https://doi.org/10.5194/cp-2021-20 Climate
Preprint. Discussion started: 15 March 2021 of the Past
(© Author(s) 2021. CC BY 4.0 License.

10
11
12
13
14

15
16

17

18
19
20

21

22
23

Discussions

The 4.2 ka event in East Asian monsoon region, precisely

reconstructed by multi-proxies of stalagmite

Chao-Jun Chen® " ¢*, Dao-Xian Yuan® ¢, Jun-Yun Li® ", Xian-Feng Wang ¢, Hai
Cheng °, You-Feng Ning ¢, R. Lawrence Edwards !, Yao Wu ®, Si-Ya Xiao °, Yu-Zhen
Xu ®, Yang-Yang Huang °, Hai-Ying Qiu °, Jian Zhang & Ming-Qiang Liang ", Ting-

Yong Li® * *
“ Yunnan Key Laboratory of Plateau Geographical Processes & Environmental Changes, Faculty

of Geography, Yunnan Normal University, Kunming 650500, China

b Chonggqing Key Laboratory of Karst Environment, School of Geographical Sciences; Southwest
University, Chongqing 400715, China

¢ Asian School of the Environment, Nanyang Technological University, Singapore
4 Karst Dynamic Laboratory, Ministry of Land and Resources, Guilin 541004, China

¢ Institute of Global Environmental Change, Xi'an Jiaotong University, Xi'an 710049, China

/Department of Earth Sciences, University of Minnesota, Minneapolis, MN, USA.

¢ Environnements et Paléoenvironnements Océaniques et Continentaux (EPOC), UMR CNRS, 5805,

Université de Bordeaux, 33615 Pessac Cedex, France

hDeparrment of Geosciences, National Taiwan University, Taipei 106, Taiwan, China

% These authors contributed equally to this work

* Corresponding authors: Ting-Yong Li and Jun-Yun Li

E-mail: jxljy@swu.edu.cn; cdlity@163.com



https://doi.org/10.5194/cp-2021-20 Climate
Preprint. Discussion started: 15 March 2021 of the Past
(© Author(s) 2021. CC BY 4.0 License.

Discussions
24 Abstract
25 The 4.2 ka event is one of the most salient features of global climate change in the

26  mid-late Holocene and influenced on the evolution of ancient civilizations. Although a
27  lot of paleoclimate reconstructions have focused on it, the detailed structure and driving
28  mechanism of the 4.2 ka event is still unclear. In this study, the variation of Asian
29  summer monsoon (ASM) during 5000-3000 yr BP was reconstructed by using high-
30 precision U-Th dating (average resolution of 7 yr) and multi-proxies (§'3C, §'%0, Ba/Ca,
31  Sr/Ca, Mg/Ca) of stalagmite YK1306 from Yangkou Cave in southwestern China. The
32 results showed that that the ASM weakened and precipitation decreased during 4600—
33 4330 yr BP and 4070-3700 yr BP. During 4330-4070 yr BP, the ASM became strong,
34  and precipitation increased. The multi-proxies variation of YK1306 showed a “weak-

t3)

35  strong-weak” structure of the ASM during the 4.2 ka event, which reappeared in
36 different geologic records. However, westerlies and Australian-Indian summer
37  monsoon (AISM) both showed the opposite change pattern (strong-weak-strong) with
38  the ASM. This was resulted by the different phases of North Atlantic Oscillation (NAO)
39 on a centennial scale, which regulated by the Atlantic Meridional Overturning
40  Circulation (AMOC). In positive NAO-like, the strength of Azores high and westerly
41 wind restrained the intensity of ASM. Thus, the ASM and the Middle East regions
42  experienced bimodal drought and increased dust flux from the north in both regions
43 during the 4.2 ka event. The strengthened meridional winds in the westerlies-dominated

44 climatic regime (WDCR) lead more water vapor from the Indian Ocean and Arabian

45  Sea transporting to in the WDCR, and subsequently increases precipitation in the
2
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46 WDCR. Meanwhile, the weakening of the AMOC results in the southward migration
47  ofthe Intertropical Convergence Zone (ITCZ) and strengthens the AISM in the southern
48  Hemisphere, finally results in the opposite change of the AISM contrast to the ASM. In
49  addition, the strong ASM in the era of the Chinese Xia Dynasty maybe produce frequent
50 ancient floods, which led to the decline of Longshan and Liangzhu cultures. The
51  weakening of the ASM after 4070 yr BP contributed to the successful regulation of the
52 ancient floodwaters by Dayu in Chinese history. Therefore, it is maybe credible that the
53  official age for the establishment of the Xia Dynasty in 4070 yr BP. Benefit from the
54  comprehensive comparison and analysis based on the unprecedented high-precise
55  chronology, high-resolution and multi-proxy’s stalagmite records, this study not only
56  detailed described the evolution of the ASM during the 4.2 ka event, but also is
57  conducive to verify the age of the first dynasty of China (the Xia Dynasty), and the

58 legend of Dayu.
59 1. Introduction

60 Different geological carriers (Ice cores, stalagmites, loess, lake sediments, marine
61  sediments, etc.) in the world have indicated that the 8.2 ka and 4.2 ka events affected
62  global climate change in Holocene (Alley et al., 1997; Kobashi et al., 2007; Cheng et
63  al., 2009; Berkelhammer et al., 2012; Kathayat et al., 2018; Railsback et al., 2018). The
64  International Commission on Stratigraphy (ICS) added two Golden Spikes to the latest
65 international stratigraphic chronology updated in July 2018. Based on 8.2 ka and 4.2

66  ka, the Holocene was divided into three periods: Greenlandian, Northgrippian and

