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The Gongga Mountain is the largest area of modern glaciation in the Hengduan Mountains and, with a summit elevation of
7556 m, is the highest mountain on the eastern margin of the Tibetan Plateau. During the Quaternary glacial-interglacial cycles
the Gongga Mountain was extensively and repeatedly glaciated, and glacial landforms and outwash deposits from multiple
glaciations are well-preserved in valleys, in basins, and on piedmonts. To constrain the glacial chronology of the eastern slope
of Gongga Mountain, sample sites were selected based on the distribution and weathering of glacial tills, relationships among
glacial deposits, and soil development on moraines. Dating of the tills and glaciofluvial deposits was undertaken with electron
spin resonance (ESR) and optically stimulated luminescence (OSL). The ages of the glacial deposits can be divided into four
clusters: 2.2+0.5, 11.9+0.6, 35.9+2.7-58.0+6.3 and 119.2+15.9-194.2+32.8 ka. Five glacial advances in this region have been
identified, which are equivalent in age to the Little Ice Age (LIA), Neoglaciation, marine oxygen isotope stage (MIS) 2,
mid-MIS3, and MIS6. The largest local last glacial maximum (LGM_) occurred on Gongga Mountain during mid-MIS3, char-
acterized by a cold-humid climate, rather than the global Last Glacial Maximum (LGMg) of MIS2. The Gongga, Nanmen-
guangou (NMGG) and Yajiageng Glaciations occurred during the late part of the last glacial cycle, the middle of the last gla-
cial cycle and the penultimate glacial cycle, respectively. On the basis of geomorphological, sedimentological, and composi-
tional characteristics, landforms of the Moxi Platform and terraces can be grouped by facies and geochronology. In combina-
tion with the dating results, this analysis indicates the basal part of the Moxi Platform between Xinxin and the Moxi Hotel is
correlative with the till of the Nanguanmen Glaciation (mid-MIS3). This basal unit has occasional lenses of glaciofluvial sandy
gravel and lacustrine sediments. The remainder of the Moxi Platform and the terraces beside the platform are glaciofluvial de-
posits occasionally mixed with debris flow deposits and range in age from MIS3 to Holocene.
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The Tibetan Plateau and its bordering mountains have un-
dergone intense tectonic uplift, which has been associated
with river downcutting. Therefore, if preserved, older gla-
cial landforms should be present at relatively higher eleva-
tions (i.e. platform, watershed and replat), and thus it is
possible that the glacial landforms from the multiple glacia-
tions are well-preserved. Studies of these landforms could
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provide essential information for reconstructing the se-
quences and history of Quaternary glaciations. It is believed
that the initiation of glaciation in these regions is a result of
the relationship of the timing of global ice ages and uplift of
the Tibetan Plateau [1, 2]. Consequently, various air circu-
lations, and the timing, rate and magnitude of uplift between
different regions could result in the asynchronicity of the
style and nature of Quaternary glaciations. In past decades,
dating techniques have been refined and applied widely,
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which can potentially determine the absolute ages of glacial
landforms and sediments. Many scholars have applied one
or several techniques to determine the timing of the Qua-
ternary glacial landforms in some regions [3-11]. These
studies have provided insights into the comparison of the
timing of glaciations between different regions, and to sim-
ulate the evolution of glacial geomorphology and to recon-
struct the paleo-environment. In tectonically active regions,
these studies also can potentially provide information on the
history of uplift.

Gongga Mountain covers the middle of the Daxue
Mountain Range on the eastern margin of the Tibetan Plat-
eau, and is geomorphologically located in a transitional re-
gion between the Sichuan Basin and the Tibetan Plateau.
This region has experienced intense neotectonic movement
since the Quaternary. Gongga Mountain, which stretches in
a north-south direction, is the largest area of modern glacia-
tion in the Hengduan Mountains. These glaciers experi-
enced large advances and retreats during the glacial-
interglacial cycles of the Quaternary, and the glacial land-
forms, especially the deposited landforms from multiple
glaciations, are well-preserved in the valley, in the basin,
and on the piedmont. Previous studies have included geo-
morphological mapping, some '“C dates of wood buried
within the moraines, terrestrial cosmogenic nuclide (TCN)
'"Be surface exposure ages of the moraines in the Hailuogou
(HLG) valley and the glaciolfluvial deposits of the Moxi
Platform [12-23]. Although significant work on the Qua-
ternary glacial landforms and moraines in Gongga Moun-
tain has been completed, contention still exists regarding the
timing and extent of the glaciations due to the limited stud-
ies on glacial chronology, especially for the moraines older
than the late part of last glacial cycle corresponding to the
marine oxygen isotope stages (MIS) 2.

