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ABSTRACT

The Southern part of the Russian Altai Mountains is recognized for its evidence of catastrophic glacial
lake outbursts. However, little is known about the late Pleistocene paleoglacial history, despite the in-
terest in such reconstructions for constraining paleoclimate. In this study, we present a detailed pale-
oglaciological reconstruction of the Chagan Uzun Valley, in the Russian Altai Mountains, combining for
the first time detailed geomorphological mapping, sedimentological logging, and in situ cosmogenic '°Be
and 28Al surface exposure dating of glacially-transported boulders. The Chagan Uzun Valley exhibits the
most impressive glacial landforms of this sector of the Altai, with extensive lobate moraine belts
deposited in the intramontane Chuja Basin, reflecting a series of pronounced former glacial advances.
Observations of “hillside-scale” folding and extensive faulting of pre-existing soft sediments within the
outer moraine belts, together with the geomorphology, strongly indicate that these moraine belts were
formed during surge-like events. Identification of surge-related features is essential for paleoclimate
inference because these features correspond to a glacier system that is not in equilibrium with the
contemporary climate, but instead largely influenced by various internal and external factors. Therefore,
no strict relationship can be established between climatic variables and the pronounced distal glacial
extent observed in the Chagan Uzun Valley/Chuja basin. In contrast, the inner (up-valley) glacial land-
forms of the Chagan Uzun valley were likely deposited during retreat of temperate valley glaciers, close
to equilibrium with climate, and so most probably triggered by a general warming. Cosmogenic ages
associated with the outermost, innermost, and intermediate moraines all indicate deposition times
clustered around 19 ka. However, the actual deposition time of the outermost moraine may slightly
predate the °Be ages due to shielding caused by subsequent lake water coverage. This chronology in-
dicates a Marine Isotope Stage (MIS) 2 last maximum extent of the Chagan Uzun Glacier, and an onset of
the deglaciation around 19 ka. This is consistent with other regional paleoclimate proxy records and with
the Northern Hemisphere glaciation chronology. Finally, this study also highlights the highly dynamic
environment in this area, with complex interactions between glacial events and the formation and
drainage of lakes.
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1. Introduction

Reconstructions of the former extents of mountain glaciers can
be a useful paleoclimate proxy because their advance and retreat
are largely controlled by changes in temperature and precipitation
(Cuffey and Paterson, 2010). However, non-climatic factors (such as
internal ice dynamics, topography or bed geology) can also influ-
ence the advance or retreat of a glacier (e.g., Benn and Lehmkuhl,
2000; Glasser et al., 2005). Moreover, the fragmented nature of
preserved glacial landforms and difficulties in constraining their
ages are additional uncertainties to be considered when using such
records for paleoclimate reconstructions (Kirkbride and Brazier,
1998; Kirkbride and Winkler, 2012; Barr and Lovell, 2014).
Despite these limitations this archive offers considerable advantage
relative to more traditional high-resolution stratigraphic and
continuous proxies (e.g., ice-core, lacustrine, and speleothem re-
cords): their wide geographical distribution provides a broader
distribution of location-specific nodes yielding information about
former local or regional climate conditions (Schaefer et al., 2006;
Kirkbride and Winkler, 2012). This information is particularly
useful for testing and developing general circulation models (GCM)
(Solomina et al., 2008; Jomelli et al., 2009), especially for areas
located at the confluence of major climatic systems because these
regions are more sensitive to changes in atmospheric circulation
patterns (Rupper and Roe, 2008).

Central Asia, which comprises the Pamir, Tian Shan, Kunlun, and
Altai mountains (Fig. 1), is located at the confluence of mid-latitude
Westerlies and the Siberian High pressure system (Aizen et al.,
2006; Shahgedanova et al,, 2010). Numerous mountain glaciers
and associated landforms have been mapped in this region (eg.,
Sapozhnikov, 1911; Novikov, 1988; Butvilovsky, 1993; Bussemer,
2001; Shahgedanova et al., 2010; Stroeven et al., 2013; Blomdin
et al., 2016). Despite the potential of the area for understanding
the climate system, relatively few studies provide robust paleo-
glacial reconstructions, especially within the Altai Mountains.

This paper provides a detailed paleoglacial reconstruction of the
Chagan Uzun valley, located in the Kuray-Chuja intermontane basin
area, in the southeastern part of the Russian Altai (Fig. 1). This area
has attracted attention due to its history of extensive glacier-
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impounded paleolakes and related discharge events (e.g. Rudoy,
1981, 2002; Rudoy and Baker, 1993; Carling et al., 2002; Herget,
2005; Reuther et al., 2006), reported as among the largest flood
events on Earth (Baker et al., 1993; Margold et al., 2011). Re-
constructions of these ice-dammed lakes and their dynamics have
also been used to infer the timing of former glacier expansions and
retreat (Okishev, 1982; Rudoy and Baker, 1993; Reuther et al., 2006).
The first descriptive paleoglacial studies of the Chagan Uzun valley
appear in the 1960s (Shukina, 1960; Popov, 1962), while the first
attempts at absolute dating were done in 1970s (Svitoch, 1978;
Svitoch and Parunin, 1976). However, the ages were unreliable
due to methodological weaknesses. Likewise, there is a lack of
reliable age control for glacial features in the Kuray-Chuja basin
area, which has thus far hampered the reconstruction of reliable
glacier chronologies in this area. In this study, we focus on under-
standing the former glacial dynamics from the glacial deposits
identified in the Chagan Uzun Valley. Detailed geomorphological
and sedimentological investigations provide a framework for in situ
cosmogenic '°Be and 2°Al surface exposure dating and for making
paleoclimate inferrences. We also discuss the interaction between
glacial advances and lake formation and drainage.

1.1. General geographical context

The Chagan Uzun Valley is located in the southern part of the
Russian Altai Mountains, in Central Asia (Fig. 1). The Altai Moun-
tains extend more than 1500 km across the borderlands between
Kazakhstan, Russia, China and Mongolia, comprising alternating
ranges and tectonic depressions that are roughly orientated NW-SE
and E-W. The large-scale arrangement is controlled by sub-parallel
and subsidiary intersecting fault systems, primarily originating
from India-Eurasia convergence (Delvaux et al., 1995).

Key topographic features within the southern Russian Altai are
the Kuray and Chuja basins: two large and interconnected basins
drained by the Chuja River (Fig. 1). These tectonic depressions,
initiated in the late Eocene-Oligocene, have been enhanced by
intense vertical movement of around 2500 m during the late
Pliocene and subsequently filled with up to 1200 m of sediments
(Delvaux et al.,, 1995; Carling et al.,, 2002). The Kuray and Chuja
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Fig. 1. The general geomorphological setting of the region. The Chagan Uzun Valley is located at the south-western margin of the Chuja basin. Yellow box and red dot in the inset
map show the study area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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basins, with floors at ~1500 and ~1700—1800 m above sea level (m
a.s.l.), respectively, are bounded by the North Kuray Range to the
north, and the North and South Chujski ranges to the south. Indi-
vidual peaks reach altitudes above 4000 m a.s.l. (Fig. 1). Numerous
lobate moraine complexes, formed during previous periods of
glacier expansion, are concentrated at the southern margin of the
basins. The most prominent series of these lobate moraines occurs
in the southwestern part of the Chuja basin along the Chagan Uzun
valley (Fig. 1).

The Chagan and the Taldura rivers join to form the Chagan Uzun
River, which cuts through the Chagan Uzun glacial deposits for
more than 15 km, and then joins the Chuja River (Fig. 1). The
catchment of the Chagan Uzun drainage system is predominantly
composed of gneisses and schists, but also includes sedimentary
and lightly metamorphosed rocks (sandstones, siltstones and
sericite-chlorite shales) and granitic intrusions (Dmitrieva et al.,
1959). Numerous seismic dislocation features attest to the high
tectonic activity of the area (Rogozhin et al., 2007). It is likely that
large-magnitude earthquakes have triggered large landslides in the
area, as in 2003, when an M 7.5 earthquake triggered the
detachment of a mass of ~3.107 m> along the Chagan-Taldura
interfluve (Rogozhin et al., 2007).

1.2. Glacial lakes of the Kuray and Chuja basins

The interconnected Kuray and Chuja basins, which are enclosed
by high mountain ranges (Fig. 1), form an ideal setting for the
development of ice-impounded lakes. Glaciers expanding across
narrow gorges at the exit of the Kuray Basin (Maaschej Glacier,
emanating from the North Chujski Range, and Chibit and Belgebash
glaciers emanating from the North Kuray Range) and between the
Kuray and Chuja basins (Kuehtanar Glacier; Fig. 1) are considered to
have repetitively dammed the Chuja River in the past (Rudoy, 1981;
Baker et al., 1993; Herget, 2005). River damming by glaciers has
caused the repeated formation of extensive glacial lakes within
either one or both basins (Obruchev, 1914; Okishev, 1982; Baker
et al., 1993; Rudoy and Baker, 1993; Rudoy, 1998). The existence
of these paleo-lakes is confirmed by the presence of lacustrine
sediments and numerous shorelines in the Kuray and Chuja basins,
between 1615 and 2000 m a.s.l. and 1940—2100 m a.s.l., respec-
tively (Carling et al.,, 2002, 2011). Higher lake levels, up to 2250 m
a.s.l,, have been suggested by other authors (Rudoy, 2002; Rusanov,
2008) but remain unconfirmed (Herget, 2005; Bohorquez et al.,
2015). Isolated large boulders on basin floors and on shorelines
have previously been interpreted as dropstones melted out from
icebergs drifting on these lakes (Rudoy, 1981; Carling, 1996; Carling
et al.,, 2011). Landslide deposits identified near the mouth of the
Kuehtanar Valley (Fig. 1) have also been suggested as having
temporarily dammed the Chuja River. However, this process could
only generate minor lakes (maximum elevation of 1750 m a.s.l.) in
the Chuja Basin alone (Butvilovsky, 1993; Agatova et al., 2014).

