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Abstract. Mountain glacier mass balance is affected by fac-
tors other than climate, such as topography, slope, and aspect.
In midlatitude high-mountain regions, the north—south aspect
contrast can cause significant changes in insolation and melt,
resulting in local asynchrony in glacial dynamics. This study
documents the asynchronous response of two paleoglaciers
in southwestern Mongolia to the local topoclimatic factors
using '"Be exposure age dating and 2D ice surface mod-
eling. '9Be surface exposure age dating revealed that the
Ikh Artsan south-facing valley glacier culminated (Mja1) at
20.1 £ 0.7 ka, coinciding with the global Last Glacial Max-
imum (gLGM). In contrast, the north-facing Jargalant pale-
oglacier (Mj1) culminated at 17.2 £ 1.5 ka, around Heinrich
Stadial 1 and during the post-gLGM Northern Hemisphere
warming. Our temperature-index melt model predicts that
ablation will be substantially lower on the north-facing slope,
as it is exposed to less solar radiation and cooler tempera-
tures than the south-facing slope. The 2D ice surface mod-
eling also revealed that the south-facing Ikh Artsan Glacier
abruptly retreated from its maximum extent at 20 ka, but the
Jargalant Glacier on the shaded slope consistently advanced
and thickened due to reduced melt until 17 ka. The timing of
the modeled glacier culmination is consistent within &= 1o of
the 'Be exposure age results. Extremely old ages ranging
from 636.2 to 35.9 ka were measured for the inner moraines

in the Jargalant cirque (Mj2—Mj4), suggesting a problem with
inheritance from boulders eroded from the summit plateau.

1 Introduction

Massive ice sheets or mountain glaciers respond to various
climatic forcings that operate on wide geographic scales from
local to global. Winter precipitation and summer air tempera-
ture are generally considered the most critical factors in con-
trolling glacial mass balance and extent. Understanding the
impact of climate on past glacial cycles necessitates a thor-
ough understanding of the timing and amplitude of glacial
dynamics. The most recent planet-wide glacial expansion oc-
curred during the global Last Glacial Maximum (gLGM) as
a result of changes in major climate forcings, e.g., reduced
summer insolation, lower tropical sea surface temperatures,
and low atmospheric CO; content. The remnants of pale-
oglacial deposits of the gL.GM are the best preserved among
all of the ice ages. The gL.GM has been extensively studied
to ascertain the Late Pleistocene changes in ice volume, sea
level fluctuations, feedback on climate, etc. The timing of
the g.GM has been established using both the marine (e.g.,
Shackleton, 1967, 2000; Thompson et al., 2003; Skinner and
Shackleton, 2005) and terrestrial (e.g., An et al., 1991; Wang
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et al., 2001; Jouzel et al., 2007; Clark et al., 2009; Fletcher et
al., 2010) paleoclimatic proxies. Based on proxy records, the
timing of the gLGM is constrained between 26.5 and 19 ka,
during which the ice sheets and mountain glaciers reached
their maximum and the global sea level was at its minimum
(Clark et al., 2009).

The timing and extent of the maximum glaciation in many
regions worldwide are poorly understood, as distinct ice
masses respond differently to local and regional climatic
conditions. New geochronological techniques, such as in
situ cosmogenic surface exposure dating (e.g., Hughes et
al., 2013; Heyman, 2014), permit reliable temporal compar-
isons between the maximum advances of different mountain
glaciers.

Evidence from midlatitude glaciers reveals more complex
behavior than that of synchronized “global” glaciations. In
some parts of Asia, for example, the largest glacial extent
occurred before Marine Isotope Stage (MIS) 2, > 100Kka,
in the northeastern Tibetan Plateau (Heyman et al., 2011a)
and during late-MIS 5-MIS 4 in Kanas Lake in the Chinese
Altai Mountains (Gribenski et al., 2018). In the Tian Shan
Mountains (Koppes et al., 2008; Li et al., 2014; Blomdin
et al., 2016), the Altai Mountains (Blomdin et al., 2018),
Khangai (Rother et al., 2014; Smith et al., 2016; Batbaatar
et al., 2018; Potsch, 2017), and the Eastern Sayan Moun-
tains in Khovsgol (also known as Khuvsgul) (Gillespie et
al., 2008; Batbaatar and Gillespie, 2016), the largest glaciers
dated back to MIS 3, whereas the MIS 2 glaciers appeared to
be smaller (Fig. 1). It is noteworthy that most of the MIS 3
advances are based on a few and/or widely scattered ages
of morainal boulders (Blomdin et al., 2016; Gribenski et al.,
2018). On the other hand, due to arid climate conditions, the
significant cirque glacier advanced during MIS 1 in the Gich-
geniyn Nuruu mountain range (Batbaatar et al., 2018). These
studies suggest that glaciers in continental interior Asia re-
spond to regional-scale climate fluctuation in different ways;
hence, the last glacial maxima differed from place to place.
The equilibrium line altitude (ELA) depression of the MIS 2
maximum varied from ~ 100 to 1100 m between arid and
humid continental environments. The ELA depression was
estimated to be 800—1100 m in subhumid regions (the Rus-
sian Altai, Khangai, and Eastern Sayan mountains as well as
the southeastern Tibetan Plateau), 500-600 m in the semiarid
Gobi Altai Mountains, and 100—600 m in the arid northern
Tibetan Plateau and Tian Shan Mountains (Batbaatar, 2018);
see Fig. 1 for the locations.

In addition to regional climate conditions, non-climatic
factors may also control the local extent and dynamics of
glaciation. Topographic factors, such as catchment morphol-
ogy, valley width and length, slope, and aspect, can influence
glacier dynamics and affect the style of glaciation (Kirkbride
and Winkler, 2012; Barr and Lovell, 2014). Glacier mass
balance varies with slope aspect, snow avalanche, and wind
drifting snow. The north—south aspect contrast in midlatitude
regions with steeper slopes as well as higher relief can gen-
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erate substantial differences in insolation and melt. This dif-
ference may be more significant for cirque, small mountain
glaciers, or niche glaciers than for large valley glaciers or ice
caps (Evans and Cox, 2005).

Although spatiotemporal variations in the glacial extent in
response to regional climate change have been mentioned in
numerous studies, the influence of topoclimatic factors has
not been adequately explored. Using a 2D ice surface model,
the present study aims to evaluate how topographic shading
affects fluctuations in the glacier surface mass balance and
consequent changes in glacier thickness and length (advance
and retreat). The spatial and temporal responses of inversely
oriented paleoglaciers to the aspect-driven microclimate are
of particular interest to us. We evaluated the response of
two mountain glaciers, the south-facing Ikh Artsan Glacier
and the north-facing Jargalant Glacier in southwest Mongolia
(Fig. 1), to topoclimatic factors. Reliable temporal compar-
isons between the maximum advances of the two mountain
glaciers were made using in situ cosmogenic surface expo-
sure dating (e.g., Heyman, 2014; Hughes et al., 2013). This
research will improve our understanding of how midlatitude
glaciers respond to topographic changes.

2 Study area
2.1 General settings of the study area

The Gobi Altai mountain range, a ~ 800 km long northwest—
southeast-trending isolated arc of mountains, is bordered in
the northwest by the Mongolian Altai mountain range and
separated from the Khangai mountain range by the Valley of
the Lakes (hereafter Gobi Lakes Valley). Ikh Bogd Massif
(Ikh Bogd means “great saint” or “great sacred mountain”
in Mongolian) is located in the central Gobi Altai mountain
range. Ikh Bogd is one of the key sites for paleoglaciologi-
cal and paleoenvironmental research in landlocked arid and
semiarid central Asia.

This massif is over 50km long, 25km wide, and rises
~ 2 km above the surrounding arid piedmont. Terguun Bogd
(3957ma.s.l.), the massif’s highest peak, is also the high-
est point in the Gobi Altai mountain range (Fig. 1b). Ikh
Bogd’s current stress regime is dominated by a network of
thrust faults and sinistral strike-slip faults that combine to
form transpressional pop-up structures (Cunningham et al.,
1996; Bayasgalan et al., 1999; Vassallo et al., 2007, 2011).
The highest part (> 3000 m) of the flat summit plateau con-
sists mainly of granite, whereas the lower parts are mostly
occupied by gneiss (EIC, 1981; Jolivet et al., 2007; Vassallo
etal., 2011).
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Figure 1. Maps of the study area. Panel (a) shows the central Asian glaciated mountain ranges during the late Quaternary. The boxed areas in
panel (b) indicate the respective Ikh Artsan and Jargalant valleys. The reader is referred to the detailed photographs and maps of both valleys
in Figs. 4-6 for more information. The background image is shaded using Shuttle Radar Topographic Mission (SRTM) digital elevation

model (DEM) data at a 30 m resolution.

The flat summit plateau is thought to be a remnant of a for-
merly extensive Mesozoic erosion surface (Berkey and Mor-
ris, 1924; Devyatkin, 1974; Jolivet et al., 2007), surviving
most of the Cenozoic due to its rapid and recent uplift af-
ter long-term quiescence (Jolivet et al., 2007). Accordingly,
erosion in Ikh Bogd is limited to several deep gorges. The
summit plateau is well preserved in unincised areas because
of the young age of the massif and the arid regional climate
(Vassallo et al., 2011).

Headwater systems of intermittent streams merge and turn
into main streams that later flow out of the mountain front
and transport abundant sediments into large alluvial fans.
Alluvial fans from adjacent valleys coalesce (forming ba-
jadas) and stretch to huge endorheic intermontane basins like
the Gobi Lakes Valley (Fig. 2). Numerous prior investiga-
tions suggest that the summit plateau of the Ikh Bogd Massif
lacks Quaternary glacial landforms (e.g., Jolivet et al., 2007;
Vasallo et al., 2011). However, some well-preserved moraine
ridges have been identified and mapped in some cirques of
the neighboring massifs including Ikh Artsan and Jargalant
(Batbaatar et al., 2018).

2.2 Climate

Ikh Bogd Massif is in the cold Gobi Desert, which experi-
ences a high amplitude in diurnal and annual temperatures.
The climate of the study area is characterized by a dry, cold
winters with limited snowfall and hot summers, with more
than 65 % of yearly precipitation occurring in summer (Bat-
baatar et al., 2018). Bayankhongor (Fig. 2), the nearest aimag
center to the study area (the largest Mongolian province
unit), is 140km away and receives 190 mm of precipitation
per year (2005-2019 average; NAMHEM, 2020); this value
drops to 100 mm (Fig. 2b, c, d; Yu et al., 2017) near Orog
Lake (1168 ma.s.l.; Zhang et al., 2022). The closest weather
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stations to Ikh Bogd are Bayangobi (1540ma.s.l.) in the
south and Bogd (1240 ma.s.l.) in the north. The measured
long-term mean annual temperature was 3.2°C in Bayan-
gobi and 4.4°C in Bogd (Fig. 2c, d). The average Jan-
uary temperature was approximately —18 °C in both stations
(NAMHEM, 2020).

