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ARTICLE INFO ABSTRACT

Editor: Paul Hesse The climate variability during Dansgaard-Oeschger (D-O) events 19 to 25 (first recognized in the Greenland ice

cores) was recorded in the Asian monsoon region, but the climatological dynamic mechanism is still poorly

Keywords: understood. Here, we present a new 2°Th absolute chronology and high-resolution record of the Asian summer
Speleothem ) monsoon (ASM) from 117 to 69 kyr B.P. based on 25 23°Th ages, 803 oxygen and carbon isotopes, as well as 493
?Sa;s[e element ratios trace element ratios of the YYZ1 stalagmite from Yangzi Cave in Fengdu County, 120 km from Chongqing City,
MIS 5 China. The 5'®0 record supports a strong ASM during marine isotope stages (MIS) 5a and 5c and a weak ASM
92 kyr event during MIS 4, 5b, and 5d. Millennial-scale oscillations of D-O 19-25 were also recorded in our speleothem 5'80.
Weak D-O 25 Multiple environmental proxies, 5'C and trace element records of YYZ1 stalagmite can also reflect local climate

and environmental changes. A drought event was clearly identified between 93.0 and 91.5 kyr B.P., referred to as
the 92 kyr event, which exhibited a rapid and abrupt fluctuation (V-shaped) based on our multi-proxy results. We
found that D-O 25 event was not obvious in our record and in other Chinese speleothem records. The D-O 25
event occurred within a period of decreasing North Hemisphere summer insolation (NHSI), which led to different
climate backgrounds, e.g., the increase of ice volume and the corresponding weakening of the Northern Atlantic
thermohaline circulation. Conversely, the D-O events within the high NHSI period or the warm stages (MIS5a,
MIS5c¢) exhibited more obvious fluctuations than those in the low NHSI period or the cool stages (MIS5b, MIS5d).
Thus, we suggest that the differences between D-O events are mainly related to the change of the ASM in
response to variable NHSI. Furthermore, the ASM during D-O events was also influenced by climate variations in
the Southern Hemisphere (SH) and low latitudes, which should not be ignored.

1. Introduction 2006; Wang et al., 2008; Cheng et al., 2009; Cai et al., 2010; Cheng et al.,

2016a). In addition, the changes in the ASM were also influenced by the

During the period of marine isotope stage 5 (MIS 5), in the case of
relatively low ice volume, the global CO; concentration was relatively
high, and the seasonal variation in the solar radiation was large
(Shackleton, 1987; Petit et al., 1999; North Greenland Ice Core Project
Members, 2004; Liithi et al., 2008). Many speleothem records reveal the
close relationship between the Asian summer monsoon (ASM) and the
Northern Hemisphere (NH) high latitude climate during this period
(Yuan et al., 2004; Kelly et al., 2006; Johnson et al., 2006b; Cheng et al.,

climate variations in the Southern Hemisphere (SH) (An et al., 2011;
Jiang et al., 2016; Zhang et al., 2017; Cheng et al., 2020).

Greenland ice core records indicate that millennial-scale abrupt
warming events such as Greenland Interstadials (GIS) 25 to 21 had a
significantly long duration and sub-orbital characteristics, which man-
ifested as precursor-type events and rebound-type events (Capron et al.,
2010). Moreover, Dansgaard-Oeschger (D-O) (Dansgaard et al., 1993)
and Heinrich events (Heinrich, 1988) are the primary climate signals in

* Corresponding author at: Chongqing Key Laboratory of Karst Environment & School of Geographical Sciences, Southwest University, Chongqing 400715, China.
E-mail addresses: sx0919@email.swu.edu.cn (X. Shi), yy2954@swu.edu.cn (Y. Yang), cheng021@umn.edu (H. Cheng), zjyunicorn@stu.xjtu.edu.cn (J. Zhao),

fx1996@email.swu.edu.cn (X. Feng), edwar001 @umn.edu (R.L. Edwards).

https://doi.org/10.1016/j.palaeo.2021.110798

Received 6 April 2021; Received in revised form 6 December 2021; Accepted 14 December 2021

Available online 18 December 2021
0031-0182/© 2021 Elsevier B.V. All rights reserved.


mailto:sx0919@email.swu.edu.cn
mailto:yy2954@swu.edu.cn
mailto:cheng021@umn.edu
mailto:zjyunicorn@stu.xjtu.edu.cn
mailto:fx1996@email.swu.edu.cn
mailto:edwar001@umn.edu
www.sciencedirect.com/science/journal/00310182
https://www.elsevier.com/locate/palaeo
https://doi.org/10.1016/j.palaeo.2021.110798
https://doi.org/10.1016/j.palaeo.2021.110798
https://doi.org/10.1016/j.palaeo.2021.110798
http://crossmark.crossref.org/dialog/?doi=10.1016/j.palaeo.2021.110798&domain=pdf

X. Shi et al.

the NH climate archives. Due to contrasting distributions of the external
influences on the stadial and interstadial durations, different external
climate factors and mechanisms controlled the warming and cooling
transitions (Lohmann and Ditlevsen, 2019). Higher-resolution precisely
dated speleothem records are needed to constrain the structures and
timings of these events and further improve our understanding of their
mechanisms. D-O cycles have various features based on visual in-
spections of several different speleothem records. D-O 25, which ex-
hibits different characteristics than classical D-O events (Oppo et al.,
2006), is interpreted as the rebound event at the end of MIS 5.5 (Capron
et al., 2010). The speleothem records from low-latitude monsoon re-
gions are relatively few and are inconsistent with those from mid-high
latitudes (Drysdale et al., 2007; Boch et al., 2011; Rossi et al., 2014;
Dong et al., 2016). In the ASM area, the MIS 5 samples dated within the
MIS 5e time range grew slowly(Cheng et al., 2006) and the amplitudes of
D-O 25 events’ oscillations are weak(Wang et al., 2008; Jiang et al.,
2016) due to the low ice volume in the NH and the fact that the
millennial-scale changes in the temperature in the North Atlantic region
exerted weak effects on the ASM (Zhou et al., 2008). Capron et al. (2012)
used the D-O 25 event, which does not have a clear global fingerprint
and is inconsistent in the northern high- and low-latitude records, as the
basis to determine whether the D-O 25 event was an abrupt global
climate event. Additionally, some studies suggested that there was a
teleconnection relationship between the East Asian summer monsoon
(EASM) and the North Atlantic climate in the early stage of the last
glacial period. This coupling relationship is attributed to the periodic
changes in the Atlantic thermohaline circulation (Dong et al., 2016).
However, missing or indistinct records of the D-O 25 event in the East
Asian monsoon region are still in doubt. A detailed record is needed to
gain a better understanding of the timing and structure of D-O 25 event.

