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Abstract

Uranium-series dating of oxygen and carbon isotope records for stalagmite SJ3 collected in Songjia Cave, central China, shows significant
variation in past climate and environment during the period 20–10 ka. Stalagmite SJ3 is located more than 1000 km inland of the coastal Hulu
Cave in East China and more than 700 km north of the Dongge Cave in Southwest China and, despite minor differences, displays a clear first-
order similarity with the Hulu and Dongge records. The coldest climatic phase since the Last Glacial Maximum, which is associated with the
Heinrich Event 1 in the North Atlantic region, was clearly recorded in SJ3 between 17.6 and 14.5 ka, in good agreement in timing, duration and
extent with the records from Hulu and Dongge caves and the Greenland ice core. The results indicate that there have been synchronous and
significant climatic changes across monsoonal China and strong teleconnections between the North Atlantic and East Asia regions during the
period 20–10 ka. This is much different from the Holocene Optimum which shows a time shift of more than several thousands years from
southeast coastal to inland China. It is likely that temperature change at northern high latitudes during glacial periods exerts stronger influence on
the Asian summer monsoon relative to insolation and appears to be capable of perturbing large-scale atmospheric/oceanic circulation patterns in
the Northern Hemisphere and thus monsoonal rainfall and paleovegetation in East Asia. Climatic signals in the North Atlantic region propagate
rapidly to East Asia during glacial periods by influencing the winter land–sea temperature contrast in the East Asian monsoon region.
© 2007 University of Washington. All rights reserved.
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Introduction

Global change since the last glacial maximum (LGM) is
important because it displays the most recent turnover of the
climate and environment on Earth (Jouzel et al., 1987;Martinson
et al., 1987; Thompson et al., 1997; Liu and Ding, 1998). Up to
present, however, some issues about climatic and environmental
change since the LGM, such as the timing, duration and extent of
some climatic extremes are not yet thoroughly addressed. For
example, sea surface temperature (SST) reconstruction by the
CLIMAP Project Members (1976) indicated that SST increased
by ∼2 °C over most of the middle latitude Pacific Ocean since
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the LGM, while for the subtropical region, SST in the LGM was
similar to modern SST. Based on coral-derived SST, however,
Beck et al. (1997) suggested that last glacial SST in the tropical
oceans might be up to 6 °C cooler than in the Holocene. With the
application of a variety of transfer function techniques, Kucera
et al. (2005) reconstructed the SSTs of the Atlantic and Pacific
Oceans using assemblages of planktonic foraminifera and found
that the LGM SSTs in the Okinawa Trough were more than 1°C
higher than present. However, this is not consistent with most
other SST reconstructions in this region (Ijiri et al., 2005; Zhou
et al., 2007).

In continental East Asia, many geological archives indicate
remarkable climatic changes since the LGM (Thompson et al.,
1997; Liu and Ding, 1998; Wang et al., 2001). For example,
the stable oxygen isotopic composition (δ18O) of a speleothem
ed.
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from Hulu Cave in East China (Fig. 1) suggest significant
variations in the intensity of the East Asian summer monsoon,
and a parallelism between monsoon variations and temperature
changes in northern high latitudes (Grootes et al., 1993; Stuiver
et al., 1995). This was supported by Zhao et al. (2003) using the
oxygen and carbon isotopic compositions (δ13C) of another
stalagmite collected from the same cave, and by Yuan et al.
(2004) and Dykoski et al. (2005) using the speleothem δ18O
record from Dongge Cave in Southwest China. The speleothem
δ18O record from Heshang Cave in Central China (Hu et al.,
2005; Fig. 1), however, seems to be a little different although it
is generally parallel with the Hulu δ18O records (Wang et al.,
2001; Zhao et al., 2003). For example, the Younger Dryas (YD)
cooling event and the transitions from the LGM to the suc-
ceeding cold climatic phase (associated with the iceberg
discharge event H1 recorded in the North Atlantic sediments
(Heinrich, 1988), referred to as the H1 cold phase hereinafter)
are not clear in this record compared with what recorded in the
Hulu and Dongge caves (Wang et al., 2001; Yuan et al., 2004;
Dykoski et al., 2005).