To reconstruct the timing of the multiple glaciations in
this region, we studied the glacial landform and outwash
deposits on the eastern slope of Gongga Mountain, by un-
dertaking remote sensing, field mapping, geomorphological
and sedimentological analysis, and numerical dating (in-
cluding electron spin resonance (ESR) and optically simu-
lated luminescence (OSL)). Based on the principles of ge-
omorphology and stratigraphy, and the available dates, we
discuss the style of Quaternary glaciations in this region.
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1 Study area

There are 28 peaks above 6000 m a.s.. in the Gongga
Mountain (29°20'-30°20'N, 101°30'-102°15'E), with the
highest peak at 7556 m a.s.l. The area higher than 5000 m
a.s.l. accounts for approximately 1/6 of the total mountain
[24] (Figure 1). The geomorphology of this region is char-
acterized by high mountains and deep valleys. For example,
the relative height from the Dadu River to the Gongga Peak
reaches 6500 m, over a horizontal distance of 29 km. The
Gongga Mountain is climatically dominated by the south
Asian monsoon, the east Asian monsoon and the mid-
latitude westerlies, and located in a transition region be-
tween the warm-wet monsoon climatic area of the eastern
subtropics and cold-dry area of the Tibetan Plateau [20]. At
HLG Station (29.573°N, 101.992°E, 3000 m a.s.l.) on the
eastern slope of Gongga Mountain, the mean annual tem-
perature was 4.1°C and the mean annual precipitation was
1,691 mm during the period 1988-2005. More than 80% of
the annual precipitation occurs between May and August.

The 74 typical monsoon temperate glaciers with a total
area of 257.66 km?’ are distributed in this region [25], and
contain five valley glaciers longer than 10 km (Table 1),
including HLG Glacier, Mozigou (MZG) Glacier, Yanzigou
(YZG) Glacier, Nanmenguangou (NMGG) Glacier on the
eastern slope and Dagongba (DGB) Glacier on the western
slope (Figure 1). The present equilibrium line altitudes
(ELAs) range from 4800 to 5000 m a.s.l. on the eastern
slope of Gongga Mountain, and from 5000 to 5200 m a.s.1.
on the western slope [26]. The mean annual temperature is
—4.4°C on the eastern slope, and —4.1 to —5°C on the west-
ern slope. The mean annual precipitation at present ELAS is
3000 mm on the eastern slope and only 1800 mm on the
western slope [26].

2 Quaternary glacial and glaciofluvial sedi-
ments on the eastern slope of Gongga Mountain

2.1 Glacial sediments

On the eastern slope of Gongga Mountain, there are 33
modern glaciers covering an area of 155.10 km?, which is

Table 1 Parameters of valley glaciers with lengths >10 km in Gongga Mountain [25]

Glacier names and Nos. Length  Width Orien.tation of Are;"i Ice vol?me Top altitude Terminus ELA
(km) (km) ablation area (km?) (km”) (m a.s.l.) (m a.s.l.) (m a.s.l.)

HLG (5K612F-3) 13.1 2.0 SE 25.71 3.3423 7556 2980 4880

MZG (5K612F-8) 11.6 23 NE 26.76 3.5056 6886 3600 5240

YZG (5K612F-13) 10.5 3.1 NE 32.15 4.4689 7556 3680 4840

NMGG (5K612F-25) 10.0 1.7 E 16.71 1.8882 6540 3460 4920

DGB (5K612D-44) 11.0 1.8 20.21 2.4252 6684 3660 4880
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Figure 1 Landsat TM (Thematic Mapper) image and the sample’s location in the Gongga Mountain region.

larger than those in the western region [25]. Four glaciers
have lengths >10 km. Five distinctive sets of well-preserved
moraines and associated glacial sediments are present from
the terminus of the modern glacier to the Moxi Platform
(Figure 2); therefore, this is an ideal region to reconstruct
paleoglaciation.

The first set of moraines is typically located between
several hundred meters and 3 km from the terminus of the
modern glaciers and consists of several moraine ridges [20].
For example, three end moraines are preserved between the
terminus of the HLG Glacier and the Dayanwo (Figure 3).

The inner ridge, which rises approximately 30 m above the
valley floor, is distributed at approximately 2850 m a.s.l.
The outer ridge is distributed at a height approximately
50-100 m above the valley floor, with an altitude of 2800 m
a.s.l. The middle ridge usually overlaps with the outer.
Consequently, it is difficult to divide it from the outer ridge.

