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a b s t r a c t

We use a new spliced stalagmite oxygen isotope record from Yangkou Cave and Xinya Cave, Chongqing,
southwest China, to reconstruct the centennial-millennial-scale changes in Asian Summer Monsoon
(ASM) intensity between 58.0 and 79.3 thousand years before present (ka BP, before AD 1950). This
multidecadally resolved record shows four strong ASM periods, corresponding to Greenland Interstadials
(GIS) 17e20, and three weak ASM episodes, among which, the one starting at 61.5 ± 0.2 ka BP and ending
at 59.4 ± 0.2 ka BP that may correlate with Heinrich Event 6. The close agreement of climate events
between China and Greenland supports the notion that the ASM is dominantly governed by high-latitude
forcings in the Northern Hemisphere. The short-lived interstadial GIS 18, however, lasted for over 3 kyr in
the records derived from ASM region, reflecting a gradual decline of ASM intensity, which coincides with
a millennial-scale warming trend in Antarctica. This suggests an additional forcing of the ASM by the
Southern Hemisphere, which also affected GIS 8e12, H4 and H5, as shown by previous speleothem
studies from the ASM region.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The Asian Summer Monsoon (ASM) is an integral part of the
global climatic system and plays a central role in rapid climate
changes involving both the Northern Hemisphere (NH) and the
Southern Hemisphere (SH) (Cai et al., 2006; Barker and Knorr,
2007; Rohling et al., 2009; An et al., 2000, 2011, 2015). In recent
years, the evolution of the ASM on centennial-millennial time
scales since the last glacial period (LGP) has been studied using
various paleoclimatic records, including stalagmites. These studies
show that variability of the ASM is tightly correlated to climate
iences, Southwest University,
715, China.
changes in the northern high latitudes (e.g., Wang et al., 2001, 2005,
2008; Burns et al., 2003; Yuan et al., 2004; Shakun et al., 2007;
Cosford et al., 2008; Liu et al., 2013; Duan et al., 2014, 2015; Cai
et al., 2015). Other studies indicate that the ASM was also influ-
enced by SH temperature changes during Heinrich events (H) 4 and
5 and Greenland Interstadials (GIS) 5e12 via the transequatorial
flow and the migration of the position of the Intertropical
Convergence Zone (ITCZ) (Cai et al., 2006; Rohling et al., 2009; Zhou
et al., 2014; Han et al., 2015). High-resolution stalagmite records
mainly cover Marine Isotope Stages (MIS) 1e3, while little detailed
information is available on the evolution of the ASM during MIS 4.
With decreasing summer insolation in the Northern Hemisphere
(Berger and Loutre, 1991), increasing ice volume and sea-level
lowering (Waelbroeck et al., 2002), the MIS 4 interval was an
extended cold period considered to be comparable to the last
glacial maximum (LGM) (North Greenland Ice Core Project

mailto:cdlty@swu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2017.02.003&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
http://dx.doi.org/10.1016/j.quascirev.2017.02.003
http://dx.doi.org/10.1016/j.quascirev.2017.02.003
http://dx.doi.org/10.1016/j.quascirev.2017.02.003


T.-T. Zhang et al. / Quaternary Science Reviews 160 (2017) 1e122
members, 2004). Therefore, a detailed study of the ASM changes
during MIS 4 will improve our understanding of the progress and
mechanisms of ASM evolution during the LGP and its role within
the Earth climate system.

Furthermore, although GIS and H events were first identified in
Greenland ice cores (Johnsen et al., 1992; Dansgaard et al., 1993)
and North Atlantic sediments (Heinrich, 1988; Bond et al., 1993),
their footprint has since been found throughout both hemi-
spheres (e.g., Wang et al., 2001, 2006; Burns et al., 2003; Carolin
et al., 2013; Deplazes et al., 2013; Zhou et al., 2014; Stríkis et al.,
2015). Precise chronologies of GIS and H events are essential to
understand their mechanisms and influences on the climate sys-
tem. For marine sediments, the timing of H6 is beyond the limit of
the 14C dating method. And for ice cores, even the most accurate
ice-core age model e the annual layer-counted GICC05 timescale
e is associated with uncertainties exceeding 2.6 ka at ages >60 ka
(based on 2s maximum counting errors - Svensson et al., 2008).
This lack of accurate and precise chronologies can be compen-
sated by speleothems taking advantage of recent improvements in
high-precision 230Th dating (Shen et al., 2012; Cheng et al., 2013).
For example, Xia et al. (2007) and Boch et al. (2011) constrained
the timing of GIS using stalagmite records from Sanbao Cave,
China, and the European Alps, respectively. They reported slightly
younger ages for GIS 19e20 than those recorded in NGRIP. How-
ever, neither the Sanbao nor the Alps speleothems recorded the
equivalents of GIS 18 and H6. Similarly, these climate events are
also not registered in the seminal Hulu Cave record (Wang et al.,
2001). In order to address the question whether these rapid
climate events had less impact on certain regions such as China
higher-resolution and precisely dated speleothem records from
other caves are crucial. This is the key motivation of this study and
we report here a new stalagmite record from Yangkou Cave in
China, which covers the entire MIS 4 interval. High U concentra-
tions resulted in age uncertainties of less than 0.5% (Li et al.,
2014a; Han et al., 2016) allowing to accurately reconstruct the
evolution of ASM during MIS 4 and to assess potential forcing
mechanisms.
Fig. 1. (A) Location of Yangkou cave (stalagmite JFYK7, red dot) and other paleoclimatic rec
2008), SO130-289KL (northeastern Arabian Sea), MD03-2621 (Cariaco Basin, Deplazes et al.,
members, 2004), and EDML (EPICA Community Members., 2006). Green arrows depict the
locations of Yangkou cave (stalagmite JFYK7, red dot) and Xinya Cave (stalagmite XY2, blue
referred to the web version of this article.)
2. Cave site and stalagmite sample

Stalagmite JFYK7 was collected in Yangkou Cave (29�020N,
107�110E, 2140 m a.s.l.) (Fig. 1), which is located in Jinfo Mountain,
Chongqing City, southwest China. The study site is situated at the
northern border region between the Sichuan Basin and the Yun-Gui
Plateau. The cave is 2245 m in length and developed in Permian
limestones. The climate in this region is mainly controlled by the
Asian monsoon. The mean annual temperature and precipitation
are about 8.5 �C and 1400 mm, respectively. About 83% of the rain
falls in the rainy season between April and October (Zhang et al.,
1998).