Marine records from the West Pacific seem to suggest a
latitudinal shift in the last deglaciation timing (Visser et al.,
2003; Ijiri et al., 2005; Zhou et al., 2007). Both geological data
and numerical modeling indicate that the Holocene optimum,
the warmest period since the LGM (Shi et al., 1992), as defined
by peak East Asian summer monsoon precipitation, was asyn-
chronous in central and eastern China (An et al., 2000; He et al.,
2004). Then, does the difference between the speleothem δ18O
records from Heshang Cave and the Hulu and Dongge caves
imply that some cold climatic extremes since the LGM, such as
the H1 cold phase, are also asynchronous in East Asia? Do these
events show any difference in timing, duration or extent of
climatic change in central and eastern China?

In this paper, we report the δ18O and δ13C records of a
stalagmite (SJ3) collected from Nuoshuihe in Northeast
Figure 1. Locations of Songjia Cave and related caves in China. SC—Songjia Cave;
indicate routes of the summer monsoon and transport of moisture during the summer
summer monsoon. The gray circular area with a letter “H” represents the Mongolian
routes of the winter monsoon. The hatched area is the Qinghai-Tibet Plateau.
Sichuan, Central China. This site lies northwest of Heshang
Cave, more than 1000 km west of Hulu Cave and 700 km north
of Dongge Cave. Thus it is closer to the northwest boundary of
the summer monsoon (Fig. 1). The δ18O and δ13C records for
SJ3 show a distinct climatic event synchronous with the H1 cold
phase, which is similar in timing, duration and extent to the
event recorded in the Hulu and Dongge caves (Wang et al.,
2001; Yuan et al., 2004), suggesting a continent-wide syn-
chronicity of this coldest climatic phase since the LGM.

Geological setting

Stalagmite SJ3 was sampled from Songjia Cave in north-
eastern Sichuan, central China (107°10′45ʺE, 32°24′46ʺN)
(Fig. 1). The cave lies in the south flank of the QinlingMountain.
To its east flows the Nuoshuihe River which eventually runs into
the Changjiang River. Songjia Cave has two entrances on the
steep slope on the west of the Nuoshuihe River,∼35m apart and
one with an elevation of ∼680 m and the other ∼687 m. The
cave is 254 m long and extends generally westwards (Cao and
Yang, 2005). It was opened to tourism in 1990s and theretofore it
was explored by local people at intervals.

Songjia Cave is hosted in the Late Permian carbonatite with
an age of 257–250 ma and there is no non-carbonate rock type
found around the cave. The carbonatite consists of middle to
thick dark grey flint limestone, limestone and dolomitic lime-
stone (Bureau of Geology and Mineral Resources of Sichuan
Province, 1991). The overlying soil layer on the limestone
capping the cave is thin (usually less than 30 cm) or absent in
places. Local vegetation consists mainly of arbor including
pine, cypress and some deciduous broadleaf species.

Qinling Mountain is an important climatic boundary in
China with north sub-tropical climate to its north and middle
sub-tropical climate to its south. The study site is significantly
influenced by both summer and winter monsoons (Fig. 1). The
HLC—Hulu Cave; HSC—Heshang Cave; DC—Dongge Cave. Dashed arrows
season. The thick dashed line indicates the northwestern limit of the East Asian
high pressure formed during the winter season. The thick gray arrows indicate
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summer season is characterized by higher temperature and more
precipitation, while during the winter season, dust activity
is intense. Annual mean temperature is ∼15 °C and annual
mean precipitation is between 1000 and 1200 mm (Sinomaps
Press, 1984). Most of the precipitation falls in the summer half
year.

