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a b s t r a c t

The difficulty in constraining the large-scale Asian summer monsoon (ASM) variability in the Chinese

monsoon region (CMR) during glacial Termination II lies in our limited knowledge of the western part,

primarily due to sparse paleoclimate records. To get a better picture of the ASM during Termination II, we

examined a precisely dated stalagmite d
18O record between 133.1 and 127.0 kyr B.P. from Wanxiang Cave

located at the ASM's northern edge in western China. In combination with published d
18O data from this

cave, we have identified the ‘Weak Monsoon Interval’ (WMI) in the Wanxiang d
18O record and confirmed

that the Heinrich 11 cold event in the North Atlantic caused the weakened ASM over the CMR via

reorganization of the large-scale ocean-atmospheric circulation. However, the post-WMI change in d
18O

is gradual, in contrast with the abrupt shift shown in the other cave records from southern and north-

eastern China. The rapid northward migration of the westerly jet relative to the Qinghai-Tibet Plateau is

probably responsible for this discrepancy. This northward-positioned westerly jet prevented the more
18O-depleted moisture from the Indian Ocean from reaching the study site. Simultaneously, it facilitated

the earlier northward movement of the East Asian summer monsoon (EASM) rainband that carries

positive precipitation d
18O to obscure the abrupt decrease in our d18O record. After the onset of the last

interglacial, no obvious Younger Dryas (YD)-like event was recorded in Wanxiang Cave. This result is

consistent with most stalagmite d
18O records in the CMR and further suggests a minimal impact of the

YD-like event on ASM variabilities. The relatively large amplitude of d18O variations observed in Wan-

xiang Cave between the late penultimate glacial and the last interglacial corresponds to a dominant

control of the Indian summer monsoon (ISM), whereas smaller d18O amplitudes were recorded in cave

sites mainly under the influence of both ISM and EASM. Therefore, we posit that the heterogeneity of the

hydroclimate in the CMR during Termination II resulted from a combination of multiple processes, that

is, the westerly jet, ISM and EASM, rather than a single one.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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potential abrupt climate changes under continuous global warm-

ing. The glacial ‘Termination II’, i.e., the penultimate deglaciation,

experienced an abrupt climate shift during the transition from a full

glacial state to an interglacial state, accompanied by a considerable

rise in sea level (Siddall et al., 2006; Denton et al., 2010; Grant et al.,

2012) and an increase in atmospheric CO2 (Lourantou et al., 2010).

Various paleoclimate archives have been used to uncover this

climate transition, namely pollen (S�anchez Go~ni et al., 1999), sta-

lagmites (Drysdale et al., 2009; Moseley et al., 2015; Magiera et al.,

2019; Stoll et al., 2022), tufa (Domínguez-Villar et al., 2020), and

deep-sea sediments (Deaney et al., 2017). Among them, the sta-

lagmite d
18O records from the Chinese monsoon region (CMR)

reveal a tight linkage between the Asian summer monsoon (ASM)

and the climate conditions over the high latitudes during Termi-

nation II (e.g., Cheng et al., 2006, 2009; Wang et al., 2008; Cai et al.,

2015; Duan et al., 2019; Xue et al., 2019; Wassenburg et al., 2021).

For example, Heinrich stadial 11 (HS 11) cold period and the asso-

ciated ice rafted debris (IRD) event originated in the North Atlantic

and coincided with the ‘Weak Monsoon Interval’ (WMI) in China

(e.g., Cheng et al., 2009; Duan et al., 2019). The bipolar seesaw

hypothesis has been used to explain the ASM variations during

Termination II (Kelly et al., 2006; Masson-Delmotte et al., 2010; Li

et al., 2014). However, there are still some discrepancies among

Chinese stalagmite d
18O records regarding the identification of

climate events on centennial to millennial timescales. For instance,

Xue et al. (2019) reported a Younger Dryas-like (YD-like) event in

their stalagmite record with an abrupt positive d
18O shift (weak-

ening ASM) between 128.5 and 128.1 kyr B.P. during Termination II

from Shangxiaofeng Cave in northern China. Accordingly, they

further suggested that this YD-like event should be considered as

an intrinsic feature of climate change during ice age terminations.

Other Chinese stalagmite d
18O records, however, do not seem to

capture any YD-like event (e.g., Kelly et al., 2006; Cheng et al., 2009;

Li et al., 2014; Duan et al., 2019; Liu et al., 2020). In addition, a

northern Chinese stalagmite d
18O record from Xinglong Cave sug-

gests that the short d18O excursion between 128.5 and 127.5 kyr B.P.

probably does not represent a YD-like event because of its much

smaller magnitude relative to the actual YD event during Termi-

nation I (Duan et al., 2019). Alternatively, there was a ‘pause’ in the

stalagmite d
18O records in northern China, synchronous with a

‘slowdown’ phase during the d
18O decrease in cave records from

southern China (Duan et al., 2019). It is noteworthy that this north-

south contrast in stalagmite d
18O was only based on a limited

number of d
18O records from eastern and southern China. More

stalagmite records from widespread locations in the CMR are

needed to confirm these specific events.

Multiple mechanisms have been proposed to elucidate the dis-

crepancies among the Chinese stalagmite d
18O records during the

penultimate deglaciation, such as differences in altitude (Cai et al.,

2012) and moisture source (Cai et al., 2015), sea level changes (Xue

et al., 2019), and the transport pathway effect (Liu et al., 2020). But

it remains unclear which of these mechanisms were dominant.

Besides, the evolution of the ASM in western China close to the

modern summer monsoon boundary during the penultimate

deglaciation remains enigmatic, as published stalagmite records of

the CMR are mostly from southern and northern China. Therefore,

it is vital to explore the underlying mechanisms of the ASM vari-

abilities by investigating stalagmite records from other sites in the

CMR.

