 + 4.4 kyrs ago, with a 410 m-high dam that blocked the Naryn River.
A first lake with a total volume of 121 + 50 km? lasted for >37.0 =+ 5.1 kyrs, one of the longest landslide-
dammed lake residence time ever documented in the world. Our sedimentological observations highlight a
catastrophic lake outburst flood between 15.6 and 14.1 kyrs cal BP, likely related to a landslide dam breach. A
short-lived phase of fluvial erosion impacted the whole Naryn Basin followed by a second landslide activation
(280 m- high dam) and subsequent flooding by a second lake of 27 + 10 km®. This second lake had a minimum
residence time of 7.7 £ 1.3 kyrs before its final gradual drainage that was followed by a fluvial erosional phase
still active today in the Naryn Basin. We also suggest that the distal unconsolidated part of the Beshkiol Landslide
could be remobilized in the event of an earthquake and/or extreme rain episode, causing a potentially dam of the
Naryn River, which would have strong regional economic impacts.

1. Introduction

Landslides are one of the major natural hazards that claim thousands
of direct casualties and damage infrastructures around the world every
year. They can be triggered by earthquakes (Schuster and Alford, 2004;
Xu et al., 2009), high-intensity precipitations (Weng et al., 2011; Yi
et al., 2021) or strong climatic variations (Morino et al., 2019; Delgado
et al., 2020). They may also have long-term impacts, especially when a
landslide intersects a river system leading to upstream flooding of the
valley and the creation of dammed-lakes. Also, catastrophic dam break
flood represents a secondary major hazard and the associated erosive
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pulse strongly modifies the surrounding morphology and sediment
budgets (Costa and Schuster, 1988; Goswami et al., 1999). There are
well-documented historical examples of dammed-lakes around the
world (Evans et al., 2011), but the geomorphological and sedimento-
logical record of paleo-landslides and related paleo-lakes are much less
studied, leading to an incomplete knowledge of their evolution scheme.
Landslides are the first natural hazards impacting Central Asia mountain
ranges (Strom, 2010; Havenith et al., 2013) and their volume can reach
up to 10 km® (Strom and Korup, 2006). In this region, earthquakes are
one of the main triggering factors, such as the magnitude Mw 7.4 1911
Pamir earthquake, which induced a landslide that dammed the Murgab
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Valley with 2 km® rockslide debris, and whose filling is the origin of the
16 km® Sarez Lake (Schuster and Alford, 2004; Evans et al., 2011). The
corresponding Usoi Dam reaches a height of 620 m above the riverbed,
which makes it the world's largest dam (Ischuk, 2006).

Other massive landslides have been reported across the Tien Shan
Range, and some of them induced very large dammed-lakes (Havenith
etal., 2013, 2015), such as the Beshkiol Landslide, the largest of Central
Asia. Located on the northern flank of the Akshiyriak Range (Fig. 1), the
7 km-long Beshkiol rockslide involved about 10 km® of material and
formed a high dam that blocked the course of the Naryn River (Strom,
1998). Presently, the river left most of the landslide mass intact, cutting
a narrow tortuous 10 km-long gorge at its foot. Upstream of the Beshkiol
Landslide, horizontal terraces above the actual Naryn River also suggest
lacustrine deposits in the Naryn Basin, likely related to the ancient
dammed-lake (Strom and Korup, 2006).

However, besides these preliminary observations, several important
questions remain unsolved. When was the Beshkiol Landslide origi-
nated? What was the extension of the resulting dammed-lake across the
Naryn Basin and what have been the geomorphological consequences?
How long did the dammed-lake span? What were the dynamics of
emptying the lake? To answer these questions, detailed geomorpho-
logical, sedimentological, and chronological investigations were per-
formed in the Naryn Basin and the Beshkiol area. The data obtained
highlight a unique stratigraphic record over the past 50,000 years and
suggesting a complex response of dammed-lakes to multiple activation
phases of the Beshkiol Landslide. This study provides valuable new data
for a better understanding of the long-term stability of dammed-lakes, a
key information to improve landslide hazards assessment.
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2. Study area

The western part of the Tien Shan (Fig. 1) is an active mountain
range still absorbing the India-Eurasia convergence (Tapponnier and
Molnar, 1979), with occurrence of large earthquakes (Mw > 7) (Kal-
metieva et al., 2009; Rizza et al., 2019). In Kyrgyzstan, strong historical
earthquakes have triggered important landslides, causing more victims
than the seismic events themselves, such as the Mw 7.9 1911 Kemin and
the Mw 7.8 1992 Suusamyr earthquakes (Fig. 1) (Delvaux et al., 2001;
Griitzner et al., 2019). In the Tien Shan, > 4000 landslides have been
detected (Fig. 1) and some of them have been associated with the for-
mation of dammed-lakes (Havenith et al., 2013, 2015).

The Naryn River represents an important economical asset in Central
Asia as relatively large cities, hydroelectric infrastructures, and major
water reservoirs have been built along its course. This river drains the
300 km-long Naryn Basin, one of the largest intramontane basins in the
Kyrgyz Tien Shan (Fig. 1), bounded to the north and to the south by the
3500 m-high Moldo-Too and Baybeiche Ranges, respectively (Fig. 2a).
This intramontane basin is marked by active thrust faults and folds that
deformed Cenozoic strata up to Quaternary fluvial terraces (Thompson
et al., 2002; Goode et al., 2014).

