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There have been few investigations of the phase relationship between the Indian summer monsoon (ISM)
and the East Asian summer monsoon (EASM) during the last glacial period. We present multi-proxy
mineralogical and geochemical records from a peat core taken from the Baoxiu Basin, central Yunnan,
southwest China, to investigate changes in chemical weathering and climate associated with the ISM
in southwest China spanning the interval �32.7–11.4 ka BP. The results suggest that the LGM period
(23–18 ka BP) was characterized by cold and dry climatic conditions. A comparison of proxy data from
Baoxiu peat with other related proxy climate records reveals that broadly synchronous variations in
the ISM and EASM on orbital timescales can be attributed to solar radiation forcing in the Northern
Hemisphere. In addition, four synchronous weak millennial-scale monsoonal events coincide well with
cooling events recorded in the NGRIP ice core (corresponding to the Younger Dryas, and Heinrich events
H1, H2, and H3). Significantly, the strengths of the two Asian monsoons show an inverse relationship
during the interval 23–19 ka BP, probably resulting from El Niño-like conditions in the tropical Pacific.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction and the Hongyuan peat bog in southwest China indicate an inverse
The Indian summer monsoon (ISM) and the East Asian summer
monsoon (EASM) are two subsystems of the Asian monsoon. They
are independent systems but interact with each other on geological
timescales (Ding and Chan, 2005). Consistencies and differences
between the evolutions of these two monsoon systems indicate
that they respond to both global and regional changes in climate,
and knowledge of the controls on both would contribute to a better
understanding of global atmospheric circulation and climate
change. Indeed, recent studies have focused on the phase relation-
ship between the evolutions of these monsoon systems during the
Holocene to decipher their global and local driving forces; how-
ever, the results are debated. Zhao et al. (2009) and Zhang et al.
(2011) inferred a broadly synchronous climatic evolution through-
out the Holocene across the two monsoon regions by synthesizing
fossil pollen and carbonate d18O records in monsoonal China. In
contrast, after reviewing 75 sets of time series data from central
Asia relating to Holocene moisture patterns, Herzschuh (2006)
suggested the asynchronous evolution of the ISM and EASM.
Meanwhile, d13C records from the Hani peat bog in northeast China
phase relationship between the ISM and EASM on both orbital and
millennial timescales (Hong et al., 2005, 2014b). If the timespan is
extended back further to the last glacial, the phase relationship
becomes even more complicated. Changes in the ISM, as inferred
from pollen records from Xingyun Lake in southwest China, exhibit
an out-of-phase relationship with the EASM during the last glacia-
tion (Chen et al., 2014). Stalagmite d18O records from Sanxing Cave
on the Yun-Gui Plateau show decoupling between the two mon-
soon systems during the interval 20–17 ka BP (Jiang et al., 2014).

Yunnan Province, located in southwest China at the southeast-
ern edge of the Tibetan Plateau, is strongly influenced by the ISM
(Shen et al., 2006; An et al., 2011; Cook et al., 2011). High-
resolution paleoenvironmental records obtained from this region
provide important information on the evolution and potential forc-
ing mechanisms of the ISM. Existing studies are based mainly on
lacustrine sediments with relatively low temporal resolution and
covering relatively short time spans (Kramer et al., 2010; Cook
et al., 2011, 2012; Tareq et al., 2011; Xiao et al., 2014a, 2014b,
2015). Indeed, only a few lacustrine records cover the period since
the Last Glacial Maximum (LGM). Climatic information inferred
from pollen records from Dianchi Lake and Qilu Lake suggest cold
and wet conditions during the LGM (Long et al., 1991; Wu et al.,
1991). Multi-proxy sediment records from Heqing Lake and
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Fig. 2. Monthly mean temperature and precipitation data for the period 1971–

C. Huang et al. / Journal of Asian Earth Sciences 131 (2016) 72–80 73
Napahai Lake also suggest a cold and wet climate during the LGM
(Jiang et al., 1998; Yin et al., 2002). However, Zhu et al. (2009a)
inferred cold, dry conditions from multi-proxy analysis of Lake
Chen Co during the LGM. Diatom and pollen data from Lugu Lake,
northwest Yunnan, indicate a dry and cold LGM (Wang et al.,
2014), whereas information from a fluvial sedimentary sequence
from the eastern Himalayas suggests that the climate was wet
and cold during this period (Ghosh et al., 2015). These discrepan-
cies regarding the climate of the LGMmay reflect the low temporal
resolution of sampling and age uncertainties.

