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ABSTRACT: The mountains systems of Central Asia are primary targets to study late Pleistocene climate evolution
given their location at the crossroads of several atmospheric circulation systems. The timing of glacier extent during
this period remains understudied, especially in the Altai Mountains. Here, we have reconstructed glacier extent
during three main Late Pleistocene stadials in the upper Kalguty basin (south-eastern Russian Altai) based on field-
based geomorphic analysis. Additionally, surface exposure dating with '°Be and 2°Al at a key site was used to infer a
minimum-limiting age for the outermost well-preserved Pleistocene frontal moraine system and to date the inception
of glacier withdrawal. According to our data, around 20.6 + 1.8 ka Kalguty Glacier was still 200 m thick at the key
site, 10 km upstream of the outermost moraine, and the site was totally deglaciated shortly after 20.4 + 0.4 ka. These
results point to a rapid retreat of this low-gradient valley glacier after its probably MIS 2 maximum which was prior to
21 ka and probably prior to 22.5 ka. Two other glacier stages have been identified upvalley, characterized by a
depression of the equilibrium-line altitude of 420 and 314 m with respect to the Little Ice Age, thus corresponding to
Lateglacial advances. Our glacier reconstruction further provides a geomorphological and geochronological

background to put into context archaeological findings in this area. © 2023 John Wiley & Sons, Ltd.
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Introduction

Glacier extent is widely used for palaeoclimatic and environ-
mental reconstruction as glaciers are reliable climatic indicators
(Mackintosh et al., 2017). In the Russian Altai Mountains (Figure 1),
numerous cataclysmic flood landforms (flood-scoured gorges,
giant bars, gravel dunes) indicate the repeated occurrence of
glacial megafloods during the late Pleistocene, c. 28-15 ka (Herget
et al., 2020) as well as during Marine Isotope Stage (MIS) 5, c. 85
ka (Svistunov et al., 2022), with peak discharge of 10-18 x 10°m?
5! (Baker et al., 1993; Herget, 2005), making glacier reconstruc-
tion especially relevant in this area. Several reconstructions of the
extent of Late Pleistocene maximum advances in the Altai
Mountains have been proposed (Figure 1; Lehmkuhl et al., 2011;
Blomdin et al., 2016). However, knowledge of the timing of
glacier advance during the last glacial cycle remains open in the
Russian Altai Mountains (Agatova et al., 2012; Gribenski
et al., 2016, 2017; Herget et al., 2017; Ganyushkin et al., 2018a;
Herget et al., 2020), where the extent and timing of Lateglacial re-
advances have been understudied.

Small glacier systems isolated from main ice masses are
expected to provide best-preserved remnants to reconstruct
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past glacier extent (e.g. Pallas et al., 2010). Here, we focus on
a medium-sized glacier basin located close to the Tavan Bogd
Massif at the south-eastern margin of Plateau Ukok, where
one of the main glaciation centres of the Altai Mountains
during the Pleistocene was located (Lehmkuhl et al., 2011).
The present study was motivated by ongoing archaeological
research developed by a joint Russian-French team since
2010 on the Ukok Plateau, and especially in the Kalguty basin
(Cheremisin et al., 2015). The Altai Mountains are well known
for their rich archaeological legacy with sites encompassing
the Pleistocene (Denisovan Man; Slon et al., 2018) to the late
Holocene (Scythian culture; Parzinger, 2017), as well as a
new hotspot for glacial archaeology (Taylor et al., 2021).
Numerous petroglyph sites exist in the region but are difficult
to date given the absence of stratigraphy. Glacio-
geomorphological investigations could help to provide a
temporal framework, due to the dependence of human
occupation on glacial dynamics during the Pleistocene. To
address this issue, Deline et al. (2020) carried out a detailed
geomorphological study of the upper Kalguty basin. Here we
describe new surface exposure ages at one site to propose a
relative chronology of glacial extents in the study area since
the local Last Glacial Maximum (LGM) that might be not valid
for other regions in the Altai Mountains due to the location of
the upper Kalguty basin regarding moisture supply by westerly
circulation.
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Figure 1. Location of the Ukok Plateau, Russian Altai Mountains (map location in the inset). Light white: glacier extent during the Late Pleistocene
maximal advance (Blomdin et al., 2016); light blue: at present (RGI 6.0, RGI Consortium (2017). Black polygon: studied upper Kalguty basin; red
line: national boundaries. Topography: 30-m ASTER GDEM. [Color figure can be viewed at wileyonlinelibrary.com]

Study area
The Russian Altai Mountains and the Ukok Plateau

The Ukok Plateau is a highland area with elevation ranging
from 2000 to 3000 m asl, and that borders Kazakhstan, China
and Mongolia. Access to the area is limited by steep, tall and
glaciated mountain ranges: Katun range, the highest point in
the Altai Mountains (Mount Belukha, 4506 m asl) to the west,
South Chuya Range (3936 m) to the north, Tavan Bogd Massif
(4374 m) to the south and Saylyugem Range (3502 m) to the
east (Figure 1). The focus of this study is the Kalguty basin in
the south-eastern part of the Ukok Plateau.

The Ukok Plateau is part of the Altai-Mongolian terrane in
the north-western Central Asian Orogenic Belt (i.e. the
Altai-Sayan Fold Belt; Glorie et al., 2011). This terrane is
separated from the Gorny Altai terrane to the north by the
Charysh-Terekta—Ulagan-Sayan suture-shear zone (Chen
et al., 2014). It is dominated by thick Cambrian-Ordovician
terrigenous sedimentary sequences resulting from flysch
deposition, intruded by extensive Late Silurian-Devonian—
Early Carboniferous granitoids and volcaniclastic sedimentary
rocks (Glorie et al., 2011; Chen et al., 2014).

Mean monthly temperature at Akkem station (2056 m asl)
was —18°C in January and +11°C in July for the period
1952-2004; mean summer (JJA) temperature increased by

© 2023 John Wiley & Sons, Ltd.

0.1°C a”' from 1985 to 2004 (Shahgedanova et al., 2010) and
from 12 to 14.5°C over the period 1985-2015 at Kosh-Agach
(1759 m asl, Figure 1; Ganyushkin et al., 2022). Too far north
to be affected by the summer East Asian monsoon, the Russian
Altai Mountains are today exposed to the westerlies (Benn &
Owen, 1998). Annual precipitation ranges from >800 mm in
the north and 500-700 mm in the north-west to <200 mm
along the border with Mongolia (Shahgedanova et al., 2010;
Batbaatar et al., 2017): 111 mm a™' at Kosh-Agach for instance
(Ganyushkin et al., 2017). The strong winter Siberian high
centred on the Altai is the reason that 35-65% of the annual
precipitation occurs in summer (Khandsuren et al., 2019);
mean winter precipitation is 27mm a~' at Kosh-Agach
(Batbaatar et al., 2017; Gribenski et al., 2017). Finally,
estimated vertical temperature and precipitation gradients are
0.56°C 100m~" and 20mm 100m™" in the west area of the
Tavan Bogd north side, 25 km south-west of our study area
(Ganyushkin et al., 2017). However, the circulation pattern
was probably modified in Pleistocene times (Herget
et al., 2020), leading to changes of the glaciation dynamics
in the Russian and Mongolian Altai Mountains. Therefore, as
our study area is located in the area in between, taking current
climate data into account is challenging.

A large part of the Altai Mountains was glaciated during the
Late Pleistocene maximal advance (Fig. B). Altai Mountains

J. Quaternary Sci., 1-21 (2023)

85U8017 SUOWIWOD aAIEe.1D |qeal|dde sy Aq peusenob a.e seolie VO ‘8sn J0 So|nJ Joj A%elqiauljuo A3|1M UO (SUONIPUOI-PUR-SWBIW0Y A8 | 1M AReJq 1 joU1UO//:SANY) SUONIPUOD pue SWis | 8Y1 &S *[£202/50/G2] Uo AreiqiTauluo A8[IM ‘IINI SHNDA!S [euod Ag GeSe'sblZ00T 0T/I0p/wod A3 im Akelqpul|UO//:SANY WO.} papeoumod ‘0 ‘LTHT660T


http://wileyonlinelibrary.com

GLACIATION IN KALGUTY (ALTAI) SINCE THE LGM 3

glaciers covered 2288 km?” during the Little Ice Age (Ganyush-
kin et al., 2022), and 1096 +53km? in 2020 (Chang
et al., 2022; Ganyushkin et al., 2022), representing presently
c. 50% of the glacierized area of North Asia (RGI Region 10;
Earl & Gardner, 2016). In the Russian Altai Mountains, glaciers
are mainly located at present in the Katun (185 km?), North
(129 km?) and South Chuya (135 km?) Ranges, mainly on their
north side, and on the Tavan Bogd north side (23.5 km?),
totalling 483.5 km? (RGI Consortium, 2017; Figure 1). They
have retreated during the 20™ century, with a loss of 20% from
1952 to 2004 in response to an increase of 1.26°C in summer
temperature at 2050 m asl and in spite of a slight increase
(14%) in precipitation at the highest elevations (Shahgedanova
etal., 2010; Earl & Gardner, 2016). A loss of 12 + 3% occurred
from 2000 to 2020, with a shrinkage rate of —0.60% a”'
(Chang et al., 2022). Shrinkage rate in the South Chuya Range
increased from —0.17% a™' in 1952-2008 to —0.45% a' in
2000-2020 (Chang et al., 2022). Mean ELA (equilibrium-line
altitude) was 3184 m over the 1962-2012 period at Maliy
Aktru Glacier (North Chuya Range; WGMS, 2021), and
c. 3500m over the 1980-2018 period at Potanin Glacier
(Tavan Bogd east side, Mongolia; Khalzan et al., 2022).
Modelled recent ELA for the Altai Mountains shows a NW-SE
gradient, from 2600 m in the north-west to 2900-3000 m in
the Katun Range (Lehmkuhl et al., 2004; Lehmkuhl, 2008),
3300-3350m in the South Chuya Range (Lehmkuhl

plum.~

e

=%
N s et

et al., 2011), and 3358m in the Tavan Bogd Massif
(Ganyushkin et al., 2022).