Ikh Bogd experiences long winters, a lower mean annual
temperature (—10°C), and higher precipitation (200 mm)
than its surrounding regions (Fig. 2a, b). Even in summer,
the temperature is mostly below 0°C at altitudes above
3800ma.s.l. (Long-term monthly temperatures are calcu-
lated using a dry lapse rate of 9.8 °Ckm™! from the nearby
Bayangobi weather station; see Supplement file 1 in the Sup-
plement.) It begins to snow in the nearby Gobi Lakes Val-
ley around the end of September, although it melts quickly.
Nonetheless, due to the relatively cold temperature, a thin
snow cover persists on the summit plateau of Ikh Bogd be-
tween the end of September and the middle of April. Oc-
casionally, precipitation in the form of snow occurs during
the summer (Landsat imagery; Farr et al., 2007). Compared
with the cool summer of Ikh Bogd, surrounding areas have
warm summers. The July temperature rises to about 21.8 °C
in Bayangobi and to 23.0°C in Bogd (Fig. 2d; NAMHEM,
2020).

In the study area, strong Siberian high pressure prohibits
the entrance of westerlies during winter, while westerlies and
southwesterlies are still effective during summer. The orien-
tation and shape of mobile dunes northwest of Orog Lake
record the direction of prevailing winds from the northwest
(Yu et al., 2019; Mischke et al., 2020; NAMHEM, 2020).
Winters and summers that were much colder than present-
day Mongolia are consistent with the strengthening of win-
ter high pressure over northern Eurasia. LGM summers were
1-7°C colder than today in Mongolia. The southward shift
in the westerly storm tracks should, therefore, contribute to
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Figure 2. The present-day climate of Mongolia. Panel (a) presents the mean annual air temperature across Mongolia. Panel (b) shows the
Mongolian mean annual precipitation. BKh (black dot) represents the Bayankhongor Aimag (the largest unit of province) center; UB is Ulaan-
baatar, the capital of Mongolia; and the red dots mark the nearest weather stations to the study area. Temperature data (CHELSA_io10_01,
at 30 arcsec) and precipitation data (CHELSA_Biol0_12, at 30 arcsec) are long-term (1973-2013) annual means sourced from Bioclim biol
data, CHELSA V 1.2 (Karger et al., 2017). Panel (c) presents the exact locations of the nearest weather stations to the massif, Bayangobi
(1540ma.s.l.) and Bogd (1240 m a.s.1.); Esri (2015) base map imagery is used as a background. Panel (d) shows the long-term (1989-2019)
monthly mean temperature from Bogd station (black graph) and Bayangobi station (red graph); the monthly mean precipitation (2005-2019)
of Bayankhongor is given in the inset blue bar chart (NAMHEM, 2020). Panel (e) presents the solar altitude angles on the mountain slopes
with different aspects and the solar altitude angles («) at different hour angles (morning to evening). The solar altitude angle is 0° at sunrise
and reaches its maximum value at noon. In the mountainous area of the Northern Hemisphere, south-facing slopes receive the highest energy

at noon, whereas north-facing slopes receive less or no energy due to the topographic shading effect.

the lower-than-present precipitation values (Tarasov et al.,
1999). Multi-proxy records indicate that the local LGM cli-
mate of the study area was very dry and harsh (Yu et al.,
2019).

3 Methodology
3.1 Field investigation and geomorphologic mapping

We conducted the fieldwork around the Mongolian Altai in
July 2018. Prior to fieldwork, we identified glacial erosional
and depositional landforms from the Advanced Land Ob-
serving Satellite (ALOS) Phased Array type L-band Syn-
thetic Aperture Radar (PALSAR) digital elevation model
(DEM) with a 12.5m resolution (JAXA/METI, 2007) and
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using oblique imagery from © ArcGIS Earth and © Google
Earth. Only two categories of glacial landforms could be
identified and mapped from the satellite imagery and DEM
analysis: glacial cirques and hummocky moraines. Glacial
cirques, with amphitheater-like glacial erosional landforms,
were easily recognized around the highest mountain areas.
Identification of hummocky moraine was carried out using
previous studies (Batbaatar et al., 2018) and oblique imagery
from © ArcGIS Earth and © Google Earth imagery, as the
DEM is of insufficient resolution to show the hummocky to-
pography clearly. Mapping was performed in a GIS environ-
ment and mapped on 30 m Shuttle Radar Topographic Mis-
sion (SRTM) satellite imagery from © Bing Maps and © Ar-
cGIS Earth. Pre-identified moraines were confirmed during
fieldwork. They were then categorized based on their strati-
graphic position and separation between moraine ridges. The

https://doi.org/10.5194/tc-17-2409-2023
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naming of landforms (e.g., valleys) in the research area was
based on locality names from a 1 : 100 000 scale topographic
map of Mongolia (ALAMGCM, 1970) and a conversation
with local herders.

3.2 Equilibrium line altitude

Ikh Bogd Massif is unglaciated today. Furthermore, the near-
est modern glaciers to the study area are in Otgontenger
(Khangai) and Sutai (Mongolian Altai), which are approxi-
mately 350-550 km north and west of the Ikh Bogd Massif,
respectively. Thus, we could not calculate present ELAs nor
ELA depression; hence, only ELAs for former glaciers (Ikh
Artsan and Jargalant paleoglaciers) were estimated.

The toe-to-headwall altitude ratio (THAR) method may
include a large error when glacier geometry is complex
(Benn and Lehmkuhl, 2000). However, it is more suitable
for our study area because it has simple glacier morphology.
A relatively lower THAR value (Meierding, 1982) has com-
monly been used in previous studies of midlatitude glaciers;
however, a higher value is applicable according to glacier
type or location. We also used a higher THAR value of 0.58,
as the Ikh Bogd Massif must have a higher ratio due to its
arid environment during the last glaciation (Gillespie et al.,
2008; Felauer et al., 2012; Lehmkubhl et al., 2018).

ELA = A+ 0.58(Ap — Ay, (1

where Ay and A; are the headwall and toe altitudes, respec-
tively.

A major problem exists in defining the headwall limit
of a former glacier, which is very subjective and arbitrary
(Porter, 2001). The glacial headwall altitude was considered
to be one-third of the altitude difference between the cirque
floor and the top of the rock cliff, which was a similar ra-
tio for schrund line estimation in the White Mountains, New
Hampshire, USA (Goldthwait, 1970). Headwall altitude is
extracted from the ALOS PALSAR DEM with a 12.5 m reso-
lution (JAXA/METI, 2007). The altimetric error (vertical un-
certainty) of the DEM is ~ 5-7 m (Chai et al., 2022; Ferreira
and Cabral, 2022). The glacial toe altitude was measured in
the field using GPS and confirmed with the altitude from the
DEM.

3.3 Cosmogenic Be surface exposure dating

We used cosmogenic '°Be surface exposure dating, based on
the specific sampling procedure described below, to deter-
mine the timing of the last glacial advances in the Ikh Bogd
Massif (Gosse and Phillips, 2001; Khandsuren et al., 2019).
We sampled quartz-rich granitic boulders on the moraine
crests, which were not reworked and represented single, dis-
tinguishable ice-marginal positions. We sampled boulders
that are rooted in the upper flat surface of the moraine crest
and away from steep slopes to avoid post-depositional move-
ment, such as rolling and sliding downslope. We excluded

https://doi.org/10.5194/tc-17-2409-2023

boulders smaller than 50 cm above ground level that are
likely to have been buried, exhumed, or heavily eroded. Sam-
ples were obtained by chisel and hammer from the top sur-
faces of boulders (less than 5 cm thick) to avoid the edging
effect. We sampled at least five boulders from each single
morainal crest to statistically screen any outliers, such as in-
heritance or post-glaciation reworking.

We followed the laboratory works of Korea Univer-
sity’s Geochronology Laboratory (Seong et al., 2016), us-
ing the revised procedure of Kohl and Nishiizumi (1992).
Rock samples were crushed and sieved to obtain monomin-
eralic quartz and avoid grain size dependency. Meteoric
10Be and other contamination were removed by successive
HF / HNOs3 leaching. Purified quartz grains (250-500 um)
were first spiked with ~ 1047.8 ppm of concentrated °Be car-
rier and then dissolved with HF / HNOj3. Fluorides were re-
moved by perchloric (HCIO4) acid, and Be was separated
from other ions (cations/anions) using ion exchange chro-
matography columns. Beryllium hydroxide was recovered
using ammonium hydroxides. Consequently, Be(OH), gels
were dried on high-temperature hotplates. They were then
calcinated to oxide forms in a furnace at higher temperatures
(800 °C). BeO samples were mixed with niobium powder to
induce conductivity and filled into an aluminum target to be
loaded into a 6 MV tandem accelerator mass spectrometer
(AMS) for 10Be / 9Be ratio measurement at the Korea Insti-
tute of Science and Technology. '°Be / *Be ratios for each
sample were measured relative to the 07KNSTD standard
sample 5-1 (Nishiizumi et al., 2007), which has a '°Be / °Be
ratio of 2.71 x 10711 £4.71 x 10713 (calibrated error). The
measured average '°Be / *Be ratio of the processing blank
was 4.53 x 10715 £ 1.6 x 10715 (n = 2). The exposure ages
were calculated using the CRONUS-Earth online calculator
version 3 (Balco et al., 2008). 10Be production rate scaling
was based on the time-dependent and nuclide-specific LSDn
scaling (Lifton et al., 2014). Several studies on the last glacial
history in continental central Asia (e.g., Rother et al., 2014;
Batbaatar et al., 2018) have presented '°Be exposure ages
referenced to other scaling methods. For a simple compar-
ison, we recalculated their exposure ages using the LSDn
scaling model. The exposure age errors were represented by
external uncertainty (1o confidence level).

We tested the boulder populations to find outliers using
the Chauvenet and Pierce criterion and normalized devia-
tion methods (Ross, 2003; Chauvenet, 1960; Batbaatar et al.,
2018) before we assigned the deglaciation ages of moraine
sequences. The idea behind using Chauvenet’s criterion is to
find a probability band centered on the mean of a normal dis-
tribution containing all samples. Any data points that lie out-
side this probability band can be considered to be outliers.
In contrast, Peirce’s criterion is based on a Gaussian distri-
bution, and the data point is rejected if its deviation from
the mean exceeds the maximum allowed deviation (calcu-
lated from the standard deviation of the group and Peirce’s
criterion table). For the normalized deviation, a sample in a

The Cryosphere, 17, 2409-2435, 2023



2414

group was rejected if its normalized deviation from the group
mean (excluding the tested sample) was greater than 2 (Bat-
baatar et al., 2018). The sample was excluded from the group
if its exposure age was recognized as an outlier using any
of these three methods. We also calculated the reduced chi-
square value and the relative uncertainty of the group (Balco,
2011) after rejecting outliers. The arithmetic mean and group
standard deviation were considered to be a representation of
the group age. However, we also calculated the total uncer-
tainty, including the group standard deviation and external
uncertainty (systematic uncertainty), of each sample within
the group (Batbaatar et al., 2018). We presented minimum
exposure ages assuming zero erosion, as erosion has been
negligible (at least for the sampled surface) since the boul-
ders were deposited based on field observations and con-
sidering almost negligible erosion in arid regions. We also
performed boulder erosion sensitivity tests on our exposure
ages using erosion rates of 1-4 mmkyr~! (Blomdin et al.,
2018). We omitted corrections for snow cover and vegeta-
tion change due to the ephemeral winter snow cover at the
elevations of the sampled boulders (e.g., Gosse and Phillips,
2001), as modern winter snow cover (October—April) is very
thin and no tree cover exists due to aridity.