3
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67  Meghalayan. The previous studies have suggested that the sudden dam break of Lakes
68  Agassiz and Ojibway lake (AOL) at 8470 + 300 yr BP triggered the 8.2 ka event (Alley
69 etal., 1997; Barber et al., 1999; Kobashi et al., 2007; Cheng et al., 2009; Daley et al.,
70 2011). The ASM showed a double weak structure during the 8.2 ka event (Cheng et al.,
71 2009; Tan et al., 2020). But what drove this double weak structure is still unclear.
72 Compared with 8.2 ka event, the structure, duration and driving mechanism of 4.2 ka
73 event are more ambiguous (Zhang et al., 2018; Tan et al., 2020). Although the 4.2 ka
74 event is very significant in the global geological records, the study on the 4.2 ka event
75 s still insufficient in the East Asian monsoon region (Zhang et al., 2018; Xiao et al.,
76~ 2018; Tan et al., 2020). The 4.2 ka event reconstructed from many geological records
77  indicated that it was only a cold and dry climate event (Berkelhammer et al., 2012; Wu
78  etal., 2016; Weiss, 2016; Xiao et al., 2018; Ran et al., 2019; Xiao et al., 2019). However,
79  recent simulations showed that the 4.2 ka event was also double weak structure (Yan
80 and Liu, 2019; Ning et al., 2019). Carolin et al. (2019) suggested that the 4.2 ka event
81  may be larger in magnitude and longer in duration than previous study. A large number
82  of studies have shown that the 4.2 ka event caused the fall of Mesopotamian civilization,
83 Indian civilization, Egyptian civilization and Chinese civilization (Shi et al., 1992;
84  Stanley et al., 2003; Sletten et al., 2013; Kathayat et al., 2018; Railsback et al., 2018;
85  Xiao et al., 2018). According to numerous historical data of China, it was speculated
86  that there were floods disaster around 4200 yr BP (Wu et al., 2005; Huang et al., 2011;
87  Wu et al, 2016). It may lead to the fall of Longshan Culture in northern China and

88  Liangzhu Culture in the lower reaches of the Yangtze River (Shi et al., 1992; Dong et

4
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89 al., 2018). The research on the exact time and cause of the floods can provide evidence
90 for the ancient Chinese civilization and the origin of the first dynasty, Xia Dynasty (Wu
91 etal, 2005; Wu et al., 2016; Dong et al., 2016). High resolution stalagmite 5'%0 records
92  with accurate dating have indicated that climate change is closely related to the rise and
93  fall of ancient dynasties (Zhang et al., 2008; Kathayat et al., 2017). However, the
94  climatic interpretation of stalagmite 5'%0 is still controversial (Pausata et al., 2011; Tan,
95  2014; Chen et al.,, 2015; Chiang et a 1., 2020; Liu et al., 2020). In addition, there are
96 still controversies about the climate change during the Xia and Shang Dynasties (Zhang
97  etal, 2008; Lawler et al., 2009; Wu et al., 2016). Therefore, compared stalagmite 5'30,
98  the high-resolution stalagmite multi-proxies records is better to reconstruct regional
99  hydrological environment. Accurate reconstruction of the Paleoclimate will also
100  contribute to the study of the evolution of human society (Kathayat et al., 2017; Zhang

101 etal, 2018; Cheng et al., 2019).
102 2. Study Area and Sample

103 Yangkou Cave (29°02'N, 107°11'E) is located in southwest China, specifically in
104  Mount Jinfo of Nanchuan and near the city of Chongqing (Fig. 1). The study site is
105  located on the southeastern margin of the Sichuan Basin, along the northern margin of
106  the Yun-Gui Plateau and at the northern end of the Dalou Mountains. The uppermost
107  rock unit that makes up Mount Jinfo is Permian limestone, and a huge and complex
108  underground cave system has developed within this unit (Zhang et al., 1998). The cave

109  occurs at an elevation of 2140 m and is 2245 m in length and displays a corridor plane

5
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110 form. The width is generally 15-20 m, and the height is generally 8—12 m. The regional
111 climate is influenced by both the Indian summer monsoon (ISM) and East Asian
112 summer monsoon (EASM) (Fig. 1, Li et al, 2014). The regional annual mean
113 temperature and annual precipitation is 8.5 °C and 1400 mm, respectively. Precipitation
114  occurs primarily from April to October, when 83% of the annual precipitation occurs,
115  and the annual mean temperature in the cave is 7.5 °C (Zhang et al., 1998; Li et al.,

116 2014; Chen and Li, 2018). All the abbreviations in this study are listed in Table 1.

117 The stalagmite YK 1306 without the top was collected exploring caves, and it was
118  cut along the growth axis. Its profile is brown (Figure 2A). The diameter of the bottom
119  of'the stalagmite is about 80 mm, the diameter of the top is about 75 mm, and the length

120  of'the growth axis is 210 mm.
121 3. Methods

122 Parallel to the growth layers in stalagmite YK1306, powder sub-samples (5-20
123 mg) were collected from the polished profile of the stalagmite using a dental drill with
124  adiameter of 1 mm for the U-Th age testing. A total of 11 dating samples were collected
125  from stalagmite YK1306, respectively. The sampling locations are shown in Fig. 2A.
126 The U and Th were separated using the standard chemical procedures described by
127 Edwards et al. (1987) and Cheng et al. (2013). The *Th age of stalagmite YK 1306 was
128  determined in the Isotope Laboratory of the Institute of Global Environmental Change,
129  Xi'an Jiaotong University using a multi-collector inductively coupled plasma mass

130  spectrometer (MC-ICP-MS, Neptune-Plus). Uncertainties in U-Th isotopic data were
6
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131  calculated offline at the 2c level, including corrections for blanks, multiplier dark noise,
132  abundance sensitivity, and contents of the same nuclides in the spike solution (Cheng
133 et al, 2013). The decay constant of 22°Th is 9.1705x107¢ yr ! (Cheng et al., 2013), that
134 of 2*U is 2.82206x107¢ yr'! (Cheng et al., 2013), and that of 2*3U is 1.55125 x1071°
135  yr ! (Jaffey et al., 1971). The corrected 2*°Th ages assume an initial 2**Th/**2Th atomic
136  ratio of (4.4 £2.2) x10®. These are the values for material in secular equilibrium with

137  the bulk Earth 2*2Th/?*3U value.