The Altai Mountains are affected by permafrost (Gruber, 2012).
Spatial modelling suggests that continuous permafrost charac-
terizes the slopes of the study area, and sporadic permafrost
characterizes the floor of the main valley (Marchenko et al., 2006;
Riseborough et al., 2008). In the Mongolian Altai Mountains,
estimated permafrost thickness is in the range 60-250 m between
2200 and 2950m asl, and the active layer 1-5m (Walther
et al, 2017; GTN-P Database, 2019). In the Chuya River
catchment, the lowest indicators of permafrost are found at
1300 m asl near Aktash, and active pingos at 2000 m near Beltir,
35 km west of Kosh-Agach (Herget, pers. comm. 2023).

The upper Kalguty basin

The upper Kalguty basin is located along the border with
Mongolia (Figure 2). The gentle hills to the north reach slightly
above 3000 m asl; the crest-line of the steep Saylyugem Range
on the opposite side is broadly above 3000 m, culminating at
the Tundu-Uqgar (3529 m). The valley floor falls from 3000 to
2300 m over a distance of 22 km. Modelled annual precipita-
tion is in the range 100 mm, with 65% in summer (JJA;
Batbaatar et al., 2017) to 200-300 mm (Klinge & Sauer, 2019).
This very dry area is covered by an alpine meadow, replaced
by a tundra-type vegetation above c. 3000 m.

'y

Figure 2. Upper Kalguty basin, south-east of the Ukok Plateau. V: valley; P.: pass; light yellow area: study area; light blue areas: present-day glacier extent
according to RCI 6.0 (RGI Consortium, 2017); red-dotted line: four-wheel-drive trails; black-dashed line: national boundaries. Kalgutinskii Rudnik: main
petroglyph site of the region. Topography: ESRI World Shaded Relief (contour line interval: 50 m). [Color figure can be viewed at wileyonlinelibrary.com]

© 2023 John Wiley & Sons, Ltd.
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Geological setting of the study area

The upper Kalguty basin is mainly incised in volcaniclastic
sedimentary rocks. The Saylyugem side between the Ulan-
Dawa and the East Argamji Rivers (Figure 2) is composed of
conglomerates, sandstones, schists and quartzites, interbedded
with marlstones and volcanic rocks (Early Devonian Ulandryk
Formation). Felsic rocks (e.g. rhyolite) interbedded with
sandstones and schists outcrop in the rest of the study area
(Middle Devonian Aksay Formation). Both formations are
cross-cut by a N120°E striking fault. The two small valleys to
the north of the Ulan-Dawa river are aligned on secondary NE-
striking faults (N10-40°E). Finally, a porphyraceous granite
batholith with aplite dykes crops out at the head of the Klyuch
Valley and forms the massif through which the Teplyy Klyuch

Hydrography Glacial landforms

Glacier |:| Till

. Moraine
Firn field (proximal/distal side)

Lake Erratic boulders
Bedrock - Roches moutonnées

Periglacial landforms

E Debris-mantled slope
[vegetated]

Talus sheet

[ [with creeping]

- Rock glacier
A Protalus rampart

Patterned ground

Ridgeline S @A Avalanche cone

pass (2945 m asl), allowing access to the Kalguty basin from
the north (Figure 2).

Geomorphology of the study area

In this section we summarize the relevant non-glacial land-
forms and deposits described by Deline et al. (2020). Land-
forms and deposits related to the glacier dynamics in the upper
Kalguty basin are fully described in the Results. Full deglacia-
tion of the basin allowed the expression of periglacial,
landslide and torrential processes, the periglacial processes
mainly giving the present aspect to the landscape (Figure 3).
Rock fall is active as shown by the numerous fresh scree
deposits. The slopes of the south side are mainly covered by

Fluvial landforms

E Mixt basin
/ /// Gullies

@ Braided river
Stream channel
H, (active/inactive)
‘ Alluvial fan
l:l Alluvial terrace

Terrace rim

Debris-flow lobe

Earth-flow deposit

Slope peat bog

Figure 3. Geomorphological map of the central part of the upper Kalguty basin (Deline et al., 2020). V: valley; white lines: moraine crests; glaciers:
present-day extent according to RGI 6.0 (RGI Consortium, 2017); yellow rectangle: dating site of Kalgutinskii Rudnik; white-dashed line: cross-
section on Figure 8C; red-dotted line: four-wheel-drive trails; black-dashed line: boundary between Russia and Mongolia (shaded 30-m DEM from
ASTER; contour line interval: 10 m). Inset map: light yellow area: study area; orange area: spatial extent of the geomorphological map. [Color figure
can be viewed at wileyonlinelibrary.com]
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regolith resulting from frost wedging and heaving, with
blockfields and block slopes, talus sheets and cones smoothed
by snow avalanches. Rock glaciers, generally inactive or relict,
are located at the foot of the slopes, and patterned ground is
present on flat areas. Block streams and solifluction lobes
characterize the north side of the basin.

The most remarkable landslide is the slow deformation of a
long kame terrace on the north side of the Kalguty valley,
incised by subparallel rills and small gullies (Figure 3). The
south side is deeply carved by dendritic valleys, whose wide
alluvial fans indicate high peak discharge. Finally, the braided
channel of the Kalguty River is flanked by inactive, wetland-
type channels, and low alluvial terraces (Figure 3).

Glaciers of the study area since the Little Ice Age

According to Ganyushkin et al. (2018b), 23 glaciers were
present in the upper Kalguty basin during the Little Ice Age
(LIA, i.e. 1820 cg), with a total area of 5.41 km? (Supporting
Information Fig. S1; Table S1). The largest glacier (1.16 km?)
was located at the head of the East valley, while the 16 other
glaciers in the Argamiji valley were in the range 0.02-1.0 km?
(total = 2.83 km?). ELA depression in the basin during the LIA
was 80m compared to the beginning of the 21" century
(Ganyushkin et al., 2015).

A glacier inventory in the region for 1980 by Redkin (1998)
surveyed 11 glaciers in the upper Kalguty basin, with a total
area of 4.28 km” (Fig. S1). Only three glaciers are still present
in the upper Kalguty basin according to the RGI 6.0 (RGI
Consortium, 2017), located at the head of the East valley
(n=2; 0.25km?) and the Argamiji valley (0.38 km?; Fig. S1).
This inventory is based on a SPOT 5 image from August 2011,
but Pléiades images from September 2016 suggest that they
were still present at least in the East valley. In 2010, the front
elevation of the three glaciers was in the range 3150-3230 m,
and their ELA in the range 3395-3425m (Ganyushkin
et al., 2018b). Seven additional small glaciers were recognized
in the basin by Ganyushkin et al. (2018b), giving a total glacier
area of 1.04 km? in 2010 (Fig. S1; Table S1). They are now
mostly firn fields as observed in the Tundu-Uggar valley in
2015 (Figure 3) — with some ice patches as suggested in mid-
August 2019 by 10- to 20-m-resolution data from Sentinel-2
(using a red/SWIR band ratio: Paul et al., 2020).

Glacier shrinkage on the Tavan Bogd north side, char-
acterized by larger glaciers, was 0.5, 0.9 and 0.1% a'
during the periods 1962-2001, 2001-2009 and 2009-2015,
respectively (Ganyushkin et al., 2017). Modelled ELA is
3300-3400 m in the region (Lehmkuhl et al., 2004; 2011;
Ganyushkin et al., 2015); observed ELA elevation in 2015
was 3335 m on the Tavan Bodg north side and 3395 m on the
Saylyugem Range (Ganyushkin et al., 2017) — an ELA of
3218 m was observed in 2021 (Ganyushkin et al., 2022).
Although the shrinkage rate has decreased in the last of the
three periods, current ELA elevation close to the crests and
summits in the Kalguty basin explains the vanishing of its
smaller glaciers.

Methods
Glacier geometry and ELA reconstruction

Based on high-resolution geomorphological mapping (Figure 3;
Deline et al., 2020), we determined the palaeo-ice extent of
the glaciers in the upper Kalguty basin from selected glacial
markers: frontal and lateral moraines, and ridges delimiting the
former accumulation zone. To reconstruct the palaeo-glacier

© 2023 John Wiley & Sons, Ltd.

surface topography, we used the GIS-based GlaRe toolbox
(Pellitero et al., 2016). In addition to the glacier outlines,
constrained by glacial markers, this program uses as inputs the
manually drawn palaeo-glacier flowlines and the glacier bed
topography, corresponding to the present digital elevation
model (DEM). We did not remove postglacial sediment valley
infill, as no data are available on its thickness and age, whereas
studies suggest that pre-LGM sediment may not have been
completely or eroded at all in glaciated valleys (James
et al., 2019). To compute ice thickness, GlaRe iteratively
solves an equation which assumes no basal sliding and glacier
ice with a perfect plasticity rheology (Shilling & Hollin, 1981;
Pellitero et al., 2016). The program allows for different basal
shear stress values to be manually tuned along the flowlines,
depending on the nature of the substratum. Basal shear stress is
a critical input as it has a significant influence on obtained
thickness data, especially in the case of our low-gradient
glacier. Selected basal shear stress values were chosen to
match geomorphological evidence and range here from 40
kPa in the flat and soft-sediment areas to 85 kPa on the rough
terrains and 100 kPa in the cirques. These are lower values
than the standard reference value of 100 kPa for alpine glaciers
with rough subglacial topography (Paterson, 1994; Pellitero
et al.,, 2016). This is because low shear stress values
characterize low-angle glacier sectors with soft bed, such as
the tongue of the reconstructed Kalguty paleoglacier. How-
ever, our selected values are fully in accordance with other
works in similar settings (Gribenski et al., 2016; Blomdin
et al., 2018; Radue, 2018).