Located near the margin of modern summer monsoon, western

China lies in the interaction zone of mid-latitude westerly jet, and

the East Asian summer monsoon (EASM) and Indian summer

monsoon (ISM) from the low latitudes. This region is sensitive to

precipitation change caused by the meridional movement of the

ASM. As such, monsoonal precipitation variations in this region are

a reliable indicator of ASM strength (Johnson et al., 2006; Zhang

et al., 2008). When the circulation associated with the ASM is

intensified (weakened), more (less) water vapor from the western

Pacific and/or the tropical Indian Ocean is carried into western

China, leading to higher (lower) regional precipitation (Tan, 2014;

Hu et al., 2019; Jia et al., 2022a). Paleoclimate archives fromwestern

China thus have the potential to provide a new perspective on the

ASM variabilities in the CMR. In this study, we present a precisely

dated and high-resolution stalagmite stable isotope record

collected from Wanxiang Cave in western China, spanning the

penultimate deglaciation period (from 133.1 to 127.0 kyr B.P.). We

aim to characterize the regional variation of precipitation d
18O and

its linkage to the ASM inwestern China. Additionally, we combined

our record with other stalagmite records from different sites in the

CMR to explore the spatial distribution of millennial-scale climate

events and their dynamic linkages. Our investigation enhances our

understanding of how changes in the ASM affect the hydroclimatic

responses in the study region.

2. Material and methods

2.1. Cave site and regional climate

Wanxiang Cave (33�190N, 105�000E, 1200 m a. s. l.) is located in

the transition zone between the western Loess Plateau and the

eastern Qinghai-Tibet Plateau, Gansu Province in western China.

This area is near to the marginal zone under the influence of the

modern summer monsoon and thus its precipitation records the

ASM evolution (Fig. 1). Lying in the climate transitional zone be-

tween the north subtropics and temperate zone, Wanxiang Cave

site is characterized by warm/wet summer and cold/dry winter

with a mean annual temperature of 12 �C and a mean annual

precipitation of 460 mm, 80% of which occurs during the summer

monsoon season between May and September (Johnson et al.,

2006; Zhang et al., 2008).

The cave has a small entrance but with a large complex karst

system. Field observations show that the cave is weakly ventilated,

experiencing constant temperature of ~11 �C and relative humidity

of 95%e100% throughout the year (Zhang et al., 2004). The cave is

developed in Carboniferous limestone, overlain by 30e250 m thick

bedrock and ~10 m of loess with dense vegetation. The local

vegetation is dominated by C3 plants (i.e., Chrysanthemum, Arte-

misia) with a small abundance of C4 plants (Arrowbamboo and

Gramineae) (Jia et al., 2022b).

2.2. Sampling

Stalagmite WXZ05-12, with a total length of 382 mm and a

diameter of ~115 mm, was collected ~1200 m away from the cave

entrance and ~12 m below the roof. The stalagmite has a ‘candle-

stick’ shape, suggesting a fairly stable growth history. The specimen

was halved along the growth axis by using a diamond saw and then

polished. The polished surface shows gray to brownish colors

(Fig. S1). Also, the specimen is highly crystalized with dense lami-

nation, indicating a continuous deposition. Sub-samples for

chemical analysis, including 6 for 230Th dating and 644 for oxygen

and carbon stable isotope measurements, were collected along the

growth axis of the stalagmite by using 0.5-mm-diameter carbide

dental drill bits.

2.3. Isotope analyses

230Th dating were performed on a Thermo-Fisher NEPTUNE, a

multi-collector inductively coupled plasma mass spectrometer

(MC-ICP-MS) at the Isotope Laboratory, Xi'an Jiaotong University,

W. Jia, P. Zhang, X. Wang et al. Quaternary Science Reviews 313 (2023) 108193
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China. We followed the chemical procedures by Edwards et al.

(1987) to extract uranium and thorium, and the measuring proto-

col by Cheng et al. (2013).

Stable isotopes were analyzed on a Finnigan-MAT 253 plus mass

spectrometer equipped with a Kiel-IV Carbonate Device at the

School of Geographical Sciences, Fujian Normal University, China.

The interlaboratory standard TTB1 was run every 10e20 samples.

The results are reported as d-values relative to Vienna PeeDee

Belemnite (VPDB). Precision for d18O is better than 0.06‰ and d
13C

is better than 0.03‰, at the 1s level.

3. Results

3.1. Chronology

High concentrations of uranium (4298.7e7201.9 ppb) and low

concentrations of thorium (352e1387 ppt) facilitate the robustness

of dating results. All the 230Th dates are in a stratigraphic order

within errors (2s) ranging from 310 to 425 yr (Table S1). We

established the age model for stalagmite WXZ05-12 by using a

linear interpolation between the 230Th dates (Fig. S1). According to

this age model, the WXZ05-12 grew continuously between 133.1

and 127.0 kyr B.P., a period that covers the latter portion of the

penultimate glacial and the subsequent transition into the early

part of last interglacial.

3.2. d
18O record

The WXZ05-12 d
18O shows a large variation, ranging

from �5.32‰ to �11.58‰ (Fig. 2). The ramp function regression

analysis (Mudelsee, 2000) identified four ramps with the second

transition corresponding to a slight increase in d
18O, and the other

three corresponding to a rapid decrease in d
18O. Overall, d18O ex-

hibits a gradual decreasing trend on millennial timescales, inter-

rupted by a small positive excursion between 129.8 and

129.4 kyr B.P. (Fig. 2).