Sample description and methods

Sample description

Stalagmite SJ3 is 12.6- cm long and, like most stalagmites, it
is thicker at the base than at the top. The stalagmite was
sectioned longitudinally along its growth axis to expose its
stratigraphy and a clear growth hiatus at ∼84 mm below its top.
In this paper, we report the δ18O and δ13C records for the upper
part. Growth layer is clear on the cut surface and displays a
relatively flat top of SJ3 (Fig. 2). The top 6 mm of SJ3 is dirty
with abundant detrital materials. Microscopic examination
reveals several micro-growth hiatuses in this dirty section.

238U–234U–230Th Dating

Seven sub-samples for U-series dating were obtained from
the cleaned cut surface using a micro-drill. 230Th dates were
determined after U and Th were separated following the method
described in Zhao et al. (2001). 230Th age determination was
conducted in the Radiogenic Isotope Laboratory, the University
of Queensland using a VG Sector-54 thermal ionization mass
Figure 2. Stalagmite SJ3 and its age model. The horizontal dashed line indicates the h
correlation between date (ka) and depth (mm), depth=8.95 (date)–91.8, r2=0.99. T
according to depth below the top of SJ3. Horizontal bars indicate age error for each
spectrometer (TIMS).230Th ages are calculated using Isoplot
Excel Version. The detrital U–Th correction is applied as-
suming the detrital component Th/U=3.8±1.9 (average crustal
value) (equivalent to 230Th/232Th ≈ 0.83±0.41), and 238U,
234U, 232Th and 230Th are in secular equilibrium. The detrital
correction results in a large age error magnification for samples
with low 230Th/232Th ratios.

Stable isotopes

Sub-samples of stalagmite SJ3 were collected for δ18O and
δ13C analysis, as follows. First, a thin slab (about 5 mm wide
and 3–4 mm thick) was taken from the central growth axis of
SJ3. Then the slab was ultrasonically cleaned three times in
deionized water. Sub-samples were then manually scraped from
the upper surface of SJ3 with a scalpel. The sampling interval is
∼100 μm. Two samples were analyzed out of 10 collected from
every millimeter, at the start and middle of each millimeter, and
a total of 167 sub-samples were analyzed. Sub-samples for the
Hendy Test (Hendy and Wilson, 1968; Hendy, 1971; Schwarcz,
1986) were drilled on the cleaned cut surface along three growth
layers using a micro-drill. The three layers are at depths of 27,
53 and 79 mm from the top of SJ3.

δ18O and δ13C in stalagmite SJ3 were measured using an
automated individual-carbonate reaction (Kiel) device coupled
with a Finnigan MAT 251 mass spectrometer at The Australian
National University. Each powdered sample (∼0.2 mg of
carbonate) was reacted with 103% H3PO4 at 90 °C to liberate
sufficient CO2 for isotopic analysis. All isotope ratios are
iatus at 84 mm from top. Above the hiatus, five 230Th dates define a good linear
he age model was established by linear interpolation between contiguous dates
age determination.
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reported in permil (‰) deviations relative to the Vienna Peedee
Belemnite (VPDB) standard in the conventional manner. The
results have been normalised on the VPDB scale such that
the NBS-19 calcite standard yields δ18OVPDB (−2.20‰) and
δ13CVPDB (+1.95‰) and NBS-18 yields δ18OVPDB (−23.0‰)
and δ13CVPDB (−5.0‰). The standard deviation (1σ) for
replicate measurements on NBS-19 (n=42) is±0.09‰ for
δ18O and±0.03‰ for δ13C.