Once the palaeo-surface is obtained, ELAs have been
calculated using the toolbox of Pellitero et al. (2015). First,
we considered the widely reported accumulation area ratio
(AAR =0.6 in this case). We also computed the accumulation
ablation balance ratio (AABR) with a ratio of 1.75 according to
Rea (2009).

'°Be surface exposure dating
Sampling for surface exposure dating

Sampling for surface exposure dating (SED) was focused on the
site of the studied petroglyphs, Kalgutinskii Rudnik, an area of
roches moutonnées ranging from 2410 to 2575m asl. Three
zones were defined based on topography, petroglyph style and
density, and pattern of glacial striae (Figure 4). In each zone, four
samples were extracted in July 2015 with hammer and chisel
from scoured bedrock (rhyolite), veins of quartz, and top of
granitic erratic boulders of metre size lying at its surface without
signs of being moved or covered by sediments (Figure 4; Table 1).
Large pieces of rhyolite were sampled to ensure obtaining a
sufficient amount of quartz. The location and elevation of the
samples were recorded with a handheld GPS, assuming a vertical
and horizontal positional uncertainty of +10 and +5m,
respectively (Table 1). The shielding factor (Dunne et al., 1999),
which results from dip/orientation of bedrock surface and
topographic skyline shielding, was determined in the field with
a clinometer and a compass. All samples were prepared for '°Be
and Al analyses (n=12). Analysis of paired nuclides allows
insight into potential complex burial-exposure history of the
corresponding boulders and bedrock surfaces (Nishiizumi
et al, 1993; Fabel et al., 2002; Gjermundsen et al., 2015;
Knudsen & Egholm, 2018).

"°Be and “°Al geochemistry and AMS measurement

All '°Be and 2°Al measurements were performed at
CEREGE (Aix-en-Provence, France). Extraction of '°Be

J. Quaternary Sci., 1-21 (2023)

85U8017 SUOWIWOD aAIEe.1D |qeal|dde sy Aq peusenob a.e seolie VO ‘8sn J0 So|nJ Joj A%elqiauljuo A3|1M UO (SUONIPUOI-PUR-SWBIW0Y A8 | 1M AReJq 1 joU1UO//:SANY) SUONIPUOD pue SWis | 8Y1 &S *[£202/50/G2] Uo AreiqiTauluo A8[IM ‘IINI SHNDA!S [euod Ag GeSe'sblZ00T 0T/I0p/wod A3 im Akelqpul|UO//:SANY WO.} papeoumod ‘0 ‘LTHT660T



6 JOURNAL OF QUATERNARY SCIENCE

Figure 4. Location of the 12 samples extracted for SED in July 2015 on the engraved Kalgutinskii Rudnik. Samples from rhyolite bedrock: red dots; quartz
vein: white dots; granitic boulder: cyan dots. Zones: see text; white arrow indicates north; elevations are in m asl. Insets: Three samples extracted from (left
to right): rhyolite bedrock (Z3R); quartz vein (Z3Q1); granite boulder (Z2B). [Color figure can be viewed at wileyonlinelibrary.com]

Table 1. Sample characteristics from the petroglyph site Kalgutinskii Rudnik.

Direction of dip/dip

Granitic boulder size, Elevation angle of sampled Sample Shielding
Sample Lithology LXWxH (m) Latitude, °N Longitude,’E (m asl) surface thickness (cm) factor
Z21Q1 Quartz — 49.304722 88.055833 2426 160°/16.0° 2.0 0.99505
721Q2 Quartz — 49.304722 88.055833 2423 170°/23.8° 2.0 0.98602
Z1B Granite 0.70x0.60 x 0.50 49.304722 88.055833 2424 - 2.0 0.99765
Z1R Rhyolite — 49.304722 88.055833 2424 160°/21.6° 5.0 0.99003
72Q1 Quartz — 49.305000 88.052500 2469 190°/10.6° 2.0 0.99762
72Q2 Quartz — 49.305000 88.052500 2465 190°/11.8° 2.0 0.98454
Z2B Granite 0.94 x0.53 x0.84 49.305000 88.052500 2467 — 2.0 0.99810
Z2R Rhyolite — 49.305000 88.052500 2469 190°/10.6° 5.0 0.99762
73Q1 Quartz — 49.306667 88.045833 2565 150°/16.0° 2.0 0.99644
73Q2 Quartz — 49.306667 88.045833 2569 180°/27.0° 2.0 0.98247
Z3B Granite 1.90x2.00x1.50 49.306667 88.045833 2557 — 3.0 0.99868
Z3R Rhyolite — 49.306667 88.045833 2566 180°/21.0° 5.0 0.99154

and ?°Al from the rock samples followed the chemical
procedure of Brown et al. (1991) and Merchel & Herpers
(1999). Samples were crushed and sieved and the 250- to
1000-pm fraction was processed. Quartz was concentrated
through magnetic separation and selective dissolution in a
1/3 HCI — 2/3 H,SiFg mixture. Quartz was decontaminated
from the atmospheric '°Be by dissolving 30% in mass
through three successive HF leachings. Pure quartz was

© 2023 John Wiley & Sons, Ltd.

then spiked with 100 pL of a (3025 + 9)-ppm in-house “Be
carrier (Merchel et al., 2008), and with adapted amount of
a 978pgg ' *’Al commercial carrier (SCP Sciences).
Natural *”Al concentrations in the dissolved samples were
measured by inductively coupled plasma optical emission
spectrometry (ICP-OES) on an ICAP6500 Thermo Scientific
unit spectrometer. Finally, dissolution was completed in
concentrated HF.
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BeO and Al,O; were purified and extracted using a
succession of alkaline precipitations and separations on
ionic-exchange resins (exchange resins used: DOWEX 1x 8
100-200 mesh, DOWEX 50Wx8 100-200 mesh). Full
oxidization was performed at 700°C. The obtained BeO and
Al,O5 oxides were mixed with Nb and Ag conductive powders
respectively, and then added to a copper cathode to be
pressed. The '°Be/’Be and 2°Al/7Al ratios were finally
measured at the French national accelerator mass spectro-
metry (AMS) facility ASTER (Table 2). The measured '°Be/’Be
ratios were calibrated against the '°Be/’Be STD-11 standard
with an assigned value of (1.91+0.013)x 107" (Braucher
et al., 2015). The measured 2°Al/?”Al ratios were calibrated
against the ASTER in-house standard SM-AI-11 whose nominal
value is 2°Al/”Al = (7.401 + 0.064) x 10~'* (Merchel & Brem-
ser, 2004). The used half-lives ['°Be: 1.387 £0.012 Myr
(Korschinek et al., 2010; Chmeleff et al., 2010); 2°Al:
0.717 £ 0.017 Myr (Samworth et al., 1972)] and the standardi-
zation method used at ASTER imply that the 2°Al/'°Be
spallation production ratio is ~6.61+0.52. AMS analytical
uncertainties include the counting statistics, the machine
stability [~0.5%; Arnold et al. (2010) for 19B¢] and the blank
correction. The 1c analytical errors averaged 4 + 0.7% for '°Be
and 4.1+0.9% for *°Al. One sample (Z1B) was rejected at
tests during '°Be measurement.

The error-weighted average '°Be/’Be full-process blank
ratio is (2.94 +0.44) x 107", Blank correction accounts for
0.4-1.4%. 2°Al/'°Be ratios were calculated with the CRONUS-
Earth exposure age calculator and referenced to 07KNSTD
(Balco et al., 2008 and update from v. 2.2 to v. 2.3 published
by Balco in June 2016; http://hess.ess.washington.edu/math/
al_be_v23/al_be_multiple_v23.html). A rock density of 2.65
and 2.5 gcm ™ was used for granite and quartz samples and
for rhyolite samples, respectively.

SED age computation

All "°Be and 2°Al ages were calculated using the iceTEA online
tool (http://ice-tea.org; Jones et al., 2019). It uses a modified
version of the CRONUScalc calculation framework (Marrero
et al.,, 2016) and global production rate calibration datasets
(Borchers et al., 2016). Ages are reported using the time- and
nuclide-dependent scaling scheme LSDn (or ‘Sa’; Lifton
et al., 2014). As a sensitivity test, age calculation was also
made with the ‘Lm’ scaling scheme (Lal, 1991; Stone, 2000).
These two scaling schemes provide lower and upper bounds,
respectively, of ages which can be reasonably expected with
state-of-the-art nuclide systematics. No snow correction was
applied because of present low precipitation, especially during

the cold season, while active wind blows the exposed surfaces.
No erosion correction was applied, as glacial striations and a
coating layer of glacial polish (Siman-Tov et al., 2017) are still
present at the surface of the roches moutonnées, and the
surface of granitic erratic boulders is generally slightly
weathered (Figure 4). Mean surface ages were computed as
the arithmetic mean and the standard deviation of the
corresponding original '°Be age data set.