We present an integrated set of geochemical proxy records from
a peat core collected from Baoxiu Basin in central Yunnan Province,
southwest China, spanning the interval 32.7–11.4 ka BP. The objec-
tives of this study were to: (1) reconstruct the climatic evolution of
the ISM during the interval 32.7–11.4 ka BP; (2) decipher the phase
relationship between the ISM and EASM; and (3) clarify the timing
and nature of climatic changes over the LGM in this region.
2000, as recorded at Yuxi station.
2. Geographic setting

The Baoxiu Basin (23�440–23�470N, 102�210–102�230E), a semi-
enclosed basin at an altitude of ca. 1400–1430 m a.s.l., is located
in central Yunnan Province, southwest China, �150 km south of
Kunming (Fig. 1). The Baoxiu Basin covers an area of �17 km2, with
a length of 7 km and a width of 2–4 km. The regional climate is
affected by the ISM and is characterized by warm, wet summers,
and cold, dry winters. Based on instrumental observations from
Yuxi Station, 80 km north of Baoxiu, between 1971 and 2000
(Fig. 2), mean annual precipitation in the area is 918 mm with
�76% falling between May and September.
3. Materials and methods

3.1. Core recovery and dating

A 200 cm long peat core was extracted from the margin of
Chirui Lake in the Baoxiu Basin. The core was subsampled at
Fig. 1. Sketch map showing the location of the present research site and selected rela
precipitation; i.e., (A) the Indian summer monsoon (ISM) area, and (B) the East Asian su
2 cm intervals and freeze-dried. The top 40 cm of the peat core
were obviously disturbed attributed to farming. Thus, this study
focuses on the sediments spanning the depth interval 41–200 cm
in the core. The core chronology is based on AMS 14C radiocarbon
dating of five samples of grass roots (Table 1). The ages were cali-
brated using Calpal-2007 online software (Danzeglocke et al.,
2010). The age-depth model (Fig. 3) was established by lin-
ear interpolation. For further details of the dating method and
modeling approach, see Wei et al. (2012).

3.2. Geochemical analysis

Samples for geochemical analysis were freeze-dried, hand-
milled using a mortar, and then sieved through a 250 lm sieve.
Loss on ignition (LOI) was determined by igniting the material
for 2 h at 900 �C. The ash was collected for further elemental anal-
ysis, and all element concentrations were measured relative to the
ash.
ted research sites. The boxes labeled A and B define the major areas of summer
mmer monsoon (EASM) area (modified from Gao et al., 1962; Wang et al., 2003).



Fig. 4. Relative percentages of quartz, feldspar, clay

Fig. 3. Age model for the Baoxiu peat sedimentary sequence.

Table 1
AMS 14C radiocarbon dates from Baoxiu peat.

Depth
(cm)

Material
dated

Conventional age
(yr BP)

Calibration age
(cal yr BP)