The second set of moraines is usually distributed on the
outer flank of the first set of moraines and extends slightly
down valley. This moraine set is well-preserved in the HLG
and YZG valleys. Three moraine ridges are distributed at
altitudes of 2750-3300 m a.s.l. near Guanjingtai (Figure 3).



Wang J, et al.

. Modern glacier
" LIA moraines
— Neoglacial moraines
9 MIS2 moraines

"= Maximum limit of ice
< during MIS3

@‘@ MIS6 Moraines
™ Moxi Platform
™ River

Figure 2 Geomorphological map of the eastern slope of Gongga Moun-
tain (modified from ref. [22]).

The middle moraine ridge, which is the highest one, was
assigned to the Dayanwo [18] or Guanjingtai glacial ad-
vance [21]. The outer and inner ridges were referred to as
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the HLG [18] and Qianguanjingtai glacial advance [21],
respectively. Large lateral moraines, which rise 80—160 m
above the glacier surface and extend to 3580 m a.s.l., are
also present on both flanks of the YZG Glacier.

In the HLG valley, the third set of moraines is a morainic
platform located at altitudes from 1850 to 3000 m a.s.l. on
the northern side of the valley. This glacial advance was
termed the HLG [16, 17] or Gongga Glaciation [27]. The
well-exposed section near the Reshuigou valley is divided
into three unconformable strata. The upper and lower strata
are gray tills, and the middle stratum, approximately 4 m
thick, is sandy silt associated with the fluvial-lacustrine fa-
cies. In the YZG valley, this moraine set is mainly pre-
served at Zhujiaping on the northwestern side of Yaowang-
miao. Based on the remote sensing image, a U-shaped val-
ley, approximately 4 km long, is identified on the northeast
of the MZG Glacier’s terminus (Figure 1). This suggests
that a part of the MZG Glacier possibly flowed northeast-
ward into the YZG valley during the HLG Glaciation. The
moraines, which were deposited by the glaciers coming
from near Xuemenkan during this glaciation, extend to 3100
m a.s.l. north of Lianghekou and blocked the Moxi River,
resulting in the formation of the Zhuyaozi Lake. Meanwhile,
the lateral moraines deposited by the Heigou Glacier also
extend down valley to Xindianzi at an altitude of 2950 m
a.s.l. [22].

The fourth set of moraines consists of the morainic plat-
form, end moraines or hummocky moraines distributed on
at the valley mouth and on the piedmont (Figure 2). In the
HLG valley, this moraine set is mainly preserved between
Banzhuyuan and the east side of Shanshuping. During that
period, the Qingshibangou Glacier joined the HLG Glacier,
and extended to near the HL.G valley mouth, but could not
flow into the Moxi River valley [22]. This moraine set is a
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Figure 3 Little Ice Age (LIA) and Neoglacial moraines in the HLG valley (modified from ref. [21]).
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morainic platform, which is preserved at Yuejinping on the
north side of the NMGG valley mouth and is covered by
reddish-brown soil. Boulders, some larger than 2 m in di-
ameter, are scattered on its surface. The glacial advance was
named the NMGG Glaciation by Wang et al. [19]. In addi-
tion, this moraine set is also preserved on both sides of the
YZG valley below Yaowangmiao. Here, the till clasts are
poorly sorted and semi-cemented. At the time these mo-
raines were deposited, the YZG and MZG glaciers joined
together in the Moxi River valley, and extended down val-
ley to approximately 1550 m a.s.l. [22].

The fifth set of moraines, which is usually present at the
valley source and the higher elevation, is not well-preserved
due to erosion following deposition. There is a morainic
platform on east side of the Yajiageng-Caopingzi, which
has altitudes of 3700-3800 m a.s.l., a thickness of approxi-
mately 100 m, and rises approximately 30 m above the river
bed. The till clasts are deeply weathered, and there is a
brown weathering layer of 3-5 mm in thickness present on
their surfaces. The gravels of 20 cm in diameter are easily
crushed by a hammer. This glacial advance was referred to
as the Yajiageng Glaciation [15, 19]. Based on the recon-
structed extent of this moraine set, the paleoglaciers that
prevailed during this glaciation were piedmont glaciers.

2.2 Glaciofluvial sediments

The Moxi Platform is located between Xinxing and the
Moxi, with a length of approximately 10 km, widths of 1-2
km and a thickness of approximately 120 m (Figures 2 and
4). It consists of sand and gravel, and is formed by the gla-
cial, glaciofluvial and debris flow deposits coming from the
YZG, MZG and HLG valleys [21]. Multiple glaciofluvial
terraces and fan-shaped landforms are well developed along
the valleys of the eastern slope. On the basis of our field
investigations and the analysis of previous literature, it is
very clear that this platform and the terraces along both
sides have a tight relationship with the meltwater and, gla-
cial advance and retreat after the NMGG Glaciation.