138 The isotope sub-samples were collected using a dental drill from the polished
139  profile along the central growth axis of the stalagmite at intervals of 0.25 mm (Fig. 2A).
140  8'%0 and 8'3C were determined by phosphoric-acid reaction at 70°C in an automated
141  carbonate preparation device coupled to a Perspective IS mass spectrometer (Nu
142  instrument) at the Beijing Createch Testing Technology Co., Ltd, China. §'%0 and §'*C
143 were corrected with internal and external standards, and precision is better than 0.08%o
144 and 0.06%o, respectively. Values are reported as per mil (%o0) deviations from the Vienna

145  Pee Dee Belemnite (V-PDB) standard.

146 Parallel to the isotope sampling path, trace element samples were scraped along
147  the central axis with a | mm diameter dental drill. One sample every 1 mm were scraped
148  from 0 to 30 mm (depth), and two samples every | mm were scraped from 30 to 65 mm
149  (depth), with an average weight of 11 mg. After cleaning the PFA beaker, volumetric
150  flask and centrifuge tube, soak them in 5% HNOs3 for 24 h, then rinse them with
151  ultrapure water, and air-dry them. The sample were completely dissolved with 2 N

152 HNOs in PFA beaker, transferring the dissolved solution to a 10 ml volumetric flask,
7
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153  then rinse PFA beaker twice with a small amount of ultrapure water, and the washed
154  solution was transferred into the same volumetric flask. Next, the constant volume was
155 10 ml with ultrapure water. Finally, the solution in the volumetric flask was transferred
156  into the centrifuge tube. The concentrations of cations Ca, Mg, Ba, and Sr were
157  measured with the Optima 2100DV Inductively Coupled Plasma Emission
158  spectrometer (ICP-OES) in Southwest University. The detection limit was 1 pg/L, and

159  the analytical error was <2%.
160 4. Results
161 4.1 Chronology

162 The dating results are shown in Table 2. 238U content is between 9365-25579 ppb,
163  and 232Th content is between 10-1452 ppt. High 23U and low 2*?Th content, yield
164  precise dating results. The all dating errors are between 10 and 20 yr, and the average
165  dating error is 15 yr. Based on the dating results, the chronology (Constructing Proxy
166 Records from Age) is established in Modage software (Hercman et al., 2012). The
167  results showed that the stalagmites deposited in 50402920 yr BP from 70 to 0 mm of

168  distance from top.
169 4.2 Stable isotopes of Oxygen and Carbon

170 A total of 272 stable isotope have been analyzed, with an average resolution of 7

171  years. The maximum value of §'30 is —6.4%o, the minimum value is —9.1%o, and the



https://doi.org/10.5194/cp-2021-20 Climate
Preprint. Discussion started: 15 March 2021 of the Past
(© Author(s) 2021. CC BY 4.0 License.

Discussions

172 average value is —8.2%o; the maximum value of 813C is —1.4%o, the minimum value is
173 —7.0%o, and the average value is —5.6 %o. The §'30 and §'3C change synchronously (Fig.
174 3Aand B). There was a significant correlation between §'%0 and §'*C (R=0.95, n =272,
175 P <0.01). The §'30 and 5'*C values during 4600—4330 yr BP (58.5-54.5 mm) and 4070
176 3700 yr BP (42.5-30.5 mm) are significantly heavy than the values during 4330—4070
177 yr BP(54.5-42.5 mm) (Fig. 3 and Fig. S1). The maximum variation amplitudes of §'%0

178 and 8'3C are 2.7 %o and 5.6 %o, respectively.
179 4.3 Trace element

180 The maximum Ca content is 632279 ppm, the minimum is 200909 ppm, the
181  average is 300742 ppm; the maximum Mg content is 10061 ppm, the minimum is 1231
182  ppm, the average is 2902 ppm; the maximum Sr content is 12897 ppm, the minimum is
183 3355 ppm, the average is 5562 ppm; the maximum Ba content is 235 ppm, the minimum
184  is 75 ppm, the average is 114 ppm. Ba/Ca, Sr/Ca, Mg/Ca covary with depth (Fig. S1).
185  There is a significant correlation between Ba/Ca, Mg/Ca and Sr/Ca (Table S1). In order
186  to better evaluate the information of hydrological environment change in four trace
187  elements in stalagmite, we standardized Ba/Ca, St/Ca, Mg/Ca and analyzed Principal
188  component analysis (PCA) in Matlab. The variance of principal components (PC) are
189  shown in Table 3. The variance of PC1 is 67.15% (Table 3). Therefore, we chose PC1
190  as the variable representing Ba/Ca, Sr/Ca, Mg/Ca and compared it with §'30 and §'*C
191  (Fig. 3 and Fig. S1). There was significant correlation between PC1 and §'3C, §'%0,

192  Ba/Ca, Sr/Ca, Mg/Ca (Table S1). When the §'80 and §'*C were heavier during 4600—

9
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193 4330 and 4070-3700 yr BP, the increased PCI1 indicates the increase of these trace
194  elements. During 4330-4070 yr BP, §'%0 and 8'3C were lighter, and the decreased PC1
195  indicates the decrease of these trace elements. The correlation of these proxies is shown

196  in Table S1.
197 5. Discussion
198 5.1 Interpretation of proxies

199 At present, most researches on stalagmites are based on stalagmite 5'0 to
200  reconstruct paleoclimate change (Cheng et al., 2009, 2020; Kathayat et al., 2018; Zhang
201 et al.,, 2018; Tan et al., 2020). Liu et al. (2015) and Chen et al. (2016) compared the
202  stalagmite 5'0 records in the ASM region, indicating that the stalagmite 5'%0 records
203  showed the consistent changes from Centennial to the orbital scale. However, the
204  instrumental data showed that the precipitation has the spatial difference between the
205  north and the south in ASM region. As a result, the interpretation of stalagmite §'80 is
206  still controversial (Pausata et al., 2011; Tan, 2014; Chen et al., 2015; Liu et al., 2015;
207  Chenet al., 2016; Chiang et a 1., 2020; Liu et al., 2020). The reason for the controversy
208 is that stalagmite 5'%0 is not only affected by the intensity of the ASM (Wang et al.,
209  2001), but also affected by the moisture sources and the pathway (Tan, 2014; Zhang
210  and Li, 2019), upstream rainout (Baker et al., 2015; Liu et al., 2015; Li 2018), upstream
211  convective activity (Baker et al., 2015; Liu et al., 2015; Li 2018), cloud height and