The interpretation of climate change using speleothem oxygen
isotope records is controversial (Ruan et al., 2019; Liu et al., 2020).
Climate parameters, such as the temperature and amount of precipita-
tion, are difficult to quantify using only speleothem §'80 data (Cheng
et al., 2019). It is necessary to use new proxies, such as 5'3C and trace
elements, to further describe the palaeoclimate variability. Unlike the
large regional scale represented by the speleothem 5'%0 records, §°C
records and trace element ratios are indictors of local environmental
changes(Fairchild et al., 2000, 2001; Johnson et al., 2006a; Fairchild
and Treble, 2009; Zhou et al., 2009).Some studies suggested that these
indicators can reflect changes in regional temperature (Zhou et al.,
2011), local precipitation (Duan et al., 2016; Zhang et al., 2018), and the
productivity and extent of the vegetation cover (Hellstrom and Mccul-
loch, 2000) in specific areas, which are consistent with or opposite to the
explanation of the oxygen isotopes (Cruz et al., 2007; Cheng et al.,
2016b). The records from Dongge Cave suggest that the change of trace
elements is similar to the 5'3C record for the interglacial epoch (Qin
et al.,, 2004). Moreover, Sr/Ca in speleothem can be regarded as the
signals to indicate the variability of the palaeomonsoon, which is
affected by atmospheric dust activity and the Asian winter monsoon (Li
et al.,, 2005; Zhou et al., 2009). In Chinese cave records, many AM
events, especially weak monsoon events, have the complicated clima-
tological dynamic mechanism (Zhang et al., 2017; Cheng et al., 2019).
Because the absolute chronology of ice cores has dating uncertainties
and due to the controversy regarding §'%0, multi-proxy records should
be used to gain a comprehensive understanding of the various aspects of
past environments.

Our study area is in Fengdu County of Chongging City, southwestern
China, which is situated in the interaction zone between the Southwest
and East Asian monsoons, making this area sensitive to the monsoon
climate. The stalagmite 5'80 records from Yangkou Cave were used to
infer the variations in the summer monsoon precipitation and the evo-
lution of the ASM, which was predominantly controlled by the NH solar
insolation on orbital timescales (Li et al., 2014). Wu et al. (2020)
recently reported the changes in the ASM and regional hydrological
conditions during 3.6-118.1 kyr B.P. based on coupled 5'%0 and §'3C
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records. However, their study lacks higher-resolution, precisely dated
speleothem records and trace elements during MIS 5. Therefore, we
conducted a multi-proxy study of new and detailed records from Yangzi
Cave, which cover MIS 5a-5d, in order to provide insights into the
regional nature of the D-O signals and to further elucidate the regional
response to climatic conditions and the potential forcing mechanisms.

2. Materials and methodology
2.1. Regional settings

StalagmiteYYZ1 was collected from Yangzi Cave in Fengdu County of
Chongging City, southwestern China (29°47'00"N,107°47'00"E, eleva-
tion 330 m) (Fig. 1). The study area is located on the eastern edge of the
Sichuan Basin in southwestern China. Multiple parallel-fold mountain
systems run through the area, sloping from southeast to northwest, with
an average elevation of approximately 750 m. The cave is predomi-
nantly composed of the limestone of the Lower Triassic Jialingjiang
Formation (Zhu et al., 2004).The study area has a subtropical humid
monsoon climate, experiences cloudy and foggy weather, and receives a
small amount of light. The climate is mild and the precipitation is
abundant throughout the year. Mean annual temperature is approxi-
mately constant at 18.3 °C.The average annual rainfall is 1400 mm, and
the precipitation in the summer half of the year accounts for nearly
three-quarters of the total annual precipitation (Zhang and Li, 2019).
The river supplement is dominated by atmospheric precipitation, and
most floods occur during summer and autumn. Moreover, the water
level in the area exhibits considerable variation.

2.2. Materials and methods

StalagmiteYYZ1, which was used in this study, is narrow on top and
at the bottom and wide in the middle, with an oblique cylindrical shape.
The sampling length is approximately 950 mm. The stalagmite was cut
along its growth axis. The inside of the stalagmite is white, and it is
composed of pure and dense calcite without evident impurities, growth
striations, and discontinuities in sedimentation. The stalagmite was cut,
polished, and washed with ethyl alcohol and deionised water. We used a
1-mm diameter dental drill to obtain 25 23°Th dating samples, and a 0.5-
mm diameter drill bit was used to collect samples for the 5180, 513C, and
trace element analyses at equal intervals along the centre axis of the
stalagmite (1 mg for each sample powder). One sample was collected
every 0.5-mm in the 0-280 mm region and one sample was collected
every 1 mm in the 281-950 mm region to obtain a total of 803 samples.
The 2%0Th ages were determined using a Neptune multi-collector
inductively coupled plasma mass spectrometer. All of the results are
reported relative to the Vienna Pee Dee Belemnite (VPDB) standard. The
analytical details and standard use were described by Cheng et al. (2000,
2013), whilst the chemical experimental procedures followed those
described by Shen et al. (2002).

The samples were measured at the Department of Earth Sciences of
the University of Minnesota and the Institute of Global Environmental
Change of Xi’an Jiaotong University. The samples for the 520, 5!3C, and
trace element analyses were analysed at the Chongqing Key Laboratory
of Karst Environments. The oxygen and carbon isotope samples were
primarily analysed using a Delta V Plus gas isotope ratio mass spec-
trometer and a front-end carbonate equipment Kiel-IV. The isotopic data
are reported with respect to the VPDB standard with a one-sigma
external error of <+0.1%o for 580 and < +0.06%o for §'°C. The re-
sults for the parallel samples collected from the stalagmite were < 0.2%o.

Approximately 300 pg of CaCO3 samples were dissolved in a 15 mL
centrifuge tube using 3% HNOs. The Ca®" and Mg?' concentrations
were measured using the Optima 2100DV inductively coupled plasma
(ICP) emission spectrometer (Perkin-Elmer, USA) at the Chongging Key
Laboratory of Karst Environments. The detection limit was 1 pgL ™}, and
the analytical error was <2%o. The Sr?t and Ba?' concentrations were
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Fig. 1. Location of our study site, Yangzi cave marked with red star.Other cave sites for comparison are marked with blue circles: Wanxiang Cave (Johnson et al.,
2006b), Sanbao Cave (Wang et al., 2008), Sanxing Cave (Jiang et al., 2016), Dongge Cave(Kelly et al., 2006), Kesang Cave and Tonnel’'naya Cave (Cheng et al.,
2016b), Qal’eKord Cave (Mehterian et al., 2017), Blue arrows denote the directions of the East Asian monsoon and Indian monsoon, which affect the climate in
China. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

measured using a single-collector ICP mass spectrometry (Element XR,
USA) in the same experimental area. The results had a detection limit of
10 ngL "}, and an analytical error of <2%o.

3. Results
3.1. Chronology

The sedimentation and dating information for stalagmite YYZ1 are
illustrated in Table 1 and Fig. 2, respectively. The 233U contents ranged
from 104 ppb to 255 ppb, with an average of 192 ppb. In addition, the
Z32Th contents ranged from 51 ppb to 5457 ppb, with an average of 569
ppb. The maximum and minimum age errors were + 553 and + 164 a,
respectively, with a mean uncertainty of +314 a. The chronological data
progressed according to the normal sedimentary characteristics of the
speleothem from old to new without age reversal. The growth period of
stalagmite YYZ1 was 69-117 kyr B.P., the deposition rate was
0.0047-0.1800 mm/a, the average deposition rate was 0.043 mm/a, and
the deposition rate varied significantly. Consequently, the 25 29Th
dates were used to constrain the age-depth relationship of speleothem
YYZ1 (Fig. 2) produced using the Constructing Proxy-Record from Age
(COPRA) model (Breitenbach et al., 2012). The COPRA model assigned
an accurate time scale to the dates using 2000 Monte Carlo simulations
and linear interpolation. This model can also be used for repeated and
reliable age reversal definitions, error estimations, and hiatus checks.

3.2. 5'80 and §'3C records

A total of 803 oxygen and carbon isotope samples were analysed and
used to reconstruct the 5'%0 and 5'°C curves for 69-117 kyr B.P. period,
with an average resolution of 59 a.