The sub-angularity and poor sorting of alluvial deposits
in this region are typically associated with small, steep
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mountain streams which flow through this till-covered re-
gion. Accumulation and incision of the Moxi River lead to
the development of four terraces on the eastern side of the
platform. They rise approximately 5—10 m (T,), 35 m (Ty),
65 m (T3) and 85m (T,) above the contemporary river bed
on the eastern side of Xinxing. On the basis of the sedimen-
tary facies, the fourth terrace can be divided into 13 strati-
graphic intervals including gravel, sandy and silt layers [21].
The gravels of the lowest and seventh layers reach up to 40
cm in diameter. Terrace sequences also developed in the
YZG and the HLG valleys. Their heights rising above the
contemporary river bed are 5-10, 30, 50 and 100 m near
Yaowangmiao, and 5-10, 30, 90 and 140 m in the HLG
valley mouth. The T, and T, between the First Camp and
the Second Camp are preserved adjacent to the third set of
moraines.

3 Methods

OSL and ESR dating samples were collected from the natu-
ral and man-made sections on the eastern slope of Gongga
Mountain (Figure 1). In addition, the published '‘C ages
from moraines and glaciofluvial deposits in this region were
compiled and calibrated into calendar years by using the
program CALIB Rev. 6.1.0 based on IntCal09 calibration
dataset [28] (Table 2).

3.1 OSL dating

The OSL samples were prepared and tested in the chronol-
ogy laboratory at the Key Laboratory of Western China's
Environmental System (Ministry of Education), using the
procedures described by Li et al. [29]. Isolation of quartz
(90-125 mm) from the samples was performed under sub-
dued red light in the laboratory. Luminescence measure-
ments were undertaken using an automated TL/OSL reader
(RispDA-15), and equivalent doses (D,) were estimated
using the single-aliquot regenerative-dose (SAR) protocol
[30] (Figure 5). For dose rate calculation, the U, Th and K
contents of the samples were determined using neutron ac-

Figure 4 Moxi Platform and section on the opposite of Caiyangping.
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Table 2 '*C ages from moraines and glaciofluvial deposits on the eastern slope of Gongga Mountain

C age Calibrated '*C age

Sample’s location Dating materials (a BP) (cal ka BP-25 range) Source
The outermost ridge of the first moraine set in the HLG valley Buried wood 540+70 0.58+0.08 [21]
The innermost ridge of the first moraine set in the HLG valley Buried wood 150+60 0.17+0.12 [21]
The innermost ridge of the second moraine set in the HLG valley Buried wood 94050 0.84+0.10 [18]
The middle ridge of the second moraine set in the HLG valley Buried wood 1550+70 1.44+0.13 [21]
The middle ridge of the second moraine set in the HLG valley Buried wood 1580+60 1.46+0.11 [18]
The outmost ridge of the second moraine set in the HLG valley Buried wood 2430+80-3080+80  2.53+0.19-3.26+£0.20 [21]
Lateral moraines 2 km from the Xiaonanguangou (XNGG) Glacier Buried wood 78090 0.77+0.14 [21]
The middle layer of the third moraine set near the Reshuigou valley ~ Buried soil 24390+750 29.25+1.51 [19]
The upper layer of the third moraine set near the Reshuigou valley Inorganic carbonate coating 17900+300 21.31+0.85 [18]
The bottom of T, on the eastern side of Xinxing Buried soil 7240+90-7430+300  8.22+0.29-8.25+0.57 [17]
The bottom of T, near Baijiashan Buried wood 2350+95 2.46x0.17 [17]
The upper layer of T, 1 km upward from Yaowangmiao Buried wood 1490+70 1.41£0.12 [17]
T, near the XNGG valley Buried wood 732430 0.69+0.04 [16]
The gravel layer of T| near Guanjingtai Buried wood 930+30 0.85+0.07 [21]

The gravel layer of T2 near Guanjingtai
Ruoguo glacial advance on the southeastern Tibet

Buried soil
Buried wood

1200£70-2170+60
1540+85-1920+110

1.13+0.15-2.18+0.15  [21]
1.45+0.16-1.87+0.27  [48]

4.0-

2.0

Normalized OSL (Lx/Tx)

0.08 .

T
0.0 1.0 2.0
Dose (s)/1000

Figure 5 The growth curve (a) and radial plot (b) for OSL of sample GGS-04.

tivation analysis (NAA) at the China Institute of Atomic
Energy. The cosmic ray contribution to the dose rate was
calculated using the function suggested by Prescott and
Hutton [31]. The OSL dating results and correlated parame-
ters are listed in Table 3.