After rejecting the outliers, Welch’s ¢ test statistics were
also used to compare the exposure ages of distal moraines of
two groups (Mja1 and Mjp). Welch’s ¢ test assumes that the
sample means being compared for two groups are normally
distributed and that the groups have unequal variances. The
null hypothesis (Hp) states that the means of the two groups
are same, whereas the alternative hypothesis (Hy) states that
the means of two groups are unequal. We also performed the
t test with the total uncertainty of the groups instead of group
variances at a 0.05 significance level.

As our study area is considered to be a well-preserved
paleo-peneplanation surface, the '°Be concentration of the
flat summit plateau must be very high. If our sampled boul-
ders have an “inherited” component from the summit plateau,
the apparent exposure age should significantly exceed the
moraine deposition age. We assumed that the '°Be concen-
tration from extremely old boulders could represent the con-
centration of the summit plateau itself. Hence, we tried to cal-
culate exposure age and the lowest erosion rate of the sum-
mit plateau using the highest measured '°Be concentration
from the oldest moraine boulder. Therefore, we selected the
highest point (3625 m; 44.6° N, 100.2° E) between the Jar-
galant and Ikh Artsan cirques that is representative of the
summit plateau. The minimum erosion rate was calculated
with the “Erosion rate calculator” of CRONUS-Earth version
3.0.2 using the elevation and geographical coordinates of the
selected point, the sampling thickness, and the '°Be concen-
tration of the oldest boulder, considering the shielding factor
as 1 (unshielded).
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3.4 The 2D ice surface modeling

A 2D ice surface model covering 22—16 ka was used to exam-
ine the influence of aspect on glacier mass balance and dy-
namics and to explain the empirical dating results. The model
calculates glacier mass balance variation and corresponding
vertical changes in the glacial ice surface (Sect. 3.4.1). Fur-
thermore, it defines the glacier toe location (Sect. 3.4.2) rela-
tive to the changing ELA via ice thickening or thinning. Our
simulation cannot model actual glaciers; rather, it examines
the possibility that variable melt rates could cause a signifi-
cant difference in mass balance (Fig. 3).

3.4.1 Glacial surface mass balance model: glacial
thinning and thickening

Glacier mass balance (m) is determined by the summa-
tion of net ablation (a; see the following “Glacier ablation:
temperature-index glacier melt model” section) and accumu-
lation (c; see the following “Glacier accumulation and snow
data” section) over a stated period (¢):

n
m=a+c=/(a+c)dt. 2)
4]

To infer the net gain and loss of glacier mass along the lon-
gitudinal profile for both catchments, we calculated and plot-
ted the variations in June—July—August (JJA; see the follow-
ing“Glacier ablation: temperature-index glacier melt model”
section) melt and winter precipitation (i.e., snow through the
whole year; see the following “Glacier accumulation and
snow data” section) during 22—-16ka. The elevation of the
profile was taken from a DEM with a 12.5 m spatial resolu-
tion in 5m spatial intervals. The site parameters and input
parameters of this model are described in Tables 1 and 2.

Glacier ablation: temperature-index glacier melt model

We assumed that the topography (aspect and slope) is the
main factor producing a difference in daily incoming solar
radiation on the south- and north-facing slopes. The Earth’s
surface receives more energy when the solar altitude angle
() is high (zenith angle and angle of incidence are low).
The diurnal changes in solar altitude angle are caused by the
Earth’s rotation around its axis, which varies from morning
to evening. At sunrise and sunset, the solar altitude angle is
0°, and it reaches its maximum value at noon. Accordingly,
in mountainous areas of the Northern Hemisphere, the south-
facing slopes receive the highest energy at noon. The north-
facing slopes, on the other hand, receive little or no energy
due to the topographic shading effect (Fig. 2e). Such a diur-
nal cycle of insolation would result in a major variation in
the yearly or long-term mass balance of mountain glaciers
(by surface melt) flowing on south- and north-facing slopes
over a long timescale.
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Figure 3. Source code structure diagram of the 2D ice surface modeling.

Table 1. Site parameters and glacier parameters used for the 2D ice surface model.

Variable

Value Unit

Time interval
Day type
Day interval

22-16 ka
1 (calendar day) -
152-243 (summer) —

Average elevation of site 3265.3 m
Modern summer temperature of Ikh Artsan 54 °C
Modern summer temperature of Jargalant 4.9 °C
LGM anomaly —5.5 °C
Snow ratio (when temperature is below 0°C)  0.35 -
Elevation of initial glacier’s toe (Ikh Artsan) 3385.1 m
Elevation of initial glacier’s toe (Jargalant) 3360.9 m
Elevation of the distal moraine (Ikh Artsan) 32222 m
Elevation of the distal moraine (Jargalant) 2997.2 m
Headwall altitude (Ikh Artsan) 3508.3 m
Headwall altitude (Jargalant) 3533.3 m
Glacial bed shear stress (Ikh Artsan) 100 kPa
Glacial bed shear stress (Jargalant) 200 kPa

Calculating the orbital parameters

The combined influence of the slow changes in axial tilt
(obliquity), the shape of the Earth’s orbit (eccentricity), and
axial precession results in long-term cyclical changes in daily
incoming solar radiation. First, we computed long-term vari-
ations in orbital parameters, such as obliquity, eccentricity,
and longitude of the perihelion (Berger and Loutre, 1991).
These main orbital elements cause the long-term variation
in the solar declination (§) that produces seasonal varia-
tion in the solar altitude at the given latitude. The long-term
variation in solar declination was then used to calculate the
hour angle (w), zenith angle (Z), and angle of incidence (6)
(Egs. 3—11). We calculated all of the abovementioned values
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related to the orbital parameters in a time-dependent manner
(Fig. 3).

Calculating the hour angle

To define aspect-driven contrast in potential direct solar radi-
ation between south-facing and north-facing valleys, we cal-
culated hourly insolation (Eq. 12) with the same input param-
eters, except for the topography (aspect and slope; Fig. 3).
We calculated cell-by-cell sunrise and sunset hour angles of
given topography for each valley (Eqs. 3-9) and used a 15°
increment for every 1h to calculate the hourly insolation,
starting from the sunrise hour angle and continuing until it
exceeded the sunset hour angle.

The Cryosphere, 17, 2409-2435, 2023
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Table 2. Key parameters of the glacial mass balance model.

P. Khandsuren et al.: Asynchronous glacial dynamics of LGM mountain glaciers

Variable Optimized Variable Optimize
values/Unit values/Unit

Mass balance calculation (m, mm) Air pressure calculation (P, Pa)

c Accumulation mm, m Py Pressure at reference point (sea level)  1013.25Pa

a Ablation/melt mm, m T,  Air temperature at height / Pa

Melt calculation (a, m) Tp  Air temperature at the reference point ~ 288.15K

n Number of time steps per day - M Mass per air molecule 0.0290kg mol~!

MF Melt factor 1.8mmd—1°c! g Acceleration due to gravity 9.8067 ms—2

dice Radiation coefficient for ice surfaces 0.0008 R Universal gas constant 8.3143 mol K

1 Potential clear-sky direct solar radiation at the glacier W m—2 L Atmospheric lapse rate —0.008 Km™!

T Monthly air temperature °C Zenith angle calculation (Z, °) and angle of incidence (6, °)

Insolation calculation (I, W m_z) 8 Solar declination angle ° radian~1

Iy Solar constant 1367 W m—2 @ Latitude ° radian~!

Rm/R  Eccentricity correction factor of the Earth’s orbit - w Hour angle ° radian™!

W, Atmospheric transmissivity 0.75 B Slope inclination angle ° radian !

Py Air pressure at height Pa y Surface azimuth angle ° radian~!

Py Air pressure at reference point (sea level) 1013.25Pa

VA Zenith angle °

0 Angle of incidence °

Sunrise and sunset hour angles on an inclined surface were
calculated as a function of latitude, solar declination, slope,
and azimuth (Igbal, 1983). The sunrise hour angle for a hor-
izontal surface was calculated as follows:

ws = cos_l(—tancptané). 3

The following equations give the respective sunrise and sun-
set hour angles on a surface oriented toward the east:

2_\2
. 1 —xy—y/x* =y +1
wg = min | ws, cos ™! 211 , 4)
, i —xy+/xE—y2+1
wss = —min | wg, COS ! 1 (®)]

The following equations give the respective sunrise and sun-
set hour angles on a surface oriented toward the west:

[ —xy+Vx2=yr+1

wsr = min | wg, cOs™— 21 , (6)
2 2
. 1 —xy—vxr =y +1
= —min ,COS 7
Wss Ws 241 (7

Here, x and y are kinds of coefficients to make the equations
above simpler (Eq. 1.6.7 of Igbal, 1983):

cos @ sin 8
= - , ®)
siny tan  tany
sin cos
y=tans (000 ©
sinytanf  tany

Equations (3)—(9) are for calculating hour angles for arbitrary
surfaces, where ws is the sunrise hour angle for horizontal
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surfaces, wg and wg are the respective sunrise and the sunset
hour angles for an inclined surface, ¢ is the latitude, § is the
solar declination angle, 8 is the slope inclination angle, and
y is the surface azimuth angle.

Calculating the zenith angle and angle of incidence

The local zenith angle (Z) and the angle of incidence (6)
were then calculated using hour angles at 1 h intervals (w).
The zenith angle is the angle between sunrays and the nor-
mal plane to the surface (90° — «); it is approximated as a
function of latitude, solar declination angle, and hour angle
(Igbal, 1983):

Z =sindsing 4 cosdcos@ cosw. (10)

The angle of incidence on arbitrarily oriented surfaces is ex-
pressed as follows:

cosf = (singpcos B —cosgsinBcosy)siné
+ (cosgcos B + singsin B cosy) cos§ cosw
+cosésinBsiny sinw, (11

where B is the slope inclination angle and y is the surface
azimuth angle.

Calculating the daily insolation and daily melt

Hourly potential clear-sky direct solar radiation (/) was cal-
culated as follows (Hock, 1999):

Ro\? (#iez
1:1()(?“‘) q:a(PO ‘Z)cose. (12)

Here, Iy is solar constant (1368 Wm™2) (Rm R™1)? is the
eccentricity correction factor of the Earth’s orbit for the
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time considered, where R is the instantaneous Sun—Earth
distance and R,, is the mean Sun—Earth distance; W, is
the mean atmospheric clear-sky transmissivity (¥, = 0.75;
Hock, 19989); P, is the atmospheric pressure (NOAA,
1976); Py is the mean atmospheric pressure at sea level; Z
is the local zenith angle; and 6 is the angle of incidence be-
tween the normal to the grid slope and the solar beam. There-
fore, hourly insolation was summed into daily insolation for
the corresponding day length (not for 24 h; Fig. 3).

We calculated daily melt with the following equation using
the daily insolation value (Eq. 12):
a:{ (IMF+aieel)T 2T >0 13

T <0.

Here, MF is a melt factor (mmd~! °C~1), gjc. is a radiation
coefficient for ice surfaces, I is potential clear-sky direct so-
lar radiation at the ice surface (W m~—2), and 7 is the time-
dependent monthly mean temperature (°C). Furthermore, we
integrated (summed) the daily melt into monthly and sum-
mer melt, which is the same as the total ablation in this model
(Fig. 3).