Sudden drainage of the largest of these late Pleistocene glacial
lakes produced peak discharges that are among the largest known
on Earth (>10” m® s~ 1) (e.g., Baker et al., 1993; Rudoy, 2002; Herget,
2005; Reuther et al., 2006). Main evidence for these catastrophic
drainage events are large gravel dune fields found in the two basins
and further downstream in the Katun Valley (Carling, 1996; Rudoy,
1998; Carling et al., 2002) and giant gravel bars at the confluence of
the Chuja and Katun rivers, near the villages of Inja and Jaloman
(Rudoy and Baker, 1993; Carling et al., 2002; Herget, 2005) (Fig. 1). A
sequence of three lacustrine units interbedded with flood gravel
deposits has been identified in Inja Valley (Fig. 1), providing evi-
dence for at least three flooding events (Carling et al., 2002; Herget,
2005), although it is likely that more events occurred during the
Pleistocene (Rudoy, 1998, 2002; Carling et al., 2002; Herget, 2005).

Based on 'Be ages obtained from boulders located on the giant
gravel bars near Jaloman and from dropstones in both basins,
Reuther et al. (2006) dated the last and largest late Pleistocene
cataclysmic flood in the area (lake level ~2100 m a.s.l. and water
volume ~600 km?®) at 15.8 + 1.8ka (original age calculated using
Stone (2000) production rate and Lal (1991)/Stone (2000) scaling
factor). However, recalculating these '°Be ages using the recent
production rate by Borchers et al. (2016) and the “Sa” scaling
scheme of Lifton et al. (2014), as used in this study (cf Methods,
section 2.), upgrades the timing of this outburst event to 18.7 + 1.6
ka.

A much smaller lake, with an elevation up to 1800 m a.s.l. at its
maximum filling, is suggested to have existed nearly throughout
the entire Holocene (Rusanov, 2010; Agatova et al., 2014). The
timing of this smaller lake is based on the presence of Late Pleis-
tocene Holocene ostracode fauna in lacustrine sediments located
around 1750—1800 m a.s.l, and on radiocarbon dates from soil
formation post-dating the existence of this lake (Agatova et al,,
2014). Additional chronological data associated with lake epi-
sodes and/or drainage events are reported in the literature ca. 15,
20, 25, 32 and > 45 ka. These ages are based on radiocarbon and
thermoluminescence dating of lacustrine deposits, shorelines and
alluvial units (Carling et al., 2002; Herget, 2005). However, the lack
of documentation regarding the methods used and characteristics
of the sampled material hampers an assessment of data quality.

1.3. Existing chronological constraints on the glacial history

Despite the rich record of glacial landforms identified in the
Russian Altai (Popov, 1962; Butvilovsky, 1993; Blomdin et al., 2016),
especially along the southern margins of the Chuja and Kuray ba-
sins, there is a lack of robust chronological data for inferring the
glacial expansion and retreat patterns in this region.

Several attempts using different techniques to date the moraine
deposits in the Kuray-Chuja basin area (including the Chagan Uzun
valley) have been made over the past. These include radiocarbon
(e.g, Markov, 1978; Okishev, 1982; Butvilovsky, 1993), varve-
counting (Sheinkman, 2011), thermoluminescence (Svitoch, 1978;
Rudoy, 1998; Sheinkman, 2011) and Optically-Stimulated Lumi-
nescence (Infra-red wave length stimulation, IRSL; Lehmkubhl et al.,
2007). These data provide highly variable glacial chronologies, with
a last glacial maximum timing varying from ~20 ka (Lehmkuhl
et al., 2007) to ~60 ka (Svitoch, 1978) or >80 ka (Sheinkman,
2011), and additional glacial advances suggested between ~20
and 30 ka (Markov, 1978; Okishev, 1982; Butvilovsky, 1993; Rudoy,
1998) and ~13 ka (Okishev, 1982; Butvilovsky, 1993). However, most
of these chronological data have to be considered cautiously
because of the limitations of the applied methods, given the
geologic setting, or because of insufficient documentation. For
example, an important constraint when using OSL techniques is the
need for full signal resetting (bleaching) prior to deposition of
sediments. The bleaching efficiency depends on sediments daylight
exposure, which has been shown to be problematic in glacial set-
tings and might therefore lead to an overestimation of ages (e.g.,
Gemmell, 1988; Duller, 2006; Lukas et al., 2007; Alexanderson and
Murray, 2012; Blomdin et al., 2012). Full resetting is even more
challenging when using TL, because it requires longer light expo-
sure time and a source of heat, which is also problematic in glacial
environments (Forman, 1988). The varve-counting approach
adopted by Sheinkman (2011) lacks a robust description of the
methodology and so the reliability of the ages cannot be indepen-
dently assessed. Likewise, for most of the pre-Holocene C ages
from this area, insufficient information regarding sample charac-
teristics and/or locations hampers an evaluation of their reliability
and their use.
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The development of cosmogenic dating techniques in the late
20th century led to major advances in geochronology and is
currently widely used in geomorphology, including paleoglaciology
(Cerling and Craig, 1994; Fabel and Harbor, 1999; Cockburn and
Summerfield, 2004; Balco, 2011). Reuther (2007) applied °Be
surface exposure dating on moraines from the Chibit and Maschej
glaciers (Fig. 1) to reconstruct the Late Pleistocene glacial history of
the area. They found well-clustered exposure ages with a mean of
13.8 + 1.4 ka for the Chibit Glacier moraine (ages calculated using
Stone (2000) production rate and Lal (1991)/Stone (2000) scaling
factor) but were unable to obtain reliable ages for the Maschej
Glacier moraine due to low quartz contents of the collected sam-
ples. They also sampled three boulders in the Chagan Uzun valley.
However, besides poor AMS performance for two of the boulders,
their deposition couldn't be unequivocally related to a Chagan Uzun
glacier advance and they were rather regarded as dropstones. In
addition to the 13.8 + 1.4 ka glacial extent, Reuther et al. (2006)
suggested an earlier glacial advance period before 16 ka, based on
the paleolake outburst dated at 15.8 + 1.8 ka (cf section 1.2), which
was attributed to the climatically-induced downwasting of the ice
dam. However, updated '°Be ages (using Borchers et al. (2016)
production rate and Lifton et al. (2014) “Sa” scaling factor), shows
that the Chibit moraine were most probably formed around 16.3 ka
and the paleolake outburst occurred around 18.7 ka. Finally, evi-
dence for Late Holocene (Little Ice Age (13th to 18th century) and
2.3 to 1.7 ka) glacial re-advances are reported by Agatova et al.
(2014), based on radiocarbon dating and dendrochronology
applied to several glacial valleys in the south-eastern Russian Altai.

Paleoglacial studies performed in the Chuja River basin show a
lack of robust and direct glacial chronologies and highlight the need
of detailed dating campaigns with suitable techniques to identify
the patterns of glacier expansion and retreat in the Southern
Russian Altai. This study presents a detailed geomorphological and
chronological reconstruction of the paleoglacial history in the
Chagan Uzun Valley, located in the South Russian Altai, relying on
remote sensing analysis, field evidence and using in situ '°Be sur-
face exposure dating.

2. Methods
2.1. Geomorphological mapping

Detailed geomorphological mapping covering 750 km? was
conducted in the Chagan Uzun Valley. To reconstruct former ice
extent, dynamics, and flow directions, the following glacial land-
forms were mapped using criteria summarized in Table 1: moraine
ridges, meltwater channels, and ice-scoured landscapes. In

Table 1

addition, major landforms and deposits of non-glacial origin,
intrinsically linked with the geomorphic evolution of the area
(landslides associated features and extensive lacustrine deposits),
were also recorded.

Preliminary “on-screen” mapping was carried out, based on
SPOT-6 (date: 10-12-2013, time 04:48 (UTC)) and Landsat 7
ETM + satellite imagery, Google Earth, and digital elevation models
(ASTER and SRTM, resolution 30 m and 90 m, respectively) in
ArcMap GIS software (Fig. 2). The mapping was field-checked
during the summers of 2013 and 2014. The final map is displayed
in the WGS1984-UTM45N coordinate system, using an elevation
layer map produced from the ASTER DEM draped with transparent
SRTM hill shade in greyscale as a background.