The assumption of OSL dating techniques is that the da-
ting signals in mineral grains were bleached during the last
process of sediment reworking, transportation and deposi-
tion. For OSL dating, the glacial sediments were considered
to be partially bleached deposits [33-35]. Ice flow of
mountain glaciers is characterized by multiple longitudinal
compressive and extending flows. Debris carried by the
glaciers has many opportunities to experience exposure to
daylight along the slip planes; increasing the probability of
complete resetting the luminescence signal [32]. Because of
this, glaciofluvial deposits are more suitable for the OSL
dating than the glacial tills [33]. Therefore, appropriate
measurement techniques and sampling strategies represent
the first important, and often neglected, step in overcoming
sufficient bleaching and obtaining reliable luminescence
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ages [33-35]. For 3 of the 4 samples, which were collected
from a sandy lens, their ages are consistent with their strati-
graphic sequence, and published *C and TCN '"Be ages.
The GGS-02 collected from tills is inconsistent with the
geological setting and significantly older than the ages of
other samples from the same moraine set. It is likely that it
is an outlier that has erroneous age due to insufficient
bleaching.

3.2 ESR dating

The ESR samples, generally collected from sandy lenses in
moraines, were kept in opaque plastic bags to ensure that
they were not exposed to sunlight. Grinding, collision and
heating were also avoided during transportation. The sam-
ples were prepared in the chronology laboratory at the Key
Laboratory of Western China’s Environmental System
(Ministry of Education). Previous studies have shown that
the signal intensity of the Ge centers in quartz grains ex-
posed under natural room light does not decrease [36, 37],
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therefore all samples were treated under natural room light
conditions. The sample preparations and measurements fol-
low the literature [38, 39].

The prepared samples were irradiated by “°Co with dif-
ferent doses with a dose rate of 28.51 Gy min™". The irradi-
ated samples were tested in the chronology laboratory at the
Institute of Geology, China Earthquake Administration,
Beijing. The Ge centers in the quartz grains were chosen as
dating signals and were measured with an EMX1/6ESR
spectrometer manufactured by Bruker (Germany). The
measurement conditions and parameters were as follows:
room temperature, X-band, microwave power=2.021 mW,
central magnetic field=3525 G, sweep width=50 G, fre-
quency=9.852 GHz, modulation frequency=100 kHz, mod-
ulation amplitude=1 G (1 G=10-4 T), time constant= 40.96
ms, and sweep time =10.486 s. It is obvious that the signal
intensity of the Ge centers increased with an increased dose
of artificial irradiation. A least-squares analysis was used to
fit the data points on the basis of different artificial irradia-
tion doses and corresponding signal intensities. Linear fits
were chosen in this study. The line was then extrapolated to
zero in order to obtain the D, (Figure 6). The concentrations
of U and Th and the content of K,O were determined by
neutron activation analysis (NAA) at the China Institute of
Atomic Energy. The annual dose rate was estimated from
these radioactive elements, the water content, and the esti-
mated cosmic ray contribution and calculated following the
formulas suggested by Prescott and Hutton [31]. The ESR
dating results and correlated parameters are listed in Table
3.

Previous studies have shown that Ge centers are sensitive
to sunlight and grinding, and these two mechanisms are
capable of effectively removing them [40—42]. According to
the theory of the structure and the movement of mountain
glaciers [43], exposure of glacier carried debris to sunlight
is possible. The debris is also subject to grinding during this
movement, and the high silt content in glacial deposits
could support this [44, 45]. Second, the absorption band of
Ge centers is 4.43 eV [46], corresponding to a wavelength
of 280 nm. This wavelength produces higher levels of en-
ergy in the Ge absorption band at higher elevations. The
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Figure 6 Best-fit line between artificial radiation doses and ESR signal
intensity (YJG-07).
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dating samples were collected from a region at high eleva-
tion. Therefore, the ESR signals of the Ge centers in glacial
quartz grains could be removed. Previous studies have
shown that ESR dating results are reliable and credible, and
that this technique can be applied to Quaternary glaciation
research [4, 5, 7, 38, 39, 47]. As for the ages of 14 samples,
with exception of YJG-01, their ages are tightly clustered,
and consistent with their stratigraphic sequence and the
OSL ages of corresponding glaciofluvial deposits. YJG-01
is significantly younger than the cluster ages from the same
moraine set. This is possibly because it is close to the tribu-
tary valleys on the east of Yajiageng and hence may be re-
shaped by the younger glaciations from these tributary val-
leys.