Stalagmite JFYK7 is approximately 125 mm and 40 mmwide at
the bottom and top, respectively. It is composed of dark brown
calcite and its the internal structure reveals a clear submillimeter-
scale layering (Fig. 2 in Han et al., 2016). The length of the growth
axis, which changed its orientation during the growth history, is
555 mm. With the exception of a clear hiatus between 452.5 and
453 mm distance from top the stalagmite shows no macroscopic
evidence of further growth interruptions.

In this study, we present data from the section between 367mm
and 555 mm distance from the top, which covers MIS 4.

3. Methods

3.1. U-Th dating

Sixteen sub-samples were 230Th-dated. Approximately 80 mg of
calcite powderwas drilled along individual growth layers using a 1-
mm carbide dental drill. Procedures for chemical separation and
purification of U and Th are described in Shen et al. (2003, 2012).
Dating was performed at the University of Minnesota, USA, and the
Xi'an Jiaotong University, China. A Thermo Fisher Neptune multi-
collector inductively coupled plasma mass spectrometer (MC-ICP-
MS) with a secondary electron multiplier was used for the deter-
mination of the U-Th isotopic contents and compositions (Shen
et al., 2012; Cheng et al., 2013). The decay constants of 230Th,
234U, and 238U are 9.1705 � 10�6 yr�1, 2.82,206 � 10�6 yr�1 (Cheng
et al., 2013), and 1.55,125 � 10�10 yr�1 (Jaffey et al., 1971),
ords (blue dots): MSL (Hulu Cave; Wang et al., 2001), SB22 (Sanbao Cave; Wang et al.,
2013), BT2 (Botuver�a Cave, Cruz et al., 2005), NGRIP (North Greenland Ice Core Project
present-day surface wind directions of the ISM and EASM. (B) Chongqing City and the
dot). (For interpretation of the references to colour in this figure legend, the reader is



Fig. 2. Age model of stalagmite JFYK7. 230Th dates are shown with their 2s uncertainties. StalAge was used to build the age model (Scholz and Hoffmann, 2011). The blue lines
denote the upper and lower 95%-confidence limits. (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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respectively. The age correction for the initial 230Th was performed
using the average crustal 230Th/232Th ratio of 4.4 ± 2.2 � 10�6

(Taylor and McLennan, 1995).

3.2. Oxygen isotope analyses

A total of 386 sub-samples were drilled for stable isotope
analysis along the growth axis at 0.5 mm intervals using a 0.5 mm
carbide dental drill, resulting in a mean resolution of ~45 years.
Analyses were performed on a Delta V Plus isotope ratio mass
spectrometer equipped with a Kiel IV Carbonate Device at the
Geochemistry and Isotope Laboratory of Southwest University,
China. Isotopic results are givenwith respect to the Vienna Pee Dee
Belemnite (V-PDB) standard with a one-sigma external er-
ror < ±0.1‰ for d18O and < ±0.06‰ for d13C (Li et al., 2011).

3.3. Test of equilibrium deposition

As a first step, the Hendy test (Hendy, 1971) was applied to
evaluate whether calcite was deposited under isotopic equilibrium
conditions. We drilled 28 sub-samples from four distinct growth
layers. The analytical method is described in section 3.2. For each
layer, the variability of d18O values was less than 0.5‰, and there is
no progressive increase in d18O values from the center towards the
flanks (Fig. 3A). Furthermore, there is no apparent correlation be-
tween d18O and d13C for any of the layers (Fig. 3B). These observa-
tions suggest that stalagmite JFYK7 satisfies the Hendy test.

The replication of paleoclimate records, however, is a more
robust test for evaluating the likelihood of calcite deposition under
isotopic equilibrium conditions (cf. Dorale and Liu, 2009). Both
Yangkou Cave (stalagmite JFYK7) and Xinya Cave (stalagmite XY2 -
Li et al., 2007) are located in Chongqing and are approximately
280 km apart. Despite different bedrock, soil, and vegetation, both
sites are controlled by the same ASM climate system (Fig. 1). During
the overlapping interval between 58.0 and 63.9 ka BP (Fig. 4) the
d18O patterns of the two stalagmites agree within age uncertainties.
Therefore, the JFYK7 record also satisfies the replication test. These
two tests strongly suggest that there was negligible kinetic isotopic
fractionation during the deposition of stalagmite JFYK7. Hence, the
d18O signals recorded in JFYK7 primarily reflect climate.
4. Results

4.1. Age model

All dates are in stratigraphic order and U and Th isotopic com-
positions and 230Th dates are given in Table 1. 238U and 232Th
concentrations range from 5.7 to 14.0 ppm and from 0.16 to 1.5 ppb,
respectively. The high 238U content and the high 230Th/232Th ratio
of 26,220e634,477 (ppm) yielded high-precision dates with un-
certainties of less than 0.4%. There is a 900 yr hiatus between 452.5
and 453 mm distance from top. A probabilistic Monte Carlo
approach method (Scholz and Hoffmann, 2011) was used to
establish a depth-age model of stalagmite JFYK7 (Fig. 2).



