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a b s t r a c t

Mountain glaciers at ~26e19 ka, during the global Last Glacial Maximum near the end of the last 105 yr
glacial cycle, are commonly considered on the basis of dating and field mapping in several well-studied
areas to have been the largest of the late Quaternary and to have advanced synchronously from region to
region. However, a numerical sensitivity model (Rupper and Roe, 2008) predicts that the fraction of
ablation due to melting varies across Central Asia in proportion to the annual precipitation. The
equilibrium-line altitude of glaciers across this region likely varies accordingly: in high altitude, cold and
arid regions sublimation can ablate most of the ice, whereas glaciers fed by high precipitation cannot
ablate completely due to sublimation alone, but extend downhill until higher temperatures there cause
them to melt. We have conducted field studies and 10Be dating at five glaciated sites along a precipitation
gradient in Mongolia to test the Rupper/Roe model. The sites are located in nearby 1.875 � 1.875� cells of
the Rupper/Roe model, each with a different melt fraction, in this little-studied region. The modern
environment of the sites ranges from dry subhumid in the north (47.7� N) to arid in the south (45� N).
Our findings show that the maximum local advances in the dry subhumid conditions predated the global
Last Glacial Maximum and were likely from MIS 3. However, we also found that at ~8e7 ka a cirque
glacier in one mountain range of the arid Gobi desert grew to a magnitude comparable to that of the local
maximum extent. This Holocene maximum occurred during a regional pluvial period thousands of years
after the retreat of the Pleistocene glaciers globally. This asynchronous behavior is not predicted by the
prevailing and generally correct presumption that glacier advances are dominantly driven by tempera-
ture, although precipitation also plays a role. Our findings are consistent with and support the Rupper/
Roe model, which calls for glaciation in arid conditions only at high altitudes of sub-freezing tempera-
tures, where the melt fraction in ablation is low. We expect a heterogeneous pattern of glacial responses
to a changing modern climate in cold arid regions; an individual glacier advance should not be neces-
sarily interpreted as evidence of cooling climate.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Glaciers respond to a number of forcing functions that are active
over awide range of scales from local (e.g., topographic shadowing)
to regional or even global. Of these, annual snowfall and summer
air temperature are commonly considered to be the most impor-
tant. If one of these parameters is independently known, glacial
records may be useful in reconstructing the other parameter in
3@uw.edu (A.R. Gillespie).
continental settings where paleoclimate proxy records are scarce.
Specifically, the timing and magnitude of local maximum glacial
advances have been used to improve the understanding of changes
in climate during the past cycle of glaciation (e.g., Gillespie and
Molnar, 1995; Porter, 2001; Clark et al., 2009).

The global “Last Glacial Maximum” (LGM) is defined as the
period during the latest ~105 yr glacial cycle when the global ice
volume achieved its maximum. Climate reconstructions based on
oxygen-isotope records of marine foraminifera (Hays et al., 1976)
placed the timing of the global LGM at ~23e19 ka (Mix et al., 2001).
Integrating the high-latitude ice-sheet and mountain-glacier re-
cords appeared to strengthen the concept of a synchronous global
LGM and also extended its period to ~26e19 ka (Clark et al., 2009).
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However, recent evidence from mid-latitude southern hemi-
sphere glacial records (Augustin et al., 2004; Putnam et al., 2013;
Rother et al., 2015; Darvill et al., 2016) and continental Asian
valley glacier systems (Gillespie et al., 2008; Koppes et al., 2008;
Heyman et al., 2011a; Batbaatar and Gillespie, 2016; Gribenski
et al., 2016) suggests a more complex behavior than that of
synchronized ‘global’ glaciations, highlighting the often-
overlooked importance of regional factors. Such spatial varia-
tions in the magnitude of glaciations during a given period were
suspected before (Gillespie and Molnar, 1995; Hughes et al.,
2013), but with the widespread introduction of in-situ cosmo-
genic surface exposure dating, new quantitative glacial chronol-
ogies (e.g., Hughes et al., 2013; Heyman, 2014) have allowed a
reliable temporal comparison of maximum mountain glaciations
that might not coincide with the timing of the global LGM.

Glacial records from the arid to humid continental environ-
ments (Zomer et al., 2008) of Central Asia (Fig. 1) have revealed
that the spatial patterns of glacier advances and retreats as well
as the timing of the maxima differ from place to place on a scale
of a few hundred kilometers. We postulate that the concept of
synchronous glaciations may break down in arid environments
where glacier mass balance is controlled by different suites of
factors than in more humid settings (e.g., Cuffey and Paterson,
2010, pp. 169e173). For example, in aridedry subhumid parts of
the Kyrgyz Tien Shan (locations are shown in Fig. 1) the largest
glaciers date from Marine Oxygen-Isotope Stage (MIS) 3 or
earlier, and MIS 2 glaciers were restricted to cirques (Koppes
et al., 2008; Blomdin et al., 2016). On the other hand, in humid
southern Siberia, the largest glaciers dated from MIS 3, and the
MIS 2 glaciers were only slightly smaller (Gillespie et al., 2008;
Batbaatar and Gillespie, 2016). In parts of the northeastern Ti-
betan plateau, the largest mountain glaciers occurred earlier than
~100 ka (i.e. prior to MIS 4) and no evidence of MIS 2 glaciation
has been found (Heyman et al., 2011a). Numerical glacial
Fig. 1. Geographic location of the Hangai and Gobi-Altai ranges in East and Central Asia. Das
Solid lines indicate the general direction of major air flows (Benn and Owen, 1998). The bl
modeling (Rupper and Roe, 2008; Rupper et al., 2009), albeit of
low spatial resolution (1.875�), suggests that this heterogeneous
pattern of glacial response is due to the different sensitivity of
glaciers to climate forcing in cold, arid regions, where sublima-
tion accounts for more than 50% of the total ice loss. However,
this model (Rupper and Roe, 2008; Rupper et al., 2009) has yet to
be validated with field observations.

In this article, we examined the glacial history in five sites in
central Mongolia (Fig. 2), with modern environments grading
northward from arid to dry subhumid. The sites are distributed
across a cluster of five cells of the Rupper and Roe model (2008)
(Fig. 3). We selected the sites to be in cold continental climates
where melt versus sublimation was predicted to be a significant
factor controlling glacier mass balance, and therefore where gla-
ciers and paleoglaciers could be used to test the Rupper/Roe nu-
merical model. According to the Rupper/Roe model, almost all of
glacier ice in arid Gichginii is lost via sublimation and in the
semiarid Sutai and Ih Bogd ~10e30% of ice is lost via sublimation. In
contrast, in dry subhumid Hangai region melting is responsible for
more than 40e60% of total ablation (Fig. 3).

In low-precipitation, sub-freezing sublimation regimes, gla-
ciers are restricted to altitudes close to or above the zero
isotherm. As snowfall increases above the amount that can be
ablated by sublimation, the glacier will advance below the zero
isotherm, but not far because melting is much more efficient at
ablation than sublimation. Only when the incoming glacier ice
plus the local snowfall in the melt zone exceeds ablation will
glaciers flow to lower altitudes. This is a mechanism for
desynchronizing glacier advances because of their non-linear
response to precipitation differences from place to place: in
arid regions glaciers may be restricted to cirques, whereas in
more humid regions they may advance or retreat. Likewise,
glacier advances in a given valley may respond differently in the
face of climate change, for the same reasons.
hed lines indicate the modern and global LGM limits of East Asian monsoon (Shi, 2002).
ack rectangle inset refers to the extent of region shown in Fig. 2.



Fig. 2. Modern annual precipitation and the fraction occurring during summer in Mongolia and adjacent areas. The precipitation data are long-term (1981e2010) monthly means
(GPCC V7, at 0.5� � 0.5� resolution; Schneider et al., 2016). The yellow rectangles show the 1.875� cells of the Rupper and Roe (2008) model that were occupied by our field study
sites. The shaded relief image in the background is constructed from SRTM V3 data (NASA, 2015).

