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The Diancang Massif is located in a region linking the Tibetan and Yungui Plateaus. Climatically, it is in a
transition belt between the south and middle subtropical zones, controlled by Indian monsoon and
westerlies. Thus, this study provides more evidences on the evolution of Indian monsoon since the Holocene.
We reconstruct the history of climate on the Diancang Massif since 11.5 ka, using integrated correlation of
glacial activities, early human settlement sites, and climate proxies abstracted from variations in grain size,
magnetic susceptibility, geochemical composition, and pollen in lacustrine sediments. Six climatic stages
have been identified. Stage I, from 11.5 ka to 9.0 ka, is a relatively wet period, corresponding to the onset of
the Holocene; from 9.5 ka to 6.0 ka, the climate is arid; a cold period follows from 6.0 ka to 5.3 ka, and this is
succeeded by a temperate stage from 5.3 ka to 4.0 ka; from 4.0 ka to 0.73 ka the climate is again arid.
Compared with other regions dominated by the Indian monsoon, there is a delay in response of the climate
on the Diancang Massif to the onset of the Holocene.

© 2009 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The Diancang Massif is located between the Tibetan Plateau and
the Yungui Plateau, in a transition belt between the south and middle
subtropical zones (Fig. 1). Along the southeast margin of the Plateau,
the Massif is exposed to the northward intrusion of the Indian
monsoon. In such a transitional belt both on terrains and on climate,
the geological history of the Diancang Massif provides valuable
information on local climate history and biological evolution. The
study on the climate history of Diancang Massif will contribute on the
understanding to the climate belts migration after the last glacial
period, the correlation between the Tibetan Plateau and the Indian
Ocean, as well as the evolution history, characteristics, impact on local
environment and civilization of the Indian monsoon.

Research on glaciation of the Diancang Massif was initiated by
Credner (1932), who suggested that a high stand of Lake Ximatan
was a result of the last glacial period. About 60 yr later, Chen and
Zhao, (1997) and Wan et al. (2005) surveyed the glacial landforms
using aerial images and reported on them without field study. Still
more recently, Yang et al. (2006, 2007) investigated these landforms
and reconstructed the sequence of glacial advances since the last
glacial period. In addition, a continuous climate record was
constructed from lacustrine cores from Erhai Lake (Jiang et al.,
1998; Zhou et al., 2003; Shen et al., 2005a, 2005b; Yang et al., 2005), a
ashington. Published by Elsevier I
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graben parallel to the east side of the Diancang Massif. Finally, the
history of early settlements and cities on the eastern piedmont of the
mountain were discussed by Zhang (1997).

Herein, we reconstruct the environmental changes since ∼11.5 ka,
the end of the last glacial period, based on glacio-lacustrine deposits,
glacial stillstands, and archeological study of early settlement ruins.

Study area

The Diancang Massif (99°57′–100°12′ E, 25°36′–25°58′ N) is a
ridge reaching over 4000 m above sea level (Fig. 1) with a length of
50 km and a width of 19 km. The city of Tali is located on the eastern
piedmont of the mountain at an elevation of 1975 m. Tali receives
1040 mm of annual precipitation and enjoys a mean annual
temperature of 15.0 °C. The climate of the Diancang Massif is
characterized by an annual alternation of dry and wet seasons. The
Indian Monsoon from the Bay of Bengal brings moisture from June to
October and results in 850 mm precipitation each year; while during
the rest of the year, the south branch of the westerlies, which shifts
southward in the winter, brings dry air with an average precipitation
of 190 mm.

The Diancang Massif lies within the subdomain of the Pinus
yunnanensis and Picea-Abies forests of north Yunnan, which is part of
the domain of semi-humid evergreen broad-leaved forest and P.
yunnanensis forest of central and eastern Yunnan (Writing Group of
Yunnan Vegetation, 1987). Four vegetation belts can be identified: an
alpine belt (3800–4200 m a.s.l.), a sub-alpine belt (3400–3800 m
nc. All rights reserved.
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Figure 1. Location and climate system of the Diancang Massif. Atmospheric circulation
is after Herzschuh (2006). The summer system is shown. At present, the westerlies shift
southward in winter and are split by Tibetan Plateau. During the ice ages, the westerlies
would have stayed south of the plateau throughout the year.