Fig. 3. Hendy tests of stalagmite JFYK7. (A) d18O values of four growth layers. (B) d18O versus d13C for coeval subsamples.

Fig. 4. d18O records of stalagmites JFYK7 and XY2 (Li et al., 2007).
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4.2. Oxygen isotope composition

The d18O values show large shifts along the growth axis,
ranging from �9.8 to �6.1‰, with an average of �8.0‰ (Fig. 4).
There is a hiatus between 63.9 and 64.8 ka BP, which corresponds
to the macroscopic boundary between 452.5 and 453 mm dis-
tance from top. Multiple factors that can lead to a growth stop in
speleothems. These include climate change, e.g. a prolonged
drought, and processes related to changes in the karst system,
such as the blocking and/or change of seepage routes. A transition
towards drier conditions leading to a growth stop is typically
associated with sharply increasing oxygen and in particular car-
bon isotope values. As no such trend is observed in JFYK7 (Fig. 4),
the hiatus between 63.9 and 64.8 ka BP is attributed to site-
specific factors. Fortunately, stalagmite XY2 from Xinya Cave,
also located in Chongqing City (Fig. 1b), recorded the interval from
57.6 to 69.5 ka BP (Li et al., 2007) (Fig. 4). Using this record, we
obtained a complete d18O sequence covering the interval from
57.6 to 79.3 ka BP (Fig. 4).

Between 79.3 and 71.2 ka BP the d18O values gradually increase
from �9.8‰ to �7.8‰ and are punctuated by two abrupt events at
76.0e74.7 ka BP and 73.2e71.2 ka BP, with a sudden increase of
1.6‰ and 2.0‰, respectively. Between 71.2 and 64.8 ka BP d18O
values maintain rather stable and low, followed by rapid decrease
by 1.2‰ at ~64.8 ka BP (Li et al., 2007). d18O slowly increased af-
terwards between 64.7 and 60.0 ka BP, followed again by a marked
decrease (Fig. 4).
5. Discussion

5.1. d18O interpretation

Under isotopic equilibrium conditions, stalagmite d18O vari-
ability is controlled by the cave temperature (�0.23‰/�C, O'Neil
et al., 1969) and the isotopic composition of drip water which is a
function of the annual weighted mean d18O value of meteoric
precipitation. Caley et al. (2014) argued that in South Asian,
encompassing Sanbao, Hulu, and Dongge cave sites, the air tem-
perature over the last 150,000 years varied by about 3 �C only. For
caves such as Yangkou cavewith tens to hundreds of meters of rock



Table 1
230Th dating results of stalagmite JFYK7.

Sample ID Depth
(mm)

238U (ppb) 232Th (ppt) d234U measured 230Th/238U activity 230Th/232Th (ppm) 230Th age (a)
uncorrected

230Th age (a
BP) corrected

d234Uinitial

corrected

JFYK7-1520 367 6933 ± 6.5 328 ± 9 27.5 ± 1.3 0.4252 ± 0.0006 148,372 ± 4233 58,072 ± 149 58,007 ± 149 32 ± 2
JFYK7-1521 382.5 9240 ± 8.7 191 ± 7 6.3 ± 1.3 0.4214 ± 0.0006 335,513 ± 11,756 59,127 ± 151 59,063 ± 151 7 ± 2
JFYK7-1522 394 13,984 ± 14.2 156 ± 7 18.8 ± 1.3 0.4285 ± 0.0006 634,477 ± 28,407 59,401 ± 149 59,336 ± 149 22 ± 2
JFYK7-16 399 13,763 ± 15.8 222 ± 16 17.8 ± 1.7 0.4288 ± 0.0007 438,464 ± 31,977 59,531 ± 191 59,469 ± 191 21 ± 2
JFYK7-1523 416 10,298 ± 11 424 ± 11 �4.1 ± 1.2 0.4262 ± 0.0006 170,508 ± 4366 60,927 ± 156 60,862 ± 156 �5±1
JFYK7-17 420 10,026 ± 12.8 243 ± 11 1.2 ± 2.4 0.4331 ± 0.0007 294,121 ± 13,372 61,784 ± 256 61,721 ± 256 1 ± 3
JFYK7-1524 436 11,257 ± 11.4 387 ± 9 �11.1 ± 1.3 0.4323 ± 0.0006 207,310 ± 5016 62,759 ± 164 62,694 ± 164 �13 ± 2
JFYK7-18 452 13,287 ± 16.7 178 ± 19 �11.0 ± 1.8 0.4386 ± 0.0007 540,334 ± 58,103 63,994 ± 225 63,931 ± 225 �13 ± 2
JFYK-7-S1 454 5673.8 ± 6.4 1536 ± 37 �33.5 ± 1.2 0.4304 ± 0.0008 26,220 ± 625 64,537 ± 210 64,529 ± 210 �40 ± 1
JFYK-7-S2 461 10,975.6 ± 14.5 141 ± 22 �0.4 ± 1.2 0.4570 ± 0.0009 585,457 ± 90,089 66,618 ± 214 66,618 ± 214 0 ± 1
JFYK-7-S3 476 10,775.8 ± 22.2 138 ± 19 �37.3 ± 1.7 0.4434 ± 0.0011 571,767 ± 78,759 67,642 ± 289 67,642 ± 289 �45 ± 1
JFYK7-1525 486 10,308.5 ± 11.6 263 ± 8 �22.1 ± 1.3 0.4581 ± 0.0007 296,537 ± 9310 69,113 ± 199 69,048 ± 199 �27 ± 2
JFYK7-1526 506 7622.2 ± 7.2 871 ± 19 �25.1 ± 1.3 0.4682 ± 0.0006 67,547 ± 1457 71,607 ± 202 71,540 ± 202 �31 ± 2
JFYK7-1527 518 8984.0 ± 8.7 228 ± 8 �46.5 ± 1.3 0.4636 ± 0.0006 301,001 ± 10,412 73,118 ± 212 73,053 ± 212 �57 ± 2
JFYK7-20 536 9388.5 ± 11.5 528 ± 11 �60.1 ± 1.5 0.4692 ± 0.0008 137,566 ± 2810 76,119 ± 266 76,058 ± 266 �74 ± 2
JFYK7-1528 547 9688.2 ± 10.9 261 ± 8 �67.0 ± 1.3 0.4743 ± 0.0007 289,825 ± 8940 78,060 ± 240 77,995 ± 240 �84 ± 2

