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ARTICLE INFO ABSTRACT

Keywords: Spanning the northern sector of High Asia, the Altai region contains a rich landform record of glaciation. We
Altai report the extent, chronologies, and dynamics of two paleoglaciers on opposite flanks of the Ikh Turgen
Ikh Turgen mountains mountains (In Russian: Chikhacheva Range), straddling the border between Russia and Mongolia, using a
Chikhacheva range combination of remote sensing-based glacial geomorphological mapping, '°Be surface exposure dating, and
g?ii?;la;sﬁgfphology geomorphometric analysis. On the eastern side (Mongolia), the Turgen-Asgat paleoglacier, with its potential for
198¢ surface exposure dating developing a large accumulation area (~ 257 km?), expanded 40 km down valley, and mean ages from a latero-
Geomorphometric analysis frontal moraine indicate deglaciation during marine oxygen isotope stage (MIS) 3 (45.1 + 1.8 ka, n = 4) and
MIS 2 (22.8 + 3.3 ka, n = 5). These minimum age constraints are consistent with other °Be glacial chron-
ologies and paleoclimate records from the region, which indicates glacier culmination during cold and wet
conditions coinciding with MIS 3 (piedmont-style glaciation; inferred for a few sites across the region) and
glacier culmination during cold and dry conditions coinciding with MIS 2 (mainly valley-style glaciation; in-
ferred from several sites across the region). On the western side (Russia), the Boguty paleoglacier had a smaller
accumulation area (~222km?), and advanced 30 km down valley across a low gradient forefield. Surface ex-
posure ages from two moraine complexes on this side of the mountains exhibit wide scatter (~14-53 ka, n = 8),
making paleoclimate inferences and comparison to other proxies difficult. Ice surface profile reconstructions
imply that the two paleoglaciers likely shared an ice divide.

the Mid-Latitude Westerlies (MLW) deliver humid air masses from the
Atlantic Ocean. During winters, the Siberian High-pressure system (SH)

1. Introduction

The Altai Mountains are located in the northern sector of High Asia
(Fig. 1); a rugged and land-locked region consisting of a series of
NW-SE trending mountain ranges, with maximum elevations of up to
~4500m a.s.l. High Asia is located at the convergence of several at-
mospheric circulation systems. In the Altai Mountains, during summers,

brings cold and dry air masses from the Arctic, deflecting the Mid-La-
titude Westerlies further to the south (Cheng et al., 2012, Fig. 1 inset
map). Migration of these air circulation systems causes large annual and
seasonal differences in precipitation partitioning and temperature
(Gillespie and Molnar, 1995; Rupper and Roe, 2008). Other large
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atmospheric circulation systems prevailing across High Asia are the
Indian and East Asian summer monsoons (IM & EASM), but these have
little or no effect on the Altai Mountains today (Winkler and Wang,
1993, Fig. 1 inset map). In addition to the interaction between the Si-
berian High and the Mid-Latitude Westerlies, the pronounced topo-
graphy of the Altai Mountains also produces steep precipitation gra-
dients from west to east (Tronov, 1949; Dolgushin and Osipova, 1989;
Klinge et al., 2003; Lehmkuhl et al., 2004), depleting the westerly
sourced moisture and causing rain shadow effects on the eastern flanks
of Altai Mountains.

Glaciers located at the confluence of major circulation systems are
particularly sensitive to their climate variability (Rupper and Roe,
2008; Rupper et al., 2009). Hence, the topographic and climatic settings
of the Altai Mountains impact the evolution and distribution of glaciers,
both present-day and Pleistocene glaciers (Lehmkuhl et al., 2016). In
general, present-day glaciers occur at lower altitudes in the wetter
northwestern regions of the Altai rather than in the drier eastern re-
gions (Lehmkuhl et al., 2004; 2011; 2016; Nuimura et al., 2015). The
spatial pattern of present-day glacier area change varies significantly
across the different sectors of the Altai Mountains; glaciers in the Chuya
and Kurai basins (Fig. 2), in the Russian Altai, exhibited glacier area
change of —9-27% between the years 1952 and 2008 (Narozhniy and
Zemtsov, 2011), while glacier area changes in the Mongolian Altai
varied between +10 to —36% for the years 1990 and 2010 (Kamp and
Pan, 2015). This spatial variation in modern glacier area change likely
both reflect regional climate change (generally warming trend) and
differences in glacier morphologies (Kamp and Pan, 2015).

Understanding the timing and dynamics of past glaciation in the
Altai Mountains provides insight into how glaciers across a mountain
system respond to regional climate change. Reconstructed paleoglacier
extents can be used as paleoclimate proxies; glacier expansion and

Ganyushkin et al. (2018)
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Fig. 1. Physiography of High Asia. Locations of
previously mapped regions indicated with black
boxes (cf. Fig. 2 for the Altai and western Sayan
mountains; Blomdin et al., 2016a); a) the Tian Shan
(Stroeven et al., 2013), b) the central Tibetan Plateau
(Morén et al., 2011), ¢) Bayan Har Shan (Heyman
et al., 2008), d) Shaluli Shan (Fu et al., 2012), and e)
the Maidika region (Lindholm and Heyman, 2015).
Also indicated are the locations of all published '°Be
surface exposure age samples (n = 2699) from gla-
cial settings across High Asia (extracted from: http://
expage.github.io), the location of the Guliya ice core
(Thompson et al., 1997) and Chinese desert lake core
records (Wiinnemann et al., 2007). References are
provided for studies mentioned in the text and illu-
strated in Figs. 9 and 10. Inset map shows the loca-
tion of High Asia, with topography higher than 2000
m a.s.l. shaded orange and locations of major atmo-
spheric circulation systems, SH=Siberian High-
pressure system, MLW = Mid-Latitude Westerlies,
IM=Indian Monsoon and EASM = East Asian
Summer Monsoon (Cheng et al., 2012). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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(Wiinnemann et al., 2007)
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retreat of a glacier is a function of variations in air temperature and
precipitation (e.g. Oerlemans et al., 1998). Topographic factors may
also control the extent and dynamics of glaciation. Large, high-eleva-
tion catchments, for example, are more likely to sustain large glaciers
compared to small low-elevation catchments. Catchment morphology,
valley width, length, slope and aspect, also influence glacier dynamics
(Barr and Lovell, 2014). While topographic factors affect the style of
glaciation, chronologies reconstructed from glacial deposits across a
large area may provide location-specific nodes of local climate in-
formation (Kirkbride and Winkler, 2012). If glaciers spanning a large
region behave similarly (i.e. synchronous expanding or retreat), the
glaciers are likely responding to regional-scale climate variations as
opposed to local non-climatic factors (Rupper and Roe, 2008).
Proposed glacial reconstructions for the Altai region, range from
limited alpine style-glaciation with centres of glaciation consisting of
ice caps and ice fields (Lehmkuhl et al., 2004; Lehmkuhl and Owen,
2005; Blomdin et al., 2016a) to a large ice sheet covering the Altai
Mountains (Grosswald et al., 1994; Grosswald and Rudoy, 1996; Rudoy,
2002). Although most studies support limited alpine style-glaciation,
additional mapping, dating, and modelling studies will provide quan-
titative constraints on the timing and dynamics of glaciation. The extent
of past glaciation in the Altai Mountains can be evaluated using ex-
tensive marginal moraine deposits, located beyond the main mountain
fronts (Blomdin et al., 2016a). These glacial deposits indicate a style of
Pleistocene glaciation comprised of valley glaciers, as well as ice caps
and ice fields, in which large outlet glaciers extended well beyond the
mountain fronts onto the lowlands or intermontane basins (Lehmkuhl
et al., 2004; 2016; Blomdin et al., 2016a). The dynamics and style of
Pleistocene glacier cover has been extensively characterized (cf.
Grosswald et al., 1994; Grosswald and Rudoy, 1996; Lehmkuhl, 1998;
2012; Lehmkuhl et al., 2004; 2011; 2016; Blomdin et al., 2016a). Fewer
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Fig. 2. Physiography and glacial geomorphology of the Altai and western Sayan mountains (Blomdin et al., 2016a), the distribution of present-day glaciers (Arendt
et al., 2015; Nuimura et al., 2015; Randolph Glacier Inventory [RGI] V5), and locations of published '°Be surface exposure age samples from glacial deposits.