Figure 2. Cirques and study areas on the Diancang Massif.
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a.s.l.), a middle-alpine belt (2600–3400 m a.s.l.) and a piedmont belt
(2000–2600 m a.s.l.). The alpine belt is dominated by alpine cold
meadows and coriaceous evergreen shrubs; the sub-alpine belt is
composed of taiga such as Abies and Picea, alpine sclerophyll forest
such as Quercus and coriaceous, and evergreen shrubs; the middle-
alpine belt includes temperatemixed broadleaf-coniferous forest such
as Tsuga and Pinus, temperate coniferous forest, shrubs andmeadows;
finally, the piedmont belt is dominated by heliophilic coniferous forest
such as Pinus and Ketteleria, warm broadleaf forest of Alnus nepalensis,
Lithocarpus and Quercus, and warm shrubs (Duan, 1995).
Study methods

The glacial landforms and deposits were investigated (Fig. 2) and
relative ages were assigned in the field based on their positions,
morphology, and state of preservation. Samples were collected and
numerical ages of the glacial moraines were determined by TL, OSL
and radiocarbon dating. The TL and OSL data is provided by the
Institute of Geology, China Earthquake Administration and radiocar-
bon dating is provided by AMS Lab of Peking University (Yang et al.,
2006).
Sampling

To obtain a continuous climate record, we exposed a 1.20-m
lacustrine section in a desiccated glacial lake bed (100°05.99′ E,
25°06.08′ N) at an elevation of 3820 m a.s.l. (above sea level) on the
north slope of Yuju Peak (Figs. 2 and 3). The 500 m2 lake formed in a
cirque dammed by an endmoraine. Samples were collected at 25-mm
intervals in aluminum boxes, and were analyzed for grain size, pollen
spores, chemical components, and magnetic susceptibility. Four
samples were taken for radiocarbon dating.

An ancient human settlement,Malongarcheological site (100°09.76′
E, 25°39.65′N), is located on an alluvial fan on the east slope ofMalong
Peak. Remains of two earthenwalls are found at 2240m and 2280m a.
rg/10.1016/j.yqres.2009.11.004 Published online by Cambridge University Press
s.l. These are considered to be defensive. Charcoal samples were
collected from the bases of each wall for 14C dating (Table 1).

In a maritime climate, glaciers can extend into forested areas. As a
result, fine sediment with abundant datable organic material is
transported from slopes and deposited in tills. We collected samples
of the fine matrix of the tills for accelerator mass spectrometer (AMS)
14C dating. To avoid contamination from roots of modern plants, all
samples were collected at a depth of over 50 cm. Samples were sealed
in plastic bags for later treatment.

Radiocarbon dating

The samples for radiocarbon dating were prepared by the
Department of Archaeology at Peking University and were analyzed
at the upgraded AMS facility of the University (PKUAMS) (Liu et al.,
2000). Sample preparation followed the procedures described by Wu
et al. (2000a and 2000b) and Yuan et al. (2000a and 2000b).

Analysis of lacustrine sediments

Low frequency magnetic susceptibility, χlf, was measured with a
BartingtonMS2 system. To identify the principal magnetic minerals in
the lacustrine deposit, mineral compositions of two samples from the
section and of one rock fragment from the catchment were analyzed
by X-ray diffraction.

https://doi.org/10.1016/j.yqres.2009.11.004


Figure 3. Glacial landforms and location of lacustrine section on the northern slope of
Yuju Peak.
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Pollen samples were prepared by standardmethods using KOH, HF
and acetolysis (Moore et al. 1999). The suspensions were sieved in an
ultrasonic bath at 50 KHz on a 6 μm mesh, and stored in glycerine.
Lycopodium spores were added as an exotic marker for calculation of
pollen concentrations. A total of between 500 and 650 grains of pollen
and spores were counted from each sample. Pollen and spore
identification is based on Moore et al. (1991) and monographs (IB-
CAS, 1976; IBSCIB-CAS, 1982; Wang et al., 1995). The pollen diagram
was expressed in concentration per gram.

Bulk samples of latchstring sediments were used for chemical
analysis. Concentrations of SiO2, MgO, K2O, CaO, NaO, Fe2O3, Al2O3 and
MnO were measured in a BAIRD ICP-2070 spectrometer. FeO was
measured by titration with a K2Cr2O7 solution. Grain sizes were
determined using a Mastersizer 2000 laser particle size analyzer after
organic matter and calcite were removed.
Table 1
AMS radiocarbon dates from moraines, ancient settlement ruins, and the sediment from th

Lab. code Sample site (E, N) Elevation
(m)

Depth
(cm)