Along the Akshiyriak Range, the 8-12 km?® Beshkiol mega-landslide
is well identified on low-resolution satellite images analysis (Strom,
1998) as well as active fault segments (Figs. 1 and 2a). At the toe of the
Akshiyriak Range, running from the Kazarman Basin up to the Beshkiol
area, Holocene SSE-NNW striking normal fault scarps are interpreted as
possibly resulting from fold bend extrado on a blind south-dipping
reverse fault (Rizza et al., 2019). Active fault scarps, identified on
both sides of the Beshkiol scar, favoured a seismic triggering of the
landslide (Strom and Korup, 2006). However, no large historical or
instrumental earthquakes have been recorded in the vicinity of the study

76°

Issyk Kul

—== Kyrgyz borders @ Main cities

Fig. 1. Shaded relief of the study area, showing the Kyrgyz Tien Shan with active faults in black solid lines (modified after Rizza et al., 2019), major landslides in
yellow (Havenith et al., 2015), large historical Mw > 7 earthquakes (Kalmetieva et al., 2009), major lakes in blue and main cities located by black dots. The black box

locates the study area and Fig. 2. TFF = Talas-Fergana Fault.
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Fig. 2. A) Detailed mapping of lacustrine flats and paleo-shorelines from Beshkiol to Ozgorush on top of a hillshade FABDEM grid, with reconstruction of the
approximate high lake levels at 1850 m in dark blue and at 1720 m in light blue. B) and C) are detailed views of the Kok-Dhzar and Jangy-Talap areas, respectively.
OSL (red stars) and radiocarbon (yellow diamonds) sample locations are indicated. Light-yellow areas represent lacustrine deposits and the localisations of Figs. 3 and

4 are represented by a black box or a wide dark line on B, respectively.

area (Thompson et al., 2002; Goode et al., 2014; Rizza et al., 2019).

The upper part of the Beshkiol scar is initiated in Paleozoic rocks,
forming a large 600 m-high and 1 to 1.5 km wide step in the
morphology. The runout of the landslide, from the top of the main scar
to the Naryn River, is estimated to be 8 to 10 km-long with a drop of 2.0
to 2.6 km high (Strom and Korup, 2006). The landslide body is mostly
composed of bedded Neogene sandstone, siltstone and conglomerate
blocks with gypsum interbeds, which originally formed a syncline
(Strom, 1998, 2010). The landslide basal contact coincides with the base
of the Neogene sequence. Presently, the Naryn River deeply incises the
landslide (Chu Formation) and the bedrock (Devonian limestones) of the
former right bank of the valley. It flows at the toe of the landslide and
then crosses downstream to the Kazarman Basin (Fig. 1).

Previous studies proposed that the Beshkiol Landslide had formed a
high dam over the Naryn River (Strom, 1998; Strom and Korup, 2006;
Strom, 2010). Upstream the landslide, in the Naryn Basin, lacustrine
sedimentation was proposed based on few observations on satellite
images (Strom, 2010). The western Naryn Basin is locally known as “Ak

Talaa” due to the prominence of white sedimentary units that may have
accumulated in a paleo-lake as some observations of ancient shoreline
berms rising above the white clay deposits (Goode et al., 2014) but no
detailed studies of these structures have been conducted.

3. Materials and methods
3.1. High-resolution images, mapping and field observations

The geomorphic analyses are based on topographical data calculated
from multi-stereoscopic Pleiades optical images that were used to
generate a 1 m resolution Digital Surface Model (Fig. 2), complemented
with the 30 m global map of elevation with forests and buildings
removed (FABDEM, Hawker et al., 2022). The Pléiades stereo images
(0.5 m spatial resolution) were processed with the Micmac workflow
(Rupnik et al., 2017). These optical and topographical data allowed for a
detailed mapping of the study area to identify alluvial and lacustrine
terraces, alluvial fans, paleo-shorelines, slope failures and topographic
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4. Results
4.1. Naryn Basin

4.1.1. Geomorphic markers

In the Naryn Basin, the lacustrine sedimentary deposits are well
identified from Kok-Dhzar to Ozgorush, with a lateral extension of over
65 km (Fig. 2a). At the longitude of Jangy-Talap until Ozgorush, lake
deposits are increasingly scattered and poorly preserved (Fig. 2a and c).
At the longitude of Kok-Dhzar, they are particularly well-preserved on
both banks of the Naryn River, in the central part of the basin (Fig. 2b).
These deposits are now perched up to ~100 m above the present Naryn
riverbed (~1565 m), indicating a significant river incision phase after
the lake was drained. The geometry and nature of these deposits are
detailed in Section 4.1.2 and in Fig. 3. Flat longitudinal slopes charac-
terise lacustrine terraces from wave-action in the nearshore. They are
distinguished from river terraces, which have a similar slope as the
Naryn River (0.29 %). In the topography, these flats highlight redundant
altitudes forming paired terraces at 1690 m, 1660 m, 1630 m and 1590
m from Kok-Dhzar to Jangy-Talap. At Uchkun and Ozgorush, lacustrine
deposits can reach an elevation of 1815 m (Fig. 2a).

Above the lacustrine deposits, multiple whitish and silty features
corresponding to 50 cm to 1 m-high curvilinear ridges were observed,
following topographic contour lines over a distance of hundreds of
meters (black lines in Fig. 2). These features, recognized from satellite
imagery and field observations, can be interpreted as regressive paleo-
shorelines overlying alluvial fans (Fig. 4a). Two clusters of shorelines
are identified at different altitudes in Kok-Dhzar and Jangy-Talap
(Fig. 2b and c, respectively). At Kok-Dhzar, a series of 22 benches
were mapped between 1780 m and 1730 m and 4 poorly preserved
shorelines were found between 1850 m and 1800 m. At Jangy-Talap, a
clustering of 9 beach ridges, a few kilometer-long and 1 to 2 m-high,
were mapped between 1715 m and 1695 m (Fig. 4a) and several
discontinuous and poorly preserved benches were found between 1840
m and 1735 m on perched alluvial fans. The continuity of theses paleo-
shorelines is often hindered by anthropogenic irrigation channels and
agricultural lands.

