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Abstract 21 

Monsoon precipitation in East China shows distinct spatial distribution and its 22 

variability is closely linked with the changes of the East Asian summer monsoon 23 

(EASM). Located in the transition zone between the southern subtropical humid 24 

climate and the northern warm temperate semi-humid climate, central China is a core 25 

region for recognizing and understanding the spatio-temporal variability of the 26 

EASM. Using U-series dating and stable isotope analysis on five stalagmites (MG-1, 27 

MG-2, MG-7, MG-40 and MG-64) from Magou Cave, Henan Province, Central 28 

China, we construct a high-resolution and precisely dated composite stalagmite δ18O 29 

time series covering most of the Holocene. This composite record reveals variations 30 

in precipitation δ18O between 11.7 and 1.1 ka BP with average resolution of ~4 years. 31 

The Magou composite record demonstrates that EASM intensity dominates long-term 32 

changes in precipitation δ18O, which generally follows the northern hemisphere 33 

summer insolation (NHSI) trend.  Both, Ensemble Empirical Mode Decomposition 34 

(EEMD) and wavelet filtering analyses real that the amplitudes of long-term (100-500 35 

and 500-3000 years) components were slightly reduced between 8.5 and 4.9 ka BP, 36 

implying a weakened influence of climatic forcings on centennial and even millennial 37 

timescales during this warm period.  Variance on 1-30-year timescales is relatively 38 

low and ascribed to sampling resolution. Fourteen weak EASM intervals, including 39 

the 8.2 ka event, were identified within the period corresponding broadly with the 40 

Holocene Megathermal. Since no cold excursions other than the 8.2 ka event are 41 

found in the Greenland ice core records, we tentatively propose that oscillations in 42 

tropical sea surface temperature (SST) likely play an important role in steering other 43 

weak monsoon events.  Aligning the Magou composite record and other moisture 44 

records with archaeological records from the study region, it seems that climate 45 



change influenced both the spatial distribution and agricultural practices of ancient 46 

cultures. However, overall moderate climatic changes in this region, most likely 47 

characterized by shifts between subtropical humid climate and warm temperate semi-48 

humid climate, supported a generally consecutive development of ancient cultures 49 

without major hiatuses. 50 

 51 
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1. Introduction 54 

Increasing attention has been paid to the Holocene, the most recent geological 55 

chronozone, owing to close links of past climatic and environmental changes with the 56 

development of human civilizations, and the resemblance of the middle Holocene to 57 

future global climate conditions. In East Asia, numerous archives, including loess, 58 

lakes, peats, stalagmites, and sand-dune deposits have been used to study the history 59 

and variability of Holocene climate and environmental changes (An et al., 2000, 60 

2012; Dykoski et al., 2005; Hong et al., 2003; Hu et al., 2008; Li et al., 2007; Wang et 61 

al., 2005; Xiao et al., 2004;  Yang et al., 2019). Holocene temperature reconstructions 62 

from East Asia show generally consistent changes, i.e., relatively high temperatures 63 

during the early and middle Holocene, with the period of 8.5-3.3 ka called the 64 

Holocene Megathermal, and a subsequent gradual decrease throughout the late 65 

Holocene (Fang et al., 2011; Ge et al., 2007; Shi et al., 1992; ), although some studies 66 

suggest a persistent temperature increase from the early to the late Holocene (Hou et 67 

al., 2019; Liu et al., 2014a;). However, precipitation (or effective precipitation) 68 

reconstructions show significant spatial variability. For example, already in 2000, An 69 

et al. (2000) proposed an asynchronous Holocene Optimum Period from north to 70 

south China, largely defined by the peak of effective precipitation. Subsequently, Ran 71 

and Feng (2013) proposed a gradual, lagged, increase of precipitation from south to 72 

north in eastern China. These studies largely focused on the characteristics of long-73 

term changes throughout the Holocene, while few studies discussed climate events on 74 

centennial to decadal scales.  75 

 76 

Detailed analysis of modern meteorological observations shows significant regional 77 

differences in monsoon precipitation across eastern China (Ding, 2009). The region is 78 



characterized by a dipole mode, with southern flood and northern drought and vice 79 

versa at decadal timescales. An additional sandwich pattern of arid central conditions, 80 

bracketed by wetter conditions to the north and south, and vice versa, also likely 81 

recurred over the instrumental observed period.  An important question then is 82 

whether such spatial pattern existed in the past, and at what time scales and how they 83 

are manifested in geological records? The lack of well-dated high-resolution records 84 

complicates the study of centennial- to decadal-scale climate dynamics and hinders 85 

the understanding of spatial variation of monsoon precipitation and limits assessing 86 

future climatic and environmental changes at these timescales. 87 

 88 

The climate change has substantial impacts on the development of ancient cultures 89 