2.2. Sedimentology

The study area contained a number of natural exposures of
sedimentary sections but only two are related directly to glacial
landforms and, therefore, of relevance in understanding former
glacier dynamics. Measured detailed two-dimensional logs on
square millimetre paper were made in the field for each exposure,
using markers at regular intervals along the base of the section and a
tape measure hung from the top of the exposure as a vertical scale.
Prominent boulders and unit boundaries were drawn first, with
detail being added progressively. A photomosaic for each section
was also recorded. Individual sedimentary units were identified and
distinguished on the basis of their visual physical properties
including grain size range, sorting, compaction, sedimentary
structures (depositional, erosional and deformation structures), and
clast shape, roundness, colour and lithology. The nature of contacts
between individual units was also recorded. A lithofacies code is
employed for effective and rapid description using the standard of
Evans and Benn (2004) and Benn and Evans (2010). The orientation
of key landscape features (e.g., moraine crestlines and valley axes),
and the strike and dip of moraine surface slopes, planar contacts
between selected prominent lacustrine units, fault planes, and fold
limbs were measured using a modified Recta compass-clinometer
with a liquid level following established protocols (e.g. Lukas,
2005, 2012; Lukas et al., 2012). Plotting and statistical analysis of
structural data was carried out in GeOrient (Holcombe, 2010).

2.3. Ice surface profile reconstruction

Former ice surface profiles were reconstructed using the Excel
spreadsheet program Profiler v.2 distributed by Benn and Hulton
(2010). The program adopts a “perfectly plastic” ice rheology, and
requires the following inputs for each step (x co-ordinate) along the

Identification criteria and significance of landforms and deposits mapped in the Chagan Uzun Valley.

Landform Identification criteria

Significance

Moraine ridge
Linear, curved, sinuous or saw-toothed plan form.

Meltwater channels

Roches moutonnées
on rock surface.

Lacustrine deposits
true colour images.

Landslide features

Prominent ridges extended across valley floors and/or along valley sides.

Linear depression on bedrock or sediment. Can be parallel to, or cross-cut,
the valley slope. Can also be parallel to, or cross-cut, moraine deposits.

Bare bedrock features, with stoss- and lee-side topography. Glacial lineations

Thick and extensive deposit of silt sediments. Yellow-beige color in

Scar: edge located on upper slope part, marking abrupt slope break, with near vertical

Former glacier margin terminal position.

Indicates former ice margin position,
as meltwater following the ice margin
incises the channels.

Indication of ice flow direction. Basal
ice at the pressure-melting point.

Former lake presence.

Mass movement.

slope below the scarp. Linear, more or less concave shape downward.Landslide deposit:
Massive unconsolidated accumulation of unsorted material. Located at the base of the

slope, usually overhung by scarp.
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Fig. 2. Example of landforms observed in the Chagan Uzun Valley (zoom on the distal glacial landforms) displayed in (a) SPOT image and (b) Landsat 7 ETM + image and (c)

associated geomorphological map.

longitudinal profile: bed elevation, a shape factor (f) accounting for
valley side-drag effects, and a basal shear stress value (tp, kPa).
These reconstructions have been performed to investigate the po-
tential connection between lateral and frontal moraines and to
identify the type of glacier system (e.g., valley glaciers sourced from
cirques or nourished by an ice cap).

Bed elevations were extracted from the ASTER DEM in ArcGIS
along a flowline beginning at the former glacier terminus, on the
outermost margin of the Chagan Uzun lobate moraines. The flow-
line crosses then through all of the Chagan Uzun deposits and
continues through the connected Chagan and Akkol glacial valley
(Fig. 1) until reaching the top of the headwall. A grid step of 500 m
(yielding a total of 112 grid points) was used. A shape factor f =1
was applied along the lower profile (grid points 1 to 33) where the
glacier was advancing in an open area without confining walls, and
a shape factor of f = 0.6 was adopted in the upper section (grid
points 34 to 112) where the glacier was confined to a glacial valley.
These values were based on averaged shape factors calculated for
several cross section geometries (from the ASTER DEM) along the

valleys using the shape factor calculator spread sheet of Benn and
Hulton (2010). Different basal shear stress values have been used,
from 10 to 200 kPa, to span the range of stress values reported in
the literature for different geological settings (hard or soft bed-
rocks) and flow velocity (Benn and Evans, 2010; Cuffey and
Paterson, 2010).

2.4. Cosmogenic dating

Eighteen boulders were sampled for cosmogenic dating in 2013
and 2014 (indicated by sample name), and most of them were
located on moraine crests (n = 14; cf.; Fig. 3). We selected the largest
quartz-rich boulders (boulder heights of 30—140 cm; Heyman et al.,
accepted), preferentially of granitic composition (n = 16). Samples
were collected from boulder top and most flat surfaces using a
hammer and chisel. Location and elevation were recorded using a
GPS (5 m horizontal accuracy, 10 m altitudinal accuracy). Surface
dip, dip direction and topographic shielding were measured using a
compass and clinometer. The detailed geomorphological context

Fig. 3. Examples of granitic boulders sampled for '°Be exposure dating. (a) Boulder (AL14C-01) belonging to the Beltir moraine. (b) Boulder (AL13C-30) located on a moraine ridge
deposited on the top of the interfluve (cf Fig. 4). The yellow arrows indicate the boulder surfaces sampled. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)



Table 2

Details of '°Be and 2°Al cosmogenic nuclide analyses and corresponding surface exposure ages.

Sample  Moraine complex  Location (°N/°E) Alt. (m a:s.l.) Thick. (cm) Shield. ['°Be] (10° atg™!) [?®Al](10° at.g™') '°Be ages (ka), Sa Ext.unc. Int.unc. 2°Al ages (ka), Sa Ext.unc. Int.unc. Mean
Factor and std

AL13C-30 Moraine fragment 49.95213/88.08892 2399 3 1.000 5.474 + 0.074 39.999 + 0.780 194 1.5 0.3 20.0 2.1 0.4 19.2 + 04°
AL13C-31 on interfluve 49.95208/88.08964 2395 3 1.000 5.296 + 0.150 38.379 + 0.745 189 1.5 0.5 19.0 2.0 0.4
AL13C-32 (up-valley) 49.95244/88.09602 2378 3 1.000 6.751 + 0.090 36.034 + 0.708 241 1.8 0.3 18.0 2.0 0.3
AL13C-33 Moraine fragment  49.96234/88.13419 2235 1.6 0.997 4.881 + 0.107 32.316 + 0.949 194 1.5 0.4 18.2 19 0.5 19.4 + 0.4°
AL13C-34 on interfluve 49.96252/88.13432 2238 2.5 1.000 7.995 + 0.099 48.855 + 0.810 314 24 0.4 27.2 29 0.4

(down-valley)
AL13C-26 Interfluve kame 49.94995/88.11057 2214 3 0.999 4.310 + 0.057 29463 + 0.541 17.6 14 0.2 17.0 1.8 0.3 18,5+ 0.8
AL13C-27 terrace 49.94995/88.10899 2227 3 0.999 4.498 + 0.059 32.010 + 0.536 18.2 14 0.2 18.0 2.0 0.3
AL13C-28 49.94894/88.10675 2232 2.5 1.000 4.879 + 0.108 33941 +0.849 195 1.5 04 19.2 21 0.5
AL13C-29 49.94883/88.10642 2232 3.5 1.000 4.629 + 0.086 34.146 + 0.642 18.7 14 0.3 19.0 2.0 0.4
AL14C-01 Beltir Moraine 49.97573/88.17863 1982 23 0.999 4.318 + 0.060 29.166 + 0.574 20.8 1.6 03 20.0 2.0 0.4 19.7 1.2
AL14C-02 49.97573/88.17863 1982 2.8 0.999 4.223 + 0.063 27.187 £ 0.520 205 1.5 0.3 19.0 2.0 0.3
AL14C-03 49.97489/88.17643 1988 1 1.000 3.830 + 0.064 25411 + 0.563 183 1.5 0.3 17.1 1.8 0.4
AL14C-04 49.97489/88.17656 1982 2.5 0.995 3.917 + 0.062 28.829 + 0.663 191 1.5 0.3 20.0 2.0 04
AL13C-35 Outermost moraine 50.01659/88.35239 1952 3 1.000 3.914 + 0.068 — 19.5 1.5 03 - - 19.2 + 1.8°
AL13C-36 (CUMC 1) 50.01604/88.35457 1956 3 0.998 4.341 + 0.086 — 215 1.7 04 — -
AL13C-37 50.0137/88.36292 1925 2.5 1.000 6.997 + 0.084 — 349 2.7 0.4 — -
AL13C-38 50.00481/88.3769 1876 3 0.996 3.366 + 0.074 — 179 14 0.4 - -
AL13C-39 50.00429/88.3771 1876 25 0.990 3.316 + 0.105 — 17.7 1.5 0.5 - -

The samples were measured using the '°Be isotope ratio standardization 07KNSTD (Nishiizumi et al., 2007) and the 25Al isotope ratio standardization KNSTD (Nishiizumi, 2004). Final '°Be and 25Al concentrations include

measured blank corrections (correcting value based on averaged nuclide concentrations of the blanks processed during the AMS measurements of the samples): 65.204 + 29.100 10> at.g~! Be carrier and 98.209 + 14.787

1073 at.g~! Al carrier for AL13C-26 to 34 and AL14C-01 to 04; 387.286 + 39.809 103 at.g~' Be carrier for AL13C-35 to 39.