4 Results and discussion
4.1 Chronology of glaciations

Buried wood within the innermost and outermost moraine
ridges of the first moraine set in the HLG valley have "*C
ages of 0.17+0.12 cal ka BP and 0.58+0.08 cal ka BP, re-
spectively [21]. Therefore, it is reasonable to conclude that
the first set of moraines was deposited during the Little Ice
Age (LIA).

Within the second moraine set, the e age is 0.84+0.10
cal ka BP for the outmost moraine ridge of the second set
[18]; 1.44+0.13-1.46+0.11 cal ka BP for the middle ridge
[18, 21], which is equivalent in age to the Ruoguo glacial
advance (1.45+0.16-1.87+0.27 cal ka BP) in southeastern
Tibet [48]; and 2.53+0.19-3.26+0.20 cal ka BP for the
outmost ridge, which is equivalent in age to the Xuedang
glacial advance in southeastern Tibet [21]. During that pe-
riod, the HLG Glacier was 3 km longer than the modern
glacier. These “C dates are consistent with the TCN '’Be
surface exposure ages of the first and second moraine sets in
the HLG valley [11]. The "“C age for buried wood within
the moraines (3200 m a.s..) in the XNGG valley is
0.77+0.14 cal ka BP [21]. The OSL sample (GGS-01) from
the huge lateral moraines in the YZG valley date to 2.2+0.5
ka. These above-mentioned ages suggest that the second set
of moraines was formed during the Neoglaciation.

The "C age is 29.25+1.51 cal ka BP for the middle silt
layer [19], and 21.31+0.85 cal ka BP for the calcareous sin-
ter covering on the upper moraines near the Reshuigou val-
ley [18]. The ESR sample collected from the moraines near
Zhujiaping date to 11.9+0.6 ka. The TCN '""Be surface ex-
posure ages (7.94+0.68-9.15+0.50 ka) for the third moraine
set in the HLG valley [11], are significantly younger than
these ages. However, these exposure ages likely represent
the timing of glacier retreat. In addition, they are not cor-
rected for boulder surface erosion, which can decrease TCN
concentration. Previous studies suggest that the mean ero-
sion rate of the boulder surface is up to 27.1+10.2 mm ka™'
in southeastern Tibet since the Last Interglacial [49], where
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the precipitation is similar to that of Gongga Mountain.
Therefore, we can conclude that the surface of the boulders
experienced intensive erosion in Gongga Mountain. This
would result in significantly underestimating of the true
exposure age. In view of these ages, the authors consider
that the third set of moraines was deposited during the glob-
al Last Glacial Maximum (LGMg) in MIS2.

Based on the stratigraphic sequence of the fourth mo-
raine set, in addition to a comparison with the chronology of
glacial successions in adjacent regions, previous studies
postulated that the fourth moraine set was possibly deposit-
ed during the penultimate glacial cycle corresponding to
MIS6 [22, 23]. However, two ESR samples collected from
the Yuejingping morainic platform date to 35.9+2.7 and
53.6+4.7 ka and another two ESR samples from the mo-
raines on the northern side of the YZG valley mouth date to
48.5+4.9 and 58.0+6.3 ka. These ages indicate that the
fourth moraine set was deposited during the middle part of
the last glacial cycle corresponding to the mid-MIS3. The
location of this moraine set and the associated ages suggest
that the largest local last glacial maximum (LGMy) in this
region should have occurred during mid-MIS3 rather than
the LGMg in MIS2.