Fig. 3. Modern annual precipitation and modeled melt fraction of the total ablation at the study sites. The precipitation data were from GPCC V7, at 0.5� � 0.5� resolution (Schneider
et al., 2016). The melt fraction was modeled and calculated by Rupper and Roe (2008) to 3000 mm yr�1, but only the 10e1000 mm yr�1 range is shown here (note the logarithmic
scale). The range of melt fractions calculated in the model for a given annual precipitation similar to the study sites is shown by the whiskers.
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Both air temperature (Ta) and precipitation decreased during
the global LGM in our study area (e.g., Rupper and Koppes, 2010),
and the Rupper/Roe model implies that Ta depression alone
cannot drive advance of sublimation-dominated glaciers. We test
this model implication in the field by seeking evidence of two
modes of glacial asynchrony: 1) asynchrony in the timing of
maximum glacier extents between sublimation- and melt-
dominated regions; 2) asynchrony in the magnitude of glacier
extents within the same sensitivity region due to variability of
precipitation changes. However, the Rupper/Roe model covers a
vast geographic area with a wide range of climatic conditions.
Therefore, until more field mapping and dating can be performed
the results discussed in this article should be viewed as a pre-
liminary check of the model.
2. Methods

We sampled 59 glacially deposited boulders and one glacially
eroded bedrock knob from five sites in four different mountain
ranges (Fig. 2) encompassing an area of 15�103 km2. We con-
structed glacial chronologies in the valleys using 10Be cosmogenic
exposure dating (Table 1 and Online Supplements 1 and 2). Nine
additional samples from post-glacial strath terraces at Sutai were
sampled to determine a minimum age for the glaciers. We also
estimated equilibrium-line altitudes (ELAs) for the dated moraines,
and using a numerical model (after Rupper and Roe, 2008) exam-
ined the climate parameters that influence the glacier ablation. To
constrain the local adiabatic lapse rate, we measured summer air
temperatures atop the modern ice cap of Sutai. Below, we provide



Table 1
10Be exposure-ages for samples from the Gobi-Altai and Hangai ranges. Ages are ordered by increasing altitude for each site.

Site Sample
identification

Sample description Maximum
diameter
(m)

Boulder
height
(m)

Exposure
age
(ka)

1s uncertainty (ka)

Internala Externalb

Gichginii range
M€onh M€osnii valley

Lateral moraine G2, N 45.4038� , E 97.0704� , 3283e3327 m asl
GN-AG-10B Quartz vein in schist boulder 0.5 0.3 6.9 0.2 0.4
GN-AG-11 Quartz vein in schist boulder 0.5 0.4 8.1 0.2 0.5
GN-JB-004 Quartz vein in schist boulder 0.4 0.2 5.3 * 0.3 0.4
GN-JB-005 Quartz vein in schist boulder 0.5 0.4 7.5 0.3 0.5
Lateral moraine G3, N 45.4014� , E 97.0701� , 3340e3361 m asl
GN-AG-07 Quartz vein in schist boulder 0.5 0.3 1.6 0.1 0.1
GN-AG-08 Quartz vein in schist boulder 0.4 0.3 3.2 0.1 0.2
GN-AG-04 Quartz vein in schist boulder 0.4 0.3 0.8 * 0.03 0.1
GN-AG-05 Quartz vein in schist boulder 0.3 0.3 2.8 0.1 0.2
GN-AG-06 Quartz vein in schist boulder 0.4 0.3 2.6 0.1 0.2
Lateral moraine G4, N 45.4013� , E 97.0697� , 3330e3338 m asl
GN-JB-001 Quartz vein in schist boulder 0.4 0.3 0.9 0.1 0.1
GN-JB-002 Quartz vein in schist boulder 0.5 0.4 1.0 0.1 0.1
GN-JB-003 Quartz vein in schist boulder 0.6 0.4 1.5 0.3 0.3
GN-AG-01 Quartz vein in schist boulder 0.5 0.4 1.8 0.1 0.1
GN-AG-02 Quartz vein in schist boulder 0.5 0.2 1.9 0.1 0.1
GN-AG-03 Quartz vein in schist boulder 0.5 0.3 1.6 0.05 0.1

Sutai range
Northeastern slope

End moraine NE1, N 46.6418� , E 93.5710� , 3160 m asl
DHC-98-12 Quartz vein in schist boulder 2 1 7.3 * 0.3 0.5
Left-lateral moraine NE2, N 46.6403� , E 93.5648� , 3240e3270 m asl
DHC-98-13 Quartz vein in schist boulder 2.5 0.5 26.2 0.8 1.7
DHC-98-10 Quartz vein in schist boulder 0.8 0.5 22.9 0.7 1.5
Left-lateral moraine NE4, N 46.6404� , E 93.5660� , 3250 m asl
DHC-98-11 Quartz vein in schist boulder 2 0.8 24.9 1.2 1.8
Recessional (?) left-lateral moraine, N 46.6398� , E 93.5652� , 3265 m asl
DHC-98-15 Quartz vein in schist boulder 2.3 0.6 6.7 * 0.2 0.4

Sutai range
Marginal samples

Marginal moraine between ice caps #1 and 2, N 46.6323� , E 93.5688� , 3620 m asl
MOT98-CS-
11a

Quartz vein in schist boulder 0.6 0.3 45.0 1.2 2.8

MOT98-CS-
11b

Quartz vein in schist boulder 0.6 0.3 13.2 0.6 0.9

MOT98-CS-12 Quartz vein in schist boulder 0.5 0.3 24.8 1.6 2.1
Erratic at the margins of modern ice cap #3, N 46.6052� , E 93.6192� , 3934 m asl
SUT-JB-04A Vein quartz erratic 0.3 0.2 21.3 0.4 1.2
Erratic at the margins of modern ice cap #3, N 46.6044� , E 93.6194� , 3926 m asl
SUT-JB-04B Vein quartz erratic 0.25 0.1 41.6 1.0 2.5

Sutai range
Southwestern slope

Glacially eroded bedrock knob, N 46.5999� , E 93.5487� , 3109 m asl
MOT98-CS-22 Porphyroblastic schist bedrock e e 22.1 0.8 1.5
Erratic on the bedrock knob, N 46.5999� , E 93.5487� , 3109 m asl
MOT98-CS-23 Quartz vein in schist erratic 2 0.8 72.4 * 2.6 4.8
Recessional moraine (?), N 46.6094� , E 93.5522� , 3180 m asl
MOT98-CS-14 Quartz vein in green schist boulder 0.5 0.1 35.6 * 1.8 2.7
Boulder outside the crest of moraine SW2, N 46.6101� , E 93.5475� , 3189 m asl
MOT98-CS-25 Quartz vein in schist boulder 2 1.5 6.0 * 0.2 0.4
Right-lateral moraine SW2, N 46.6132� , E 93.5503� , 3240e3270 m asl
SUT-JB-02A Quartz vein in schist boulder 0.5 0.3 15.4 0.4 0.9
SUT-JB-02B Quartz vein in schist boulder 0.5 0.3 19.8 0.6 1.3
SUT-JB-02C Quartz vein in schist boulder 0.3 0.3 13.9 0.4 0.9
SUT-JB-02D Quartz vein in schist boulder 2.5 0.6 15.5 0.5 1.0

Ih Bogd range
Artsan valley

Lateral-end moraine IB5, N 44.9564� , E 100.2668� , 3385e3390 m asl
IB-JB-003E Granitic boulder 1.5 1 16.7 1.2 1.5
IB-JB-003A Porphyritic granitic boulder 1 1 7.3 * 0.5 0.6
IB-JB-003B Granitic boulder 1.3 1 13.2 1.8 1.9
IB-JB-003C Granitic boulder 1 0.5 14.3 0.7 1.1
IB-JB-003D Granitic boulder 2 1 13.9 0.9 1.2
End moraine IB6, N 44.9567� , E 100.2672� , 3402 m asl
IB-JB-002 Granitic boulder 2.5 1.5 13.4 0.7 1.0
Highest lateral-end moraine IB7, N 44.9578� , E100.2675� , 3425 m asl
IB-JB-001 Porphyritic granitic boulder 2.5 1 14.4 0.8 1.2

Otgontenger
Bogd valley

End moraine BO1, N 47.6833� , E 97.2067� , 2075 m asl
OT-AG-1 Granitic boulder 1.5 1 22.7 1.2 1.8
OT-AG-2 Granitic boulder 1.6 1.6 20.2 1.4 1.8
OT-AG-3 Granitic boulder 2 0.5 23.6 1.3 1.9

Otgontenger
Bitüüt valley

Right-lateral moraine BI2, N 47.5755� , E 97.6677� , 2580 m asl
DHC-98-5 Granitic boulder 1.5 1 31.3 1.0 2.0
DHC-98-7 Granitic boulder 3 3 82.9 * 2.6 5.3
DHC-98-8 Granitic boulder 2 0.3 29.9 0.9 1.9
End moraine, BI8, impounding a lake, N 47.5978� , E 97.6497� , 2725 m asl
MOT98-CS-02 Granitic boulder 2 0.5 16.2 0.6 1.1
End moraine, BI9, impounding a lake, N 47.6035� , E 97.6403� , 2725 m asl
DHC-98-3 Granitic boulder 2 1.5 15.0 * 0.5 1.0
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Table 1 (continued )