Description

BA02044 100°05.99′, 25°06.08′ 3820 25 Organic silt in glacio-lacu
BA02047 100°05.99′, 25°06.08′ 3820 47 Organic silt in glacio-lacu
BA02041 100°05.99′, 25°06.08′ 3820 87 Organic silt in glacio-lacu
BA01035 100°05.99′, 25°06.08′ 3820 112 Organic silt in glacio-lacu
BA022195 100°09.76′, 25°39.65′ 2280 60 Charcoal in compacted e

settlement ruins, bottom
BA022196 100°09.76′, 25°39.65′ 2241 90 Charcoal in compacted e

settlement ruins, bottom
BA022208 100°05.69′, 25°40.10′ 4041 50 Till in cirque on west slo
BA022209 100°05.62′, 25°40.11′ 4021 60 Till in cirque on west slo
BA022210 100°05.56′, 25°40.11′, 4012 50 Till in cirque on west slo
BA022204 100°04.28′, 25°43.40′ 3985 50 Till in cirque on east slop
BA022205 100°04.31′, 25°43.40′ 3941 50 Till in cirque on east slop

oi.org/10.1016/j.yqres.2009.11.004 Published online by Cambridge University Press
Results

Glacier advances after the last glacial period

Most of the glacial deposits and landforms are concentrated
around peaks over 3500 m high (Fig. 2). Glacial landforms in three
locations were investigated and dated.

Yuju peak
Four moraines are present on the northern slope of 4097-m Yuju

Peak. The highest moraine, at 3960 m, is tongue-shaped and consists
of 0.5–1.0 m boulders, with little soil and few plants. Till from the
moraine was dated at 10.9 ka (Figs. 3 and 4) (Yang et al., 2006), so the
moraine represents the glacial extent near the end of the last glacial
period. (Unless otherwise stated, all ages are in calibrated years before
present.) Lower moraines thus record the earlier glacial activities
during the last glacial period.

Longquan peak
A series of glacial erosional and depositional landforms are

preserved on the western slope of Longquan Peak (Figs. 5 and 6).
The highest glacial landforms are a series of moraines, riegels and
overdeepened basins above a small cirque threshold at 4010 m. An
AMS radiocarbon date from a sample from the uppermost moraine, at
4041m, was at 1490 cal yr BP. Two other samples were collected from
moraines on the two riegels at elevations of 4021m and 4012m. Their
ages were 3480 cal yr BP and 4410 cal yr BP respectively (Table 1).
These ages imply that glacial advances or stillstands occurred in the
middle Holocene and that ice then retreated gradually until 1490 cal
yr BP, after which glaciers vanished completely.

On the northeast slope of Longquan Peak, there is a lake at 3950m,
dammed by amoraine. The altitude, orientation and scale suggest that
the moraine originated from a hanging glacier. TL dating indicates a
glacial advance or stillstand at 9.2 ka (Fig. 5) (Yang et al., 2006).

Sanyang peak
Sanyang Peak is 4019 m high, with four sets of glacier landforms

preserved on its eastern slope (Figs. 7 and 8). The highest glacial relic
is a small tongue-shaped moraine at 3985 m, which is dated at
1190 cal yr BP (Table 1). A 1500 m2 ice-sculptured till-covered terrace
lies below the moraine. AMS 14C dating indicates the till was
deposited at 5560 cal yr BP (Table 1).

Lithology and dating of the lacustrine deposits

The 1.2 m lacustrine section on Yuju Peak exposed six stages of
differing lithology (Fig. 9). The base of the section, 1.00–1.20 m,
consists of a layer of gray medium sand mingled with pebbles. This
e glacio-lacustrine section on Yuju Peak.

Measured
(14C yr BP)

Delta 13 Calibrated age Average
(cal yr BP)

strine section 810±60 −23.78 1180∼1270 AD 727
strine section 3,400±80 −24.38 1900∼1510 BC 3,650
strine section 7,270±70 −25.00 6260∼6000 BC 8,080
strine section 9,130±110 −26.88 8640∼8170 BC 10,350
arth of Malong
of upper wall

2,890±80 −24.15 1340∼900 BC 3,070

arth of Malong
of lower wall

3,440±90 −24.58 1970∼1520 BC 3,700

pe of Longquan Peak 1,600±110 −23.34 340∼580 AD 1,490
pe of Longquan Peak 3,240±60 −24.66 1640∼1410 BC 3,480
pe of Longquan Peak 3,960±60 −24.41 2630∼2284 BC 4,410
e of Sanyang Peak 1,310±60 −23.90 640∼880 AD 1,190
e of Sanyang Peak 4,830±60 −24.71 3710∼3500 BC 5,560

https://doi.org/10.1016/j.yqres.2009.11.004


Figure 4. Glacial landforms on the northern slope of Yuju Peak (Photo: Jianqiang Yang).
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underlies a gray silt layer, extending from 0.72 to 1.00 m. Gray
medium and fine sand mingled with pebbles reappears from 0.62 to
0.72 m depth. A black, sticky bed of fine sand lies between 0.50 to
0.62 m. This is overlain by a gray medium and fine sand layer from
0.25 to 0.50 m. A layer of black soil, rich of organic matter, tops off the
section. Table 1 provides both the measured radiocarbon dates and
the calibrated ages that are used to establish the chronology of the
section.