All ages were calculated using the CRONUScalc program (Marrero et al., 2016), and using the CRONUS-Earth '°Be and 2°Al production rates assessed by Borchers et al. (2016). These are minimum ages with no post-depositional

erosion assumed. The adopted rock density is 2.65 g.cm>.
2 AL13C-32 rejected for mean and standard deviation calculation, due to complex exposure history.
b AL13C-34 rejected for mean and standard deviation calculation, due to complex exposure history.
€ AL13C-37 rejected for mean and standard deviation calculation, as identified as an outlier.
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was recorded through notes and photographs of sample locations.
Key sample information is provided in Table 2.

All samples were prepared for 1°Be analysis. Additionally, 2°Al
analyses were carried out for 13 samples to investigate any po-
tential burial-exposure history of the corresponding boulders (Lal,
1991; Nishiizumi et al., 1993; Gosse and Phillips, 2001).

Laboratory processing and measurement of the rock samples
were performed at the Purdue Rare Isotope Measurement Labora-
tory (PRIME Lab). After sample crushing and sieving (250—500 mm),
quartz was isolated following modified procedures based on Kohl
and Nishiizumi (1992). Quartz was then dissolved in HF and HNO3
and spiked with a Be carrier. Standard anion and cation exchange
column procedures were used for Al and Be separation (e.g., Strelow
et al.,, 1972; Ochs and Ivy-Ochs, 1997). Target holders (cathodes) for
AMS measurements were filled with the resulting Be and Al oxides,
mixed with Nb and Ag powders, respectively.

Ages were calculated using the online CRONUScalc program
(Marrero et al., 2016), and using the CRONUS-Earth '°Be and 2°Al
production rates assessed by Borchers et al. (2016) (also see Phillips
etal. (2016) summary paper). Ages are reported using the time- and
nuclide-dependent scaling scheme LSDn (or “Sa”; Lifton et al.,
2014). Topographic shielding has been accounted for in our age
calculations, but not potential post-depositional surface erosion
effects, as no reliable long-term erosion rates are available in the
area. However, erosion rates of 1-3 mmy/ka, as used by others in
Central Asia (e.g. Koppes et al., 2008; Rother et al., 2014), would
result in an increase of ~1—6% of the reported ages <30 ka (up to
10% for the ages >30Kka).

3. Results and interpretation
3.1. Glacial geomorphology
3.1.1. Results
The Chagan Uzun Valley system is roughly oriented SW-NE and

displays numerous glacial features (Figs. 1 and 4). The upper part of
the system is composed of three main tributary valleys: the Chagan

88°10'E

50°00'E

49°55'

Valley, (draining the Akkol river), the Taldura Valley and the Kus-
kunnur Valley (Figs. 1 and 4), which exhibit characteristic profiles of
glacial troughs. In the middle part of the system, where the three
valleys join, there is a rich record of lateral moraine ridges and
meltwater channels. An abrupt transition between hard bedrock,
characterised by a well-developed ice-scoured landscape with
numerous roches moutonnées, and soft bedrock occurs a few ki-
lometers up-valley from the Chagan-Taldura river junction (Fig. 4).
The two rivers are separated by a prominent interfluve, which also
displays fragments of moraine ridges and kame terraces (Fig. 4).

Slopes of the distal, lowermost, section of the interfluve have
been steepened by weathering processes and large landslides,
revealing a large sedimentary section facing the Chagan River
(Figs. 4 and 5).

A first set of small, well-defined frontal moraine ridges is
identified close to the Chagan-Taldura drainage divide, on the
Chagan valley side. The Beltir settlement is located (Fig. 4) on this
feature. Downstream of this set of moraine ridges lies the most
prominent geomorphological feature (>100 km?) consisting of se-
ries of moraines expanding in the Chuja basin and exhibiting a
double-lobate outline (Figs. 1 and 4). This landscape displays a
multitude of narrow superimposed ridges and a few pronounced
ridges with steep distal slopes (Fig. 4). The pattern and concen-
tration of narrow ridges, combined with meltwater channels and
pronounced ridges allow us to identify four different moraine
complexes (Chagan Uzun Moraine Complexes, CUMC 1 (most
distal) to CUMC 4, (most proximal)) in addition to the Beltir mo-
raines. CUMC 1 and 2 exhibit a similar morphology: both form a
wide and chaotic belt of multiple fragmented narrow moraine
ridges of varying orientation, bordered by a pronounced well
defined outer ridge with a steep distal slope. The outline of CUMC 1
describes a double lobate shape, while the CUMC 2 splays into more
and smaller lobes, exhibiting a more interdigitating pattern (Fig. 4).
Large lateral meltwater channels are absent in this area. CUMC 3
displays a transitional pattern from multiple chaotic narrow ridges
bordered by a pronounced distal ridge, to relatively continuous and
aligned narrow ridges associated with well-developed large

88°20'E 88°30'

Moraine ridge I CUMC
Pronounced moraineridge %  Kame terraces

Suggested penultimate | Lacustrine sediment
glacial extent

Meltwater channel ~— Landslide scarp

Large meltwater channel [l Landslide deposit

River . 4400
@ Glacial scoured landscape 550 ma.s.l.

Fig. 4. Geomorphological map of the Chagan Uzun Valley, with the four Chagan Uzun Moraine Complexes (CUMC 1 to 4) and the small well-defined Beltir moraine ridges. The black
boxes indicate the location of the sediment exposures a) CHU 1 and b) CHU 2. Moraine ridges and kame terraces (not visible at the scale; hence, represented by the asterisk) are also

preserved on the Chagan-Taltura interfluve.
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Fig. 5. View of the Chagan section (in the background) and the landslide deposits in front of it, in the Chagan Valley. The shacks are indicated for the scale.

meltwater channels in the inner part (Fig. 4). CUMC 4 clearly differs
from the distal CUMCs and is more similar to the up-valley Beltir
moraines, with well-defined sublinear aligned ridges curving to-
wards the valley axis. These ridges are associated with large lateral
meltwater channels.

Other noteworthy features are thick accumulations of laminated
silts (>tens of meters thick) exposed along the Chagan Uzun River
which cuts through the different CUMCs (Fig. 4). These deposits are
also found beyond the CUMC 1. Besides, shorelines at and below c.
1970 m a.s.l. have been cut into the prominent distal sides of CUMC
1 and 2.

3.1.2. Interpretation

The ice-scoured landscape observed in the bare bedrock sec-
tions of the Chagan Uzun tributary valleys indicate the presence of
a temperate glacier with a wet-based thermal regime (Sugden and
John, 1976; Sugden et al., 1992; Glasser, 2002).

The three glaciers (Chagan, Taldura and Kuskunnur) that
extended out of the South Chujski Range (Fig. 1) coalesced to form
the Chagan Uzun glacier system at the time of CUMC 1—4 deposi-
tion. At maximum extent, this glacier system formed two coherent
lobes extending into the sediment filled Chuja Basin. The wide-
spread and chaotic occurrence of the CUMC 1 and 2 narrow
moraine ridges and the well-defined steep distal margins are
typical of glacial landforms resulting from the melting of stagnant
ice (hummocky moraine; Hambrey, 1994; Evans and Rea, 2003). The
numerous and multi-directional narrow ridges may correspond to
the former pattern of debris within the decaying parent ice
(controlled moraine; Benn and Evans, 1998; Evans, 2009). The
presence and elevation of shorelines on the outer slopes of CUMC 1
and 2 indicate their contact with a former glacial lake in the Chuja
Basin. However, the lobate shapes of the moraine complexes, their
well-defined and steep distal slopes, and the absence of former
subaqueous fans or gentler reworked slopes along their fringes,
indicate that those units have initially been formed in a terrestrial
or shallow subaqueous environment (e.g., Lonne, 1995; Powell,
2003; Ottesen and Dowdeswell, 2006). The distinct geo-
morphology of CUMC 4, with a succession of sub-parallel, well-
defined, moraine ridges and large meltwater channels, indicates
the former presence of an active glacier margin (Boulton and Eyles,
1979; Benn et al., 2003). This interpretation is valid for the Beltir
moraines as well, even though they were deposited by a smaller
valley glacier constrained to the lower Chagan valley. The presence
in the distal section of CUMC 3 of geomorphological assemblages
similar to those in glacial complexes down-valley (CUMC 1 and 2)
and more ordered glacial landforms in its proximal section, might
indicate two glacial events (with the latter overprinting the

former), or it could reflect a transitional phase in glacier dynamics
during deglaciation.

Finally, the accumulations of thinly-laminated silts observed
along the Chagan Uzun River indicate the former presence of lakes.
These lacustrine sediments may have been accumulated in exten-
sive glacial lakes filling the Chuja Basin and/or within proglacial
moraine-dammed lakes.

3.2. Sedimentology

The study area contains several natural exposures of sedimen-
tary sections. The most impressive exposure, the Chagan section, is
located at the distal part of the Chagan-Taldura interfluve and re-
veals a sediment section 200 m high and 4 km long. This section is
laterally complex and can be divided into two main units: (i) a
lower yellowish-brownish unit with highly oxidised and weathered
sediments, interpreted as Pliocene in age based on the presence of
fish that are marker fossils (Popov, 1972; Shukina, 1960) and (ii) an
upper unit, composed of a Quaternary succession of glacial and
glaciofluvial sediments, reflecting successive episodes of glacial
advance and retreat (Shukina, 1960; Chernomorskiy et al., 1958;
Popov, 1972; Rogozhin et al., 2007). However, two smaller sec-
tions directly related to the studied glacial landforms CUMC 3 and
4, CHU 1 and CHU 2 sections, are more highly relevant to an un-
derstanding of the paleo-dynamics of the Chagan Uzun Glacier
system. Their sedimentological characteristics are described and
interpreted below.