3.3. Fidelity of d18O as a climate proxy

The Hendy's criterion (Hendy, 1971) was used to evaluate

whether the WXZ05-12 d
18O data can be used as paleoclimate in-

dicators. We drilled 16 sub-samples along four horizontal layers

and examined variations of d18O and d
13C along each lamina. Nearly

identical d18O values were found in individual layers and there is no

significant correlation between d
18O and d

13C along the layers,

which suggests that the calcite of stalagmite WXZ05-12 was

deposited under nearly isotopic equilibrium conditions (Hendy,

1971) (Fig. S2). The replication test is another approach, probably

more robust, to check the fidelity of speleothem isotope time series

as a paleoclimate recorder (Cheng et al., 2006, 2009; Dorale and Liu,

2009). Like other Chinese stalagmite d
18O records, the WXZ05-12

Fig. 1. Regional map showing the Chinese monsoon regionwith the locations of Wanxiang Cave (WX, red star, this study) and other caves (green solid circles): Hulu Cave (HL; Cheng

et al., 2006), Sanbao Cave (SB; Wang et al., 2008; Cheng et al., 2009), Xinglong Cave (XL; Duan et al., 2019), Shangxiaofeng Cave (SXF; Xue et al., 2019), Yangkou Cave (YK; Li et al.,

2014), Xiaobailong Cave (XBL; Cai et al., 2012), Wulu Cave (WL; Liu et al., 2022), Southeast Yunnan Cave (SEY; Liu et al., 2020), Jiangjun Cave (JJ; Wassenburg et al., 2021), and Dongge

Cave (DG; Kelly et al., 2006). The red dashed line indicates the modern summer monsoon limit (modified by Zhang et al., 2008). The deep orange and light pink arrows represent the

East Asian summer monsoon (EASM) and the Indian summer monsoon (ISM), respectively. The blue arrows indicate the mid-latitude westerly jet relative to the Qinghai-Tibetan

Plateau.
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d
18O data also display a negative change during the same growth

interval (Fig. 3). This similarity suggests that our d
18O record pri-

marily represents large-scale climatic signals. The d
18O of stalag-

mite WXZ05-12, therefore, can be regarded as a robust proxy for

paleoclimate change.

Stalagmite d
18O is controlled by drip water d18O (Hendy, 1971)

and cave temperature (McCrea, 1950). However, the temperature-

dependent fractionation between the calcite and water

is �0.23‰/�C (Kim and O'Neil, 1997), while the mean annual at-

mospheric temperature in East Asia only increased by ~3.4 ± 1.0 �C

during Termination II (Duan et al., 2022). Besides, the TEX86 tem-

perature record established by the Jiangjun Cave stalagmites,

southwestern China, showed an abrupt increase of ~4 �C after

~130 kyr B.P. (Wassenburg et al., 2021). Therefore, the primary

control of the large change in WXZ05-12 d
18O (~6.26‰) should be

the drip water d18O in the cave. d18O of drip water largely inherits

that of meteoric precipitation, and thus records the variation in

precipitation d
18O related to ASM intensity (Zhang et al., 2004;

Johnson et al., 2006). Although the interpretations of Chinese sta-

lagmite d
18O records remain somewhat controversial because of

the possible influence from summer/winter precipitation ratio

(Wang et al., 2001), cloud-top pressure (Cai et al., 2017), and the

circulation effect (Tan, 2014), the stalagmite d
18O records in the

CMR nevertheless resemble Greenland ice core d
18O records on

millennial scales (e.g., Wang et al., 2001; Duan et al., 2019). Hence,

the Chinese stalagmite d
18O can be tied to summer precipitation

d
18O associated with ASM intensity (e.g., Wang et al., 2008; Cheng

et al., 2019; Xue et al., 2019; Jia et al., 2022a). Furthermore, both

climate model simulations and synthesized Chinese stalagmite

d
18O records have confirmed that the millennial-scale d

18O records

reflect the ASM intensity with decreasing (increasing) d18O corre-

sponding to a strengthening (weakening) of the ASM intensity (e.g.,

Liu et al., 2014; Hu et al., 2019). In conclusion, the WXZ05-12 d
18O

record is interpreted as an indicator of precipitation variations

associated with ASM intensity on millennial timescales. Following

Cheng et al. (2006, 2019), we apply the terms ‘low’ and ‘high’ sta-

lagmite d
18O to represent ‘strong ASM’ and ‘weak ASM’ accompa-

nying with ‘increased’ and ‘decreased’ regional precipitation

amount, respectively.

4. Discussion

4.1. The ‘WMI’ event during Termination II

Stalagmite d
18O records from southern and northern Chinese

caves reveal a WMI event with relatively high d
18O values prior to

the onset of the last interglacial, i.e., a weakened ASM, corre-

sponding to HS 11 (cold event) in the North Atlantic (e.g., Cheng

et al., 2006; Duan et al., 2019). To trace the presence of the WMI

in western China, we combined stalagmite d
18O data from Wan-

xiang Cave (WXSM 51 and WXSM 52, Johnson et al., 2006;

WXB075, Gao et al., 2023) with the WXZ05-12 d
18O, and compared

them with other Chinese stalagmite d
18O between 150 and

123 kyr B.P. (Fig. 3). Although the WXZ05-12 d
18O record does not

overlap the WXB075, WXSM51, and WXSM52 records, these three

stalagmites grew near our stalagmite WXZ0510. This indicates that

they were likely deposited under similar growth conditions,

including seepage channels and roof permeability. In addition, the

WXSM51 d
18O record (Johnson et al., 2006) partly overlaps the

WXB075 d
18O data (Gao et al., 2023) between ~125 and

~126 kyr B.P. Therefore, our splicing records are robust considering

large-scale variations in d
18O from 150 to 123 kyr B.P. (Fig. 3A). A

broad agreement between the splicing d
18O records (d18Os; Fig. 3A)

and other cave d
18O records in the CMR further confirms the

consistent millennial-scale evolution of the ASM on a continental

scale. Most importantly, the d
18Os record captures the WMI

approximately from 141.2 to 130.2 kyr B.P. defined by Cheng et al.