(deMenocal, 2001, and references therein; Weiss, et al., 1993). Beyond all doubt, the 90 

rise and fall of Neolithic cultures in China were closely linked with Holocene climate 91 

change. Notably, the documented cultural remains reveal a continuum of cultural 92 

periods prior to historical dynasties during the Holocene (from ~10.5 ka to ~3.5 ka) in 93 

the central plains of China, without significant hiatuses between different cultural 94 

periods (Li et al., 2013; Li et al., 2015a; Wang, 2014), a scenario quite different from 95 

that in northern China (Li et al., 2007; Yang et al., 2015). Why are the cultural 96 

remains so widely distributed in this central region and why are there no distinct 97 

cultural shifts/hiatuses? Clarifying the relationship between the continued activity of 98 

early civilizations and climate change might help adaptation and mitigation efforts to 99 

ease societal vulnerability against climatic changes. A deeper understanding of these 100 

climate-societal interrelationships requires a network of proximal well-dated records 101 

of climatic and environmental dynamics from high-fidelity sites in the central plains 102 

of China.  103 



 104 

To help fill this gap, we present a precisely dated and highly resolved (temporal 105 

resolution of 3-10 years) stalagmite isotope records from Magou Cave, Henan 106 

Province, central China (figure 1). We reconstruct the Holocene history of the EASM, 107 

characterize the climate instability during the Holocene Megathermal and investigate 108 

possible physical mechanisms behind the climatic changes in the study region. 109 

Finally, we examine possible links between civilization succession and climate 110 

change. 111 

2. Cave site and local climate 112 

Magou Cave (113°23’E, 34°19’N, 422 m above sea level) is located 50 km southwest 113 

of Zhengzhou City, Henan Province, China (figure 1). The cave formed in the 114 

Ordovician limestone of the Ju-Ci-Shan Group.  It was a closed cave without natural 115 

entrance before it has been exposed and destroyed during quarrying activities in 2010. 116 

The annual mean temperature is about 14.4℃, and the annual precipitation varies 117 

between 421.3 and 1121.4 mm, with a mean of 721.2 mm from 1953-2010, as 118 

observed at the nearest Xuchang meteorological station (113°52’E, 34°2’N, 47 km 119 

southeast of the Cave site, http://www.geodata.cn).  Precipitation falls mainly during 120 

the summer monsoon season, with about 62% of the annual budget delivered between 121 

June and September. 122 

 123 

Straddling the boundary between the subtropical humid zone and the warm temperate 124 

semi-humid zone in China, the EASM dictates the local climate and environment. In 125 

summer, southerly winds from the low latitudes prevail and provide important 126 

monsoonal precipitation; in winter, northerly winter monsoon winds bring cold, dry 127 



air from mid- to high-latitudes regions (figure 1), defining a cold and relatively dry 128 

winter climate regime. With these alternations of the summer and winter monsoons, a 129 

distinctly warm-humid summer and cold-dry winter seasonality governs this region 130 

(Cwa climate according to the Koeppen-Geiger classification, Peel et al. 2007). 131 

 132 

The special geographical location of the cave leads to the heightened climate 133 

sensitivity of this area, and the Central plain is the core region of agricultural 134 

production and of great significance to China's food security (The Editorial 135 

Committee of China Agricultural Statistical Yearbook, 2017). Regional climate 136 

change has a significant impact on agricultural production (Wang et al., 2007). 137 

Therefore, the study of climate dynamics in this region is of great significance not 138 

only for understanding the spatial variability of Holocene climate across Eastern 139 

China, but also for projecting and coping with future climate change.  140 

3. Stalagmites and methods 141 

Five stalagmites, MG-1, MG-2, MG-7, MG-40 and MG-64 have been retrieved from 142 

Magou Cave and are for this study. After halving these stalagmites (figure 2 shows 143 

the polished sections of the five stalagmites), about 50-60 mg powder subsamples 144 

were drilled along the growth axis of each stalagmite and prepared for 230Th-234U-238U 145 

dating. The chemical separating procedure for uranium and thorium is similar to that 146 

described in Edwards et al. (1987), and the details on instrumental measuring 147 

protocols can be found in Cheng et al. (2013). A 230Th/ 232Th atomic ratio of 148 