studies focus on the timing of glaciation using geochronological tech-
niques such as optically stimulated luminescence (OSL) dating and in
situ cosmogenic nuclide (e.g. '°Be or 2°Al) surface exposure dating.
Recent studies in the Chuya and Kurai basins (Reuther et al., 2006;
Reuther, 2007; Gribenski et al., 2016), the Kanas Valley (Zhao et al.,
2013; Gribenski et al., 2018), the Mongun-Taiga massif (Ganyushkin
et al., 2018) and the Tavan Bogd catchment (Lehmkuhl et al., 2016)
(Fig. 2) indicate glacier culmination in the Altai Mountains during
marine oxygen-isotope stage (MIS) 2 (14-29 ka), MIS 3 (29-57 ka), MIS
4 (57-71 ka) and MIS 6 (130-191 ka).

Glacial chronologies are also available from ranges in the vicinity of
the Altai: the Tian Shan (Hubert-Ferrari et al., 2005; Koppes et al.,
2008; Kong et al., 2009; Li et al., 2011, 2016; 2014; Zech, 2012; Lifton
et al., 2014a; Blomdin et al., 2016b; Zhang et al., 2016), the Karlik
Range (Chen et al., 2015); the Khangai Mountains (Rother et al., 2014;
Smith et al., 2016; Batbaatar et al., 2018); the Eastern Sayan Mountains
(Gillespie et al., 2008; Arzhannikov et al.,, 2012; Batbaatar and
Gillespie, 2016), the Gobi-Altai ranges (Batbaatar et al., 2018); and the
southern part of the Baikal region (Horiuchi et al., 2004) (Fig. 1). These
studies provide a broader context for our own investigations. Many
glaciers across High Asia seem to have reached their maximum posi-
tions before the global last glacial maximum (LGM; 19-26.5 ka) which
broadly falls within MIS 2 (Clark et al., 2009; Hughes et al., 2013). This
is supported by a small but growing dataset of glacial chronologies
indicating that maximum glacier culmination occurred during MIS 3
and MIS 5 (e.g. Li et al., 2014; Rother et al., 2014; Blomdin et al.,
2016b). Given the uncertainties of '°Be surface exposure and OSL
dating, the timing of glacier culmination prior to MIS 2 are often dif-
ficult to constrain (e.g. Gribenski et al., 2018). A combination of sparse
data (i.e. dated glacial deposits) and a large spread in the data have so
far precluded correlation of regional-scale glacier culmination prior to
MIS 2.

In this work we investigate the timing and dynamics of glaciation in
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the Ikh Turgen mountains, a range in the central region of the Altai. The
specific objectives are:

1) Mapping and identifying the maximum extent of past glaciation in
the Ikh Turgen mountains, using remote sensing-based geomor-
phological mapping.

2) Establishing glacial chronologies for the Boguty and Turgen-Asgat
catchments, using '°Be surface exposure dating of glacial deposits.

3) Reconstructing the ice surface profiles of the Boguty and Turgen-
Asgat paleoglaciers, using geomorphometric analysis (analysis of
digital elevation models in a Geographic Information System, GIS)
and a simple 2-D ice profiling tool (Benn and Hulton, 2010).

4) Inferring past glacier dynamics of the Boguty and Turgen-Asgat
paleoglaciers using a combination of data generated in objectives
1-3.

5) Comparing and contrasting the Ikh Turgen glacial chronology with
other glacial chronologies and proxy records from the northern
sector of High Asia, including the Tian Shan.

2. Background
2.1. Study area

The Altai Mountains are the northernmost far-field effects of the
Cenozoic India-Asia collision (Molnar and Tapponnier, 1975). A series
of right-slip faults, which alternate with extensive intermontane basins,
extends, from the westernmost Tian Shan to the eastern border of the
Altai Mountains (Yin, 2010, Fig. 1). Several large river systems drain
the Altai Mountains. The Katun and Biya rivers drain the southern
catchments and are tributaries of the Ob River, which flows from the
Altai to the Arctic Ocean (Fig. 2). The rivers of the Mongolian sector
drain towards large endorheic (internally drained) intermontane basins
(Fig. 2). Lake Kanas and the Kanas River drains the southern Chinese
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Altai Mountains and are also part of the southernmost catchment area towards the west and five draining towards the east; the Boguty and
of the Ob River (Fig. 2). The Ikh Turgen mountains (in Russian: Chi- Turgen-Asgat catchments contain the largest and longest trunk valleys,
khacheva Range) are located on the border between Russia and Mon- and because of the geometry of the range, the only west—east opposing

golia (Fig. 2). The range consists of three major catchments draining catchments sharing a water divide at their headwalls (Fig. 3).
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Fig. 3. Physiography of the Ikh Turgen mountains (In Russian: Chikhacheva Range). See Fig. 2 for location. a) Landsat 8 False-IR colour composite, b) lithology;
general rock types (GLiM; Hartmann and Moosdorf, 2012), c) glacial geomorphology, alluvial fans (this study), present-day glaciers (Arendt et al., 2015; Nuimura
et al., 2015; Randolph Glacier Inventory [RGI] V5), and '°Be sample locations, d) minimum extent of maximum glaciation (aerial extent) and generalised ice flow
directions (based on mapped landforms in Blomdin et al., 2016a), and e) illustration of the curvilinear swath profile reconstruction of the Boguty and Turgen-Asgat
catchments (see Fig. 7). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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We have targeted the Boguty and Turgen-Asgat catchments for de-
tailed paleoglaciological investigation because they display extensive
glacial deposits, and they mark the water divide between the Ob River
catchment and the eastern Altai Mountains. The Ikh Turgen mountains
are also located along a west—east transect that includes previous pa-
leoglaciological studies to the west in the Chuya and Kurai basins in
Russia (Reuther et al., 2006; Reuther, 2007; Gribenski et al., 2016;
Agatova and Nepop, 2017), to the northeast in the Mongun-Taiga
massif (Ganyushkin et al., 2018) and to the east in the Turgen-Khar-
khiraa Mountains in Mongolia (Lehmkuhl et al., 2004, Fig. 2). The
Boguty and Turgen-Asgat catchments also display strikingly different
characteristics. The upper part of the Boguty catchment contains felsic
plutonic rocks (granites and their relatives) and carbonate sedimentary
rocks (limestone, dolomite, or marl), while the lower part consists of
unconsolidated sediment (Hartmann and Moosdorf, 2012, Fig. 3b). The
Turgen-Asgat catchment consists mainly of mixed sedimentary rocks
(including interlayered sandstone and limestone) along the trunk
valley, while a local pluton of granitic rocks exists at the mountain front
(Hartmann and Moosdorf, 2012, Fig. 3b). Delineating the eastern
mountain front is a NNW striking right-slip fault, the Ar Ho6tol Fault
(Cunningham, 2005, Fig. 3b).