76 Grass root 15,360 ± 110 18,439 ± 311
96 Grass root 19,160 ± 120 22,954 ± 295
120 Grass root 23,040 ± 360 27,595 ± 527
162 Grass root 23,770 ± 350 28,709 ± 485
196 Grass root 27,610 ± 490 32,303 ± 441
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The ash samples were digested with an HNO3 + HF acid
mixture, and the solutions were analyzed for major and trace
element concentrations. Major element concentrations were mea-
sured on a Varian Vista Pro inductively coupled plasma–atomic
emission spectrometer (ICP–AES) at the State Key Laboratory of
Geochemistry in the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (CAS). Trace element concentrations
were measured using a Perkin-Elmer Elan 6000 inductively cou-
pled plasma–mass spectrometer (ICP–MS) at the same laboratory.
Major and trace element analyses followed the methods
described by Liu et al. (1996) and Li et al. (2002), respectively.
The precision for major elements was better than 1% (Li et al.,
2002), and for trace elements was generally better than 5% (Liu
et al., 1996). Several USGS and Chinese soil and sediment
reference standards, including GSS-5, GSS-7, and GXR-6 (soils),
and GSD-9 and GSD-12 (sediments), were repeatedly measured
along with the samples, yielding values that were generally
within ±10% (RSD) of the certified values. For further details on
the method and results of major and trace element analyses see
Wei et al. (2012).

The mineral composition of the bulk sediment samples was
measured using a Rigaku D/max-1200 diffractometer at the
Guangzhou Institute of Geochemistry, CAS. X-ray diffraction
(XRD) patterns of the samples were recorded between 1.5� and
70� (2 h) at a scanning speed of 2�/min with Cu/Ka radiation
(30 mA and 40 kV).

The total organic carbon (TOC) content and the d13CTOC values of
the samples were determined using a Vario EL III elemental
analyzer By Lu (2003).
, and illite versus age in the Baoxiu peat core.
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4. Results

Quartz (average concentration = 47.2%), feldspar (9.4%), and
clay minerals (38.4%) constitute most of the detrital material found
at Baoxiu peat (Fig. 4). Illite is the dominant clay mineral and is
present in all sediment samples at concentrations of 23–53%.
Smectite and kaolinite are present in only some of the samples,
in almost negligible concentrations. The concentrations of quartz,
feldspar, and clay range from 26% to 67%, from 4% to 20%, and from
19.4% to 44.3%, respectively. Clay/feldspar ratios range from 0.2 to
1.2 (Fig. 5f). K/Rb, K2O/Na2O, and La/Sm ratios are illustrated in
Fig. 5c–e, respectively. They show similar patterns of variation
throughout the core. The K/Rb ratio varies between 85.3 and
141.5 with a mean value of 103.9. K2O/Na2O ratios range from
6.6 to 24 with a mean value of 15.3, and La/Sm ratios range from
4.7 to 5.7 with a mean value of 5.1.

In the Baoxiu core, d13CTOC values vary between �26.3‰ and
�24.3‰ with a mean of �25.4‰ (Fig. 5b). TOC concentrations vary
between 6.6‰ and 44.5‰ with a mean of 23.8‰ (Fig. 5a). Notably,
these palaeorecords are punctuated by marked decreases in K/Rb,
K2O/Na2O, La/Sm, and clay/feldspar ratios, low d13CTOC values,
and high TOC concentrations.
Fig. 5. Multi-proxy record from Baoxiu peat plotted against ages. Events BX0 to BX3 repr
5. Discussion

5.1. Environmental significance of the proxies

5.1.1. Minerals, and major and trace elements
Clay minerals are secondary minerals that form by the alter-

ation of feldspar, pyroxene, hornblende, and mica (Chamley,
1989). Thus, an increasing weight percent of clay minerals relative
to feldspar should be indicative of intensified chemical weathering,
possibly induced by enhanced rainfall (Wan et al., 2006). Thus, we
use the clay/feldspar ratio as a proxy for the intensity of chemical
weathering.

Some major and trace elements (e.g., K, Na, Rb, Zn, Pb, Ti, La,
and Sm) behave differently to each other during chemical weath-
ering processes and thus can be used to infer the intensity of
chemical weathering. Elemental ratios are more useful than single
elements, given the elimination of dilution effects by other com-
ponents (Nath et al., 2000; Wei et al., 2004). K2O/Na2O, K/Rb, and
La/Sm ratios are regarded as good proxy indicators for chemical
weathering intensity (Nesbitt et al., 1980; Nesbitt and
Markovics, 1997; Wei et al., 2004). Most importantly, the use of
K2O/Na2O and K/Rb ratios in constructing records of chemical
esent intervals of inferred abrupt climate change. LGM = the Last Glacial Maximum.
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weathering intensity in the Baoxiu peat has been corroborated by
Wei et al. (2012).

