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A 650-m-thick sequence of fluvio-lacustrine sediments from the Yuanmou Basin in southwest China was
analyzed at 20-cm intervals for grain-size distribution to provide a high-resolution terrestrial record of
Indian summer monsoon variations during the Pliocene. The concentrations of the clay and clay-plus-
fine-silt fractions are inferred to reflect the water-level status of the lake basin related to the intensity
of the Indian summer monsoon and high concentrations reflect high lake levels resulting from the inten-
sified summer monsoon. The frequency of individual lacustrine mud beds is considered to reveal the fre-
quency of the lakes developed in the basin associated with the variability of the Indian summer monsoon
and an increased frequency of the lakes reveals an increased variability of the summer monsoon. The
proxy data indicate that the Indian summer monsoon experienced two major shifts at 3.57 and
2.78 Ma and two secondary shifts at 3.09 and 2.39 Ma during the Pliocene. The summer monsoon dis-
played a general trend of gradual intensification during the period of 3.57–2.78 Ma, coeval with an accel-
erated uplift of the Tibetan Plateau, implying a close link between the monsoon intensification and the
plateau uplift. At 2.78 Ma, the summer monsoon was markedly weakened, synchronous with the forma-
tion of extensive Northern Hemisphere ice sheets, denoting a quick response of the monsoon regime to
the Northern Hemisphere glaciation. The variability of the summer monsoon decreased at 3.09 Ma and
increased at 2.39 Ma, presumably suggesting that variations of the Indian monsoon would be modulated
by the initiation and periodic fluctuations of ice-sheet covers in Northern Hemisphere high latitudes.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The Pliocene represents a period when Earth’s boundary condi-
tions underwent dramatic changes, such as the onset of Northern
Hemisphere glaciation (Shackleton et al., 1995; Kleiven et al.,
2002), the uplift of the Tibetan Plateau (An et al., 2001), and closure
of Panamanian (Haug and Tiedemann, 1998) and Indonesian (Cane
and Molnar, 2001) seaways. During this period, the global climate
system experienced significant reorganizations in response to
changes in Earth’s boundary conditions (Zachos et al., 2001).

The Indian monsoon, an integral part of the global climate sys-
tem, has been extensively studied through investigations of marine
sediments from the Indian Ocean and the Arabian Sea (Clemens
and Prell, 1990; Clemens et al., 1991; Kroon et al., 1991; deMenocal
et al., 1991; Hovan and Rea, 1992; Chen et al., 1995; Gupta and
Thomas, 2003; Gupta et al., 2004). During the Pliocene, however,
the Indian monsoon variability and its possible causes have re-
mained an enigma, because the resolution of the proxy records
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from marine sediments is limited and few terrestrial records re-
lated to the Pliocene history of Indian monsoon variations are
available.

In the present study, we provide a terrestrial sedimentary se-
quence from the Yuanmou Basin in southwest China. The se-
quence covers the entire Pliocene with an average temporal
resolution of �45 yr cm�1. The proxy records would greatly con-
tribute to a better understanding of the process of Indian mon-
soon variations during the Pliocene and physical links between
the Indian monsoon regime and other subcomponents of the glo-
bal climate system.
2. Yuanmou Basin

The Yuanmou Basin (25�420N, 101�530E), a north–south
stretched fault basin, lies 110 km northwest of Kunming, Yunnan
Province, southwest China (Fig. 1). It has an area of 187 km2 with
a length of 30 km and a maximum width of 9 km (Li, 1993). The
elevation of the basin ranges from 980 to 1400 m above sea level,
while the surrounding mountains rise above the basin floor 1200–
1400 m on the east and 200–400 m on the west. The Longchuan
River flows through the basin from south to north toward its
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Fig. 1. Map (from http://maps.google.com) showing locations of the Yuanmou Basin and other terrestrial and marine records mentioned in the text. The bold arrows
represent generalized wind directions of the Indian summer monsoon that brings rainfall from the tropical Indian Ocean to southwest China.
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confluence with the Jinsha River, the uppermost reaches of the
Yangtze River.