Site Sample
identification

Sample description Maximum
diameter
(m)

Boulder
height
(m)

Exposure
age
(ka)

1s uncertainty (ka)

Internala Externalb

MOT98-CS-04 Granitic boulder 4 1,5 16.5 0.5 1.0
MOT98-CS-05 Granitic boulder 2 1 16.6 0.5 1.1

Bumbat valley Lowest end moraine BU1, N 47.4357� , E 100.3468� , 2130 m asl
HN-JB-01B Granitic boulder 1.5 0.5 103.7 2.8 6.5
HN-JB-01C Granitic boulder 1 0.3 53.6 1.4 3.3
HN-JB-01A Granitic boulder 1 0.3 22.5 1.1 1.6
End moraine BU2, N 47.4158� , E 100.3573� , 2172e2177 m asl
HN-JB-02A Granitic boulder 2 1 22.2 * 0.9 1.5
HN-JB-02B Granitic boulder 1.5 0.4 39.5 1.7 2.8
HN-JB-02C Granitic boulder 1.5 1 31.8 1.1 2.1
HN-JB-03A Granitic boulder 1.5 1 36.5 1.4 2.5
HN-JB-03B Granitic boulder 2 1 31.8 1.8 2.5
HN-JB-03C Granitic boulder 0.8 0.4 49.9 * 1.8 3.3

Non-glacial deposits
at

Sutai range, SW slope

Boulders on rock/debris fall, N 46.6068� , E 93.5628� , 3205 m asl
MOT98-CS-20 Quartz vein in schist boulder 0.5 0.5 0.9 0.1 0.1
MOT98-CS-21 Quartz vein in schist boulder 0.6 0.1 1.6 0.1 0.1
Schist bedrock strath terrace, N 46.6160� , E 93.5639� , 3273 m asl
MOT98-CS-08 Quartz vein in schist boulder 4 0.5 11.9 0.4 0.8
Boulders on schist strath terrace, N 46.6168� , E 93.5645� , 3290 m asl
DHC-98-17 Quartz vein in schist boulder 3 0.5 4.1 0.1 0.3
DHC-98-18 Quartz vein in schist boulder 0.7 0.2 18.3 0.6 1.2
MOT98-CS-19 Quartz vein in schist boulder 0.5 0.5 0.9 0.1 0.1
Boulders on protalus rampart overlying strath terrace, N 46.6176� , E 93.5656� , 3310 m asl
SUT-IM-01A Quartz vein in schist boulder 0.6 0.2 2.6 0.1 0.2
SUT-IM-01B Granitic boulder 0.6 0.2 2.9 0.1 0.2
SUT-IM-01C Quartz vein in schist boulder 0.5 0.2 2.8 0.1 0.2

Ages marked with * are outliers (see Methods section) and were not included in ELA calculations.
a Internal uncertainty includes uncertainties of measuring sample mass and statistical counting in the10Be/9Be AMS absolute isotopic ratio.
b External uncertainty includes 10Be production rate uncertainties.
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the details of 10Be age analyses, criteria for identifying age outliers,
methods to calculate ELAs, and the explanation of the numerical
model.

2.1. Cosmic-ray exposure dating

All samples were chemically prepared for accelerator mass
spectrometry (AMS) using methods based on Kohl and Nishiizumi
(1992). We ground the rock samples and extracted quartz from
the 500e850 mm size fraction. The quartz was further purified by
selectively etching in HF. We then added a carrier solution with a
very low level of 10Be/9Be (<2 � 10�15) before extracting the Be by
column chromatography. Chemical preparation of the samples
identified as GN-AG, MOT98-CS, and DHC98 was done at the
Cosmogenic Nuclide Laboratory, University of Washington, and the
AMS analyses were done at the Center for Accelerator Mass Spec-
trometry, Lawrence Livermore National Laboratory. The samples
identified as GN-JB, HN-JB, SUT-JB, SUT-IM, and OT-AG were
chemically prepared at the Cosmogenic Isotope Laboratories, He-
brew University in Jerusalem. The 10Be/9Be ratio from numerous
full procedural chemistry blanks ranged from 5 � 10�15 to
2 � 10�15, which was at most 5% of the lowest measured 10Be/9Be
ratio. AMS analyses were done at the ANTARES AMS Facility,
Australian Nuclear Science and Technology Organization (Fink and
Smith, 2007).

The 10Be ages (Table 1) were calculated using CRONUS-Earth
version 2.2 (Balco et al., 2008). We used the globally calibrated
10Be sea-level high latitude spallation production rate (Heyman,
2014) of 3.99 ± 0.22 atoms g�1 yr�1 when referenced to the
scaling of Lal and Stone (Lal, 1991; Stone, 2000). We assumed
2.65 g cm�3 for sample density. All calculations of 10Be ages
assumed zero erosion and burial in this study, and we did not ac-
count for neutron shielding by snow. An unlikely high erosion rate
of 3 mm yr�1 would increase an apparent age of 20 ka by ~5%
(Batbaatar and Gillespie, 2016; Online Supplement 2). A 4 month
seasonal snowpack of 250 mm depth (e.g., Mitchell and Philip,
2005), a maximum for the modern Gobi-Altai, would increase an
apparent age of 20 ka by <2% (Batbaatar and Gillespie, 2016). We
provide the data for calculation of the 10Be ages and photos of
selected sampled boulders in Online Supplement 1.

Our work covered a broad, complex area and the number of
dated samples per moraine was smaller than desired in order to
characterize a population with a well-determined arithmetic mean
and standard deviation. In studies such as this, identification of
outliers is important, and commonly problematic. In order to
identify outliers, we used a series of analyses in the following order:
1) calculate the mean and standard deviation for n ages grouped
according to landform; 2) calculate the reduced chi-squared value,
Rc2, for n ages to test if the scatter in the group age cannot be
explained by analytical uncertainty alone; 3) for each sample i,
calculate the normalized deviation, di, from the mean calculated
excluding the tested sample. Samples for which di > 2 were rejected
as outliers; 4) test whether in sequence of moraines the 10Be ages
were consistent with the relative ages of the moraines inferred
geomorphically; 5) recalculate the Rc2 excluding the outliers; 6)
evaluate the identified outliers using Chauvenet's (1960) and
Peirce's (Ross, 2003) criterion to confirm that the surviving samples
contained no outliers. After excluding the outliers, we averaged the
sample ages for a given landform and compounded standard de-
viation of the “reduced” group with the “internal” sample mea-
surement uncertainties with the systematic uncertainties in the
production and decay rates of 10Be (“external” uncertainties). We
report this 1s total uncertainty as the duration of glacier advances
or standstills for the given landform. We provide the equations
used in the outlier analysis with descriptions in Online
Supplements 1 and 2.

2.2. Equilibrium-line altitude (ELA)

We estimated the ELA for the dated lateral moraines using the
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Maximum-Elevation of Lateral Moraine (MELM) method (Porter,
2001) where possible. If end moraines could be mapped, we used
the ToeeHeadwall Altitude Ratio (THAR) method (Porter, 2001)
with a threshold value of 0.58, as estimated for northern Mongolia
by Gillespie et al. (2008). In this approach the ELA may be found by

ELA ¼ At þ 0:58ðAh � AtÞ (1)

where Ah and At are the headwall and toe altitudes, respectively.
The headwall altitudes of the modern glaciers on Sutai were
measured from the visible bergschrund on Google Earth. We
selected the headwall altitudes for paleoglaciers at one third of the
altitude difference between the cirque floor and the top of the rock
cliff (details are available in Online Supplement 2), which was a
similar ratio for schrund-lines estimated in White Mountains, New
Hampshire, USA (Goldthwait, 1970). In some cirques the headwall
was defined as the point at which avalanche chutes ended in free
air, where once the glacier shielded the rock below from erosion.
However, in general there is no objective rule with which to esti-
mate headwall altitude. At each valley, we assumed that the pale-
oglaciers shared the same headwall altitude, resulting in a THAR
ELA that is only sensitive to toe altitude, defined as the minimum
altitude of the crest of the terminal moraine. Therefore, the paleo
headwall altitudes were higher than all the local ELAs, even on the
southwestern slope of Sutai where there is a modern glacier.

The precision of the estimated ELAs depends on the accuracy of
the GPS units (10 m) used to measure altitudes, the vertical un-
certainty of SRTM data (30 m) used in Google Earth. However, the
accuracy as judged by agreement among estimation strategies is
significantly lower, around ~100m (e.g., for the Sierra Nevada in the
western USA: Gillespie, 1991). This low accuracy only affects the
local ELA itself, and not the difference between ELAs for adjacent
valleys.