212 temperature (Cai et al., 2016), westerlies (Chiang et a 1., 2020) etc. However, Part of

10
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213  the controversy arises from differences in our understanding and the definition of
214  monsoon intensity (Cheng et al., 2019). In addition, these debates mainly focus on
215  interannual to interdecadal scale. The stalagmite $'30 can reflect the intensity of ASM
216  rather than precipitation on centennial to millennial scale (Tan et al., 2018; Cheng et al.,
217 2019; Zhang et al., 2020). Moreover, the study of stalagmite multi-proxies can reliably
218  reflect the changes of hydrological environment in the past (Fairchild et al., 2009; Tan

219  etal, 2018; Zhang et al., 2018; Warken et al., 2018).

220 Compared with the §'%0 records of stalagmites, the §'>C records are more sensitive
221  to the changes in the ecological environment outside the cave (Zhang et al., 2015; Liu
222 etal., 2016; Asmerom et al., 2020). The §'3C of speleothems is affected by atmospheric
223 COs, soil, vegetation, epikarst zone, and cave conditions (temperature, humidity,
224 ventilation) (Li et al., 2018). Modern monitoring results show that the 8'3C in dripping
225  water is controlled by surface precipitation, temperature and the CO2 in soil, resulting
226  in heavier 3'*C values in winter and spring and lighter 3'*C values in summer and
227  autumn (Li and Li, 2018). The decrease of ASM and regional precipitation result in a
228  decrease in vegetation coverage and soil microbial activity (Li et al., 2017). Then, the
229  productivity of CO2 in the soil from respiration and organic decomposition was reduced,
230 the dripping speed slowed, and the degassing of the CO- in the epikarst zone increased,
231  which increased the 5'3C values of the speleothems (Tan et al., 2015; Li et al., 2018;

232 Zhao et al., 2020).

233 Mg/Ca, Ba/Ca and Sr/Ca of stalagmite have been used as indicators of regional

234  hydrological environment (Fairchild et al., 2009; Griffiths et al., 2010; Liu et al., 2013;
11
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235  Zhang et al., 2018). Modern cave monitoring provides reliable evidence that Mg/Ca,
236  Ba/Ca and St/Ca co-vary (Warken et al., 2018). When the regional precipitation
237  decreased, the CO> degassing and prior calcite precipitation (PCP) increased in the
238  epikarst zone, resulting in an increase in the Mg/Ca, Ba/Ca and Sr/Ca ratios of the
239  stalagmites (Liu et al., 2013; Chen and Li, 2018; Zhang et al., 2018; Warken et al., 2018;
240  Carolin et al., 2019). Our monitoring in YK cave also showed that the precipitation
241  decreased, the Mg/Ca and Sr/Ca in the cave drips increased; and as the precipitation
242  increased, the Mg/Ca and Sr/Ca decreased (Chen and Li, 2018). Therefore, PC1 as a
243  common variable of Mg/Ca, Ba/Ca and Sr/Ca, the high value of PC1 represents dry and

244 the low value represents wet.
245 5.2 The structure and driving mechanism of 4.2 ka event
246 5.2.1 4.2 ka event recorded by multi-proxies in stalagmite YK1306

247 The §'30 record of stalagmite YK1306 indicates that the ASM weakened during
248  4600-4330 and 4070-3700 yr BP, but strengthened during 4330-4070 yr BP (Fig. 3
249 and 4A). This indicates that the ASM had three stages marked as I-II-III
250  (Corresponding to weak-strong-weak) during the 4.2 ka event (Fig. 3 and 4A). The §'30
251 and 8'3C of stalagmite YK1306 were significantly correlated (Table S1), and they
252  changed synchronously (Fig. 3A and 3B). When the ASM decreased, precipitation and
253  soil microbial activity decreased, soil CO, production decreased, and §'*C is heavier;

254 on the contrary, when the ASM and precipitation increased, then surface vegetation

12
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255  coverage and soil microbial activity increased, soil CO: production increased,
256  ultimately, the 8'3C is lighter (Fig. 3A) (Zhao et al., 2020; Tan et al., 2015; Li et al.,
257  2018). In addition, the change of Mg/Ca, Ba/Ca and Sr/Ca ratios responded quickly to
258  the changes of local hydrological conditions (Fig. 3 and Fig. S1). The period of I stage,
259  the value of PCl decreased when ASM became stronger, indicating the humid
260  environment in the region (Fig. 3). During I and III stage, the PC1 value increased when
261  the ASM weakened, indicating the regional arid environment (Fig. 3). However, the
262  amplitude of PC1 during I stage was small than the variation of PC1 during III stage
263 (Fig. 3C). It may be that the ASM during I1I stage sustained longer and became weaker

264  (Fig. 3).
265  5.2.2 Comparison of different geologic record and driving mechanism

266 A large amount of evidence showed that the 4.2 ka event affected global climate
267  change (Bond et al., 2001; Tan et al., 2008; Berkelhammer et al., 2012; Kathayat et al.,
268  2018; Ran and Chen, 2019). The 4.2 ka event also was recorded as stalagmites
269  (Berkelhammer et al., 2012; Tan et al., 2018; Kathayat et al., 2018; Zhang et al., 2018),
270  peat (Hong et al., 2003), lake sediments (Xiao et al., 2008, 2018), pollen (Park et al.,
271 2019), loess (Zha et al., 2019) in the Asian monsoon region. Previous studies suggested
272 that the ASM weakened during the 4.2 ka event and the EASM region became cold and
273  dry climate (Tan et al., 2008; Berkelhammer et al., 2012; Xiao et al., 2018; Ran and
274 Chen, 2019). Recent studies indicated that the south of the EASM region was humid

275  during the 4.2 ka event (Tan et al., 2018; Zhang et al., 2018). However, These studies

13
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276  revealed that 4.2 ka event only have a unimodal structure. Therefore, the internal

277  structure of the 4.2 ka event was still unclear (Xiao et al., 2018; Tan et al., 2020).