In the lower parts of the Boguty catchment there is a flat foreland
basin, draped by widespread glacial deposits, including hummocky
terrain (Lehmkuhl et al.,, 2004; Blomdin et al., 2016a, Fig. 3c). In
comparison, the lower parts of the Turgen-Asgat catchments are trun-
cated by the Ar Hot6l Fault, and extensive moraine deposits occur on
top of large alluvial fans (Lehmkuhl et al., 2004, Fig. 3c). Only ~3
small glaciers currently exist in the Boguty catchment—with southerly
or easterly aspects, while there are ~10 small glaciers in the upper
tributaries of the Turgen-Asgat catchment—with northerly and westerly
aspects (Fig. 3; Arendt et al., 2015; Nuimura et al., 2015; Randolph
Glacier Inventory [RGI] V5). The differences in valley geometries be-
tween the western and eastern catchments also influenced former ice
margin outlines—the western catchments are generally smaller and
have a shorter distance between their headwalls and the mountain
front, while the eastern catchments are larger and have longer distances
between their headwalls and the mountain front. A minimum extent of
maximum glaciation (aerial extent) reconstruction (Fig. 3d) indicates
that on the western side of the mountains, paleoglaciers coalesced to
form two separate ice lobes, while on the eastern side four main valley
paleoglaciers drained the mountain (Lehmkuhl et al., 2004; Blomdin
et al., 2016a). The western side of Ikh Turgen also constitutes the
eastern part of the Chuya Basin; the Boguty River (Figs. 2 and 3c) drains
west towards the Chuya and Kurai basins, which are tectonic inter-
montane basins. Paleoglaciers in these basins impounded extensive
glacial lakes in the depressions, which later drained catastrophically via
the Katun and Ob rivers at ~19 ka (cf. Rudoy and Baker, 1993; Reuther
et al., 2006; Gribenski et al., 2016).

3. Methods
3.1. Glacial geomorphological mapping

We mapped glacial landforms from remotely sensed data to in-
vestigate the extent and dynamics of glaciation in the Ikh Turgen
mountains, using the methodology described in Heyman et al. (2008).
The mapping is performed in a GIS environment using visual inter-
pretation of Landsat 8 imagery, and the Shuttle Radar Topographic
Mission (SRTM) Digital Elevation Model (DEM) 30. The SRTM 30 has a
one-arc second resolution, which is about 30 X 30 m per pixel, and the
resolution of the Landsat imagery is also 30 X 30 m (panchromatic
band: 15 X 15m). Both datasets were accessed from the USGS web
portal Earth Explorer (https://earthexplorer.usgs.gov/). The mapping
work herein extends the map by Blomdin et al. (2016a) by examining
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Landsat 8 imagery and mapping individual moraine ridges and alluvial
fans (Fig. 3c). Fieldwork performed in 2013 and 2014 validated our
mapping. Based on this new landform map we delineate the minimum
extent of maximum glaciation by tracing the outer limits of the glacial
landforms (cf. Blomdin et al., 2016a). The new mapping and maximum
glaciation reconstruction is available in the supplementary data as ESRI
ArcGIS shapefiles.

3.2. In situ '°Be surface exposure dating

To determine the timing of deglaciation in the Ikh Turgen moun-
tains we obtained exposure ages using cosmogenic '°Be (cf. Gosse and
Phillips, 2001; Phillips et al., 2016). We sampled quartz-rich granitic
boulders on moraine crests or on the flat upper surfaces of latero-frontal
moraines. All boulder samples were processed at PRIME Lab, Purdue
University. Quartz was separated from the whole rock using standard
mineral separation techniques. The purity of the quartz was verified by
ICP-OES measurements. The purified quartz samples (Al-concentra-
tions < 200 ppm) were dissolved after being spiked with a Be carrier
(°Be concentration: 1069 + 8 ppm) and Be was isolated using chro-
matographic techniques (Kohl and Nishiizumi, 1992) and loaded into
targets as BeO for accelerator mass spectrometry (AMS) measurement.
The 1°Be/’Be ratios were measured at PRIME Lab (Sharma et al., 2000).
Ratios were obtained through normalization with a standard having a
19Be/“Be ratio of 2.85 + 1072 (Nishiizumi et al., 2007). Beryllium-10
concentrations are obtained from the ratio, the amount of sample dis-
solved, and the amount of °Be carrier added to the sample. The '°Be
concentration uncertainties reflect measurement uncertainty, blank
subtraction, and uncertainty in the concentration and amount of Be
added as carrier. Table 1 contains the '°Be sample information.

We calculated surface exposure ages by using the modified CRONUS
calculator (Balco et al., 2008) after Heyman et al. (2016; http://expage.
github.io/data/calculator/expage-201708.zip). In the calculation, cor-
rections for topographic shielding are included. We used a global re-
ference spallation production rate of 3.98 + 0.25 atoms g~ ' year ™!
based on a global set of calibration sites (2009-2016; http://expage.
github.io). Notable characteristics of the calculator are:

1. Spallation production rate scaling are based on the time-dependent
and nuclide-specific LSDn scaling (Lifton et al., 2014b).

2. Muon production rate parameterization based on a modified version
of the LSD scaling (Lifton et al., 2014b) and the CRONUScalc cal-
culator (Marrero et al., 2016) with calculator specific calibration
against the Beacon Height depth profile data (Balco, 2017).

3. Attenuation length for calculating the production rate adjustments
for sample thickness and erosion rate interpolated from the atmo-
spheric pressure and cut-off rigidity (Marrero et al., 2016).

4. Atmospheric pressure interpolation based on the ERA-40 re-analysis
dataset (Uppala et al., 2005).

Errors of exposure ages are represented by the internal uncertainty
(error in blank, carrier mass, counting statistics). When calculating ages
of moraine surfaces (ridge crests, flat upper surface of latero-frontal
moraines) we adopt the arithmetic mean (X,,) and standard deviation
(10) of boulder exposure ages as a representation of the age and un-
certainty of deglaciation (Shakun et al., 2015; Blomdin et al., 2016b).
We also include the reference production rate uncertainty added in
quadrature (Shakun et al., 2015). Before assigning deglaciation ages of
moraine surfaces, we test the boulder populations for outliers using
Peirce's criterion (Peirce, 1852; 1877; Gould, 1855; Ross, 2003). A
sample in a population is rejected if its deviation from the group
average is larger than the maximum allowed deviation. This threshold
is determined by multiplying the standard deviation of the sample with
R (“the ratio of maximum allowable deviation from the data mean to
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the standard deviation”; Ross, 2003; see supplementary dataset). We
assume that exposure age scatter that cannot be explained by mea-
surement uncertainty is caused by either prior exposure before in-
corporation of the boulder into the glacial landform or post depositional
processes that result in an incomplete exposure, or a combination of
both. Both the exposure age, and the spread in exposure ages, of in-
dividual glacial landforms provide important information about glacial
and post-glacial processes. To assess the clustering of exposure ages we
calculate both the reduced chi-square statistic (;{é, Balco, 2011) and
sigma-to-mean ratios (0/X,,, Blomdin et al., 2016b). Both statistics tell
us about the spread in a population and how well clustered the data is.
For our poorly-clustered deglaciation ages we calculated the median
and indicate the interquartile range. We also examine the spread in ages
by computing normal probability density estimates of the ages and
internal uncertainties of the °Be sample groups (cf. Lowell, 1995). The
cosmogenic nuclide sample information is summarized in Table 1,
while additional information on the boulder samples is provided in the
supplementary data. We also perform boulder erosion sensitivity tests
on our calculated deglaciation ages, using erosion rates of 1, 3, and
5mmkyr~! (Fig. 9). These rates have been used previously in the Tian
Shan (Koppes et al., 2008). When zero-erosion deglaciation ages are
discussed they should be regarded as minimum deglaciation ages of
moraine surfaces. We omit corrections for snow cover and vegetation
changes in our calculations as we don't have constraints on these and as
they are commonly assumed to have limited effect on exposure ages
(e.g. Gosse and Phillips, 2001).