Calculating the time-dependent temperature

We calculated the time-dependent temperature of the study
area in the following order:

1. Present-day monthly air temperatures (7)) for both
cirque headwall altitudes (3533.3m for Jargalant and
3508.3m for Ikh Artsan) were calculated from the
two nearest national weather stations using a sum-
mer adiabatic lapse rate of 8°Ckm™! (Batbaatar et
al., 2018). Bayangobi weather station (1540 ma.s.l.) is
27 km southeast of the study region, and Bogd (Hori-
ult) weather station (1240ma.s.l.) is 45 km northwest
(Fig. 2c¢).

2. We use only summer temperature because, even to-
day, monthly mean temperatures between August and
May are less than 0 °C, at which point no melt occurs
(NAMHEM, 2020). The long-term average of the ex-
treme minimum temperature at the mean glacial toe al-
titude (Ikh Artsan and Jargalant) is —5.2 °C (calculated
from Bayankhongor at 1874 ma.s.] using a lapse rate
of 8°Ckm™"). The JJA mean temperature at the cirque
headwall altitude was measured as 5.4 °C in the Ikh Art-
san Valley and as 3.5°C in the Jargalant Valley. We
chose the value of 5.4 °C for the summer temperature of
the study area and carried out further calculations (see
Supplement file 1).

3. We obtained a time-dependent summer temperature
since 22ka. The LGM summer temperature was eas-
ily calculated by subtracting the known LGM summer
temperature anomaly (1-7 °C by Tarasov et al., 1999)
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from the present-day temperature of the study area. The
modern and LGM summer temperature of the study area
(5.4°C) was calibrated to Greenland temperature data
from the North Greenland Ice Core Project (NGRIP) ice
core (Buizert et al., 2018) since 22ka to obtain time-
dependent temperature variation (see Supplement file
2).

4. The LGM summer temperature anomalies ranging from
—5.0 to —6°C were applied to calculate glacial melt
since 22 ka (see Supplement file 2).

Glacier accumulation and snow data

Climatologies at high resolution for the Earth’s land surface
areas (CHELSA) provides high-resolution, downscaled cen-
tennial climate model data since 20 ka. We used CHELSA-
TraCE21k 1 km monthly precipitation time series (Karger et
al., 2017). Precipitation data between 22 and 20 ka were con-
sidered to be the same as 20ka data. Only snowfall at the
mean altitude of each valley was considered to be glacial ac-
cumulation, which occurs when the monthly average temper-
ature is below 0°C.

3.4.2 Glacial advance and retreat model based on
glacier thickness change

Finally, a simple 2D ice surface model reconstructed pale-
oglacier behavior for 22—-16ka in the study area. First, we
created small initial glacial surface profiles for both val-
leys using the 2D ice surface model developed by Benn and
Hulton (2010). We computed the ice surface elevation (ice
thickness) along the profiles in both valleys with this model.
The model requires (1) assumed yield stress describing a
glacier’s basal shear stress and (2) a shape factor account-
ing for the valley-drag effects. We plotted the ice profile with
5m spacing along the midline of each valley (Fig. 8d, e),
assuming constant basal shear stress of 50, 100, 150, 200,
and 300kPa. Shape factors were calculated perpendicular
to the profile with the same spacing as the profile. Subse-
quently, we calculated the glacier mass balance for 22—-16 ka
using our temperature-index melt model results and paleo-
snow-accumulation data. Therefore, we applied correspond-
ing paleo-mass-balance values on the initial ice thickness
profiles. Ikh Artsan and Jargalant glaciers mostly developed
within a cirque. The maximum erosion related to the rota-
tional movement beneath a cirque is closely linked to the
ELA for cirque glaciers (Dahl et al., 2003). Hence, in our
model, the thickest ice surface related to the maximum ero-
sion was considered to be ELA. Accordingly, variations in
paleo-ELAs were calculated with respect to the ice thickness
change. Eventually, we used the simple quadratic function
formula (f(x) = ax+bx + c) to determine the location of
the glacial toe based on the ELA and headwall altitude val-
ues (Benn and Hulton, 2010). Using the glacial toe location,
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we could evaluate the paleoglacier advance and retreat at any
time of interest.

4 Results
4.1 Field observations and moraine stratigraphy

In Ikh Bogd, late-Quaternary glaciation was mostly confined
within the cirque, and extensive valley glacier networks were
absent. Glaciers in the Ikh Artsan and Jargalant valleys were
also restricted to the cirques and underwent limited flow
down to elevations of ~3000ma.s.l. The Jargalant Valley
merges with the largest valley on the northern flank, Bituut
River valley (Fig. 1b). This large drainage area only experi-
enced glaciations in the form of short cirque-valley glaciers,
as in Jargalant Valley. The fact that the massif was limited to
small single (no networking) cirque-valley glaciers is best ex-
plained by the arid climate of the interior of the Gobi Desert.

Ikh Artsan cirque is smaller, and its glacial valley is shorter
(~ 1 km) than Jargalant. The best-preserved moraines, with
at least seven to eight moraine crests, occur in the Ikh Art-
san cirque (Figs. 4, 6a; Batbaatar et al., 2018). The farthest
moraine sequence (Mja1) was distinguished by its down-
valley stratigraphic position and long, flat ridge along the val-
ley side (Fig. 4a). The Mja] moraine is composed of thick,
unsorted glacial debris of different particle sizes (from silt to
boulder) with huge granitic boulders at the top. Towards the
left, the moraine is cut by an intermittent stream, forming a
deep valley (Fig. 4).

The Jargalant paleoglacier has a larger accumulation area
and length than Ikh Artsan Glacier, advancing 1.5 km down-
valley. The moraine stratigraphy of the Jargalant hummocky
moraine was quite complicated. The original moraine surface
of the inner moraines has been dissected by a longitudinal
stream, forming the parallel moraine mounds or elongated
moraine ridges along the valley. In the field, we matched
such uneroded surfaces (or ridges) with a similar elevation
and assumed them to be an individual sequence. Stratigraph-
ically, we identified four different moraine sequences in the
Jargalant complex (Mjs4, Mj3, Mj2, and My, from youngest
to oldest; Figs. 5, 6). The Mjs4, Mj3, and Mj> moraines are
distinctively separated on the left side of the valley. An elon-
gated moraine feature (Mj3 and Mj,) on the right side of the
valley looks like a single-flow feature. However, we assumed
that the original form of the moraine (separation) had been
removed or reworked by stream erosion (Fig. 6¢). According
to these findings, some moraine boundaries are still uncer-
tain; hence, we marked the boundaries with dashed lines in
Fig. 5 and Fig. 6b and c. The Mj4 moraine lies between 3365
and 3410 ma.s.l. and contains angular to subangular, clast-
supported pebble to boulders. Down-valley from the Mj4
moraine, the Mj3 and Mj, moraines have been longitudinally
dissected by stream channels, and an uneroded moraine sur-
face forms elongated, parallel moraine ridges with smooth,
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matrix-supported flat tops and steep, clast-supported sides.
These streams are filled with till and angular water-lain
sediments. The oldest moraine (Mj;) was deposited further
down-valley and consists of a single moraine ridge with large
granitic boulders lying on the finer matrix-supported deposit.
We mapped the extent of the most distal moraine ridge from
the lower end of the Mj, moraine to the point where the slope
changes abruptly. We speculate that this oldest moraine may
have extended far enough to reach the Bituut Valley; how-
ever, beyond this point, the moraine would have been re-
worked by post-glacial processes and the lateral erosion of
Bituut River (Figs. 5 and 6b, c).

4.2 Late Pleistocene ELA reconstruction

The LGM ELA was calculated for the Mja; and My
moraines (Table 3). We estimated the former ELA using a
headwall altitude of 3508—3532 m. The terminal moraine was
also identified at an elevation of 3222 ma.s.l. in the Ikh Art-
san Valley. Accordingly, the ELA for the Mya; moraine was
3388 ma.s.l. In contrast, a large terminal moraine was de-
posited at 2998 m a.s.1. in the Jargalant Valley. The ELA as-
sociated with the Mj; moraine was 3308 m a.s.l., which was
about 80 m lower than the Mja; moraine.

4.3 19Be surface exposure age dating

We present 28 new '"Be exposure ages obtained from the
boulders associated with five different moraine sequences:
Mija1 in Ikh Artsan Valley and My, My, Mj3, and My in
Jargalant Valley (Table 4; Fig. 6). A brief outline of the sam-
pling undertaken at the two locations is given in the follow-
ing:

— In the Ikh Artsan Valley, seven granitic boulders
(TIAMO01-TIAMO007) sampled from the most distal
moraine ridge ranged in age between 21.2+ 1.5 and
19.1 & 1.3ka. '°Be exposure ages from this moraine se-
quence were well clustered, and none of the three meth-
ods (Chauvenet, Pierce, or standardized deviation) de-
tected outliers. The moraine formation age was found to
be 20.1 =0.7ka (20.1 £ 1.6ka with total uncertainty),
Rx? was 0.29, and the group relative uncertainty was
calculated as 4 % (Fig. 7).

— In Jargalant Valley, 21 granitic moraine boulders on
the four moraine sequences were targeted. Five to
seven boulders from each moraine crest were sam-
pled. Outliers were detected and rejected using the
Pierce and normalized deviation criteria. Although
the results from the Pierce and normalized devia-
tion methods were consistent, the Chauvenet method
could not recognize some outliers that were recog-
nized by the Pierce and normalized deviation crite-
ria. Exposure ages from the innermost Mjs moraine
ranged from 636.2 +45.1 to 177.3 &+ 11.3ka. The old-
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Figure 4. Photo composites of the Ikh Artsan Valley and paleoglacial evidence. Panel (a) shows the Ikh Artsan glacial cirque and distal
moraine ridge. The dashed white arrow represents the M| moraine ridge, which marks the farthest extent of late-Quaternary glaciation.
Panel (b) outlines the distal and inner moraine sequences (Batbaatar et al., 2018). Panel (c¢) presents the boulders from which the IAMO006

and IJAMO007 samples were taken on the My | moraine ridge.

Table 3. The LGM ELA reconstruction.