The basin is located in the south subtropical zone. The climate
of the basin is controlled by the Indian monsoon in summer and
by the southern stream of the westerly winds in winter (Li,
1993). Mean annual temperature is 21.9 �C, and mean annual pre-
cipitation is 614 mm with more than 80% of the annual precipita-
tion falling in May–October. Mean annual evaporation reaches
3640 mm.

The Yuanmou Basin, one of the most representative Late Ceno-
zoic sedimentary basins in China, was followed with interest as
early as in 1920s when mammalian fossils were found from the
basin (Colbert, 1940). During the subsequent decades, extensive
investigations on the mammalian fauna were carried out, and
fossils of Equus sp. of the latest Pliocene age (Bien, 1940) and
Enhydriodon cf. falconeri of late Pliocene age (Chow, 1961) were
discovered. In 1965, the discovery of two hominid incisors of Homo
erectus yuanmouensis (Hu, 1973; Li et al., 1976; Qian et al., 1984)
rejuvenated geologists’ attention to the basin. Until now, however,
most of the researches have been focused on the paleontology,
sedimentology, lithostratigraphy and magnetostratigraphy (e.g.,
Qian and Zhou, 1991; Zhang et al., 1994; Urabe et al., 2001). Little
attention was paid to the relation between the evolution of the
lake basin and variations of the Indian monsoon.
3. Material and method

The sedimentary section selected for the present study extends
east–west in the southern part of the Yuanmou Basin and passes by
Gantang and Maoyi villages (therefore designated GM section)
(Figs. 2 and 3). It is exposed in erosional gullies and attains a thick-
ness of 644 m with its base on the right bank of the Longchuan
River.

3.1. Lithostratigraphy

The GM sedimentary sequence generally consist of brown-
ish-red to greyish-brown fluvio-lacustrine mud and sands inter-
calated by frequent, greenish-grey and blackish-grey lacustrine
mud beds and occasional, fluvial granule layers (Figs. 3 and
4). Lacustrine mud beds reach thicknesses of 0.4–5 m with
the greenish-grey beds intervening from the base to the top
of the section and the blackish-grey beds appearing only in
the upper 271 m. The fluvio-lacustrine mud and sands, predom-
inant deposits in the basin, generally display two sedimentary
types, i.e., massive fluvial and laminated lacustrine mud and
sands. Most of the granule layers are 40–80 cm thick with a
few exceptions (1–4 m thick) at the depths around 170, 325,
430 and 472 m. The strata of the GM sequence tilt towards
northeast to east and dip at 5–12�. Investigations in the field
suggest that the GM section shows no signs of erosional hia-
tuses or faults.

3.2. Magnetostratigraphy

Paleomagnetic studies of the GM section were carried out to
provide an age scale for the sedimentary sequence (Zhu et al.,
2008). After orientated in situ with a magnetic compass, block
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Fig. 2. Geological map of the Yuanmou Basin (modified from Jiang et al. (1989)). The dotted line passing by Gantang and Maoyi villages indicate the route of the sedimentary
profile in the present study.
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samples were taken at intervals of 20–50 cm, yielding 1208 sam-
ples for laboratory measurements. High-temperature magnetic
susceptibilities were measured using a KLY-3s Kappabridge with
a CS-3 high-temperature furnace in an argon atmosphere. All the
samples were subjected to progressive thermal demagnetization
up to 680 �C, and magnetic remanences were measured with a
2G, three-axis, cryogenic magnetometer housed in the field-free
space. 579 samples (�48%) showed reliable characteristic rema-
nent magnetization directions that were used to calculate the vir-
tual geomagnetic pole (VGP) latitudes, resulting in the magnetic
polarity sequence (Fig. 5).