(2006, 2009), which consists of an intensively abrupt positive

shift in d
18O at its inception and an abrupt negative shift in d

18O

near its end. This suggests that HS 11 has indeed led to a large-scale

weakening of ASM intensity across the CMR. The gradual increase

in Northern Hemisphere summer insolation (NHSI) (65�N) (Berger,

1978) triggered the initial retreat of northern hemisphere ice sheets

(Fig. 4I) and thus resulted in major meltwater pulses into the North

Atlantic (Fig. 4A) (HS 11; Skinner and Shackleton, 2006; Mokeddem

et al., 2014). The influx of freshwater, in turn, induced a shut-down

of the Atlantic Meridional Overturning Circulation (AMOC) (Fig. 4B;

Deaney et al., 2017) with lower sea surface temperature (SST) in the

North Atlantic (Fig. 4D; Skinner and Shackleton, 2006; Tzedakis

et al., 2018), largely reducing the surface-ocean heat transport to

the North Atlantic (Cheng et al., 2006). Simultaneously, a gradual

increase in the Antarctic temperature (Fig. 4G; Jouzel et al., 2007)

weakened the Somali jet, the Mascarene High, and northward

cross-equatorial airflows (Tiwari et al., 2021). With an accumula-

tion of more latent heat and moisture in the Southern Hemisphere

(Fig. 4F; Shackleton et al., 2020), the southward positioned Inter-

tropical Convergence Zone (ITCZ) (Fig. 4E; Gibson and Peterson,

2014) and the collapsed AMOC could not provide a strong

impetus for the ASM, leading to less monsoonal precipitation over

the CMR (Jia et al., 2022a).

It is worth noting that the duration of the WMI recorded by the

Wanxiang Cave (Fig. 3A), Southeast Yunnan Cave (Fig. 3B), Wulu

Cave (Fig. 3C), Jiangjun Cave (Fig. 3D), and Xiaobailong Cave

(Fig. 3E) d18O records appears longer than that captured by other

cave d
18O records (Fig. 3FeK). According to the criterion set by

Cheng et al. (2006, 2009), theWMI event lasts ~11 kyr in Wanxiang

Cave, ~11.2 kyr in Southeast Yunnan Cave, ~12.2 kyr in Wulu Cave,

and ~9.2 kyr in Jiangjun Cave, respectively. Albeit its relatively

lower resolution (Fig. 3E; Cai et al., 2015), the Xiaobailong Cave d18O

record presents one-to-one correlation with the higher-resolution

Sanbao Cave d
18O records (Cheng et al., 2006, 2009), and thus we

determine ~12.8 kyr as the duration of theWMI in Xiaobailong Cave

(Cai et al., 2015). However, other cave d
18O records, i.e., Yangkou

Cave, Dongge Cave, Sanbao Cave, Hulu Cave, Shangxiaofeng Cave,

and Xinglong Cave, have a shorter WMI with less than ~8 kyr

Fig. 2. Stalagmite WXZ05-12 d
18O time series (deep blue line). The 230Th dates with

uncertainties (±2s) are shown below the d
18O profile. The light blue bar indicates the

‘Weak Monsoon Interval’ (WMI) (Cheng et al., 2009). The deep yellow bar depicts the

climate ‘pause’ after the onset of the last interglacial (Duan et al., 2019). The red lines

show the four-fold ramp function that was fitted to WXZ05-12 d
18O.
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(Fig. 3FeK). Although the Xinglong Cave d
18O only partially covers

the WMI, given its similar structure to the Hulu and Sanbao d
18O

records suggested by Duan et al. (2019), we suspect that they all

have a comparable WMI duration (~7 kyr) (Fig. 3K). To date, it re-

mains unclear what mechanisms caused the different durations of

the WMI in the CMR. But since all the stalagmite d
18O records

registered the last interglacial onset at 129e130 kyr B.P. and they

also responded rapidly to the HS 11 initiation, the longer WMI

duration captured by the former five cave records could be attrib-

uted to their relatively low d
18O resolution and/or uncertainties of

the age control (Fig. 3AeE). Nevertheless, more high-resolution and

precisely dated stalagmite records and model simulations are

needed to validate the observed difference in the duration of the

WMI.

4.2. The role of the westerly jet for d18O changes at the onset of the

last interglacial

After the WMI, the sudden intensification of the ASM with a

rapid negative d
18O shift in a short period points to the onset of the

last interglacial in the CMR (e.g., Kelly et al., 2006; Cheng et al.,

2009; Li et al., 2014; Cai et al., 2015; Duan et al., 2019;

Wassenburg et al., 2021). This shift was accompanied by a rapid

increase in the North Atlantic SST and atmospheric CH4 in response

to an abrupt reinforcement of the AMOC (Loulergue et al., 2008),

manifesting a close teleconnection between the ASM and high-

latitude climates (Fig. 4H) (Cheng et al., 2019; Jia et al., 2022a).

Such a tipping point in the northern high latitudes, synchronous

with the abrupt enhancement of the ASM, reflects the significant

role of the bipolar seesaw mechanism in the abrupt climate shift

(Kelly et al., 2006; Marino et al., 2015). However, the WXZ05-12

record exhibits a gradual negative change in d
18O after the WMI

rather than a rapid shift as recorded by most other Chinese sta-

lagmite d
18O records (Fig. 3). Likely, other factors may have pre-

vented the swift recovery of the ASM signal from being transmitted

to Wanxiang Cave site. The abrupt climate transition in the North

Atlantic may not have had a profound influence onWXZ05-12 d
18O

at the last interglacial onset. Interestingly, this gradual variation in

d
18O also seems to occur in Shangxiaofeng Cave, northern China

(Fig. 3J). Thus, such attenuated 18O-depletion in bothWanxiang and

Shangxiaofeng records might be influenced by a climate forcing

other than the ASM changes.