5.1.2. Organic proxy record
TOC concentration is a fundamental proxy for the delivery and

accumulation of organic matter in sediments (Meyers, 2003). In
lake and bog systems, TOC concentrations primarily reflect the
degree of organic matter preservation relative to its degradation
(Meyers and Ishiwatari, 1993; Wang and Ji, 1995; Meyers and
Lallier-Vergès, 1999), which is influenced by climatic factors,
namely precipitation and temperature. Consequently, TOC concen-
trations can serve as a proxy of climatic variations in a region. Peat
formation is controlled not only by the deposition of plant residue,
but by the decomposition of organic matter via microbiological
activity (Chai, 1990). Under warm and wet climatic conditions,
the enhancement of microbial reworking and hydrolysis of organic
matter would result in lower TOC concentrations. In contrast, dry
and cool climatic conditions would inhibit the degradation of peat
sediment, water column bacterial activity, and post-depositional
microbial reworking of organic matter, and would eventually
result in the improved preservation of organic matter in peat
deposits (Zhou et al., 2005). Consequently, higher TOC concentra-
tions should indicate drier and cooler conditions, whereas lower
TOC contents should indicate wetter and warmer environments,
as supported by data from the Dingnan, Dahu, and Dajiuhu peat
deposits (Zhou et al., 2004, 2005).

The d13CTOC values in the Baoxiu peat core range from �26.3‰
to �24.3‰ (Fig. 5b), consistent with the typical carbon isotope sig-
natures of C3 series plants. The climatic significance of stable car-
bon isotope compositions in peat bogs is debated (Hong et al.,
2005, 2014a, 2014b; Zhu et al., 2009b; Huang, 2015). Huang
et al. (2013) proposed that the climatic significance of d13C values
in peat bogs may vary from region to region, and that independent
studies of modern processes are required to properly ascertain the
relationship between d13CTOC values and climate factors in a cer-
tain location. Various factors can influence the d13C value of plant
tissue, but in certain ecosystems and locations many of these fac-
tors are nearly constant or their differences are negligible
(Skrzypek et al., 2007a, 2010), and precipitation and temperature
are considered the main controlling factors (Menot and Burns,
2001; Skrzypek et al., 2007b, 2011; Loisel et al., 2009; Tillman
et al., 2010; Holzkämper et al., 2012). Wang et al. (2013) reported
a strong relationship between mean annual temperature and d13C
values in C3 plants sampled from the 400 mmmean annual precip-
itation isoline in north China. Indeed, many studies have reported
that temperature is the main factor affecting the carbon isotopic
composition of peat plants (Skrzypek et al., 2007b, 2011; Tillman
et al., 2010; Holzkämper et al., 2012; Huang, 2015). Accordingly,
d13C time series data from the Altay peat core, north Xinjiang, are
thought to provide a continuous proxy record of surface air tem-
perature since 11.5 ka BP (Huang, 2015). A d13C record from a peat
core from Hala Izerska BP (SW Poland) is also interpreted as having
a dominant temperature control (Skrzypek et al., 2009). d13C values
from peat cores from subarctic Canada, northeast European Russia,
and Dürres Maar (Germany) are thought to be controlled mainly by
the temperature during the local growing season (Tillman et al.,
2010, 2013; Moschen et al., 2011). Thus, it is likely that tempera-
ture is the most significant signal in the d13CTOC records from the
Baoxiu peat core.

5.2. Climate evolution, as recorded in Baoxiu peat

The degree of chemical weathering in a given area is strongly
affected by climate. Warm and humid climate conditions promote
intensive chemical weathering, with humidity playing a particu-
larly important role (Berner and Berner, 1997). Since Yunnan is
influenced by the ISM, the record of chemical weathering intensity
in the Baoxiu peat could reflect variations in the ISM. In terms of
overall trends, TOC concentrations, d13CTOC values, and K/Rb, K2O/
Na2O, La/Sm, and clay/feldspar ratios show similar variations
throughout the entire peat core (Fig. 5). Variations in the ISM
inferred from these weathering indices can be roughly divided into
three stages, as follows.