The particle size was determined by settling out of water and
applying Stokes Law. Ages through the section were obtained by the
interpolation between the two closest known time points, using the
accumulation rate of the particles in 0.05–0.005 mm size range.

At the Malong archeological site, charcoal at the base of the lower
wall was dated at 3700 cal yr BP, and that from the base of the upper
wall was dated at 3050 cal yr BP (Table 1).
Figure 5. Glacial landforms and ages on the western and eastern slopes of Longquan
Peak.

rg/10.1016/j.yqres.2009.11.004 Published online by Cambridge University Press
Laboratary analysis of lacustrine deposits

Interpretation of depositional proxies

Grain size. Based on the radiocarbon dating, lacustrine deposition
in the lake below Yuju peak started at ∼11.5 ka, which is close to
the age of the highest moraine in the cirque, 10.9 ka. Therefore, it is
reasonable that the glacier extended no further than the moraine at
the beginning of lake sedimentation. The area of the lake catchment
was 6000 m2 and that of the glacier was 700 m2. Thus, the ratio of
the glacier area to the catchment area was always less than 1/9.
This implies that the lake was supplied mostly by precipitation, not
by glacier melt. Consequently, the grain size of the lacustrine
deposits can be looked upon an indicator of precipitation in the
catchment.

The relationship between grain size and precipitation varies with
the time scale and local conditions (Chen et al., 2004). The lake is
small and surrounded by steep moraines and rock cliffs, and the cold
alpine climate restrains the development of dense vegetation. Thus,
slope water from rain storms and melting of the snowpack plays an
important role in sediment transportation. The particles in the
catchment are easily transported during short periods of runoff and
deposited after a short distance. In this situation, coarser deposits
indicate more intense runoff and more humid conditions. Conversely,
fine deposits imply less precipitation and a drier climate. Therefore
the content of coarse sand is used as a proxy for precipitation.

Magnetic susceptibility. The difference between low- and high-
frequency magnetic susceptibilities (χlf and χhf, respectively) is
small, and both are positively correlated with the content of coarse
sand and negatively correlated with the content of clay (Fig. 9).
Thus, magnetic properties can be attributed to the coarse compo-
nents. Mineralogical analysis shows a clear correlation between
magnetic susceptibility and the content of Fe2O3 and FeO. Moreover,
X-ray diffraction demonstrates that magnetite is the principal
magnetic mineral in both the lacustrine deposits and the country
rock. Hence, we conclude that magnetite is the main source of the
magnetic signature of the lacustrine deposits. Magnetic susceptibil-
ity and the proportion of coarse sand are independent, and as both
describe the input of mineral sediment, they both can be viewed as
proxies of wetness in the catchment. We interpret the high values
of χ and high concentrations of coarse sand as indicating a wet
climate.

https://doi.org/10.1016/j.yqres.2009.11.004


Figure 6. Glacial landforms on the western slope of Longquan Peak (Photo: Zhijiu Cui).
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Geochemical components. In lakes, relatively high chemical depo-
sition rates reflect active chemical weathering, while high physical
deposition rates reflect low chemical and high physical weathering
rates. The latter might be expected under cold, arid conditions. The
ratio of the concentration of soluble elements to that of relatively
insoluble ones, such as SiO2/(Al2O3+Fe2O3), and (K2O+CaO+
Na2O+MgO)/Al2O3 are used as indices of the nature of the
weathering. These will provide integrated records of temperature
and humidity.

The concentrations of Fe and Mn in lacustrine deposits are
controlled by the oxidation-reduction potential in the depositional
environment. The binding ability of Mn to O2 is much weaker than
that of Fe to O2, so Fe always deposits before Mn as climate becomes
drier and the lake surface falls. Therefore, high Fe/Mn ratio indicates
an arid climate (Luo and Chen, 1998; Tan and Yu, 1999).
Figure 7. Glacial landforms and ages on the eastern slope of Sanyang Peak.

oi.org/10.1016/j.yqres.2009.11.004 Published online by Cambridge University Press
Variations of environmental proxies in the sedimentary profile
Figure 9 shows the changes in lithology grain size, low frequency

magnetic susceptibility (χlf), geochemical ratios, and pollen species
with depth in the excavated lacustrine section.