Based on the Pliocene age of the mammalian fossils discov-
ered from the GM section (Bien, 1940; Chow, 1961), the mea-
sured magnetic polarity sequence could be readily correlated to
the geomagnetic polarity timescales (GPTS) (Berggren et al.,
1995; Cande and Kent, 1995) (Fig. 5). The Matuyama/Gauss
boundary lies at the depth of 141.80 m, whereas the Gauss/
Gilbert boundary appears at the depth of 387.05 m. The short
normal zone (32.30–38.05 m) above the Matuyama/Gauss bound-
ary can be correlated to the Réunion subchron. Two reverse
zones (258.10–272.55 and 332.80–353.95 m) within the Gauss
normal chron represent Kaena and Mammoth subchrons. Three
normal zones (443.80–459.05, 481.40–507.40 and 606.70–
637.05 m) below the Gauss/Gilbert boundary correspond to
Cochiti, Nunivak and Sidufjall subchrons.
3.3. Grain-size distribution

The GM section was sampled at 20-cm intervals continuously
except the granule layers, yielding 3024 samples for analyses of
grain-size distribution. About 200 mg of sediment from each air-
dried, disaggregated sample was pretreated with 20 ml of 30%
H2O2 to remove organic matter and then with 10 ml of 10% HCl
with the sample solution boiled to remove carbonates. About
2000 ml of deionized water was added, and the sample solution
was kept for 24 h to rinse acidic ions. The sample residue was dis-
persed with 10 ml of 0.05 M (NaPO3)6 on an ultrasonic vibrator for
10 min before grain-size analysis.

Grain-size distribution of the samples was determined with a
Malvern Mastersizer 2000 laser grain-size analyzer. The Mastersiz-
er works on the principle of the Mie theory that predicts the way
light is scattered by spherical particles and deals with the way light
passes through, or is absorbed by, the particle. Based on the Mie
theory, assuming that measured particles are perfect spheres, the
Mastersizer uses the volume of a particle to measure its size and
calculate the diameter of an imaginary sphere that is equivalent
in volume by the technique of ‘‘equivalent spheres”. The Mastersizer
2000 has a measurement range of 0.02–2000 lm in diameter and a
grain-size resolution of 0.166U in interval, thus yielding 100 pairs
of grain-size data. It automatically outputs the median diameter
and the percentages of the related size fractions of a sample with



Fig. 3. Photographs of the outcrops showing (A) the erosional gully (white line) along which the sedimentary sections are exposed; (B) brownish-red to greyish-brown fluvio-
lacustrine mud and sands at depth of 354.2–369.0 m; (C) greenish-grey lacustrine mud bed at depth of 185.0–201.5 m; (D) blackish-grey lacustrine mud bed at depth of 70.0–
75.0 m. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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a less than 1%. Data of the percentages of clay, silt and sand frac-
tions from the GM sequence were plotted against depth in Fig. 5.

4. Proxies for the Indian summer monsoon

The nature and distribution of clastic deposits are mainly con-
trolled by dynamic conditions of the transporting media (Inman,
1949; Folk and Ward, 1957; Tanner, 1964; Visher, 1969; Ashley,
1978; Håkanson and Jansson, 1983). Previous studies on grain-
size distributions suggested that three types of clastic sediments
exhibit different combinations of specific grain-size components.
Fluvial deposits are composed mainly of two grain-size compo-
nents, i.e., a saltation medium-sand component with dominant
modal sizes of 200–400 lm and a suspension fine-silt component
with dominant modal sizes of 10–15 lm (Middleton, 1976; Ash-
ley, 1978; Bennett and Best, 1995). Grain-size components of eo-
lian deposits depend on the nature of winds and transport
distances (Pye, 1987; Sun et al., 2002). Typical loess deposits con-
sist of a short-suspension, medium-to-coarse silt component with
dominant modal sizes of 16–32 lm and a long-suspension clay-
to-fine silt component with dominant modal sizes of 2–6 lm;
whereas desert sands mainly consist of a saltation component of
fine-to-medium sands with dominant modal sizes of 100–
200 lm and a suspension component of clay-to-fine silt with
dominant modal sizes of 2–6 lm.