The selection of a threshold value of THAR (ranges from 0.4 to
0.6) was the biggest source of inaccuracy in our study. For example,
for large paleoglaciers such as at Otgontenger, the large difference
between the toe and headwall altitudes (~1300 m) leads to a large
uncertainty (~130 m) in the ELA. Small cirque glaciers (and their
ELAs), on the other hand, are constrained to lie in a narrow range of
altitudes, and their uncertainties can approach the measurement
precision.

The Accumulation-Area Ratio (AAR) method of ELA estimation
depends on an accurate reconstruction of the paleoglacier extent,
which in turn requires accurate information on the headwall alti-
tude and also the thickness of the glacier in order to delimit the ice
areas. We did not use the AAR method, normally considered to be
the most accurate, to estimate the ELAs, because of the complexity
of the outlines of many of the studied paleoglaciers and because of
the strong differences in the long profiles of the glaciated valleyswe
studied.

The local ELA values for a glacial sequence were normalized
against the altitudes of the headwall and the minimum ELA for the
sequence to compare the magnitudes of ELA lowering for the dated
moraines using equation (2):

ELAnorm ¼ Ah � ELAdated

Ah � ELAmin
(2)

where ELAnorm is the normalized ELA, Ah is the headwall altitude,
ELAdated is the ELA for the dated moraine, and ELAmin is the ELA for
the lowest end moraine in the valley, whether it was dated or not.
Thus, ELAmin corresponds to the local LGM advance.
2.3. Surface-energy balance model

We followed the methods of Rupper and Roe (2008) to calculate
potential ablation as a function of air temperature (Ta) (see detailed
explanation and references for the surface-energy balancemodel in
their original article). Our exercise was not intended to simulate
actual glaciers, but rather to demonstrate the variation of ablation
via melting and sublimation due to changes only in Ta, which de-
creases with increasing altitude via the locally measured summer
adiabatic lapse rate (8 �C km�1: Online Supplement 1). This lapse
rate was derived from Ta measured atop the Sutai ice cap at 4000 m
asl and the daily mean Ta data from the town of Tonhil 40 km to the
southeast and at 2200 m asl (National Oceanic and Atmospheric
Administration (NOAA), 2016). Because the Ta at Sutai was
measured on an ice surface the derived lapse rate of 8 �C km�1 is
probably greater than environmental lapse rates derived from
measurements on land. We used monthly mean reanalysis climate
data for the Gichginii range (Kalnay et al., 1995), scaled so that the
summer (JJA average) Ta was zero at 3000 m asl, a condition
equivalent to�6 �C decrease frommodern Ta. This constraint on the
range of Ta in the model may appear to be arbitrary, but it provides
an altitude dependency (i.e., decrease) in Ta that is similar to
modeled MIS 2 conditions in the Gobi (Annan and Hargreaves,
2013) and it captures the seasonal and annual variability of Ta in
the Gobi. Incoming shortwave radiation was reduced due to an
assumed summer ice albedo of 0.6 (e.g., Cuffey and Paterson, 2010,
pp. 146) and was taken to be constant at all altitudes. We then
calculated incoming longwave radiation from Ta under clear sky.
The outgoing longwave radiation was calculated from the ice-
surface temperature (Ts), which iteratively solved to balance all
the energy fluxes, including turbulent sensible and latent heat
fluxes. If Ts was positive, it was reset to zero and the net energy flux
was calculated again to estimate melting. Major parameters and
variables remained constant at all altitudes for simplicity: wind
speed ¼ 2 m s�1, relative humidity ¼ 50%, height at which wind
speed and air temperature measured ¼ 2 m, and scalar roughness
lengths ¼ 0.5 mm.

3. Results

The major results reported in this article are the mapping and
dating of the local maximum glaciations in the arid to subhumid
regions of central Mongolia.

3.1. Glaciations in the Gobi-Altai ranges

Gichginii range … The Gichginii range (Figs. 2 and 4a) lies in the
central part of the Gobi-Altai, and of the five sites we studied it
receives the least precipitation (~55 mm yr�1; long-term data
(Schneider et al., 2016) for an area 0.5� � 0.5� centered on the site).
Here, a ~1.5 km2 plateau shows cryoplanation surfaces at ~3580,
~3550, and ~3520 m asl, and it may have provided the base for a
paleo-ice cap (Online Supplement 1: Fig. 2). Similar to modern ice
caps at Sutai and their outlet glaciers, this putative paleo-ice cap on
the Gichginii plateau appears to have spilled north into the upper
M€onh M€osnii valley. The Gichginii plateau consists of dark schist,
but the northern wall of the M€onh M€osnii cirque consists of light
tan-weathering gray limestone. The southern side of the cirque is a
steep (~30�) headwall of schist bedrock which grades down via
modern talus beneath bottomless avalanche chutes into a ~15�

northeast-sloping cirque floor. The avalanche chutes terminate
about 70 m below the plateau, below which where ice once
shielded the lower headwall from erosion and deposition; in
nearby unglaciated valleys the avalanche chutes reach the valley
floors. At least five diamicton ridges were deposited on the cirque



Fig. 4. Moraines in the M€onh M€osnii valley, Gichginii range, and locations of 10Be ages. a. Aerial photo (National Archives of Mongolia, acquisition winter of 1957) showing sample
locations and moraine locations. b. Field photo showing the moraines and 10Be exposure ages. Ice flow was from south to north. 10Be exposure ages are in ka ± 1s. Rejected ages are
shown in red.
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floor as much as 250 m below and ~0.6 km from the plateau. The
clearly separated linearearcuate ridges rise ~30 m above the valley
floor and within the deposit have a relief of 3e4 m. At the lower
edge of the cirque the ridges sit atop schist bedrock. The long profile
of M€onh M€osnii valley is concave-convex-concave, typical of
glaciated valleys, and the ridges spill over the bedrock lip of the
cirque and down to the concave portion of the valley, a vertical
distance of ~50 m below.

The lowest ridge in the cirque, G1, was eroded and remnants
were buried by limestone boulders and scree from the northeast,
and capped by ~10 cm of loess. Its light color is in sharp contrast
with the dark schist of the four inner ridges, with which it is slightly
discordant (Fig. 4b). Although G1 may be an old moraine, it is also
possibly a kame terrace impounded against a cirque paleoglacier.
No schist boulders (with their included quartz lenses) were found
on its surface; thus, there were no opportunities for 10Be dating.

In contrast, moraine ridges G2eG5 (Fig. 4) consist of sub-
angular schist diamict sourced in the south from the Gichginii
plateau. G2eG4 are stable and vegetated, and the surface boulders
host lichens. Their lack of flow features on or between the ridges
argues against an origin as rock glaciers (e.g., D. Trombotto Liaudat,
pers. comm., 2017) (see the surface features in Online Supplement
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1: Figs. 3e6).
We sampled every boulder that we could find in the M€onh

M€osnii cirque large enough and containing enough quartz lenses to
permit the 10Be dating. Four 10Be ages from moraine G2, the oldest
datedmoraine, weremeasured and, after excluding one outlier (i.e.,
n ¼ 3), indicate glacial deposition during ~8e7 ka. Approximately
40 m above the G2 moraine, four boulders on the G3 moraine
(Fig. 4) were dated to ~3e2 ka, after excluding one outlier. The
youngest moraine we dated, G4, lies at about the same altitude as
G3, and six boulders from there gave an age range of ~2e1 ka
(Online Supplement 1: Fig. 7). In the field, G5 appeared to us to be
similar to Little Ice Age moraines elsewhere (LIA: after ~0.7 ka,
Matthews and Briffa, 2005). The ELAs associated with G1eG5 were
3320, 3330, 3360, 3365, and 3370 m asl, respectively. In contrast,
the ELAs for the LIA paleoglaciers along the MongolianeSiberian
border (M€onh Saridag peak) 750 km to the NNE were ~3190 m asl
(Batbaatar and Gillespie, 2016) about 180 m lower than G5. TheMIS
2 ELA in the northern Mongolia (Darhad basin) was ~2100 m asl
(Gillespie et al., 2008), about 1220 m lower than for G1. Thus, the
total range of ELAs in northern Mongolia was much greater than in
the arid Gichginii range.

The undated G1 feature, which marks the extent of the local
LGM in the Gichginii range, lies only ~10 m lower than the crest of
the G2 moraine, and therefore the ELAs are nearly the same.
Whatever the age of G1, the G1 and G2 paleoglaciers were similar in
size and extent. The valley below the cirque is characterized by a
fluvial, ~10 m deep bedrock inner gorge downslope from the talus.
The bedrock gorge could have been cut by subglacial streams if the
paleoglaciers ever advanced beyond G1. Otherwise, we found no
evidence of a glacial advance in the Gichginii range during the
global LGM, a cold period of permafrost presence in the Gobi-Altai
(Owen et al., 1998). If the M€onh M€osnii valley below the cirque was
ever glaciated, it was long enough ago that the moraines have all
been removed by erosion.