Sites Top of the rock cliff ~ Altitude of cirque floor ~Headwall altitude®  Toe altitude, LGM  THAR ELAP

(ma.s.l.) (ma.s.l.) (ma.s.l.) (ma.s.l.) (ma.s.l.)
Jargalant Valley 3620 3360 3533 2997 3308
Ikh Artsan Valley 3560 3385 3508 3222 3388
Average 3348

4 The headwall altitude for LGM glaciers was selected at one-third of the altitude difference between the top of the rock cliff and the cirque floor (Goldthwait, 1970). ba
THAR of 0.58 was used to calculate the LGM ELA (Batbaatar et al., 2018), the ALOS PALSAR DEM with a spatial resolution of 12.5 m was used to extract
corresponding elevations, and the altimetric error (vertical uncertainty) was ~ 5-7 m (Chai et al., 2022; Ferreira and Cabral, 2022).

est age (636.2+45.1ka for JAMO003) was excluded,
and the four remaining '°Be exposure ages pro-
vided a mean age of 212.9+459ka (212.94+47.9ka
with total uncertainty). Five boulders from the Mj3
moraine ranged in age between 209.0+26.1 and
359+8.0ka. The group mean age was calculated
as 69.9+394ka (69.9+t41.5ka with total uncer-
tainty) after rejecting an outlier of 209.0+26.1ka
(JAMOO0S). Boulders from the Mj, moraine yielded
ages from 284.9 +18.4 to 162.1 £ 10.2 ka with a mean
exposure age of 193.7+36.7ka (193.7 +41.1ka with
total uncertainty) after rejecting the oldest age of
284.9 4+ 18.4ka (JAMOI12). Samples from the distal
moraine of Jargalant Valley (Mj;) ranged in age from
18.9£ 1.7 to 10.6 & 0.8 ka. The arithmetic mean age for
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this moraine sequence was 17.2+ 1.5ka (17.2+2.1ka
with total uncertainty) without the youngest age of
10.8 £0.5ka (JAMO16). The group was relatively well
clustered, its relative uncertainty was 9 %, and R X2 =
1.18 (Fig. 7). For erosion rates of 1-4mmkyr~!, an
exposure age of 10ka, calculated assuming zero ero-
sion, would underestimate the true age by 1%—4 %
and an age of 20 ka would underestimate the true age
by 2 %7 %. Samples with longer exposures (boulders
with inheritance), older than 100ka, were increasingly
sensitive to erosion; for example, JAM10 (123.8 ka)
had an impact, increasing ages by 12 %—125 % for 1-
4 mm kyr_l, and JAMO3 (636.2 ka) was even saturated
for a I mmkyr~! boulder erosion rate.
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Figure 5. The geomorphologic setting and moraine stratigraphy in Jargalant Valley. Panel (a) shows the Jargalant Valley and Bituut trunk
valley that extends from the cirque near the highest peak (3957 ma.s.l.). Jargalant Valley is one of the large tributaries of Bituut Valley and
is covered by a large amount of late-Quaternary moraine complex. Panel (b) presents the stratigraphic boundary between the M4 and Mj3
moraines in the Jargalant cirque. Moraines are dissected by longitudinal gullies. Panel (¢) shows a pair of My, moraines and the oldest My
moraine ridge; horses (red circle) are for scale. Panel (d) gives an indication of boulder sizes on the M, moraine range from the sub-meter
scale to a scale of several meters. Panel (e) is a down-valley view of the moraine sequences from the uppermost moraine sequence.

Our age dating results from the most distal moraines of
Ikh Artsan (20.1 4 1.6ka) and Jargalant (17.2 +2.1) coin-
cide within a narrow range (19.2-18.5ka), as we apply to-
tal uncertainties to the group mean. However, a ¢ test reveals
(T =3.928, P =0.001) that the exposure ages from the dis-
tal moraine of Ikh Artsan presented a statistically significant
difference compared with the Jargalant distal moraine based
on the standard deviations (variance) of the two groups. Like-
wise, the exposure ages of the two groups were different at
the 0.05 significance level (T = 2.665, P = 0.044) using the
total uncertainties instead of the variance.

Boulders from inner moraines (M, Mj3, and Mj;) pre-
sented older (~ 636.2-35.9 ka) exposure ages than the timing
of the maximum extent; unlike morphostratigraphy, the inner
moraines should be younger than the distal moraine (Mjy).
This unexpected, significant inheritance has been widely
recognized around the globe in previous studies (Ciner et
al., 2017, references therein), possibly overestimating the

The Cryosphere, 17, 2409-2435, 2023

real deposition age of moraines. We interpret that the un-
expected older exposure ages (~ 636.2-35.9ka) from the
Mj4, Mj3, and My, moraines of the Jargalant Valley strongly
imply inheritance from the summit plateau. These unusu-
ally old boulders are pieces of the summit plateau that
were transported onto the glacier surface by rockfall, which
seems to have also happened in recent times. For temper-
ate glaciers, rock fracturing occurs not only on the headwall
above the glacier but also within the bergschrund (bottom
of the headwall) due to ice segregation. This kind of under-
mining (sapping) process and/or glacial debuttressing would
drive consequent upper headwall collapse and supply a large
amount of rock to the glacier (Table 4, Fig. 6b; Sanders
et al., 2012). The 'Be concentration of the oldest sam-
ple (JAMO03 with a '°Be concentration of ~262.9 x 10%)
likely represents the nuclide concentration at the surface
of the summit plateau. The production rate for the sum-
mit plateau (60.49 atoms g~ yr~!) must be higher than the
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Figure 6. 10Be Exposure ages (ka) for outer (white) and inner (yellow) moraine sequences. Panel (a) presents exposure ages from the Ikh
Artsan moraine sequences. Panel (b) shows the age dating result for the Jargalant hummocky moraine complex. The background images in
panels (a) and (b) are from Bing Maps (© Microsoft, 2023, aerial imagery). Panel (c¢) presents a cross-section view of the inner moraine
sequences (Mjs—Mjp) in Jargalant Valley; the background image is oblique imagery from © ArcGIS Earth (2023; V1.16.0.3547). Mass-
wasting deposits on the moraine surface and intermittent stream incision have altered the original moraine morphologies. Samples were
taken from the highest intact point of the longitudinally elongated moraine ridge; this ridge was thought to be unaffected by reworking
processes, as the exposure age dating result from the inferred inner moraine sequences (Mjs—Mj2) shows high inheritance that could not

have contributed to the inferred moraine sequences.

moraine samples (38.45 atoms g~! yr=!) due to its higher el-
evation (3625 m), compared with sampling sites, and 100 %
exposure (topographic shielding is 1) to cosmic-ray bom-
bardment. Based on the high '°Be concentration of JAM003
and the summit plateau (3625 ma.s.l.) production rate, the
assumed exposure age of the flat summit plateau was calcu-

https://doi.org/10.5194/tc-17-2409-2023

lated as 442.3 +29.8 ka, and the corresponding erosion rate

was calculated as 1.23 £0.10 mmkyr~!.

4.4 Results from 2D ice surface modeling
We ran a potential direct solar radiation model, applying it

to a 12.5m resolution DEM for a more realistic compari-
son. The model suggests that the aspect largely affects the
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Figure 7. Kernel density plots (KDPs) of estimated 10Be exposure ages from distal moraine crests in the Jargalant and Ikh Artsan valleys.
Plots were created using the iceTEA MATLAB code by Jones et al. (2019). Panel (a) presents a KDP of the exposure ages of the most
extensive moraine sequence (Mjya 1) in the Ikh Artsan Valley. No outliers were detected. The arithmetic mean was calculated and is marked
using a bold solid vertical line. Panel (b) shows a KDP of the exposure ages from the oldest (Mj) moraine sequence in the Jargalant Valley.
An outlier was excluded using the Chauvenet criterion, the Pierce criterion, and the standardized deviation method in the 1o range. The thick
solid lines represent the cumulative density curve; the dashed red line shows the excluded outlier; and the solid, narrow black lines show
individual density curves for each sample. The range of the total uncertainty of the group is marked as two vertical dashed lines. The sample
statistics were calculated after rejecting outliers, and internal errors were used to create the KDP and calculate sample statistics.

Table 4. Result of 1°Be exposure age dating.

Moraine  Name Latitude Longitude Elevation Thickness® Shielding Quartz® Be carrierd  19Be / 9Bes:f 10Be conc.d-f Exposure
group (°N, decimal  (°E, decimal  (ma.s.l.) (cm) factor? (2) (2) (10’13) (105 atoms g~ l) agefngh (ka)
degrees) degrees) LSDn

Miag TAMO01 44.95421 100.26020 3289 2.0 0.7746 20.30 0.3729 6.0+£0.2 7.7+0.3 199+14
TAMO002 44.95429 100.26022 3290 2.5 0.7746 17.52 0.3796 53+£0.2 8.0+£0.3 20714

IAMO003 44.95427 100.26030 3289 35 0.7746 20.00 0.3849 6.1+£0.2 8.1+03 21.2+1.5

TAMO004 44.95438 100.26035 3289 35 0.7746 14.69 0.3958 4.1+0.1 7.6+£0.3 199+14

TAMO005 44.95435 100.26015 3290 3.0 0.7746 19.75 0.3704 57+0.2 7.4+0.2 193+1.3

TAMO06 44.95437 100.26006 3288 35 0.7746 19.54 0.3812 57+£0.2 77+£0.2 203+14

IAMO007 44.95438 100.26004 3288 4.0 0.7746 18.96 0.3738 53+0.2 72+0.2 19.1+1.3

Mjy JAMOO1 4497614 100.29007 3412 3.0 0.8218 1691 0.3842 78.6+0.6 1249+1.6 2789+18.1
JAMO002 44.97627 100.29012 3411 4.0 0.8218 20.00 0.3993 57.0+£0.6 797+£1.1 177.3+11.3

JAMO003 44.97651 100.29021 3411 2.5 0.8218 20.03 0.3871 1943+1.2 2629+3.1 636.2+45.1

JAMO04 44.97654 100.28988 3409 3.0 0.8218 20.00 0.3820 709 £0.6 948+13 20894133

JAMOO05 44.97665 100.29008 3409 2.5 0.8218 20.03 0.3750 64.8+0.5 849+1.1 186.6+11.8

Mj3 JAMO006 44.97891 100.29092 3350 3.0 0.8363 20.02 0.3708 123+2.6 159+34 359+8.0
JAMOO7 44.97886 100.29079 3351 3.0 0.8363 20.03 0.3707 253+5.0 328465 74.1+15.7

JAMO008 44.97894 100.29084 3350 3.0 0.8363 20.42 0.3932 68.9+7.0 929+9.5 209.0+26.1

JAMO09 44.97891 100.29095 3348 35 0.8363 19.97 0.3832 153+2.7 20.5+£3.7 45.8+8.7

JAMO10 44.97897 100.29089 3348 35 0.8363 19.97 0.3856 409+5.7 552+7.7 123.8+194

Mj JAMO11 44.98058 100.29328 3293 2.5 0.8598 19.91 0.3903 523+0.5 71.7£1.0 162.1+£10.2
JAMO12 44.98083 100.29321 3289 2.0 0.8598 19.97 0.3785 93.6+0.6 1242+15 2849+184

JAMO13 44.98095 100.29263 3289 4.0 0.8598 20.22 0.3794 81.0+4.1 1064+55 246.6+20.6

JAMO14 44.98096 100.29259 3292 3.0 0.8598 20.38 0.3812 61.0+6.4 799+84 181.9+23.0

JAMO15 44.98096 100.29260 3292 3.0 0.8598 20.04 0.3894 59.4+5.2 80.8+7.1 184.0+20.3

My, JAMO16 44.98224 100.29684 3193 35 0.8852 19.91 0.3872 3.0+0.1 4.0+02 10.6 £0.8
JAMO17 44.98232 100.29693 3191 3.0 0.8852 20.05 0.3935 4.8+£0.3 6.6+0.4 163+14