(1) 33–23 ka BP

The period 33–23 ka BP corresponds to the end of Marine Iso-
tope Stage 3 (MIS3) and the onset of MIS2. Ratios of K/Rb, K2O/
Na2O, La/Sm, and clay/feldspar are relatively high, indicating a
higher variability in chemical weathering, likely a result of an
intense ISM. The TOC concentrations range from 16.5% to 44.5%
and are variable. d13CTOC values vary by almost 2.5‰ with an over-
all rise from about �26.5‰ to �24‰, suggesting warm climatic
conditions. Superimposed on the generally high values of weather-
ing indices for the Baoxiu peat are two short-term fluctuations
(BX2 and BX3) that indicate minor variability in chemical
weathering.

(2) 23–18 ka BP

The interval 23–18 ka BP corresponds to the LGM, and two dat-
ing control points (18,439 ± 311 and 22,954 ± 295 Cal yr BP corre-
sponding to the depth of 76 and 96 cm, respectively) in Baoxiu peat
core just can well constrain the timing of the LGM. d13CTOC values
are more negative, probably as a result of lower temperatures. K/
Rb, K2O/Na2O, La/Sm, and clay/feldspar ratios are significantly
lower during this period than during the previous period, possibly
influenced by a weak ISM, resulting in less intense chemical
weathering. Dry and cool climatic conditions would suppress the
degradation of peat sediments, water column bacterial activity,
and post-depositional microbial reworking of organic matter, and
may have eventually resulted in high TOC concentrations.

(3) 18–11.4 ka BP

The interval 18–11.4 ka BP corresponds to the last deglacial. K/
Rb, K2O/Na2O, La/Sm, and clay/feldspar ratios show a rapid return
to a gradually increasing trend, pointing to humid conditions.
Interestingly, d13CTOC values show a positive excursion, suggesting
warmer conditions. TOC concentrations show a gradual decrease,
most likely as a result of the warm and wet climatic conditions,
which favor the degradation of organic matter. Superimposed on
the curves for most of the weathering indices are two fluctuations
(BX1 and BX2) that indicate minor variability in chemical weather-
ing conditions.
5.3. Phase relationship between ISM and EASM

The phase relationship between the ISM and EASM on different
timescales is complex. Recent studies have attempted to decipher
the phase relationship between the two monsoonal systems; how-
ever, evidence for both an in-phase (Zhao et al., 2009; Zhang et al.,
2011) and an anti-phase (Hong et al., 2005; Wang et al., 2010) rela-
tionship during the Holocene has been proposed. Furthermore, few
studies have considered the phase relationship between the two
during the last glacial. The ISM conditions inferred from pollen
records from Xingyun Lake show an out-of-phase relationship with
the EASM during the last glaciation (Chen et al., 2014). Stalagmite
d18O time series from Sanxing also record a decoupling between
the ISM and EASM over the interval 20–17 ka BP (Jiang et al.,
2014). Interestingly, however, coherent variations in the ISM and
EASM on millennial and longer timescales are captured in stalag-
mite d18O records (Jiang et al., 2014).
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5.3.1. Synchronous long-term changes in ISM and EASM, and abrupt
climatic events

Variations in the Asian monsoon respond predominantly to
changes in Northern Hemisphere summer insolation on orbital
timescales, as indicated from stalagmite d18O time series data
(Wang et al., 2001, 2008; Yuan et al., 2004; Cheng et al., 2009).
Lacustrine sediment records from Lugu also indicate that long-
term paleoenvironment changes respond strongly to solar insola-
tion (Wang et al., 2014). Increased summer insolation in the sub-
tropics tends to enhance land–sea pressure gradients and thus
the strength of the ISM. Our geochemical proxy records also
broadly suggest orbital-induced variations in summer insolation.
Because an enhanced ISM favors intensive chemical weathering,
weathering-sensitive geochemical proxies, such as K/Rb ratios in
continental sediments, will record such variations.