Results and interpretation

Glacial landforms and deposits in the upper
Kalguty basin

The most prominent glacial feature is a large set of terminal
moraines that cross the valley bottom over a length of 3.5 km
at the western end of the study area (Figure 5a). This terminal
moraine extends up to 25m high on its distal side and
15-20 m high on its proximal one; its is up to 500 m wide and
includes several ridges of various sizes. With its base at
2275m asl, the outermost moraine is slightly lower and less
continuous than the first recessional moraine. This wide west
morainic complex is continuous upstream by lateral moraines
(Figure 5b). On the south side of the valley, the main moraine
lies on a 100-m-high rock bump, above some recessional
ridges; nested moraines have been deposited by accretion on
the north side. The Kalguty Glacier lobe that built this
impressive latero-frontal moraine loop had a surface area of
c. 10km?.

Two c. 5-km-long narrow terraces continue upstream from
the nested right-lateral moraines. Composed of sands and
gravels, these are interpreted as kame terraces, standing 150
and 180 m above the valley floor at the west end, and 200 and
220 m at their eastern end (Figures 3 and 5b). Lobate-shaped
deformations of the lower one resulted from creep processes
favoured by rill runoff.

Upstream from the confluence of the Argamji and Kalguty
Rivers, numerous small ridges are present at the base of the
north side of the valley, up to 40m above the river bed
(Figure 5b). These recessional moraines can be connected to
several larger ones at the bottom of the opposite side that are
partly buried by alluvial fans (Figures 3 and 5b). Higher on this
south side, a set of small subparallel ridges stands between 70
and 150 m above the valley floor. At the same elevation on the
north side, below the lower kame terrace, bedrock is
outcropping: a dense network of striations and the asymmetry
of this scoured bedrock indicate roches moutonnées. Hun-
dreds of metre-size erratic boulders are deposited on them, the

Table 2. Cosmogenic '°Be and 2°Al data from the petroglyph site Kalgutinskii Rudnik.

Quartz %Be ['°Be] Error [Al-27]

Sample dissolved (g) spike (mg) 1%Be/’Be (at.g™") (atg™" [2°Al] (at.g™") Error (at.g™") (pg g-) 26A1/"%Be
Z1Q1 22.2613 100.26 6.5481E-13 593 449 23 501 3430 422 110 005 39.02 5.78£0.29
7Z1Q2 22.0540 100.44 6.1842E-13 566 595 17 998 3653 972 136 648 31.58 6.45+0.32
Z1B 18.5956 100.45 — — — 2333 220 99 186 140.50 —
Z1R 8.9221 100.42 2.5264E-13 568 073 27 087 3156 123 170 810 249.18 5.56 +£0.40
72Q1 21.1195 100.36 6.2988E-13 602 202 19 001 3619 500 115 625 30.66 6.01 £0.27
72Q2 20.5438 100.38 6.0768E-13 597 280 23778 3742173 132 302 39.71 6.27 +0.33
Z2B 22.1734 100.44 7.2502E-13 661 158 25793 3651 177 137 193 216.62 5.52+0.30
Z2R 20.4603 100.35 6.5979E-13 651 198 28 753 2866 014 148 458 196.29 4.40+0.30
73Q1 20.6299 100.42 6.6173E-13 648 202 21 231 3907 802 165 566 45.90 6.03 £0.32
73Q2 21.3791 100.41 7.5168E-13 710 825 37 759 3790 119 132 705 71.84 5.33+0.34
Z3B 21.6466 100.39 7.9583E-13 743 285 25 401 2945 207 99 800 120.60 3.96 +0.19
Z3R 7.3945 100.40 2.1517E-13 582 451 28 722 4036 434 243 718 262.01 6.93 +0.54

© 2023 John Wiley & Sons, Ltd.
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Figure 5. Markers of palaeo-extents of the glaciers in the upper Kalguty basin. (a) location of maps (b-h; b)b-h; (b) West morainic complex; (c)
Klyuch morainic complex; (d) Central and Tundu-Uggar morainic complexes; KR: Kalgutinskii Rudnik; (e) Argamji morainic complex; (f) East valley
morainic complex; (g and h) head of Central and Tundu-Uqgar valleys, respectively. White lines (yellow in a): moraine crests. Contour line interval:
10 m. Map background: shaded 30-m DEM from ASTER (a—d), 2015 SPOT images (e and f), or 2016 Pléiades images (g and h). [Color figure can be

viewed at wileyonlinelibrary.com]

lower rhyolitic and the upper ones generally being granitic
(Figure 4).

Above the kame terraces, the surface of the north side is
covered by tills up to its top. To the west, a dense deposit of
erratic boulders extends up to 2600 m asl (Figure 5b). Higher
on the valley side, a few small moraines and kame terraces are
distributed between c. 2650 and 2920 m (Figure 3), indicating
at least three extents of the Kalguty Glacier larger than the one
corresponding to the upper kame terrace and the terminal
moraines at the west; two morainic crests located at
2750-2800 m on the east slope of the Klyuch valley, at the

© 2023 John Wiley & Sons, Ltd.

foot of the rock bump that culminates at 3020 m, could match
the main moraine or the nearby small kame terrace on its west
side (Figure 5c).

A second morainic complex crosses the Klyuch valley,
reaching 2415 m asl at the confluence between the Kalguty
and Ulan-Dawa Rivers. It mainly consists of six <2-m-high
nested latero-frontal moraines, plus two or three very small
ridges; the outermost frontal moraines are partly buried by
alluvial deposits (Figure 5c). Several subparallel glacial
lineaments highlighted by bushes, probably lateral moraines,
are developed along the west side of the valley up to c.

J. Quaternary Sci., 1-21 (2023)
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2700 m, the two upper ones (with metre-size boulders)
continuing the main kame terraces to the west. Slopes on
both sides of the Klyuch valley are covered by tills, with
abundant regolith and bedrock on the east side. Downstream
from the Klyuch morainic complex, a set of small moraines is
staggered along the gentle slope above the right bank of the
river above 55m, from the river confluence to Kalgutinskii
Rudnik (Figure 5c). This c. 0.3-km? and 1.2-km-long area is up
to 160 m high in Zone 3; the slope angle is c. 30° here, lower
in the other zones (Figures 4 and 5d). Areas of scoured slabs of
rhyolite with grooves, covered by rock coating and lichens,
alternate with pieces of bedrock protruding above the soil
surface; some trenches are several metres deep and wide,
where frost weathering is very active.

Four other main morainic complexes are located in the
downstream section of the lateral valleys on the Saylyugem
side. Those in the Tundu-Uqgar and Central valleys have been
mapped in detail (Figure 5d). The Tundu-Uqggar complex is
formed by a large outermost latero-frontal moraine that
develops down to 2480 m asl, and a dozen smaller nested
recessional moraines — the largest ones lying on the right side,
with the front of the innermost at 2620 m. Dozens of metre-
sized erratic boulders are associated with the upper half of this
morainic complex. The glacier tongue outside of the valley
had an area of c. 2 km? when it built this complex. Outside the
complex, tills cover the piedmont slopes, except along the bed
of Ulan-Dawa River and its tributaries where alluvial deposits
replace them. Inside the Tundu-Uqgar valley, no till seems to
be present, as a consequence of reworking and deposition by
post-glacial morphodynamics. The Central morainic complex
consists of half a dozen moraines of various size, some with
several crests; they are better preserved on the right side of the
valley — the outermost, longest moraine is even absent on the
left side (Figure 5d). The geometry and location of several
moraines of this narrow complex indicate confluences with
two small tributary glaciers flowing from the right side of the
valley. The glacier front elevation oscillated from c. 2410 m
(the remnant of the outermost moraine reaches 2435 m) to c.
2600 m, as suggested by the innermost recessional moraine
crest.

We mapped the Argamji valley complex using satellite
imagery only (Figure 5e). During the largest Argamji Glacier
extent after separation from the smaller glacier from the East
Argamji arm, its front was located at c. 2410 m. No moraine
has been observed downstream from the confluence of the two
glaciers, nor in the West valley (Figure 3). Finally, also
incompletely surveyed, the East valley complex presents at
least three latero-frontal moraines, the outermost reaching c.
2670 m; however, a larger left-lateral moraine suggests that a
piedmont lobe could have reached the bottom of the Ulan-
Dawa valley at c. 2600 m (Figure 5f).

Besides these downstream morainic complexes, smaller
recent moraines are located at the head of several valleys on
the south side of the basin. They have not been mapped in the
East and Argamji valleys, where small glaciers are still present,
owing to a lack of observations even by remote sensing. On
the other hand, field observation on the cirque floor of the
Central valley head has revealed two sets of probable moraines
at 2850 and 3000 m for their lowest elevation, while possible
right lateral moraines reach 3050 m (Figure 5g); the corre-
sponding glacier front was probably bilobate. At the head of
the Tundu-Uggar valley, a 300-m-long morainic arc develops
between 3000 and 3050 m, with c¢. 15- and 5-m-high distal
and proximal sides, respectively (Figure 5h). Previous small
glaciers in both valley heads were probably partly fed by snow
avalanches detached from the c. 33°, 200- to 400-m-high
slopes.

© 2023 John Wiley & Sons, Ltd.

Reconstruction of the geometry of the palaeo
Kalguty Glacier

The palaeo-glacier mainly indicated by the large West
morainic complex was 23 km long, with a surface area of
157 km? (Figure 6). Its maximum thickness was c. 250 m at the
present confluence of the Kalguty and Ulan-Dawa Rivers, and
>200m for the Tundu-Uqggar and Argamji arms. No ice cap
covered the Teplyy Klyuch pass (2945 m asl) at that time,
whereas some ice was likely to be flowing through the Ulan-
Dawa pass (2695 m). Large glacierized cirques were present
upstream from the Klyuch and Ulan-Dawa arms; right-lateral
branches of the Central arm were fed from the Tundu-Uggar
arm, while many small cirque and valley glaciers contributed
to the Argamji arm.