Results

Dates and Age model

Seven TIMS 230Th dates for SJ3 are listed in Table 1,
indicating that SJ3 developed from 38 to 10 ka. A plot of age
versus depth is shown in Figure 2, in which the growth hiatus at
84 mm in depth is clearly indicated. Above the hiatus, the sta-
lagmite grew at a semi-constant rate of∼9 mm/ka. The two dates
below the hiatus define an average growth rate of ∼22 mm/ka
(Fig. 2). If constant growth rates of 9 mm and 22 mm per ka are
assumed for the upper and lower sections of the stalagmite,
respectively, the hiatus at 84 mm would represent a non-growth
period between 35 and 20 ka (Fig. 2). Therefore, it can be assumed
that SJ3 developed in two periods, (38–35) ka in marine isotope
stage (MIS) 3 and (20–10) ka inMIS 2. An agemodel for SJ3was
established by linear interpolation between contiguous dates
according to depth from top (Fig. 2).

Hendy Test

It is usually believed that speleothem δ18O and δ13C records
are appropriate for investigation of past climate and environment
only when carbonate is precipitated in isotopic equilibrium with
its corresponding drip water. Some criteria such as the Hendy
Test (Hendy and Wilson, 1968; Hendy, 1971; Schwarcz, 1986)
and replication of contemporaneous records (Dorale et al., 1998;
Wang et al., 2001) were proposed to check the equilibrium
precipitation of speleothem carbonate and were followed in
numerous publications. Although this test was challenged by
Fleitmann et al. (2004) andWebster et al. (2007) recently, we did
the Hendy Test along three growth layers of SJ3.

The Hendy Test has two criteria that, (1) along a single
growth line δ18O shows little variation while δ13C may vary
irregularly, and (2) δ18O and δ13C values along a single growth
line not be positively correlated (Hendy and Wilson, 1968;
Table 1
TIMS-U series isotopic results and ages for stalagmite SJ3 from Songjia Cave

Sample
ID

Depth from
top (mm)

U
(ppm)

±2σ 232Th
(ppb)

±2σ 230Th/232Th 230Th/ 238U ±

SJ3-006 7 0.2705 0.0002 19.9 0.1 8.0 0.1947 0
SJ3-032 32 0.3928 0.0003 26.5 0.1 10.4 0.2316 0
SJ3-042 42 0.4014 0.0002 1.4 0.0 205.2 0.2275 0
SJ3-067 67 0.4583 0.0004 2.5 0.0 149.0 0.2706 0
SJ3-083 83 0.3571 0.0005 3.1 0.0 103.7 0.2975 0
SJ3-093 93 0.2344 0.0002 9.1 0.1 38.8 0.4985 0
SJ3-126 126 0.2309 0.0001 23.2 0.1 16.2 0.5372 0
Hendy, 1971; Schwarcz, 1986; Gascoyne, 1992). Figure 3 dis-
plays the result of the Hendy Test carried out along three growth
layers at depths of 27, 53 and 79 mm. It is clear that for any
single layer, δ18O does not show significant variation and is not
positively correlated with the δ13C of the same layer (Fig. 3).
The δ18O or δ13C change along any single layer is no more than
0.4 ‰ (Fig. 3), which is much smaller than the δ18O or δ13C
variation along the growth axis of SJ3 (at least 4‰, see the next
sections). Therefore, the carbonate in SJ3 is assumed to be
deposited in isotopic equilibrium with the parent solution and
the δ18O and δ13C records for SJ3 should be appropriate for
interpretation of past climate and environment.

If the calcite in SJ3 is indeed deposited under isotopic
equilibrium, the SJ3 δ18O record should be a function of cave
temperature (reflecting annual mean surface temperature
(Wigley and Brown, 1976)) and the oxygen isotopic composi-
tion of cave drip water, which is closely related to δ18O of local
precipitation and therefore to surface climate (Rozanski, 1985;
Winograd et al., 1985). In the East Asian summer monsoon
regime, the temperature effect on the δ18O of precipitation seems
to be weak (Rozanski et al., 1992, 1993; Araguas-Araguas and
Froehlich, 1998) and offset by the fractionation between water
and calcite (Kim and O'Neil, 1997), making the speleothem
δ18O record an appropriate proxy for rainfall amount and
summer monsoon intensity (Wang et al., 2001; Yuan et al.,
2004). Thus in the following discussion, we interpret the SJ3
δ18O record in terms of variation in the Asian summer monsoon.