The alteration of NHSI 65�N has been suggested as a major

external driver of ASM fluctuations between glacial and interglacial

Fig. 3. A comparison of stalagmite d
18O records in the Chinese monsoon region. The d

18O records in ‘Group 1’ that are mainly influenced by the ISM includes: (A) Wanxiang Cave

(WX; this study), (B) Southeast Yunnan Cave (SEY; Liu et al., 2020), (C) Wulu Cave (WL; Li et al., 2022), (D) Jiangjun Cave (JJ; Wassenburg et al., 2021), and (E) Xiaobailong Cave (XBL;

Cai et al., 2015). The (F) Yangkou Cave (YK; Li et al., 2014), (G) Dongge Cave (DG; Kelly et al., 2006), and (H) Sanbao Cave (SB; Cheng et al., 2009) d18O records in ‘Group 2’ are possibly

modulated by the ISM and EASM. The EASM largely controls those d
18O records of (I) Hulu Cave (HL; Cheng et al., 2006), (J) Shangxiaofeng Cave (SXF; Xue et al., 2019), and (K)

Xinglong Cave (XL; Duan et al., 2019) in ‘Group 3’. The light blue bars indicate the ‘WMI’ event (Cheng et al., 2006, 2009). The black dashed lines depict the d
18O amplitude based on

the difference between each d
18O of the last interglacial period and that of the period with an abrupt d18O shift right before HS 11 (Xue et al., 2019). The mean insolation in June, July

and August at 65�N (NHSI 65�N) (Berger, 1978) is indicated by the black dashed curves. The information on altitude, latitude and longitude, and 230Th dates with uncertainties (±2s)

are displayed on the right side and on the top of each plot, respectively.
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periods (e.g., Wang et al., 2001; Cheng et al., 2009). Due to its higher

latitude position, the gradual negative variations in Wanxiang Cave

d
18O record might be influenced by the gradual increases in NHSI

65�N. However, the intensity of NHSI 65�N during the deglacial

period was the same across the entire CMR, and the timing of the

minimum d
18O in all stalagmite records closely corresponded to the

peak summer insolation intensity around 126e127 kyr B.P. within

dating errors (Fig. 3). This implies minimal latitude and time lag

effects of NHSI on Chinese stalagmite records in the CMR. There-

fore, NHSI cannot explain the gradual changes in d
18O observed in

Wanxiang Cave.

A recent notion holds that the seasonal migration of the mid-

latitude westerly jet across the Qinghai-Tibet Plateau may be

responsible for East Asian paleoclimate changes and ASM vari-

ability (Zhang et al., 2018; Li et al., 2019; Chiang et al., 2020; He

et al., 2021; Jia et al., 2022a). There is also a close correlation be-

tween the Chinese stalagmite d
18O and the aeolian dust abundance

in central and eastern Asia; an increase (a decrease) in ASM in-

tensity corresponds to a weak (a strong) westerly jet with its axis

northward (southward) shift relative to the Qinghai-Tibetan

Plateau during the last glacial period (Nagashima et al., 2007,

2011). Climate models also suggest that in boreal summer, the jet

shifts north of the Qinghai-Tibetan Plateau (between 30�N and

40�N), with enhanced low-level (at about 850 hPa) southerly wind

(Chiang et al., 2015; He et al., 2021; Liu et al., 2022). Besides, the

westerly jet path varies in harmony with cold and warm events

(DansgaardeOeschger cycles, HS) in the northern high-latitudes

(Nagashima et al., 2011; Zhang et al., 2018; Li et al., 2019). Rapid

shift from a cold (warm) period to a warm (cold) period in the high

latitudes strengthened (decreased) the ASM, accompanied by a

weak (strong) jet with a sudden northward (southward) shift

relative to the Qinghai-Tibetan Plateau (Schiemann et al., 2009;

Nagashima et al., 2011; Chiang et al., 2015; Kong et al., 2017).

Modern observations demonstrate (e.g., Sato, 2009; Lei et al., 2021)

that the westerly jet is also weak and located north of the Qinghai-

Tibetan Plateau during the summer. However, the jet becomes

enhanced and bifurcates in the winter, with a much stronger

branch located south of the plateau and a much weaker one in the

north.

At the onset of the last interglacial, a resumed AMOC (Fig. 4B;

Deaney et al., 2017) and strengthened North Atlantic deep water

(NADW) formation induced increasing northward latent heat

transport (Fig. 4C; B€ohm et al., 2015), and triggered a northward

displacement of the ITCZ (Fig. 4E; Gibson and Peterson, 2014). The

ITCZ drove the convection of the ascending branch of the Hadley

circulation, resulting in an abrupt enhancement of the ASM (Jia

et al., 2022a). Concurrently, an increase in the NHSI in the boreal

summer reduced the pole-to-equator temperature gradient. This

decreased temperature gradient led to a rapid northward shift of

the westerly jet that remained at a southern location relative to the

Qinghai-Tibetan Plateau during the HS 11 (Fig. 5A) (Kong et al.,

2017; He et al., 2021; Lei et al., 2021). With this northward jet

displacement, the ASM penetrated the interior of the CMR with a

northward migration of the moisture flux (Fig. 5B) (Schiemann

et al., 2009; Liu et al., 2014; Li et al., 2019; He et al., 2021). The

caves in southern China, which been suppressed by the southern

westerly jet during HS 11 (Li et al., 2022) (Fig. 5A), received large

amounts of ASM precipitation during a short time period and thus

displayed a rapid negative shift in stalagmite d
18O. Moreover, a

northward movement of the westerly jet controls the EASM sea-

sonality with a significantly shorter Meiyu and a longer

midsummer stage (Chiang et al., 2017; Kong et al., 2017; Zhang

et al., 2018). A longer midsummer allows the monsoonal south-

erlies to penetrate northeastern China deeper (Liu et al., 2014;