Stage I, from 1.20 to 1.00 m, is believed to have been deposited
between 11.5 and 9.5 ka. As the clay content (hereafter referred to as
CC) decreases from 1.3% to 0.7%, the content of coarse sands (CCS)
increases from 2.1% to 9%. χlf shows a trend from 127 to 716, rising in
conjunction with the increase of grain size and quickly reaching a
persistent high. The ratio of K+Na+Ca+Mg to Al (KNaCaMg/Al)
fluctuates from 1.0 to 1.1, and the ratio of Si to Al+Fe (Si/AlFe)
fluctuates between 3.2 and 2.8. The Fe/Mn ratio remains low,
between 35 and 43. Pollen analysis suggests an abundance of broad-
leaved vegetation, such as Betula, Alnus, Carpinus and Juglans. The
concentration of conifers remains relatively low. However, the
conifers clearly increase at the expense of broad-leaved trees in the
late part of stage I.

From 1.00 to 0.72 m depth (∼9.5–6.0 ka), Stage II, CCS declines to
4.5% and the CC increases to 0.8%, consistent with the decline of χlf

from 720 to 411. Si/AlFe shows a tiny decrease from 2.8 to 2.6 at
8.1 ka, followed by a gradual increase to 3.3, as the ratio KNaCaMg/Al
declines to ∼1.0, then grows to nearly 1.2. After remaining
consistently low from ∼9.5 to ∼7.8 ka, Fe/Mn increases abruptly to
its highest value, 143, at 7.5 ka. The pollen content changes at 8.1 ka:
before this time, all species, including trees and herbs, decrease
markedly. After 8.1 ka, herbs, broad-leaved trees and conifers such as
Tsuga, Ketelleria and Pinus increase to their maximum Holocene
values, while Abies and Picea continue falling and vanish at 7.0 ka.

From 0.72 to 0.62 m depth (∼6.0–5.3 ka), Stage III, broad-leaved
trees and the conifers Tsuga, Ketelleria and Pinus decline, while Abies
and Picea come back. During this period, CCS is low with a minimum
value of 3.4%, and CC displays a peak value of 1.2%. Meanwhile, χlf

remains low with an average value of ∼200. Si/AlFe reaches a
minimum value of 2.3 and Fe/Mn returns to low values, averaging
∼40.

From 0.62 to 0.50 m depth (∼5.3–4.0 ka), Stage IV, χlf reaches its
highest value of 801 and CCS increases to another high of 6.8%, while
CC begins to decrease. Both Si/AlFe and KNaCaMg/Al increase
notably. Herbs and tree pollen, especially that of broad-leaved trees,
show revivals. Keterleria begins to appear for the first time.

From 0.50 to 0.25 m depth (∼4.0–0.73 ka), Stage V, CCS displays a
pair of troughs and CC continues a gradual rise, along with a distinct
drop in the χlf values. The ratios of Si/AlFe and Ca/MgAl remain
consistently high, with averages of 3.2 and 1.2, respectively. Fe/Mn
increases dramatically and remains distinctively high. Herb pollen
becomes relatively low. Almost all the tree species decrease gradually
and finish low contents. Abies, Picea, Bettula, Alnus, Carpinus almost
disappear.

https://doi.org/10.1016/j.yqres.2009.11.004


Figure 8. Glacial landforms on the eastern slope of Sanyang Peak (Photo: Jianqiang Yang).
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In the top 0.25 m (∼0.73 ka to the present), Stage VI, Fe/Mn drops
to a minimum of 21. Both CCS and χlf increase irregularly, with
averages of 6.8% and 400%, respectively. CC varies with an average of
1.2. Except for small quantities of Abies, Pinus and Ketelleria, all trees
and herbs are extremely low.

Discussion

Climate change on the Diancang Massif since the Holocene

Based on the correlation of glacial lacustrine deposits, glacial
history, and evidence of human activities, we can reconstruct changes
in climate of the Diancang Massif during the Holocene.