3.2.1. Results

3.2.1.1. Section CHU 1. This section, which has been exposed by
river undercutting (50.01150°N, 88.23595°E; Fig. 4), is located in
the 50 m-high proximal hillside of a moraine belt belonging to
CUMC 3. The crestline of the moraine belt near the river is orien-
tated 320° and arcs around to 225° in the south, with the hillside
itself trending 145—325°. Several smaller exposures are visible
throughout the hillside (Fig. 6a, b) and near the center of the
arcuate moraine ridge, while a distinct exposure near the crestline
furthest towards the NW is orientated almost perpendicular to the
crest (190°) (Fig. 6a—d).

Sediments in the disparate exposures occur repeatedly and can
be grouped into two distinct lithofacies associations (LFAs) (Fig. 6a,
b). LFA 1 comprises white-yellowish rhythmically-coupled, hori-
zontally laminated silts and clays (Flv) with individual laminae
being 1-5 mm thick, separated by dark-grey, 1-2 mm-thick clay
laminae. Isolated clasts of up to 1 cm are rare. Interbedded within
LFA 1 are lenticular units of silty-sandy, matrix-supported, strati-
fied diamicton (Dms) that reach 0.5 m in thickness and a maximum
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(b)

Fig. 6. (a) Scaled sketch of disparate exposures in the hillside at CHU 1, with the distinct lithofacies, and (b) photograph of the whole hillside from the opposite side of the river. Top-
left frames in (a) and (b) marks the position of (c) log and (d) photograph of a clear exposure along a footpath at the top and northwestern-most point of CHU1. Here, the inflection
point of an overturned fold is visible in crudely-stratified gravel units (cf LFA 2 description in 3.2.1). The inset lower-hemisphere Schmidt stereonet in (a) shows the strike and dip of
measured unit contacts (solid lines), poles to planes (dots) and the calculated fold axis (dashed line).

lateral extent of 10 m. The clast content is estimated at 30—60% by
area and clast sizes range from fine-gravel to boulders (0.4 m
maximum a-axis length). Bullet-shapes are frequent and, visually,
subangular and subrounded clasts dominate; all lithologies are
local. Widespread reverse faulting has been observed throughout,
with two styles of faulting, one within individual packages of
laminae not thicker than ~1 m and broadly subparallel to laminae
alignment; and a second dipping at >30° and traversing the
thickness of entire packages of LFA 1 at the scale of several meters.
Associated displacements, indicated through clear tracer horizons
and folded contacts with surrounding coarser units, range from 1 to
7 cm, with the greater displacements occurring along the second
type of faults. LFA 2 dominantly consists of gravels of local prove-
nance that are horizontally-bedded (Gh) or are massive with
imbricated clasts (Gmi). Individual lithofacies within LFA 2 are: (a)
medium to coarse gravel clearly imbricated in a white-ish medium
to coarse-sandy matrix; (b) black fine to medium massive gravel,
with less-clear imbrication than in aforementioned cases; and (c)
dark-grey to black medium to coarse gravel with a coarse-sandy
matrix, clear imbrication and a massive appearance. Near the top
of the exposure (Fig. 6¢, d), these units describe a tight overturned
fold-core, with gravel A-B-planes and thus imbrications following
the fold. Tracing of individual LFAs across the hillslope is aided by
clear colour contrasts and grain size differences. The contacts be-
tween both LFAs are sharp, with LFA 2 in places extending into the
underlying LFA 1 in half-channel structures (Fig. 6a, b).

Eight undisturbed planar contacts of individual units within LFA
1 were measured across the whole hillside. During the measure-
ments, a northern cluster emerged (n = 2) where strike and dip
direction are offset by nearly 90° from the remaining (n = 6)
(Fig. 6a). If all eight measurements are used, the mean fold axis
strikes NE-SW (025—205°) (Fig. 6a); if the northern cluster is
considered separately, it indicates a mean fold axis striking N—S

(003—183°), while the mean fold axis of the remaining southerly
measurements strikes 044—224°.

3.2.1.2. Section CHU 2. This exposure is part of a much-longer
roadside exposure in CUMC 4 (49.986017°N, 88.213933°E; Fig. 4)
and crosses most of two moraine ridges at right angles. While the
outer moraine of this set of ridges, which are part of the larger
complex, is not exposed, the majority of the inter-ridge sediments
represent very gently-deformed (mainly buckled) laminated silts
and clays (akin to LFA 1 described above), but with a notable
absence of isolated clasts and diamictic units. CHU 2 is located in
the distal slope of the inner moraine ridge, the crestline of which is
orientated 180°, swinging around to 240° towards Beltir. The
exposure contains two lithofacies (Fig. 7): The first is composed of
white-yellowish  rhythmically-coupled, horizontally-laminated
silts and clays (Flv). The second lithofacies consists of lenses of
silty-sandy, matrix-supported, stratified diamicton up to 0.25 m
thick with numerous fine- to coarse-gravel pods and clasts with
maximum a-axes of 0.3 m (Fig. 7b). These lenses are augen-shaped
throughout, and some are folded (A in Fig. 7a). Some lenses are
offset along normal and reverse faults (B in Fig. 7a; maximum
displacement: 10 cm). Four measurements on normal-fault planes
(1—4 in Fig. 7a) give a mean strike of 027—207°, with a mean dip of
80° to the SE. Both lithofacies units are subparallel to the distal
moraine surface they underlie. Smaller exposures near the crestline
and on the proximal side reveal that this subparallelism continues
across the moraine, describing an anticlinal structure in phase with
the land surface.

3.2.2. Interpretation

3.2.2.1. Section CHU 1. The rhythmically-laminated nature of fine-
grained sediments (Flv) with isolated clasts and isolated,
laterally-coherent, beds of stratified diamictons (Dms) strongly
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Fig. 7. (a) Log of exposure CHU 2, located in the distal slope of a moraine ridge belonging to CUMC 4, with distinct lithofacies, faults and augen-shaped lenses (also with reverse
fault). (b) Close-up photograph of augen-shaped lenses just above the three prominent normal faults labelled 2—4 in (a). The trowel is ca. 28 cm long. (c) Overview photograph of

section CHU 2.

indicate that LFA 1 represents a succession of glaciolacustrine
sediments (e.g. Fyfe, 1990; Benn, 1996; Bennett et al., 2000). It
seems likely that the majority of this succession was deposited in
positions distal to the ice margin due to a relatively low occurrence
of aforementioned isolated clasts, interpreted as dropstones, and a
scarcity of units that indicate a higher-energy environment. How-
ever, the distinct and continuous diamicts point to a more proximal
source at times. Based on their matrix component and stratifica-
tion, they are interpreted as subaqueous debris flows (cf. Benn and
Evans, 1993; Benn, 1996; Golledge, 2003; Lukas and Merritt, 2004).
An ice margin close to this site is also consistent with the localised,
sub-horizontal, non-pervasive disturbance within individual lami-
nated packages (faults of type 1, above) (Lukas and Merritt, 2004;
Phillips et al., 2007). LFA 2 structures, most notably the varying
grain sizes within the coarse-sand to gravel spectrum and well-
developed imbrications (Gmi), indicate a high-energy terrestrial
environment that is characterised by varying water flow velocities,
and is interpreted as proglacial outwash in a braided river
(Collinson et al., 2006; Benn and Evans, 2010). Partial reworking of
LFA 1 when LFA 2 was deposited is evident by the sharp contact and
the half-channel structures which are interpreted as small scours
and consistent with a relatively distal deposition of this outwash
unit (cf. Marren, 2005).

The clear proglacial character of both LFAs indicates that they
existed prior to being deformed into large ridges, as indicated by
the overturned fold structures most clearly evident in the top part
of the exposure (Fig. 6¢, d). The imbrication within LFA 2 (Fig. 6¢, d)
is present in both limbs of the fold, demonstrating internal
coherence even during folding, but also illustrating the difficulty of
using imbrication as a bottom-up criterion; for this, more un-
equivocal sedimentary structures such as ripples in sandy units or
clear gradational sequences would be necessary (Reading, 1996;
Collinson et al., 2006). When the unit fragments exposed in the
hillside are linked in the most intuitive manner, a large overturned
fold with a fold axis broadly parallel to the crestline of the
innermost moraine (orientation ~320°) can be reconstructed.
However, the overall fold probably appears more distorted due to

its apparent exposure rather than being exposed at right angles (cf.
Twiss and Moores, 2007). Using planar unit contact measure-
ments, tentative tracing of the change in fold axis orientation
along the moraine crestline was possible, and this is broadly
consistent with the overall trend of the moraine crestline from
north to south (Fig. 4). Evidence for pervasive reverse faulting,
potentially through the entire sedimentary package, is also
consistent with high stresses imparted on the sedimentary suc-
cession, leading to brittle failure.

The sub-parallelism of the investigated fold axis with crestline
orientation and the coincidence of the fold core with the top of the
moraine demonstrates a clear connection between folding and
moraine formation by sustained ice push (cf. Benn, 1992; Benn and
Evans, 1993; Lukas, 2005, 2012; Benediktsson et al., 2008). Given
that fold axes are aligned normal to the direction of stress (Twiss
and Moores, 2007), the measurements indicate that the glacier in
this case flowed from ~SW to ~ NE, accompanied by more local
stresses acting at right angles to the former ice margin.