As more extensive and reliable numerical dates became
available, Gillespie and Molnar [50] reviewed published
evidence from over 50 glaciated mountain areas around the
world. They found that the glaciation in the Himalaya and
Tibetan Plateau was asynchronous with the maximum ex-
tent of the Northern Hemisphere ice sheets. In particular, it
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appears that in many regions, such as the Hunza valley,
Khumbu Himal and NE Tibet, glaciers reached their maxi-
mum extent during the insolation maximum of MIS3. Sub-
sequently, the studies of Phillips et al. [S1] and Owen et al.
[6] partly confirmed this view in the southern margin of the
Tibetan Plateau which is climatically dominated by the
south Asian monsoon. Recent geomorphological and chron-
ological evidence shows that glacial advances also occurred
during MIS3 in other regions climatically dominated by
monsoon circulation, such as the Shaluli Mountains [4],
Queer Shan [52], Anyemagen Mountains [10], Nianbaoyeze
Mountains [10] and Shesan Mountain [53]. The "0 rec-
ords in Guliya ice core show that an intense temperature
fluctuation occurred during MIS3 [54] (Figure 7(c)). The
temperatures in early and late parts of MIS3 were 3 and 4°C
higher than the present, respectively. However, the
mid-MIS3 was an obvious cold period; the temperature
dropped 5°C lower than the present [55]. The paleo-
temperatures inferred from the oxygen isotope record of the
RM core from the Zoigé Basin on the eastern margin of the
Tibetan Plateau also indicate the mid-MIS3 was a cold pe-
riod [56] (Figure 7(d)), in which two significantly cold
events occurred at approximately 45 ka and 48 ka cold
(corresponding to the Heinrich 5 event) [57]. Recent studies
suggest that the higher insolation during MIS3 can result in
an intensified south Asian summer monsoon, and thus in-
creased the supply of monsoon precipitation as snow at high
altitudes [6, 50, 55] (Figure 7(f)). Geomorphologic and
sedimentological evidence also show that high lake levels
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Figure 7 A comparison of Quaternary glacial chronology on the eastern slope of Gongga Mountain with different records. (a) Dating results and their
errors; (b) marine oxygen-isotope stages (MIS); (c) the 0"%0 record in the Guliya ice core [54]; (d) the RM core from the Zoigé Basin [56]; (e) the LR04
benthic & '*0 records [61]; (f) modeled Indian monsoon June-J uly-August precipitation by CLIMBER II [62].
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and large fresh-water lakes occurred in the Tibetan Plateau
during late and mid-MIS3 [58, 59]. It is likely that the
cold-humid climate of mid-MIS3 produced positive glacier
mass balances, therefore allowing glaciers to advance. Dur-
ing the LGMg, precipitation (approximately 250 mm) was
only approximately 40% of present values on the southeast-
ern Tibetan Plateau [60], which would have restricted ice
accumulation despite the low temperatures during this peri-
od (Figure 7(c) and (e)). This is the reason that glaciation was
more extensive during mid-MIS3 than during the LGMg.

The ESR ages for 7 samples from the moraines near
Yajiageng, with the exception of YJG-0Ol, range from
119.2+15.9 to 194.2+32.8 ka (YJG-02-07) (Table 2). The
dating results suggest that the fifth moraine set (Yajiageng
Glaciation) was deposited during the penultimate glaciation,
corresponding to MIS6, rather than during the antepenulti-
mate glaciation (the early part of mid-Pleistocene) as pre-
viously thought. The LRO4 stacked benthic 50 curve
shows that MIS6 was a significant cold period [61] (Figure
7(e)). The paleo-temperatures reconstructed from the RM
core also indicate an intense temperature decrease (ap-
proximately 4.3°C lower than present) during this time pe-
riod [57] (Figure 7(d)).

It is possible that Gongga Mountain, the highest moun-
tain on the eastern part of the Tibetan Plateau, experienced a
glaciation prior to MIS6, but evidence supporting this idea
has not been found thus far. The temperate glaciers of
Gongga Mountain have the characteristics of rich accumu-
lation and ablation, enhanced subglacial erosion and, high
transportation and deposition rates, and as a result are more
sensitive to the changing climate. During climate warming,
a combination of abundant precipitation and the significant
increase in glacier meltwater would result in frequent floods
and debris flows. Furthermore, most of this region is char-
acterized by steep slopes greater than 30°. The intense den-
udation, mainly by fluvial and mass movement processes,
would result in rapid erosion and re-sedimentation of glacial
and associated landforms in this region, contributing more
to the lack of preservation here than in regions of greater
aridity. However, it is still worth further examination to see
whether moraines older than MIS6 are preserved in this
region.

4.2 Mechanism of formation of the Moxi Platform

The Kangding-Moxi regional fault crosses Xuemengkan
and Moxi, and intersects with the east-west faults of the
HLG, MZG, and YZG valleys. The Moxi River valley was
formed as result of the erosion and incision along the Kang-
ding-Moxi fault, by glaciers, precipitation and mass wasting
[16, 63]. The part of the Moxi Platform below the Moxi
Hotel consists of subhorizontally bedded glaciofluvial de-
posits. Many granite and metamorphic erratic boulders
(10-20 m in diameter), which are bullet-shaped and
edge-rounded with occasional striations, are scattered on the
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surface of the Moxi Platform around Xinxing. However,
contention still exists over the mechanism and the timing of
formation of the Moxi Platform because previous research-
ers have not been able to definitively determine them. Heim,
for example, considered that the Moxi Platform was formed
by the deposition of glaciofluvial sediments during the last
glacial cycle [12]. Li [64] proposed three possible mecha-
nisms of formation: bottom moraines deposited by glaciers,
diluvium deposited by floods during climate warming, and
alluvium from the intense erosion and incision during uplift
of the mountain. In addition, Cui suggested that the bottom
of the platform contained non-glaciofluvial deposits, most
likely older tills [14]. Based on fieldwork (1979-1980)
along with the sedimentary evidence of the platform and the
terraces on both sides, the Institute of Mountain Hazards
and Environment Chinese Academy of Sciences concluded
that the platform was an alluvial terrace with occasional
debris flow deposits formed during the early Holocene [16].
Recently, Zheng [22] suggested that the main part of the
platform consists of tills associated with the NMGG Glacia-
tion occasionally mixed with lacustrine sediments and
lenses of glaciofluvial sandy gravel, while most surface
boulders on the platform were derived from supraglacial
melt-out till, and the others were transported by glacial de-
bris flows (re-sedimentation of glacial deposits).