During Stage I (11.5 to 9.5 ka), the increases in both CCS and
magnetic susceptibility suggest strengthened precipitation. The lake
started form, largely supplied by the increasing rainfall. The
noteworthy expansion of broad-leaved forests indicates a warm
period. In Erhai Lake, an abundance of Betula and an increase in Tsuga
also suggest similar conditions (Shen et al., 2005a). The dominance of
broad-leaved trees reveals that the lake site is relatively close to the
Figure 9. Holocene climate history record from lacustrine section on Yuju Peak, based on sed
climate events. The Climate events are: (A) Glacial advance at 10,900±800 yr BP on the
Longquan Peak; (C) Glacial advance at 5560 cal yr BP on the east floor of Sanyang Peak; (D) Gl
between 3700 and 3070 cal yr BP; (F) Glacial recession at 3480 cal yr BP and disappearance a
1190 cal yr BP on the east flank of Sanyang Peak.

rg/10.1016/j.yqres.2009.11.004 Published online by Cambridge University Press
sub-alpine forest vegetation zone. In view of this apparent relative
warmth, the pause in glacier retreat long enough to build the 10.9 ka
moraine on the north flank of Yuju Peak must be attributed to
intensified precipitation. This is consistent with Thompson et al.'s
(2006) conclusion that the mass balance of glaciers in the southern
and central mountains of the Tibetan Plateau is controlled primarily
by moisture availability rather than by temperature. In summary,
warm weather and relatively high precipitation are the climatic
characteristics of this stage.

Stage II (9.5 to 6.0 ka) is characterized by relative dryness. Two
substages can be identified: Substage IIa (9.5 to 8.5 ka) starts with cool
conditions and gradually becomes arid; this is indicated by the decline
in the pollen of all the woody plants. The decrease in tree species,
especially broad-leaved species, implies a decrease in elevation of the
treeline. The decrease in temperature could also have resulted in the
∼9.2 ka moraine on the east slope of Longquan Peak. In Substage IIb
(8.5 to 6.0 ka), the increase in both tree and herb pollen suggests that
the climate became progressively warmer. The period from 8.5 ka to
6.8 ka appears to be the optimum during the Holocene. The decrease
in Abies and Picea and the increase in broad-leaved forests suggest
imentary log, grain size, magnetic susceptibility, geochemical components, pollen, and
north floor of Yuju Peak; (B) Glacial advance at 9200±730 yr BP on the east floor of
acial advance at 4410 cal yr BP on thewest flank of Longquan Peak; (E) Human activities
fter 1490 cal yr BP on the west flank of Longquan Peak; (G) Glacial disappearance after

https://doi.org/10.1016/j.yqres.2009.11.004
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that, in response to the favorable environment, the treeline rose again.
On the other hand, the increases in Si/AlFe and KCaNaMg/Al as well as
the peak in Fe/Mn imply that it is still dry.

During stage III (6.0 to 5.3 ka) the relative increase in coniferous
forests and decline in broadleaf forests suggests that the climate
turned colder. Under such hard conditions, the accumulation of both
woody and herbaceous plants in the sediments deposited in Erhai
Lake fell dramatically (Zhou et al., 2003). The low temperature led to
the decline in vegetation and the glacier advance on the eastern slope
of Sanyang Peak at about 5560 cal yr BP. The low values of CCS and
magnetic susceptibility imply dry conditions.

Stage IV (5.3 to 4.0 ka) appears to have been a period of moderate
climate in the Diancang Massif. High CCS values and low Ca/MgAl
ratios indicate a wet climate and deep water in the lake on Yuju Peak.
The recovery of broad-leaved forests, especially the presence of Ke-
telleria, indicates warm conditions and a possible increase in elevation
of the treeline. The glacier advance at about 4.4 ka on the western
slope of Longquan Peakmay have resulted from a combination of high
precipitation and moderate temperatures.

During Stage V (4.0 to 0.73 ka), all the proxies suggest an arid
environment that culminated at 1.2 ka. The glacial retreat from 3480
to 1490 cal yr BP is recorded by the two uppermost moraines on the
western slope of Longquan Peak. The youngest moraine on the eastern
slope of Sanyang Peak is dated at 1190 cal yr BP, which suggests that a
glacier persisted here during much of this arid period, but vanished
near the end of it. Pollen evidence indicates that woody plants,
including almost all the coniferous and broad-leafed forest species,
decreased gradually. This implies that the treeline migrated down-
ward. No Picea or Abies is found in the lacustrine sediments from
Erhai Lake as lake levels declined (Zhou et al., 2003).