3.2.2.2. Section CHU 2. The lithofacies described above are highly
similar to LFA 1 in section CHU 1, with the rhythmically-laminated
fines (Flv) interpreted as glaciolacustrine sediments and the dia-
mictic units (Dms) as subaqueous debris flows. However, a crucial
difference at this site allows further insights into glacier dynamics
to be gained, and this is the ubiquitous presence of augen shapes.
These shapes provide clear indications of shearing of pre-existing
sediments as they were overridden by the glacier; thus, the lith-
ofacies at this site are interpreted as glaciotectonites (cf. Banham,
1977; Benn and Evans, 1996, 2010; Lukas, 2005; Evans et al.,
2006; Lukas et al., 2012), and because mixing between Flv and
Dms is very limited, this glaciotectonism is classed as non-
penetrative (cf. Benn and Evans, 1996, 2010). The dip of all units
is sub-parallel to distal and proximal moraine slopes and indicates
the formation of this moraine by ice push, broadly consistent with
glacier flow from the southwest. Finally, the mapped orientation of
fault planes (297°) is also consistent with a direction of ice push at
right angles, broadly from the southwest; in line with findings from
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Fig. 8. Reconstructed ice surface profiles for the maximum extent of the Chagan Uzun
glacier (CUMC 1) using in a) constant shear stress (10, 25, 50, 100 or 200 kPa), or in b)
variable shear stresses, adapted to the bedrock type (25 kPa in the soft sediment
domain; 50, 100 or 200 kPa, in the hardrock domain). Profiles with constant shear
stress (25 and 200 kPa) are shown in dash lines for comparison. The figure c) displays
ice surface profiles reconstructed for each identified extents, with a focus on the lower
section of the profile, dominated by soft bedrock and so where low shear stress values
were applied (20 kPa, represented by the full line, and 15 and 25 kPa, respectively
represented by the upper and lower dash lines). The moraine fragments and kame
terrace located on the interfluve and used as '°Be sampling sites are also represented,
to investigate the potential connections between these lateral marginal features and
the frontal landforms.

Pleistocene push moraines elsewhere (e.g. Lukas, 2005, 2012).
However, we cannot exclude a seismic origin of the faults.

3.3. Ice surface profile reconstructions

3.3.1. Results

The results of the ice surface profile reconstructions of the
Chagan Uzun Glacier (Fig. 8) show, firstly, ice profiles calculated for
its maximum extent (CUMC 1) using a range of basal shear stress
(tg) values applied equally along the whole profile (Fig. 8a). In
accordance with the input basal drag, reconstructed ice thicknesses
vary significantly, with a difference of ~1000 m in the middle part of
the glacier between T max = 200 kPa and 7 i, = 10 kPa.

Secondly, ice profiles of the Chagan Uzun Glacier at its
maximum extent are modelled using varying shear stresses along

the profile to reflect changes in catchment geology (Fig. 8b). Indeed,
the upper part of the Chagan Uzun catchment consists of glacial
valley incised in hard bedrock while thick accumulations of pre-
existing soft lacustrine sediments were encountered by the Cha-
gan Uzun glacier in the lower part of the profile, at its entrance in
the open Chuja basin. Therefore, a range of higher shear stresses
(50—200 kPa), more appropriate for valley glaciers on hard bedrock
(Cuffey and Paterson, 2010; Marshall et al., 2011), was applied to the
upper domain and much lower shear stresses (<25 kPa), consistent
with values reported for unconstrained glaciers on deformable
beds (e.g., Alley et al.,, 1987; Humphrey et al., 1993; Benn and
Clapperton, 2000; Glasser and Jansson, 2005; Cuffey and
Paterson, 2010) were applied to the lower domain. Diminishing
the shear stress in the distal part of the profile also results in a slight
lowering of the ice surface in the upper domain, even though high
shear stress values are maintained in this upper area. For example, a
difference of around 100 m in elevation is observed close to the
headwall between the ice surface profile reconstructed using a
uniform shear stress of 200 kPa and when the shear stress is
decreased to 25 kPa in the lower deformable bed domain.

Finally, Fig. 8c displays ice surface profiles reconstructed for all
five terminal positions identified (CUMC 1 to 4 and the Beltir mo-
raines), with a focus on the lower part of the profile, where low
values of shear stress (15—25 kPa) are applied, in agreement with
the deformable nature (soft sediments) of the bed. The positions of
lateral glacial landforms located on the interfluve, and used as '°Be
sampling sites, are also indicated. Although longer glaciers were
thicker, for the same shear stress value, the difference in surface
elevation between the five extents remains moderate (200 m
maximum between the Beltir and CUMC 1 ice profiles).

3.3.2. Interpretation

The assumption of a constant basal shear stress along the flow
line (Fig. 8a) is unrealistic considering that distinct differences in
geology and geomorphology do occur. However, ice surface re-
constructions using this simplistic approach still show the critical
dependence of the resulting ice profiles to the basal drag applied
(Fig. 8a).

A more realistic implementation of a variable basal shear stress
(Fig. 8b), adapted to the encountered bedrock type, results in the
reconstruction of generally thinner glaciers. According to these
results, the Chagan Uzun glacier at its maximum extent still could
have been either a valley glacier sourced from a cirque or nourished
from an icefield/cap/dome, depending if the shear stress in the hard
rock domain was rather closer to 50 kPa or 200 kPa, respectively.
Unfortunately, at this stage, no more precise paleo-shear stresses
can be estimated.

Finally, based on the suite of ice surface profile reconstructions
performed for each of the five identified frontal positions (Fig. 8c),
none of the lateral ice-marginal landforms sampled on the inter-
fluve can be connected to the Beltir moraines. The upper and lower
moraine fragments are most plausibly linked to the outer CUMC 1
or 2, and to the CUMC 1, 2 or 3, respectively. The kame terrace, at
somewhat lower elevation, may instead most plausibly be linked to
the CUMC 3 or CUMC 4. However, given the acknowledged un-
certainties of the basal shear stress regime, it is currently not
possible to establish with more precision which downvalley CUMC
best connects to the interfluve glacial landforms.

3.4. Cosmogenic surface exposure results and age landform
determination

Boulders sampled for surface exposure dating were collected
from two moraine ridge fragments located on the top of the
interfluve (n = 5), a lower kame terrace also located on the
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interfluve and overlooking the Chagan River (n = 4), the Beltir
moraines (n = 4), and the outermost ridge of the CUMC 1 (n = 5)
(Fig. 9; Table 2). All the samples were successfully analysed.
Three samples from the interfluve moraine ridges produced '°Be
exposure ages between 18.9 ka and 19.4 ka and two produced older
ages at 24.1 ka and 31.4 ka (Fig. 9a, Table 2). Surface exposure ages
from boulders located on the interfluve kame terrace range from
17.6 ka to 19.5 ka, and from the Beltir moraine range from 18.3 ka to
20.8 ka. Finally, exposure ages from the outermost moraine range
from 17.7 ka to 21.5 ka, except for one older at 34.9 ka (Fig. 9a,
Table 2). Apart from the five boulders on the outermost moraine
(CUMC 1), for which no 2°Al analyses were carried out, only two
samples did not produce concordant 2°Al and '°Be ages (AL13C-32

and 34; Table 2). These two samples, located on the interfluve
moraine fragments, yielded [2°Al]/[1°Be] ratios significantly below
the production rate ratio (7.1 here, based on site-specific 26Al and
1Be production rates), reflecting significant periods of burial
(Fig. 10). These two samples also have the two oldest apparent '°Be
exposure ages on the interfluve, even though burial should lead to
younger apparent exposure ages. These results indicate that these
boulders have experienced a complex exposure history including
prior exposure (inheritance) and burial periods. Those samples are
therefore considered unreliable for dating the interfluve moraine
fragments and are consequently rejected from further analysis and
discussion. Another outlier, based on Peirce's criterion (Ross, 2003),
is sample AL13C-37, located on the outermost moraine (34.9 + 0.4
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ka). Although a complex exposure history cannot be confirmed in
the absence of 26Al measurements, in the face of demonstrable
prior exposure histories for two older samples elsewhere in the
valley, we exclude this latter sample as well.

Remaining apparent exposure ages from the two interfluve
moraine fragments (n = 3) are indistinguishable within their in-
ternal uncertainties (Table 2, Fig. 9a). This is not the case regarding
the other features sampled, even though each chronological dataset
is still relatively well clustered as their associated standard devia-
tion does not exceed 10% of their associated mean value (Table 2,
Fig. 9). One explanation for the observed scatter may be prior
exposure of the boulders before deposition on the moraine, which
would yield older apparent exposure ages than the true moraine
age. Conversely, incomplete exposure, through exhumation of
previously buried boulders due to post-depositional landform
degradation processes and/or temporary post-exposure boulder
surfaces coverage, can lead to apparent exposure ages that are
younger than the true age of moraine formation (Putkonen and
Swanson, 2003). Putkonen and Swanson (2003) and Heyman
et al. (2011) suggest that incomplete exposure is more common
when sampling glacial deposits, implying that the apparent older
surface exposure ages should be considered as minimum ages for
glacial retreat. The data reported here show that problems related
to inheritance and burial (so incomplete exposure) are both pre-
sent. We accordingly attribute to each sampled glacial feature a
mean age and use the standard deviation as uncertainty to account
for the observed scatter (Fig. 9).

