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Persistent millennial-scale glacier
fluctuations during the last glacial cycle in
the southern Tibetan Plateau

Check for updates

Guocheng Dong1,2 , Weijian Zhou1,2 , Yunchong Fu1,2, Feng Xian1,2 & Li Zhang1,2

Determining what was responsible for the last glacial millennial-scale glacier fluctuations can help to
pinpoint the causes of abrupt climate events during that period. Yet, the question remains poorly
constrained in the Tibetan Plateau (TP), where glaciers react to the global climate system via the
northern mid-latitude westerlies and Asian Summer Monsoon (ASM). Here, we examine this issue
through 10Be exposure dating of moraines in the western Nyainqentanglha Mountains, southern TP.
We find that glaciers reached their maximum extent during the last glaciation before the Last Glacial
Maximum (LGM), and that the LGM termination pre-dated a rapid CO2 rise at ~18 ka. Changes in
summer air temperature,which is tied to the northern tropical IndianOceansea surface temperatureby
the northern mid-latitude westerlies, likely accounted for the pattern of glacial fluctuations, along with
the ASMweakening. The rising summer solar insolation from 23 ka also made a positive contribution
towards terminating the LGM.

As themost recent glacial cycle, the last ice age featured climate variations on
millennial timescales (e.g., stadials and interstadials), as witnessed, for
example, by bipolar ice core records1,2. Yet, identifying the underlying ori-
gin(s) of these millennial-scale climate events remains a fundamental
conundrum in paleoclimatology3. Mountain glaciers are sensitive to high-
frequency climate signals4, thereby affording an excellent opportunity of
examining the problem3. Understanding what was responsible for
millennial-scale glacial behaviors is the key step towards addressing
the issue.

Holding the largest glacier area outside the polar realms, the
Tibetan Plateau (TP) is deemed an ideal region to comprehend glacier
dynamics5. As such, many efforts have been devoted to establishing
high-precision chronologies from moraines deposited by the TP gla-
ciers during the last glaciation6,7. Continued progress in chronological
control for moraine sequences advances our current knowledge of the
last glacial history of TP glaciers. For instance, glaciers attained their
maximum extent during the last glacial cycle prior to the Last Glacial
Maximum (LGM; 19.0–26.5 ka8) inmany regions of the TP9. Glaciers in
the southern TP, which are influenced by the global climate system via
the northern mid-latitude westerlies and Asian Summer Monsoon
(ASM)10, were also limited in extent during the LGMdue to arid climate
conditions11–15. These studies come to the conclusion that glaciers react
dynamically to changes in summer air temperature and

precipitation14,16. The response of glaciers to millennial-scale climate
variations during the last glacial cycle, however, has yet to be fully
addressed across the southern TP9. Evidence formillennial-scale glacial
fluctuations is at best scant, and in most places is absent. Filling the
knowledge gaps could help us pinpoint the role of global (e.g., atmo-
spheric CO2), hemispheric (e.g., Northern Hemisphere cold stadials),
and regional (e.g., ASM precipitation) forcings in millennial-scale
glacial events in the TP.

In this study, we explore the last glacial history of glaciers in the Sibuqu
catchment, which is located in the southwestern-most part of the western
Nyainqentanglha Mountains (WNM; Fig. 1), as a case example of the
southern TP for the following reasons: the WNM glaciers are highly sen-
sitive to changes in air temperature17; their past fluctuations have the
potential to reflect cold stadials18; and eight recessional moraines near the
outlet of the studied catchment are likely the last glaciation in age from
morpho-stratigraphical considerations. Here, we examine these well-
preserved glacial deposits through 10Be surface exposure dating, together
with detailed geomorphic mapping. To discuss our results in a broader
context, the last glacial history of WNM glaciers was summarized by
compiling the newly obtained (n = 65) and available existing 10Be data
(n = 75). Potential climate mechanisms behind millennial-scale glacial
events were then investigated based on a comparison between the well-
established glacial chronologies and a wealth of climate proxy records.
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Results
Moraine sequences
The geomorphological mapping provides a basis for subdividing the dated
glacial features into four main elements, which are defined here, from
youngest to oldest, as M1–M4 (Fig. 2). Below, we describe the dated mor-
aines andbouldery ridges following their stratigraphic orders fromyoungest
to oldest.