Finally, we compare our data from the Ikh Turgen mountains with
other '°Be exposure age datasets from the northern sectors of High Asia,
centered on the Altai Mountains (Reuther, 2007; Gribenski et al., 2016;
2018; Ganyushkin et al., 2018), but also including the Tian Shan
(Blomdin et al., 2016b; Tian Shan compilation, 2005-2015; new data
from Li et al., 2016; Zhang et al., 2016), the Karlik Range (Chen et al.,
2015), the Khangai Mountains (Rother et al., 2014; Smith et al., 2016),
the Gobi-Altai region (Batbaatar et al., 2018), the Eastern Sayan
Mountains (Gillespie et al., 2008; Arzhannikov et al., 2012; Batbaatar
and Gillespie, 2016), and the southern part of the Baikal region
(Horiuchi et al., 2004) (Fig. 1). We extract these datasets from the
Expage database (www.expage.github.io/; Version expage-201803).
When analysing the '°Be data, we adopt the approach developed by
Heyman (2014) and Blomdin et al. (2016b) and divide our 1%Be ex-
posure ages into confidence classes (A-C) based on simple statistics,
such as x; and 0/X,,, to ensure robust spatial and temporal correlations
(data evaluation is summarized in the supplementary data). These
confidence classes are defined as (Blomdin et al., 2016b):

1. Class A (well-clustered), x7 <2.
2. Class B (moderately-clustered), xé > 2, 0/ < 15%.
3. Class C (poorly-clustered), )(ﬁ > 2, 0/ X =15%.

Sample group divisions are also extracted from the Expage database,
only considering groups with n = 3 '°Be samples. When sample groups
for the Tian Shan compilation (including studies by Hubert-Ferrari
et al., 2005; Koppes et al., 2008; Kong et al., 2009; Li et al., 2011, 2014;
Zech, 2012; Lifton et al., 2014a) in Blomdin et al. (2016b) differ from
the classification by the Expage, we indicate this and provide a com-
ment in the supplementary data. To warrant the consistency in our
comparison we have recalculated all previously published ages using
the methods stated above.

3.3. Geomorphometric analysis

To compare the topographic context of glaciation in the Boguty and
Turgen-Asgat catchments, we compute a curvilinear swath profile
(Telbisz et al., 2013) by calculating the minimum (valley floor), and
maximum (highest peak) elevations along cross-catchment transects
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(25 m grid step) perpendicular to a swath mid-line which runs between
the respective maximum traces of glacial deposits on each side of the
Ikh Turgen mountains (Fig. 3e). For a better visualization of the cross
catchment transects, they have been rarified in Fig. 3e. This calculation
is performed in a GIS environment using the SRTM DEM 30 (30 X 30 m
per pixel) and is implemented for both the total catchment topography
and for the extracted moraine and hummocky terrain topography. From
this analysis, we can extract differences in the catchment geometries,
and use these to evaluate the style and extent of glacial deposition,
which are important for inferring paleoglacier dynamics. Com-
plementing this analysis, we calculate hypsometric distributions (i.e.
histograms of the frequency of DEM pixels (area) in different elevation
bins), using the SRTM DEM 90 (90 X 90 m per pixel; also extracted
from https://earthexplorer.usgs.gov/), for the total catchment topo-
graphy, and for the moraine, hummocky terrain, and glacier topo-
graphy using 25m elevation bins (Brozovic et al., 1997; Brocklehurst
and Whipple, 2004).

To infer topoclimatic differences between the Boguty and Turgen-
Asgat catchments we plot the variations in the July/January mean
temperatures and precipitation sums (~1950-2000) along the swath-
mid line for the two catchments. These data were derived from the
WorldClim dataset (http://www.worldclim.org), which is generated by
interpolating monthly climate data from weather stations on an equi-
distant grid with the resolution of 1 X 1 km (Hijmans et al., 2005). The
temperature and precipitation data are also calculated along cross-
catchment transects, perpendicular to the swath mid-line (Fig. 3e).

Finally, we use a simple 2-D ice surface profile model to estimate
whether the paleoglaciers in the Boguty and Turgen-Asgat catchments
were connected (sharing ice divides) as an ice field. We use an Excel
spreadsheet tool, developed by Benn and Hulton (2010), to calculate ice
surface profiles assuming perfect plasticity of the ice. The tool calcu-
lates the ice elevation along the bed topography of the glacier flow-line
(minimum elevation along the swath mid-line, for each cross-catchment
transect in Fig. 3e) and only requires an input of the yield stress, which
is assumed to describe the basal shear stress regime of a glacier and a
shape factor (accounting for the valley-drag effects). We calculated
profiles using a 25m grid step and assuming a constant basal shear
stress of 50 and 100 kPa at the glacier's base. The adopted range of yield
stress values is broadly consistent with the inferences of Li et al. (2012)
for five present-day glaciers in northwest China. Outside the main
mountain fronts on each flank of the massif, a shape factor of 1 was
used because there are no valley-drag effects. In the part of the profile
upstream from the mountain fronts, a shape factor of 0.5 was used for
both Boguty and Turgen-Asgat. These were estimated from average
shape factors calculated for several cross sections throughout the
catchment.

4. Results
4.1. Glacial geomorphology

The Boguty catchment has a total area of 249 km?, with an average
elevation of 3009 m a.s.l. and an elevation range of 1562 m between the
lowest point of the catchment (2236 m a.s.l.) and the highest peak
(3798 m a.s.l.) (Fig. 4). Two tributary valleys about 15km long and
with distinct glacial cross-sections (U-shaped) terminate at the moun-
tain front (Fig. 4). Towards the terminal areas the catchment long-
profile becomes flatter and the interfluves and valley floor are draped
with glacial sediment. The maximum extent of glaciation in the Boguty
catchment is represented by large areas of moraine complexes and
hummocky terrain, deposited distal to the two trunk valleys and ex-
tending across the lower-lying terrain (Fig. 4b). The moraine complexes
at the most distal part of the catchment ([A] and [B] in Fig. 4b) contain
distinct ridges but the most extensive glacial deposition consists of
hummocky terrain ([C] in Fig. 4b) and lacks clear ridge morphology.
Up valley, the ridge complexes become less well defined and grade into
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Fig. 4. Glacial geomorphology and sampling sites in the Boguty catchment, Ikh Turgen mountains. a) Landsat 8 false-IR colour composite and b) SRTM 30 Hillshade,
glacial geomorphology, and cosmogenic sample locations. See Fig. 3 for location of the Boguty catchment and Table 1 for cosmogenic nuclide sample information.
Letters [A], [B], [C] and [D] in Fig. 3b refers to landforms discussed in the main text. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