4.1.2. Sedimentological analyses

At Kok-Dhzar, a 2 km-long cliff along the Naryn River (Fig. 3a and
supplementary material S1) allows to observe and delineate several
sedimentary units. In the following, sediment units (U) are described
and interpreted considering that each unit corresponds to an accumu-
lation of sediments with a uniform lithology, although they may show
lateral changes in facies or facies associations and limited by un-
conformities or correlative conformities. Interpretation of sediment
units provides evolution of sedimentary environments in the central
portion of the Naryn Basin during the considered time interval.

UO corresponds to the basement of the investigated sedimentary
succession and marks the pre-Quaternary basement of the Naryn Basin
(Goode et al., 2011). This unit is the Neogene Chu Formation

Table 2
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(Abdrakhmatov et al., 2001) and is exposed all over the Kyrgyz Tien
Shan. UO is made of grey-green laminated muds revealing regional long-
term lacustrine conditions before Kyrgyz Tien Shan uplift. It shows 10°
to 20° dipping stratas (Fig. 3c) that illustrate a post-depositional tilting.
The top boundary intersects master beds forming toplap termination; it
is uneven with 30-40 m differences between highs and lows, which
underlines the development of relatively deep incisions prior to the
Quaternary sedimentation. All Quaternary sediments presented after-
wards are unconformably overlying the Chu Formation.

U1 consists of clast-supported conglomerates (Fig. 3b) in hundred
meters wide and tens meters thick lobes. Along the cliff, where U1 is not
affected by subsequent erosion, the top boundary is slightly convex
progressively pinching out laterally. Where it is observed, Ul deposited
in incision at the top of UO. In the western part of the Naryn Basin,
remnants of conglomeratic beds are also observed on top of the Chu
Formation, and are interpreted as alluvial fans directly overlying UO.

U2 is a 10 to 70 m thick unit dominated by muds overlaying either
U0 or U1 (Fig. 3b and c). In its lower part, U2 includes laminated muds
with occasional current ripples in sandy layers, sparsely intercalated by
meter-scale beds with clast-supported coarse to very coarse gravel.
Upward, gravelly beds progressively disappear and horizontally-
laminated muds prevail. In the upper part, muds show a progressive
transition from horizontal to undulated stratifications with 10-20 m
wavelength. In places, pseudo-foresets dipping downstream are
observed. At the top, U2 shows moderately developed paleosoils. The
top boundary of U2 is undulating with 1-10 m differences between highs
and lows, indicating a significant erosion episode. U2 reveals a lacus-
trine environment and the establishment of a perennial paleolake in the
Naryn Basin. Horizontally-laminated muds indicate deposition from
settling in a subaqueous environment while current ripples suggest oc-
casional bottom currents. Sparse conglomerates in the lower part of U2
reveal occasional dense debris flows likely fed by river flows which
entered the lake during flood episodes. In the middle part of U2, the lake
enlarged and low-energy sedimentation prevailed with a limited impact
of lake margin processes. In the following, U2 will be referred to as the
“Erkin formation”, it constitutes a first lake formation. In the upper part
of U2, transition from horizontal to undulating laminations with pseudo-
foresets evidence the transition from low-energy environment to con-
ditions dominated by permanent supercritical unidirectional currents,
revealing an intense increase of the flow velocity. Undulating strata and
pseudo-foresets document short-wavelength (10-20 m) cross-strata
related to transport toward the Beshkiol gorge by either stable anti-
dunes or cyclic steps (Cartigny et al., 2011, 2014). Afterwards, this part
of U2 will be referred to as the “Henriquet Flush Event” (HFE). Subse-
quently, paleosoils and the uneven upper boundary of U2 indicate an
emersion and a significant post-depositional erosional phase.

U3 is 1 to 20 m thick, mostly made of laminated muds, and
erosionally overlies U2 (Fig. 3b and c). U3 shows a facies succession
broadly comparable to U2. In the lower part, muds dominate even if
frequent meter-scale beds with clast-supported gravels are observed.
Equivalently to U2, gravels disappear upward where horizontally-

Calibrated radiocarbon ages at 26 from charcoal, bulk and shell samples and associated data in the Kok-Dhzar area.

Sample ID Sample lab ID  Localisation ~ Altitude (m) Organic component 513C PDB (%0) pMC 14C age (yrs BP)  *C age (yrs cal BP)
41.46898 N . . . .