Oxygen and carbon isotopes

The δ18O along the growth axis of SJ3 is shown in Figure 4. It
fluctuates between −6.5 and −11.6‰ with an average of
−8.99‰. The highest value (−6.5‰) occurred between 16.3
and 16.6 ka while the lowest (−11.6‰) is at ∼11.2 ka. It is
apparent that the δ18O for SJ3 is on average much lower than the
Hulu record (Fig. 4b) which varies between −4.0 and −8.8 ‰.
This is consistent with previous studies which revealed that over
the continental China, contemporaneous speleothem δ18O
generally decreases from south to north and from east to west
(Wang et al., 2001; Yuan et al., 2004; Tan and Cai, 2005; Hu
et al., 2005; Johnson et al., 2006; Shao et al., 2006). It is also in
accordance with the δ18O distribution of modern precipitation
(Zhang and Yao, 1998; Zhou, 2002), which may be related to
vapor source (Johnson et al., 2006) and the continentality effect
(Dansgaard, 1964).
2σ 234U/238U ±2σ Corrected 230Th
Age (kaBP)

±2σ Corrected initial
(234U/238U)

±2σ

.0018 1.8044 0.0038 11.12 0.56 1.8471 0.0095

.0028 1.7865 0.0024 13.85 0.53 1.8520 0.0093

.0019 1.7709 0.0024 14.76 0.13 1.8332 0.0081

.0014 1.7971 0.0044 17.45 0.12 1.8046 0.0025

.0019 1.7518 0.0038 19.83 0.16 1.8388 0.0045

.0040 1.7157 0.0035 35.77 0.43 1.7971 0.0040

.0024 1.7467 0.0018 37.26 0.65 1.8005 0.0056



Figure 3. Hendy tests conducted along three growth layers of SJ3 at depths of 27, 53 and 79 mm. The δ18O and δ13C within individual layer vary by less than 0.5‰ (a)
and there is no positive correlation between δ18O and δ13C (b), indicating no significant kinetic effects when SJ3 calcite was deposited.
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The δ13C record is also displayed in Figure 4. It fluctuates
between −3.7 and −11.6 ‰ with an average of −9.99 ‰. The
highest values occur in the top dirty part of SJ3, while the three
lowest values occur at 11.1, 12.0 and 14.0 ka. Generally, the
δ13C record is parallel with the δ18O record except during the
dirty part at the top where the δ13C values are more than 4 ‰
higher relative to the rest of SJ3 (Fig. 4d).

Variation of δ13C in speleothems has been used to infer the
relative proportions of the C3- versus C4-plants (Holmgren
et al., 1995; Dorale et al., 1998), changes in ecosystem produc-
tivity that controls soil air PCO2 and determines the amount of
isotopically light organic matter released to the soil in areas
where C4-type vegetation is not present (Genty et al., 2003),
changes in the δ13C value of atmospheric CO2 (Baskaran and
Krishnamurthy, 1993), and changes in water–rock interactions
(Baker et al., 1997; McDermott, 2004). Excepting the δ13C
value of atmospheric CO2, whose variations since the LGM
remains poorly known, all the other three mechanisms might be
applicable for interpreting the δ13C record for SJ3, with higher
values occurring during cold-dry periods (such as the H1 cold
phase) and lower values during warm-humid periods (Fig. 4d).
Warm-humid climate may favor C3-type vegetation and
promote bio-productivity. It may also lead to stronger water–
rock interactions because of higher pCO2 of groundwater due to
higher soil pCO2, which results from more intensive bio-
activity and respiration and organic decomposition in soil (Spötl
et al., 2005). It may be argued that under warm-humid climate
karstic groundwater would be more dynamic and have a
relatively short residence time, leading to a less water–rock
interaction (Banner et al., 1996). However, this is the opposite
to what indicated by the strontium geochemistry of SJ3 (Zhou
et al., in preparation). No matter which mechanism is dominant,
the lower values in the SJ3 δ13C record correspond to stronger
summer monsoon and vice versa. Therefore the SJ3 δ13C record
can also serve as a summer monsoon proxy.