Sutai range … The Sutai range in the western end of the Gobi-
Altai hosts three modern ice caps (referred to as # 1, 2, and 3 in
Fig. 5a). The two largest (#2 and 3) occupy a high plateau southeast
of our studied valleys and are narrowly separated today but prob-
ably merged during major glaciations. Ice cap #2 feeds at least five
well-developed glaciers that descend both the northeastern and
southwestern slopes of Sutai. Three boulders from a series of lateral
moraines on the northeastern slope, NE2e4 in Fig. 5b, were dated
to ~27e22 ka, after rejecting an outlier of 6.7 ± 0.4 ka. We also
rejected a single 10Be age of 7.3 ± 0.5 ka from the lowest end
moraine a few hundred meters down valley as it appeared too
young for the landform relative to its neighbors.

The pass between ice caps #1 and #2 is now occupied by a
modern outlet glacier flowing west from ice cap #2. Most of the
glacier now flows south and descends down a canyon on the SW
side of the ridge, but in the past it also descended to the NE outlet
valley (Fig. 5a and b). About 20m higher than the glacierized pass is
a lateral moraine on the ridge leading to ice cap #1. Deposition
there likely resulted from the bedrock ridge diverting both to the
northeast and southwest the paleoglacier flowing into the pass. The
altitude of this marginal moraine reflects the local depth of the
outlet glacier, but not its maximum extent. Given its location, it may
even be time-transgressive. We collected three samples from the
crest of this moraine: two above the pass itself (~45 ka and ~13 ka)
and a third 83 m to the south (~25 ka). The two younger ages could
be consistent with the MIS 2 ages from below the pass to the NE.
Exactly how this moraine remnant fits into the chronostratigraphic
sequence is unclear, however, and with only three ages widely
separated in time, an age for the moraine cannot be determined
with any confidence.

Near the margins of ice cap #3 on the Sutai plateau, we sampled
two erratics (Fig. 5c). The erratics were dated to ~42 and ~21 ka,
echoing the disparity of the three ages from the pass. These did not
allow us to determine an age relevant to the paleo-ice cap. Viewed
collectively, the five samples from the Sutai plateau and the pass
began their exposure histories at different times during MIS 2 and
3. More work will be required to unravel their significance.

On the southwestern piedmont of Sutai (Fig. 5a and c), we dated
eight more samples, including six from a right-lateral moraine
complex. Four of five boulders from the crest of SW2 right-lateral
moraine yielded ages of ~19e13 ka, with the other being rejected
as an outlier. Another boulder fromwhat in the field appeared to be
a remnant of a recessional moraine was dated to ~36 ka, which
clearly was too old for its context. We also sampled an isolated
glacially eroded bedrock knob at 3105 m asl, ~75 m lower altitude
than the preserved moraines and ~0.8 km downslope. The knob has
not been heavily weathered or eroded. It was dated to ~22 ka, not
inconsistent with the younger SW2 right-lateral moraine. A nearby
glacial erratic boulder at the same altitude was dated to ~72 ka,
however. It is possible that the erratic simply contained inherited
10Be and is anomalously old; it is also possible that it once sat atop
the now-erodedmoraine that buried the bedrock knob, but was too
large to move or erode completely. In this interpretation, the 10Be
age of the erratic might be a minimum for the moraine, and the age
of the knob may simply reflect exposure since erosion of the
moraine.

Like the lowest right-lateral moraine, all the left-lateral mo-
raines are missing from the piedmont. We sampled two boulders
fromwhat appears to be soliflucting debris where we expected the
moraine once was. The debris could have originated as rockfall,
possibly triggered by range-front faulting. The two boulders were
dated to ~1.6 and 0.9 ka (Fig. 6a). The evidence of mass wasting
from the range front suggests that seismicity in the region in
addition to active permafrost processes may have modified the
initial exposure position of the boulders there.

Strath terraces formed just above the southwestern piedmont of
Sutai after the glaciers receded from their last maximum positions
(Fig. 6a and b). Four boulders on the strath terraces and three more
from a protalus rampart burying the terraces yielded wide-ranging
ages of ~18e1 ka, and a tight cluster of 3e2.5 ka, respectively.

Ih Bogd range… Near the easternmost end of the Gobi-Altai, the
Ih Bogd range provides evidence of glaciation with well-developed
cirques and moraines (Fig. 7a). The best-preserved evidence on the
southern side of Ih Bogd is in Artsan valley, where moraines from at
least six advances, labeled as IB1eIB7 in Fig. 7b, sit ~150e500 m
from and 30e130 m below the headwall. A single boulder from the
youngest moraine was dated to ~14 ka. Five boulders ~25e35 m
down valley, from a series of lateral and end moraines, IB5e6, gave
ages that ranged from ~17 to 13 ka. We rejected a10Be age of
7.3 ± 0.6 ka from the IB5 moraine as an outlier. The altitude of the
most distal moraine (IB1, not sampled) was only ~50 m below the
IB5 moraine.

3.2. Glaciations in the Hangai ranges

In the dry subhumid zone to the north of the three sites in the
Gobi-Altai, the Hangai ranges were heavily glaciated before and
during the global LGM (Rother et al., 2014), with separate peaks
supporting their own ice caps. Otgontenger is the only peak high
enough today to preserve a small ice cap. In the Bogd river valley, on
the western side of Otgontenger (Fig. 8a), Rother et al. (2014)
concluded on the basis of 10Be dating that the outlet glaciers
advanced to the local LGM at ~38 ka during MIS 3, but that the MIS
2 glaciers were comparable to or slightly smaller than the MIS 3
glaciers. Three glacial boulders we sampled from the lowest ter-
minal moraine in the Bogd valley dated to ~25e20 ka, consistent



Fig. 5. Sample locations in Sutai range. a. ASTER image (September 21, 2003; band 3N) showing the southwestern and northeastern slopes of the Sutai range and the 10Be ages for
glacial deposits. b. Google Earth perspective view of the moraines in the northeastern slope. c. Google Earth perspective view of the moraines in the southwestern slope. The glaciers
in the studied valleys are both fed by ice cap #2. 10Be exposure ages are in ka ± 1s. Rejected ages are shown in red. Google Earth overlay is the DigitalGlobe and Landsat images
acquired in June 2013.
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Fig. 6. Non-glacial samples at Sutai. a. Google Earth perspective view of the southwestern slope and the locations of the glacial (white circles) and non-glacial (blue circles) samples.
b. Field photo showing a closer view of the strath terraces on both sides of the stream and protalus rampart and alluvial fan covering the terraces. Numbers refer to 10Be ages, in ka ±
1s. Rejected age is shown in red. Google Earth overlay is the DigitalGlobe image acquired in June 2013.
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with the findings of Rother et al. (2014). To extend the glacial his-
tory at Otgontenger, we dated glacial boulders in the Bitüüt valley
(Fig. 8a and b) on the eastern side of Otgontenger. Bitüüt valley is a
separate drainage from the Bogd valley, although the outlet glaciers
in these valleys probably were sourced from the same ice field. We
sampled from three moraines that comprise part of a retreat
sequence of at least ten moraines (BI1 to BI9) in the Bitüüt valley.
Two boulders from one of the oldest Bitüüt end moraines (BI2)
were deposited at ~33e28 ka. A third boulder was dated to ~83 ka
and was rejected as an outlier. About ~1.4 km upvalley and an
additional ~120 m rise in altitude from the lowest two moraines,
three 10Be ages for boulders on the two younger moraines, BI8 and
BI9, ranged in age from ~17 to 16 ka (Fig. 8b). The boulder age of
15.0 ± 1.0 ka from BI9 was rejected as an outlier.

To complement the chronology of glacial advances in the Hangai
ranges, we traveled approximately 200 km east of Otgontenger, and
sampled two moraines in another glaciated valley, the Bumbat.
Three boulders on the older moraine, BU1 in Fig. 9a, gave wide-
ranging ages of ~104, 54, and 23 ka. Four of six 10Be ages from a
younger inner moraine 2.5 km upvalley (BU2 in Fig. 9) suggest a
deposition age of ~39e30 ka. The other two 10Be ages of 49.9 ± 3.3
ka and ~22.2 ± 1.5 ka, were rejected as outliers (see details of
outliers in Online Supplements 1 and 2).