Orland et al., 2015; Zhang et al., 2018; Chiang et al., 2020). The

increased rainfall in southern (especially in southwestern) and

northeastern China then leads to the observed negative shifts in

stalagmite d
18O. On the other hand, Xinglong Cave is located at the

northern margin of the ASM. Apart from the effect of monsoonal

precipitation, the rapid transmission of northern high-latitude

climate signals could also exacerbate rapid shifts in its d18O at the

onset of the last interglacial (Duan et al., 2019). Although the

northern edge of the ASM also receives abundant monsoonal pre-

cipitation, the northward positioning of the westerly jet could

induce a blocking effect, i.e., it could impede the transfer of 18O-

depleted monsoonal moisture from the low to the mid-to high-

latitudes (Nagashima et al., 2011; Chiang et al., 2015; Jia et al.,

2022a; Liu et al., 2022). Since both Wanxiang Cave and

Fig. 4. Climate conditions at high-low latitudes between the late penultimate degla-

ciation and the last interglacial. (A) IRD record from sediment core MD01-2444 (deep

yellow line; Skinner and Shackleton, 2006) digitized byMarino et al. (2015); IRD record

from ODP site 984 (burgundy line; Mokeddem et al., 2014); (B) Planktic foraminiferal

d
18O from ODP Site 1063 (Deaney et al., 2017); (C) ƐNd index from Bermuda Rise (B€ohm

et al., 2015); (D) North Atlantic sea surface temperature (Skinner and Shackleton, 2006;

Tzedakis et al., 2018); (E) Mo element content record from the Cariaco basin (Gibson

and Peterson, 2014); (F) Mean ocean temperature (Shackleton et al., 2020); (G) EDC

ice core dD (Jouzel et al., 2007); (H) EDC ice core CO2 (deep blue line; Lourantou et al.,

2010) and CH4 concentration (brown line; Loulergue et al., 2008); (I) Mean insolation

in June, July and August at 65�N (NHSI 65�N) (Berger, 1978). Duration of HS 11 is

indicated by vertical cyan bar (Tzedakis et al., 2018). The purple line indicates the onset

of the last interglacial at around 129 kyr B.P.
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Shangxiaofeng Cave are under the influence of the more

northward-positioned westerly jet (Fig. 5B), the blocking effect of

the jet prevented moisture with more negative d
18O from reaching

the two caves but still promote local precipitation increase (e.g.,

Nagashima et al., 2011; Chiang et al., 2015; He et al., 2021). Hence,

their stalagmite d
18O records show a relatively gradual negative

shift at the onset of the last interglacial (Fig. 3A and J). Due to the

rapidly northward migration of the westerly jet relative to the

Qinghai-Tibetan Plateau, the EASM rainband moved to the north

earlier and carries precipitation with less negative d
18O from the

South China Sea and/or the western North Pacific to the north-

western ASM margin (Nagashima et al., 2013; Kong et al., 2017;

Chiang et al., 2020). More 18O-enriched precipitation falling at

Wanxiang Cave relative to 18O-depletedwater vapor from the distal

Indian Ocean could obscure the abrupt decrease in d
18O (Jia et al.,

2022a). Located close to the western North Pacific, Shangxiaofeng

Cave is also affected by the EASM (Fig. 5B) (Xue et al., 2019).

Accordingly, due to the proximal moisture source, the amplitude

variations of its d
18O record are not larger relative to Wanxiang

Cave, which is on another hand mainly regulated by the ISM with

the distal moisture source, resulting in a wide range of its d
18O

record (Jia et al., 2022a). Apart from the role of the westerly jet,

seasonal moisture recycling (Baker et al., 2015) and local evapora-

tion (Duan et al., 2016) have a larger effect on d
18O atWanxiang site

than in southern China, and they may have also contributed to the

gradual shift of WXZ05-12 d
18O records during the glacial-

interglacial transition (Jia et al., 2022a).

4.3. The ‘YD-like’ event during the penultimate deglaciation

The YD cold event is a unique feature of the last deglaciation

when compared to previous deglaciations (Carlson, 2008). Some

paleoclimate records show a cold event similar to the YD after the

last interglacial onset, i.e., a YD-like event, resulting in a two-step

deglaciation (Seidenkrantz et al., 1996; Sima et al., 2004;

Regattieri et al., 2014). This YD-like event is also recorded by an

abrupt positive d
18O shift (~3.0‰) at ~128.5 kyr B.P. in Shang-

xiaofeng Cave record from northern China (Fig. 6B) (Xue et al.,

2019). However, other Chinese stalagmite records do not exhibit a

positive d
18O excursion during the same time period (Fig. 6).

Although stalagmite WXZ05-12 records a centennial-scale increase

in d
18O at ~129.7 kyr B.P., its amplitude (~0.9‰) is much smaller

than that (~3.0‰) in Shangxiaofeng Cave (Fig. 6B). Hence, the YD-

like event, at least, did not have far-reaching impacts on the CMR.

On the other hand, WXZ05-12 d
18O reveals a persistent oscillation

from 128.9 to 128.5 kyr B.P. on centennial timescales (Fig. 6A).

According to Duan et al. (2019), there was a ‘pause’ event in

northern China (Fig. 6C) (i.e., minimal d
18O shift) following the

onset of the last interglacial, while a ‘slowdown’ pattern in south-

ern China (i.e., negative d
18O shift but with a smaller slope)

(Fig. 6GeK). The relatively lower resolution of Hulu, Yangkou, and

Xiaobailong Cave d
18O records (Fig. 6DeF), however, makes it

difficult to determine the occurrence of a ‘slowdown’ pattern in

these records. But by this definition, our oscillated d
18O variations

well correspond to the ‘pause’ event in northern China within their

chronological uncertainties, implying a common climate change

pattern in both western and northern China after the onset of the

last interglacial, but in contrast to southern China. Therefore, the

YD-like event during the penultimate deglaciation may not be as

prominent as it was during the last deglaciation. In other words, the

YD-like event probably did not lead to cold and severe climate

conditions across the CMR (Kelly et al., 2006; Carlson, 2008; Bauch

et al., 2012; Marino et al., 2015; Duan et al., 2019). The occurrence of

a YD-like event requires a strong IRD event with an obvious

decrease in AMOC intensity analogous to that of the YD during

Termination I. A new high-resolution AMOC record does not show a

second significant AMOC shutdown in the North Atlantic during the

penultimate deglaciation (Fig. 4B; Deaney et al., 2017). The intensity

of the IRD event was also weak and even did not occur (Fig. 4A;

Oppo et al., 2006; Mokeddem et al., 2014; Marino et al., 2015).