l230 ¼ 9.1705 � 10�6 Y�1; l234 ¼ 2.82,205 � 10�6 Y�1; l238 ¼ 1.55,125 � 10�10 Y�1.
d234U ¼ ([234U/238U]activity�1 ) � 1000. d234Uinitial was calculated based on 230Th age (T), i.e., d234Uinitial ¼ d234Umeasured � el234� T.
Corrected 230Th ages assume an initial 230Th/232Th atomic ratio of 4.4 ± 2.2 � 10�6.
These are the values for a material at secular equilibrium, with a bulk earth 232Th/238U value of 3.8. The errors are arbitrarily assumed to be 50%.
B.P. stands for “Before Present”, where “Present” is defined as the year 1950 A.D.
Sub-samples JFYK7-16, JFYK7-17, JFYK7-18, and JFYK7-20 were dated at University of Minnesota, USA, and the others were dated at Xi'an Jiaotong University, China.
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overburden, the cave air temperature is very close to the average air
temperature outside the cave. So, this magnitude of temperature
change (3 �C) can only account for a maximum of 0.7‰ of the
speleothem calcite d18O signal. Considering that the amplitude of
d18O variation in stalagmite JFYK7 reaches 3.7‰, the dominant
control on stalagmite d18O is not cave temperature but the drip
water oxygen isotopic composition. Data from local meteoric pre-
cipitation and multi-annual monitoring of drip sites in Yangkou
cave showed that there is insignificant evaporation prior to infil-
tration (Wang et al., 2014a). The intra-annual variation of drip
water d18O follows the seasonal cycle d18O of rainfall, albeit with a
much reduced amplitude due the groundwater mixing, and hence
reflects the average d18O of the local precipitation (Wang et al.,
2014a).

The ASM includes the Indian Summer Monsoon (ISM) and the
East Asian Summer monsoon (EASM) (Wang and Lin, 2002; Ding
and Chan, 2005; Li et al., 2014b; Liu et al., 2015). In the ISM re-
gions, precipitation originates from a singlewater vapor source (the
Indian Ocean), and the d18O value of meteoric precipitation is
inversely correlated to the rainfall amount. d18O values of stalag-
mites from the ISM realm have therefore been regarded as a proxy
for the intensity of the ISM (Neff et al., 2001; Fleitmann et al., 2003,
2007; Sinha et al., 2005; Shakun et al., 2007). The variability of the
EASM rainfall is more complex and can be attributed to several
factors (Sun et al., 2009; references therein; Liu et al., 2015). Hence,
the climate significance of stalagmite d18O data from this region
remains controversial. Traditionally, stalagmite d18O records from
eastern China have been interpreted as a proxy of EASM intensity or
summer rainfall amount (Wang et al., 2001, 2005; Cheng et al.,
2009). This interpretation, however, has been challenged recently
(e.g. Dayem et al., 2010; Pausata et al., 2011; Liu et al., 2014).

Modern meteorological studies indicate that the EASM is
composed of the South China Sea tropical monsoon (part of the
ITCZ) and the subtropical monsoon which are antiphase with each
other (Tao and Chen, 1987; He et al., 2008; Tan, 2009). These ob-
servations also demonstrate that the rainfall in the northern China
is negatively correlated with that in southern China, especially in
the middle and lower reaches of the Yangtze River (Zhao and Zhou,
2006; Ding et al., 2008). Interestingly, however, the stalagmite d18O
records from these regions are similar (Tan, 2009). According to
modern observations, the bulk of the moisture for summer pre-
cipitation over the EASM region is derived from the Indian Ocean
(Ding et al., 2004, 2008; Tian et al., 2004; Drumond et al., 2011;
Cheng et al., 2012). Cheng et al. (2012) suggested that the stalag-
mite d18O records from EASM region reflect amean state of summer
monsoon intensity or integratedmoisture transport rather than the
amount of local precipitation.

Tan (2009, 2011 and 2014) pointed out that the relaxation of the
trade winds controls major changes in stalagmite d18O from the
EASM region. When the ISM intensifies, rainfall over the ISM re-
gions increases. In the EASM region, an increase in water vapor
from the southern Indian Ocean will result in lower d18O values of
precipitation, eventually recorded in stalagmites, but the rainfall
amount in EASM regions does not necessarily increase (Tan, 2009,
2011). In other words, the lower d18O values of precipitation mainly
reflect a change of moisture source rather than of rainfall amount.
Most recently, Liu et al. (2015) also argued that stalagmite d18O
records from the EASM region mainly reflect changes in ISM
intensity.

We therefore interpret the Yangkou stalagmite d18O record as a
potential proxy of the ISM intensity on centennial to millennial
time scales, whereby more negative d18O values reflect an inten-
sified ISM and vice versa.
5.2. Comparison between the ASM and global climate

Although themillennial-scale variability of the ASM recorded by
stalagmites JFYK7 and XY2 is not entirely consistent with the
change in summer insolation at 30 �N between 79.3 and 58.0 ka BP
(Fig. 5B), we suggest that the variability of the ASM is regulated by
the summer insolation on orbital timescale (Wang et al., 2001,
2014b).