The two innermost moraine remnants, M1 and M2, are distributed
within ~1.4 km outside of the valley confluence (Fig. 2A). These two mor-
aines are characterized by flat surfaces rising ~5–8mabove the present river
floor (Supplementary Fig. 1A). Sub-rounded to sub-angular granitic
boulders, some exceeding 2m in height, sporadically occur on moraine
surfaces covered with sparse grass (Supplementary Fig. 1A–D).

Immediately outboard of moraine M2, a latero-frontal moraine rem-
nant (M3) extends ~1 km from the mouth of the main valley to the
mountain front and terminatesat analtitudeof~4560mabove sea level (asl)
(Fig. 2B and Supplementary Fig. 1B). This latero-end moraine has a rela-
tively sharp-crested lateral flank, standing as much as 50m above the sur-
rounding ground, but a forepart featuring flat surface that is mantled with a
thin veneer of turf (Supplementary Fig. 1B, E). Scattered on the moraine
surface, on which only grass grows, are granitic boulders with a diameter
reaching up to 1m.

The outermost and hence oldest glacial features recognized here are a
moraine complex that is composed offive prominent bouldery ridges (Fig. 2
and Supplementary Fig. 1F). These ridges are typically ~1–3m high and
extend asmuch as~1.5 kmbeyond the valleymouth (Fig. 2A). Embedded in
or resting on these ridges are granitic boulders reaching ~2m in height and
~3m in length. These glacial boulders filled with bright or dark lichen show
beige or tan rock varnish on their surfaces (Supplementary Fig. 1F). We
informally labeled these five bouldery ridges following arc shape, from
youngest to oldest, M4A, M4B, M4C, M4D, and M4E (Fig. 2). No additional
moraine or moraine ridge have been recognized downstream of the M4
moraine assemblage (Fig. 2 and Supplementary Fig. 1G).

Dating results and moraine ages
Sixty-five boulders sampled on these four sets of moraine remnants
examined here yielded apparent 10Be exposure-ages of 19.0 ± 0.5–39.0 ± 0.8
ka (Fig. 2 and SupplementaryTable 1), with all ofwhich falling squarely into
Marine Isotope Stages (MIS) 3 and 2 Fig. 3)19. Most of these ages are in
keeping with the relative position of moraines (Fig. 3). Among these ages,
fourteen were identified as anomalies by the 1σ-level method (Fig. 3),
confirmed by the outlier detection results from two other commonly-
adopted approaches (Supplementary Fig. 3 and Tables 2 and 3). After
rejecting these ages, we use the arithmetic mean of the outlier-free popu-
lation to represent the age ofmoraine abandonment.Here, we released both
the standard deviation (for local landform comparison) and ‘external
uncertainty’ that is calculated by propagating the standard deviation with a
production-rate uncertainty (for correlation between glacial records and
climate archives).

In doing so, 10Be exposure-ages within the moraine units follow their
stratigraphic order (Figs. 2 and 3). The outermost glacial featureM4E has an
age of 35.3 ± 0.4 ka (n = 5), followed by 34.1 ± 0.4 ka (n = 5;M4D), 28.9 ± 0.9
ka (n = 8; M4C), 25.1 ± 0.2 ka (n = 9; M4B), 21.6 ± 0.2 ka (n = 5; M4A),
20.6 ± 0.1 ka (n = 10; M3), 20.1 ± 0.2 ka (n = 4; M2), and 19.3 ± 0.3 ka
(n = 5; M1).

Discussion
Despite acknowledging uncertainties in 10Be ages, we present here a rea-
sonable interpretation of moraine ages based on our current understanding
of production rates and scaling models (Supplementary file). Our dating
results demonstrate that the studied glaciers culminated at least eight times
during the period of ~35–19 ka. The multiple distinct pulses of glacial
culminations can be sufficiently differentiated through geomorphologic
mapping, together with 10Be surface exposure dating.