With this approach, the mean ages from the different landforms
are indistinguishable within uncertainty (Table 2, Fig. 9), clustering
around 19.2 ka (average of landforms mean ages). This suggests
that the CUMC 1, the Beltir moraines, and the interfluve moraines
and kame terrace (correlated to the CUMC 1, 2 or 3 and to the CUMC
3 or 4 respectively), were deposited within a few thousand years
around 19 ka (Fig. 9).

4. Discussion

4.1. Glacial landform-sediment associations in the Chagan Uzun
Valley and their implications for paleoclimate reconstruction

Understanding the former dynamics of the Chagan Uzun Glacier
through the origin and context of identified glacial deposits is

critical for better understanding of glacier-climate interactions.
Based on geomorphological and sedimentological studies, we
distinguish two types of glacial landform-sediment associations in
the Chagan Uzun Valley.

The first type of landform-sediment association exhibits criteria
typical of alpine-style glaciations, including symmetrical cross-
valley pairs of well-defined arcuate moraine ridges curving to-
wards the valley centre, with moderate width and height (<10 m;
e.g., Benn, 1992; Bennett, 1994; Benn and Lukas, 2006). These
moraines are most often formed by pushing/dumping, due to os-
cillations of the ice margin during active retreat (e.g., Benn, 1992;
Lukas, 2005; Benn and Evans, 2010). In the Chagan Uzun Valley,
the Beltir moraines are the best example of this landform-sediment
association (Fig. 4). Moraine ridges within CUMC 4 also exhibit a
similar pattern, even though only the right-lateral arcs of the mo-
raines pairs are preserved, presumably because the left-lateral
ridges were removed by subsequent fluvial erosion. Low-
amplitude folding and coexisting glaciotectonites within section
CHU 2, in the CUMC 4 (Fig. 7) are evidence for low-stress ice push
(deformation) and overriding episodes. These observations support
the interpretation that these moraines were formed by an actively-
retreating ice margin that most probably underwent stillstands and
readvances (e.g., Sharp, 1984; Benn, 1992; Lukas, 2005).

The second glacial landform-sediment association, related to
the outer moraine complexes, is interpreted to have been formed
during surge-like events of the Chagan Uzun glacier (terminology
after Lovell et al. (2012)). The identified combination of wide
hummocky belts of controlled-moraine exhibiting double lobate/
interdigitating terminus outlines (CUMCs 1 to 3), and hillside-scale
folding accompanied by extensive faulting (observed within CUMC
3), strongly indicates a highly dynamic glacier behaviour (e.g.,
Evans and Rea, 2003; Schomacker and Kjaer, 2007; Grant et al.,
2009; Lovell, 2014). Furthermore, the presence of soft sediments,
such as those encountered by the former Chagan Uzun Glacier in its
foreland, has been identified as a factor favouring ice flow accel-
eration, especially when saturated, due to enhanced bed defor-
mation and basal sliding processes (e.g. Anandakrishnan et al.,
1998; Jiskoot et al., 2000; Lovell et al., 2012). Similar highly
deformed sediments with folds several tens of meters high, and
with entire moraine belts formed from the pre-existing soft sedi-
ments, thus have been observed for surging glaciers in Iceland
(Benediktsson et al., 2008) and Svalbard (Rea and Evans, 2003;
Lovell, 2014) and for fast flowing outlet glaciers in Patagonia
(Benn and Clapperton, 2000; Lovell et al., 2012).

The ice profile reconstructions indicate that the Chagan Uzun
Glacier could either have been an outlet glacier emanating from an
ice field covering the South Chujski range during the glacial
maximum (Blomdin et al., 2016) or been constrained to the valleys,
draining then a complex catchment with at least three main trib-
utaries, over more than 50 km. These configurations are both
consistent with the suggested former surge-like behaviour of the
Chagan Uzun glacier system, as surge-type glaciers have been
found to frequently be associated with outlet glaciers or glaciers
that show long and complex catchment areas (Jiskoot et al., 2000;
Grant et al., 2009; Sevestre and Benn, 2015).

The mechanisms involved in fast ice flow/surge episodes, such
as identified in the Chagan Uzun Valley, are complex and may result
from a range of non-climatic internal and external factors (e.g.,
subglacial geology, topography, ice dynamics) (e.g., Kamb, 1987;
Hamilton and Dowdeswell, 1996; Anandakrishnan et al., 1998;
Jiskoot et al., 2000; Truffer and Echelmeyer, 2003; Grant et al.,
2009). In these instances, the distance over which a glacier will
expand cannot be straightforwardly related to climatic controls
(Harrison and Post, 2003; Grant et al., 2009; Lovell et al., 2012). This
is important for paleoclimate inferences as surge-related glacial
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features therefore cannot be approached or quantified with tradi-
tional Equilibrium Line Altitude (ELA) reconstructions (Benn and
Lehmkuhl, 2000) since this approach requires steady-state condi-
tions with the glacier (ice mass and geometry) being in equilibrium
with climate (Benn and Lehmkuhl, 2000). However, there is still a
requirement for climate conditions conducive to glacier growth
until, at a critical level, surging commences (e.g., Clarke et al., 1986;
Dowdeswell et al., 1991; Harrison et al., 2008; Striberger et al.,
2011). Based on a global compilation of surge-type glaciers,
Sevestre and Benn (2015) identified an optimal “surge” climate
envelope, the upper and lower limits of which are defined by linear
relations between mean summer temperature (MST, in °C) and
mean winter precipitation (MWP, in mm.a—!). Thus surge-type
glaciers do not occur above MST = 0.001*MWP+8.4 and below
MST = 0.0014*MWP-0.97. Based on these boundaries, and given the
local present-day MST (~12.5 °C) and MWP (~27 mm.a~!) (data
from Kosh-Agash weather station, Fig. 1; www.ncdc.noaa.gov), our
study area is currently above the “surge” climate envelope, indi-
cating that local past MST and MWP had to be respectively lower
and higher for allowing the occurrence of the “paleo-surge”.
However, determining more precise past MST and MWP values
based on the Sevestre and Benn (2015) climate boundaries alone is
challenging. Indeed, extreme scenarios where only one climatic
parameter varied, implying either a decrease of the current MST
by > 4 °C or an increase of the MWP by > 4000 mm.a_, are un-
realistic, especially for precipitation. Because of the wide range of
possible MST-MWP combinations of intermediary values that
satisfy the defined “surge” climate conditions, this prohibits, at this
stage, more precise past climate inferences.

4.2. The effect of glacial lakes on cosmogenic exposure chronology

The presence and dynamics of glacial lakes potentially compli-
cates the interpretation of apparent exposure ages from the Chagan
Uzun Valley. We identify three different scenarios in which glacial
lakes may impact on individual exposure ages: (a) Water may
shield the sample and therefore partially or fully interrupt
(depending on the water column depth) the accumulation of
cosmogenic nuclides (Reuther, 2007; Dehnert and Schliichter,
2008; Stroeven et al., 2015); (b) Toppling or tilting of boulders
during high-energy drainage events (Reuther et al., 2006); and (c)
Boulders have an ice-rafted origin (dropstones). Each of these
scenarios would result in apparent surface exposure ages under-
estimating the true depositional age of the glacial feature sampled.

These scenarios are only relevant for the boulders located on
features which have been covered by glacial lakes. This is not the
case for the interfluve units (fragmented ridges and kame terrace),
as their elevations (>2200 m a.s.l.) are above the highest shoreline
reported from the Chuja Basin (2100 m a.s.l.; Carling et al., 2002).
The elevation of the sampled boulders from the Beltir moraine is
around 1980 m a.s.l., so below the highest shoreline found in Chuja
Basin. However, the absence of shorelines or other lake-related
landforms or deposits (non-reworked) in the close surroundings,
at equivalent or higher elevation than the Beltir moraines, indicates
that such great glacial lake episodes predate the formation of this
unit. The three potential complications of glacial lakes on exposure
ages have to be considered for the boulders located on the distal
CUMC 1 moraine (~1875—~1955 m a.s.l) as its coverage by a glacial
lake is proven by the presence of higher shorelines (up to ~1970 m
a.s.l.) on the directly upstream and stratigraphically-younger CUMC
2.

4.2.1. Effect of periods of shielding by glacial lakes
A rock surface beneath water will have lower '°Be production
rates than one exposed subaerially. For example, ~1.5 m of water

will reduce the production rate by a factor of two; and production
drops to near zero for water depths >6 m (Reuther, 2007; Dehnert
and Schliichter, 2008). In our study, samples from boulders located
on the outermost moraine (CUMC 1) produce ages ranging between
17.7 and 21.5 ka (mean age attributed to the CUMC 1: 19.2 + 1.8 ka).
Based on the difference in elevation between these boulders and
the highest shorelines on the younger CUMC 2 moraine, the boul-
ders were covered, at least once, by a water column of several tens
of meters, clearly fully interrupting °Be accumulation. Although
there is no doubt that the apparent CUMC 1 exposure ages un-
derestimate the true deposition age of the unit, it is challenging to
determine by how much. This will directly depend on the duration
for (and depth to) which these boulders were covered by lake
waters.