A series of millennial-scale climatic fluctuations are super-
imposed on the first-order trend, which may correlate to temper-
ature changes recorded in Greenland ice cores (Fig. 5A and B). The
d18O sequence of JFYK7 records at least four strong ASM events,
indicated by negative d18O excursions, which correspond to GIS
17e20 (Fig. 5A and B). In addition, three positive excursions



Fig. 5. Comparison of the JFYK7 record with other paleoclimatic records. GIS events 17e20 are marked in Arabic numerals for each record. (A) NGRIP (North Greenland Ice Core
Project members, 2004). (B) d18O profiles of stalagmites JFYK7 (red) and XY2 (cyan) (Li et al., 2007); the gray curve shows the 30�N summer insolation (Berger and Loutre, 1991). (C)
Stalagmite records MSL from Hulu Cave (Wang et al., 2001) and (D) SB22 from Sanbao Cave (Wang et al., 2008). (E) Total reflectance profile of northeastern Arabian Sea sediment
core SO130-289KL (100-points running mean) (Deplazes et al., 2013). (F) Stalagmite BT2 from Brazil (Cruz et al., 2005), note inverted scale. (G) Antarctic EDML ice core (EPICA
Community Members., 2006). 230Th dates and associated uncertainties (±2s) are shown for all stalagmite records. The yellow vertical bar marks the expression of H6 in the
different records. (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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occurred at 76.0e74.7, 73.2e71.2, and 61.5e59.4 ka BP, reflecting
weak ASM events, and their counterparts can also be found in the
NGRIP records (Fig. 5A and B). Finally, the weak ASM event at
61.5e59.4 ka BP may correspond to Heinrich event 6 (Heinrich,
1988).

There is a notable exception, however. The interval between
69.6 and 64.8 ka BP, which corresponds to cold conditions in
Greenland, is characterized by negative d18O values in the JFYK7
record, suggesting rather intense monsoon conditions. Other spe-
leothem records from the ASM region also show moderately low
d18O values during this time interval of MIS 4 (Fig. 5A and B). This
apparent mismatch between climate change in Greenland and the
ASM region may result from at least two factors. Firstly, cold con-
ditions in Antarctica may have intensified the transequatorial air
flow (Fig. 5G) leading to a strong ASM (An et al., 2000; 2011; Xue
et al., 2004; Cai et al., 2006). Secondly, during this period, sea
level was ~80 m lower than today (Waelbroeck et al., 2002),
exposing the continental shelf around the Gulf of Thailand and the
South China Sea, where evaporation was reduced and stratiform
precipitation increased, contributing to depleted d18O values of the
water vapor and hence lower precipitation d18O values in the study
area (Li et al., 2014a,b; Cai et al., 2015).

At millennial timescales, the variability of the ASM was tightly
coupled to climate change in the northern high latitudes during our
study period. Various mechanisms have been discussed that link
the evolution of the ASM and climate change in the NH. Some
studies suggest that air temperature changes over the North
Atlantic and Greenland are transferred to Siberia by the westerlies,
where they affect the strength of the Siberian high-pressure cell
that regulates the intensity of the Asian winter monsoon (AWM)
(Porter and An, 1995; Sun et al., 2012).

In general, weaker winter monsoons are correlated with
stronger summer monsoons, and vice versa (Ding et al., 1995;
Sagawa et al., 2014). But some researchers considered that the
relationship between ASM and AWM was not necessarily reversed
during certain periods (Zhang and Lu, 2007; Steinke et al., 2011). In
addition to the westerlies, North Atlantic Deep Water (NADW)
formation as part of the thermohaline circulation may result in
changes in sea-surface temperatures (SST) in the tropical western
Pacific (Sirocko, 2003; Alley, 2005), which induce the movement of
the West Pacific Tropical High (WPTH), influencing the intensity of
the EASM (Wang and Chen, 2012). In addition, the migration of the
mean position of the ITCZ can, to some extent, also link climate
change in the NH to the variability of the ASM (Chiang et al., 2003;
Chiang and Bitz, 2005). At present, it is unclear which of these
mechanisms was dominant duringMIS 4. Denser networks of high-
precision paleoclimate records in conjunction with climate simu-
lations are essential to address this important question.

Furthermore, the variability of the ASM may be influenced by
some other factors. For example, theweakmonsoon event between
73.2 and 71.2 ka BP is possibly related to the Toba eruptionwhich is
the largest mega-eruption during the Quaternary, and occurred at
the very beginning of the stadial following GIS 20 (Ninkovich et al.,
1978; Zielinski et al., 1996; Storey et al., 2012). Huge volumes of
sulphur injected into the stratosphere during this eruption was
oxidised to form sulphate aerosols that decreased the amount of
solar radiation reaching the surface and led to a cooling (Self, 2006).
Rampino and Self (1992, 1993) suggested a regional to possibly
hemispheric cooling of 3e5 �C following the Toba eruption. Data
from the GISP2 ice core from Greenland record a cooling that lasted
several centuries following this eruption (Zielinski et al., 1996). In
general, cooler temperatures decrease the land-sea thermal
contrast and subsequently weaken the ASM. A marine core from
the Bay of Bengal indicates initially cooler temperatures followed
by decreasing tree cover and prolonged drought for at least a
millennium in the south Asia following the Toba eruption (Williams
et al., 2009). In addition, a climate simulation also showed that
precipitation in India and Southeast Asia was reduced after the
eruption (Timmreck et al., 2012). We note, however, that the stadial
between GIS 20 and 19 started prior to the eruption (Zielinski et al.,
1996). Schulz et al. (2002) suggested that Toba had only a minor
impact on the evolution of ISM on centennial to millennial time
scales. And a model research shows that following the eruption,
there was an extreme initial cooling, which, however, was limited
to no more than about one or two decades (Robock et al., 2009).
Therefore, we cautiously consider that the Toba mega-eruption
might have acted as an “accelerator” or “enhancer” rather than a
“trigger” for the evolution of the weak ASM event following GIS 20.
The other weak ASM event between 76 and 75 ka BP occurred
before GIS 20, i.e. it occurred prior the Toba eruption. If this weak
ASM event was associated with another volcano eruption is
unknown.