278 Multiple stalagmite 3'30 records in the ASM region showed that the ASM
279  presented three stages (weak-strong-weak pattern) during the 4.2 ka event (Fig. S2).
280  The §'30 of the stalagmites from Xianglong Cave (XL), Jiuxian Cave (JX) and Wuya
281 Cave (WY) in northern China, is similar to the structure of the §'*C and §'%0 in
282  stalagmite YK1306 (Fig. S2). The stalagmite 5'*0 of Shennong Cave (SN) in southeast
283  China also showed the same change (Fig. S2D). Although the stalagmite 5'%0 of
284  Dongge Cave (DG) in Southwest China fluctuated slightly during the II stage period,
285  the structure of “weak-strong-weak” was still very significant during the whole 4.2 ka
286  event (Fig. S2 B). The reproducibility of stalagmite records in different caves verifies
287  the stalagmite YK1306 records, indicating consistent variation of ASM at that time on
288  a large spatial scale (Fig. S2 and Fig. 4). The differences of duration and amplitude in
289  three stages of these records may be attributed to the differences in dating error and
290  resolution (Duan et al., 2014; Kathayat et al., 2018), and may also be related to the
291  differences in regional hydrological environment and cave environment (Fairchild et
292  al., 2009; Duan et al., 2014). For example, the resolution of stalagmite records in DG
293 and WY Cave is higher, but their dating errors are more than 47 yr. The stalagmite
294  records of SN Cave is shorter than others records and the stalagmite records in JX Cave
295  lack of age control (Fig. S2). The stalagmite 5'0 in Sahiya Cave (SHY) also showed
296  that the ISM appeared “weak-strong-weak” pattern during the 4.2 ka event (Fig. S2 G).

297  The stalagmite 5'%0 of GZ Cave and the Jeita Cave in the Middle East (Fig. 1) also

14
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298  indicated similar climate change pattern of “dry-wet-dry” during the 4.2 ka event (Fig.
299 4D and E) (Cheng et al., 2015; Carolin et al., 2019). However, clay content and Ti in
300 AlLake lake, which is dominated by westerly wind, indicated that WDCR presented a
301  pattern (wet-dry-wet) opposite to that of ASM during the 4.2 ka event (Fig. 4B). The
302  above discussion revealed that the EASM, ISM and Middle East region’ climate show
303  similar change patterns during the 4.2 ka event, while WDCR is opposite. Hence, it

304 may be driven by the same driving mechanism.

305 Previous studies have shown that the intensity of AMOC affects the variation of
306 the global climate (Cheng et al., 2009; Zhang et al., 2018; Li et al., 2021). The content
307  of Hematite-stained grains, indicating the intensity of AMOC, showed that the ice
308  debris with the double peak poured into the North Atlantic during the 4.2 ka event (Fig.
309 5B) (Bond et al., 2001). The Greenland temperature synchronous decreased during I
310  and III stage (Fig. 5A). A large amount of fresh water injected into the North Atlantic,
311  resulting in the weakening of AMOC (Cheng et al., 2009; Zhang et al., 2018). The
312  simulation results also showed that the AMOC intensity was “weak-strong-weak”
313 during the 4.2 ka event (Yan and Liu, 2019; Ning et al., 2019; Li et al., 2021). Yan and
314  Liu (2019) used the trace-21ka simulations to show that the two centennial scale
315  positive NAO-like are closely related to the structure of the 4.2 ka event. NAO could
316  trigger circular Global Telecommunication (CGT) connecting climate change at high
317  and low latitudes (Huang et al., 2015; Yan and Liu, 2019). In positive NAO-like, Azores
318  high and westerly wind strengthen, which restrain the intensity of ASM or vice versa

319  (Chiang et al., 2020; Li et al., 2021). A negative height anomalies in Central Asia and
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positive height anomalies in the Mediterranean Sea and North China, leading to
strengthened meridional winds in the westerlies-dominated climatic regime (Huang et
al., 2015; Chen et al., 2019). This brings more water vapor from the Indian Ocean and
Arabian Sea, and subsequently increases precipitation in the region (Huang et al., 2015;
Chen et al., 2019). Therefore, the precipitation pattern in the WDCR is opposite to that
in the ASM region (Fig. 4A-B). Moreover, dust storms in northern China increased
significantly when ASM decreased (Chen et al., 2020; Peng et al., 2021). Yuexi peatland
in Southwest China recorded that the dust flux from northern China increased
significantly during the I and III stages (weak ASM) during the 4.2 ka event (Fig. 4C).
Similarly, in the two droughts during the 4.2 ka event, the stronger wind brought dust

flux from Mesopotamia region (Fig. 4D) (Carolin et al., 2019).

In addition, the stalagmite 5'%0 of LL Cave in Flores island, south of the equator,
indicated a pattern opposite to that of the ASM during the 4.2 ka event (Fig. 1, Fig. 4F).
AISM presented three stages of “strong-weak-strong” (Griffiths et al., 2010). The
results of trace-21ka simulations also proved the opposite change pattern in the northern
and southern Hemispheres (Yan and Liu, 2019). This is because the weakening of the
AMOC will lead to the south shift of ITCZ (Cheng et al., 2009; Wang et al., 2017),
which will strengthen the AISM in the southern Hemisphere (Griffiths et al., 2009;

2010). Therefore, AISM is opposite to ASM (Griffiths et al., 2009).