3.3. Mechanisms of ablation in the Gobi-Altai and Hangai ranges

The reconstruction of paleoclimate from glacial records relies
on the empirical relationship between summer Ta and annual
precipitation at the ELAs (Ohmura et al., 1992). This approach has
recently been extended to arid and semiarid regions in Central
Asia (Sakai et al., 2015) (Fig. 10) using GAMDAM glacier inventory
compiled using satellite images and high-resolution climate data
(Nuimura et al., 2015). On this annual precipitation vs. summer Ta
diagram, we have also plotted the modern climate data (Kalnay
et al., 1995; Schneider et al., 2016) at the modern ELA for exist-
ing glaciers and at cirque headwalls for currently unglaciated
valleys covering the five regions we have studied (black filled
symbols in Fig. 10). Unsurprisingly, the modern glacier at Sutai and
the Otgontenger ice cap plot within the limits for glaciation today,
but the other three sites are too warm and dry, and plot outside



Fig. 7. Ih Bogd range and the 10Be sample locations. a. ASTER image (acquisition April 14, 2001; band 3N) showing the cirques with glacial deposits. There is no modern ice on the
plateau, and snow is covering the white areas on the image. b. Google Earth perspective view (background: DigitalGlobe image acquired in June 2007) showing the dated moraines
in the Artsan valley. 10Be exposure ages are in ka ± 1s. Rejected age is shown in red.
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the limits. We then projected the estimated MIS 2 climate (Owen
et al., 1998; Braconnot et al., 2007; Bintanja and van de Wal, 2008;
Annan and Hargreaves, 2013) to the MIS 2 ELA for the studied
paleoglaciers (open symbols, Fig. 10) onto the diagram. All the
estimated MIS 2 data points plotted well within the allowed
glaciation zone defined by the modern glacier data, apart from
Gichginii site, which appears to be marginal. This suggests that
Gichginii may have been too dry to support glaciers during MIS 2,
in agreement with the absence of MIS 2 deposits. Had the MIS 2
precipitation at Gichginii marginally higher than the modern
value, the Gichginii range would have been glaciated then. For the
early Holocene, the modeled summer Ta was 3 �C warmer than



Fig. 8. Otgontenger site and sample locations. a. map showing prominent moraines and sample locations from this study and Rother et al. (2014). The glaciers from MIS 2 were
slightly smaller than from MIS 3, but comparable in size. b. Google Earth perspective view (DigitalGlobe image acquired in October 2011) shows the sets of moraines in the Bitüüt
valley east of Otgontenger. 10Be exposure ages are in ka ± 1s. Rejected ages are shown in red.
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today (Jin et al., 2012), which would have been too high to have
enabled glaciation per Fig. 10. However, the existence of Gichginii
cirque glaciers requires that snow did survive the summers in the
early Holocene; thus, it may be impractical to reconstruct summer
Ta for small cirque glaciers in cold, arid conditions using this
empirical curve.

We calculated the rates of melting and sublimation at altitudes
of 2000e3500 m asl to examine the ablation mechanisms of a
glacier in cold and arid conditions. Our surface-energy balance
model suggests that at lower altitudes (i.e., red zones in Fig. 10 or
11aed) high Ta provides excess energy available for melting
(Fig. 11b). At higher altitudes and cold climates (i.e., blue zones in
Fig. 10 or 11aed) sublimation dominates ablation where melting
cannot occur (Fig. 11c). For example, at 3500 m asl, approximately
the lowest limit of the Gichginii plateau, direct insolation exceeds
net longwave radiation during the summer (Fig. 11e) but Ta remains
low enough that ice cannot melt (Fig. 11f) and the excessive energy
is spent to sublimate it (Fig. 11g).

The normalized ELAs in Fig. 12a for the Gobi-Altai and Hangai
ranges show the timing and the magnitude of the glacial advances
compared to the normalized ELA depressions of the local LGMs
(100%). At Gichginii, the ELAnorm depression indicated by the early
Holocene G2moraine (8e7 ka) (Fig. 4) was ~90% of the value for the
lower undated G1 ridge (Fig. 12a), assuming the latter was glacially
deposited. On the other hand, if G1 was non-glacial then the local
LGM occurred during early Holocene, as registered by G2.

Sutai hosts modern glaciers on both SW and NE slopes. The ELA
depression of the dated MIS 2 glaciers on the NE slope was ~80% of



Fig. 9. The moraines at the Bumbat site, Hangai ranges. a. Map showing the end moraines and locations of the 10Be samples (background is Landsat image from Google Earth). b.
Panoramic photo looking southeast showing the surface of the younger end moraine crest (dashed lines). 10Be exposure ages in ka ± 1s. Rejected ages are shown in red.
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undated local LGM glacier, and the small modern glacier from the
ice cap #1 at Sutai had an ELAnorm of ~40% (Fig. 12a). The glacially
eroded bedrock knob (MOT98-CS-22: 22.1 ka) on the SW piedmont
of Sutai suggests that the local LGM glacier on the piedmont
occurred during MIS 2 (or earlier), but the set of four 10Be ages
ranging from ~20 to 14 ka on the right lateral moraine only
130e160 m higher in altitude suggests that extensive paleoglaciers
persisted or re-advanced on the piedmont late in MIS 2. The ELA
depression of the modern glacier on the SW slope of Sutai was at
28% of the depression during the local LGM.

There are undated local LGM moraines in Ih Bogd range and the
~17e12 ka moraines there were projected in Fig. 12a to have ELA
depression of ~70% the value for the local LGM glacier. The paleo-
glaciers in all studied valleys in the Hangai ranges, Bogd, Bitüüt and
Bumbat, achieved their local LGM extent during MIS 3, not MIS 2
(Fig. 12a). The modern ELAnorm ¼ 0 at Otgontenger, because the top
of the modern ice cap of Otgontenger lies more than 500 m above
the headwall.

4. Discussion

4.1. Glacial asynchrony due to differences in climate and the
variations of local conditions

The timing of the local LGM in the Gobi-Altai and Hangai ranges
(Fig. 12a) reveals three modes of glacial behavior and/or timing: 1)
in dry subhumid regionsdOtgontenger and Bumbatdthe MIS 3
glaciers were larger than during MIS 2; 2) in semiarid region-
sdSutai and Ih BogddMIS 2 glaciers were the largest; and 3) in arid
regionsdGichginiid the early Holocene glaciers were as large as
the local LGM. Regional changes for the last 60 ka in climate pa-
rameters that control the glacier mass balance, such as snowfall
(Fig. 12b), air temperature Ta (Fig. 12c), and seasonality (Fig. 12d)
explain the glacial asynchrony in all these regions. In particular,
greatly reduced regional precipitation can explain the unusual re-
striction of MIS 2 glaciers to their cirques in some ranges. In nor-
mally cold and arid desert ranges, increased precipitation modified
by unusual local conditions provided additional accumulation of
snow and reduced ablation, which amplified the glacial asynchrony
there.

For example, at Sutai any MIS 3 glaciers appear to have been
over-run by glaciers during MIS 2. This is consistent with the
“synchronous” hypothesis, inwhich the extent of mountain glaciers
and high-latitude ice sheets co-varied closely through time. In
contrast, the MIS 3 glaciers in the Hangai ranges extended further
down the valley than the glacial advances during MIS 2, the global
LGM, observations consistent with earlier studies (Rother et al.,
2014). The pattern is consistent with glacial records in the humid
Sayan ranges in southern Siberia, where the ELA during MIS 3 was
~75m lower than duringMIS 2 (Gillespie et al., 2008; Batbaatar and
Gillespie, 2016). Larger MIS 3 glaciers are not predicted by the
“synchronous” hypothesis, since the global ice volume was maxi-
mized during the MIS 2 global LGM. Regional precipitation and
effective moisture in Central Asia (Fig. 12b) were greater duringMIS
3 than MIS 2 (Herzschuh, 2006), and this likely contributed to the
larger MIS 3 glaciers in the Hangai ranges. After ~28 ka the climate
became drier and colder (Fig. 12b and c). Seasonality, which had
been quasi-stable throughout MIS 3, started to change at the



Fig. 10. The relationship between annual precipitation and summer air temperature at
the ELA for modern glaciers in Asia. The data are taken from the GAMDAM glacier
inventory (Sakai et al., 2015). Blue dots indicate summer temperatures below �2.5 �C;
red dots indicate summer temperatures above zero. At the lowest temperatures
ablation is dominated by sublimation (~50e100 mm yr�1) (“precipitation-sensitive
regime”) and is insensitive to air temperature; in warmer climates ablation depends
more on air temperature (300 mm K�1) (“temperature-sensitive regime”). Solid black
symbols represent today's climate at the modern ELA for Sutai (3870 m asl) and
Otgontenger (3800 m asl), and headwall altitudes for currently unglaciated valleys
(Gichginii 3440; Ih Bogd: 3500; Bumbat: 3080 m asl) were used in place of the ELA.
Open symbols represent estimated MIS 2 climate with air
temperature ¼ modern �8 �C (Owen et al., 1998; Bintanja and van de Wal, 2008;
Annan and Hargreaves, 2013) and precipitation at 75% of modern (Braconnot et al.,
2007) at the MIS 2 ELA (Sutai: 3280; Otgontenger: 2850; Gichginii: 3440; Ih Bogd:
3450; Bumbat: 2690 m asl). Precipitation data are from the GPCC 0.5� v7, long-term
(1981e2010) monthly mean (Schneider et al., 2016). Temperature data are from the
NCEP/NCAR 2.5� long-term (1981e2010) monthly mean (Kalnay et al., 1995) scaled to
the altitude with lapse rate of 8 �C km�1. The region outside the envelope defined by
the red/blue data points fall into two categories: above and left, the climate is wetter
and/or cooler than at the ELA and would correspond to an altitude within the accu-
mulation zone; below and right of the data points the climate is too dry and/or warm
to support glaciers (i.e., within the ablation zone).
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beginning of MIS 2: spring and summer insolation decreased
(Fig. 12d), contributing to delayed melting in the spring and
reduced ablation in the summer.