NAR21-PIT3-GN A66582 7478032 E 1766 Shell (Gibbulinopsis nanosignata) —4.00 42.128 + 0.122 6945 + 30 7910-7685
NAR21-KD4 A66577 41.45261 N Charcoal —26.00 37.875 £ 0.170 7800 + 35 8640-8450
NAR21-KD1 A66575 74. 82109 E 1704 Charcoal —28.30 37.325 £ 0.166 7915 £+ 35 8980-8600
NAR21-KD3 A66576 : Charcoal —22.60 37.083 + 0.164 7970 + 35 8990-8650
NAR21-C3 A66578 ;}‘;;(9)231; 1684 Enriched OM level —28.50 28.868 + 0.157 9980 + 45 11,690-11,260
NAR22- C5 A70265 41.43872 N 1664 Charcoal —20.20 22.456 + 0.198 12,000 + 70 14,065-13,615
NAR22-C4 A69135 74.78764 E Charcoal —24.00 21.873 £ 0.152 12,210 + 60 14,785-13,880
NAR21-C4 A66579 41.44952 N 1670 Enriched OM level —27.80 21.617 + 0.147 12,300 + 50 14,810-14,075

74.82069 E
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Fig. 3. A) Panoramic view of the studied cliff along the Naryn River showing the succession of lacustrine sequences south-east of Kok-Dzhar (location on Fig. 2b).
This cliff was surveyed by a drone flight presented in supplementary material S1. B) and C) Large-scale sedimentary architectures of lacustrine sequences which are
zooms of A. We can observe 4 sedimentary units: U0 which corresponds to the Chu Formation and Ul which corresponds to an ancient alluvial fan. These two units
are separated from the overlying unit by an erosion surface (erosion surface 1). Above these units, a first lacustrine unit (U2, Erkin Formation) is identifiable, and its
upper part is marked by undulating laminations (HFE). Separated from U2 by an erosion surface (erosion surface 2), a second lacustrine unit has been identified (U3,
Sultan Formation), the top of which is marked by current erosion (erosion surface 3).

laminated muds prevail. A major difference with U2 is that U3 does not
show evidence for supercritical flows in the upper part. The upper
boundary of U3 is an uneven surface, and well-developed paleosoils are
observed. In the following, U3 will be referred to as the “Sultan for-
mation”, it constitutes a second lake formation. The lower part records
the establishment of lacustrine conditions with episodic debris flows and
hyperpycnal flows during particularly powerful flood episodes. Above,
perennial low-energy lacustrine conditions were progressively estab-
lished. In the uppermost part, paleosoils evidence subsequent emersion
and drying of the previous lake. The uneven top surface reveals a sub-
sequent erosional phase that formed the present-day topography.

The sequence of deposits observed at Kok-Dhzar extends seamlessly
to the Uchkun and Ozgorush areas. At elevations ranging from 1765 to
1800 m, we identified a continuous base contact characterized by the
Chu Formation being tilted, overlain by fluvial deposits resting on an
erosive base, followed by unconformable lacustrine deposits (Fig. 3). It's
noteworthy that the lacustrine deposits at Uchkun/Ozgorush outcrop at
higher elevations than those observed at Kok-Dhzar or Jangy-Talap,
which are approximately 1725 m.

4.2. Beshkiol area

4.2.1. Geomorphic markers and sedimentological analyses

The giant Beshkiol Landslide has left a spectacular morphological
imprint in the northern flank of the Akshiyriak Range and has deeply
modified the surrounding landscape (Fig. 5). The main body of the
landslide (mb in Fig. 5a) has an altitude range from 1950 to 2240 m and
covers an area of 25 km?. Composed of blocks torn from Neogene and

Devonian sedimentary units, the main landslide has left scars some 5
km-long and 350 m-high atop the Akshiyriak Range (main scars on
Fig. 5a). The distal part of the main body is also delimited by a steep, 6
km-long and 360 m-high scar, starting point for the secondary sliding of
multiple bodies (secondary scars on Fig. 5a). Along the left bank of the
Naryn River, one of these masses of Chu Formation reaches a maximum
elevation of 1750 m and spreads over >3 km-long (Fig. 4c), in sharp
erosive contact with the bedrock composed of either Devonian lime-
stones or Shamsi conglomerate Formation (Fig. 4d and supplementary
material S1). Along the right bank of the Naryn River, over 2.5 km-wide
of slipped volumes of Chu formation also unconformably overly the
Devonian bedrock, strongly suggesting that the landslide crossed and
blocked the Naryn Valley (Figs. 4c and 5c).

The estimations of dam heights are based on the maximum elevation
of the shorelines identified at Kok-Dhzar and Jangy-Talap, and on the
paleo-elevation of the Naryn River before the dams were formed. To
evaluate the thickness of the dams, we used our field observations and
the high-resolution DEM. Firstly, at Jangy-Talap, the cluster of shore-
lines represents the former regression levels of the second lake, with a
maximum apparent water level at about 1720 m. This also corresponds
to the minimum height for the second dam to allow water filling.
Additionally, the secondary landslide mass reaches elevations of 1715 to
1750 m (Fig. 4d), which agrees with a water level at a minimum
elevation of about 1720 m. At Kok-Dhzar, the cluster of shorelines
represents the former regression levels of the first lake, with an apparent
maximum water level at about 1850 m. Lacustrine deposits hanging
between 1765 and 1816 m in Uchkun and Ozgorush areas (Fig. 2a) are
higher than the maximum elevation of the second dam (1720 m),
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Fig. 4. Geomorphological markers and stratigraphic relationships of the landslide and lacustrine deposits. Oblique aerial (drone) photos of paleo-shorelines at Kok-
Dhzar (A) and at Beshkiol (B). White arrows point to successive paleo-shorelines whereas black arrows point to man made irrigation channels. C) and D) Panoramic
views of one of the secondary sliding masses which have potentially dammed the Naryn River. This view is taken from the drone flight presented in supplementary
material S1. U = lacustrine units, Dev = Devonian rocks, Sh = Shamshi Formation and Chu = Chu Formation. Black triangles indicate the base of the landslide mass,

overthrusting locally the bedrock.

indicating that the first lake had a higher water level.