As compared with fluvial and eolian deposits, lake sediments
display more complex, polymodal grain-size distributions (Visher,
1969; Middleton, 1976; Ashley, 1978; Sly, 1978), because the
hydraulic conditions in lakes are related to the water depth, shape,
size and the surrounding relief (Sly, 1978, 1989a,b; Håkanson and
Jansson, 1983). Fundamentally, there exists a relationship between
clastic and hydraulic interactions, so that lake sediments can be
separated into high and low hydraulic energy regimes (Sly, 1978,
1989a,b; Håkanson and Jansson, 1983). In general, the nearshore
zone of lakes lies in higher energy environments than the offshore
zone, and deposits of decreasing particle size towards the depocen-
ter of lakes reflect decreasing hydraulic energy. The deposits of the
offshore zone are dominated by clay and silty clay, whereas those
of the nearshore zone consist of unconsolidated sands with low
proportions of clay and silt (Sly, 1978, 1989a,b; Håkanson and
Jansson, 1983).

The sediments of the GM sequence are mainly composed of
lacustrine mud and fluvio-lacustrine mud and sands except occa-
sional intercalations of fluvial granules (Figs. 4 and 5). Different
grain-size components within individual grain-size distributions
of the mud and sands would represent different sedimentary pro-
cesses, thus denoting different hydrological conditions (Visher,
1969; Middleton, 1976; Ashley, 1978; Sly, 1978).

The hydrological condition of the Yuanmou Basin is largely con-
trolled by the Indian summer monsoon that brings rainfall from
the tropical Indian Ocean to southwest China. In general, the inten-
sification of the summer monsoon would enhance the precipita-
tion and inflow to the basin, leading to high stands of the lake
developed in the basin. Therefore the formation and evolution of
lakes in the Yuanmou Basin would have been closely related to
variations of the Indian summer monsoon.
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4.1. Concentrations of the clay and clay-plus-fine-silt fractions

In order to understand the evolution of sedimentary environ-
ments of the Yuanmou Basin, we compared grain-size distributions
of lacustrine mud and fluvio-lacustrine mud and sands of the GM
sequence with those of the surface sediments of a modern lake, Dali
Lake in central-eastern Inner Mongolia, China (Fig. 6). The surface
sediments were sampled at intervals of latitude 10 and longitude
1.50 and extracted in polyethylene tubes using a piston corer with
a length of 60 or 80 cm. Both the water–sediment interface and
2–3 mm of light coloured sediments are clearly discernible in the
core tube, indicating that the uppermost part of the sediment core
was deposited during the most recent years. The top 1 cm of the
core sections was cut for samples of the surface sediments after
siphoning the water from the core tube with a plastic pipe. Grain-
size distributions of the surface samples suggested that the sedi-
ments of Dali Lake consist of homogeneous mud with increasing
sand fractions toward the lakeshore (Xiao et al., 2009).
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As shown in Fig. 6, the greenish-grey and blackish-grey
lacustrine mud of the GM sequence shows grain-size distributions
similar to the surface sediments of the offshore zone (clay- and
fine-silt-dominated bimodal distribution) and the nearshore zone
(fine-silt-dominated polymodal distribution) of Dali Lake, respec-
tively. The fluvio-lacustrine mud and sands of the GM sequence
display two distinct sedimentary types, i.e., fine-silt-dominated
mud and sand- and coarse-silt-dominated sands, and the former
resembles the lacustrine mud. In terms of the overall trend of de-
creases in the particle size of lake sediments from the nearshore to
offshore zones, these observations led us to conclude that changes
in the concentrations of the clay and clay-plus-fine-silt fractions of
the GM sequence could reflect changes in the water-level status of
the lakes controlled by the rainfalls of the Indian summer mon-
soon. High concentrations of both clay and clay-plus-fine-silt frac-
tions would be closely related to high stands of the lake levels
resulting from intensifications of the Indian summer monsoon.
4.2. Durations of the lacustrine mud beds