The §'80 time series of speleothem YYZ1 varied from —5.47%o to
—9.86%o, with an amplitude of 4.39%. and an average of —7.84%.. With
reference to the Marine Isotope Stages for this timeframe, the period of
stalagmite YYZ1 included five stages. During the 116.5-108.3 kyr B.P.
period, the §'30 rapidly deviated from —7.09%o to —5.69%, and then, it
deviated further to —8.21%o. The average 5'%0 value was —6.68%o. The

overall curve showed valley characteristics that correspond to MIS 5d
(Fig. 3). During the 108.3-100.7 kyr B.P. period, the 50 rapidly
changed from —8.21%o to —9.85%o, and became positive by frequent
fluctuations, with an average §'%0 value of —8.75%o. The overall curve
exhibited a peak, corresponding to MIS 5c. During 100.7-83.0 kyr B.P.,
5180 rapidly deviated from —8.45%o to —6.44%. The average 520 value
was —8.11%o, and it exhibited valley characteristics, corresponding to
MIS 5b. Around 83.0-73.7 kyr B.P., the §'®0 rapidly changed from
—8.28%0 to —9.71%o, with an average 5'%0 value of —9.06%o, creating a
peak, corresponding to MIS 5a. After 73.7 kyr B.P., the §'%0 rapidly
increased from —8.70%0 to —7.50%o, with an average of —7.94%o.. This
change represented the beginning of MIS 4.

The 5'C values of stalagmite YYZ1 ranged from —6.70%0 to
—12.47%o, with a fluctuation range of 5.76%0 and an average value of
—10.62%o. The 5'3C of the speleothem was negative during MIS 5b and
MIS 5d and positive during MIS 5a and MIS 5c. The average 5'3C values
during MIS 5d, MIS 5¢, MIS 5b, MIS 5a, and the late stage of MIS 4 were
— 9.91%o, 11.25%0, 10.69%o, 11.14%o, and 10.53%o, respectively (Fig. 6).

3.3. Trace elements

The trace elements of a total of 493 samples from YYZ1 stalagmite
were analysed. The minimum, maximum, and average values of the Mg/
Ca ratio were 17.72 x 10_3, 30.80 x 10_3, and 11.36 x 10_3, respec-
tively, whereas those of the Sr/Ca ratio were 0.90 x 1073, 4.23 x 1073,
and 2.07 x 1072 and those of the Ba/Ca ratios were 1.16 x 1073, 5.13 x
1073, and 2.52 x 1073, respectively. The Mg/Ca, Sr/Ca, and Ba/Ca ra-
tios of stalagmite YYZ1 were relatively similar, and they were all high
during the glacial periods (i.e., MIS 5d, MIS 5b, and MIS 4) and low
during the interglacial periods (i.e., MIS 5c¢ and MIS 5a). This finding
reflected the transition between the glacial and interglacial periods from
117 kyr B.P. to 69 kyr B.P. (Fig. 6).
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Table 1
230Th dating results of stalagmite YYZ1.
Sample ID Depth 238y 232Th [22°Th/?32Th] 52U [%°Th/238U] 230Th Age
(mm) (ppb) (ppt) (activity) (yr BP)

YYZ1-B1 10 174.0 + 0.2 163.5 + 3.5 46,296 + 1000 4217.2 + 4.4 2.6386 + 0.0040 69,231 + 177
YYZ1-B2 30 249.9 £ 0.2 159.0 + 3.5 68,582 + 1515 4189.5 + 4.3 2.6476 + 0.0043 70,017 + 164
YYZ1-B4 80 255.4 + 0.3 131.4 + 3.1 85,850 + 2013 4159.5 + 4.5 2.6785 + 0.0055 71,616 + 208
YYZ1-LTY3 100 215.4 + 0.3 99.9 + 2.9 95,480 + 2747 4154.3+ 9.9 2.6813 + 0.0045 71,895 + 240
YYZ1-B6 125 193.8 + 0.2 89.2 + 2.5 97,037 + 2685 4126.8 + 4.0 2.7106 + 0.0046 73,343 + 177
YYZ1-LTY4 175 244.7 £ 0.5 118.2 + 3.9 93,005 + 3034 4119.2 + 14.3 2.7213 + 0.0063 73,952 + 353
YYZ1-B8 190 223.1 £ 0.2 437.6 £ 9.3 22,970 + 492 4096.6 + 4.7 2.7329 + 0.0062 74,707 + 238
YYZ1-B9 240 128.9 + 0.1 433.2 £ 9.0 13,437 + 279 4012.2 + 3.8 2.7396 + 0.0048 76,631 + 193
YYZ1-B10 280 104.4 + 0.1 787.7 +15.9 6297 + 128 4008.9 + 4.5 2.8822 + 0.0063 82,034 + 262
YYZ1-B11 330 230.7 + 0.3 180.1 + 4.2 63,355 + 1478 3903.6 + 3.7 2.9993 + 0.0053 89,238 + 237
YYZ1-LTY7 363 184.9 + 0.2 650.2 + 2.8 14,062 + 66 3869.6 + 5.9 2.995 + 0.0063 90,023 + 305
YYZ1-B12 370 167.8 + 0.2 5456.6 + 109.3 1536 + 31 3874.2+ 5.5 3.0299 + 0.0070 91,119 + 344
YYZ1-B13 410 191.6 + 0.2 202.0 + 6.7 47,683 + 1577 3857.0 + 3.9 3.0485 + 0.0063 92,518 + 289
YYZ1-B14 430 145.1 + 0.1 463.5 + 9.9 15,824 + 338 3851.3 + 4.6 3.0653 + 0.0058 93,383 + 277
YYZ1-B15 480 196.3 + 0.2 2067.4 + 41.5 4923 + 99 3820.1 + 4.0 3.1444 + 0.0056 97,680 + 277
YYZ1-B16 530 199.9 + 0.1 335.2 + 7.4 18,774 + 418 3750.0 + 4.3 3.1812 + 0.0068 101,531 + 343
YYZ1-B17 560 144.7 + 0.2 108.1 + 3.2 71,725 + 2128 3657.8 + 5.3 3.249 + 0.0083 107,854 + 447
YYZ1-B18 580 230.5 + 0.2 206.0 + 4.6 59,808 + 1335 3627.3 + 3.4 3.2413 + 0.0050 108,560 + 276
YYZ1-LTY11 600 166.9 + 0.2 51.3 + 10.8 174,975 + 36,737 3612.0 + 7.4 3.2583 + 0.0095 110,071 + 553
YYZ1-B20 640 226.4 + 0.2 629.1 +13.3 19,113 + 407 3552.2 + 3.9 3.2217 + 0.0065 110,302 + 365
YYZ1-B22 710 232.8 £ 0.3 959.6 + 19.6 12,935 + 265 3505.4 + 4.9 3.2342 + 0.0076 112,731 + 444
YYZ1-LTY14 797 202.3 £ 0.3 96.1 + 2.7 114,258 + 3170 3568.7 + 7.4 3.2878 + 0.0072 113,214 + 472
YYZ1-LTY15 877 228.8 + 0.2 62.9 + 3.3 197,713 + 10,454 3544.0.0 + 6.3 3.2929 + 0.0069 114,446 + 439
YYZ1-B29 910 138.7 + 0.1 115.2 + 4.0 65,409 + 2263 3501.3 + 5.1 3.2932 + 0.0074 116,060 + 448

U decay constants: Ay3g = 1.55125 x 10710 (Jaffey et al., 1971) and Apz4 = 2.82206 x 107 (Cheng et al., 2013). Th decay constant: Apzo = 9.1705 x 10°° (Chengetal.,

2013).