Geochronological results
SED data treatment

Eleven ages were obtained on bedrock (n=9) and overlying
erratic boulders (n=2). '°Be ages range from 18.91 to 23.56 ka,
and corresponding 2°Al ages range from 13.49 to 18.59 ka
(Table 3). Ages computed with the Lm scaling are 4.6% older
than with the LSDn scaling (Table 3), which does not affect our
interpretation. There is a significant discrepancy between the
19Be and 2°Al datasets, as only three samples yield similar '°Be
and Z°Al ages and have “°Al/'°Be ratios close to the canonical
value of 6.75 (Balco et al., 2008; Fenton et al., 2022; Table 2) —
although this value could vary slightly with altitude and latitude
(Corbett et al., 2016a). All other samples have lower 2°Al/'°Be
ratios and younger “°Al ages. Such a discrepancy can arise either
from problems during chemical processing of the samples in the
laboratory (e.g. Ruszkiczay-Rudiger et al., 2021) or from a
complex exposure/burial history involving non-erosive cold-
based ice (e.g. Corbett et al., 2016b). Drawing on that, it is not
possible to average dating results obtained with the two nuclides.
Based on 2°Al/'°Be ratios, we can distinguish two groups in a first
approximation as shown in Figure 7A, where the ellipses
represent one sigma envelopes. Samples from the lowest group
(Z2R and Z3B) that do not overlap at one sigma with the other
were considered as outliers. We discarded those two samples
that displayed very low ratios and also yielded the two oldest
'9Be ages, as they probably contain nuclides inherited from a
prior period of exposure. One of the erratic samples (Z2B) was
kept for exposure age calculation as it cannot be treated as an
outlier based on 2°Al/'“Be ratio. However, it is significantly older
than the dated bedrock surface on which it rests. Finally, we
chose to base our chronology of the deglaciation only on the
'“Be ages, as laboratory procedures and production rates are
better constrained for this widely used nuclide. We also stress
here that '°Be ages conform better to the stratigraphy than 2°Al
ages. Lateglacial ages are not expected at this location, while all
26Al ages fall into that time period.

Age of Kalgutinskii Rudnik deglaciation and of the
Kalguty stage

Erratic boulders and glacially polished bedrock track the
glacier position during a deglaciation sequence. The arith-
metic mean of '°Be exposure ages shows that Kalgutinskii
Rudnik was deglaciated at c. 20.7 +1.1 ka (Figure 7B). As
mentioned above, no snow or erosion correction has been
applied, which means that these ages are minimal.

The surface of Kalguty Glacier was probably c. 50-60 m higher
than the top of the roches moutonnées when it built the West
morainic complex, as suggest by the kame terrace (Figure 8C) and
our reconstruction of surface topography of the glacier during the
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Figure 6. Reconstruction of the extent and surface topography of the glacier during the Kalguty stage. Red line: equilibrium-line altitude; white line:
boundary between Russia and Mongolia. Contour line interval: 50 m. Map background: shaded 30-m DEM from ASTER. Reconstruction from GlaRe
toolbox (Pelitero et al., 2016): blue lines and purple area in the inset map are GlaRe flowlines and watershed, respectively. [Color figure can be
viewed at wileyonlinelibrary.com]

Table 3. Surface exposure ages from the petroglyph site Kalgutinskii Rudnik. The two outliers are in italic type.

Int. Ext. Int. Ext. Int. Ext. Int. Ext.
'9Be age unc. unc. 0Be age unc. unc. 26A| age unc. unc. 20A] age unc. unc.
Sample  LSDn (ka) (ka) (ka) Lm (ka) (ka) (ka) LSDn (ka) (ka) (ka) Lm (ka) (ka) (ka)

Z1Q1 20.71 0.78 1.74 21.57 0.84 1.87 17.07 0.54 1.82 17.99 0.57 1.79
71Q2 20.02 0.61 1.59 20.84 0.65 1.73 18.35 0.66 2.03 19.36 0.71 1.94
Z1B — — — — — — — — — — — —
Z1R 20.42 0.93 1.77 21.27 1.00 1.92 16.20 0.85 1.93 17.05 0.91 1.84
72Q1 20.32 0.62 1.62 21.21 0.66 1.76 17.41 0.53 1.93 18.38 0.58 1.82
72Q)2 20.47 0.78 1.69 21.37 0.84 1.85 18.26 0.63 1.99 19.29 0.67 1.92
Z2B 22.24 0.85 1.89 23.27 0.90 2.02 17.57 0.65 1.89 18.56 0.69 1.87
Z2R 22.39 0.97 1.97 23.43 1.02 2.09 14.18 0.70 1.62 14.93 0.76 1.59
Z3Q1 20.41 0.64 1.66 21.41 0.69 1.79 17.55 0.71 1.97 18.62 0.78 1.91
73Q2 22.54 1.18 2.08 23.72 1.24 2.22 17.22 0.60 1.86 18.27 0.63 1.82
Z3B 23.56 0.79 1.97 24.79 0.84 2.10 13.49 0.44 1.49 14.25 0.48 1.41
Z3R 18.91 0.90 1.69 19.81 0.95 1.79 18.59 1.06 2.22 19.74 1.17 2.17
© 2023 John Wiley & Sons, Ltd. J. Quaternary Sci., 1-21 (2023)
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Figure 7. (a) *°Al-'"°Be ‘banana plot’ computed with the iceTEA tool (http://ice-tea.org; Jones et al., 2019) with the LSDn scaling model (Lifton,
2014). Ellipses show one si%ma envelopes. Samples from the lowest group do not overlap at one sigma and are considered as outliers. (b) normal

kernel density estimate for '

Be ages of bedrock (rhyolite and quartz) and erratic boulders (granite) at Kalgutinskii Rudnik (the two outliers are shown

in grey). Summed probabilities are displayed for all samples without the two outliers (thick curve) and for all samples (thin curve). [Color figure can

be viewed at wileyonlinelibrary.com]

Kalguty stage (Figure 6). We estimate the linear thinning rate of the
glacier at Kalgutinskii Rudnik using the iceTEA tool (Jones
et al., 2019). It yields a mean thinning rate of 0.18 m a~' for the
glacier surface along the 150-m-high roches moutonnées
(Figure 8B). This suggests that the age of the West morainic
complex is >21 ka, corresponding to the Kalguty stage, probably
the maximum extent of the Kalguty Glacier during MIS 2.

The two erratic boulders Z2B and Z3B have a significantly
higher '°Be surface concentration than that of the bedrock, as
observed elsewhere (e.g. Delmas et al., 2011). Indeed, either
with or without outlier removal, boulder age (arithmetic mean:
22.4+0.9 or 22.9+0.9 ka) is c. 2 ka older than underlying
bedrock age (arithmetic mean: 20.5+1.0 or 20.7 +1.1 ka),
which could indicate that any inherited nuclides from a
previous period of exposure has been effectively removed from
bedrock surface during the last glaciation. As granite outcrops
only 7.5 km upstream, we can discard inheritance acquired by
supraglacial transport. Based on a large dataset of glacial
boulder '°Be exposure ages, Heyman et al. (2011) showed that
incomplete exposure is more frequent than prior exposure, and
stated that the maximum apparent exposure age of glacial
boulders should be viewed as a minimum deglaciation age.
Although their height is <1.6 m (Table 1; Heyman et al., 2016),
the boulders are not rooted in sediments but resting on
bedrock (Figure 4), suggesting that they were not prone to
shielding from cosmic rays since deposition.

On the other hand, the roches moutonnées at Kalgutinskii
Rudnik could have been buried by till for some time, and
by a thin snow cover. Prud’homme et al. (2020) suggested that
apparent exposure ages in erratic boulders and polished bedrock
should be considered as maximum and minimum ages of glacial
retreat, respectively. As we discarded the two oldest ages based
on discordant °Al data, the remaining oldest age of c. 22.5 ka for
the bedrock (Z3Q2) could be considered as a minimum age for
the West morainic complex and therefore the Kalguty Stage
corresponding to the MIS 2 maximum.

Lateglacial stages in the upper Kalguty basin

Two Lateglacial (Lg) stillstands have been reconstructed with
GlaRe (Figure 9). Due to lack of field and remote-sensing
observations, Lg1 was not reconstructed for the cirques north of
the Ulan-Dawa River, nor Lg2 for Argamji and East Argamji

© 2023 John Wiley & Sons, Ltd.

Glaciers. Lg1 for East Glacier was manually reconstructed, based
on tenuous lineaments on satellite images, which may be
moraines. Other limits or flaws in our GlaRe reconstruction are:
(i) few or no change between Kalguty Stage and Lg stillstands in
the upper area of the valleys; (ii) small cirques on the south side
of East Argamiji not considered; and (iii) glacier areas missing for
Kalguty Stage and Lg stillstands in East and Argamiji valley heads
although present during the LIA (see Fig. S2).

The few moraines located in the main valley upstream from
the West complex (downstream from the Argamji mouth and
the Klyuch complex: Figure 5b and c, respectively) and the
numerous recessional moraines in the Klyuch, Tundu-Uqggar
and Central valleys (Figure 5c and d) between the extent of Lg1
and Lg2 suggest that the glaciers retreated to the tributary
valleys throughout the Lateglacial.

Lgl glaciers (incomplete) covered an area of 65.6 km?, of
which 45% was the Klyuch Glacier, and Lg2 glaciers (very
incomplete) covered 32.5 km* (Table S1). Maximum thickness
was 200 m for Klyuch and Argamji Glaciers during Lg1, and
>100 m for Tundu-Uqgar Glacier during Lg1 and 2.