The earliest records of human activity in the research area were
found during Stage V. Radiocarbon ages of the charcoal at the bases of
the defensive walls of the Malong relic site indicate that the walls
were built between 3070 and 3697 cal yr BP (Table 1). At that time,
lacustrine sediments exposed on the piedmont indicate that the level
of Erhai Lake was 2200 m a.s.l (Zhang, 1997). As the climate became
drier, the level of Erhai Lake declined and humans gradually migrated
from the piedmont to the basin. Archaeological research shows that
during the Han and Jin Dynasties (2.1 to 1.7 ka) settlements were
located at 2200–2000m, and during the Tang and Song Dynasties (1.3
to 0.8 ka) cities were built at 2000–2100 m. People began to settle
below 1975 m only after the Yuan dynasty (0.73 ka) (Zhang, 1997).
Therefore, the falling lake surface and the resulting human migration,
corresponding in time to the glacial retreat, are the result of, and
evidence for an arid climate.

High values of CCS and magnetic susceptibility, low values of Si/
FeAl and KCaNaMg/Al, and relatively high percentages of coniferous
trees suggest that the climate became wet again after 0.73 ka (Stage
VI). However, the overall concentration of vegetation is low, which
may be attributable to increasingly destructive human activities (Shen
et al., 2005a).

Local climate change and the evolution of the Indian monsoon

The onset of the Holocene
The glacial lake on Yuju Peak originated at 11.5 ka. This marks the

end of the Younger Dryas and beginning of the Holocene. This climate
change coincides with similar climate events in neighboring regions,
such as the dramatic decrease in δ18O at ∼11.5 ka in stalagmite calcite
in southwest China (Dykoski et al., 2005), and the transition to
deposition of red sediment at 12 ka in Qinghai Lake (Ji et al., 2005).
Morrill et al. (2003) identified some broad-scale and abrupt changes
in summer monsoon intensities at ∼11.5 ka, which are recorded
across both the southwest and southeast Asian monsoon zones.

In fact, the local responses to the intensification of Indianmonsoon
are not exactly synchronous; the change appears to have been a little
oi.org/10.1016/j.yqres.2009.11.004 Published online by Cambridge University Press
earlier in western regions, closer to the source of the monsoon
moisture. Sediments in the Arabian Sea show that a strong and
persistent Asian Heat Low developed during the boreal summer
(Sirocko et al, 1993) and the IndianMonsoon intensified around 13.0–
12.0 ka (Leuschner and Sirocko, 2003). Reduced percentages of eolian
terrigenous sediment in a core from Hole 658C, West Africa, suggest
that a humid period started at 14.8 ka (DeMenocal et al., 2000a).

In contrast, climate events indicating the start of the Holocene on
Tibetan plateau occurred later. In Cuoe Lake in the central Tibetan
plateau, TOC and Sr concentrations did not increase until 10.1 ka (Wu
et al., 2006), and basal ages of the Puruogangri and Dasuopu ice caps
suggest that the intensified Asian monsoon circulation brought more
precipitation to the plateau around 9 ka (Thompson et al., 2006). In
Sumxi Co on the western plateau, high lake levels and the expansion
of Artemisia steppe occurred at ∼10 ka (Gasse et al., 1991); this is
inferred to be the onset of the Holocene there. Similarly, the incision of
Sutlej River in the northwest Himalaya began at ∼10 ka (Bookhagen et
al., 2006).

The asynchroneity illustrated by above examples may imply that
the intensification of the southwest monsoon occurred progressively
from the monsoon source in the Southern Indian Ocean first to North
Africa, West Asia and Southwestern China, and then finally to the
Tibetan Plateau. This could be one explanation for the lagged response
of the plateau to the Indian monsoon. Another possible factor may be
the high altitude and snow cover of the plateau, which may have
delayed the response to climate warming.

The intensification of monsoon in the early Holocene
The Indianmonsoonwasmost enhanced between 9.0 and 6.0 ka as

a result of solar radiation variations in the northern hemisphere
(Kutzbach and Street-Perrott, 1985; COHMAPmembers, 1998). Large-
scale lake expansion occurred then on the Tibetan Plateau (Wang and
Wang, 1992). Similarly, deposits in the Arabian Sea show that the
most intense period was 8.85 to 7.85 ka (Sirocko et al., 1993).
Inconsistently, the glacial lake on Yuju Peak became shallow under a
dry climate during this otherwise wet period. This may have resulted
from a “sensible heat driven air pump” (SHAP), a feature of the
Tibetan Plateau. SHAP pumps moisture to the inner plateau from
marginal areas. Therefore, precipitation is reduced on the Diancang
Massif and other mountains in the southeast part of the plateau (Wu,
2004).