The clearest example of asynchronous glacial advances was
observed in the Gichginii range, our most arid site in the Gobi-Altai.
The lowest ridge, G1 in Fig. 4, may be a moraine remnant buried by
scree and thus may mark the local LGM there, but the 10Be ages
from the next oldest moraine, G2 in Fig. 4, and only ~10 m higher,
suggest that a glacial advance of similar ELA occurred during ~8e7
ka. Given the amount of rock excavated in making the M€onhM€osnii
cirque compared to the volume of till contained in it today, it is
evident that the cirque must have been occupied by Pleistocene
glaciers that moved the debris down valley. Thus, the local LGM in
the Gichginii rangemay have occurred duringMIS 3 or 2, but even if
it is younger, deposits from possible older advances must have been
eroded or buried by the Holocene moraines G2eG5 there. This is
not surprising because in cycles of glacial advances and retreats, the
younger advances commonly overlap and obliterate older ones if
the younger one is larger (Gibbons et al., 1984). Obliterative overlap
is also a reason why glacial records from MIS 2 are much more
abundant and pronounced than older ones from MIS 3 in Central
Asia (e.g., Heyman et al., 2011b), and indeed throughout the world.

The early Holocene in Mongolia was a pluvial period with an
almost three-fold increase in regional precipitation (Fig. 12b;
Herzschuh, 2006; Miehe et al., 2007), and ~10 �C higher annual Ta
than during the global LGM (Fig. 12c; Bintanja and van de Wal,
2008; Online Supplement 1). During the early Holocene, insola-
tion increased in summer and decreased in other seasons relative to
the global LGM conditions (Fig. 12d). This may have increased the
snow accumulation, especially on the Gichginii paleoglaciers, by
two mechanisms: 1) A weakened Siberian high-pressure system
during early Holocene (Mayewski et al., 2004) allowed passage of
westerly moisture late in spring and early in autumn; 2) Colder
springs and autumns preserved more snow. Today, spring and
autumn accounts for ~25% of annual precipitation (~55 mm: Fig. 2)
near the Gichginii range and the annual Ta in these transitional
seasons is approximately �9 �C at the altitude of the dated mo-
raines (3340 m asl). Glacial advances of the early Holocene have
been documented in similar westerly-dominated regions as well.
For example, glaciers in eastern Sayan mountains of southern
Siberia advanced at ~10 ka (Batbaatar and Gillespie, 2016). Ice-core
records from the Belukha ice cap ~900 km to their southwest reveal
that the existing glaciers in the Altai mountains formed ~11e7.5 ka
(Aizen et al., 2016). In the semiarid southern Kyrgyz Tien Shan,
glaciers of the Aksai basin may have advanced at ~8e5 ka (Koppes
et al., 2008). These examples demonstrate that precipitation-driven
glacial advances were not unique to the Gichginii paleoglacier
during the early Holocene. However, in the Artsan valley of Ih Bogd,
no Holocene moraines were found and the youngest glacial
advance was ~16e12 ka, following the global LGM. The pattern in
the Gobi-Altai is distinctly different from that across the Hangai
range and is decidedly different than would be predicted by the
“synchronous” hypothesis, in which the largest glaciations
occurred at roughly the same time globally. The summary of our
interpretation of the moraine ages is given in Table 2.

In addition to regional climate conditions, glacial response is
modulated by local factors. This is especially true for small cirque
glaciers. The M€onhM€osnii cirque in the Gichginii range faces north,
and its glaciers weremore shadowed than those in the south-facing
valleys of Ih Bogd and Sutai. Indeed, the modern north-facing Sutai
glaciers are much larger than on the south slopes. Furthermore,
accumulation in catchments located downwind from the large
high-altitude plateaus common in the Gobi-Altai is augmented by
snow blown from them into the cirques by the strong prevailing
westerly winds. The M€onh M€osnii valley in the Gichginii range is
downwind (east) of a summit plateau (Online Supplement 1: Fig. 2),
three times the area of the cirque (0.5 km2), increasing the effective
accumulation area. The other valleys we studied likely received less
wind drift: cirques in Ih Bogd and Sutai ranges are upwind (west) of
a plateau that accumulates much snow. Thus, the additional accu-
mulation of snow on M€onh M€osnii cirque due to local factors likely
pushed across the threshold for glaciation, driving the glaciers to
lower altitudes than expected from regional climatic conditions
alone.

According to the calculation of Rupper and Roe (2008) of melt
fractions (Fig. 3) melt becomes responsible for more than 50% of
total ablation when annual precipitation is higher than ~150 mm,
which marks the transition from melt-dominated to sublimation-
dominated regimes. Precipitation in our five sites bracketed this
threshold. At Sutai, Ih Bogd and the Hangai ranges, precipitation is



Fig. 11. Sublimation- and melt-dominated regime for glacier ablation. a. Summer (JJA average) air temperature (open circles) and ice-surface temperature (closed circles). b. Po-
tential annual ablation from sublimation (open circles) and from melting (closed circles). Note the logarithmic scale for horizontal axis. c. Fraction of sublimation to total annual
ablation. Sublimation dominates in “blue zone,” where at least 50% of ice is lost via sublimation. The transition to the melt-dominated “red zone” is abrupt due to efficient melting.
d. Profiles of two hypothetical glaciers under the same conditions except snowfall. The glacier with 110 mm (w.e.) yr�1 accumulation is balanced with sublimation before reaching
the “red zone” below. An accumulation of 250 mm (w.e.) yr�1 will exceed sublimation and the glacier must flow to lower altitudes where melting occurs. e. Monthly mean cal-
culations in the sublimation zone at 3500 m asl of incoming (positive) and outgoing (negative) energy fluxes: f. Monthly mean temperatures of air (top red line) and the ice-surface
(bottom blue line); g. Monthly mean ablation due to melting (top red line) and sublimation (bottom blue line).
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great enough that for glaciers to exist, efficient melting must
dominate the total ablation, and the balance of Ta and snowfall
controls the glaciation. The peaks of Otgontenger (4008 m asl) and
Sutai (4220 m asl) have modern ice caps; yet the peak of Ih Bogd
(3957 m asl, only ~140 m lower than the headwall of the modern
Sutai glaciers) and with essentially the same climate, does not. The
measured summer lapse rate at Sutai (8 �C km�1; Online
Supplement 1) applied to that altitude difference suggests that
the Ih Bogd plateau could have a modern ice cap if it were at an
altitude like Sutai or Otgontenger. At the Gichginii range, however,
precipitation is so low that sublimation alone would be enough to
ablate most of the snow and ice even if the summit plateau was
higher and colder than Sutai or Otgontenger. Thus, the Gobi-Altai
and southern Hangai ranges appear to be very close to the
threshold of glaciation today. Evidently, as predicted by numerical
models (Rupper and Roe, 2008; Rupper et al., 2009), in the arid
environments of the Gobi-Altai insolation and summer Ta are
important factors controlling ice mass balance, and minor varia-
tions in snowfall as well as Ta can lead to major changes in ELAs.