The most noticeable feature of the GM sedimentary sequence is
the frequent intercalation of lacustrine mud beds. Greenish-grey
beds intervene in the whole section and blackish-grey ones appear
only in the upper 271 m (Figs. 4 and 5). There is no doubt that the
lacustrine mud beds mark the occurrences of lakes in the Yuanmou
Basin. Grain-size distributions of the lacustrine mud (Fig. 6) sug-
gest that the greenish-grey beds stand for deep-water, large lakes
in the basin and the blackish-grey ones for shallow-water, small
lakes. In any case, the duration of the individual lacustrine bed
would be linked with the lifetime of the lake developed in the
basin. Long durations of the lacustrine beds could represent long
lifetimes of the lakes. Consequently judging from the whole se-
quence, frequent appearances of the lacustrine beds would be
associated with frequent occurrences of the lakes in the basin. Be-
cause the formation and extinction of lakes in the Yuanmou Basin
are closely related to the rainfalls brought by the Indian summer
monsoon, the frequency of the lakes occurring in the basin would
imply the variability of the summer monsoon. More frequent
occurrences of the lakes would denote greater variability of the In-
dian summer monsoon.

The durations of all the lacustrine mud beds were plotted
against age (Fig. 7) to understand changes in the frequency of
lacustrine beds occurring at different times. The duration of indi-
vidual lacustrine beds is the difference between ages of the bottom
and the top that were derived by linear interpolation between
paleomagnetic age-control points of the GM sequence.
4.3. Sedimentation rates

Paleomagnetic studies suggested that the GM sedimentary se-
quence covers the entire Pliocene (Zhu et al., 2008). The correlation
between the measured magnetic polarity sequence and the geo-
magnetic polarity timescales (Berggren et al., 1995; Cande and
Kent, 1995) yields 14 paleomagnetic ages for the GM sequence
(Fig. 5). The sedimentation rates of all the polarity zones were de-
rived by linear calculation between the paleomagnetic age-control
points (Fig. 7).

Clastic materials in the sedimentary basin were derived from
the catchment and transported by rivers and streams entering
the basin (Håkanson and Jansson, 1983). In general, when the pre-
cipitation over the basin intensifies, the soil erosion in the catch-
ment would be enhanced and the transport capacity of streams
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and rivers entering the basin would be increased, leading to an
accelerated accumulation of clastic materials in the basin. There-
fore increases in the sedimentation rate of the GM sequence might
be associated with increases in the precipitation over the Yuanmou
Basin and thus increases in the intensity of the Indian summer
monsoon, provided regional tectonics was relatively stable.
5. Results and discussion

Concentrations of the clay and clay-plus-fine-silt fractions,
durations of the greenish-grey and blackish-grey lacustrine mud
beds and sedimentation rates of the GM sedimentary sequence
were plotted against the paleomagnetic timescale (Fig. 7). Changes
in the concentration of both the clay and clay-plus-fine-silt frac-
tions are characterised by three stages during the Pliocene, i.e.,
fluctuations with declining amplitudes of the early stage, a general
increasing trend with fluctuations of the middle stage, and fluctu-
ations with similar amplitudes of the late stage (Fig. 7). The lower
boundary between the early and middle stages was set at 3.57 Ma,
the middle point between the below peaks of the fine fractions at
3.67 Ma and the above troughs at 3.47 Ma, whereas the upper one
between the middle and late stages was set at 2.78 Ma, the middle
point between the below peaks at 2.81 Ma and the above troughs
at 2.75 Ma (Fig. 7).