Secondly, since the contact between the base of the Beshkiol Land-
slide with the Paleozoic basement is observed along the present-day
riverbed (Fig. 4d), we thus consider that the present-day elevation of
the Naryn River (~1440 m) is close to that before the damming. In this
case, the difference between the elevation of the paleo-shorelines at
1720 m and the present-day Naryn River thus represents a minimum
value of 280 m for the second dam's height. For the first dam, the paleo-
shorelines being observed at about 1850 m, a minimum dam thickness of
roughly 410 m can be estimated.

The lacustrine deposits were also recognized upstream of the Besh-
kiol Landslide (Fig. 5a). These deposits are located against and in front of
the secondary landslides and have a lateral extension of over 3 km up-
stream of the landslide area. Fig. 4c shows light-coloured laminated silts
overlying landslide deposits and bedrock units. Flat longitudinal slopes
with some redundant altitudes were identified, forming paired terraces
at 1690 m, 1650 m and 1615 m, at a lower elevation than the landslide

ridges (Fig. 4c). In addition, 4 regressive paleo-shorelines, between
1650 m and 1630 m, were identified on top of an alluvial fan located 2.5
km upstream of the landslide mass (Figs. 4b and 5).

In the Beshkiol area, difficult access to the cliffs has limited our field
observations. Laminated muds are preserved on the right bank of the
Naryn River but the limited extension of the outcrops prevents a precise
analysis of the sediment geometry and the two major lacustrine units
(Erkin and Sultan Formations) are therefore poorly distinguished. The
lacustrine sediments fill in the paleotopography of the surrounding
landforms, as evidenced by the abnormal contact with the landslide
bodies and the incised bedrocks (Fig. 4c and d).

4.3. Age controls

To understand the timing of the Beshkiol Landslide and its relation
with the lake sediments, 17 ages have been obtained by luminescence
and radiocarbon dating methods (Tables 1 and 2, Fig. 6). The
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Fig. 5. A) 3D view of the Beshkiol Landslide with Pléiades orthophoto (© CNES (2021) and Airbus DS (2021), all rights reserved. Commercial use prohibited)
showing all the features composing the landslide and its environment, mb = main body, sl = secondary landslide, 1f = lacustrine flats, N = Neogene, C = in-situ Chu
Formation, F = Fan. OSL sample locations are indicated by red stars. This figure allows to understand the complex morphology of the different events that have built
the landscape. It is localised in Fig. 2. B) Topographic profile across the Beshkiol Landslide showing the different scars and their potential connection with a basal
level (vertical exaggeration of x0.5).
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geomorphological mapping and stratigraphic analysis from field out-
crops revealed at least two major damming episodes. (See Figs. 6 and 7).

At Beshkiol, sample BESH22-06 (OSL) is the deepest sample (1569 m
a.s.l) and was collected a few centimeters above the Paleozoic basement,
in lacustrine beds filling an ancient paleotopography, at the toe of the
landslide. This sample yielded an age of 51,880 + 4395 yrs., post-dating
the first phase of the giant Beshkiol Landslide, but it may be considered
as a maximum age since the scattered equivalent doses distribution
suggests unbleached grains. At Kok-Dhzar, sample NAR21-L6 (OSL),
stratigraphically above BESH22-06, was collected in the lower part of
the Erkin Formation and yielded an age of 33,540 + 3620 yrs.
BESH22-04, BESH22-07 and NAR22-03 samples (OSL) collected at the
top of the Erkin Formation gave ages of 16,100 + 990 yrs., 16,830 +
1000 yrs. and 15,150 + 1000 yrs., at Beshkiol and Kok-Dhzar respec-
tively. The NAR22-03 sample was collected only 2 m below the HFE
unit, which marks the end of the depositional phase of the Erkin
Formation.

Samples NAR21-C4, NAR22-C4 and NAR22-C5 were both collected
at the base of the Sultan Formation at Kok-Dhzar, with radiocarbon ages
of 14,810-14,075 yrs. cal BP, 14,785-13,880 yrs. cal BP and
14,065-13,750 yrs. cal BP respectively, all post-dating the HFE unit.
NAR21-C3 was also collected within the Sultan Formation, ~14 m above
NAR21-C4, and gave a radiocarbon age of 11,690-11,260 yrs. cal BP. In
the upper section of the Sultan Formation, ~2 m below the present
surface, three radiocarbon samples (NAR21-KD4, NAR21-KD3, NAR21-
KD1) gave ages ranging from 8990 yrs. cal BP to 8450 yrs. cal BP. These
radiocarbon ages agree with the OSL age of 8840 + 460 yrs. from the
NAR21-L10 sample (Kok-Dhzar). Collected within alluvial fan sediments
interbedded with the upper part of Sultan Formation, samples NAR21-
PIT3 (OSL) and NAR21-PIT3-GN (}*C) yielded ages of 7590 + 730 yrs.
and 7910-7590 yrs. cal BP, respectively. These samples mark the end of
the Sultan Formation at Kok-Dhzar.

At Jangy-Talap, sample NAR21-JT (OSL) was taken from a large
alluvial fan dated at 15,890 + 845 yrs. This fan is in a stratigraphic
position below a silty berm (1715 m a.s.l), which indicates that the lake
water was still present at this altitude to mark the topography. A sample
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collected in this berm yielded an OSL age of 7490 + 650 yrs. (NAR21-
L4).

4.4. Basin-scale evolution

These new geomorphic, sedimentological and chronological data
allow the reconstruction of the complex relationships between the
landslides in the Beshkiol gorge and the lake developments in the Naryn
Basin (Fig. 7).