Variations in the K/Rb ratios in the peat core from this study are
shown in Fig. 6, together with total reflectance (L⁄) records from
the Arabian Sea, which indicate the strength of the ISM (Deplazes
et al., 2013, 2014), stalagmite d18O time series data from Hulu cave
(Wang et al., 2001), and time series records of summer precipita-
tion as reconstructed from carbon isotope ratios in organic matter
Fig. 6. Comparison of related records: (a) K/Rb ratio from the Baoxiu peat; (b) summer i
from the Darjeeling foothill region (Ghosh et al., 2015); (d) record of sediment color f
stalagmite d18O record (Wang et al., 2001); (f) reconstructed summer precipitation at Yua
chronology (Andersen et al., 2004; Svensson et al., 2008). Vertical cyan bars denote the
legend, the reader is referred to the web version of this article.)
from the Yuanbao Loess profile (Rao et al., 2013), which are
believed to reflect changes in the strength of the EASM. All exhibit
synchronous variations on orbital timescales. This suggests that
long-term climate variability was broadly synchronous between
the ISM and EASM regions, and controlled mainly by changes in
Northern Hemisphere summer insolation on orbital scales.

Superimposed on the first-order insolation-driven relationship,
our record of K/Rb ratios is punctuated by several distinct
millennial-scale events during the last glacial period. These appear
to be similar to the weak summer monsoon signals seen in the
Hulu cave speleothems (Wang et al., 2001), the Yuanbao Loess pro-
file (Rao et al., 2013), records of total reflectance (L⁄) from the Ara-
bian sea (Deplazes et al., 2013, 2014), the Sanxing stalagmite d18O
record (Jiang et al., 2014), and various cold event signals in Green-
land ice cores (Andersen et al., 2004; Svensson et al., 2008) (Fig. 6).
Records of the proportion of the >30 lm grain-size fraction from
Xingyun Lake, Southwest China, also record the H1, H2, and H3
events (Wu et al., 2015). Four cold events, referred to here as
BX0, BX1, BX2, and BX3, can be identified from the K/Rb ratio time
series of the Baoxiu peat, and these roughly correspond to the YD,
H1, H2, and H3 events, respectively (Bond et al., 1997). Although
nsolation at 25�N latitude (Laskar et al., 2004); (c) summer monsoon reconstructed
rom the Arabian Sea (500-point running average; Deplazes et al., 2013); (e) Hulu
nbao Loess profile (Rao et al., 2013); and (g) NGRIP ice-core d18O record with GICC05
YD and Heinrich events. (For interpretation of the references to color in this figure
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there are time offsets between the abrupt, weak ISM signals in the
Baoxiu peat records and the cold events detected in the North
Greenland Ice Core, these could have resulted from differences in
the age models between the two records and possibly different
responses of the proxies to climatic/environmental changes. The
broad occurrence of these events in different monsoonal regions
suggests that the ISM and EASM were in phase during these rapid
climatic events.

Periods of increased precipitation, as recorded in speleothem
calcite from southern Brazil, are synchronous with the intervals
of weakened ISM and EASM (Wang et al., 2001, 2006, 2007;
Deplazes et al., 2014). The anti-phase pattern between rainfall in
South America and the Asian monsoon region is best explained
by a southward shift of the intertropical convergence zone (ITCZ)
(Wang et al., 2006, 2007). The abrupt climate changes seen in
our records correspond closely to the wet periods recorded in sta-
lagmite d18O data from Brazil (Wang et al., 2006, 2007), which also
correspond to Heinrich events in the North Atlantic (Bond et al.,
1997). Many studies have found that ISM and EASM precipitation
patterns are related to variations in North Atlantic climate
(Cosford et al., 2008; Deplazes et al., 2013; Marzin et al., 2013;
Tierney and Pausata, 2015). The mechanism could explain the
millennial-scale teleconnection between the North Atlantic, Asian
monsoon region, and South America. Cooling in the North Atlantic
could induce a substantially weakened Atlantic Meridional Over-
turning Circulation (AMOC) and result in a southward shift of the
ITCZ and associated changes in Hadley cells (Chiang et al., 2003;
Chiang and Bitz, 2005; Zhang and Delworth, 2005). The southward
shift in the location of the ITCZ and the zonal-mean Hadley cell
would result in weaker ISM and EASM, and wetter conditions at
low latitudes in South American.