A new ice age in the middle Holocene
Indications of a cold, arid environment from 6.0 to 5.3 ka on the

Diancang Massif are consistent with the record in lacustrine deposits
of Heqing Basin, which is north of the Diancang Massif (Jiang et al.,
1998). Such a noteworthy event can also be found in neighboring
regions around the plateau, such as in the Hongyuan peat bog in the
eastern part of the Plateau (Hong et al., 2003), in the middle of the
Kunlun mountains (Huang et al., 1996), in the Minqin Basin northeast
of the Plateau (Chen et al., 2001), in the Qilian mountains on the
northeastern margin of the plateau (Wu et al., 2000), and in Zoige
Basin on the eastern margin of the Plateau (Liu et al., 1995). As a cold
source in Middle Asia, the Tibetan Plateau is sensitive to any reduction
in isolation. Phadtare, (2000) integrated considerable evidence,
including glacial advances and changes in lake and sea levels, and
suggested a weakened southwest monsoon on the Plateau and
neighboring regions around this period. Lake records in the African
and other Indian monsoon domains (DeMenocal et al., 2000b; Gasse,
2000; Enzel et al., 1999) suggest that monsoon precipitation
decreased abruptly between 6 and 5 ka. With glacier advances in
other regions in the northern hemisphere, this period is considered to
be a new ice age during which the Siberian High is strengthened and
shifted southwards (Denton, 1973).

In contrast to other regions, the Diancang Massif was wetter after
∼5.3 ka. One factor related to this difference is a trough in the
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southward-shifted westerlies during ice ages. This trough passes over
the Bay of Bengal and brings moisture from the bay to the
southeastern part of the Plateau. The glaciers on Diancang might
benefit from increased precipitation in the spring and autumn during
such a cold period.

The arid stage in the late Holocene
As a resulting of the orbitally-induced lowering of summer

insolation and the southward shift of the ITCZ, a broad decline in
Asian monsoon intensity through the latter part of the Holocene
correlates well with other northern low-latitude records (Wang et al.,
2005). This period of weakened monsoon is dated to 4.5 to 5 ka by
Morrill et al. (2003). However, it seems that across the Plateau this
weakening starts a little later than in most of the other regions. The
record of reddened sediment from Qinghai Lake documents a dry
period starting about 4.2 ka (Ji et al., 2005). Evidence in the Tibetan
Plateau indicates that levels in most lakes fall 20–40 m abruptly
between 4.0 and 3.0 ka (Fang, 1991; Zhang et al., 1998). This late
drying phase is also shown by deposits in other lakes, such as Silling
Co (after 4.2 ka, Gu et al., 1993), Bangong Co (3.9–3.2 ka, Gasse et al.,
1991) and Qaidam basin (4.0∼3.0 ka, Zhang et al., 1998).

As the mechanism for this weakening of the monsoon is still not
clear (Morril et al., 2003), further discussion of the delay on the
Tibetan Plateau is unwarranted and more correlations and numerical
simulations are needed. However, one possible reason for aridity in
the southeastern Tibetan Plateau could be the strengthening and
westward stretching of the Subtropical High in theWest Pacific Ocean,
which impedes the flow of the IndianMonsoon to the southeast of the
Hengduan Mountains, resulting in a shortage of moisture transport to
the Plateau. Related evidence is the recorded high lake levels at 3.0 ka
in the middle and lower reaches of the Yangtze River (Wang and
Wang, 1992). This was caused by the Subtropical High stagnating
around 20–25°N latitude, leading to greatly increased rainfall in
northern areas (Yang and Sun, 2003; Wei et al., 2004).

Conclusions

The land–sea correlation of Indian monsoon variability and its
regional features on the southeastern margin of the Tibetan Plateau
after the last glacial period is proposed in this study. Based on the
lacustrine deposits, glacial stillstands, and records of human activities,
six climate stages can be identified during the Holocene on the
Diancang Massif. Stage I, from 11.5 to 9.0 ka, represents the onset of
the Holocene and is characterized by warm, wet conditions; from 9.5
to 6.0 ka, the climate turned drier; a cold period followed from 6.0 to
5.3 ka and was succeeded by a temperate, wet period from 5.3 to
4.0 ka; a dry climate returns from 4.0 to 0.73 ka, at which time awarm,
wet stage started. This study suggests that the response of the regions
around Tibetan Plateau to the Indian monsoon is later than in regions
closer to the Indian Ocean. The climate on the Diancang Massif
becomes exceptionally dry as the Indian monsoon intensifies during
the early Holocene. Another difference on the Diancang Massif is a
temperate, wet period from 5.3 to 4.0 ka, which is attributed to a
trough in the southward-shifted westerlies. This trough brought
considerable moisture from the Bay of Bengal.
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