5.2.3 The structure of 8.2 ka event is similar to that of 4.2 ka event

The 4.2 ka and 8.2 ka events affected global climate change in the Holocene
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341 (Cheng et al., 2009; Daley et al., 2011; Berkelhammer et al., 2012; Ran et al., 2019).
342  When the Laurentine ice sheet melted with the increase of solar radiation in Holocene,
343  the remaining ice sheet occupied Huddson Strait and formed AOL lake (Barber et al.,
344 1999). The most records suggested that the AOL lake burst suddenly at 8470+300 yr
345  BP, resulting in 8.2 ka event (Alley et al., 1997; Barber et al., 1999; Kobashi et al., 2007;
346  Cheng et al., 2009; Daley et al., 2011). A large amount of fresh water injected into the
347  North Atlantic, resulting in the decrease of AMOC, which eventually led to the weak
348  the ASM and strong South American Summer Monsoon (Cheng et al., 2009). Daley et
349  al. (2011) thought that after the AOL lake burst, fresh water had two pulse injection and
350  continuously injected into the North Atlantic through the Hudson Strait, resulting in the
351  bimodal structure of the 8.2 ka event. However, some studies suggested that the the
352  dating estimating of the collapse time of AOL lake is still rough (Li et al., 2012). Sea
353  levelrecords in the Mississippi River Delta suggested that the injection may be transient
354  rather than a long-term recharge (Li et al., 2012). Therefore, what caused the bimodal

355  structure of the 8.2 ka event is still a puzzle.

356 The comparison between the stalagmites of DG, WY in the EASM region and the
357  Qunf Cave stalagmite in the ISM region showed that the ASM also divided into three
358  stages of “weak-strong-weak” pattern during the 8.2 ka event (Fig. 6) (Cheng et al.,
359  2009; Tan et al., 2020). This structure of the 8.2 ka event is a common in the northern
360 Hemisphere during, which is opposite to that in the southern Hemisphere (Cheng et al.,
361  2009). This indicates that the 4.2 ka and 8.2 ka events have similar change structures

362  (Fig. 4 and Fig. 6). Therefore, the two events may be dominated by the common climate

17
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363  driving mechanism. The AMOC and the phase of NAO modulated the hemispherically

364  symmetric forcings (Geirsdottir et al., 2019).

365 5.3 The relation between floods and drought climate and ancient civilization

366  during 4.2 ka event

367 Due to the lack of documentary, the exact time of the origin of Xia Dynasty of the
368 first dynasty in ancient China, is still uncertain (Wu et al., 2005; Lawler, 2009). Now,
369  the government thought that the Xia Dynasty was established at ~4070 yr BP (Wu et
370 al, 2016; Dong et al., 2018). It is said that Dayu won the support of various tribes
371 because he succeed in controlling floods, established the Xia Dynasty and was the first
372 emperor (Wu et al., 2005). The historians speculated that there were flood disaster
373  before the establishment of the Xia Dynasty (Lawler et al., 2009; Wu et al., 2016). The
374  flood may also lead to the fall of Longshan Culture in northern China and Liangzhu
375  Culture in southern China (Shi et al., 1992). However, due to the lack of accurate
376 historical data, accurate dating and high-resolution paleoclimate records, the time and
377  cause of the floods are questionable (Wu et al., 2005; Wu et al., 2016; Xiao et al., 2018).
378  Therefore, the study of the time and cause of the flood is conducive to prove the origin

379  of'the Xia Dynasty.

380 Wu et al. (2016) suggest that the earthquake led to the formation of Jishi Gorge
381  barrier lake in the upper reaches of the Yellow River, and then the collapse of the barrier
382  lake led to the flood in the Yellow River Basin at 3870 yr BP. As a result, Xia Dynasty

383  was established at 3850 yr BP (Wu et al., 2016). However, the dating of the Lajia

18
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384  cultural site in the lower reaches of Jishi Gorge barrier lake showed that Jishi Gorge
385  barrier lake was extinct as early as 5600 yr BP (Dong et al., 2018). The time of the
386  earthquake is later than 3800 yr BP (Dong et al., 2018; Huang et al., 2019). There is no
387  sedimentary layer of collapse in the lower Yellow River (Huang et al., 2019). Therefore,

388  the origin of Xia Dynasty at 3850 yr BP may not be accurate.

389 The palaeoflood Slackwater deposits (SWD) in the loess profile of Qishui (QS)
390 river side (the Yellow River Basin) indicated that floods occurred during 43004000 yr
391  BP (Huang et al., 2011). The SWD in Hanjiang River (HJ) side (a tributary of the
392  Yangtze River) showed that the floods occurred in 4200-4000 yr BP (Fig. 7E) (Liu et
393  al,2015). The SWDs of QS and HJ were deposited on the Longshan cultural layer and
394  Shijiahe cultural layer, respectively (Fig. 7D and 7E). However, the accuracy of this
395 age of SWDs were larger with an error of 180—-340 yrs (Fig. 7D and 7E) (Huang et al.,
396  2011; Liu et al., 2015). In short, there is no doubt that there was great flood during the
397 4.2 kaevent, which may lead to the fall of Longshan culture and Liangzhu culture (Gao

398  etal, 2005; Huang et al., 2011).

399 The §'%0 of stalagmite YK1306 indicated that the ASM was strong during 4330—
400 4070 yr BP (Fig. 7A), and the precipitation in northern China increased (Fig. 7C). The
401 8'C, Ba/Ca, Sr/Ca, Mg/Ca of stalagmite YK1306 indicated that the Yangtze River
402  Basin was also a humid period (Fig. 3 and Fig. 4). Therefore, the floods may be caused
403 by strong ASM and occurred during 4330-4070 yr BP. The Bamboo Annals recorded
404  that the leaders (Yao and Shun) of tribes before Dayu started flood control, the period

405  of floods could continue for at least 150 years (Wu et al., 2005). Therefore, floods
19
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406  occurred frequently before the establishment of the Xia Dynasty, rather than
407  instantaneous outburst. The stalagmite YK1306 indicated that ASM became stronger
408  during II stage (Fig. 7A), supporting this deduction. After 4070 yr BP, the ASM
409  decreased (Fig. 7A) and the precipitation in the ASM region decreased (Fig. 3 and Fig.
410  4), which may end the floods. Therefore, under the condition of relatively backward
411  production technology, the main reason for Dayu's successful flood control may be the
412  ASM and the precipitation decreased. This indirectly showed that Dayu lived around
413 4070yr BP (Fig. 7A), and the current government thought that the Xia Dynasty began
414  at 4070 yr BP is reliable. According to our research, it is supported that the end of
415  Shijiahe culture and Liangzhu Culture in the Yangtze River basin may be caused by
416  frequent floods (Fig. 7B) (Gao et al., 2005; Chen et al., 2018). In addition, the extremely
417  dry climate could trigger social unrest (Fang et al., 2015; Kathayat et al., 2017). The
418  fall of Qujialing culture, Xia Dynasty and Shang Dynasty may be related to the drought