4.4±2.2×10−6 was used to correct for initial 230Th. The measured data, the decay 149 

constants and the calculated ages are listed in supplementary Table 1. 150 

 151 



The micro-milling approach was used to extract sub-samples at different sampling 152 

resolution. For stalagmite MG-1, the sampling intervals are 50 µm between 0 and 3.6 153 

mm, 100 µm for the interval 3.6-7.6 mm, and 150 µm between 7.6 and 225.15 mm; 154 

for stalagmite MG-2, the sampling intervals are 100 µm in the portion of 0-15 mm 155 

and 200 µm between 15 and 139.6 mm. In stalagmites MG-40, MG-7 and MG-64 the 156 

sampling intervals are 50 µm, 100 µm and 100 µm, respectively.  A total of 3846 157 

oxygen and carbon stable isotope analyses were performed using an IsoPrime 100 158 

mass spectrometer equipped with a Multi-Prep Device at the Institute of Earth 159 

Environment of the Chinese Academy of Sciences. All oxygen and carbon isotope 160 

results are reported in delta (δ) notation. The standard results show that the precision 161 

of δ18O and δ13C analyses are better than 0.15‰ and 0.12 ‰ (2σ), respectively.  162 

 163 

The stable isotope data and most dates from stalagmites MG-1 and MG-40 have been 164 

reported in an earlier study (Mao et al. 2016). Here we report two additional dates 165 

from the base of MG-40, and five more dates from stalagmite MG-1 which improved 166 

their chronologies significantly.  167 

4. Results 168 

4.1 The U/Th chronology 169 

In total, sixty-six 230Th dates were attained from the five stalagmites, with 23 dates 170 

from MG-1, 11 dates from MG-2, 13 dates from MG-7, 8 dates from MG-40 and 11 171 

dates from stalagmite MG-64. Given the high density of dates and relatively small 172 

dating errors (most errors are <1%) and with most dates in stratigraphic order (figure 173 

3), we use linear interpolation to establish depth-age chronologies for each stalagmite.  174 

We also use the COPRA routine (Breitenbach et al., 2012) to test the reliability of the 175 



linear chronology and find negligible differences between both approaches (figure 3). 176 

The modeled chronologies indicate that MG-1 spans the time period from 4.88-10.36 177 

ka, MG-2 from 5.84-7.77 ka, MG-40 from 6.91-11.48 ka and MG-64 from 1.11-5.43 178 

ka. The 230Th dates obtained from stalagmite MG-7 show three growth periods, i.e., 179 

from ~78.70 to 77.39 ka, 11.80 to 10.13 ka, and between ~8.20 and 7.74 ka. In this 180 

study, we focus only on the Holocene section (11.80 to 10.13 ka) to attain the highest 181 

resolved isotope profiles.  The growth intervals of these stalagmites overlap for 182 

different time windows (figure 3a).  183 

 184 

The calculated growth rates of these stalagmites vary from 1.2 m/year to 500 185 

m/year, with mean growth rates of 41.1 m/year, 72.3 m/year, 18.9 m/year, 5.2 186 

m/year and 19.0 m/year for stalagmites MG-1, MG-2, MG-7, MG-40 and MG-64, 187 

respectively. The large variability observed in mean growth rates suggests that the 188 

growth-controlling mechanisms (e.g. water pathway through the epikarst, drip rate, 189 

degree of supersaturation of the dripwater, CO2 degassing) differed for these 190 

stalagmites. As shown in figure 3b, higher growth rates largely occurred during the 191 

mid-Holocene (~8.0 - 4.8 ka BP), implying optimum conditions for speleothem 192 

calcite deposition existed at the time. 193 

4.2 The δ18O and δ13C records 194 

Using the aforementioned micro-milling intervals, we achieved a mean temporal 195 

resolution of 3.5 years, 2.5 years, 5.3 years, 9.2 years and 5.3 years for stalagmites 196 

MG-1, MG-2, MG-7, MG-40 and MG-64, respectively, as calculated from their 197 

chronologies. As shown in figure 4a, δ18O varied from -7.8‰ to -12.8‰ in all 198 

stalagmites. Generally, δ18O decreased abruptly after 11.7 ka BP, and then gradually, 199 

until 9.2 ka BP, without a clear long-term trend between 9.2 and 5.0 ka BP. Between 200 



5.0 and 3.3 ka BP the δ18O record consistently trended towards higher values. After 201 

3.3 ka BP, the δ18O values first decreased and then followed an increasing trend. 202 