There are some erratic boulders scattered on the slope
east of the Moxi Upper Street. The sedimentary facies of
several sections show that the platform near the Moxi Low-
er Street consists of ablation till occasionally mixed with
glacial debris flow deposits [22]. The platform surface be-
tween Xinxing and the Moxi Lower Street does not exhibit
a continuous declining slope down valley associated with
the shape of a terrace surface, but instead exhibits a step-
wise declining slope similar to the shape of a series of mo-
rainic platforms formed by multiple terminations when
glacier retreated from its maximum extent. These evidence
above-mentioned suggest that the paleoglaciers of the YZG
and MZG valleys had extended to the Moxi Lower Street
north of the Moxi Hotel during the NMGG Glaciation. In
addition, lacustrine sediments are widely present between
Xinxing and the NMGG valley [22]. Therefore, we con-
cluded that the paleoglaciers likely had blocked the Moxi
River valley and formed a moraine-dammed lake in this
region.

Previous studies provide a series of '*C ages for the wood
buried within the terraces next to the platform as follows
(Table 2): 8.22+0.29-8.25+0.57 cal ka BP from the brown
silt at the bottom of T,on the eastern side of Xinxing [17],
2.46+0.17 cal ka BP from the bottom of T, near Baijiashan
[17], 1.41+0.12 cal ka BP from the upper and middle layers
of T, 1 km upward from Yaowangmiao [17], 0.69+0.04 cal
ka BP from the T, near the mouth of the XNGG valley [16],
0.85+0.07 cal ka BP from the gravel layer of T; and
1.13+0.15-2.18+0.15 cal ka BP from the gravel layer of T,
near Guanjingtai in the HLG valley [21]. These dates indi-
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cate that the terraces are probably correlative with meltwa-
ter after the last glacial cycle. The OSL age for sample
GGS-04 from the upper layer of the Moxi platform across
from Caiyangping is 8.2+0.7 ka, and the TCN '°Be ages of
the platform surface is 3.27+0.43-6.27+0.47 ka [11]. In
addition, two ESR ages for the middle and lower layers are
29.3+1.4 and 36.4+2.5 ka, and the OSL age for the bottom
of the platform near the power plant is 57.99+4.34 ka.
Therefore, on the basis of geomorphological, sedimento-
logical, and compositional characteristics, landforms of the
Moxi Platform and terraces can be grouped by facies and
geochronology. In combination with the dating results, this
analysis indicates that the basal part of the Moxi Platform
between Xinxin and the Moxi Hotel is correlative with the
till of the Nanguanmen Glaciation (mid-MIS3). This basal
unit has occasional lenses of glaciofluvial sandy gravel and
lacustrine sediments. The remainder of the Moxi Platform
and the terraces beside the platform are glaciofluvial depos-
its mixed occasionally with debris flow deposits and with a
chronological range from MIS3 to Holocene.

5 Conclusions

Five glacial advances in this region have been identified,
which are equivalent in age to the Little Ice Age (LIA),
Neoglaciation, marine oxygen isotope stage (MIS) 2,
mid-MIS3, and MIS6. The largest local last glacial maxi-
mum (LGMp) occurred on Gongga Mountain during
mid-MIS3, characterized by a cold-humid climate, rather
than the global Last Glacial Maximum (LGMg) of MIS2.
The Gongga, Nanmenguangou (NMGG) and Yajiageng
Glaciations occurred during the late part of the last glacial
cycle, the middle of the last glacial cycle and the penulti-
mate glacial cycle, respectively. The basal part of the Moxi
Platform between Xinxin and the Moxi Hotel is correlative
with the till of the Nanguanmen Glaciation (mid-MIS3).
This basal unit has occasional lenses of glaciofluvial sandy
gravel and lacustrine sediments. The remainder of the Moxi
Platform and the terraces beside the platform are glacioflu-
vial deposits occasionally mixed with debris flow deposits
ranging in age MIS3 to Holocene.
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