ELA of the Kalguty, Lateglacial and LIA stages

Values for reconstructed ELA with the AAR and AABR methods
are very close for the four stages Kalguty, Lg1 and 2 (Lateglacial),
and LIA (LIA extent: Figs S1 and S2). ELA depression with respect
to the LIA ELA value is c. 500, c. 400 and 315 m for the Kalguty
stage, Lg1 and 2, respectively (Table 4).

Discussion

Maximum extent of glaciers in the Altai mountains
during MIS 2

Patterns of Pleistocene glaciation in the Russian Altai
Mountains are still debated in both time and space (Herget
et al., 2020). On his map of the Pleistocene glaciations in the
south-eastern Russian Altai region, Deviatkin (1965, in
Herget, 2005: fig. 21) considered that the West Kalguty
morainic complex corresponds to the ‘first post-maximum
glaciation in Upper Pleistocene’, whereas the Argamji moraine
complex marks the extension of the second one. By contrast,
authors studying the Russian Altai Mountains and their
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Figure 8. (a) normal kernel density estimate for '°Be ages as distributed in the three zones of Kalgutinskii Rudnik (summed probability: black curve).
(b) vertical transect recording glacier surface lowering computed with the iceTEA tool (Jones et al., 2019) using unweighted least square regression
(the two outliers are shown in grey). (c) cross-section of the Kalgutinskii Rudnik hillslope with exposure age arithmetic mean shown for each zone
(cross-section location on Figure 3; zone location on Figure 4). [Color figure can be viewed at wileyonlinelibrary.com]

glaciations at a regional scale in the 1980s-1990s generally
considered that the entire Russian Altai Mountains except the
Chuya basin were ice-covered during the Late Pleistocene/
LGM (e.g. Kotljakov et al., 1997). Still at a regional scale,
Lehmkuhl et al. (2011: fig. 69.5) mapped their LGM extent on
the entire Kalguty basin, without considering the West
morainic complex. Blomdin et al. (2016) mapped the Argamiji
and East Argamiji terminal moraines and the West morainic
complex, while the Tavan Bogd ice cap on their ‘Minimum
extent of maximum glaciation’ covers the upper Kalguty — but
not its north side or the Klyuch Glacier.

Estimates of worldwide ice volume since 35 ka from sea-
level reconstruction shows a rapid ice growth at 31-29 ka,
an ice-volume peak at c. 20.5 ka, followed by a deglaciation
accelerating from 16.5 ka (Lambeck et al., 2014). Therefore,
the global LGM, that is the period with global maximum ice
volume during the last glacial cycle between 110.8 and 11.7
ka (Hughes et al.,, 2013), took place during MIS 2.
Depending on studies, the onset and end of the global
LGM vary from 27.2 to 23.0 ka and from 23.0 to 19.0 ka,

© 2023 John Wiley & Sons, Ltd.

respectively (Sanchez Goiii and Harrison, 2010: Table 2),
around the classically global LGM defined at 26.5-19 ka by
Clark et al. (2009).

However, many mountain glaciers were at their MIS 2
maximum at the beginning of the stage when ice sheets had
only started to grow (Clark et al., 2009). Moreover, while the
extent of the Laurentide or Alpine Ice Sheets for instance was
maximal close to the global LGM during MIS 2 — with great
impact on global sea level — a majority of glaciers in Asia or New
Zealand mountains, or the East Antarctica Ice Sheet reached their
maximum during MIS 3, 4 or 5 (Hughes et al., 2013). The Kalguty
stage, close to the global LGM, appears to show the greatest
glacier extent in the upper Kalguty basin during MIS 2.

The number of studies focusing on glacier extent during MIS
2 in the Altai region has increased in recent years (Figure 10).
Damming of the Kuray and Chuya basins (Russia; Figure 1) by
glaciers, flowing during the Late Pleistocene from the North
Chuya Range and the north side of the basins, have long been
hypothesized (e.g. V. A. Obruchev in 1914). The deep and
wide glacial lakes drained repeatedly, paced by glacier
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Figure 9. Reconstruction of pre-Holocene glacier stillstands and their equilibrium-line altitude (ELA) in the upper Kalguty. Cyan: Kalguty Stage (MIS
2); light blue: Lateglacial 1 (Lg1); dark blue: Lateglacial 2 (Lg2). Orange, red and pink lines: respective ELAs. EA: East Argamji; C: Central; T-U:
Tundu-Uqggar. Geometry of glaciers from GlaRe toolbox was adjusted to the topography of cirques and crests in the valley heads. Contour line
interval: 50 m. Map background: shaded 30-m DEM from ASTER. [Color figure can be viewed at wileyonlinelibrary.com]

Table 4. Reconstructed ELA of Kalguty (MIS 2), Lg1 and Lg2 (Lateglacial), and LIA stages, and their ELA depression with respect to the LIA values
(AELAY™: m asl).

Kalguty stage Lg1 Lg2 LIA
Glacier AAR 0.6 AABR 1.75 Glaciers AAR 0.6 AABR 1.75 AAR 0.6 AABR 1.75 AAR 0.6 AABR 1.75
Kalguty 2747 2727 Argamiji 2917 2917 ? ? 3268 3266
East Argamji 2783 2843 ? ¢ — —
Tundu-Uggar 2847 2907 3017 2997 3268 3261
Central 2741 2781 2920 2920 3086 3106
Klyuch 2780 2760 2808 2808 — —
East Valley ? ? 2939 2959 3236 3236
Weighted mean 2814 2842 2921 2921 3235 3236
AELAMA 488 509 421 394 314 315 0 0
© 2023 John Wiley & Sons, Ltd. J. Quaternary Sci., 1-21 (2023)
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Figure 10. Distribution of ages of roches moutonnées, glacial lake outburst floods (GLOFs), moraines (m.) and erratics (err.) in the Altai Mountains during
MIS 2 (29-14 ka; Martinson et al., 1987), related to temperature change in Tibet (Guliya Ice Cap). (a) this study (grey dots: outliers); (b) Reuther et al., 2006;
Agatova et al., 2020; Herget et al., 2020; (c) Gribenski et al., 2016; (d) Gribenski et al., 2018; (e) Radue, 2018; (f) Strand et al., 2022 [arithmetic mean (three
to nine samples) for five moraines and three erratic sets]; (g) Blomdin et al., 2018; (h) Ganyuskin et al., 2018a; (i) Dong et al., 2020 (outside the location
map); (j) Thompson et al., 2005. Ages of the moraines and erratic boulders are mostly from SED, while GLOF ages resulted from different dating methods:
SED on flood-associated boulders, OSL dating on flood and lacustrine deposits and radiocarbon dating on subaerial deposits. Blue areas on location map:

present-day glacier extent according to RGI 6.0 (RGI Consortium, 2017). [Color figure can be viewed at wileyonlinelibrary.com]

fluctuations. Landforms resulting from glacial lake outburst
floods (GLOFs) have been extensively studied, and peak
discharge has been modelled (Baker et al., 1993; Rudoy, 2002;
Herget, 2005; Carling et al., 2011). Dating by Reuther et al.
(2006), recently taken up and completed by Gribenski et al.
(2016), Agatova et al. (2020) and Herget et al. (2020), suggests
at least three GLOFs probably triggered by glacier shrinkage
slightly before 24.0 £ 1.6 and 21.1 +1.2 ka, and at 18.7 + 1.6
ka, and possibly two GLOFs slightly before 28.0 +2.0 and at
16+1.7 ka (Figure 10) — although these ages and their
interpretation remain of debate, especially since they resulted
from different dating methods and controversial interpretations
of field evidence (Herget et al., 2020).

© 2023 John Wiley & Sons, Ltd.

At the west end of the Chuya basin, mean ages obtained
from SED of 15 samples on the Chagan-Uzun glacial complex
range from 19.7 £ 1.2 to 18.5 + 0.8 ka (Figure 10). Extending
over a distance of 17 km between 1876 and 2399 m asl, these
close ages indicate surge-like glacier dynamics building the
outermost moraine followed by a retreating period with short
stillstands and readvances, as suggested by the landform-
sediment associations (Gribenski et al., 2016). However, the
outermost moraine age (19.2 + 1.8 ka) is underestimated as the
moraine was covered by several tens of metres of water for an
unknown duration, as shown by Chuya Lake shorelines up to
¢. 2100 m (Carling et al., 2011). Herget et al. (2017) document
that Chagan-Uzun glaciers reached farther downstream than
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the terminal moraine assumed to represent the MIS 2 last
maximum extent at that location (Gribenski et al., 2016).

The 4-km-long and 3-km-wide Kanas Lake morainic
complex (China) is located at c. 1400 m asl, 90 km down-
stream from the summit of the Tavan Bogd Massif, at the outlet
of a basin whose glacier surface area was still c. 210 km? in
1980 (Zhao et al., 2013; Figure 10). Besides about 15 5- to 10-
m-high frontal moraines, the complex comprises kame terraces
and meltwater channels, and continues downstream with
hummocky terrain and an outwash plain. Optically stimulated
luminescence (OSL) dating has suggested that deposition was
mainly during MIS 3 (Xu et al., 2009; Zhao et al., 2013), but
recent SED gives six ages ranging from 22.4 +1.3t0 18.7 + 1.1
ka, distributed in outer glacier retreat and inner glacier
advance sets with mean ages of 21.8+0.5 and 19.1 +0.4
ka, respectively (Figure 10; Gribenski et al., 2018). Two
infrared stimulated luminescence ages agree within error with
the SED ages, at 23.5+6.1 and 27.4+4.9 ka, while also
suggesting that the SED ages could be underestimated as no
erosion correction was applied (Gribenski et al., 2018).