5.3.2. Anti-phase relationship between the ISM and EASM during�23–
19 ka BP

Stalagmite d18O records from Hulu show a negative excursion
during the interval 23–19 ka BP, indicating an unusually strong
EASM (Wang et al., 2001). An increase in monsoon rainfall during
this period is also recorded in sediments of the Yuanbao Loess on
the western edge of the Chinese Loess Plateau (Rao et al., 2013).
A 10Be record from a Luochuan Loess profile in central China gives
further evidence for a strong summer monsoon from 23 to 19 ka BP
(Zhou et al., 2007). However, various proxy climate indicators from
both terrestrial and marine sediments suggest a weakening of the
ISM during this time. Quantitative paleo-precipitation reconstruc-
tions in the eastern Himalayas show a clear decrease from 23 to
19 ka BP, indicating a weakening of the ISM (Ghosh et al., 2015).
Similarly, a high-resolution analysis of diatoms from Lugu Lake
suggests a weakening of the ISM at this time (Wang et al., 2014).
TOC records (Schulz et al., 1998) and total reflectance (L⁄) data
(Deplazes et al., 2013) from the Arabian Sea provide additional
evidence for a weak ISM during 23–19 ka BP. Seawater d18O and
Ba/Ca records from sediment core SK 168/GC-1 in the Andaman
Sea suggest that the climate during 23–19 ka BP was characterized
by a extremely weak ISM circulation and strongly reduced runoff
(Gebregiorgis et al., 2016) A positive excursion from the same
interval in stalagmite d18O records from Sanxing also suggests a
weakened ISM (Jiang et al., 2014). K/Rb ratios from Baoxiu
peat in this study are also significantly lower between 23 and
19 ka BP, indicating very dry climatic conditions resulting from a
weak ISM.

El Niña-like patterns in the tropical Pacific Ocean could provide
a mechanism for the inverse phase relationship between the ISM
and EASM. Modern meteorological data also support an inverse
phase relationship on annual to decadal timescales (Liu et al.,
2008). The results of statistical analyses of the relationship
between ISM rainfall and ENSO over the past 100 years indicate
that ISM rainfall tends to be reduced during El Niña years
(Shukla and Paolino, 1983). Indeed, a particular simulation sug-
gested that severe droughts in India have always been accompa-
nied by El Niña events (Kumar et al., 2006). Stott et al. (2002)
proposed that ENSO variations in the west Pacific warm pool dur-
ing the last glacial are analogous to those of the present day. Inves-
tigations of SSTs in the cold tongue of the eastern equatorial Pacific
have confirmed that the LGM (23–19 ka) was marked by a
decreased SST gradient, weakened Hadley and Walker circulations,
a southward shift of the ITCZ, and a persistent El Niña-like pattern
in the tropical Pacific (Koutavas et al., 2002), concurrent with the
strengthened EASM and weakened ISM.

Currently, investigations into the phase relationship between
paleo-monsoon and paleo-ENSO conditions over the last glacial
are hampered by the scarcity of high-resolution records. Some
studies suggest that the inverse phase relationship between the
EASM and the ISM on millennial timescales is linked to the occur-
rence of El Niña-like conditions in the tropical Pacific during the
Holocene (Hong et al., 2005, 2009), although evidence remains lim-
ited. Additional sensitive proxies, high-resolution records, and
detailed modeling simulations are needed to fully understand the
mechanism that underpinned the inverse phase relationship
between the two monsoon systems during the last glacial.