Superimposed on this long-term trend are prominent large-amplitude decadal-scale 203 

oscillations. We build a composite δ18O record (MG-composite, figure 5) by 204 

combining the best dated and highest resolved sections of the individual δ18O time 205 

series of the five stalagmites of the overlapping periods. This composite δ18O record 206 

covers most of the Holocene, i.e., from 11.80 to 1.11 ka, with an average temporal 207 

resolution of ~4 years. 208 

 209 

The δ13C records range from -7.0‰ to -11.5‰ and their variability largely follows 210 

that of δ18O, showing first a decreasing trend, then a stabilization during the mid-211 

Holocene, and finally increased and more variable values during the late Holocene 212 

(figure 4b). The δ13C values of stalagmite MG-40 are systematically ~1.0-1.2‰ 213 

heavier compared to those of stalagmites MG-1 and MG-7 during the overlap period 214 

~8.0 to ~11.5 ka BP, implying that the factors that influence the δ13C signal differ 215 

among the stalagmites. 216 

5. Discussion 217 

5.1 Testing for isotope equilibrium deposition 218 

Given that the cave had no direct connection with the surface, both ventilation and 219 

potential for evaporation in the cave were minimal, providing an exceptionally stable 220 

microclimatic environment for the deposition of speleothem calcite under 221 

(near-)isotope-equilibrium conditions. Within the quoted chronological confidence 222 

limits, and considering the differences in temporal resolution, all δ18O time series 223 

show remarkable similarities during the overlapping interval between 11.7 and 5 ka 224 



BP (figure 4a). The new time series also share similarities with a composite Holocene 225 

δ18O record from Laomudong/Dongshiya Caves (figure 5a, Zhang et al., 2018), both 226 

situated ~180 km southwest of Magou Cave, and a Holocene δ18O record from 227 

Jiuxian Cave, located ~400 km west of Magou Cave (figure 5b, Cai et al., 2010). The 228 

replication of all the δ18O records suggests that these stalagmites were very likely 229 

deposited under (near-)isotopic equilibrium conditions and influenced by similar 230 

environmental processes (Dorale and Liu, 2009; Wang et al., 2001).  231 

 232 

Our four stalagmites also show consistent variations in the δ13C profiles in the 233 

overlapping period (figure 4b), which supports the replication test discussed above, 234 

although the δ13C values of stalagmite MG-40 are systematically about 1.0-1.2 ‰ 235 

higher relative to those in stalagmites MG-1 and MG-7 over the interval prior ~8.1 ka 236 

BP. This offset might result from differences in the proportion of seepage versus 237 

fracture flow feeding the stalagmites. Higher δ13C values in sample MG-40 might 238 

indicate a larger influence of prior calcite precipitation in the epikarst in a faster-239 

emptying fracture-flow setting. 240 

 241 

The different lines of evidence outlined above suggest that the samples from Magou 242 

Cave were deposited with minimal kinetic influence and that their stable isotope 243 

records primarily reflect regional scale climatic variability. 244 

 245 

5.2 The interpretation of speleothem calcite δ18O 246 

Stalagmite δ18O is jointly controlled by δ18O of dripwater (which reflects the sum of 247 

all factors that control the water from its source to the stalagmite), and the 248 

temperature inside the cave, provided that the stalagmite was formed under 249 



(near-)isotopic equilibrium conditions (Hendy, 1971). Regarding the speleothem 18O 250 

changes found in our stalagmites it is clear that temperature alone is insufficient to 251 

explain the observed ca. five per mil amplitude. Experimental studies and theoretical 252 

calculations (Coplen, 2007; Kim and O'Neil, 1997; O'Neil et al., 1969,) showed that 253 

the temperature-dependent oxygen isotope fractionation between calcite and water is 254 

about -0.23‰/℃. For northern China a lowering in annual mean temperature of about 255 

2-3°C has been estimated from the warmest Holocene thermal maximum to the 256 

coldest period of the Little Ice Age (Wang et al., 2001b). Thus, temperature changes 257 

would explain at most ~0.7‰ of the observed δ18O change in our records. Using the 258 

cave-specific empirical water–calcite oxygen isotope fractionation relationship of -259 

0.177‰/℃ of Tremaine et al. (2011) would reduce the explained change in 260 

speleothem δ18O further to only ~0.5‰. Thus, the observed changes in the Holocene 261 