In the valley head of the c. 100-km-long, deeply carved
Tsagaan Gol valley (Mongolia), the Potanin Glacier flows from
the Tavan Bogd icefield to reach 2915 m asl (Figure 10). Joined
by the Alexandra Glacier in its distal section, their total surface
area was 37 km? in 2011 according to RGI 6.0, while 30 other
smaller glaciers are still present in the Tsagaan Gol basin
(Ganyuskin et al., 2018b). While the Potanin front has
retreated by 2.5 km since the LIA (Ganyuskin et al., 2018b),
a 4-km-wide morainic complex is located 57 km downstream
from the present front, between 2150 and 2250 m asl, and is
continued downstream with a 30-km-long outwash plain.
Many small and discontinuous frontal moraines and a few rare
moraines up to 40 m high form this complex, in which two
morainic units have been studied: Bayan | dated at 54.0 + 2.8
ka and Bayan Il (Figure 10) whose eight ages range from
28.5+0.4 to 19.5+0.4 ka, with possible stages at c. 28.0,
23.0 and 20.5 ka (Radue, 2018).

Surrounding the Khoton Nuur (Mongolia), a 21-km-long
lake, a wide morainic complex is composed of four sets of
moraines attributed to the last glacial cycle (Figure 10). While
the outermost Khoton Moraine IV is attributed to MIS 3
(35.4 £ 1.0 ka), arithmetic mean ages of Khoton Moraines IlI, Il
and | are 23.4+0.8, 20.8+£0.6 and 19.5+0.5 ka, respec-
tively; erratic boulders were then deposited until 18.1 + 0.5 ka
during the Khoton Glacier recession, before its re-advance at
17.7 £ 0.5 ka (Figure 10; Strand et al., 2022).

At the outlet of the 30-km-long, U-shaped Turgen-Asgat
valley (Ikh Turgen massif, 3896 m asl, Russia—Mongolia), a
6-km-wide bilobate morainic complex extends between 2300
and 2000 m asl (Figure 10); its numerous lateral moraines
dominate the Mogen-Buren piedmont plain by 150m.
Five granitic boulders have been sampled on the innermost
right-lateral moraine, whose ages range from 26.2+1.7 to
18.7 £ 1.2 ka, with a mean age of 22.8 + 3.5 ka (Figure 10;
Blomdin et al., 2018). Other MIS 2 ages have been obtained
from the Boguty morainic complex, on the south-west side of
the massif, but they are entangled with older ages (Blomdin
et al., 2018).

Culminating at 3971 m asl, the Mongun-Taiga massif
(Russia) still has a glaciated area of 20km?, mainly in its
north-est sector where glacial landforms and deposits have
been recently investigated in four valleys, including the Right
Mugur valley (Figure 10). Ganyuskin et al. (2018a) recognized
three stages in their morainic complexes that extend over a
distance of 7km from 2400 to 3200m asl. Based on
geomorphology and stratigraphy, and radiocarbon ages from
buried wood material, peat and soil, they hypothesized their

© 2023 John Wiley & Sons, Ltd.

correspondence with MIS 4, MIS 2 and the Neoglacial.
However, the unique MIS 2 '°Be age (23.6 + 2.3 ka; Figure 10)
results from an outermost end-moraine of the Right Mugur
Glacier considered to be of MIS 4, whereas a second '°Be age
from this moraine is 11.2 +1.1 ka. Discussing this contra-
diction, Ganyuskin et al. (2018a) consider that boulder
exhumation is more probable than an MIS 2 age for the
outermost moraines.

Finally, Dong et al. (2020) documented two sets of moraines
at the head of the no longer glacierized Xiaokelanhe basin
(3200 m asl, China), 125 km south-east of the upper Kalguty
basin. While the terminal moraine mean age is apparently
34.1 £5.0 ka, five samples (including one outlier) on the
innermost latero-frontal moraine c. 0.5 km upstream at 2380 m
asl gave an arithmetic mean age of 19.7 + 0.5 ka (Figure 10).

Therefore, the Kalguty Stage minimum age of 21 or 22.5 ka
could match with (i) a glacier retreat suggested by Kuray-
Chuya GLOFs at c. 24.0 or 21.1 ka, (ii) a Chagan-Uzun Glacier
advance prior to 19.2 ka, (iii) a Kanas Glacier retreat at c. 22.0
ka, (iv) Tsagaan-Gol Glacier advances at 23.0 and 20.5 ka, (v)
Khoton Glacier advances at 23.4 and 20.8 ka, (vi) a
Turgen-Asgat Glacier advance around 22.8 ka, and even with
(vii) a possible Right Mugur Glacier advance around 23.6 ka
(Figure 10).

The smooth topography of the north side of the upper
Kalguty valley covered by till, and probably a short lateral
moraine and a few small kame terraces lying on it in the range
2680-2750 m asl (Figure 3) suggest a more extended glacier
prior to the Kalguty Stage. The valley extends 20 km from the
West morainic complex, with a 5-km-wide alluvial plain, and
has probably been carved during previous glaciations, when a
large ice mass was flowing from the north side of the Tavan
Bogd Massif (Figs. 2 and S3). Few studies suggest that
maximum glacier extent during the last glacial cycle in the
Altai mountains occurred at the beginning of MIS 2 (Herget
et al., 2017) — the Tsagaan Gol-Potanin Glacier would have
first reached the Bayan-Il moraines at c. 28 ka (Figure 10;
Radue, 2018) — although some of their dating results are
discussed (Gribenski et al., 2017). Other studies place the local
LGM earlier than MIS 2, due to wetter conditions (Herget
et al., 2020, and references therein), generally during MIS 4 —
for example 69-63 ka in the nearby Kanas valley (Gribenski
et al., 2018), or as hypothesized by Ganyuskin et al. (2018a)
for the Mongun-Taiga massif. While a re-evaluation of glacial
chronologies in the Central Asia concluded that there was no
significant ice expansion during MIS 3 (59-29 ka; Gribenski
et al.,, 2018, and references therein), as already suggest by
Lehmkuhl et al. (2016) for the Mongolian Altai, few studies
document a major glacier advance during MIS 3 in the Altai
Mountains: a Turgen-Asgat moraine in drier lkh Turgen
Mountains is dated to c. 45 ka (Blomdin et al., 2018), the
outermost one of the Khoton Nuur complex is dated to 35.4 ka
(Strand et al., 2022), while Dong et al. (2020) propose a local
LGM at 34.1 ka in the Xiaokelanhe River basin.

Glaciers in the Altai Mountains during the
Lateglacial (<19 ka)

Few Lateglacial stillstands have been recognized in the Altai
Mountains up to now. Blomdin et al. (2016) mapped on their
1:1000 000 map as ‘glacier valley’ — without any chronology
— similar extents to our upper Kalguty Lgl or Lg2 extents,
whereas Chuya and Kuray GLOFs at 18.7+1.6 ka and
possibly at 16.0+1.7 ka (Figure 10) could correspond to
Lateglacial retreat stages.

About 200 m above the LIA proglacial margin of the Potanin
Glacier, eight erratic boulders aligned between 3034 and
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3013 m asl on the left side of the Tsagaan Gol valley were
sampled by Radue (2018), and the ages of these boulders
range from 19.3 0.3 to 16.1 + 0.2 ka (Figure 10). Their mean
age of 17.5 + 0.5 ka indicates a probable stagnant or retreating
phase of the glacier during the Lateglacial. A cluster of three
erratic boulders located 19 km downstream from the present
Potanin front at c. 2600 m, that geometrically fits with the
same glacier stillstand, have been dated from 17.1 +0.3 to
15.9 + 0.4 ka (Radue, 2018).

While three sets of erratic boulders inside the Khoton Nuur
morainic complex, with mean ages from 19.3+0.5 ka
downstream to 18.1+0.5 ka upstream, attest to glacier
shrinkage after 19.5 + 0.5 ka (Khoton Moraine 1), the glacier
re-advanced at 17.7 +£0.5 ka (Tsagaan-Sol Moraine 1) and
16.0 +£0.5 ka (Takhilt Valley Moraine I; Figure 10), respec-
tively c. 32 and 54 km upstream of Khoton Moraine | (Strand
et al., 2022).

In the East Mugur valley (Mongun-Taiga massif), three of five
nested latero-frontal moraines ranging from 2600 to 2800 m
asl along a distance of 4 km are attributed to Lateglacial stages,
between c. 14 and 12 ka (Ganyuskin et al., 2018a; MIS 2
stages 3-5 on Figure 5).

By analogy with these Altai Lateglacial stages, Lg1 and Lg2
stillstands in the upper Kalguty basin could have taken place:
(i) around 17.5 and 16 ka, like the Khoton Glacier which had
lost at that time 50 and 90% of its MIS 2 maximal length,
respectively (Strand et al., 2022), the Potanin Glacier at 17.5
ka (Radue, 2018) or a Kuray GLOF at 16.0 ka (Herget
et al., 2020); (ii) immediately after the termination of MIS 2,
between c. 14 and 12 ka, in correspondence with ‘MIS 2
stages 3, 4 and 5’ defined by Ganyuskin et al. (2018a) for the
Mongun-Taiga massif — with close ELAs (cf. section 4.3).

ELAs in the Altai Mountains since MIS 2

Comparing ELA values of the present Altai glaciers is not
reliable as their sources are heterogeneous (mean values for a
whole area or even a range based on observation of individual
glaciers, or on regional modelling, and for different periods).
For instance, a mean ELA of 3390 m asl (3335 m asl) on the
north side of Tavan Bogd Massif in 2010 (2015) resulted from
16 observed glacier ELAs ranging from 3110 to 3695m

(Ganyushkin et al., 2017; 2018b). Lehmkuhl et al. (2011)
proposed a mean ELA of 3400 m too but for the entire Tavan
Bogd Massif, for which Ganyushkin et al. (2018b, 2022)
calculated a mean ELA of 3285 and 3358 m in 2010 and
2006-2020, respectively.