The δ13C and δ18O values for the top dirty part of SJ3 are
notable heavy. Especially the δ13C values are 5–6 ‰ heavier
than the average of the whole record (Fig. 4). As mentioned
before, microscopic examination indicates several hiatuses and
detrital grains in this part. Therefore we speculate that this dirty



Figure 4. Comparison of stable isotope records for SJ3 (a, d), PD from Hulu Cave (b) (Wang et al., 2001), and the GISP2 ice core from Greenland (c) (Grootes et al.,
1993; Stuiver et al., 1995). The horizontal bars on the top of the figure show U-series ages and errors (2σ) for SJ3. The vertical dashed lines indicate links between
these records. The gray rectangle indicates the dirty top of SJ3 where calcite may not be deposited under isotopic equilibrium. The SJ3 δ18O record is apparently lower
than the Hulu record. LGM: the last glacial maximum; H1: the cold climatic phase associated with the Heinrich event one; B/A: the Bølling–Allerød warm period; YD:
the Younger Dryas cooling event. The YD event is less chronologically constrained in SJ3, probably resulting in the apparent difference in timing and duration of this
event between the three δ18O records (SJ3, Hulu, GISP2).
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part may have developed after the flow path for SJ3 was changed
and when SJ3 was occasionally fed by dripwater during rainfall
extremes. Calcite in this part may not be deposited under isotopic
equilibrium, leading to higher δ13C and δ18O values.

Discussion

The δ18O record for SJ3 displays significant variations since
the LGM, which is similar to the Hulu record from East China
(Wang et al., 2001) and the GISP2 δ18O record from northern
high latitude (Grootes et al., 1993; Stuiver et al., 1995)
(Figs. 4a–c). The important climatic phases since the LGM,
including the LGM, the coldest H1 phase, the Bølling–Allerød
(B/A) warm period and the cooling YD event all are archived in
these paleoclimatic records from East and Central China (Fig. 4)
though the YD event recorded by SJ3 is different from that
recorded by the Hulu speleothem (Wang et al., 2001) and the
GISP2 ice core (Grootes et al., 1993; Stuiver et al., 1995)
(Fig. 4). The YD event seems to commence much later and last
a shorter time period in Central China than in East China and
northern high latitude, but the ending of this event, including its
timing and sharpness, seems to be in agreement among these
records (Fig. 4). A possible cause for this apparent difference
may be the scarcity of the dates for SJ3 around the YD event;
more dating should be carried out on SJ3 in the future. In any
case, the SJ3 δ18O record shows fluctuations generally parallel
with the Hulu and GISP2 δ18O records (Fig. 4). This is some-
what different from the Heshang δ18O record, which does not
show clearly the YD cooling event and the transition from the
LGM into the H1 cold phase (Hu et al., 2005).
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The similarity among the δ18O records from Songjia Cave in
Central China, Hulu Cave in East China and GISP2 ice core
from northern high latitude is further supported by the SJ3 δ13C
record (Fig. 4d). This record also indicates all the important
climatic phases since the LGM and displays a parallelism to the
three δ18O records (Figs. 4a–c).