419  climate (Fig. 7B).
420 6. Conclusions

421 In this study, we used the multi-proxies of stalagmite YK1306 of YK cave in
422  southwestern China to reconstruct the variation of ASM during 5000-3000 yr BP. The
423 8"3C and §'30 were heavy and Ba/Ca, Sr/Ca, Mg/Ca ratios increased during 4600—4330
424  yr BP and 4070-3700 yr BP, indicating that the ASM weakened and precipitation
425  decreased. During 4330-4070 yr BP, §'*C and §'80 were lighter and Ba/Ca, Sr/Ca,

426  Mg/Ca ratios decreased, the ASM strengthened, and precipitation increased. The multi-
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427  proxies of stalagmite YK 1306 showed that the ASM had three stages of “weak-strong-
428  weak” during the 4.2 ka event, which reappeared in different geologic records. The
429  differences of duration and amplitude in three stages of the records in the northern and
430  southern Hemispheres may be attributed to the differences in dating error and resolution.
431  However, westerlies and AISM both showed the opposite change pattern (strong-weak-
432  strong) with the ASM. The two centennial scale positive NAO-like are closely related
433  to the structure of the 4.2 ka event. In positive NAO-like, Azores high and westerly
434  wind strengthen, which restrain the intensity of Asian summer monsoon or vice versa.
435  Thus, the ASM region and the Middle East region showed bimodal drought during the
436 4.2 ka event and there were increase in dust flux from the north in both regions. The
437  strengthened meridional winds in the WDCR, leading to more water vapor from the
438  Indian Ocean and Arabian Sea, and subsequently increases precipitation in the WDCR.
439  Meanwhile, the weak AMOC will lead to the south shift of ITCZ and strengthen the
440  AISM in the southern Hemisphere, which is opposite to ASM. The structure of “weak-
441  strong-weak” pattern of the ASM during the 8.2 ka event was similar to that of the 4.2
442  ka event. Therefore, the two events may be driven by the same mechanism. In addition,
443  the strong ASM may have led to the frequent occurrence of ancient floods on the eve
444  of'the Xia Dynasty, which led to the fall of Longshan culture and Liangzhu culture. The
445  weak ASM after 4070 yr BP was one of the truth reasons of Dayu’s successful
446  regulating of floodwaters. The fall of Qujialing culture, Xia Dynasty and Shang
447  Dynasty may be related to the drought climate. Of course, more high-resolution

448  reconstruction of paleoclimate and investigation of human civilization sites in the future
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will contribute to the origin of Xia Dynasty and the evolution of civilization.
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Figure 1. Location of each record. 1, Yangkou Cave (YK) (this study); 2, Dongge
Cave (DG) (Wang et al., 2005); 3, Shennong Cave (SN) (Zhang et al., 2018); 4, Jiuxian
Cave (Cai et al., 2010); 5, Xianglong Cave (XL) (Tan et al., 2016); 6, Wuya Cave (WY)
(Tan et al, 2020); 7, Qunf Cave (Fleitmann et al., 2003); 8, Sahiya Cave
(SHA)(Kathayat et al., 2017); 9, Gol-e Zard Cave (GZ) (Carolin et al., 2019); 10, Jeita
Cave (Cheng et al., 2015); 11, Liang Luar Cave (LL) (Griffiths et al., 2010); 12, Yuexi
Lake (YX) (Peng et al., 2021); 13, Gonghai lake (GH) (Chen et al., 2015); 14, Alake
Lake (Liet al., 2021). The circles are the stalagmite records and the squares are the lake
records. The two black dashed boxes represent the soil profiles in Hanjiang River Basin
(HJ) and Qishui River Basin (QS), respectively. The blue arrows represent the Indian
summer monsoon (ISM), the East Asian summer monsoon (EASM) and the Australian-

Indian summer monsoon (AISM), respectively. The black arrows represent the
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westerlies. The red and blue bands of the shadow are the positions of ITCZ in summer
(June-August) and winter (December-February), respectively. The dotted grey line

represents the boundary of the modern summer monsoon.
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Figure 2. (A) The profile of stalagmite YK1306. The orange lines represent the
sampling path of isotopes and trace elements, and the blue lines represent the sampling
location of2°Th dating stalagmite YK1306. (B) The chronology of stalagmite YK1306
based on Modage software (Hercman and Pawlak, 2012). The blue solid line is the
chronological curve obtained using the Modage software, the red solid line represents
the 95% confidence band, and the green error bar represents the dating points and the

€rror range.
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Figure 3. Comparison of multi-proxies records of stalagmite YK1306. (A) 5'3C; (B)
8'80; (C) PC1 is the first principal component of Ba/Ca, Sr/Ca, Mg/Ca. The blue and

pink bands represent the three stages (I-II-11I) during the 4.2 ka event, respectively.
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Figure 4. Comparison of stalagmite records in the northern and southern
Hemispheres. (A) The §'3C and §'%0 of stalagmite YK1306 in YK Cave (this study);
(B) The content of clay and Ti in Alake lake (Li et al., 2016); (C) The variations of
atmospheric dust flux in YX Lake (Peng et al., 2021); (D) The Mg/Ca ratio and §'0 of
stalagmite in GZ Cave. The Mg/Ca indicate dust activity (Carolin et al., 2019); (E) The
8'%0 of stalagmite in Jeita Cave (Cheng et al., 2015); (F) The §'%0 of stalagmite in LL
Cave (Griffiths et al., 2010). The same color error bars represent its dating error. The
blue and pink bands represent the three stages (I-II-III) during the 4.2 ka event,

respectively.
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Figure 5. The driving mechanism. (A) Greenland temperature (Kobashi et al., 2017),
(B) The records of drift ice (Bond et al., 2001). The blue and pink bands represent the
three stages (I-1I-I1I) during the 4.2 ka event, respectively. (C) The §13C and 6180 of