As shown in Fig. 7, durations of the lacustrine mud beds of the
GM sequence reflect two significant features. The blackish-grey
lacustrine beds appeared in the sequence first at 3.09 Ma and the
occurrence of the greenish-grey beds declined afterwards. And
since 2.39 Ma, the durations of both the greenish-grey and
blackish-grey lacustrine beds became relatively shorter and the
greenish-grey beds occurred more frequently.

The sedimentation rates of the GM sequence range from �10 to
55 cm ka�1 with an average of �22 cm ka�1 (Fig. 7). Judging from
the overall trend of changes in the sedimentation rate, a significant
increase from �10 to 25 cm ka�1 occurred at 3.58 Ma. Additionally
there are two intervals between 4.80 Ma (606.70 m) and 4.62 Ma
(507.40 m) and between 3.22 Ma (332.80 m) and 3.11 Ma
(272.55 m) showing exceptionally high sedimentation rates. Dur-
ing both intervals, the sediments mainly consist of sandy silt and
clay (Figs. 4 and 5), presumably implying that the accelerated sed-
imentary filling might have resulted from the subsidence of the ba-
sin rather than the uplift of the surrounding mountains.
5.1. Gradual intensification of the Indian summer monsoon from 3.57
to 2.78 Ma

As shown in Fig. 7, both the clay and clay-plus-fine-silt fractions
of the GM sequence displayed a general trend of increase in the
concentrations during the period of 3.57–2.78 Ma. Meanwhile, this
trend was accompanied by an increase in the sedimentation rate
from �10 to 25 cm ka�1. These data suggest that the Indian sum-
mer monsoon was gradually intensified at the interval from 3.57
to 2.78 Ma.

Terrigenous mineral flux to the Indian Ocean initiated a dra-
matic increase 3.9 Ma ago, implying an enhanced process of
weathering and erosion in the mountainous regions of the
Tibetan Plateau since then (Hovan and Rea, 1992) (Fig. 7). Benthic
foraminifer U. proboscidea, a productivity indicator species, began
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to thrive with high productivity in the northeastern Indian Ocean
4.2 Ma ago, denoting a significant increase in the intensity of the
Indian summer monsoon at that time (Gupta and Thomas, 2003).
Both records from the Indian Ocean provide support for our ter-
restrial-based inference that the Indian summer monsoon was
intensified during the episode between 3.57 and 2.78 Ma.

The Indian monsoon is primarily driven by the thermal contrast
between the Indian Ocean and the Asian continent (Webster,
1987). The rapid increase of the upwelling in the Arabian Sea at
8.5 Ma was interpreted as an indication of the origin or a strong
intensification of the Indian monsoon system as a response to
the uplifting of the Tibetan Plateau (Kroon et al., 1991). Numerical
simulations suggested that the uplift of the Tibetan Plateau could
heighten the land–sea thermal contrast and thus intensify the
Indian summer monsoon (Hahn and Manabe, 1975; Prell and
Kutzbach, 1992; Kutzbach et al., 1993). We therefore infer that
the intensification of the Indian summer monsoon at 3.57–
2.78 Ma marked by the terrestrial sedimentological records from
the Yuanmou Basin would have been related to a phase of rapid
uplift of the Tibetan Plateau.