The weighted mean value for our reconstructed LIA ELA
in the upper Kalguty basin is 3235 m asl (Table 4), close to
the mean value of 3275m given by Ganyushkin et al.
(2015). The Kalguty MIS 2 ELA at c. 2750 m is close to the
values of the nearby Tsagaan Gol-Potanin and the more
distant Mongun-Taiga, and to the value of 2735 m for the
Tavan Bogd north side proposed by Moskalenko et al.
(2013) but their LIA ELA is 180 m lower than proposed by
Ganyushkin et al. (2018b). The variability of the MIS 2 ELAs
in Altai (c. 350 m) is slightly higher than the present one (c.
200 m). On the other hand, the Kalguty ELA depression
compared to the present ELA (AELAP') is quite different
from those of all ranges excepted in the Mongun-Taiga
(Table 5).

These MIS 2 values in the continental Altai Mountains are
very different from those of the wet European Alps, where ELA
ranged from <1100 m (north side) to >1500 m asl (west side;
Kuhlemann et al., 2008); Alpine AELAP" values are two to
three times higher than Altai ones, from 1055m (Gesso
Glacier; Federici et al., 2017) and 1150 m (Julian Prealps;
Monegato, 2012) to 1300-1500 m for the large valleys of
Durance, Susa and Aosta (Ilvy-Ochs et al., 2018) — though
Serra et al. (2022) suggest for the last an MIS 2 ELA and a
AELAP" of ¢. 2300 m and c. 570 m, respectively.

The ELA depression compared to the LIA ELA (AELA™) for
Lateglacial stages Lg1 and Lg2 of the upper Kalguty basin has
been reconstructed at 421 and 314 m, respectively (Table 4).
Using the value of 3374m for the present ELA (Table 5;
Ganyuskin et al., 2018b) results in a AELAP" of 560 and 453 m
for Lg1 and Lg2, respectively. There has been no reconstruc-
tion of ELA and AELA for Lateglacial stages in the Altai
Mountains, except for the East Mugur valley (Mongun-Taiga
massif), where Ganyuskin et al. (2018a) suggest an ELA
depression compared to the present ELA of c¢. 580, 520 and
480 m for ‘MIS 2 stages 3, 4 and 5’ respectively, close to our
Lg1 and Lg2 AELAP" — as close as were their AELAs for the MIS
2 maximum.

Table 5. Reconstructed ELAs, and MIS 2 ELA depression with respect to the LIA and present values (AELA™" and AELA™), in the Altai mountains

(m asl).
ELA
MIS 2 LIA Present AELAY AELA™ Remarks

Kalguty 2747' 3235" 33743 488 627 Present: 2010 (Glaciers 1-10)

Tavan Bogd north side 3020* 3340° 3390° 320 370 Present: 2010 (Glaciers 11-26)°

Tsagaan Gol-Potanin 2680° 3470° 3500° 790 820 Present: 2010; 3493 in 2008°; 3450 in 20117;
3500 (mean for 1980-2018)°

Kanas Basin c. 2850* 3300* c. 450

South Chuya range c. 2900* ¢.3300* c. 400

Salyugem range c. 2910* 3330° 3410° c. 420 c. 500 Present: 2007

Ikh Turgen 2970* 33602 34252 390 455 Present: 2011

Mongun-Taiga 2730° 3270° 3390° 540 660 Present: 20137

"This study;

2Ganyushkin et al. (2015);

?Ganyushkin et al. (2018b);

4Lehmkuhl et al. (2011);

®Radue (2018);

®Konya et al. (2013) from Potanin Glacier mass balance;
7 AAR 0.67 from RGI 6.0;

8Khalzan et al. (2022);

?Ganyushkin et al. (2018a).

© 2023 John Wiley & Sons, Ltd.
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The ELA rise during the Lateglacial was much lower in the
Altai Mountains than in the European Alps: +67 m and +174 m
for Lg1 and Lg2 after the Kalguty Stage (Table 4), whereas it was
in the range +700 to 41200 m in the Alps between the Gschnitz
stage (c. 17 ka; AELA" = 600-700 m), Daun stage (c. 14 ka;
AELA"™ =400-500 m) and the Egesen maximum (c. 12.5 ka;
AELA"™ = 250-350 m; Ivy-Ochs, 2015) — Kalguty Lg1 and Lg2
could correspond to these Alpine Daun and Egesen stages.

Conclusions

The advances of the valley glacier that built a wide terminal
morainic complex and lateral kame terraces in the upper
Kalguty basin and flowed toward the south-east through the
Ulan-Dawa pass correspond to an MIS 2 maximum stage
(Kalguty Stage) that occurred prior to 21 ka and probably prior
to 22.5 ka; its ELA depression compared to the LIA ELA was c.
530 m. A rapid retreat of the low-gradient Kalguty Glacier
occurred after this maximal advance.

A more extended glacier prior to the Kalguty Stage is
suggested by (i) till, short moraines and small kame terraces
present on the north side of the main valley well above the
extent of the Kalguty Stage, and (ii) the wide Kalguty valley
downstream from the West morainic complex, where large
Pleistocene outlet glaciers flowing from the north side of the
Tavan Bogd Ice Cap possibly met the Kalguty Glacier.

After deglaciation of the main valley in the Kalguty basin,
individual glaciers stood in the six tributary valleys, the two largest
flowing into the Klyuch and Argamiji valleys. Two Lateglacial
stages (Lg1 and Lg2) have been reconstructed, with a mean ELA
depression compared to the LIA ELA of c. 420 and 315m,
respectively. They remain undated but could have taken place in
the period c. 14-12 ka by analogy with stages in the Mongun-
Taiga massif, or ¢. 17.5-16 ka as for the Khoton Glacier Lateglacial
advances. During the LIA, glaciers retreated in the cirques at the
head of the steep valleys of the Saylyugem Range (Fig. S2). The
absence of moraine between Lg2 and the LIA suggests that the LIA
was the main glacier stage during the Holocene.

The glacier surface area in the upper Kalguty basin decreased
from 157 km? at the MIS 2 maximum to 5.41 km? during the LIA,
and to 1.04 km? in 2010. Mean elevation change rate for the RGI
North Asia region, which includes the Altai Mountains, increased
from — 0.51+0.2 to -0.70+£0.2m a ' from 2001-2004 to
2015-2019, with higher rates than globally (-0.38 and —0.51 m
a™', respectively; Hugonnet et al., 2021). The few remaining
glaciers in the upper Kalguty basin will vanish before 2100, as in
most of the Altai Mountains: 93% of the volume of the glaciers
located inside the Golden Mountains World Heritage site within
the Altai (Russia) are modelled to melt by 2100 according to
IPCC RCP8.5 (Bosson et al., 2019).

Our glacier reconstruction further provides a geomorpholo-
gical and geochronological background to put into context
archaeological findings: in this area, the rock art site of
Kalgutinskii Rudnik is considered as having Palaeolithic
figures, on the basis of stylistic (Molodin & Cheremisin, 1999)
and technological features (Cretin et al., 2018). Our results
suggest that rock surfaces were accessible for engraving since
the end of the LGM.
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Table S1. Glacier surface area (km?) for six glacial standstills
in the upper Kalguty. MIS 2 maximum (Kalguty Stage) and
Lateglacial (Lg1 and Lg2) from GlaRe toolbox (except *), LIA
and 2010 from Ganyushkin et al. (2018b), and 2016 from RGI
6.0 (RGI Consortium, 2017).

Figure S1. Location of the glaciers in the upper Kalguty basin
according to published inventories. LIA (Little lce Age): Ganyush-
kin et al. (2018b); 1980: Redkin (1998); 2010: Ganyushkin et al.
(2018b); 2016: RGI 6.0 (RGI Consortium, 2017). Background:
SPOTS5 image from 2010 (contour line interval: 50 m). [1980
inventory: contradictions between map and data table, and
inconsistencies with recent inventories and reconstruction of LIA
extent, make this inventory unreliable to compare with others.]

Figure S2. Reconstruction of the glacier stillstands during the
late Pleistocene in the upper Kalguty. Turquoise: Kalguty Stage
(MIS 2 maximum); cyan: Lateglacial 1; blue: Lateglacial 2; pink:
LIA; brown: 2010; red: 2016. Orange, red and pink lines: ELA for
Kalguty stage, Lgl and Lg2, respectively. EA: East Argamiji; C:
Central; T-U: Tundu-Uggar. MIS 2 maximum, Lg1 and Lg2 from
GlaRe toolbox; LIA and 2010 from Ganyushkin et al. (2018b);
2016 from RGI 6.0 (RGI Consortium, 2017). Geometry of glacier
reconstructions from GlaRe was adjusted to the topography of
cirques and crests in the valley heads. Contour line interval: 50 m.
Map background: shaded 30-m DEM from Aster.

Figure S3. The large valley extending downstream from the
reconstructed Kalguty Stage (turquoise) has probably been carved
by earlier Pleistocene glaciations. Glaciers on the north side of the
Tavan Bogd Massif are much more well developed during the LIA
(light blue; Ganyushkin et al., 2018b) and in 2016 (dark blue; RGI
6.0) than the upper Kalguty glaciers; carving deep U-shaped
valleys, they were probably the main contributors to glaciations
prior to and during MIS 2. Contour line interval: 50 m. Map
background: shaded 30-m DEM from Aster.

Abbreviations. LIA, Little Ice Age; MIS, Marine Isotope Stage; LGM,
Last Glacial Maximum; ELA, equilibrium line altitude; SED, surface
exposure dating; AAR, accumulation area ratio; AABR, accumulation
ablation balance ratio; GLOF, glacial lake outburst flood.
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