Corrected 2°°Th ages assume the initial 2°Th/?*?Th atomic ratio of 4.4 + 2.2 x 107, Those are the values for a material at secular equilibrium, with the bulk earth

232Th /238y value of 3.8. The errors are arbitrarily assumed to be 50%

*$234 U = (**U/*8U)activiy—1) x 1000.

950 mm

. B.P. stands for ‘Before Present’ where the ‘Present’ is defined as the year 1950 CE.
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4. Discussion

4.1. Reproducibility comparison of the 580 records of Chinese

Fig. 2. Age model and photo of YYZ1 stalagmite. Age model is established by

Age(kyrs BP)

stalagmites

4.1.1. Timing, duration, and characteristic of the D-O event

COPRA program (Breitenbach et al., 2012),which is based on 2*°Th dates. Black Consistent with the changes in the solar radiation records during

error bars show 22°Th dates with 26 errors (Table.1).

summer at 65°N, the overall trend of the §'80 variation curve of sta-
lagmite YYZ1 contains three valleys and two peaks similar to the pre-
cession fluctuation cycle. That is, the variations in the 5'80 record of the
stalagmite during this period may have been mainly controlled by the
external astronomical orbital parameters on an orbital scale. Compared
with the millennial-scale abrupt temperature events (i.e., D-O 19-25 in
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the North Greenland Ice Core Project (NGRIP) records), which was
conducted using the AICC2012 timescale (Veres et al., 2013), abrupt
climatic events were also clearly recorded in the §'%0 record of stalag-
mite YYZ1. Two of the age control points (108.5 + 0.2 kyr B.P. and
107.8 & 0.4 kyr B.P.) were located in the MIS 5d/5c transition stage. The
midpoint of this process (108.2 + 0.3 kyr B.P.) was taken as the onset of
MIS 5c. 680 was generally negative between 107.8 and 104.6 kyr B.P.,
with an average value of —9.54%o. At this time, the intensity of the
summer monsoon was strong, and this period was defined as D-O event
24. The Sanxing Cave speleothem 520 (Fig. 4c) recorded two weak
monsoon events during 105.5-104.2 kyr B.P. (with an amplitude of up
to 1.5%o). These events were also recorded in Sanbao Cave (Fig. 4b) and
Dongge Cave (Fig. 4e) (Kelly et al., 2006) and corresponded to 200-300
years of warm events in the Greenland ice core record. Given the gradual
sedimentation and low resolution of the speleothem record from Yangzi
Cave during this period, the precursor event (PE) was not evident, but
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Fig. 4. Comparison of §'%0 records of stalagmite YYZ1 and other records. (a)
5180 profiles of stalagmiteYYZ1;the red curve shows the 65°N summer Insola-
tion. (b) YZ1 from Yangzi Cave (Wu et al., 2020). (c¢) SB22,SB23 from Sanbao
Cave (Wang et al., 2008). (d) SX7(purple),SX24(black),SX29(dark green) from
Sanxing Cave(Jiang et al., 2016). (e) Stalagmite records WX52 from Wanxiang
Cave (Johnson et al., 2006b). (f) Stalagmite records D4 from Dongge Cave
(Kelly et al., 2006). D-O 19-25 are the millennial-scale warm and humid events
in China. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Palaeogeography, Palaeoclimatology, Palaeoecology 587 (2022) 110798

the trend could be observed continuously during 104.6-103.2 kyr B.P. In
the §'80 record, D-O event 23 started at 103.2 = 0.3 kyr B.P., which is
consistent with the records from Sanxing Cave within the error range. D-
O event 22 started at 91.4 + 0.3 kyr B.P. based on the YYZ1 record,
which is comparable to that from Sanxing Cave (91.4 + 0.6 kyr B.P.) and
the SB22 records (90.5 + 0.8 kyr B.P.). These stalagmite records are
basically consistent within the range of the dating error. The timing of
the onset of D-O event 21 in the YYZ1 record was inferred to be around
83.9 & 0.3 kyr B.P. due to a lack of more age-controlling points, which is
approximately consistent with the Yangkou (84.6 + 0.3 kyr B.P.) and
Sanbao (83.9 + 0.7 kyr B.P.) records. The onset and termination of D-O
event 20 occurred at 74.7 + 0.27 kyr B.P. and 73.6 + 0.3 kyr B.P.,
respectively, which are identical to the JFYK7 (74.8 + 0.3 to 73.2 + 0.3
kyr B.P.; Zhang et al., 2017) and NGRIP records (76.4 + 2.6 to 74.1 + 2.6
kyr B.P.) within the error range. The onset of D-O event 19 occurred at
72.3 £+ 2.6 kyr B.P. according to the NGRIP record, but in the YYZ1
record, it was indistinct and unresolved. In the same cave, the 5§80 re-
cords for stalagmite YZ1 are similar to the YYZ1 record in general, and
D-O events 23 and 25 are not obvious (Wu et al., 2020).

The millennium event records of stalagmite YYZ1 include D-O events
22 and 19,possess small amplitudes, and exhibit weak peaks. Moreover,
the characteristics of both events are closer to the marine records than to
the ice core records. D-O event 19 was distinctly recorded in Sanbao
Cave, whereas the amplitude of the variation recorded in Hulu Cave was
approximately 1.5 ppm, which is insignificant (Wang et al., 2001). This
event was also not apparent in the YYZ1 records, which only exhibited
slight variations. Zielinski (2000) believed that the Toba volcanic super-
eruption event occurred during the transition from MIS 5a to MIS 4, and
the Toba volcanic ash was distributed between D-O events 19 and 20.
The chronology of D-O events 19 and 20 recorded by stalagmite YYZ1
shows an extremely small deviation from that indicated by the NGRIP
records, while D-O event 19 is extremely evident in the NGRIP record.
Some studies have suggested that the response of the climate to the Toba
volcanic eruptions was not as strong in the low latitudes as in the high
latitudes (Wu et al., 2012). This explains why the YYZ1 record gradually
declined and fluctuated slightly at 73 + 0.2 kyr B.P. compared with the
NGRIP record, which exhibited a rapid increase and decline. The dif-
ferences in the initial termination shift between the YYZ1 and NGRIP
records were similar to those of the Yangkou Cave and Wanxiang Cave
records. Thus, we speculate that the climate change at low latitudes
played a crucial role during this period (Du et al., 2019).One possible
hypothesis is that the millennial events that occurred during the glacial
period were triggered in the high latitudes in the NH (Broecker, 1998),
whereas the interglacial events were triggered in the SH (Bakker et al.,
2017) or low latitudes (Wang, 2006). This research field is complicated
and challenging, but it is crucial to understanding the orbital-millennial
climate changes and the relationship between low latitude and global
changes (Cheng et al., 2019).

4.1.2. Factors controlling the stalagmite 5'%0 records

The benthic §'80 records define 24 new marine isotope stages (MIS)
in the early Pliocene, which accounts for a large percentage of the re-
cords from the Atlantic and is related to Northern Hemisphere insola-
tion. The uncertainty in the LR04 age model is derived from the
sedimentation rate constraints and the assumed response times of the ice
sheets. In contrast to this, our speleothem records possess a 20 kyr
precession cycle, which represents the change in the East Asian summer
monsoon.