5.4. A cool, dry climate with weaker monsoons during the LGM

Multi-proxy records, including TOC concentrations, d13CTOC val-
ues, and K/Rb, K2O/Na2O, La/Sm, and clay/feldspar ratios, from
Baoxiu peat suggest harsh climatic conditions, namely relating to
the Last Glacial Maximum (LGM), from 23 to 18 ka BP. The K/Rb,
K2O/Na2O, La/Sm, and clay/feldspar ratios in Baoxiu peat are rela-
tively low during the LGM, indicating less intense chemical weath-
ering and thus a dry climate. d13CTOC values show a strongly
negative excursion, thus suggesting that the climate was also cold
around this time. Similar climatic patterns have been interpreted
from a variety of paleoclimate records in southwest China. Climate
records inferred from diatom and pollen data from Lugu Lake indi-
cate a dry and cold climate over the LGM (Wang et al., 2014).
Reductions in temperature and precipitation during this interval
are also inferred from a fluvial sedimentary sequence from the
eastern Himalayas (Ghosh et al., 2015), and multi-proxy records
from cores from Lake Chen Co indicate that cold, dry conditions
prevailed over the LGM (Zhu et al., 2009a). Significantly, based
on a review of 75 time series datasets frommonsoonal central Asia,
Herzschuh (2006) argued that the LGMwas characterized by dry or
moderately dry climate conditions. Furthermore, modeling pro-
vides strong evidence for dry and cold climate conditions during
the LGM period in the Asian monsoon region (Jiang and Lang,
2010; Jiang et al., 2011; Chabangborn et al., 2014).

Conversely, some workers have proposed that cold and humid
conditions occurred during the LGM. Such conditions have been
inferred from, for example, pollen records from Xihu Lake and Dia-
nchi Lake (Lin et al., 1986; Wu et al., 1991) and multi-proxy sedi-
ment records from Heqing Lake and Napahai Lake (Jiang et al.,
1998; Yin et al., 2002). It is worth noting, however, that these
records are relative low in resolution and have large age uncertain-
ties. Indeed, Xiao et al. (2014b) suggested that the causes of these
varying descriptions of climatic conditions during the LGM in the
regions affected by the ISM are related to sampling at a low tempo-
ral resolution, large age uncertainties, regional sensitivity, and
even different interpretations of proxy data.

In light of the above, we conclude that southwest China
probably experienced a dry and cold climate over the LGM period.
More robust records with high temporal resolution and precise
chronology are needed to better understand the climatic character
of the LGM.
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6. Conclusion

The Baoxiu peat record presented in this study provides a com-
plete paleoclimatic record for the interval spanning 32.7–11.4 ka
BP, and extends our understanding of regional climatic and envi-
ronmental change in southwest China. Based on multi-proxy anal-
ysis that includes TOC concentrations, d13CTOC values, and K/Rb,
K2O/Na2O, La/Sm, and clay/feldspar ratios, the climate evolution
in southwest China can be roughly divided into three stages. Dur-
ing the interval 32.7–23 ka BP, the climate was relative warm and
humid. From 23 to 18 ka BP, conditions appear to have been extre-
mely cold and dry. During the interval 18–11.4 ka BP, increasingly
warm and humid conditions developed. These peat deposits show
an in-phase relationship between the ISM and EASM during the
last glacial period on both orbital scales and over abrupt
millennial-scale events. However, an inverse phase relationship
between the two has been detected in various records during
23–19 ka BP, probably associated with the development of El
Niño-like conditions. Significantly, the timing and nature of cli-
matic changes at the LGM remain poorly constrained due to the
low temporal resolution of existing records and large uncertainties
in their chronology. Therefore, to fully understand the phase rela-
tionship between the two monsoon systems and associated mech-
anisms, along with the climatic characteristics and timing of the
LGM in southwest China, more robust, high-resolution records
with precise chronologies are needed for the interval spanning
the LGM.
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