the hummocky terrain. Closer to the mountain front, there are sections
of moraine complexes containing multiple moraine ridges indicating
several ice-marginal positions [D] in Fig. 4b). Whether these systems of
moraine ridges are recessional moraines or representative of a repeated
glacier re-advances is difficult to infer.
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The Turgen-Asgat catchment has a total area of 261 km?, with an
average elevation of 2864 m a.s.l. and an elevation range of 1929 m
between the lowest point of the catchment (1910 m a.s.l.) and the
highest peak (3839 m a.s.l.) (Fig. 5). One long glacially-eroded trunk
valley stretches for about 30 km from south to northeast until it reaches
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the mountain front (Fig. 3c). The maximum extent of glaciation on the
eastern flank of the Ikh Turgen is marked by a large latero-frontal
moraine complex extending ~10km beyond the valley mouth
(Fig. 5b). The glacial till of this feature is deposited on top of an older
alluvial fan surface (Fig. 3c); and the boundary between the till and the
fan is clearly visible in the Landsat 8 imagery (Fig. 3a). During field
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inspection we confirmed the absence of glacial erratics on the fan. The
latero-frontal moraine is elevated ~150 m above the valley floor and
has multiple inset ridges (Fig. 5b). There is also evidence that a glacier
overrode the left-lateral section of the complex depositing a terminal
moraine north-eastward of the main valley orientation (Fig. 3c). The
left-lateral section of the latero-frontal moraine shows a wide erosional
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gap indicating that a paleoglacier expanded out of a southern tributary
valley, eroded this section of the left-lateral and subsequently deposited
a terminal moraine. The main trunk valley lacks visible moraine ridges,
except for recently deposited moraines in association with the modern
glacier fronts (Fig. 5b). Moraine deposits associated with modern gla-
cier termini are also present in the tributary valleys to the main trunk
valley (Fig. 5b). A strike-slip fault runs along the eastern flank of the
mountain front (Fig. 3b); resulting in the eastern moraine complexes
appear to have been offset slightly towards the south.

4.2. 1°Be surface exposure ages

Boguty catchment. Our '°Be samples were collected from granitic
boulders deposited on the lateral sections of two moraine ridges that are
part of the two most distal moraine complexes (supplementary data;
Fig. 4b). We sampled four boulders from each of two distinct crests
(BOG 1 and BOG 2) that are clearly visible in the Landsat 8 imagery
(Fig. 4a and b). The '°Be surface exposure ages in the Boguty catchment
display large scatter. Morpho-stratigraphically, BOG 2 should be older
than BOG 1 but the two landforms yield indistinguishable age popu-
lations, ranging between 14 and 53 ka (Fig. 6, Table 1). Both boulder
groups exhibit poor exposure age statistics. BOG 2 has a )(}3 = 650 and
0/X,, = 47%, while BOG 1 has a y; = 1035 and 0/X,, = 56% (Fig. 6;
supplementary data).

Turgen-Asgat catchment. Our '°Be samples were taken from granitic

Rejected outlier
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circle) in the TUR 2 case. Also shown are
exposure age statistics and normalized
probability density estimates, calculated
using internal errors. Marine oxygen isotope
stages (MIS) adopted from Lisiecki and
Raymo (2005). (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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boulders deposited on the upper part of the southern latero-frontal
moraine complex (TUR 2), and from the innermost of a series of inset
moraine ridges (TUR 1) (supplementary data; Fig. 5b). The latero-
frontal moraine complex and inset moraine ridges are clearly visible in
the Landsat 8 imagery (Fig. 5a). We sampled 5 boulders from each
moraine crest. The '°Be surface exposure ages show a moderate degree
of scatter (supplementary data). The five boulders from TUR 2, the flat
upper part of the lateral section, range in age from 43.7 + 1.0 ka to
56.1 + 0.9 ka (Fig. 6, Table 1); the oldest exposure age was rejected
using Peirce's criterion. The four remaining *°Be surface exposure ages
are relatively-well clustered, with y; = 2.8 and 0/X,, = 4% and pro-
vide a mean deglaciation age of 45.1 * 3.0 ka (Fig. 6). Five boulders
from the innermost of several right-lateral inset moraine ridges range in
age between 18.7 + 0.6 kaand 26.2 + 1.0ka. TUR 1 hasa y; = 19.2,
0/X,, = 15%, and a mean deglaciation age of 22.8 + 3.5 ka (Fig. 6).
Taken together, the apparent deglaciation ages indicate extensive gla-
cier expansion beyond the eastern mountain front during MIS 3 and MIS
2.

4.3. Geomorphometric analysis
The curvilinear swath profile, reconstructed ice surface profiles

(Fig. 7) and hypsometric analyses (Fig. 8) allow for several observa-
tions:



R. Blomdin et al.

Boguty catchment

Quaternary Geochronology 47 (2018) 54-71

Turgen-Asgat catchment

15 -
o a) :
-, o 3 '
[ : ; -15 —
] J o
£3 l , : 53
Kk H \ s B
H ' ' -20 35
' ' H o
s | &
' ' ' — o
70 9 p) : ' : 25
c i L= H
SE 607 : Y '
EE i : :
8% : P :
U5 ' ! D
£ 50 4 : - :
: : : - g
i P2 : e =5
40 - ) = H i%
= g R ' Lo 25
: ey Elevation distribution 10ge Ice surface 35
4000 1 ¢ i . ; o  Hummocky sample profiles 4000
El\/laln : Moraine Terrain Total o \
' mountain : N . ma"} .
] ' ean [ ma.s.l. Mountain
‘front 1 Min pass point
3500 - (B : L 3500
: ' Main
= ‘ i mountain m
3 i i front :
£ ! &
= 3000 - I 3000 S
% 5
8 b
3 =
2500 b 2500
E = O
2000 1 Average bed slope: 1.6° : 29° : 1.8° / b
9 p: : . TUR1 : , 2000
30 25 20 15 10 5 0 5 10 15 20 25 30 35 40

Distance from water divide (km)

Fig. 7. a and b) Presents day climatic setting and paleoglaciological dynamics. a) Averaged ~1950-2000 (interpolation of observational data) mean air temperature
and total precipitation during July and January (Hijmans et al., 2005) and c) curvilinear swath profile showing maximum, mean, and minimum elevations of the two
investigated catchments, elevation distribution for glacial landforms (moraines and hummocky terrain), and reconstructed ice surface profiles with uniform 50 kPa
and 100 kPa basal shear stresses using the approach of Benn and Hulton (2010). Also shown are average bed slopes across different sections. Fig. 3e illustrates the
location of the swath mid-line, cross-valley transects (25 m spacing), and extent of the analysed catchment. Note that the moraines in the mid-section of the Turgen-
Asgat catchment are located high up in tributary valleys close to small glaciers.

1. Based on the elevation distribution of glacial landforms we infer that 3. A larger distance between the outermost glacial deposit and the

the Boguty paleoglacier extended ~30km down valley to an alti-
tude of ~2240 m a.s.l. and the Turgen-Asgat paleoglacier extended
~40km down valley to an altitude of ~1940 m a.s.l. (Fig. 7c).

. Most of the Boguty catchment area is concentrated at ~2500 m a.s.1.
(~30km?), coinciding with where most moraine and hummocky
terrain is located (Fig. 8a). Turgen-Asgat, on the other hand, has a
higher proportion of the catchment area at higher elevations be-
tween 2700 and 3200 m a.s.l. (~150km?) (Fig. 8b). This elevation
difference drives important topoclimatic differences between the
two catchments. These differences are illustrated in the con-
temporary temperature and precipitation data, as the Boguty
catchment has lower total precipitation and overall higher air
temperatures compared to the Turgen-Asgat catchment (Fig. 7a and
b). The differences in precipitation and temperature also seem
coupled with the potential size difference of the Boguty and Turgen-
Asgat paleoglacier accumulation areas (~222 and 257 km? respec-
tively; Fig. 8), resulting in potentitally more extensive accumulation
areas for the Turgen-Asgat catchment.
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mountain front exists in Boguty in comparison to the Turgen-Asgat
catchment. The fraction of the Boguty paleoglacier that was topo-
graphically constrained (i.e. constrained by the valley slopes before
reaching the mountain front) equalled only 50% of its maximum
length, in contrast with 75% inferred for the Turgen-Asgat pa-
leoglacier (Fig. 7c).