stalagmite YK1306 in YK Cave.
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Figure 6. Comparison of stalagmite records in the ASM during the 8.2 ka event.
(A) The §'30 of stalagmite in DG Cave (Wang et al., 2005); (B) The §'%0 of stalagmite
in WY Cave (Tan et al., 2020); (C) The §'%0 of stalagmite in Qunf Cave (Fleitmann et
al., 2003). (D) Timing of Lakes Agassiz and Ojibway outburst 8470 + 300 yr BP (Daley

et al., 2011). The same color error bars represent its dating error. The blue and pink
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Figure 7. The comparison between the climate change and the evolution of Chinese
civilization. (A) The 5'C and §'%0 of stalagmite YK 1306 in YK Cave. the purple short
bar indicats the period of Yu (Yu established the Xia Dynasty); (B) Ancient civilization

in the Yangtze River Valley and the Xia and Shang Dynasties; (C) Precipitation in
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northern China (Chen et al., 2015); (D) The soil profiles with palaeoflood slackwater
deposits (SWD) in the HJ River Basin (a tributary of the Yangtze River) (Liu et al.,
2015); (E) The Loess-soil profiles with SWD in QS River Basin (a tributary of the
Yellow River) (Huang et al., 2011). The error bars of the same color represent its dating
error. The blue bands indicate the strong ASM stage, and the pink bands indicate the

weak ASM stage.

39



https://doi.org/10.5194/cp-2021-20

Preprint. Discussion started: 15 March 2021

(© Author(s) 2021. CC BY 4.0 License.

Climate
of the Past

Discussions

804  Table 1. Abbreviations in this study.

Abbreviation Full name
YK Yangkou Cave
SN Shennong Cave
X Jiuxian Cave
XL Xianglong Cave
wY Wuya Cave
DG Dongge Cave
SHA Sahiya Cave
GZ Gol-e Zard Cave
LL Liang Luar Cave
YX Yuexi Lake
GH Gonghai lake
HJ Hanjiang River
QS Qishui River
AOL Lakes Agassiz and Ojibway lake
SWD Palacoflood Slackwater deposits
ASM Asian summer monsoon
ISM Indian summer monsoon
EASM East Asian summer monsoon
AISM Australian-Indian summer monsoon
AMOC Atlantic Meridional Overturning Circulation
NAO North Atlantic Oscillation
WDCR Westerlies-dominated climatic regime
ITCZ Intertropical Convergence Zone
PC Principal components
PCP Prior calcite precipitation
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806

807

Table 2 2*°Th dating results for stalagmite YK1306. The errors is 2c.

Sample depth 238y 232Th 230Th / 2827 d?u=* 230Th /238y 230Th Age 20Th Age  d®**Uiia*  2°°Th Age (yr
() %) BP)***

Number (mm) (ppb) (ppt) (atomic x10°%) (measured) (activity) (uncorrected)  (corrected) (corrected) (corrected )
YK-1306-1 9 16172.0 +25.9 243 24 34457 <3417 639 =£1.5 0.0314 =+0.0001 3262 =*16 3261 =16 65 +2 3192 +16
YK-1306-2 12 25579.1 +42.0 740 426 18432 +637 65.2 1.5 0.0324 +0.0001 3363 11 3362 =I1 66 <1 3293 11
YK-1306-3 22 2855.9 +3.1 42 £2 39485 1712 683 1.3 0.0350 +0.0001 3627 +£10 3627 =10 69 +1 3558 +10
YK-1306-4 30 155883 £24.6 216 +£21 42377 +4167 64.8 <£1.5 0.0356 +0.0002 3709 =£17 3708 =+17 66 2 3639 *17
YK-1306-5 33 13496.7 +45.7 1452 +£30 5853 *122 63.5 +1.9 0.0382 +0.0001 3988 +£17 3985 =18 64 +2 3915 +18
YK-1306-6 40 15304.1 £21.7 291 +£16 34154 <1916 38.5 <£1.4 0.0394 +0.0001 4211 =£13 4211 =13 39 +1 4142 +13
YK-1306-7 44 183429 +52.7 153 +6 78664 +£3309 58.6 *1.6 0.0397 =+0.0001 4164 =16 4163 =16 59 £2 4093 =16
YK-1306-8 49 1502.5 =+1.8 10 +£2 99766 =£18796 36.2 +1.4 0.0396 =+0.0001 4244 =+14 4244 =14 37 +1 4175 =+14
YK-1306-9 53 14401.8 +38.8 135 +£10 70075 #4981 33.6 +2.0 0.0399 =+0.0001 4297 =18 4297 =18 34 £2 4227 +18
YK-1306-10 56 9364.9 +£22.0 1397 <31 4674 =*103 42.0 +£2.1 0.0423 +0.0002 4516 +20 4512 20 43 £2 4442 £20
YK-1306-11 59 15996.9 +23.9 304 =+16 38406 =+£1987 46.7 *1.6 0.0443 =+0.0001 4712 =14 4711 =14 47 £2 4642 =*14

U decay constants: l2ss = 1.55125x101 (Jaffey et al., 1971) and l2a4 = 2.82206x10° (Cheng et al., 2013). Th decay constant:
*Ad2U = ([P*U/2% U activiy — 1)x1000.  ** d?*Uinitial Was calculated based on 2Th age (T), i.e., d®**Uinitial = d**Umeasured X 23T,
Corrected 2°Th ages assume the initial 2°Th/22Th atomic ratio of 4.4 #2.2 x10°,

equilibrium, with the bulk earth 2?Th/28U value of 3.8.  The errors are arbitrarily assumed to be 50%.

Those are the values for a material at secular

***B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.

41

1230 = 9.1705x10° (Cheng et al., 2013).
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Table 3. Principal component analysis: eigenvalues, variance (%), and cumulative

variance (%) associated to principal components.

. . Cumulative
Principal . variance .
Eigenvalue explained
component (%) .
variance

PC1 2.01 67.15 67.15
PC2 0.84 28.14 95.29
PC3 0.14 4.71 100

42