JAMO18 44.98232 100.29693 3191 2.5 0.8852 20.06 0.3864 58+04 7.8+0.5 189+1.7

JAMO19 44.98326 100.29745 3170 3.0 0.8935 20.17 0.3962 44+0.2 6.0+0.3 151+13

JAMO020 44.98379 100.29716 3172 35 0.9311 20.14 0.3865 58+0.2 77+£0.2 182+1.2

JAMO021 44.98385 100.29712 3171 3.0 0.9311 20.04 0.3879 54+0.2 7.3+0.2 174+1.2

2 Sampling thickness of the boulders’ outermost exposed surfaces. b Topographic shielding factors for each sampling site were measured at intervals of 30°. ¢ Weight of the pure quartz. The density of granite (2.7 gcm’3) was
used to calculate exposure age. d A mean value of process blank samples (4.53 x 10715 £ 1.62 x 10~15) was used for correction. ¢ 10Be / 9Be ratios were normalized with 07KNSTD reference sample 5-1 prepared by
Nishiizumi et al. (2007) with a 19Be / 9Be ratio of 2.71 x 10~ 11 £4.71 x 10~13 (calibrated error) and using a 10B¢ half-life of 1.36 x 10 years. f Uncertainties were calculated at the 1o confidence level. & Exposure ages,
assuming zero erosion, were calculated using the CRONUS-Earth online calculator version 3.0.2 (Balco et al., 2008). b The constant production rate of the 10Be model of Lifton et al. (2014) was used.
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incoming potential clear-sky solar radiation. The result sup-
ported the fact that the south-facing slopes in mountainous
regions receive more solar radiation than the north-facing
slope in our study area. At solar noon, the Sun is always
directly south in the Northern Hemisphere; hence, southern
slopes of the mountainous area receive their maximum inso-
lation. However, the orientations of the two valleys are not
true north or south: the azimuth of the Ikh Artsan is 247°
(south-southwest) and the azimuth of Jargalant is 40° (north-
northeast). According to the exact orientation, the peak of
the daily insolation contrast between the two valleys is cal-
culated between 15:00 and 16:00LT (local time), not at
noon. The current June solstice incoming daily solar radia-
tion was 8527.34 in Ikh Artsan Valley and 7714.35 W hm™?2
in Jargalant Valley, whereas solar radiation was lower during
22ka: 8460.07 Whm~2 in Ikh Artsan and 7604.54 W hm~2
in Jargalant. Although both valleys received maximum inso-
lation in the first to the middle half of June, the maximum
difference in incoming daily solar radiation occurred at the
end of August. The main difference in the daily incoming so-
lar radiation ranges from 10 % to 24 % on summer days over
the period from 22 to 16 ka. The spatial distribution of poten-
tial direct solar radiation in the study area is given in Fig. 8.
Typically, the total daily insolation anomaly of the summer
solstice in 20 ka compared with the present day and the inte-
grated total daily insolation for 22—16 ka were described on
the 12.5 m grid cells (Fig. 8d, e). In the same way, a 14 % ex-
cess of total summer insolation was observed on the southern
slope during the modeling time interval of 22—16 ka (Fig. 8f;
see also Supplement file 2).

For simplicity, the melt was calculated (Eq. 12) along
specific profiles within the Ikh Artsan and Jargalant valleys
(Fig. 8e, f). In accordance with the incoming solar radiation
contrast, melt rates on south-facing slopes exceed those on
north-facing slopes, as would be expected. If modern glaciers
existed in Ikh Bogd, the present-day summer melt would be
calculated as 4.0 m in Ikh Artsan and 3.7 m in Jargalant, re-
spectively. This was a substantially high melt rate in the arid,
cool climate of the study area. The temperature-index melt
model discovered that a 5 % melt excess in the June solstice
of any year between 22 and 16 ka was observed on the south-
facing slope. Approximately 8 % of the difference in summer
melt in any year was observed for 22—-16 ka (Fig. 8f; see also
Supplement file 2).

We run our 2D ice surface model for many time periods us-
ing different values of basal shear stress, LGM summer tem-
perature anomalies, and site temperature (Supplement file 2).
The cirque and valley dimensions reflect the glacier size (in-
cluding thickness) and the intensity of former glacial erosion
(Barr and Spagnolo, 2015). The normal stress acting on the
glacier bed is mainly a result of the weight (thickness) of a
glacier. Jargalant Glacier is 2.7 times larger in area than Ikh
Artsan and twice as long in glacier length, forming a large,
deep, and well-developed cirque. According to the glacial
valley size, we chose the higher basal shear stress for Jar-
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galant Valley (200 kPa) and the lower value for Ikh Artsan
Valley (100 kPa). The LGM summer temperature anomalies
ranging from —6 to —5 °C with 0.1 °C intervals were applied
in the same manner for both glaciers. Some previous studies
have suggested that the temperature is lower on the north-
facing slopes at the same altitude. On the north-facing slope
of Mount Taibai, Qinling, the JJA monthly mean temperature
is measured to be 0.5-1°C lower than on the south-facing
slope within the altitude range from 1250 to 3750 m (Tang
and Fang, 2006). Therefore, we applied two different tem-
perature values for north-facing Jargalant Glacier: (1) using
the same present-day temperature as for Ikh Artsan Valley
and (2) using a lower present-day temperature for Jargalant
Valley than for Ikh Artsan. More information on these two
cases is given in the following:

— Case 1 — applying the same present-day tempera-
ture. When we used the same present-day temperature
and the same LGM anomaly of —5.5 °C, the modeled
chronology of the maximum extents (20.2 ka) of the two
glaciers were similar and were also consistent with the
Ikh Artsan terminal moraine age dating result (20.1 ka).
According to this model (case), Jargalant moraine ad-
vanced maximally until 20.1ka and probably reached
Bituut Valley.

— Case 2 — applying a different present-day temperature.
For Jargalant Glacier, we applied a lower present-day
temperature, by —1 to —0°C (at a 0.1 °C interval), than
for Ikh Artsan. The run yielded different chronologies
of maximum ice expansions. Only a small tempera-
ture change between the south- and north-facing slope
forced the two glaciers to behave asynchronously, as the
north-facing glacier had a 2.70-3.46 kyr lag in the tim-
ing of the maximum extent. When we applied a —5.5 °C
LGM summer temperature anomaly and present-day
summer temperature in Jargalant (0.5 °C lower than in
Ikh Artsan), Ikh Artsan Glacier reached its maximum
extent near 20.2 ka. In contrast, Jargalant Glacier under-
went a maximal advance at approximately 17.1 ka. This
result perfectly fits our '°Be moraine age dating results
(20.1 and 17.2 ka).

5 Discussion
5.1 Asynchronous glaciation in midlatitude ranges

Recent glacial chronologies from midlatitude mountain
ranges in the North Atlantic region document that the Lau-
rentide and Scandinavian ice sheets and number of valley
glaciers behaved synchronously, advancing to their maxi-
mum extent at roughly the same time as the gLGM (26.5-
19ka). However, some experienced pre-LGM glacial max-
ima, whereas others stagnated, readvanced, or continuously
advanced even farther during the subsequent Heinrich Sta-
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Figure 8. Asymmetric distribution of potential clear-sky direct solar radiation, glacial melt, and vegetation on the south- and north-facing
slopes. Panel (a) provides a location map of Ikh Bogd and Terkhiin Tsagaan Lake. Panels (b) and (c¢) show the tree distribution on the
north-facing slope, north of Terkhiin Tsagaan Lake (© Google Earth 2022; photo taken by authors). Panel (d) provides the anomaly of total
clear-sky direct solar radiation at the June solstice in 20 ka compared with the modern value. Panel (e) shows the integrated total summer
insolation for 22—16 ka. The purple line represents a profile along the midline in the Ikh Artsan and Jargalant valleys. Calculated integrated
total melt was 86.3 m in Ikh Artsan and 79.8 m in the Ikh Artsan Valley for 22-26 ka at the same temperature. Panel (f) presents the integrated
total melt calculation for the Ikh Artsan and Jargalant valleys considering that the average summer temperature in Jargalant is 0.5 °C lower

than that in Ikh Artsan.

dial 1 (HS-1, 17.5-14.5 ka), displaying both inter-range and
intra-range asynchrony (Laabs et al., 2009; Young et al.,
2011; Licciardi and Pierce, 2018; Palacio et al., 2020).

In Europe, large-scale inter-range asynchrony (several tens
of kiloyears) of the last glacial termination was common.
Cosmogenic surface dating from the Alps and Tiirkiye pro-
vides nearly synchronous last glacial maxima with the gLGM
(26.5-19ka, MIS 2). Whereas other numerical dating tech-
niques, including radiocarbon, U-series, and optically stim-
ulated luminescence, indicate earlier local glacial maxima
(80-30 ka, MIS 4-MIS 3) in the Cantabrian, Pyrenees, Italian
Apennines, and Pindus mountains (e.g., Jiménez-Sanchez
et al., 2013; Oliva et al., 2019). Another inter-range asyn-
chrony was observed in mountain glaciers of North Amer-
ica. They reached their maximum extent from as old as 25—
24 ka (for some moraines and outwash in the Sierra Nevada)
to as young as 17-15ka (for some terminal moraines in the
Rocky Mountains), but a clear central tendency exists with
a mean of ~ 19.5ka (Young et al., 2011; Laabs et al., 2020;
Palacios et al., 2020). Relatively younger ages (HS-1) across
the mountains located at higher latitude were interpreted as a
sign of glacial post-LGM culmination in response to the in-
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creased delivery of westerly derived moisture which reached
the northern continental interior of the western US after the
large ice sheets started to retreat (Licciardi et al., 2001, 2004;
Thackray, 2008). For instance, younger exposure ages of the
last glacial maxima in the western Uinta Mountains, com-
pared with mountain ranges farther east and north, reflected
the influence of pluvial Lake Bonneville after the recession
of the Laurentide ice sheet to the north (Laabs et al., 2009).

Medium-scale inter-range asynchrony (several thousand
years) was observed in the Yellowstone Plateau. Terminal
moraines dated to ~ 17 ka are common in valleys along the
northeastern mountains (e.g., Eightmile, Chico, Pine Creek,
South Fork Deep Creek, Cascade Canyon, and Gallatin) of
the Greater Yellowstone Plateau. Glaciers in the Teton Range
(southwestern part of the plateau) have terminal moraines
with an age of ~ 15 ka. Local LGM maxima dated to ~ 19.8—
18.2ka in the western part of the plateau (Beartooth Up-
lift). Licciardi and Pierce (2018) suggested that shifting oro-
graphic precipitation patterns due to the formation of an ice
dome and change in the ice flow direction caused asynchrony
in the Greater Yellowstone region.

https://doi.org/10.5194/tc-17-2409-2023
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Very few glacial chronologies, if any at all, record intra-
range asynchrony during the most recent glacial termina-
tion. Age dating results from some relatively well-studied
mountain ranges (the Wasatch, Uinta, and Bighorn mountain
ranges in North America) present intra-range asynchrony in
glacial maxima with respect to their various aspects (Laabs
et al., 2020). Some of them had LGM ages ranging from
hundreds to thousands of years from valley to valley. In the
Wasatch Range, terminal moraines dated to ~21.9 ka (Laabs
and Munroe, 2016), ~20.8, and 17.3 ka (Laabs et al., 2011)
in three western valleys; 19.6ka in the southwestern valley;
and 17.6 and 17.3ka in the southeastern valleys (Quirk et
al., 2020). Similarly, a last glacial terminal moraine age dif-
ference of ~ 1kyr was observed between the north-facing
and south-facing slopes in the Eastern Pyrenees (Delmas et
al., 2011, 2008). Even glaciers with the same slope orienta-
tion contain some chronology difference. The LGM moraine
chronology from the three valleys on the eastern side of the
central Sawatch Range varies from 22.3 to 19.9 ka (Young et
al., 2011).