The outermost two bouldery ridges (M4E and M4D) were dated at
35.3 ± 0.4 ka and 34.1 ± 0.4 ka, suggestive of repeated MIS 3 advances on
millennial timescales. No additional moraine remnants have been

Fig. 1 |Map showing the location of the study area. AThe inset map is an overview
of the TP, illustrating the specific location of the WNW. The colored arrows depict
the two major climate systems influencing the TP, with blue representing the
northern mid-latitude westerlies and black denoting Asian Summer Monsoons10.
The open asterisk represents the location of Mawmluh Cave. B A shaded map

showing the new (black rectangle) and previous (white rectangles) 10Be dating sites
across thewholeWNM. 1: the SibuquValley (this study), 2: theQuemuquValley12, 3:
the Pagele Valley18, 4: the Ranbuqu Valley11, 5: the Payuwang Valley13, 6: Barenlong
Valley14, 7: the Yuqiongqu Valley11, 8: the Keqiongqu Valley69, and 9: the Taqiongqu
Valley69. White dots depict the cities and counties around the WNM.
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recognizeddownstream(Fig. 2 andSupplementary Fig. 1G). That is, glaciers
likely achieved their maximum extent of the last glacial cycle duringMIS 3,
as is often the case in many other mountain ranges on the TP9. However, a
clear signal of repeatedMIS3 advances is uncommonelsewhere in theTP.A
typical example comes from the Mount Jaggang area, central Tibet, where
two glacial events were attributed to mid-to-late MIS 37.

The bouldery ridge (M4C) preserved immediately upstream was
built at 28.9 ± 0.9 ka, meaning that the renewed MIS 2 glacial activity
was nearly as extensive as the twoMIS 3 advances. Two bouldery ridges
(M4B and M4A) located further up-valley were dated at 25.1 ± 0.2 ka
and 21.6 ± 0.2 ka, finding twofold advances in the LGM. The sub-
sequent glacial culmination is also found to accord with the LGM, as
indicated by highly-clustered exposure-ages from moraine M3:
expressed as mean age, this prominent latero-frontal moraine was
emplaced near the valley mouth at 20.6 ± 0.1 ka. Intriguingly, once
again, the two following advances, as seen by the 20.1 ± 0.2 ka (M2) and
19.3 ± 0.3 ka (M1) moraines, match well in time with the LGM as well.

Collectively, the MIS 2 glacial maximum was followed by five-phased
culminations, with the LGMbeing the youngest. Of these, the latest four
glacial oscillations occurred during the late stage of LGM, supporting
the recent findings released in the southeastern TP20,21.

No further moraines post-dating 19.3 ± 0.3 ka have been observed
within the valley confluence area (Fig. 2 and Supplementary Fig. 1A).
Namely, glaciers pulled back into tributary valleys from then on. These
suggest that glaciers had not retreated significantly up-valley from the
outermost ridge (M4E) until 19.3 ± 0.3 ka, signifying that the M1 moraine
likely registers the end of the LGM.

Overall, moraine chronologies established here place eight phases
of glacial culmination during a period spanning late MIS 3, early MIS 2,
and the LGM. The robust glacial chronologies provide, for thefirst time,
convincing evidence of millennial-scale glacial activities during the
period in the TP. Such a conclusion is further supported by the esti-
mated response time of glaciers (Supplementary Files), which ranges
from 117 yr to 181 yr (Supplementary Fig. 6).

Fig. 2 | Geomorphological map and exposure ages. A Geomorphological map
showing glacial and associated landforms in the Sibuqu Valley. The red dashed line
demarcates the studied catchment. The basemap was derived from ArcGIS online
images. B Enlarged geomorphological map illustrating the studied moraines along
with sample locations and 10Be exposure-ages (in ka) near the outlet of the Sibuqu

catchment. Black dots indicate potential outliers identified by the 1σ-level approach.
Exposure ages are reported with their 1σ internal uncertainties in the color-coded
boxes. Shown at the top of each respective box are moraine names, below which the
moraine means are given in ka (±1σ standard deviation).
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Weoutline the last glacialmoraine chronologies across theWNMbased
on 10Be data generated in this and previous studies (Fig. 1B), with the aim of
achieving a better understanding of the pattern of last glaciation across this
mountain range. To draw ameaningful comparison (Supplementary Fig. 4),
we recalculated the existing 10Be exposure-ages (n= 75; SupplementaryTable
4) using the same systematics as this study. We followed the original pub-
lication to reject potential outliers. We then divided moraines into three
quality classes (A–C; Supplementary Fig. 4 and Table 4) following Blomdin
et al.22,23, aiming to ensure robust correlations between sites based only on the
well- (class A) and moderately-clustered (class B) exposure-age groups.