Indeed, the rapid retreat of Northern Hemisphere ice sheets under a

strengthened NHSI prevented the AMOC from reaching to a

Fig. 5. Scheme showing the mechanisms explaining the differences between Chinese stalagmite d
18O during HS 11 (A) and at the onset of the last interglacial (B). Enhanced ISM (red

arrows) carried distal moisture and water vapor from the tropical Indian Ocean to southwestern and western China, influencing the d
18O records of the WL, SEY, XBL, JJ, and WX

caves (red dashed circle; ‘Group 1’ mentioned in Fig. 3). Both the ISM and EASM (purple arrows) may have regulated the hydroclimate in southern China, including the DG, YK, and

SB caves (white dashed circle; ‘Group 2’ referenced in Fig. 3). Northern (XL and SXF caves) and eastern (HL cave) China were mainly controlled by the strengthened EASM (yellow

dashed circle; ‘Group 3’ indicated in Fig. 3), which carried proximal moisture and water vapor from the western North Pacific and the South China Sea. During the HS 11 period, the

westerly jet (dark yellow arrow) was relatively stronger than the ASM and was located at the south of the Qinghai-Tibetan Plateau under the severe cold condition (Nagashima et al.,

2007, 2011), which prevented the moisture and water vapor from penetrating inland (Zhang et al., 2018; Li et al., 2019; Chiang et al., 2020); At the onset of the last interglacial, the

westerly jet jumped abruptly to the north of the Qinghai-Tibetan Plateau and influenced the stalagmite d
18O in latitudinal direction (WX, SXF) via the blocking effect, and also

allowed the moisture and water vapor carried by monsoon to intrude inland (Chiang et al., 2015; He et al., 2021). The marked locations of the westerly jet refer to Nagashima et al.

(2011).
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completely vigorous state after Termination II (129e130 kyr B.P.),

and thus the additional flux of freshwater into the North Atlantic

induced a weaker effect on the AMOC than its counterpart during

Termination I (Carlson, 2008; Masson-Delmotte et al., 2010; Govin

et al., 2012; Marino et al., 2015; Deaney et al., 2017; Gorbarenko

et al., 2019; Stoll et al., 2022). Despite its abrupt strengthening at

~129 kyr B.P., the NADW did not completely recover until

~127.5 kyr B.P. (Fig. 4C; B€ohm et al., 2015). This suggests a contin-

uous increase in northward moisture and heat transport even after

the onset of the last interglacial. A study on two marine sediments

cores from the North Atlantic (Bauch et al., 2012) further points to

the apparent lack of the YD-like event, possibly due to rapid envi-

ronmental and global sea level changes. In summary, the specific

Chinese stalagmite d
18O change after the onset of the last inter-

glacial is regarded as a short period of decreased ASM corre-

sponding to amild cold event caused by a slightly weakened AMOC,

but not a YD-like event (Duan et al., 2019; Stoll et al., 2022;

Weldeab et al., 2022).

4.4. Change in d
18O amplitude from the late penultimate glacial to

the last interglacial

Noteworthy disparities among Chinese stalagmite d
18O records

also exist, in particular, during the period from the late penultimate

glacial to the last interglacial. We determined d
18O amplitude for

each site, i.e., the difference between d
18O of the last interglacial

Fig. 6. A comparison of Chinese stalagmite d
18O records between 133 and 123 kyr B.P. (A) Wanxiang Cave (WX; this study); (B) Shangxiaofeng Cave (SXF; Xue et al., 2019); (C)

Xinglong Cave (XL; Duan et al., 2019); (D) Hulu Cave (HL; Cheng et al., 2006); (E) Yangkou Cave (YK; Li et al., 2014); (F) Xiaobailong Cave (XBL; Cai et al., 2015); (G) Sanbao Cave (SB;

Cheng et al., 2009); (H) Jiangjun Cave (JJ; Wassenburg et al., 2021); (I) Dongge Cave (DG; Kelly et al., 2006); (J) Southeast Yunnan Cave (SEY; Liu et al., 2020); (K) Wulu Cave (WL; Li

et al., 2022). The green and dark yellow bars represent the climate ‘slowdown’ and ‘pause’ events after the onset of the last interglacial, respectively (Duan et al., 2019). It is still

uncertain whether there is a ‘slowdown’ pattern in the Hulu, Yangkou, and Xiaobailong Cave d
18O records because of their relatively lower resolution (Cheng et al., 2006; Li et al.,

2014; Cai et al., 2015). The blue bar marks a YD-like event identified by Xue et al. (2019). The black lines indicate the end of the last interglacial period.
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period and that of the period with an abrupt d18O shift right before

HS 11 (Fig. 3) (Xue et al., 2019). The results reveal a decrease in the

amplitude of stalagmite d
18O from southwestern to northeastern

China. The largest amplitude is observed in Southeast Yunnan Cave

(~4.5‰), Wulu Cave (~4.6‰), Jiangjun Cave (~4.1‰), and Xiaobai-

long Cave (~4.7‰) (Fig. 3BeE), all caves located in southwestern

China. The amplitude recorded by the Yangkou Cave, Dongge Cave,

and Sanbao Cave records from South Central China is ~1.6‰, ~2.2‰,

and ~2.4‰, respectively (Fig. 3FeH). d18O of Hulu (eastern China)

and Shangxiaofeng (northern China) caves exhibits a much smaller

amplitude, i.e., ~0.6‰ and ~0.7‰, respectively (Fig. 3IeJ). Although

the Xinglong Cave d
18O record (northeastern China) does not cover

the pre-HS 11 period, its d
18O amplitude is probably lower than

~1.2‰, given the lowest d18O during HS 11, and thus its amplitude is

comparable to that of the Hulu and Shangxiaofeng d
18O records

(Fig. 3K) (Duan et al., 2019). The altitude of cave sites might be a

possible reason for this difference (Cai et al., 2012), such as that the

higher the altitude, the larger the amplitude of d
18O variations.