. The average bed slope of the Boguty catchment is higher in gradient

(2.9°) than that of the Turgen-Asgat catchment (1.8°), however
Boguty has notably flatter sections down valley (Fig. 7c). The bed
topography of the two catchments, together with the glacier lengths
and shape factors, impacts the 2-D ice surface profile reconstruction.
The Boguty paleoglacier was thinner than the Turgen-Asgat pa-
leoglacier (Fig. 7c), assuming a constant basal shear stress (either 50
or 100 kPa).

. Regardless of basal shear stress applied (either 50 or 100 kPa), the

ice surface profile reconstruction indicates the possibility that the
Boguty and Turgen-Asgat paleoglaciers shared an ice divide and
belonged to an ice field-style glacier system (Fig. 7c).
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shown is the elevation of '°Be samples. The hypsometric distributions are histograms and elevations are summed in 25 m bins.

4.4. Regional comparison

A comparison between the Ikh Turgen '°Be glacial chronology
(Fig. 6) and other '°Be chronologies from the Altai, Khangai, Karlik,
Gobi-Altai, eastern Sayan, south Baikal and the Tian Shan shows that
most well-constrained datasets overlap with MIS 2 (supplementary
data; Fig. 9). In Fig. 9 all '°Be data from the northern sector of High
Asia are sorted into three classes based on degree of clustering/ro-
bustness (A-C confidence classes). The well- and moderately-clustered
groups (A and B) have a similar averaged relative uncertainty and
constitute 38% of the dataset, compared with the 62% of poorly-clus-

moderately constrained data, the deglaciation age of TUR 2 partly
overlaps with two MIS 3 deglaciation ages from the Tian Shan dataset
(Li et al., 2014; Zhang et al., 2016), whereas TUR 1 generally coincides
with the timing of glaciation during MIS 2 (Fig. 9). The poor exposure-
age statistics of BOG 2 and BOG 1 prohibit a proper comparison to other
glacial chronologies of the region (Fig. 9). However, the large exposure
age scatter of BOG 2 and BOG 1 (resulting in large deglaciation age
error bars) is typical of exposure ages obtained across the northern
sector of High Asia (Fig. 9).

Fig. 9 also shows the sensitivity of deglaciation ages to boulder
erosion rates. The influence of erosion on deglaciation ages younger
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Fig. 9. Moraine deglaciation ages and their sensitivity to boulder erosion rates (1, 3 and 5 mm kyr ™), across the northern sector of High Asia, including the Tian
Shan (only '°Be sample groups with n = 3). Numbers refer to Group IDs listed in the supplementary data. The Tian Shan compilation of Blomdin et al. (2016b)
includes '°Be glacial chronologies published during the period of 2005-2015 (Hubert-Ferrari et al., 2005; Koppes et al., 2008; Kong et al., 2009; Li et al., 2011; 2014;
Zech, 2012; Lifton et al., 2014a). The exposure age class criteria are taken from Blomdin et al. (2016b). Details of the data analysis are given in the supplementary
data. Note that exposure ages that become saturated after adopting boulder erosion rates are excluded from the analysis. This may lead to groups having less than 3
samples and then becoming excluded in our data analysis (e.g. #36-38). In other cases, saturated samples are excluded, leading to reduced number of exposure age

samples in a group. This causes calculated deglaciation ages, accounting for 5 mm kyr ™!

3mmkyr~! (e.g. #40-42).

of boulder erosion, to become younger than their equivalents accounting
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an average age increase of 3%, 8% and 13%, respectively. Samples with
longer exposures, between 30 and 50 ka, are increasingly sensitive to
erosion; erosion rates of 1, 3 and 5mmkyr ™! result in average age
increases of 5%, 14% and 22%, respectively. Class C age changes of this
magnitude could complicate association of deglaciation ages with cli-
mate drivers associated with the marine isotope stages. Finally, for
deglaciation ages between 50 and 100 ka, even small boulder erosion
rates have an impact, increasing ages with 10%, 29% and 49% for 1, 3
and 5mmkyr !, respectively. Note, that for the oldest deglaciation
ages in the dataset taken from the literature, adopting high enough
boulder erosion rates may result in a sample being saturated.

5. Discussion
5.1. Extent of glaciation

We have mapped and identified the maximum extent of past gla-
ciation in the Ikh Turgen mountains. Our mapping focused on distin-
guishing individual ridge crests in the Landsat 8 imagery, but we also
modified the extent of larger moraine complexes mapped by Blomdin
et al. (2016a) (Fig. 3c, 4 and 5). This modification is based on a com-
bination of field observations and new examination of the Landsat 8
imagery. In general, the extent of moraines presented in this study is
slightly larger than those presented in the moraine dataset of Blomdin
et al. (2016a). The break of slope between the glacial sediment and the
surrounding alluvial fan sediment (on the eastern flank) and weathered
soils is clearly distinguishable in the Landsat 8 imagery. During field-
work, we also noted the absence of erratic boulders outside the limits of
clearly identified glacial sediment. Our minimum estimate of maximum
glaciation (aerial extent), illustrated in Fig. 3c, is based on these well-
defined limits and broadly overlaps with the reconstructions by
Lehmkuhl et al. (2004) and Blomdin et al. (2016a). Four main valley
paleoglaciers drained the eastern part of the Ikh Turgen mountain and
on the western side paleoglaciers coalesced to form two separate ice
lobes rather than multiple valley outlet glaciers (Fig. 3d).

We conclude that the paleoglaciers in the Boguty and Turgen-Asgat
catchments extended over ~ 30 and ~ 50 km down valley to altitudes of
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~2240m a.s.l. and ~1940 m a.s.l., respectively (Fig. 7). Other large
valley glaciers existed in the past in the Altai Mountains, including the
Chuya Basin to the west and the Turgen-Kharkhiraa Mountains to the
east (Fig. 2). For example, the Chagan-Uzun moraine complex in the
western part of the Chuya Basin (Fig. 2) was formed by a paleoglacier
extending over ~55km down valley to an altitude of ~1900 m a.s.l.
(Gribenski et al., 2016) and paleoglaciers draining the Turgen-Khar-
khiraa Mountains extended ~30km down valley and deposited large
moraine complexes at altitudes of 1950-2250 m a.s.l. (Lehmkuhl et al.,
2004). Paleoglaciers draining these mountains and Ikh Turgen extended
beyond the confines of individual valleys and developing a chronology
for deglaciation, using glacially deposited landforms, is crucial for un-
derstanding the glacial history of the Ikh Turgen mountains.

5.2. Timing of glaciation

We have established a glacial chronology for the Turgen-Asgat
moraines using '°Be surface exposure dating. Our working hypothesis
was that glacial retreat on either side of the divide would be coeval but
the spread in surface exposure data on the western side of the mountain
precludes establishing deglaciation ages in the Boguty catchment.