While no evidence of pre-MIS 3 advance has been observed here, five
10Be ages fromahummockymoraine (M1b) outside theBarenlongValley (site
6 in Fig. 1B) yielded a mean of 67.4 ± 9.4 ka (Supplementary Fig. 4) after
removing the oldest age of 117.9 ± 3.0 ka14. However, this class B subset
remains relatively broad in age range (Supplementary Fig. 4), leaving it an
open question whether the WNM glaciers advanced in MIS 4 or an earlier
stage.This is also the case elsewhereacross theTPand its adjacentmountains9.

The finding of MIS 3 moraines (M4D and M4E) suggests that the
studied glaciers achieved theirmaximum extent during the last glaciation at
that time, in line with findings presented in the Ranbuqu11 and Payuwang13

valleys (sites 4 and 5 in Fig. 1B). This is commonly a scenario inmany other
mountain ranges on the TP and its surroundings9. Yet, the absence of any
other MIS 3 moraines that are in class A/B quality (Supplementary Fig. 4)
makes it hard to examine the synchronicity of the maximum extent of the
last glaciation within the mountain range.

We precisely dated six distinct morainic remnants within MIS 2, with
multi-century precision. Thenew chronological data, togetherwith updated
moraine chronologies, enable us to reconstruct the detailed internal struc-
ture of MIS 2 in the WNM.

The earliest evidence for a MIS 2 advance comes from the M4C
bouldery ridge. The advance is dated at 28.9 ± 0.9 ka, constraining theMIS 2
glacial maximum to the beginning of the stage (Fig. 3F). Unfortunately, no

class A/B datasets can be correlated with our MIS 2 maximum (Supple-
mentary Fig. 4). Rather, the timing of the two following advances is roughly
comparable with chronological data from the Payuwang13 and Barenlong14

valleys. This is also the case with the most recent advance found here.
In the Payuwang Valley13, fifteen 10Be dates reported on two moraines

near the valley mouth are recalculated to 20.4 ± 0.7–40.8 ± 1.1 ka (Supple-
mentary Table 2). The inner moraine affords an updated mean age of
25.5 ± 3.7 ka, capturing a glacial event broadly commensurate with our
25.1 ± 0.2 ka advance (Supplementary Fig. 4). Our less extensive 21.6 ± 0.2 ka
advance is highly concordant with that reported in the Barenlong Valley14,
where three recalculated 10Be ages frommoraineM1ahave anarithmeticmean
of21.8 ± 0.7ka (SupplementaryFig. 4).Theunnamed innermoraine fromthe
valley gives amorainemeanof 18.0 ± 1.2ka, likely contemporaneouswithour
M1 moraine having a constrained age of 19.3 ± 0.3 ka.

Our M2 and M1 moraines are dated to 20.1 ± 0.2 and 19.3 ± 0.3 ka,
which are comparable with those examined in the Quemuqu and
Yuqiongqu valleys (sites 2 and 7 in Fig. 1B). Yet, age uncertainties prevent a
robust one-to-one correlation (Supplementary Fig. 4). For instance, the
inner moraine in the Quemuqu Valley returns a recalculated mean of
20.4 ± 0.8 ka12 (Supplementary Table 2). Similarly timed glacial advances
were determined in the Yuqiongqu Valley, where two moraines provide
updated mean ages of 20.8 ± 1.4 ka and 19.0 ± 0.9 ka11 (Supplementary
Fig. 4). Within dating uncertainties, these three moraines are synchronous
with our M2 and M1 moraines.

To summarize, the combined analysis of 10Be-based moraine chron-
ologies reveals that the maximum extent of the last glaciation was indeed
beforeMIS 2, although the regional synchroneity is still far from being fully
understood. Apart from the well-known fact, repeated phases of glacial
culminations in late MIS 3 and the LGM are, up to now, limited to the
studied catchment. This opens up an unprecedented opportunity to deci-
pher the underlying climaticmechanisms dominating the last glacial history
of WNM glaciers.