Currently available speleothem records from southern China e

stalagmites MSL and SB22 from Hulu Cave and Sanbao Cave,
respectively e show broad agreement with the pattern of
millennial-scale ASM variability as reported in this study (Wang
et al., 2001, 2008 - Fig. 5BeD), suggesting that the climate over
the Chinese monsoon regions varied synchronously on millennial
time scale during MIS 4, although both instrumental and some
paleoclimatic records exhibit significant spatial variations in rain-
fall on decadal-centennial time scales over eastern China (Liu et al.,
2015 and therein). However, there are some small-scale differences
with regard to the structure and timing of each abrupt climate
event recorded in JFYK7, MSL and SB22. These minor differences
reflect different temporal resolutions and levels of dating precision.
For example, the d18O resolution of stalagmites MSL and SB22 is
~200 years, and their age models are based on only seven and eight
230Th dates, respectively. In contrast, the d18O resolution of JFYK7 is
~45 years, and the age model is constrained by sixteen higher-
precision dates (Fig. 5BeD). In addition, site-specific parameters,
such as the local climate, geology and/or hydrology, may also in part
influence the speleothem d18O records (cf. Fairchild et al., 2006).
More high-resolution and high-precision stalagmite records are
therefore needed to establish the detailed evolution of the ASM
during MIS 4.

The evolution of the ISM as one of the key components of the
ASM system was previously reconstructed based on the change in
total reflectance of marine sediments from site SO130-289KL in the
northeastern Arabian Sea (Deplazes et al., 2013 - Fig. 1A). During
MIS 4, there are four strong ISM events corresponding to GIS 17e20.
In addition, a markedly weak ISM event occurred at ~60 ka BP that
may correlate to H6 event (Fig. 5E, Deplazes et al., 2013). The
reflectance pattern of marine sediments from Arabian Sea agrees
well with the stalagmite record JFYK7 within age uncertainties
(Fig. 5B and E). However, there are minor differences between
SO130-289KL and stalagmite records MSL and SB22 (Wang et al.,
2001, 2008 - Fig. 5CeE). For example, equivalents of GIS 18 and
H6 are recorded both by d18O shifts in stalagmites JFYK7 and XY2
and by reflectance data of core SO130-289KL (Fig. 5B and E). In
contrast, stalagmites SB22 and MSL lack clear expressions of GIS 18
and H6, partly because of a low-resolution chronology between 58
and 79 ka BP (Fig. 5C and D). As a whole, despite of these minor
differences, the variability of the ISM is consistent with the EASM
onmillennial time scales during MIS 4 (Fig. 5BeE). This consistency
suggests that the ISM and the EASM are regulated by climate
change over the northern high latitudes (Wang et al., 2001; Broccoli
et al., 2006; Deplazes et al., 2014), and the moisture from the Indian
Ocean not only dominates the precipitation in the ISM region but
also the transport to the EASM area (Ding et al., 2004, 2008; Tian
et al., 2004; Drumond et al., 2011; Cheng et al., 2012).
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Comparing the d18O records of stalagmite JFYK7 and stalagmite
BT2 from southeast Brazil (Fig. 1A) reveals a prominent anti-phase
relationship at millennial timescales between the ASM and the
South American Summer Monsoon (SASM) (Fig. 5B and F),
reflecting the migration of the ITCZ and the asymmetry of the
Hadley circulation in the two hemispheres (Wang et al., 2006,
2007). As a result of ice-sheet growth in the high latitudes of the
NH, the Atlantic Meridional Overturning Circulation (AMOC)
declined and resulted in the southward migration of the ITCZ,
giving rise to higher SSTs in the subtropical South Atlantic Ocean
and a strengthening of the SASM (Broecker, 1998; Chiang et al.,
2003; Wang et al., 2006). In the NH, the intensities of the ISM
and the EASM decreased as a consequence of this southward
migration of the ITCZ. Finally, this also strengthened the updraft/
downdraft flow of the Hadley circulation in the SH/NH and resulted
in an increase/decrease of rainfall in the low latitudes of the SH/NH
(Clement et al., 2004; Broccoli et al., 2006;Wang et al., 2006, 2007).

5.3. GIS chronology

In this chapter we assess the chronology of GIS events and
compare them to the NGRIP record (using the GICC05 timescale
back to 60 ka BP and the GICC05modelext timescale for the earlier
period - Johnsen et al., 2001; Svensson et al., 2008; Wolff et al.,
2010).

We use the mid-point at transitions as the onset of climate
events. The start of GIS 17 occurred at 59.4 ± 0.2 ka BP in the JFYK7
record, identical within error to stalagmites XY2 (59.5 ± 0.4 ka BP -
Li et al., 2007) and MSL (59.7 ± 0.4 ka BP -Wang et al., 2001) and in
agreement with the onset of GIS 17 in NGRIP (59.4 ± 2.6 ka BP -
Capron et al., 2010).