In considering precipitation-sensitive or sublimation-
dominated glaciers, it is important to recognize that melting can
also occur, just as some sublimation occurs in temperature-
sensitive or melt-dominated systems. Some melting under cold
conditions can occur even if Ta ≪ 0 �C. This can occur at the thin
edges of snow fields or glaciers, where sunlight can penetrate to a
low-albedo substrate, warming it and melting the adjacent ice. It
can also occur on glacier surfaces, especially if they are covered
with a low-albedo layer of dust that can absorb the sunlight and
warm the underlying ice. An example of the former is shown in
Fig. 13, a photograph on the South Col of Chomolungma (Mt.
Everest) at 8000 m asl and with Ta z �28 �C. It is noteworthy that
blowing dust is common in Mongolia, and glaciers there may have
been darkened accordingly, perhaps even more than they are today
and in our energy modeling, which assumed “clean” ice.
4.2. Implications for reconstructing paleoclimate from glacier
records

Without an actual measurement of glacier mass balance the ELA
must be defined from the altitude of the highest lateral moraine, or
from the geometry of the glacier using the THAR and AARmethods.
These geometric ELAs are estimated from the altitudes of glacial
deposits for paleoglaciers (e.g., Porter, 2001; Heyman, 2014) and
using satellite images for modern glaciers (e.g., Kargel et al., 2014),



Table 2
Average age and total uncertainty for 10Be ages grouped according to landform. The groups are ordered from old to young.

Geographic region Site Group n Average agea

(ka ± 1s)
Interpreted deposition ageb

(ka)

Gobi-Altai Gichginii G2 3 7.5 ± 0.8 8e7
G3 4 2.6 ± 0.7 3e2
G4 6 1.5 ± 0.4 2e1

Sutai NE2-4 3 24.7 ± 2.4 27e22
SW2 4 16.2 ± 2.7 19e13

Ih Bogd IB5-6 5 14.3 ± 1.9 16e12
Hangai Otgontenger BO1 3 22.2 ± 2.5 25e20

BI2 2 30.6 ± 2.2 33e28
BI9 2 16.6 ± 1.1 17e16

Bumbat BU1 3 59.9 ± 41.1 [ 22 (?)
BU2 4 34.9 ± 4.5 39e30

a Outliers are not included in averaging. Themodified Kolmogorov-Smirnov test (Lilliefors,1967) of all the 10Be ages, including the outliers, shows that the ages are normally
distributed. Thus, the average age and the compounded uncertainty properly characterizes the timing of the moraine formation.

b Exposed boulders are the last ones to be deposited on amorainewhen a glacier was advancing or was in standstill. Thus, the 10Be boulder ages predate the retreating of the
glacier.

Fig. 12. Timing of local glaciation and the equilibrium-line altitude (ELA) lowering in the studied areas and the changes in regional climate. a. ELA depressions normalized to the ELA
during the local LGM (Eqn (1)) and the corresponding mean moraine ages with 1s total uncertainties shown as bracketed line. Dark green triangle for Sutai NE slope and light blue
circle for Bogd river valley of Otgontenger are at zero because there are no glaciers today but the ice caps lie above the headwall. The Otgontenger data include ages from Rother
et al. (2014) and this study. b. Average effective moisture (precipitation minus evaporation) reconstructed for regions dominated by westerlies (dashed red line) and monsoon (solid
black line) in Central Asia (Herzschuh, 2006). The gray bars correspond to the durations of MIS 2 and the Holocene pluvial period in Mongolia. c. Mean annual surface air tem-
perature for subarctic (40� Ne80� N) continents (blue dashed line), and global sea level (red solid line), modeled from the LR-04 marine benthic oxygen isotope stack (Bintanja and
van de Wal, 2008). d. Monthly insolation change from today at 45� N latitude.
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and essentially make a metric with which to reconstruct climate
from glacial advances and retreats. However, the physical ELA that
is truly derived from physical glacier modeling requires a full ac-
count of surface energy and mass balance for individual glaciers.



Fig. 14. Schematic diagram relating ELA depression (DELA) to change in precipitation.
A small increase in precipitation (black line) shifts the amount towards right to the
dashed line. In the sublimation-dominated glacier (Left) the ELA is sensitive to pre-
cipitation and a small increase in precipitation leads to large DELA. However, in melt-
dominated glacier (Right) the ELA is insensitive to precipitation and the same increase
in precipitation leads to much smaller DELA.

Fig. 13. Ephemeral running water at the end of a snow field on the South Col of
Chomolungma (Mt Everest) at 8000 m asl and Ta z �28 �C. Photograph by Justin
Merle, 20 May 2009.
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The correlation of geometric and physical ELAs for melt-dominated
glaciers is well-defined (Ohmura et al., 1992), and because their ELA
is a strong function of Ta (Fig. 10; Rupper and Roe, 2008) it is
practical to reconstruct summer Ta from changes in ELA assuming
minimal change in precipitation. However, the physical ELA for a
sublimation-dominated glacier is poorly defined because no
melting occurs and because the ablation in the higher “accumula-
tion” zone is as strong as it is in the lower “ablation” zone. More-
over, sublimation (thus total ablation) is largely independent of Ta
and small changes in precipitation can drive large changes in ELA
(Fig. 14).

In the warming climate caused by human activities (IPCC, 2013)
many glaciers are already retreating (Roe et al., 2016). Once limited
to their cirques, some will be subject to the same kind of idiosyn-
cratic local factors that we conclude have occurred in the past
across the Gobi-Altai, making regional patterns of glacier balance
more “noisy” and difficult to interpret in terms of climate. Moun-
tain glaciers now in the “precipitation-sensitive” regime (blue dots
of Fig. 10) maymigrate towards the “temperature-sensitive” regime
(red dots of Fig. 10) and in the absence of greatly increased winter
snowfall they may retreat catastrophically. Still, other and colder
glaciers in the “precipitation-sensitive” regime may simply
lengthen as warmer conditions bring increased precipitation
without causing them to cross into the “transitional” zone (black
dots of Fig. 10) and/or “temperature-sensitive” regime. Thus,
asynchronous behavior should be expected in the future, even
under climate-change conditions of simple warming. Our analyses
(Fig. 12) have suggested that under specific conditions some
glaciers do not require a cooling climate to advance, and that glacier
records can best be understood by identifying the major ablation
processes dictating the glacier sensitivity to changes in climate, as
predicted by numerical modeling of Rupper and Roe (2008).

5. Summary and conclusions

The paleoglaciers in Gichginii range of central Gobi-Altai,
advanced at ~8e7 ka, during the early Holocene, with a magni-
tude similar to their local LGM positions. During the early Holocene,
the autumn and spring were warmer than in the global LGM, but
the resulting increased ice loss due to melting and sublimationwas
compensated by increased regional precipitation sufficient to cause
a regional pluvial period of high lakes. Additional snow accumu-
lation due to wind drift and shaded cirques also favored Holocene
glacier growth. Although the timing of the local LGM at Gichginii
was not constrained, for times prior to 10 ka in these cold,
extremely arid environments evidently inefficient sublimation
could ablate themeager amount of annually accumulated snowand
ice, resulted in small glacier advances despite the low
temperatures.

In contrast to the temporal pattern of maximum glaciations and
arid climate in the Gichginii range, other mountain ranges with
higher precipitation in the Gobi-Altai, for example in Artsan valley
of Ih Bogd and the southwest slopes of Sutai, remained at least
intermittently glaciated until ~16e14 ka, after the global LGM. The
largest global LGM advance in the Gobi-Altai was observed on the
northeast slopes of Sutai (ELA ¼ 3640e3280 m asl;
DELA ¼ 260e590 m). In Bumbat valley, in the less arid Hangai
ranges, the glaciers advanced to their maximum at ~40e30 ka,
during MIS 3 and well before the global LGM. Melting dominates
ablation in those subhumid areas and increased precipitation
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during MIS 3 would have driven the glacier advance. However, the
Hangai paleoglaciers 20 km west of the Otgontenger ice cap ach-
ieved their maximum extent at ~22 ka, during the global LGM. They
were similar in size to those of MIS 3 (ELA ¼ 2840e2670 m asl;
DELA z 1000 m), mainly because over the past 60 ka regional
precipitation was at its lowest level during the global LGM even
though there was a slightly lower average air temperature in MIS 2
than in MIS 3, which favored glacier growth.

There are three broad implications that can be drawn from our
findings: 1) The notion of a near-synchronous northern-hemi-
sphere LGM advances of mountain glaciers is not widely applicable
to cold, sub-freezing arid regions; 2) Although less energy-efficient
than melt, sublimation becomes more important and can even
dominate ablation of glaciers in such regions, where glacier growth
there is largely controlled by precipitation and is less sensitive to air
temperature; 3) Under modern global climate warming, most gla-
ciers are in retreat, but our results suggest that, although non-
intuitively, in some regions, particularly cold deserts, the indirect
result of warming could be glacial advance due to increased
snowfall. Therefore, changes in glacier growth must be interpreted
cautiously to infer climatic past and future conditions.
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