The oldest lacustrine deposits suggest that the first landslide episode
occurred around 51,880 + 4395 yrs. ago and blocked the Naryn River
with a 7 km-wide and 410 m-high dam. Consequently, a first large lake
filled up and the former fluvial valley upstream of the Beshkiol area up
to the Naryn Basin was impounded. Sediments of the Erkin Formation
deposited during this first lacustrine phase sealed the pre-landslide
fluvial topography. Later, the lake quickly regressed followed by a
short and catastrophic discharge (HFE) due to the break of the dam. This
emptying phase induced a base-level drop that led to incisions of rivers
and subsequent erosion of the lacustrine sediments and of the Beshkiol
dam. During this erosive phase, the simultaneous failure of the entire
front of the initial landslide from the secondary scars affected the foot of
the former landslide, creating a second dam in the newly formed
channel. This second landslide episode blocks the Naryn River for the
second time with a 2 km-wide and 280 m-high dam. This chronology
was refined by including stratigraphic information in the process of
calibrating the 1C and OSL ages using the Bayesian Oxcal calibration
software (Ramsey, 2008). We ran a simple Bayesian model with two
organized sequences (Erkin Fm and Sultan Fm) separated by one event.
This event includes the first dam break (HFE), the erosional phase and
the second dam activation. The 95.4 % PDF (probability density func-
tion) for this period ranges between 15,640 and 14,155 yrs. cal BP. We
then estimate that the first lake occupied the Naryn Basin for a period of
36,980 £ 5140 yrs.

Following the secondary landslides, lacustrine conditions re-
established and were at the origin of the Sultan Formation. This sec-
ond lake occupied the Naryn Basin, started to decline around
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BESH22-06 = 51 880 +/- 4 395 yrs NAR21-KD4 = 8 640-8 450 yrs cal BP
NAR21-L10 = 8 840 +/- 640 yrs
NAR21-KD1 = 8 980-8 600 yrs cal BP
NAR21-KD3 = 8 990-8 650 yrs cal BP
NAR21-C3 = 11 690-11 260 yrs cal BP
NAR22-C5 = 14 065-13 615 yrs cal BP
NAR22-C4 = 14 785-13 880 yrs cal BP
NAR21-C4 = 14 810-14 075 yrs cal BP
NAR22-03 = 15 150 +/- 1 000 yrs
NAR21-L6 =33 540 +/-3 620 yrs

Fig. 6. Idealized basin-scale architecture and stratigraphy of the Naryn Basin deduced from our investigations (not to scale). A) Simplified cross-section showing the
lacustrine Erkin and Sultan Formations in relation to the Beshkiol landslides. Black squares are for 1*C samples and black dots are for OSL samples. B) Pseudo-wheeler
diagram for the last 60 ka in the Naryn Basin revealing that lacustrine conditions due to Beshkiol landslides significantly prevailed during this time interval.
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@ ~52 ka - First giant Beshkiol landslide @ Filling of the first lake in ~20 yrs, flooding for ~36 ka and
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Fig. 7. Conceptual scenario for the geomorphological evolution of the Naryn Basin and Beshkiol Gorge. (1) Triggering of the first giant landslide around 52 kyrs. (2)
Establishment of lacustrine conditions until 15.6 kyrs just before the rapid draining of the first dammed-lake in (3). (4) illustrates the fluvial conditions before second
landslide events happened at 14.7-14.1 kyrs in (5). (6) shows lacustrine conditions until 7.5 kyrs and (7) the slow emptying of the second dammed-lake. (8)
represents the modern morphology.
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8560-7775 yrs. cal BP (determined by the Bayesian model), leading to a
minimum residence time of 7675 + 1285 yrs. Since then, the Naryn
River and its tributaries incised both the Erkin and Sultan Formations as
well as the bedrock, shaping the current topography with multiple flat
levels and fluvial terraces.

5. Discussion
5.1. Duration of the lacustrine conditions in the Naryn Basin

Although the Beshkiol Landslide is the largest of Central Asia, it has
not been dated until now. The obtained ages from the oldest lacustrine
sediments suggest that the landslide was activated at least in the late
Pleistocene, between 56,275 and 47,485 years ago. A compilation of
modern and paleo-landslide dams showed that their longevity can range
from only a few minutes to several thousand years (Alden, 1928; Ermini
and Casagli, 2003). Their lifetime is mainly controlled by their shape,
volume, grain size distribution, lithology, internal structure and the
river flux (Weidinger, 2011), which are often poorly constrained due to
the difficulty of characterising them for paleo-landslides. Previous
studies based on the present day Naryn flux suggest that the Beshkiol
landslide dammed the Naryn River and formed a 70 km-long lake that
lasted about 3000 years (Korup et al., 2006; Fan et al., 2020).

Our sedimentological investigations highlight a more complex
stratigraphic record over the past 50,000 years with two successive
major dam episodes and associated lakes. The first lake lasted for 36,980
+ 5140 yrs., which led to a long-term change in the dynamics of the
Naryn River. From our morphological observations, it can be proposed a
maximum expansion of this lake up to an elevation of 1850 m (dark blue
line at 1850 m in Fig. 2a), corresponding to a 100 km-long and 20 km-
wide lake (~1100 km?) with a minimum estimated volume of 121 =+ 50
km? (calculated with QGIS and a DEM of the current topography). The
high stability of the first dam could be explained by its exceptional size
(> 7 km long, 10 km?®). If this first lake remained stable for >36,980 +
5140 yrs., it is necessary to assume that the outflow of water through the
dam plus the evaporative capacity of the lake at the time were equal to
the inflow from the Naryn River. The high shorelines (1850 m to 1735
m) show a period of stable water levels followed by a slow phase of
regression, which is also notable for the large Issyk-Kul lake during the
same time period (Burgette et al., 2017). This regression continued until
the lake was suddenly emptied, as recorded by the HFE unit.