The most prominent feature of the SJ3 δ18O record is be the
H1 cold phase after the LGM (Fig. 5a). This event has clear
boundaries in SJ3, starting from ∼17.6 ka and ending at
∼14.5 ka, which is consistent with what is recorded in the Hulu
and Dongge caves (Figs. 5b–c; Wang et al., 2001; Yuan et al.,
2004; Dykoski et al., 2005). The start of this event in the
Heshang record is not unambiguous and there are two possible
correlations for it (Fig. 5d; Hu et al., 2005), different from what
illustrated by the Hulu and Songjia records (Figs. 5a–b). A most
probable cause for this may be that unlike the three stalagmites
SJ3 (from Songjia Cave in central China), PD (from Hulu Cave
in East China) and D4 (from Dongge Cave in Southwest China)
Figure 5. Comparison of the speleothem δ18O records from China. (a) The SJ3 δ18O
from Hulu Cave in East China (Wang et al., 2001). (c) The D4 δ18O record from Dong
Heshang Cave in Central China (Hu et al., 2005). See Fig. 1 for the locations of these
gray rectangles indicate the transitions into and out of the H1 cold phase in each δ1

transition into the H1 cold phase which are indicated with question marks. As sugges
events. Except the Heshang record, the H1 cold phase is similar in timing, duration
which displayed relatively constant growth rates during the
period between 20 and 10 ka (Fig. 2; Wang et al., 2001; Yuan
et al., 2004; Dykoski et al., 2005), the growth rate for stalagmite
HS-2 from Heshang Cave changed significantly since the LGM
(Hu et al., 2005). A similar explanation may be applicable for
the ambiguity of the YD cooling event in the Heshang record
(Fig. 5d). Therefore, the Heshang record may need more dates
to precisely constrain some important climatic events such as
the YD cooling event and the H1 cold phase.

The transitions into and out of the H1 cold phase are similar
among the three speleothem δ18O records from the Hulu,
Dongge and Songjia caves (Figs. 5a–c). For example, in the SJ3
δ18O record, the transition from the LGM into the H1 cold phase
took place within 200 yr starting from 17.6 ka, which is almost
identical to what revealed by the Hulu record (Figs. 5a–b). The
transition from the H1 cold phase to the B/A warm period is
sharp and synchronous in all the three records, but it appears
faster in the SJ3 record. For example, the SJ3 δ18O record
record from Songjia Cave in Central China (this work). (b) The PD δ18O record
ge Cave in Southwest China (Yuan et al., 2004). (d) The HS-2 δ18O record from
caves. The big light gray rectangle represents the H1 cold phase. The small dark
8O record. In the Heshang record (d), there are two possible correlations to the
ted in the text, this record needs more dates to constrain some important climatic
and extent in the rest δ18O records.
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indicates that this transition took place within about 100 yr,
from 14.6 to 14.5 ka; but the Hulu record suggests a longer
transition of about 400 yr, from 14.9 to 14.5 ka (Figs. 5a–b).
This suggests that the recession of the H1 cold phase com-
mences earlier in East China than in Central China. Considering
that Songjia Cave is much more inland and close to the
Mongolian high pressure and summer monsoon boundary
relative to the Hulu and Dongge caves (Fig. 1), it is reasonable
that this site be more resistant to the early recession of the H1
cold phase. This seems to be supported by sharp transition
from the H1 cold phase to the B/A warm period, within
∼100 yr, in both the SJ3 and GISP2 δ18O records (Figs. 4a, c).
However, the slight difference in this transition among the
three speleothem δ18O records (Figs. 5a–c) is not significant
compared with the time shift of the warm Holocene optimum
between coastal and inland China which is on the order of
several thousands years (An et al., 2000; He et al., 2004). These
may suggest that temperature change in the North Atlantic
region exerts stronger influences on the Asian summer monsoon
regime during glacial periods than during interglacial period.

The SJ3 δ18O record during the H1 cold phase is more than 2
‰ heavier than before or after this cold period (Fig. 5a). This is
significant and is comparable with the δ18O enrichment in the
Hulu and Dongge records during this cold event (Figs. 5b–c;
Wang et al., 2001; Yuan et al., 2004; Dykoski et al., 2005).
Considering that Songjia Cave is more than 1000 km west of
Hulu Cave and 700 km north of Dongge Cave, and is much
more close to the summer monsoon boundary (Fig. 1), the three
speleothem δ18O records from the three caves (Fig. 5) may
suggest a distinct and synchronous cold climatic phase over the
whole of monsoonal China, associated with the H1 event
identified in the North Atlantic sediments (Heinrich, 1988).