Fig. 3 | Plots of 10Be exposure-ages for boulders onmoraines andmoraine ridges,
which are arranged, from youngest to oldest, according to the relative age of
glacial deposits. The individual 10Be ages and their 1σ internal uncertainties are
indicated by black rectangles and vertical lines, shown next to which are sample IDs.
Open rectangles represent potential outliers identified by the 1σ-level strategy. Light

gray horizontal boxes depict the arithmetic mean (with outliers removed) and
‘internal uncertainty’ (standard error). Shown in the right panel are Marine Isotope
Stages (MIS) 3 and 219. The LGM (26.5–19.0 ka), displayed by cyan lines, is taken
from Clark et al.8.
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An often-posed question is whether glacial fluctuations are in
response to variations in air temperature or precipitation9. In support,
many studies propose that the TP glaciers mainly saw changes in
summer insolation intensity24, ASM intensity25, and North Atlantic
climates26,27. Based on these suggestions, we consider below the
potential climate processes related to the millennial-scale glacial events
defined here.

TheMilankovitch hypothesis28, a generally accepted theory, postulates
that the development and variation of Pleistocene ice masses were in
response to the northern high-latitude summer solar insolation intensity. In
this study, however, we note that glacial activities show no consistent rela-
tionship with changes in northern high-latitude summer insolation inten-
sity (Fig. 4A, B), as previously suggested for other mid-latitude glaciers29–31.
Moraines were constructed here during times ofminimum,maximum, and

Fig. 4 | Plot comparing the last glacial history of glaciers in the SibuquValley with
climate proxy records mentioned in the text. A Glacial chronologies and changes
in glacier length. Cyan triangles illustrate glacial chronologies, which are determined
by the moraine means of outlier-free population. Black horizontal lines exhibit
‘external uncertainty’ that is calculated by propagating the standard deviation of the
mean with a production-rate uncertainty of 2.7%63,64. Thin black curves are prob-
ability density functions (PDFs) of individual 10Be data, while thick black curves

represent the cumulative PDF of the outlier-free population. B Variations in
intensity of Northern Hemisphere high-latitude (65°N) summertime (July) solar
insolation32. C Composite ASM records35 (green) and Indian Summer Monsoon
intensity (blue) as reflected by Mawmluh Cave δ18O records36 from northeastern
India (Fig. 1A). D A synthesis of atmospheric CO2 concentrations as measured in
Antarctic ice cores44–46. E The Northern tropical Indian Ocean SSTs reconstructed
from core SO189-119KL47.
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intermediate insolation intensity values32 (Fig. 4A, B), supporting previous
reports in other mid-latitude regions3,30. We thus argue that the traditional
hypothesis concerning low-frequency forcing on ice-age timescales cannot
adequately account for the signal of millennial-scale glacial fluctuations
decoded here.

Despite an unsettled question as to the synchronicity of the most
extensive advance in the last glaciation, the WNM glaciers were explicitly
more restricted in extent during the LGM relative to the early phase of the
last glaciation, out of phase with Northern Hemisphere ice sheets. Such a
pattern of glacial oscillations has been straightforwardly ascribed to the arid
LGM climate12–14, which is corroborated by glacier modeling studies in the
WNM33,34. These studies advocate that monsoon precipitation was highly
instrumental in driving MIS 3 advances, building on the pioneering
work24,25. This prominent deduction is primarily in viewof the fact thatASM
was more powerful in MIS 3 as compared with MIS 2, as depicted by the
composite ASM records35 and speleothem δ18O records36 from Mawmluh
Cave, northeastern Indian (Fig. 1A) (Fig. 4C). The causal humid
environment37 favored positive glacier mass balance16 and hence more
extensive glaciers in MIS 312–14.

Notwithstanding a broadly accepted notion, it is insufficient to explain
millennial-scale glacial records, because most moraines dated here were
constructed during weak monsoon conditions (Fig. 4A, C). As a result,
Dong et al. 13 posited that the multi-phased last glacial ice expansions likely
reflect glacial response to abrupt high-latitude North Atlantic cooling
events, predicated on observational evidence that the WNM glaciers are
controlled by the mid-latitude westerlies as well38,39. Outwardly, the
35.3 ± 0.4 ka and 34.1 ± 0.4 ka advances as seen by M4B and M4C corre-
spond toHeinrich Stadials (HS) 3 and 2within the dating uncertainties (Fig.
4A), plausibly supporting such an interpretation. Instead, however, most
moraine-building events (n = 6) are found to fall between the HS events
(Fig. 4A), similar to the Mediterranean-wide glacier40. Moreover, this
finding is not unique to the northern hemisphere. In the Southern Alps of
New Zealand, for example, the Pukaki glacier expanded several times
between theHS events duringMIS 3 and 23,30,41. This is also the casewith the
Patagonia Ice Sheet31. Whilst more work is needed to exhaustively examine
the global fingerprint of such a phenomenon, these findings invite us to
revisit the climatic forcing(s) behind millennial-scale glacial fluctuations.