The second lake was established for a minimum period of 7675 +
1285 yrs., recording another long residence time. The highest shorelines
inferred for this lake (light blue line at 1720 m in Fig. 2a) outline a 72
km-long and 15 km-wide lake (~455 km?) and a volume of 27 & 10 km®
(calculated with QGIS and a DEM of the current topography). For this
second lake, morphological and sedimentological observations revealed
a lower stable lake level between 1715 m and 1695 m, followed by
episodic emptying phases. Indeed, we suspect successive drops of the
lake level from 1695 m to 1650 m, and then a late stable water level at
1650-1630 m, but with no age constraint. This final lake stage ended
with the total drainage of the basin when the Naryn River incised again
to retrieve its base level. An explanation for the long stability and
drainage may be found by resurgence in the dam which allows water to
be released and to balance out the water pressure on the dam as pro-
posed for the modern Usoi dam in Tadjikistan (Ischuk, 2006; Delaney
and Evans, 2011).

Both residence times are much longer than previously proposed (Fan
et al., 2020) but are still in the range of other large landslide-dammed
lakes worldwide such as the Aricota Lake (Peru), formed by a 600 m-
high dam that formed a 6 km-long lake which persisted for 18,000 years
(Delgado et al., 2020), the Green Lake (New Zealand), with a 800 m-high
dam, impounding a lake of 11 km-long which remained stable for
13,000 years (Hancox and Perrin, 2009), or the Lulang Lake (Tibet)
formed by a 100 m-high dam, impounding a 2.5 km-long lake with a
residence time of 9200 years (Wang et al., 2019). However, our study
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shows that the first dam lake is the most durable lake in comparison with
all other examples described in the literature so far. The long retention
time of the lake thus represents a greater danger in the event of a dam
failure. In addition, it must have had major consequences for the area,
such as the intensive modification of the drainage system of the catch-
ment area, the modification of the environment for various species or
the absence of water resources downstream in the long term. However,
no downstream morphological markers have yet been found to support
the rebalancing of the river system and the modification of the catch-
ment basins due to the river damming or to the drainage of the lakes.

5.2. Quantification of filling and draining times

Classically, the flow of a river, and thus the filling rate of a natural
lake, is directly proportional to the size of the upstream drainage area
(Costa and Schuster, 1988). Here, we used the current baseflow of the
Naryn River of 200 + 50 m3/s (State Water Inventory, Strom, 2010) to
determine an approximate filling time for both lakes, according to:

@

t=—

0

with V the volume of the lake in m® and Q the flow of the river in m3/s.
For the first lake, we assume that the highest water level at 1850 m was
promptly reached for a total volume of 121 + 50 km?, yielding a filling
time of 19.2 + 12 years. For the second lake we propose a high lake level
at 1720 m and a volume of 27 + 10 km?, with a filling period of 4.3 + 2
years. These filling periods could have been longer if the flow of the
Naryn River had been lower than the present one and if the lake filled
more gradually. These filling times are similar to the one of Lake Sarez
(Tajikistan) which may be seen as an analogue of the Beshkiol case. In
fact, Sarez Lake reached a first level of 400 m in 15 years approximately
and about 500 m in 1944 (Ischuk, 2006; Delaney and Evans, 2011). It is
also possible to compare the filling times of the Beshkiol lakes with those
of anthropogenic dam lakes. The Toktugul dam lake (Kyrgyzstan), built
further downstream on the Naryn River, took two years to reach a height
of 100 m (Simpson et al., 1981). In addition, the Three Gorges Reservoir
(China) filled in five years with 40 km® (Tang et al., 2019) or the Kariba
Lake (Zambia/Zimbabwe) filled in five years with 160 km?® (Marshall,
1988).

Dam failures are often associated with catastrophic flooding down-
stream (Hewitt, 1998; Nash et al., 2008). According to O'Connor and
Costa (2004), the greater the height of a landslide dam, the greater the
potential peak discharge through the dam, exponentially. Therefore, it is
in narrow valleys, where landslides form high dams, that we can find the
greatest potential for extreme flooding. Based on satellite imagery
analysis, no evidence of catastrophic flooding deposits has yet been
observed downstream of the Beshkiol area but our sedimentological
investigations across the Naryn Basin favour a rapid catastrophic
discharge (HFE unit) of the first lake. We calculated the time needed to
empty the lake in a drastic way, using a classical formula (demonstration
in supplementary material S2) with:

2A h
=—X

= — R
kS 2g

(2)
where A is the surface of the lake, S is the orifice area (km?), x = 0.62, g
=0.81 m/sz, and h is the water height (m). For the first dam, we have
calculated a lake surface of ~1100 km? and estimated the lake depth to
be 350 + 10 m. Using the current topography and different geometries
for the dam breach, we calculated an orifice between 0.28 km? and 0.07
km?, which would allow the first lake to drain in 15 h to 55.2 h. This
time range is comparable to the largest outburst events recorded in
historical time. The biggest outburst event is the First Great Indus Flood
(Pakistan, 1841), with a lake of 65 km-long catastrophically drained in a
period of about 24 h (Delaney and Evans, 2011). The 2000 Yigong event
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is the second largest outburst ever recorded, with a 48.9 km? lake sur-
face entirely drained in about 12 h (Delaney and Evans, 2015).