Nevertheless, we suggest that some internal and exter-
nal analytical uncertainties associated with the sampling ap-
proach, measurements, and/or statistical approach can cause
the low magnitude of small intra-range or massif asynchrony.
Some studies have attributed intra-range asynchrony in ter-
minal moraine ages to contrasting valley glacier response
times related to topography, ice dynamics, and/or differences
in glacier shape and hypsometry (Young et al., 2011; Lic-
ciardi and Pierce, 2018). As mentioned above, large- and
medium-scale asynchrony in the mountain glaciers across the
North Atlantic region is mostly explained by the precipitation
distribution due to the relative location of the moisture source
area and atmospheric circulation contributed by topography.
However, further research is needed to fully understand the
intra-range or intra-massif scale of asynchrony during the last
glacial period.

5.2 Inter-range asynchrony in the ice expansion of the
last glacial cycle across Western Mongolia

Some '“Be exposure ages of the glacial erratic from the
mountain ranges near Ikh Bogd show significant glacial ad-
vances between the LGM and the Holocene (Fig. 9). The
largest ice extent was dated as ~ 22.0 ka on the western flank
of the Sutai (Batbaatar et al., 2018). On the other hand, the
farthest ice expansion corresponds to MIS 3 in the Khangai
mountain range (Rother et al., 2014; Smith et al., 2016;
Potsch, 2017; Batbaatar et al., 2018). In the Gichgeniyn Nu-
ruu mountain range, Holocene (8-7ka) glaciers advanced
with a similar magnitude to their local LGM position. Gener-
ally, two main glacial stages, the LGM and post-LGM (~ 17—
16 ka), were observed within MIS 2 in Mongolia (Rother et
al., 2014; Batbaatar and Gillespie, 2016; Smith et al., 2016;
Po6tsch, 2017; Batbaatar et al., 2018).
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Previous studies using granulometric, palynological, os-
tracod, and geochemical proxies from the Gobi Lakes Valley
reveal the occurrence of cold and dry climates during the lo-
cal LGM (19-18ka) and Younger Dryas (Fig. 9; Felauer et
al., 2012; Lee et al., 2013; Yu et al., 2017; Lehmkuhl et al.,
2018; Yu et al., 2019; Mischke et al., 2020). These results
are consistent with our exposure ages from the two valleys.
The warming trend was also present in the Gobi Lakes Val-
ley, where lakes were once desiccated during the local LGM
and experienced a water level increase after the local LGM
(e.g., Yu et al., 2017; Mischke et al., 2020).

5.3 Aspect effect on the asynchronous glacial dynamic
in Ikh Bogd

Our age dating result reveals that abrupt deglaciation has oc-
curred since ~ 20 ka in the Ikh Artsan Glacier. Exposure ages
from the Mj moraine (17 ka) should represent one of the fol-
lowing: glacier culmination, survival, or temporary glacial
stagnation of the LGM glacier or glacier readvance (Fig. 10).
In either case, the culmination of the Jargalant Glacier near
17 ka implies a major difference in glacier mass balance be-
tween south- and north-facing glaciers. Changes in glacier
mass balance in a small massif or mountain (intra-range)
could show large spatial variation due to local topography-
induced factors, such as (i) snow avalanching, (ii) preferen-
tial deposition of wind-drifted snow (Florentine et al., 2020),
(iii) solar radiation, and (iv) temperature. These factors affect
the glacier mass balance as follows:

i. Periodically occurring snow avalanches support glacial
accumulation. Most avalanches have steep slopes be-
tween 25 and 50° to slide down (Luckman, 1977). The
Ikh Artsan and Jargalant valleys are connected to the
flat summit plateau and are less steep than the threshold
slope of 25°. The average slope was measured as 23° for
Jargalant and 18.2° for Ikh Artsan. Very wet snow lubri-
cated with water can cause an avalanche on a slope of
only 10-25° (Luckman, 1977). However, this is not sig-
nificantly relevant to our study area, as Ikh Bogd and its
neighboring area experienced very cold and conditions
during MIS 2 (e.g., Yu et al., 2019).

ii. Wind-drifted snow accumulation occurs either with or
without snowfall. Wind removes the snow from the
windward slope and redistributes it onto the leeward
slope. However, the prevailing wind direction in the
study area is northwest to southeast, which is almost
perpendicular to the orientations of the two valleys. We
assume that the wind direction during MIS 2 was simi-
lar to the present and that the region experienced strong
winds. Therefore, wind-drifted snow may not signifi-
cantly affect glacier accumulation. For that reason, we
used the same precipitation value in both valleys.

iii. North-facing slopes in the Northern Hemisphere re-
ceive less solar radiation because of the aspect effect.
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Figure 9. Temporal and spatial distributions of glacial and paleo-lacustrine records in the neighboring regions of Ikh Bogd Massif.
Panel (a) presents the locations of the 10ge age dating sites for paleoglaciers and paleo-lacustrine proxies. Panel (b) provides the age dating
results from glaciers and lacustrine proxies. Glacial records on the left are the 10Be exposure age dating results representing 29 individual
moraine groups. Exposure ages were recalculated with CRONUS-Earth version 3 using the LSDn scaling factor (Lifton et al., 2014). Only
effective ages were plotted after outlier rejection using the Chauvenet criterion, the Peirce criterion, and the normalized deviation method.
On each box, a central mark indicates the median, and the bottom and top edges of the box indicate the 25th (Q1) and 75th (Q3) percentiles,
respectively. The whiskers extend only to the data points considered inliers, and additional outliers were detected from the effective ages and
plotted individually using the “+” marker symbol. The shaded light blue sections on the age interval present the major harsh periods (playa
phase of Orog; Yu et al., 2019). Lacustrine records on the right present (I) temperature and (II) wetness data in Lake Bayan T6hom as well
as (IIT) the lake level record of Orog Lake.

Ikh Bogd experiences a midlatitude high-sunlight cli-
mate; furthermore, it has steeper relief which can en-
hance the aspect effect. (Evans and Cox, 2005). Topo-
graphic shading can also influence glacier response and
mass balance in mountainous areas (Olson and Rup-
per, 2019). As expected, our modeling results demon-
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iv.

strate that the north-facing slope receives less summer
insolation than the south-facing slope, resulting in re-
duced glacial melt (5 %—10 %) under the same temper-
ature conditions.

The vegetation, discontinuous permafrost, and modern
and paleoglacier distribution and their magnitude in
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semiarid midlatitude regions are affected by contrast-
ing temperatures and soil moisture on sunny and shady
slopes (Evans, 2006; Barr and Spagnolo, 2015; Klinge
et al., 2021). As a result of topographically induced
differences in the solar radiation and evapotranspira-
tion, forests (consisting of Siberian larch) and discon-
tinuous permafrost are limited to north-facing slopes,
whereas mountain steppe covers south-facing slopes in
the Mongolian forest steppe zone (Fig. 8b, c; Klinge et
al., 2021). Klinge et al. (2021) determined that the an-
nual incoming solar radiation, permafrost table depth,
and soil moisture (topographic wetness index) are sig-
nificantly correlated. Aspect-driven solar radiation and
temperature contrast also cause more glacier, lower (al-
titude) glacier, and larger glacier on the poleward slope
(e.g., Evans, 2006; Barr and Spagnolo, 2015). For in-
stance, Sutai Mountain (closest modern glacier to Ikh
Bogd) has large, well-developed valley glaciers that
flow northward into low altitude regions from the ice
dome. Still, the glaciers on the south-facing slope ter-
minate near the summit margin without developing into
valley glaciers (Fig. 8c). According to these facts, a
small temperature difference is likely to be real and
needs to be considered. Our temperature-index melt
model revealed that applying lower temperature to the
north-facing glacier than to the south-facing glacier re-
sults in a large melt difference between the two valleys

Among the four topography aspect-induced factors, two are
applicable to our study area; incoming solar radiation and
the temperature difference between north- and south-facing
slopes. Our temperature-index melt model suggests that an
aspect-driven insolation change affects the amount of melt,
although by a very small amount. This small reduction in the
melt due to the shading effect could not cause a significant
difference in glacial mass balance nor long-term glacier stag-
nation or advance. Under the same temperature and differ-
ent insolation, glaciers on the north- and south-facing slopes
across small regions behave almost synchronously. Both Ikh
Artsan and Jargalant glaciers culminated near 20.2ka and
abruptly retreated to the cirque headwall. Moreover, their
changes in glacial dynamic were almost the same (see Sup-
plement file 2). However, no glacier stagnation was observed
in the Jargalant Valley around 17 ka (i.e., this result does not
match our exposure age dating). We sampled from the most
distal moraine possible in Jargalant Valley in order to avoid
sampling from reworked boulders on the steep slope. Like-
wise, we could not find any other evidence that the Jargalant
Glacier reached the trunk valley of the Bituut River. If we
consider that both glaciers moved synchronously, the most
distal moraine must be located further down-valley of the
~ 17ka culmination. In this case, the geological evidence
(terminal moraine) near 20 ka must have been degraded by
the Bituut mainstream or/and reworked with the mass move-
ment.
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When we set the site temperature of Jargalant slightly
colder (—0.1 to —1 °C) than that of Ikh Artsan, glaciers start
to behave differently, i.e., they asynchronously retreat from
their distal location. When we apply a 0.5 °C colder temper-
ature to Jargalant than to Ikh Artsan, 2D ice surface mod-
eling results are consistent with age dating results. The Ikh
Artsan Glacier abruptly retreated from its maximum extent
near 20.2 ka (age dating result was 20.1 ka). In contrast, the
Jargalant Glacier advanced almost continuously until 17.8 ka
and then began to retreat from its maximum extent by 17.1 ka
(age dating result was 17.2 ka) with a brief stagnation around
its maximum extent. This result suggests that the exposure
age of ~ 17 ka corresponds to the most extensive glaciation
in Jargalant Valley. We also assume that the exposure age
(17.2 & 1.5ka) of the distal moraine (Mj;) is the age of the
maximum extent for the Jargalant Valley (Fig. 6b, c), as this
moraine was not like the small ridge left as a glacier stag-
nates during its retreat. The Mj; moraine was larger than the
other moraine sequences and, thus, large enough to mark the
maximum advance of the glacier.

Based on the age dating and 2D ice surface model-
ing, we propose that the glaciers on the north- and south-
facing slopes of Ikh Bogd may have behaved asynchronously.
Glacier volume and area changes are likely to be sensitive to
temperature changes in semiarid and arid regions, such as Ikh
Bogd. The glaciers of Ikh Artsan and Jargalant behaved asyn-
chronously due to aspect-induced temperature differences,
rather than differences in solar insolation.