Herget (2005) estimated the minimum time required for com-
plete filling of the glacial lake in the Chuja and Kuray basins to the
maximum reported level (2100 m a.s.l.) to be 130 years, assuming
steady climate conditions, a stationary ice dam and no loss through
evaporation. This estimated time would increase considerably if
losses by ice-dam leakage and evaporation were taken into account
(Herget, 2005). The Kuray-Chuja glacial lake needs to have been
sustained at >1960 m a.s.l. for several thousand years to have a
significant impact on the cosmogenic ages, and its persistence will
have entirely relied on the stability of the ice dam as no alternative
spillways existed. Because ice dam stability is not only controlled by
glacier oscillations, but also by a mechanical threshold above which
the water accumulated cannot be supported, glacial lakes are
generally short-lived features (Evans and Clague, 1994; Walder and
Costa, 1996; Tweed and Russell, 1999). For example, the ice dam
formed by the non-retreating Perito Moreno blocking one of Lago
Argentino's lateral channels in Patagonia, has collapsed (and
reformed) 17 times since the beginning of the 20th century in
response to rising water level (Depetris and Pasquini, 2000;
Pasquini and Depetris, 2011). Similarly, Glacial Lake Missoula,
blocked by a lobe of the Cordilleran Ice sheet, drained more than 20
times over the course of a few thousand years (Hanson et al., 2012;
Benito and O'Connor, 2016). Relatively short-lived glacial lakes are
therefore also expected to have filled the Chuja and Kuray basins
due to mechanical failure associated with rising lake levels (Tweed
and Russell, 1999; Herget, 2005; Carling et al., 2010). In addition, it
is likely that no large lakes developed after ~19 ka, based on the
most recent large glacial lake drainage dated at ~18.7 ka by Reuther
et al. (2006). Pollen diagrams from lake cores collected on the
nearby Ulagan Plateau (Fig. 1) also indicate the onset of deglaciation
in the area to have occurred before 16 ka (Blyakharchuk et al.,
2004). No high-resolution pre-20 ka paleoclimate proxy records
exist close to the study area. Ice core analysis from the Guliya ice
cap, on the Qinghai-Tibetan Plateau (Thompson et al., 1997), how-
ever, indicates abrupt and oscillatory changes in temperature and
pressure system over the last glacial cycle, and especially during the
last glacial stage (from 15 to 33 ka). Loess sequence analysis from
Kurtak, in Middle Siberia (Zander et al., 2003) indicates soil forming
period interrupted by cyclic cold and dry climate conditions be-
tween 50 and 20 ka. Variations in climate indicated by both records
indicate that our study area, positioned in-between these two
distanced locations, was also subjected to climate oscillations.
These variations were likely reflected in mass balance changes for
the coalescing valley glaciers damming the Chuja River (Baker et al.,
1993; Herget, 2005), as valley glaciers in this region are very sen-
sitive to climate changes (Rupper and Roe, 2008), arguing against
glacial dams maintained over long continuous periods. Further-
more, neither the terminal setting (narrow gorges), nor glacial
landforms or glacier geometries (length and catchment) indicate a-
priori that surging behaviour could also apply to the glaciers
damming the Chuja river.
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The apparent exposure ages underestimate the deposition time
of the CUMC 1 (mean apparent age 19.2 + 1.8 ka). However, this
offset is not expected to exceed more than a few thousand years.
Indeed, if the CUMC 1 was for example deposited ~30 ka, the global
apparent age would require glacial lake submergence for a total
period of 10 ka, which is unrealistic considering the variability of
climate change over this period and mechanical factors controlling
the stability of the ice dam.

4.2.2. Effects of boulder toppling during drainage events and
potential dropstone origin

Reuther et al. (2006) suggested that the potential toppling of
boulders during a drainage event could yield dates reflecting the
drainage event itself and not the age of moraine deposition. The
boulders sampled along the CUMC 1 are situated outside areas
affected by strong turbulent conditions during the lake drainage,
based on numerical simulation of the catastrophic drainage of the
Kuray-Chuja glacial lake (Bohorquez et al., 2015) and the distribu-
tion of diluvial bedforms (Carling et al., 2002; Herget, 2005). The
general morphology of the CUMC 1 is fairly well preserved, also
supporting limited erosion from drainage events (Reuther, 2007).
We therefore suggest that processes such as toppling and tilting of
boulders have not affected the exposure history of the samples
analysed in this study.

Similarly, an ice-rafted origin for the dated boulders on CUMC 1
is regarded as unlikely because all boulders, except for one sample
(AL13C-38, 179 + 1.4 ka), were well-embedded in the parent
moraine ridge. Although AL13C-38 may be a dropstone, its age
would not affect significantly the mean age determined for CUMC 1.

5. Paleoglacial history of the Chagan Uzun Valley, and
paleoclimate and paleolake history

The Chagan Uzun Valley gathers a spectrum of glacial landforms
reflecting a transition between two main glacial systems with very
different dynamic and climatic implications. Distal moraine com-
plexes were formed during surge-like events of outlet glaciers, or
coalescing valley glaciers sustained by cold/wet conditions, while the
inner glacial deposits are associated with retreat phases of temperate
alpine glaciers at balance velocity (Jiskoot, 2011). Exposure ages of the
outermost CUMC 1, the inner-most Beltir moraines, and glacial
landforms located on the upvalley interfluve, correlated to the CUMCs
1, 2 or 3 and to CUMCs 3 or 4, indicate deposition times clustered
around 19.2 ka, indistinguishable within their errors (Fig. 9). How-
ever, the actual deposition time of the outermost CUMC 1 is likely
slightly underestimated due to subsequent lake water coverage. The
chronological record thus indicates that the Chagan Uzun Valley
experienced last glacial maximum condition during the MIS2 (14—29
ka, Lisiecki and Raymo, 2005) and a transition from glacial to deglacial
conditions in a period of a few thousand years around 19 ka. This
chronology agrees with IRSL ages from silt covering a moraine ridge of
the CUMC 3 indicating a minimum moraine age of 22.9 + 2.9 ka, and
from sand and silt layers within till sediments related to last glacial
maximum ice margins in the Kuray-Chuja basin area, ranging from 28
to 19 ka (Lehmkuhl et al., 2007, 2011).

The reconstructed glacial chronology for the Chagan Uzun Valley
is also consistent with other regional and local proxies. Cold and dry
conditions before 19.5 ka are indicated by major loess accumulation
in Central Siberia dated to 22 + 4 ka (Zander et al., 2003), and loess on
top of fluvial terraces in the Katun River, downstream the Chuja and
Kuray basins, dated to 21.3 + 2.3 ka (Lehmkuhl et al.,2007), both using
IRSL techniques. The switch from cold glacial maximum conditions to
warmer interglacial conditions in this regions is best documented in
the Guliya ice core, from the Qinghai-Tibetan Plateau (Thompson
et al, 1997), for which the timing of the last 80 minima

(associated to the coldest temperatures on record) has been esti-
mated to 18 + 1 ka, followed by an important rise in the 380 values.
Within errors, the change in O isotopes matches the switch from
glacial to deglacial conditions observed in the Chagan Uzun Valley.
Finally, Reuther et al. (2006) identified and dated an outburst event
suggested to be associated to the drainage of the last late Pleistocene
glacial lake developed in the Kuray and Chuja basins (Reuther et al.,
2006). The final lake drainage was most probably linked to a gen-
eral warming of the climate as no other lakes developed subse-
quently. This event also should have post-dated the deposition of the
CUMC 1 and 2, but pre-dated the formation of the inner Chagan Uzun
deposits, based on the glacial lake shorelines only imprinted in the
outer deposits. This supports the association of the drainage event
with an onset of deglaciation. The recalculated cosmogenic ages,
using the same production rate and scaling model as used in this
study, indicate a glacial lake drainage at 18.7 + 1.2 ka, consistent with
the timing of deglaciation observed in the Chagan Uzun Valley.

6. Conclusion

The Chagan Uzun Valley exhibits the most impressive assem-
blage of glacial landforms and sediments in the Kuray and Chuja
basins. Geomorphological and sedimentological evidence show
that two different styles of glacial dynamics prevailed in this valley:

- Surge-like behaviour of glaciers formed the distal lobe-shape
deposits.

- Temperate alpine glaciers at balance velocity formed the inner
moraine sets during recessional phases.

The succession of moraine complexes associated with surge-like
dynamic in the distal area of the Chagan Uzun Valley, and with
glaciers in steady-state in the inner part, reflects a transition be-
tween glacial conditions and the retreating phase. However,
because of the unsteady nature of glaciers experiencing surge-like
events, the pronounced maximum extent of the former Chagan
Uzun Glacier in the Chuja Basin cannot be strictly attributed to
climatic control.

Cosmogenic dating of the outermost and innermost moraine
complexes, and of lateral glacial landforms deposited on an inter-
fluve and associated to intermediary phases, all indicate ages
clustered around 19.2 ka. An underestimation of the age of the
outermost extent of up to a few thousand years is possible due to
subsequent lake water coverage. This chronology supports a Marine
Isotope Stage (MIS) 2 last maximum extent of the Chagan Uzun
Glacier, and an onset of deglaciation around 19 ka. This is in
agreement with other local and regional paleoenvironmental
regional proxies.
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