In terms of isotope fractionation, the major factors affecting the
stalagmite 5'80 values are the cave temperature and drip water (Hendy,
1971). The effect of the cave temperature on the 5'80 fractionation
coefficient is —0.23%o/°C (Oneil et al., 1969). Compared with the ~3 °C
temperature change obtained from §'%0 simulation results of cave spe-
leothems in southern Asia (Caley et al., 2014), we infer the variation in
temperature during the entire depositional period of stalagmite YYZ1
was approximately 19 °C. These two results are significantly different.
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Thus, temperature is not the dominant factor affecting the 50 changes
in the YYZ1 record. Given the combined influence of the Indian summer
monsoon (ISM) and the East Asian summer monsoon (EASM), inter-
preting the stalagmite 5'%0 records in this region is relatively compli-
cated. In the monsoon region of China, the stalagmite 5'0 indicates the
average summer monsoon intensity (Cheng et al., 2012a). Isotope
modelling supports the conclusion that the 580 records represent the
intensity of the EASM system (Liu et al., 2014). Modern meteorological
observation data indicate that the water vapour for the summer pre-
cipitation in the EASM region mainly comes from the Indian Ocean
(Ding et al., 2004; Drumond et al., 2011). The stalagmite 5180 record
(mainly including MIS 5a, 5¢, and 5e) from Tianmen Cave, which is
located in the area affected by the ISM, shows that the change in the ISM
intensity is basically consistent with that of the EASM, that is, there are
no evident phase differences between the ISM and EASM (Cai et al.,
2010).Therefore, the enhancement of ISM or EASM on the orbital and
millennial scale was regarded as the enhancement of ASM. The record
from northern India also suggests that the ISM and ASM exhibit a
coupled response to the changes in the NH summer insolation without
significant temporal lags (Cheng et al., 2016a). In addition, the §'%0
values indicate the strength of the southerly monsoonal flow over East
Asia (Liu et al., 2014).Yangzi Cave is located in the area in which the ISM
and EASM interact, which is highly sensitive to the changes in the
monsoon climate. The stalagmite 580 values reflect the changes in
overall entire ASM intensity (Zhang and Li, 2019). Heavier 5'80 values
indicate weak summer monsoon intensity, and vice versa.

4.1.3. Variability of D-O 25 event

Whether the D-O 25 event was a global climate event remains
controversial. The D-O 25 event was a significant sub-orbital abrupt
climate event with a long duration in the NGRIP record. The 5'%0 record
of stalagmite YYZ1 contains an abrupt negative shift at 113.0 + 0.4 kyr
B.P. (amplitude of up to 5%), implicating the onset of the D-O 25 event.
This event is consistent with the Sanxing Cave (113.1 + 0.4 kyr B.P.)
(Jiang et al., 2016) and Sanbao Cave (112.3 + 0.8 kyr B.P.) records
(Wang et al., 2008) within the error range. The 5'80 values of the
Sanbao Cave record gradually became negative with no sudden abrupt
negative shift, reflecting a weak monsoon intensification event. How-
ever, we found this quite surprising given that such an event is not
visible in all of the Chinese records. The 5'80 trend changes at ~113 kyr
B.P., but there is no clear peak in these records. Due to the lower tem-
poral resolution of the 580 record, the D-O 25 event is not obvious in
the YZ1 record (from the same cave) (Wu et al., 2020). In addition, the
D-O 25 event was not clearly recorded in Suozi Cave (Fig. 5g) and
Dongge Cave (Fig. 5f). At middle and high latitudes, the L4 speleothem
in Dragon Cave distinctly recorded the beginning of the D-O 25 event at
113.9 £ 0.6 kyr B.P. However, the timing of the end of this event is
unclear because of the growth discontinuity in the stalagmite, but it is
inferred to have ended at 111.3 + 0.6 kyr B.P. (Dong et al., 2016).
Located at the edge of the area affected by the summer monsoon, the
onset of the D-O 25 event was recorded in Wanxiang Cave at 114.5 + 3.4
kyr B.P. However, the large dating error for the end of the record has
resulted in the imprecise calibration of the age (Johnson et al., 2006b).
Through comparison of the relevant records, the high- and low-latitude
stalagmite records in China were determined to exhibit good consistency
with the D-O 25 event, indicating that the event is a regional Asian
summer monsoon enhancement event. According to the existing spe-
leothem records in the Asian monsoon region, the amplitude of the D-O
25 event is smaller than that of the other climate fluctuation events on
the millennial and centennial scales. The D-O 25 event occurred at the
low NHSI period. An initial increase in the solar radiation in the NH and
a similar event (D-O 22) also occurred during the same type of stage.
However, the D-O 22 event is more evident in the speleothem records in
the monsoon region than D-O 25 event. Therefore, the amount of solar
radiation is not the only reason for the small amplitude of the D-O 25
event in the records. The period of initial ice sheet build up is considered
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Fig. 5. Detailed comparison between YYZ1 and other records of D-O25 event.
(a) NGRIP(AICC2012 time-scale, Veres et al., 2013). (b) §*0 records of sta-
lagmite YYZ1. (c) SX29 from Sanxing Cave (Jiang et al., 2016). (d) WX52 from
Wanxiang Cave (Johnson et al., 2006b) (e) SB23 from Sanbao Cave(Wang et al.,
2008). (f) D4 from Dongge Cave (Wang et al., 2008). (g) SZ2 from Suozi Cave
(Kelly et al., 2006).The purple curve shows 20 pts. SG smooth of their stalag-
mite records, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

the reason for the weak amplitude of the D-O 25 event, but the char-
acteristics of the D-O 25 event are similar to those of other D-O events. In
the YYZ1 record, the amplitudes of D-O events 19, 22, and 25 are smaller
than those of other D-O events, which is consistent with the Greenland
ice core record (Andersen et al., 2004). Thus, the triggering mechanism
of this event cannot be simply attributed to the melting of ice or another
large freshwater input to the North Atlantic Ocean. The partial or
complete shutdown of the Atlantic Meridional Overturning Circulation
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(AMOC) is the primary cause of and explanation for the stadial occur-
rences (Rahmstorf, 2002). During the warm period of MIS 5e, the AMOC
experienced three long periods of strong weakening (Galaasen et al.,
2014). During MIS 5b and 5d, the sea surface temperatures decreased
less in the western tropical Atlantic than in the Atlantic Ocean at high
latitudes, suggesting the decoupling of the tropical and northern high-
latitude areas during the low intensity AMOC(Rama-Corredor et al.,
2015). Beck et al. (2018) argue that neither the EASM intensity nor the
Chinese cave 5'80 records are governed by high-northern-latitude
insolation, but rather by the low-latitude inter-hemispheric insolation
gradients, which may strongly influence the global ice volume via
monsoon dynamics. During MIS 5d, which has just passed through the
peak period of the last interglacial period, the Thermohaline Current
(THC) in the North Atlantic was weak. Consequently, the temperature
variation in the North Atlantic region was weakly transmitted to the
ASM and was mainly affected by the processes in the low latitudes.