Boguty catchment. Surface exposure ages from two moraine crests
have ages ranging from 14 to 53 ka. All samples were from granitic
boulders that likely came from the upper part of the catchment where
felsic plutonic rocks have been mapped (Fig. 3b). The sampled moraine
crests are distinct, and we mapped the nearest surrounding sediment as
belonging to the moraine complex. The calculated ages are scattered
and do not indicate a single geologic event; associating the mean with
deglaciation is not appropriate (cf. Heyman et al., 2011). Boulder
erosion is unlikely to be the cause of the scatter in ages. All the boulders
have the same granitic source and they have similar varnish and
weathering patterns. It is more likely that the age scatter is the result of
one or a combination of the following processes:

1. Incomplete exposure: deglaciation by melt-out of stagnant glacier
ice resulting in post-glacial landform surface instability due to per-
mafrost conditions and slow decay of glacial ice buried underneath a
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Fig. 10. a) Timing of glaciation of the Ikh Turgen mountains and interpreted glacier dynamics, b) timing of glaciation across the Tian Shan and c) the northern sector
of High Asia. Only well and moderately clustered exposure age groups (n = 3) have been considered (classes A and B; see Fig. 9). Numbers refer to Group IDs listed in
the supplementary data. d) the Guliya ice core record from Kunlun Shan, northwestern Tibet (Thompson et al., 1997; see Fig. 1 for location), e) Lake level (water
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inferred from proxy records. Marine oxygen isotope stages (MIS) adopted from Lisiecki and Raymo (2005).
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surface moraine deposit (cf. Zech et al., 2005, Fig. 10a). The nu-
merous ponds and lakes in the Boguty catchment supports this hy-
pothesis.

2. Inheritance: deglaciation by debris-covered glaciers, including:
supraglacially transported boulders with inherited nuclides,
boulders with inheritance recycled from previous advances or from
rock falls (cf. Putkonen and Swanson, 2003, Fig. 10a). There are
however, no present-day debris-covered glaciers in the Ikh Turgen
Mountains to evaluate the likelihood of this scenario.

3. Inheritance: due to the size of the moraine complexes, we suspect
that the BOG 1 and BOG 2 ridges were formed by ice advancing over
pre-existing sediment fills that had been trapped in the low-gradient
forefield beyond the mountain front (average slope angle of 0.6°,
Fig. 7c). An extensive forefield with negligible surface slope in-
hibited the Boguty paleoglaciers from excavating boulders from the
substrate. The combination of few recently excavated boulders with
no inheritance mixing with boulders having inherited '°Be plausibly
produced an age distribution characterized by scatter (Fig. 10a).

The age scatter precludes an association of the deglaciation of the
Boguty moraines to global forcing events.

Turgen-Asgat catchment. The surface exposure ages from the Turgen-
Asgat catchment indicate that paleoglaciers expanded beyond the
eastern mountain front during MIS 3 and MIS 2. These paleoglaciers
produced a massive latero-frontal moraine complex. This is a common
feature in glaciated high-alpine areas, and they are typically produced
by paleoglaciers with thick debris mantles (c.f. Benn and Owen, 2002).
Its large size (~40 km? and ~150m thick; Figs. 7 and 8) and the
presence of multiple inset ridges indicates that this landform might be
composite in nature. The rejected old outlier on TUR 2 could be a
boulder recycled from a previous advance or from a rock-fall (Putkonen
and Swanson, 2003), and boulders are more likely to carry an inherited
component in these type of moraine deposits (Benn and Owen, 2002).
Comparisons of sample locations with the distribution of felsic plutonic
rocks on the GLiM lithological map (Hartmann and Moosdorf, 2012),
these boulders have either come from the upper parts of the catchments
or from the local slopes of the mountain front (Fig. 3b). It is also pos-
sible that the rejected sample was derived from the local pluton shown
in Fig. 3b, and that it thus contains inherited cosmogenic nuclides.

To add robustness to our reconstruction of the extent and timing of
glaciation in the Ikh Turgen mountains, we explore the dynamics of
these paleoglaciers using geomorphometric analysis.

5.3. Glacial dynamics

We have used two different methods for geomorphometric analysis
(curvilinear swath profile and hypsometric analyses) and a simple 2-D
ice surface reconstruction to compare and contrast the topographical
context for paleoglaciation in the Boguty and Turgen-Asgat catchments
(Figs. 7 and 8). This approach has been motivated by the fact that to-
pography exerts important controls on the deposition of moraines (Barr
and Lovell, 2014). Our geomorphometric analysis reveals several fac-
tors that may have caused differences in the dynamics of paleoglacia-
tion in the two opposing catchments and might have affected the style
of moraine deposition.

Boguty catchment. Compared with Turgen-Asgat, the paleoglaciers in
the Boguty catchment have a lower potential for developing large ac-
cumulation areas (~222km?); the hypsometry of the catchment (ele-
vation concentrated at lower altitudes and less orographic precipita-
tion) is less conducive to ice accumulation, the drainage is less
topographically constrained and has flatter down valley sections
(Figs. 7 and 8). Two paleoglacier branches merged at the mountain
front before inundating a low-gradient forefield (Fig. 7). Our analysis
suggests that basal shear stresses lower than the commonly inferred
minimum value of 50 kPa (e.g., Li et al., 2012; Braedstrup et al., 2016)
are required to match ice surface profiles to moraine elevations.
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Previous studies have shown that lower values may occur under topo-
graphically unconstrained sections of glaciers moving on deformable
sediment (cf. Glasser and Jansson, 2005; Eugester et al., 2016;
Gribenski et al., 2016). Relatively low basal sliding velocities, typically
associated with lower topographic gradients, imply that the Boguty
paleoglaciers were ineffective in eroding and excavating pre-existing
sediment in the lowlands (cf. Scherler et al., 2011). Modelling experi-
ments show that the primary effect of repeated glaciation is to flatten a
valley floor and to steepen its headwalls causing an erosional feedback
on subsequent glacier expansion, reducing the size of the next pa-
leoglacier (Anderson et al., 2012). This observation supports the hy-
pothesis that the Boguty paleoglacier was inhibited from excavating the
substrate (section 5.2). It is possible that the paleoglacier dynamics
affected the style of moraine deposition. Widespread deposition by
stagnant or slow-moving paleoglaciers across a low gradient forefield
could explain the scatter in exposure ages on the western side of Ikh-
Turgen.

Turgen-Asgat catchment. Compared with the Boguty, the Turgen-
Asgat paleoglaciers have a higher potential for developing larger ac-
cumulation areas (~ 257 km?) at higher altitudes, were topographically
constrained (down valley), and advance over steeper down valley sec-
tions. The topographic constraints on the Turgen-Asgat paleoglacier
contributed to it becoming larger; it extended to lower altitudes than
glaciers west of the water divide. Several advances of the Turgen-Asgat
paleoglacier built the large latero-frontal moraine complex. The surface
layer of the innermost inset moraine and the upper flat part of the la-
tero-frontal moraine were both deposited during a minimum of two
major advances and have deglaciation ages of 22.8 + 3.5 and
45.3 + 2.7 ka, respectively (Figs. 6 and 10). The deglaciation age
uncertainties for these two surfaces may reflect the duration of moraine
stabilization (cf. Briner et al., 2005, Figs. 6 and 10), or they may reflect
variable exhumation and boulder erosion.

Our simple 2-D ice surface profile reconstruction, assuming a con-
stant basal shear stress, indicates that the Boguty and Turgen-Asgat
paleoglaciers potentially shared an ice divide and belonged to an ice
field-style glacier system (Fig. 7). The lower parts of the two pa-
leoglaciers have different topographic constraints that result in dif-
ferent dynamics. The assumption of a constant basal shear stress in the
model is certainly a simplification, because in reality stress regimes at
the base of glaciers are often found to be dissimilar in different glacier
sections (Bradstrup et al., 2016; Sergienko and Hindmarsh, 2013). Yet,
this approach provides first-order estimates for a range of possible ice-
surface elevations (Benn and Hulton, 2010) and indicates different
stress and flow regimes under glaciers on opposite flanks of the same
mountain range.

5.4. Regional implications

Using a combination of remote-sensing based geomorphological
mapping and geomorphometric analysis, we conclude that topo-
graphic/topoclimatic (local orographic precipitation effects) factors
were responsible for different dynamic behaviours of paleoglaciers on
opposite sides of Ikh Turgen Mountains.