There are some small discrepancies in the timing of GIS 18e20
events. Although they are within the 2s counting error of the
NGRIP time scale, it is worth examining them in more detail. The
isotope maximum of GIS 18 occurred at 64.0 ± >2.6 ka BP in NGRIP
and the GIS 18 isotope minimum is recorded at 64.6 ± 0.5 ka BP in
XY2 (Fig. 5A and B). GIS 18 is not resolved in stalagmite SB22 from
Sanbao Cave (Xia et al., 2007; Wang et al., 2008), but it is clearly
registered in the Hulu Cave record at 64.4 ± 0.4 ka BP (Fig. 5C and
D). The onset of GIS 19 occurred at 71.4 ± 0.3 ka BP in the JFYK7
stalagmite, compared to 72.3± >2.6 ka BP in NGRIP (Fig. 5A and B).
Finally, the mid-points of the transitions into and out of GIS 20 are
constrained to 74.8 ± 0.3 and 73.2 ± 0.3 ka BP in JFYK7, respectively,
and to 76.4± >2.6 and 74.1± >2.6 ka BP in NGRIP (Fig. 5A and B).

The timing of GIS 18e20 is consistent among Chinese stalagmite
records within age uncertainties (Fig. 5BeD). Assessing possible
phase shifts between these and GIS events recorded in Greenland is
presently difficult given the large age uncertainties (>2.6 ka) of the
NGRIP chronology for MIS 4. The coherence of the timing of GIS 17
among various archives underscores the accuracy of the GICC05
timescale back to 60 ka BP. However, conspicuous discrepancies
exist for GIS 18e20, suggesting that the accuracy of the Greenland
ice-core chronology should be slightly revised for the section prior
to 60 ka.

5.4. Heinrich 6

The chronology of H6 is still debatable, because its timing is
beyond the limit of precise radiocarbon dating. Initially, the timing
of H6 was defined at 65e66 ka BP (Heinrich, 1988; Bond et al.,
1992). More recently, 60 ka BP has been considered to be a more
acceptable age (Hemming, 2004). In the JFYK7 record, the isotope
maximum corresponding to H6 is constrained by five 230Th dates
with uncertainties of less than 0.3% (Fig. 6C). The d18O values
rapidly increase by 1.6‰ between 61.5 and 61.0 ka BP, indicating an
abrupt weakening of the ASM (Fig. 6C). A similar isotope excursion
is registered in the XY2 record, albeit with a lower amplitude
(Fig. 6B). This abrupt transition is also seen in records from the
Arabian Sea and the Cariaco Basin (Deplazes et al., 2013) (Fig. 6E
and F). We regard the abrupt d18O increase in stalagmite JFYK7 as
the onset of weak ASM conditions due to H6 and constrain the
timing to 61.5 ± 0.2 ka BP. Given that there is no clear expression of
H6 in the SB22 and MSL records (Figs. 5D and 6D), more high-
resolution records are needed to confirm the proposed onset of
H6 as identified in stalagmite JFYK7.

We define the mid-point of the transition from the isotopic
maximum of H6 to GIS 17 as the end of H6, which is constrained to
59.4 ± 0.2 ka BP in JFYK7 and 59.5 ± 0.4 ka BP in XY2. This timing is
in agreement with records e albeit of lower precision e from the
Arabian Sea and the Cariaco Basin (Deplazes et al., 2013) (Fig. 6E
and F). The H6 epoch constrained by the records from the mid to
low latitudes of the NH does not correspond to the coldest period in
Greenland, according to the NGRIP d18O record (Fig. 6A), but is
consistent with the definition of the H6 between 60.1 and 63.2 ka
BP, based on the NGRIP record (GICC05 chronology) (Sanchez and
Harrison, 2010), which also is reflected by the Summit-NGRIP
d18O difference anomalies (Seierstad et al., 2014).

It is well accepted that instabilities of the northern high latitude
ice shelfs led to massive freshwater input into the North Atlantic
during Heinrich events, which caused a strong reduction or even
shutdown of the AMOC and consequent cooling in the North
Atlantic realm (Heinrich, 1988; Hemming, 2004; McManus et al.,
2004; Hodell et al., 2008). A close link between climate change
over the northern high latitudes and ASM regions during Heinrich
events has been previously suggested (Porter and An, 1995;
Deplazes et al., 2014). For instance, the loess records from the
Chinese Loess Plateau show that during the H6 event loess was
deposited which is characterized by lower magnetic susceptibility
values and larger grain sizes, indicating strong Asian winter
monsoon and arid condition in northern China (Porter and An,
1995; Chen et al., 1997). The westerly winds have been proposed
as the link between climate change in the North Atlantic realm and
China during the last glacial period (Porter and An, 1995). More
recently, Han et al. (2015) studied the succession of aeolian sand on
the shore of Poyang Lake in South China and suggested that they
were deposited during periods of weak EASM matching the Hein-
rich events (Han et al., 2015). In addition, Deplazes et al. (2014)
studied the Indian summer monsoon variability using the
elemental composition and grain size of a sediment core from the
northeastern Arabian Sea. They found a strong reduction in pre-
cipitation in the Indus River catchment area and increased aridity
on the Arabian Peninsula during H6, indicating a dramatically
weakened ISM (Deplazes et al., 2014). These data in conjunction
with our new JFYK7 record therefore suggest that the ASM regions,
including South Asia, North and South China, experienced dry
conditions during the H6 event. This can be explained partially by
the cooling of the North Atlantic caused by massive iceberg dis-
charges, which led to the southward migration of the mean posi-
tion of ITCZ and subsequent weakening of the ASM (McManus et al.,
2004; Zhang and Delworth, 2005; Deplazes et al., 2014).