4.2. Coupling of speleothem 5'°C and trace elements

The latest research shows that speleothem 5'3C values can be used as
a proxy for climate conditions, and they reflect the changes in the
external environment (Fohlmeister et al., 2020). A local modern envi-
ronmental monitoring study in the Chongqing area also revealed that
the evolution of the Asian summer monsoon is recorded by speleothem
5'3C records (Li et al., 2018). The 5'3C and 680 records of stalagmite
YYZ1 exhibit synchronous changes on the millennial scale (Fig. 6,
Table2). During MIS 5a and MIS 5c, the enhancement of the summer
monsoon and the higher local precipitation resulted in lower 5'3C values
in southwestern China, and vice versa. Speleothem 5'3C values were
significantly more positive during periods of lower solar radiation
(115-111 kyr B.P., 94-91 kyr B.P., and 72-69 kyr B.P.), which indicates
that the changes in the dry and wet conditions in Yangzi cave obviously
respond to the ASM and the weakening of the NHSI intensity on the
orbital scale. However, no evident negative 53¢ peak similar to the s®o
peak was observed during the warm MIS 5c¢ and MIS 5a periods or the
strong summer monsoon stage. Therefore, other factors should be
considered when assessing the indicative significance of the 5'3C record
of stalagmite YYZ1. Stalagmite §'3C values are affected by several
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Fig. 6. 6'80, 56'°C records and the trace elements ratios from YYZ1.5'80 record
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(pink). The gray bar indicates the “92kyr event” of weak ASM. (For interpre-
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the web version of this article.)
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factors, such as variations in the regional temperature and humidity,
vegetation types and coverage, the karst water transport time, and the
prior calcite precipitation (PCP) effect (Dorale et al., 1998; Genty et al.,
2003).Chongqing is located in a subtropical region, and C3 plants are
the dominant type of vegetation. It is considered that the carbon isotope
composition is about —25% for overlying C3 plants, but the §'3C of the
associated speleothem ranges from —12%o to —4%o (Genty et al., 2003;
McDermott, 2004). A previous study on Yangzi Cave also supported this
conclusion (Wu et al., 2020).The variation range of the 513C of stalag-
mite YYZ1 was not significant during the warm periods. Do the lower
580 values, which reflect an enhanced summer monsoon not neces-
sarily indicate an increase in precipitation? Actually, influenced by too
much precipitation, faster karst flow rates, shorter water-soil residence
times, and a lack of isotopic-equilibrium between soil CO5 and water
will all result in lower §'3C speleothem values (Baker et al., 1997; Li
et al., 2018). This pattern has been observed in Soreq Cave in Israel
(Bar-Matthews et al., 2000) and Clamous Cave in southern France
(Plagnes et al., 2002). That is, a strong summer monsoon leads to heavy
precipitation (the over wet model), and the rapid flow of soil water in an
extremely humid climate shortens the residence time of the soil water.
This may prevent the dissolution equilibrium of COy from being
reached, and the 5'3C speleothem values will decrease.

The interpretation of 5'3C records is complex and uncertain, even for
stalagmites from the same cave (Fohlmeister et al., 2020). Other proxies,
especially the Mg/Ca, Sr/Ca, and Ba/Ca ratios, are helpful in more
detailed climate reconstructions. The trace element ratios of stalagmite
YYZ1 were low during the warm periods and high during the cold pe-
riods. The highly resolved trace element reconstruction exhibited
millennial-scale variability corresponding to D-O events 19-25 (yellow
region in Fig. 6). The comparisons between the trace element ratios and
the §'%0 and 6'3C values indicate that Mg/Ca and §'3C are strongly
correlated on the millennial scale. There is a significant positive corre-
lation (r = 0.325, p < 0.01) between the Mg/Ca and 513C values
(Table 2). Several case studies have effectively used trace elements (e.g.,
speleothem Mg) as records of palaeoaridity (Fairchild and Treble, 2009).
Extended groundwater residence times and enhanced water-rock in-
teractions (WRIs) are beneficial to increasing the Mg contents of cave
deposits. The residence time is closely related to the external dry and
wet conditions and the precipitation changes (Verheyden et al., 2000;
Treble et al., 2003). Wet conditions lead to enrichments in Mg and Sr
compared to Ca, due to the selective leaching of Mg and Sr. Stalagmite
YYZ1 is pure calcite, and there is no transformation of aragonite to
calcite. We did not consider the influences of temperature, deposition
rate, and mineral variations on the partition coefficients, which affect
the Mg and Ca contents of the speleothem. The partition coefficients for
Mg are always much less than one. The correlation between the Mg/Ca
and 8'3C values reflects the PCP effect caused by CO; degassing during
karst water transport. During the MIS 5c and MIS 5a monsoon
enhancement stages, the monsoon precipitation increased, resulting in
rapidly flowing karst water and shorter reaction times, which led to a
decrease in the Mg/Ca values of stalagmite YYZ1. During the period with
less precipitation, the longer residence times and water-rock interaction
times strengthened the CO; degassing and PCP, resulting in higher
Mg/Ca ratios. Cold and dry climates promote atmospheric dust and in-
crease the Sr concentrations of speleothems (Jahn et al., 2001; Li et al.,
2005; Zhou et al., 2009). The change in Ca?>* with PCP had a significant
influence on the change in the Sr/Ca ratio (Johnson et al., 2006a, 2006b;
Cruz et al., 2007; Zhang and Li, 2019). The Ba/Ca and Sr/Ca ratios are
significantly correlated in stalagmite YYZ1(r = 0.329, p < 0.01), sug-
gesting that they may have been subject to a common control
mechanism.

During the periods with the lowest solar radiation at 65°N (i.e., at
115-111 kyr B.P., 94-91 kyr B.P., and 72-69 kyr B.P.), the 5'C, Mg/Ca,
Sr/Ca, and Ba/Ca values of stalagmite YYZ1 exhibited extreme changes,
with a negative §'°C excursion and rapidly increasing Mg/Ca, Sr/Ca,
and Ba/Ca values. These results showed that during the cold periods, the
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Table 2
Correlation coefficients between 520, §'3C and trace element ratios of stalag-
mite YYZ1.

(6] C Mg/Ca Sr/Ca Ba/Ca
(0] 1 0.577* 0.179** 0.349%* 0.106*
C - 1 0.325%* 0.100* —0.081
Mg/Ca - - 1 0.297%* —0.1*
Sr/Ca - - - 1 0.329%*
Ba/Ca - - - - 1

" Indicates significant at a 95% confidence level (p < 0.05).
" Indicates significant at a 99% confidence level (p < 0.01).

ASM intensity weakened, the climate became dry, the migration time of
the dripping water in the cave was prolonged, and the PCP was
enhanced, thereby resulting in changes in the 613C, Mg/Ca, Sr/Ca, and
Ba/Ca values of the speleothems. In contrast, as the solar radiation
gradually reached the maximum value, the 5'%0 decreased. This sug-
gests that the intensity of the ASM increased, leading to more precipi-
tation. The YYZ1 records show covariations between the Mg/Ca, Sr/Ca,
and Ba/Ca ratios, which all decreased significantly. We conclude that
the coupling between the changes in the §'3C values and the trace
element ratios reflects the changes in local ecological environment.