However, for example, Yangkou Cave at a higher altitude (~2140 m)

records a smaller amplitude (~1.6‰) (Fig. 3F) while Jiangjun Cave at

a lower altitude (200 m) exhibits a larger amplitude (~4.1‰)

(Fig. 3D). Therefore, the cave elevation cannot be a main cause of

the spatial pattern of d18O amplitude changes.

Another possible cause is the distance between the cave sites

and moisture sources in tropical oceans. Precipitation d
18O de-

creases along the distance from the ocean to the cave sites, which

might mute the contrast of precipitation d
18O when the coast re-

treats from a glacial period to an interglacial period (Xue et al.,

2019). However, both Xiaobailong and Dongge caves are located

close to the South China Sea (Fig. 1), but their d
18O records show

quite different amplitudes; ~4.7‰ in Xiaobailong Cave and only

~2.2‰ in Dongge Cave. Moreover, although being far away from the

ocean, Wanxiang Cave has a lager amplitude in d
18O (~5.2‰) rela-

tive to southern caves (Fig. 3A). Accordingly, the distance change

between caves and oceanic moisture sources due to sea level

fluctuations should also have a limited effect to the d
18O

differences.

The transport pathway effect has been proposed to account for

the glacial-interglacial variability in Chinese stalagmite d
18O re-

cords (Liu et al., 2020); an increase in rainfall amount with weaker

isotope fractionation along the moisture pathway results in a lower

amplitude variation in d
18O record from glacial to interglacial pe-

riods. This hypothesis seems to explain the decreasing amplitudes

of d18O change from southwestern to northeastern China. However,

it requires a single moisture source along the moisture transport

pathway, that is, the pathway from the southwestern China. But the

moisture for sites in northern and eastern China, such as Xinglong

Cave, Shangxiaofeng Cave, and Hulu Cave, mainly comes from the

western Pacific (Cheng et al., 2006; Duan et al., 2019; Xue et al.,

2019). The transport pathway effect thus should have less influ-

ence on stalagmite d
18O at these sites. The moisture sourced from

the tropical western Pacific and South China Sea contributes more

to the d
18O variation in the north and east CMR. In contrast, Wan-

xiang, Wulu, Xiaobailong, Jiangjun, and Southeast Yunnan caves are

dominantly influenced by the ISM (Cai et al., 2015; Liu et al., 2020,

2022; Wassenburg et al., 2021; Jia et al., 2022a). The ISM carries

more water vapor with lower d
18O values from the distal tropical

Indian Ocean to southwestern and western China, resulting in

significantly negative d
18O values and a large amplitude change in

the speleothem records (Fig. 5B) (Jia et al., 2022a). On the other

hand, Dongge, Yangkou, and Sanbao caves may largely have been

under the influence of both the ISM and EASM (Maher, 2008). The

EASM brings rainfall with relatively higher d
18O to the regions

adjacent to the South China Sea and/or western Pacific (Clemens

et al., 2010; Tan, 2014). As a result, stalagmite records from these

three caves show relatively moderate d
18O changes. We note that,

however, there is insufficient data to quantify the relative contri-

butions of these two pathways. Situated close to the tropical

western Pacific, Shangxiaofeng, Xinglong, and Hulu caves are

controlled by the EASM and thus receive a large amount of pre-

cipitation with higher d18O (Cheng et al., 2006; Duan et al., 2019;

Xue et al., 2019). When located at the north of the Qinghai-Tibet

Plateau, the westerly jet likely blocked the negative shifts in

Wanxiang Cave d18O, but it onlymitigated the abrupt shift in d
18O at

the onset of the last interglacial without impact on the overall d18O

amplitude during Termination II. Continuously increasing ISM in-

tensity carried more 18O-depeleted precipitation to Wanxiang Cave

during the last interglacial period, resulting in more negative d
18O

and thus a large amplitude in the record (Jia et al., 2022a). Overall,

the differences in the Chinese stalagmite d
18O change from the late

penultimate glacial to the last interglacial are most likely regulated

by their moisture sources (Cai et al., 2015). Simply, the ISM and

EASM can leave different hydroclimatic imprints at different

geographic locations of the CMR (Wassenburg et al., 2021).

5. Conclusions

We represent a high-resolution d
18O record of a precisely dated

stalagmite spanning the period from 133.1 to 127.0 kyr B.P. from

Wanxiang Cave, western China. This record primarily documents

precipitation d
18O changes associated with the ASM intensity on

millennial to centennial timescales. Relatively higher d
18O values

during the WMI mimic other Chinese stalagmite d
18O records,

further illustrating the close teleconnection between the ASM and

the North Atlantic cold event (HS 11). Our d18O exhibits a gradual

decrease at the onset of the last interglacial rather than an abrupt

shift reflected by other cave d
18O records from the CMR. Such

discrepancy is probably associated with the rapid jump of the

westerly jet to the north of the Qinghai-Tibet Plateau. This north-

ward displacement of the jet suppressed the penetration of low-

latitude 18O-depletion moisture and induced more precipitation

with less negative d
18O from the earlier northward EASM rain belt

to Wanxiang Cave. In addition, we did not observe YD-like event in

the Wanxiang d
18O record. The dissimilarities among the Chinese

stalagmite d
18O records during the transition from the late penul-

timate glacial to the last interglacial were largely related to the

changes in monsoonal moisture sources.
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