5.5. GIS 18

Although JFYK7 did not record the abrupt strengthening of the
ASM at the onset of GIS 18 because of a hiatus (Fig. 6C), stalagmite
XY2, highly similar to JFYK7 during the overlapping interval,
constrain the onset of GIS 18 to 64.7 ± 0.5 ka BP (Fig. 6B). GIS 18,
originally recognized in the Greenland ice cores (Johnsen et al.,
1992; Dansgaard et al., 1993), is also present in a number of other
archives, including stalagmite MSL from Hulu cave (Wang et al.,



Fig. 6. Detailed comparison between JFYK7 and other records for the transition from GIS 18 to H6. (A) NGRIP (blue) (North Greenland Ice Core Project members, 2004). (B)
Stalagmite XY2 (cyan) (Li et al., 2007). (C) Stalagmite JFYK7 (red). (D) Stalagmite MSL (orange) (Wang et al., 2001). (E) and (F) Total reflectance of sediments from the Arabian Sea
(green) and the Cariaco Basin (purple) (100-points running mean) (Deplazes et al., 2013). (G) Antarctic EDML ice core (pink) (EPICA Community Members., 2006). 230Th dates and
associated uncertainties (±2s) are shown for all stalagmite records. The yellow vertical bars mark the transitions into and out of the H6 event in each of the records. Based on the
five high-precision 230Th dates in the JFYK7 record the onset and end of H6 is constrained to 61.5 ± 0.2 and 59.4 ± 0.2 ka BP, respectively. The dashed gray lines with arrows denote
the general trends leading from GIS 18 to H6. (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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2001), marine sediments from the Arabian Sea and the Cariaco
Basin (Deplazes et al., 2013) and stalagmite BT2 from Brazil (Cruz
et al., 2005) (Fig. 6A, D, 6E, 6F, 5F). Despite slight differences in
the timing of GIS 18, its abrupt onset is obvious in records of suf-
ficiently high resolution. However, the transition leading from GIS
18 to H6 is clearly different between NGRIP and records from the
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mid to low NH latitudes (Fig. 6). In NGRIP, GIS 18 is characterized as
an abrupt warming terminated by an equally rapid cooling (Fig. 6A).
In contrast, the Chinese speleothem records suggest a gradual,
millennial-scale decrease in the intensity of the ASM subsequent to
GIS 18 (Fig. 6B). Additional records of high resolution are required
to test this model of an abrupt onset and gradual end of GIS 18 in
the ASM region. We note that a gradual transition from GIS 18
leading to H6 was also recorded in marine sediments from the
Arabian Sea and the Cariaco Basin (Fig. 6CeF) (Deplazes et al.,
2013).

During this gradual decline of the ASM (Fig. 6BeE) temperatures
in Antarctica rose steadily (Fig. 6G) (EPICA Community Members.,
2006). A similar situation occurred at the onset of H4, as shown
by stalagmite records from central China (Zhou et al., 2014). We
speculate that the discrepancy in the pattern of climate change
between the ASM realm and Greenland can be attributed to
changes of the transequatorial flow and the position of the ITCZ,
both of which are linked to climate change in the SH. Modern
meteorological research also demonstrates that the SH climate
system, especially the Mascarene High and the transequatorial air
flow, have a strong impact on the evolution of the ISM (Findlater,
1969; Krishnamurti and Bhalme, 1976; Wang and Xue, 2003) and
the EASM (Gao et al., 2003; Sun et al., 2009). The temperature
gradient between the SH and the NH is enhanced when the NH is
colder/warmer and the SH is warmer/colder. As a result, the mean
position of the ITCZ migrates towards the relatively warmer
hemisphere (Chiang and Bitz, 2005; Broccoli et al., 2006; McGee
et al., 2014). In addition, when the temperature of the SH de-
creases, both the Mascarene High and the transequatorial air flow,
such as the Somali Jet, strengthen (An et al., 2000; 2011; Xue et al.,
2004; Cai et al., 2006).

The temperature in Greenland dropped abruptly, i.e. within
120 yr, at ~64 ka BP at the end GIS 18 (Fig. 6A). At that time, the SH
was still cold and the transequatorial flow was strong (Fig. 6G).
Consequently, the mean position of the ITCZ failed to migrate
southward following the cooling in the NH and the ASM did not
weaken (Xue et al., 2004; Broccoli et al., 2006). Between 62.4 and
59.4 ka BP, the temperature in Greenland rose, but the amplitude
was very small, remaining nearly in a stadial state (Fig. 6A).
Meanwhile, Antarctica was warming strongly (Fig. 6G). As a result,
the transequatorial flow became gradually weaker and the ITCZ
migrated southward. This led to a gradual weakening of the ASM
during the transition from GIS 18 to H6 rather than to an abrupt
reduction.

6. Conclusions

The d18O record of stalagmite JFYK7, anchored by a more precise
chronology and higher resolution than previous records from this
region, provides a detailed picture of the centennial-to millennial-
scale variability of the ASM during the period from 58.0 to 79.3 ka
BP. The millennial-scale weak and strong ASM events correspond
within dating uncertainties to H and GIS events, suggesting that the
long-term evolution of the ASM was influenced by climate change
in the NH high latitudes. The climate oscillations recorded by JFYK7
also have counterparts in other archives including Sanbao and Hulu
Cave, the Arabian Sea, the Cariaco Basin and Brazil, suggesting a
tight coupling on a global scale. The timing of CIS 17 in the JFYK7
record is consistent with that of GIS 17 in NGRIP, but minor dif-
ferences exist between the two records with regard to the timing of
GIS 18e20. Based on the precise 230Th chronology with un-
certainties of less than 0.3%, the onset and termination of H6 are
constrained to 61.5 ± 0.2 and 59.4 ± 0.2 ka BP, respectively, in
agreement with records from the mid- and low-latitudes of the NH.
Compared to the rapid temperature drop in Greenland, the gradual
decline of the ASM at the end of GIS 18 may have been influenced
by the gradual warming in Antarctica.
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