5.4 Morphostratigraphic mismatch in exposure age
dating from erratic boulders in the Jargalant Valley

5.4.1 Inheritance from the summit plateau

The massif has a steep slope; in particular, the slope reaches
32-70° along cirque walls and incised valleys. Colluvial ma-
terials covering hillslopes and long boulder corridors were
mainly the result of the active mass-wasting process. Par-
ticularly, rockfall deposits forming a scree and talus apron
must be the product of steep slope failure of the summit
plateau (Fig. 11). We expected that inner moraine crests
would present Holocene or HS-1 exposure in light of mor-
phostratigraphy. The My,, M3, and Mj4 moraine crests have
exposure ages ranging from 636.2 to 35.9 ka (Table 4, Fig. 6).
According to moraine stratigraphy, exposure ages of inner
moraines cannot be older than the age of the distal moraine.
The apparent ages show antiquity and scatter in their distri-
bution, which cannot be a single geologic event; associating
the mean age with the specific timing of glacial termination
is not appropriate (Heyman et al., 2011b). It is more likely
that the exposure ages from the Mj,, Mj3, and Mj4 moraines
were due to the inherited !°Be concentration produced dur-
ing prior exposure in the boulders recycled from the cirque
wall or paleo summit plateau by rockfall or toppling during
glaciation and/or a paraglacial period. During termination of
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Figure 10. Asynchronous advance and retreat pattern of the Ikh Bogd paleoglacier during 22—16 ka. Panel (a) shows that the paleoglacier in
Ikh Artsan Valley advanced between 22.0 and 20.2 ka and retreated from 20.2 to 18.6 ka. Panel (b) shows that the paleoglacier in Jargalant
Valley mostly expanded down-valley between 22.0 and 17.1ka. A small retreat is observed during 17.1-16.0 ka. The present-day summer
temperature in the north-facing valley was considered to be 0.5 °C lower than in the south-facing valley. The present-day temperature is
calibrated to North Greenland Ice Core Project (NGRIP) paleotemperature data (Buizert et al., 2018) using an LGM summer temperature
anomaly of —5.5 °C. Headwall altitudes of the LGM paleoglaciers were used to mark the maximum thickness of the glacier.

the farthest moraine, the glacier was long enough to pluck the
fresh rocks out along its bed. Moreover, thick glacier would
not allow inherited rockfall onto the glacier ice (Fig. 12d).
After glacier retreat to the cirque, glacier thinning allowed
rockfalls with inheritance to the ice surface. An increase in
inherited boulders would be contributed by enhanced rock-
slope failure (debuttressing) right after rapid deglaciation
(Cossart et al., 2008; Ballantyne and Stone, 2012; Hashemi et
al., 2022) and ice segregation along the bergschrund. Boul-
ders with inheritance were transported to the glacier toe as
supraglacial debris. Plucking out by the shortened glacier
was not sufficient to supply fresh rocks relative to the rock
supply with summit plateau inheritance (Fig. 12e).

5.4.2 Cenozoic evolution of the low-lying,
high-elevation summit plateau

The flat summit plateau of the Ikh Bogd Massif is considered
an uplifted paleo-peneplanation surface. The basement struc-
ture of Ikh Bogd was formed by the collision of the amalga-
mated terranes, oriented in a west-northwest—east-southeast
to east-northeast-west-southwest direction, throughout the
Precambrian and Paleozoic (Sengor et al., 1993). “0Ar /3 Ar
ages from extrusive volcanic features on the Ikh Bogd sum-
mit and apatite fission-track data show two significant up-
lifts that occurred in the Gobi Altai mountain range and Ikh
Bogd history (Jolivet et al., 2007; Vassallo et al., 2007). Dur-
ing the first uplift, related to the Early to Middle Jurassic,
the region experienced crustal shortening events greater than
2km. The Gobi Altai has been observed elsewhere in central
Asia through this event, possibly due to a collision between
Mongol-Okhotsk and Siberia or the Lhasa and Qiangtang
block to the far south in Tibet (Traynor and Sladen, 1995;
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Dewey et al., 1988; Cunningham, 2010). The present ero-
sional surface of the summit plateau formed just after this
Jurassic exhumation and was preserved under a negligible
erosion rate. Preservation of this flat summit plateau and its
fission-track age indicate that quiescence without significant
vertical crustal motions continued until the last uplift be-
gan (Jolivet et al., 2007; Vassallo et al., 2007; Cunningham,
2010).

The Gobi Altai mountain range is one of the northernmost
far-field regions affected by the Cenozoic tectonic collision
of India into Asia, which initiated the late-Cenozoic reac-
tivation and present-day stress regime (Cunningham et al.,
1996; Vassallo et al., 2007). According to the apatite fission-
track data of Vassallo et al. (2007), the onset of the last and
ongoing uplift corresponds to the late Cenozoic (5 &3 Ma).
This tectonic reactivation is responsible for creating the high
topography (~4000ma.s.l.) seen today, in the response to
which faster exhumation is initiated as well (Vassallo et al.,
2007).

The paleo-erosion surfaces at high altitudes experienced
rapid uplift after a long period of quiescence with low
erosion. Cosmogenic-nuclide-based denudation rates from
global paleo-erosion surfaces in diverse climatic, tectonic,
and lithologic environments do not exceed ~ 20m Myr~!
(Byun et al., 2015). We obtained the erosion rate for the
flat summit plateau using the production rate at the summit
plateau and '°Be concentrations of reworked boulders from
the My, Mj3, and My, moraines. The calculated bedrock
erosion rate for the last ~600kyr for the summit plateau
ranged from 1.23 £0.10mmkyr~! to 25.8 +5.75mMyr~!.
The erosion rate of 25.8 4 5.75 m Myr~! was thought to be a
maximum value, as erosion probably increases with the in-
creasing elevation of the uplifting massif. This result was
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Figure 11. Rockfall deposits in Jargalant Valley. The scree or talus cone was on the cirque wall. The My, Mj3, and Mj; moraines
formed within a Jargalant cirque, and outer edges of moraine ridges near the cirque wall were consequently covered with talus deposit.
Panel (a) shows rockfall deposit on the southeastern cirque wall, near the My4 moraine. Panel (b) presents a scree covering on the My,
moraine that is dissected by an intermittent stream. Panel (c¢) outlines the sampling site of the My3 moraine and scree on the southern and
southwestern wall of the cirque, near the My4 and Mj3 moraines. JAMO010 was taken from the circled boulder. The chisel on the boulder is
for scale. Panel (d) presents a rockfall deposit on the eastern slope of the cirque. The yak (circled) is for scale.

harmonious with the long-term (since the last uplift) exhuma-
tion rate of 23.6 +3 mMyr_1 (Vassallo et al., 2011) and the
Holocene erosion rate of 28mMyr_1 (Jolivet et al., 2007)
for the massif. Although the flatness and the lowest erosion
rate of 1.23 £0.10 mm Myr~! reveal negligible erosion and
notable preservation of the paleo-surface for several hundred
thousand years, if this erosion rate reflects an average rate
that can be applied to the entire flat surface and has been
maintained for the total uplift period of the massif (Vassallo
et al., 2007), it would account for only 2—7.6 m of erosion.

6 Conclusions

Central Asian valley glaciers, including the Ikh Bogd Mas-
sif, expanded and shrank, presenting more complex behavior
relative to large ice sheets in the Northern Hemisphere. Re-
gional climate and local non-climatic factors have been play-
ing an essential role in this complexity. Our '°Be dating doc-
uments that glacier culmination on the southern slope of Ikh
Artsan Valley occurred at 20.1ka (Mja1), generally falling
within the gLGM, whereas a large terminal moraine formed
around 17.2ka (Mj;) on the northern slope of the Jargalant
Valley.

Asynchrony in glacier expansion has been reported from
some areas around the globe, but it has not been clearly stud-
ied using a combination of geochronological and numerical
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modeling approaches. Due to aspect-driven solar insolation
change, the paleoglacier in the north-facing Jargalant Valley
melted slower (5 %—10 %) than the glacier in Ikh Artsan Val-
ley. However, this amount of melt difference could not pro-
duce glacier advance nor stagnation for a long period. Asyn-
chronous glaciation was observed across the study area if the
LGM summer temperature in Jargalant Valley was consid-
ered to be colder than Ikh Artsan, and the age dating result
and the modeling result were consistent when we applied a
0.5 °C lower temperature to Jargalant to than to Ikh Artsan.
According to the lower-temperature case, Jargalant Glacier
retreated from its maximum extent 3000 years later than Ikh
Artsan Glacier. In the other words, our modeling reveals that
the temperature difference driven by aspect on both slopes
significantly affected the glaciers’ lifespan compared with
the effect of aspect-driven insolation alone.

Glacial retreat began soon after the peak of the local
glacial maximum in both valleys, and it left several se-
quences of inner moraines in their heads (cirques). The in-
ner moraine in the south-facing cirque dated to ~ 13.5ka
(Batbaatar et al., 2018); however, transported boulders on
the north-facing cirque show a significantly old exposure age
(636.2-35.9 ka) for inner moraines (Mj;—Mj4). The summit
plateau of the Ikh Bogd Massif is one of the oldest known
tectonically uplifted surfaces on Earth. It is more likely that
extremely old exposure ages are the result of inheritance re-

The Cryosphere, 17, 2409-2435, 2023



2430

P. Khandsuren et al.: Asynchronous glacial dynamics of LGM mountain glaciers

Longitudinal profile from Ikh Artsan to Jargalant

(©)

SwW

Fig. 11d-f

3600 =

Ikh Artsan Jargalant
3400 _’_//'f \\\
3200

Bituut valley
3000 i //\
2800 \Y/
0 1000 2000 3000 4000 5000 6000

Horizontal distance (m)

Elevation(m)
""""""""" 3600

3500

3400

0 500 1000
Distance from the cirque wall (m)

Post LLGM

Elevation(m)

L Rockfall

\S 3500
upraglacial transport

Active ice segregation % .

at the bergschrund L 73400

3300

3200

[ Paleo-surface
@p Rocks with inheritance
< Fresh rocks

Present

®

Periglacial
weathering

"Xziééié'fau

0 500 1000
Distance from the cirque wall (m)

1500

0 500 1000
Distance from the cirque wall (m)

Figure 12. Inheritance from the uplifted paleo-surface of Ikh Bogd Massif. Panel (a) provides a 3D view of the paleo-planation surface
(© Google Earth, 2022). Panel (b) presents a slope map of Ikh Bogd, the location of the Ikh Artsan (IA) and Jargalant (J) valleys. The green
triangle represents the highest peak of the massif, Terguun Bogd. The exposure age and erosion rate (Table 2) were calculated using the
highest concentration of the boulder from Mj4 to My, (Fig. 11a) for the point location marked using the red star (3625 m; see Fig. 11b).
Panel (c) is a longitudinal profile along a dark blue line (see Fig. 11b) connecting the Ikh Artsan and Jargalant valleys from southwest to
northeast. Panel (d) shows the LLGM (local LGM ~ 17 ka) glacial extent. Plucking of fresh rocks was intensive due to the glacial length and
thickness. Panel (e) presets an enhanced supply of highly inherited rocks into the M4, Mj3, and My, moraine series which are formed by
successive glacial advances and/or stagnation. Due to a shortage of glacier length, a low number of fresh rocks are plucked out. A thinned
glacier allows for intensive ice segregation along the bergschrund and more inherited rockfalls onto the ice surface. Hence, the boulder supply
with paleo-surface inheritance would increase. Panel (f) is a present-day rockfall deposit without supraglacial transport.

cycled from rockfalls from the paleo-erosional surface of the
summit plateau.
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