The timing of uplift of the Tibetan Plateau has been hotly de-
bated for several decades. Evidence from oxygen isotope values
of carbonate rocks (Garzione et al., 2000), activities of graben-
bounding normal faults (Blisnuik et al., 2001), physiognomy of
fossil leaves (Spicer et al., 2003), and oxygen isotope values of
paleosol carbonates and lacustrine limestones (Rowley and Currie,
2006; DeCelles et al., 2007) suggest that the southern and central
part of the Tibetan Plateau may have been uplifted 35–10 Ma
ago. An alternative view is that the major uplifts occurred during
the Pliocene and Pleistocene (Li, 1995). Detailed magnetostratigra-
phy of a fluvial sequence at Yecheng in the western Kunlun Moun-
tains show a change from deposition on distal alluvial plains to
proximal alluvial fans 4.5–3.5 Ma ago accompanied by an abrupt
increase in the sedimentation rate at 3.6 Ma, indicating the main
uplift of the northwestern Tibetan Plateau around that time (Zheng
et al., 2000). The change from lacustrine mudstone–sandstone to
alluvial conglomerates at the Laojunmiao section in the southern
Jiuquan Basin (Fang et al., 2005) and a persistent rapid increase
in the sedimentation rate of the Huaitoutala sequence in the east-
ern Qaidam Basin (Fang et al., 2007) occurred 3.6 Ma ago, and both
were interpreted as the result of an accelerated uplift of the north-
eastern Tibetan Plateau at that time. Recent studies on the low-fre-
quency magnetic susceptibility of the red clay sequence at Chaona
on the Chinese Loess Plateau argue that the increase in sedimenta-
tion rate and grain size occurring around Tibet and in many other
places 4.0 Ma ago would result from the rapid uplift of the Tibetan
Plateau during the Pliocene rather than climate change, because
the uplifted plateau could increase both the amplitude and the fre-
quency of climatic fluctuations (Nie et al., 2008a,b). The view on
the Pliocene uplift of the northern Tibet lends support to our infer-
ence that a phase of accelerated uplift of the Tibetan Plateau would
have been the major causal factor in the intensification of the In-
dian summer monsoon at 3.57–2.78 Ma. The forcing mechanism
lies in that the uplifted Tibetan Plateau receives more energy and
the plateau surface becomes warmer in summer, leading to an in-
crease in the thermal contrast between the Indian Ocean and the
Asian continent, thus an intensified Indian summer monsoon.

Carbon isotopic compositions of pedogenic carbonates from the
red clay sequence at Lingtai on the Chinese Loess Plateau exhibited
a shift toward heavy values 4.1 Ma ago (Ding and Yang, 2000)
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(Fig. 7). Eolian dust flux to the North Pacific showed a dramatic in-
crease at 3.6 Ma (Rea et al., 1998) (Fig. 7). Both proxy records indi-
cate that drying of the western China occurred at that time in
response to the major phase of uplift of the Tibetan Plateau (Rea
et al., 1998; Ding and Yang, 2000). These data further confirm
the causal relation of intensification of the Indian summer mon-
soon to the uplift of the Tibetan Plateau during the period of
3.57–2.78 Ma. We infer that the accelerated uplift of the Tibetan
Plateau during the Pliocene would be the causal factor both for
the arid phase in the western China and for the wet phase in the
study area, southwest China. The western China became dry be-
cause the uplifted plateau blocked the Indian summer monsoon
and thus the monsoonal rainfall/moisture could not penetrate to
the north of the plateau (Yeh and Gao, 1979), whereas the south-
west China became wet because the Indian summer monsoon
was strengthened and the southwest China could receive more
monsoonal precipitations.

5.2. Marked weakening of the Indian summer monsoon at 2.78 Ma

An abrupt and large-scale decrease in the concentrations of clay
and clay-plus-fine-silt fractions of the GM sequence occurred at
2.78 Ma, suggesting a marked decrease in the intensity of the In-
dian summer monsoon at that time (Fig. 7). This interpretation is
directly supported by drastically decreased influxes of terrigenous
materials to the Indian Ocean about 2.8 Ma ago (Hovan and Rea,
1992) (Fig. 7).