4.3. Multiproxy record and mechanism of the 92 kyr weak monsoon event

The 680 values of YYZ1 rapidly fluctuated between 93.1 and 91.5
kyr B.P., which rapidly became negative when the highest positive value
was reached at 91.6 kyr B.P. The amplitude of this variation is 1.4%o, and
it is generally V-shaped. In addition, the duration of the event was
approximately 1.5 kyr B.P. We found that the AM records (i.e., the 5'%0
records of stalagmites after smoothing out the solar radiation signals)
exhibited a downward trend during 91-93 kyr B.P. During this period,
the 580 values of the Sanxing, Sanbao, Xiaobailong, and QK cave re-
cords all reached and maintained their lowest values for a period of time
(Jiang et al., 2016; Wang et al., 2008; (Cai et al., 2015); (Mehterian
et al., 2017)). However, two hiatuses occurred during periods of un-
stable climate and one of them interrupted the growth of the stalagmite
in other records (Columbu et al., 2019). Small deviations occurred in the
times recorded and in the magnitudes of the 580 variations in the
different caves. The speleothem records from Sanxing Cave gradually
became positive after 97.6 kyr B.P., reaching the most positive value
from 95.8 kyr B.P. to 92.4 kyr B.P., and they gradually became negative
thereafter (Fig. 7b). The 5180 record from Sanbao Cave reached the
maximum at 94.9 kyr B.P. and became negative after 91.3 kyr B.P.
(Fig. 7¢).This weak monsoon event was also recorded in mid-latitude
areas, such as in Kesang Cave in Xinjiang (Cheng et al., 2012b) and in
Tonnel’naya Cave in Uzbekistan (Cheng et al., 2016b). The speleothem
record of the former rapidly deviated after 94.1 kyr B.P. until it reached
the maximum at 93.9 kyr B.P., and then, it rapidly deviated again at
93.9-92.3 kyr B.P. From 93 to 90 kyr B.P., a 0.8%o enrichment in the
oxygen isotopic values led to the highest 5'%0 values in the stalagmite
K1-2010 record (Nehme et al., 2015). The regional differences in the
oxygen isotopes of the speleothem on this short time scale may have
been caused by the differences in the hydrothermal patterns caused by
the different land/ocean distribution patterns in the East Asian and In-
dian monsoon regions (Tan et al., 2009). Cheng et al. (2012a) discovered
that the influence range of the ASM can extend to the interior part of
Central Asia when the solar radiation increases, and atmospheric cir-
culation can replace temperature as the dominant factor controlling the
variations in 5'%0 in these areas. During the period of low solar radiation
in the NH, the §'%0 values in Kesang Cave were positive because the
weakening of the summer monsoon exacerbated the evaporation in the
local lake basin. This phenomenon caused the local water vapour’s 520
value to increase and made the directly inherited §'0 value of the at-
mospheric precipitation positive. We conclude that the rapid and posi-
tive change in the §'80 value in the stalagmite YYZ1 record at 93.1-91.5
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Fig. 7. Comparison of 93.1-91.5 kyr B.P. in stalagmite §'80, 8'>C records from
Yangzi Cave and other records. (2)5'%0 records of stalagmite YYZ1. (b)SX7
from Sanxing Cave (Jiang et al., 2016). (c)SB25-1 from Sanbao Cave(Wang
et al., 2008). (d) XBL25 from XiaobailongCave (Cai et al., 2015). (e) QK8 from
Qal’ekord Cave (Mehterian et al., 2017). (f)Kesang Cave(green) (Cheng et al.,
2012b). (g)&lSCrecords of stalagmite YYZ1. (h)5'3C records from Kesang Cave
(green) (Cheng et al., 2012b). (e)Mg/Ca ratio of YYZ1 (f)Sr/Ca ratio of YYZ1 (g)
Ba/Ca ratio of YYZ1.The gray bar represents the “92kyr event” of weak ASM.
(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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kyr B.P., which may be similar to that in Kesang Cave, reflects the
change in the precipitation source during the weakest period of solar
radiation. In contrast, the oxygen isotope record of stalagmite BT2 from
Botuvera Cave in the SH exhibited a stable and sustained negative value
at 92.7-89.7 kyr B.P. (Fig. 8d). The record of stalagmite DANF from
Dante Cave in southern Africa provides more convincing evidence of a
wet period at ~92 kyr B.P. These records confirm that the greater solar
insolation in the SH brought the tropical rain belt farther south, resulting
in increased rainfall (Railsback et al., 2019). Thus, these results indicate
that the southward movement of the tropical rainfall belt resulted in
more precipitation in the SH low-latitude areas and less precipitation in
the NH. The weakening of the summer monsoon and the intensification
of local evaporation caused the high 580 local water vapour to enter the
precipitation clouds. Thereafter, this phenomenon brought about a high
5'80 atmospheric precipitation and ultimately led to a sharp positive
shift in the 5'80 values of the speleothems in the NH.

Both the §'3C and trace element values of stalagmite YYZ1 exhibited
positive trends during in this period (Fig. 7). At 92.6 kyr B.P., a rapid
decrease in 6'3C leads to a peak of —6.7%o at 91.6 kyr B.P., and the Mg/
Ca curve exhibits similar variations. The Sr/Ca and Ba/Ca ratios
exhibited frequent fluctuations and reached their highest values at 93
and 92.5 kyr B.P., respectively. As was previously mentioned, the §'3C
values and trace element ratios of stalagmite YYZ1 mainly reflect the
changes in the regional precipitation. During this period, the atmo-
spheric precipitation in the Chongqing area may have mostly originated
from local water vapour, the precipitation decreased significantly when
the summer monsoon was weak, and the area experienced relatively dry
climatic conditions. Long-term drought can change the local vegetation
type and density. Due to these changes, the proportion of the C3/C4
vegetation can be reduced and the stalagmite 5!3C values can become
positive. Moreover, drier conditions prolong the migration time of karst
water, can change its migration path, and can strengthen the PCP effect,
causing the 5'3C values of the speleothems to become more positive and
increasing the Mg/Ca, Sr/Ca, and Ba/Ca ratios.

In addition, the characteristics of this period have been observed in
other geological records. For example, in the Zoige Basin on the eastern
edge of the Qinghai-Tibetan Plateau, a low sporopollen concentration
occurred in the valley at 92 kyr B.P., indicating a weak summer monsoon
period (Shen et al., 2005). The records of the Rb and Sr contents and
ratios in the Milanggouwan section of China’s Salawusu River Valley
confirm that the influence of the winter monsoon was dominant during
92-94 kyr B.P., and the climate was mainly dry and cold at this time (Du
et al., 2011). The evidence obtained from numerous geological records
leads to the following conclusions. (1) A drought event occurred be-
tween 93.1 and 91.5 kyr B.P. At this time, (2) the solar radiation reached
the lowest value, (3) the summer monsoon weakened, and (4) the
evaporation in the Asian monsoon region was strong. The consistency of
these records regarding the occurrence time of the 92 kyr B.P. drought
event indicates that the event had a hemispheric effect. However, this
inference requires additional higher-resolution records from other re-
gions as support.