As aforementioned, our geomorphological and chronological data
suggest that the M1 moraine likely captures the LGM termination. The
greenhouse gases, atmospheric CO2 in particular, are traditionally regarded
as the principal factor in warming the Earth and hence triggering the near-
synchronous inter-hemispheric termination of the LGM3,42,43. Intriguingly,
however, the rapid and substantial glacial retreat, as marked by M1, out-
paces the rapid CO2 rise at ~18 ka

44–46 (Fig. 4A, D). That is, another heating
agent might have been responsible for the end of the LGM defined here.

In this regard, we observe a noteworthy correlation between moraine
M1 (Fig. 4A) and sea surface temperatures (SSTs; Fig. 4E) of the Indo-Pacific
Warm Pool (IPWP)47: a sudden increase in the IPWP SSTs commenced by
~19.5 ka (Fig. 4E and Supplementary Figs. 7B–F), coeval with the formation
age of moraine M1 (Fig. 4A). Meanwhile, a sharp decline in summer
monsoon intensity occurred at that time as well35,36, as indicated by the
speleothem δ18O records (Fig. 4C). These, along with the sustained rising
summer solar insolation after ~23 ka32 (Fig. 4B), likely resulted in a sub-
stantial glacial recession that pre-dated changes in atmospheric CO2

concentrations.
The earlier glacial fluctuations can also be roughly associated with a

decrease of ~1–2 °C in the IPWP SSTs (Fig. 4A, E), in particular, with those
reconstructed fromthenorthern tropical IndianOcean (SupplementaryFig.
7A). Several of these associations, although tentative due to age uncertain-
ties, leave open the possibility of a tropical role in themillennial-scale glacial
events. As argued by Wang et al. 48,49, the SST anomaly of IPWP has a
profound impact on summer air temperature of, if not thewhole, at least the
eastern TP. A possible mechanism is that the depressed northern Indian
Ocean SST is, at least in part, responsible for a southward migration of the
Intertropical Convergence Zone in the Indian Ocean50,51. This leads to a

southward displacement of the ascending branch of the Hadley
Circulation52,53, increasing the strength of the northern Hadley cell54. The
consequently strengthened Northern Hemisphere subtropical westerly jet55

delivers the cooling signals in the northern Indian Ocean to the southern
TP48, accounting for glacial culminations observed here. This provides a
feasible explanation for the significant association between SSTs and glacial
events, as summer-accumulation type glaciers like those in the WNM56–58

are quite sensitive to variations in summer air temperature16. Changes in the
northern IndianOcean SSTs were likely responsible for themillennial-scale
glacial events identified here, while the declining intensity of ASM might
have accounted for the stepwise shrinkage of glacier extent during the last
glaciation as previously suggested9.

To sum up, our new chronological data (n = 65) indicate that eight
geomorphologically distinguishable glacial deposits were formed at
35.3 ± 0.4 ka, 34.1 ± 0.4 ka, 28.9 ± 0.9 ka, 25.1 ± 0.2 ka, 21.6 ± 0.2 ka,
20.6 ± 0.1 ka, 20.1 ± 0.2 ka, and 19.3 ± 0.3 ka. This dataset shows that the
most extensive glacial advance during the last glaciation occurred prior to
theLGM.Also, these provide, for thefirst time, convincingevidence that the
TP glaciers culminated on millennial timescales during late MIS 3, early
MIS 2, and the LGM.We find that the timing of these glacial events tends to
correspondwith times when SSTs are atminima, if taking age uncertainties
into account. Such an association suggests the potential role of northern
Indian Ocean SST in driving the observed moraine-forming advances. Yet,
such a conclusion remains tentative at present, unless a more precise
chronology is established according to a locally calibrated 10Be production
rate and a complete understanding of scaling models.