Pliocene high-resolution oxygen isotope record of benthic fora-
minifers from ODP Site 846 in the eastern Pacific reveals a signifi-
cant shift toward heavy d18O values about 2.75 Ma ago (Shackleton
et al., 1995) (Fig. 7). Records of ice-rafted detritus from ODP Sites
644 and 907 in the Nordic Seas and DSDP Sites 610 and 607 in
the North Atlantic Ocean document that an ice-sheet development
between the Greenland, Scandinavian and North America regions
started around 2.72–2.75 Ma (Kleiven et al., 2002). The remarkable
weakening of the Indian summer monsoon at 2.78 Ma almost coin-
cides with the heavier shift in the d18O of benthic foraminifers and
the formation of extensive Northern Hemisphere ice sheets, sug-
gesting a teleconnection between the low-latitude monsoon sys-
tem and the high-latitude glaciation. We infer that the decreased
intensity of the Indian summer monsoon would have resulted from
the intensification of the Northern Hemisphere glaciation. The
Northern Hemisphere glaciation could enhance global cooling
(Shackleton et al., 1995), resulting in an increased snow/ice cover
on the uplifted Tibetan Plateau. This change could increase plateau
surface albedo and decrease surface temperature in summer, giv-
ing rise to a reduced land–sea thermal contrast and thus a weak-
ened Indian summer monsoon (Prell and Kutzbach, 1992).

5.3. Shifts in the Indian monsoon variability 3.09 and 2.39 Ma ago

The initial appearance of the blackish-grey lacustrine beds at
3.09 Ma accompanied with occasional occurrences of the green-
ish-grey beds may reflect a decreased variability of the Indian
monsoon since then (Fig. 7). It is suggested that the first major
pulse of ice-rafted detritus in the circum Atlantic region happened
at 3.3 Ma and progressive increases in ice-rafted detritus took
place from 3.0 Ma (Kleiven et al., 2002). The onset of large-scale
glaciation in the circum Atlantic region was accompanied by a
change to decreased variability of the Indian summer monsoon,
implying a linkage between the initial glaciation in the Arctic re-
gion and the variability of the Indian summer monsoon. Although
we are not certain of the exact mechanism, we speculate that the
vegetation cover on the Tibetan Plateau might have played an ac-
tive role in adjusting the monsoon variability during the period
after the plateau already exceeded a threshold altitude but before
extensive Northern Hemisphere ice sheets appeared. The vegeta-
tion cover on the plateau would reduce plateau surface albedo
and absorb more energy in the soil–vegetation–atmosphere cou-
pled system, leading to a decreased seasonal temperature differ-
ence. The decreased seasonality might have strengthened the
Indian summer monsoon and weakened the winter monsoon,
resulting in decreased monsoon variability. This scenario is sup-
ported by a modelling study (Wang, 1999).

At 2.39 Ma, however, an increase in the frequency and a de-
crease in the duration of the lacustrine mud beds indicate a signif-
icant shift to greater variability of the Indian summer monsoon
(Fig. 7). A detailed magnetic susceptibility record of eolian dust
deposition to the Arabian Sea at ODP Sites 721 and 722 reveals a
dramatic increase in variance at the 41-ka periodicity correspond-
ing to orbital obliquity after 2.4 Ma (deMenocal et al., 1991). This
shift to increased 41-ka power after 2.4 Ma was proposed to reflect
the modulation of monsoon dust source area aridity by high-lati-
tude ice-sheet cover that varied predominantly at this periodicity
(deMenocal et al., 1991). The timing of the shift to increased vari-
ability of the Indian summer monsoon coincides with the inception
of predominance of the 41-ka periodicity, presumably denoting
that the Indian monsoon regime itself might have been modulated
by periodic fluctuations in high-latitude ice-sheet cover since
2.39 Ma.
6. Conclusions

High-resolution terrestrial sedimentary records from the
Yuanmou Basin in southwest China indicate that the Indian sum-
mer monsoon experienced two major shifts at 3.57 and 2.78 Ma
and two secondary shifts at 3.09 and 2.39 Ma during the Pliocene.
The summer monsoon was gradually intensified from 3.57 to
2.78 Ma and markedly weakened 2.78 Ma ago. The monsoon vari-
ability displayed a decrease at 3.09 Ma and an increase at 2.39 Ma.
Variations of the Indian monsoon during the Pliocene would have
been closely related both to the uplift of the Tibetan Plateau and to
the high-latitude glaciations in the Northern Hemisphere.
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