4.4. Connection between the ASM and global climate

Seven ASM strengthening events, in concert with D-O events 19-25
in the NGRIP temperature records, were revealed by the negative 5'0in
stalagmite YYZ1 record (Fig. 8).Consistently, various geological records
have confirmed the coherent millennial-scale variations between the
ASM and the climate in the northern hemisphere high latitudes (Yuan
etal., 2004; Wang et al., 2008; Cheng et al., 2009; Cai et al., 2010; Cheng
et al., 2016a). The temperature changes of the North Atlantic high
latitude influence the Asian monsoon via for example, the westerly jet
and oceanic belt (Cheng et al., 2012a; Cosford et al., 2008; Chiang et al.,
2015; Zhang et al., 2018; Cheng et al., 2020). During MIS 5d and 5b, as
the solar radiation initially intensified, plenty of melt water might enter
into the Atlantic Ocean, consequently weakening the North Atlantic
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Deep Water (NADW) and/or THC ( Broecker et al., 1992; Bard et al.,
2000; Hodell et al., 2017), which is consistent with the ASM weakening
recorded by stalagmite YYZ1 records (Fig. 8). During MIS 5c and 5a, the
solar radiation was relatively high and a large amount of melt water
might also enter into the Atlantic Ocean. However, as the temperature
persistently increased, the amount of melt water gradually decreased,
which can trigger the rebound of NADW/THC. The changes corre-
sponding to the ASM enhancement were shown in stalagmite YYZ15'%0
records. Thus, the changes of temperature and ice volume in NH high
latitudes might be the important factors of the ASM variations. The
changes in the temperature of the North Atlantic can affect the intensity
of the Siberian High through the transmission of the westerly belt, and
then, they can affect the intensity of the Asian winter monsoon (Porter
and An, 1995). The intensity of the summer monsoon weakened while
the strength of the winter monsoon increased on millennial timescales
(Wen et al., 2016; Kang et al., 2020). The EASM responds to the climate
change in the North Atlantic region by rapidly transmitting climate
change signals through atmospheric circulation, such as the westerly
wind belt, on a wide range of timescales from decades to millennia
(Duan et al., 2016; Chiang et al., 2015; Zhang et al., 2018; Cheng et al.,
2020). Furthermore, ocean conveyor belts are considered to be the
important trigger for global climate changes (Rahmstorf, 2010; Hodell
et al., 2017), and it has been profoundly affected by ice-rafted detritus
events (IRDs) in the North Atlantic, which means that the massive dis-
charges of the Hudson Strait ice stream drained the Laurentide Ice Sheet
(Broecker et al., 1992; Bard et al., 2000; Hodell et al., 2017). Based on
the comparison shown in Fig. 8, we detected that IRDs may usually
occur at the initial increase or later decrease in the solar radiation
intensity.

Although the millennial-scale events (D-O events 19-25) recorded by
the §'80 values of stalagmite YYZ1 are consistent with the NGRIP re-
cord, there are differences regarding some details. D-O events 19-25,
which were recorded by the NGRIP ice core, were characterized by
sudden warming and rapid cooling after maintaining high values for
thousands of years (Capron et al., 2010). D-O events 22-25 were clearly
shown in the stalagmite YYZ1 8'80 records, which were characterized
by a rapidly decreased 5'80 at the beginning of each event and then
slowly approached the maximum within thousands of years. Similar
monsoon variations were observed for MIS 2-4 (Duan et al., 2014).
However, the process is different from the NGRIP §'80 record, which
abruptly reached the maximum and slowly decreased. Their differences
indicate that in addition to climate change in the northern high lati-
tudes, the ASM might be also affected by some other factors, e.g., climate
processes in Southern Hemisphere and tropical regions (An et al., 2011;
Caietal., 2010; Cheng et al., 2020). Actually, the millennial-scale events
(D-O 20-25) recorded by the 5180 values of stalagmite YYZ1 are
opposite to the millennial-scale events (AIM 20-25) recorded by the
580 values of Antarctic ice core EDML. The enhancement (weakening)
of the ASM corresponded to a decrease (increase) in the Antarctic
temperature (EPICA Community Members, 2006; WAIS, 2015), and the
stalagmite 580 records in the ASM regions also exhibit an evident
antiphase relationship with the 50 record of BT2 stalagmite from
Botuvera Cave in south-eastern Brazil (Fig. 8e) (Cruz et al., 2009). The
580 record in Brazil mainly indicates changes in the locations of the
South American summer monsoon (SASM) and the South Atlantic
convergence zone (SACZ) (Cruz et al., 2009; Cheng et al., 2013a,
2013b). When the SASM and the SACZ moved northward, the amount of
water vapour in the Amazon Basin decreased with the weakening SASM
(Wang et al., 2004; Cruz et al., 2009; Cheng et al., 2013a, 2013b). The
antiphase relationship between the Asian and South American mon-
soons supports the centennial-millennial scale seesaw pattern between
the two hemispheres (Blunier et al., 1998; Cheng et al., 2012a, 2020).
This pattern is mainly related to the intensity of the THC (Rahmstorf,
2002) and the north-south oscillation of the ITCZ (Broccoli et al., 2006;
McGee et al., 2014). When the temperature in the SH decreased, the ISM
and ASM would be strengthened, accompanied with the northward
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Fig. 8. Comparison of stalagmite 5'°0 records from Yangzi Cave and other records frommid-high latitude of both hemispheres. (a) NGRIP (AICC2012 time-scale,
Veres et al., 2013). (b) 5'80 records of stalagmite YYZ1. (c) YZ1 from Yangzi Cave(Wu et al., 2020). (d)SB22 (pink), SB23 (green) from Sanbao Cave(Wang
etal., 2008). (e)BT2 from BotuveraCave (Cruz et al., 2005). (f) Antarctic EDML ice core (EPICA Community Members, 2006). (g)ODP980 IRD (Mcmanus et al., 1999).
(‘For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ITCZ, the increased Musklin high pressure, as well as the increased
corresponding cross-equatorial airflow and Somali jet (An et al., 2011;
Cai et al., 2006). At this time, the SASM and the SACZ also moved
northward, and the subtropical summer monsoon precipitation in
southeast Brazil decreased, manifested by the enriched 5'%0 values of
stalagmite BT2. The changes in the temperature of the North Atlantic
mainly affect the ASM through the westerly belt and the ocean conveyor
belt in the northern high latitudes (Chiang et al., 2015; Zhang et al.,
2018; Cheng et al., 2020), while low-latitude processes that forcing of
ASM variations likely influenced by the variations of the western Pacific
subtropical high, ITCZ, and the Hadley circulation (Tan, 2014; Zhao
et al., 2019; Cheng et al., 2020).

5. Conclusions

The high-resolution palaeoclimatic records during the 117-69 kyr B.
P. period in Chongging were reconstructed based on the oxygen and
carbon isotopes and trace elements of speleothem YYZ1 from Yangzi
cave and U-Th dating. The §'®0 values of stalagmite YYZ1 recorded
millennial-scale D-O events 19-25, which occurred during MIS 5, but D-
O event 19 was not distinct. We conclude that the 580 values of sta-
lagmite YYZ1 reflect the variation in the intensity of the summer
monsoon, and the range of the 5'%0 values is basically consistent with
the solar radiation energy curve for 65°N. This indicates that the vari-
ation in the ASM intensity was mainly controlled by the external as-
tronomical orbital parameters on the orbital scale during this period,
and it exhibited obvious precession cycle fluctuation characteristics. The
513C values were negative when the summer monsoon was strong (MIS
5c and 5a) and were positive when it was weak (MIS 5d, 5b, and 4),
corresponding to the variations in the Mg/Ca, Sr/Ca, and Ba/Ca ratios
and reflecting the dry or wet conditions outside the local area and the
hydrological processes and biological activity.

Based on the multi-proxy records for 93.1-91.5 kyr B.P., a drought
event occurred due to the influences of biological activity and pre-
dominantly the monsoon intensity and precipitation. The comparison of
the NGRIP ice core and the stalagmite records from the Asian monsoon
region indicate the existence of the D-O 25 event and events similar to
the D-O 25 event in the stalagmite 5'0 records from the Asian monsoon
region. Moreover, their amplitudes are significantly weaker than those
of the other centennial-millennial scale climate events. We concluded
that the millennial-scale events during the interglacial periods were
triggered by processes in the NH low latitudes and were dominant fac-
tors affecting the monsoon circulation and the climate change in the SH.
This may be a very complicated and challenging research field, but it can
be crucial to understand orbital-millennial-scale climate changes and
the relationship between low latitude processes and global changes. Our
research also reflects information about climate change in the North
Atlantic and clearly demonstrates the seesaw effect in the SH records.
This illustrates the coupling between the climate at high latitudes and
the processes in the Northern Hemisphere and between the climate at
low latitudes and the processes in the Southern Hemisphere.
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