Methods
Geomorphological mapping and sampling
Identification of glacial and associated landformswas initially carried out by
using the freely availableArcGIS online images, with the aid ofGoogle Earth
images for stereoscopic photo-interpretation. The major categories of
geomorphological imprints (e.g., moraines, bouldery ridges, rock glaciers,
and meltwater channels) were then mapped on ArcGIS online images
(Fig. 2). Ground-truthing was finally conducted to correct the preliminary
landform interpretations during field campaigns in June, August, and
December 2019.

In order to ensure robust moraine age determination, we sampled
five or more granitic boulders well-rooted in the crest of each moraine
or bouldery ridge. In total, we collected 65 samples for cosmogenic 10Be
surface exposure dating (Supplementary Table 1). We prioritized large
and tall boulders with a height of >50 cm (Supplementary Fig. 1 and
Table 1), with the goal ofminimizing potential uncertainties inmoraine
degradation. Rock samples were collected from the uppermost surface
of boulders, away from fresh-looking and spallation surfaces, using a
hammer and chisel alone or in combination with a Husqvarna K760
circular sawwith diamond bit blades. Latitude, longitude, and elevation
at the sample locations were recorded using a hand-held Garmin GPS
device with an assumed vertical uncertainty of ±3 m. Boulder dimen-
sions were also measured, and photographs were taken for all samples
and their geologic context (Supplementary Fig. 1).

10Be surface exposure dating
Laboratory sample preparation and 10Be/9Be measurements were both
implemented at the Xi’an Accelerator Mass Spectrometry (Xi’an-AMS)
Center, Institute of Earth Environment, Chinese Academy of Sciences
(CAS). Physical and chemical processing of samples was completed fol-
lowing the protocols of Dong et al.13, which are modified from Kohl and
Nishiizumi59 andDortch et al.60. Isotopic ratios were thenmeasured relative
to the ICN 1-05-4 standardization61, with an assigned 10Be/9Be ratio of
2.851 × 10−12. Themeasured ratios were converted to 10Be concentrations in
quartz based on blank correction using seven full chemical procedural
blanks having a range of (1.38–4.87) × 10−15 (Supplementary Table 1).
Quartz weights, Be carrier masses, and isotopic ratios are all shown in
Supplementary Table 1 as well.
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Apparent 10Be exposure-ages were calculated using Version 3 of the
CRONUS-Earth online calculators (http://hess.ess.washington.edu)62, and
using the dataset of 10Be production-rates calibrated by Fenton et al.63,64 at
the SP lava flow calibration site, North America. We chose this dataset in
that the 10Be production-rate calibration was conducted at the most similar
latitude and altitude to our dating site. In this study, we focusedon exposure
ages derived from the LSDn scaling scheme65 based on modeled fluxes of
cosmic rays. We also reported exposure-ages calculated using the time-
dependent and time-independent Lal/Stone scaling models62,66,67 (Supple-
mentary Table 1). We computed exposure ages assuming a rock density of
2.7 g/cm3. We determined topographic shielding using a Python tool,
developed by Li68, with a combination of the 30-m ASRTM DEM (http://
www.gscloud.cn/) in the ArcGIS environment with designated 5° intervals
in both azimuth and elevation angles. No corrections were carried out for
erosion and vegetation or snow cover, in a consistentmanner with previous
studies11–14,18,69. In this way, 10Be exposure ages reported here should be
regarded as minimum estimates.

Moraine age determination
In order to minimize the spread in ages, we first plotted probability density
functions of all exposure-ages using their internal uncertainties (Supple-
mentary Fig. 2). In doing so, we can examine age clusters for each individual
exposure-age group, offering help in identifying potential outliers.
Anomalies in each dataset were then strictly defined as those exposure-ages
that are different than the majority within their 1σ internal (analytical)
uncertainties (Fig. 3). Also, stratigraphic relationships were considered
throughout outlier detection on the basis of field observations. With
potential outliers removed,moraine ageswere representedby the arithmetic
mean. In this study, we reported both the standard deviation of the mean
(for local landform comparison) and ‘external uncertainty’ that is calculated
by propagating the standard deviationwith a production-rate uncertainty of
2.7%63,64 (for comparison of glacial records with climate archives).

Data Availability
No datasets were generated or analysed during the current study.
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