5.3. What triggered the landslides?

5.3.1. First landslide

Landslide triggers can be both seismic and climatic (Xu et al., 2009;
Panek, 2015), but the exceptional dimensions of the Beshkiol Landslide
(8-12 km®, a runout of 10 km, a fall height of 2.4 km) likely support a
seismic origin. In steep topography environments, earthquake-triggered
landslides occur when the horizontal peak ground acceleration exceeds
0.2 g, typically acceleration values reached in regions exposed to in-
tensities greater than VII (Wald et al.,, 1999; Meunier et al., 2007).
Considering that the Beshkiol Landslide is located close or in continu-
ation of traces of crustal active faults (Strom, 1998; Thompson et al.,
2002; Goode et al., 2014; Rizza et al., 2019), a co-seismic triggering of
the slope failures is favoured. The best candidate is the normal fault
system running from Kazarman to the Beshkiol body (Rizza et al., 2019),
also evidenced by a cluster of landslides (Chaartash rock avalanches)
observed along the westhern slope of the Akshiyriak Range (Strom,
1998; Havenith et al., 2015). Within 10 km of Beshkiol, other faults in
the Naryn Basin are mapped with segments of several tens of kilometres
long and can therefore generate Mw > 7 earthquakes (Fig. 2). However,
any paleoseismic record, as old as the Beshkiol slope failures, does exist
for the moment that would corroborate a co-seismic trigger.

Another trigger could be the incision of the Naryn River associated
with the long-term uplift of the range, which may have steepened the
relief and in this case the topography is probably the first pre-
conditioning factor for the giant gravitational failures found at Beshkiol.
In addition, the lithology with the presence of gypsum beds found in the
Chu Formation may have played the role of a décollement layer and
would have facilitated landslides. Finally, climatic factors may also play
an important role in the triggering of the landslides during wet or glacial
periods (Trauth et al., 2003; Crozier, 2010). However, between 56,275
and 47,485 years, no particular wet conditions were recorded in the
region (Cheng et al., 2012; Li et al., 2020). For this reason, the climatic
factor is the less favoured trigger for the initiation of the giant landslide.

5.3.2. Second landslide

A second dam episode occurred <1490 yrs after the drainage of the
first lake, implying short-term slope destabilisation. Our interpretation
is that the distal part of the main body (secondary scars, Fig. 5) observed
in the topography, which could mark the edge of the Naryn paleo-valley
after erosion of the first dam, is the place of initiation of a large sec-
ondary landslide-dams. Deep regressive erosion and gravity effect
occurred, due to the fast incision of the Naryn River to recover a base
level after the drainage of the first lake. Moreover, between 13 kyrs and
15 kyrs, this part of the Tien Shan was impacted by an increase in pre-
cipitations (Li et al., 2020). This period is synchronous with the sudden
breach of the first dam at Beshkiol and with a period of deep incision
within the Naryn lake sediments (erosional surface 2, Fig. 3) that was
shortly followed by the formation of a second dam. Furthermore, during
this period, alluvial fan aggradation is recorded at Jangy-Talap, while
50 km upstream, alluvial fans are abandoned at 14,120-14,695 yrs. cal
BP (yellow star in Fig. 2a, recalibrated after Thompson et al., 2002) and
are incised by narrow gorges. This large fan aggradation phase and
subsequent incision are widely recorded in the Kyrgyz range between
15.5 and 13.5 kyrs within the different intramontane basins (Thompson
et al., 2002; Burgette et al., 2017), suggesting a potential global climatic
impact on the lake filling, dam stability and river incision. Finally, an
earthquake associated with an extreme climatic event would be enough
to trigger landslides that would cause a second dam episode, a hy-
pothesis that cannot be solved currently due to the scarce paleoclimatic
and paleoseismic records.
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5.3.3. Future failures potential

The distal part of the Beshkiol Landslide, made of unconsolidated
Chu Formation, is characterized by large, steep cliffs plunging into the
Naryn River. The “void” created by the incision of the Naryn River could
facilitate the fall of blocks and small volumes of unconsolidated sedi-
ments, especially during seismic shaking, which may still create dams
but probably with lower heights and shorter residence times. Never-
theless, the observation of open, extensive fractures along the secondary
scars in the Chu Formation, indicates that significant masses of material
appear to be unstable and close to failure. In the event of an earthquake
and/or extreme rain episode, one or more new landslides could initiate
from these fragilities and potentially cause damming of the Naryn River.

6. Conclusion

The Beshkiol Landslide, the biggest one in Central Asia, was trig-
gered during the late Pleistocene and dammed the Naryn River for an
extensive period of time. Two large lakes had occupied the Naryn Basin
during long periods of 36,980 + 5140 yrs. and 7675 + 1285 yrs., and
the basin was only drained shortly between 15,645 and 14,155 cal BP,
after a catastrophic outburst event. Our study emphasises that landslide
triggered dams and their associated lakes can be maintained for several
tens of thousand years and such long-lived stability may have signifi-
cantly controlled the hydrology and the fluvial aggradation on a rather
large area. The Beshkiol-Naryn region is located in an active tectonic
zone where large earthquakes are expected to occur and where drastic
changes in precipitation are forecasted in response to ongoing climate
changes. Large destabilized volumes on the distal part of the Beshkiol
Landslide could be remobilized during extreme events (earthquake or
rainfall), causing a potentially major damming of the Naryn River with
significant regional economic repercussions, such as a reduction in the
hydroelectric production of Kyrgyzstan.
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