Based on the work on Hulu Cave in East China, Wang et al.
(2001) suggested that changes in the East Asian summer mon-
soon were integral to millennial-scale changes in atmospheric/
oceanic circulation patterns and were affected by orbitally-
induced insolation variations. Although tropical oceans, espe-
cially the SW Pacific warm pool, have been suggested to be a
potential forcing of the summer monsoon variation (Zhao et al.,
2003) as it is an important moisture source for East Asia, the last
deglaciation in this area appears to commence earlier than in
continental China (Visser et al., 2003; Wang et al., 2001).
Although for a large portion of the δ18O records from Hulu
Cave, the long-term trend appears to follow summer (averaged
over the months of June, July, and August) insolation at the cave
(33°N), variations after the LGM, seems to deviate significantly
from this relationship (Wang et al., 2001). In addition, the SJ3
δ18O record is (2–3) ‰ lighter than the Hulu δ18O record
despite their similar latitudes (Figs. 1 and 4a–b). The
millennial-scale events after the LGM, especially the H1 cold
phase is distinct and synchronous in the speleothem-based
Asian summer monsoon records from different areas of China
as well as in the GISP2 record (Figs. 4a–c and 5a–c). This
evidence suggests that during the last glacial period, the Asian
summer monsoon was related more closely with temperature
variations in northern high latitudes, compared with local inso-
lation. The temporal relation between the polar Greenland δ18O
record and the speleothem δ18O records over a wide range of
continental China is consistent with North Atlantic events that
trigger large-scale circulation changes during glacial periods
(Broecker, 1994). Our results support the idea that millennial
scale events first identified in Greenland are hemispheric or
wider in extent (Broecker, 1994; Kienast et al., 2001). In the
Asian summer monsoon regime, monsoonal rainfall and vege-
tation change rapidly and sensitively in parallel with deglacial
temperature changes in the North Atlantic region, which is
consistent with long-term histories of monsoon moisture,
particularly those documented using the loess, lake and marine
sediment records in China (Porter and An, 1995; Wang et al.,
1999). The relationship between the summer monsoon and
Greenland temperature may be maintained throughout the
deglacial sequence and exists over almost the whole East Asian
summer monsoon regime. However, this relationship may
become less effective in the Holocene and thus the Holocene
optimum shows a time shift of more than several thousands
years from coastal to inland China (An et al., 2000; He et al.,
2004).

Conclusions

The δ18O and δ13C records for stalagmite SJ3 collected from
Songjia Cave in Central China provide new evidence for
synchronous and significant climatic changes in China since the
LGM, especially for the cold climatic phase associated with the
H1 event, which is consistent with the GISP2 record from
northern high latitudes. This is much different from the Holocene
Optimum which shows a time shift of more than several thou-
sands years from southeast coastal to inland China (An et al.,
2000; He et al., 2004). Such rapid hemispheric synchronicity
supports the role of atmospheric teleconnections between the
North Atlantic and East Asia in controlling climate change
throughout the Northern Hemisphere during the last deglaciation
(Benson et al., 1997; Hendy and Kennett, 1999). Thus changes in
air temperature in the North Atlantic region appear to be
associated with altered large-scale atmospheric/oceanic circula-
tion patterns in the Northern Hemisphere during glacial periods,
with implications for monsoonal rainfall and paleovegetation in
East Asia. It is likely that during glacial periods, temperature
change in northern high latitude exerts a stronger influence on the
Asian summer monsoon relative to insolation, and that climatic
signals in the North Atlantic region propagate rapidly to East Asia
by influencing the winter land–sea temperature contrast in the
East Asian monsoon region (Porter and An, 1995).
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