In the Boguty catchment, the wide scatter of exposure ages prevents
us from distinguishing individual deglaciation events, as well as linking
our °Be chronology to other proxy records (Fig. 10). Similar to pre-
vious studies, our results indicate that it is important to consider dy-
namics and topographic context in interpreting paleoglacial re-
constructions (Scherler et al., 2011; Barr and Lovell, 2014), and that
glacial chronological studies using cosmogenic nuclides should be
aware of the difficulties involved when sampling complicated glacial
landforms in complex catchments because these may produce a wide
scatter in surface exposure ages. Alternate approaches for dating these
types of moraine deposits might be, using larger sample populations,
adopting multiple isotopes to infer burial/exposure histories of
boulders, and/or applying other cosmogenic nuclide sampling
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strategies, such as depth profile analysis. Fitting geomorphic process
models to observed exposure age distributions has also previously
shown promise in dealing with large scatter (Applegate et al., 2012).

The large scatter observed for the Boguty moraines is not in any way
unique for the northern sector of High Asia (Fig. 9). Large moraine
complexes in lowlands are tempting targets when reconstructing glacial
chronologies since they represent the maximum extent of glaciation.
Our results indicate it might be more suitable to target latero-frontal
moraine complexes (cf. Turgen-Asgat) or simple lobate terminal mor-
aines of maximum ice expansion inside valleys as these may yield more
robust data. However, there are also problems of ‘obliterative overlap’
and self-censoring of the moraine record, which should be a smaller
problem in the Boguty catchment, as glaciers occupying wide and un-
confined basins are able to extend laterally when encountering ob-
stacles (Gibbons et al., 1984; Kirkbride and Winkler, 2012).

In the Turgen-Asgat catchment, paleoglaciers retreated from their
maximum positions at ~45 and ~ 23 ka. These deglaciation ages match
other glacial and paleoclimate chronologies across the northern sector
of High Asia. TUR 2 aligns with a plateau of low §'%0 values in the
Guliya ice core record (low temperatures; Thompson et al., 1997) and
relatively high lake levels recorded across northwestern China and
Inner Mongolia (Wiinnemann et al., 2007) (Fig. 10). Glacier expansion
during MIS 3 is supported by a cold and wet climate inferred from these
paleoclimate records and is also consistent with the moderately-clus-
tered deglaciation ages of Li et al. (2014); #21 in Figs. 9 and 10;
41.6 = 5.7 ka and Zhang et al. (2016); #19 in Figs. 9 and 10;
53.4 + 4.9 ka from the eastern Tian Shan (Fig. 10) and the poorly-
clustered deglaciation age by Rother et al. (2014) from the Khangai
(#50 in Fig. 9); 41.9 * 12.9 ka. Although, a persuasive MIS 3 glacia-
tion signal has been difficult to correlate across High Asia (Gribenski
et al., 2018), well-preserved moraines indicating MIS 3 glaciation seem
to be located in largely drier continental regions (i.e. eastern Tian Shan,
eastern Altai and the Khangai). The Zhang et al. (2016; MIS 3; #19 in
Figs. 9 and 10) moraine was originally interpreted as an MIS 4 moraine
(Zhang et al., 2016) and was not considered in the Gribenski et al.
(2018) regional analysis. This discrepancy between the original (Zhang
et al., 2016) and the new (this study) deglaciation age inferred for this
site is likely an artifact of a combination of choice of reference pro-
duction rates, different spallation production rates and differences in
atmospheric pressure interpolation. In terms of reference production
rates, Zhang et al. (2016) used the Northeast North American produc-
tion rate of 3.85 *= 0.19 atoms g_1 year_1 (NENA, Balco et al., 2009),
with the Lal (1991)/Stone (2000) scaling scheme, which accommodates
paleomagnetic corrections (Nishiizumi et al., 1989), while this study
uses a global production rate of 3.98 + 0.25 atoms g~ year™! and
LSD scaling (Lifton et al., 2014b; Heyman et al., 2016). It is also im-
portant to point out that, while the TUR 2 and the Li et al. (2014) MIS 3
deglaciation ages are robust for boulder erosion rates of up to
5 mm kyr_1 (in terms of MIS 3 overlap), the Zhang et al. (2016) de-
glaciation age is not and turns out to be MIS 4 in age when considering
this erosion rate. Although both the TUR 2 moraine and Li et al. (2014)
MIS 3 moraine were formed by large paleoglaciers extending beyond
the confinement of their mountain fronts, a robust regional signal is still
lacking (e.g. Gribenski et al., 2018).

We further compare the timing of the TUR 1 deglaciation and
moraine stabilization with paleoclimate forcing and other glacial
chronologies from the Tian Shan and northern High Asia (Fig. 10).
Although the timing of TUR 1 aligns with an MIS 2 period of low §'%0
values recorded in the Guliya ice core, it is also contemporary with low
lake levels recorded across the region (Fig. 10). Inferred cold and wet
conditions during early MIS 2 likely triggered glacier culmination but
the transition to a drier climate resulted in more restricted paleoglacier
extent than during MIS 3 (cf. Rother et al., 2014). This transition further
triggered deglaciation of the TUR 1 moraine during MIS 2; and this
interpretation is robust for erosion rates of up to 10 mm kyr ! (Blomdin
et al., 2016b). This sequence of events is consistent with other glacial

68

Quaternary Geochronology 47 (2018) 54-71

chronologies; several glacial events overlap within the MIS 2 bound-
aries and most of these MIS 2 moraines were formed by paleoglaciers
restricted to their valleys (cf. Blomdin et al., 2016b). MIS 2 remains the
most well recognized period of glacial expansion across the northern
sector of High Asia.

6. Conclusions

1. At their maximum extent, the larger Turgen-Asgat paleoglacier
stretched ~40 km down valley to an altitude of ~1940 m a.s.l., the
smaller Boguty paleoglacier stretched ~30 km down valley to alti-
tude of ~2240m a.s.l.

2. In the Turgen-Asgat catchment, the deglaciation ages (minimum
ages when not considering boulder erosion) of two moraine surfaces
that are part of the same latero-frontal moraine complex are ~ 45 ka
and ~23 ka. In the Boguty catchment, the deglaciation signal is
obscured because of a large scatter among individual boulder ages.

3. When the Turgen-Asgat and Boguty paleoglaciers were at their
maximum extent they potentially shared an ice divide and belonged
to the same glacier system. Although part of the same glacier
system, they appear to have been dynamically different. Because of
the hypsometry of its' catchment, the Turgen-Asgat paleoglacier,
had higher potential to develop a larger accumulation area
(~257 km?), was mostly topographically constrained by a long
trunk valley, and advanced across a relative steep bed down valley.
In contrast, the hypsometry of the Boguty catchment, indicates that
its paleoglacier likely had a smaller accumulation area (~ 222 km?),
concentrated at lower altitudes. When the Boguty paleoglacier ex-
panded onto the lower lying terrain (unconstrained by valley to-
pography) it advanced across a relatively flat bed.

4. These differences had implications for the style of moraine deposi-
tion: deposition of widespread moraine complexes across the low-
lying terrain in Boguty in contrast to the deposition of latero-frontal
moraine in Turgen-Asgat.

5. Deglaciation of the upper surface of the Turgen-Asgat lateral-frontal
moraine complex coincides with MIS 3 and deglaciation of the in-
nermost inset ridge coincides with MIS 2. The period before the MIS
2 deglaciation was characterized by colder and drier conditions and
thus more limited glacier expansion than during the colder and
wetter period prior to the MIS 3 deglaciation. Glacier culmination
during MIS 2 is the most robustly dated glacial stage in northern
High Asia.
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