δ18O time series from Magou Cave are mainly governed by the δ18O signal of the 262 

dripwater, i.e., by the history of the supplied moisture and related variations in the 263 

amount-weighted δ18O of meteoric precipitation above the cave.  264 

 265 

It is worth to noting that we cannot strictly exclude any temperature effect on the 266 

variation of speleothem calcite δ18O because the variation of precipitation δ18O might 267 

be slightly altered by the temperature-dependent fractionation between dripwater and 268 

speleothem calcite. Also, the Holocene temperature conundrum (Liu et al., 2014a), 269 

i.e., the inconsistency between reconstructed cooling and inferred warming forced by 270 

GHGs and ice sheet, limits our ability to constrain the temperature contribution to 271 

variations in speleothem calcite δ18O. We argue that changes in precipitation δ18O 272 

outweighed potential temperature effects, due to the small temperature-dependent 273 

fractionation and low overall Holocene temperature changes (~2-3℃ in 274 



reconstructions, Wang et al., 2001, and ~1.5-2℃ in model simulations, Liu et al., 275 

2014a). 276 

 277 

In monsoonal East Asia, multiple factors have been shown to affect the δ18O of 278 

dripwater (i.e. amount-weighted δ18O of precipitation, changes in summer : winter 279 

precipitation ratio (Wang et al., 2001), rainout between tropical oceanic sources and 280 

the cave sites (Yuan et al., 2004), changes in the fraction of summer monsoon rainfall 281 

with low δ18O signal of the annual total (Cheng et al., 2009), and moisture source 282 

changes (Cai et al., 2001, 2015; Tan, 2014)). The δ18O signal in precipitation in the 283 

EASM region reflects changes in the δ18O of atmospheric vapor in the upstream 284 

source regions over the Indian ocean (Baker et al. 2015; Liu et al., 2014b; Maher, 285 

2008 ). Cai et al. (2017) further demonstrated that upstream convection, rather than 286 

moisture source change, causes interannual variation in ASM precipitation δ18O 287 

values, corroborating the importance of the rainout effect on the isotopic composition 288 

of precipitation. It should be noted that the mentioned rainout effect does not mean 289 

that monsoonal precipitation δ18O is negatively correlated with local rainfall amount 290 

at all sites (i.e. the “amount effect”, Dansgaard 1964), but rather Rayleigh 291 

fractionation along the moisture transport pathway(s). Taken together, the rainout 292 

history of moisture transported to the cave is essential for the interpretation of 293 

speleothem calcite δ18O. Lower δ18O values generally indicate more distal moisture 294 

source(s) in tandem with enhanced en route rainout linked to a stronger summer 295 

monsoon and vice versa. Here, we largely follow the explanation by Cheng et al. 296 

(2016) and use the terms ‘strong monsoon’ and ‘weak monsoon’ to refer to low and 297 

high speleothem δ18O values, respectively. We are cognizant of the argument that 298 

changes in circulation and moisture sources (Cai et al., 2010, 2015; Hoffmann and 299 



Heimann, 1997), and changes in recycling may contribute significantly to 300 

precipitation δ18O in our study region. We will discuss their influences in detail later. 301 

5.3 Variability of speleothem δ18O on different timescales 302 

The MG-composite δ18O profile spans the time period from 11.7 to 1.1 ka BP and 303 

displays distinct variability on different timescales. At the beginning of the 304 

reconstruction at ~11.7 ka BP, δ18O values are relatively heavy (~-8.2 ‰). A shift 305 

toward more depleted values occurred between 11.7 and ~11.5 ka BP, largely 306 

corresponding with the end of the Younger Dryas event (Brauer et al., 2008). 307 

Following this decrease, the δ18O time series decreased gradually to -10.5 ‰, along 308 

with large amplitude oscillations until ~9.25 ka BP. Thereafter, δ18O fluctuated 309 

around a mean value of -10.5 ‰ (stdev ±0.42, 1 ) till ~5.0 ka BP, with a negligible 310 

long-term trend of +0.03 ‰/1000 a. From ~5.0 ka BP to ~3.6 ka BP, the δ18O record 311 

quickly increased to ca. -9.8 ‰, with superimposed decadal to multi-decadal large 312 

amplitude oscillations. Between ~3.4 ka BP and 2.7 ka BP, δ18O values increased ca. 313 

1.2 ‰ to the highest observed values of the entire time series, and then decreased 314 

again until ca. 2.2 ka BP. After 2 ka BP and to the end of the record the δ18O values 315 

increased about 1 ‰.  316 

 317 

To separate the modes of variability in the MG composite δ18O time series we applied 318 

Ensemble Empirical Mode Decomposition (EEMD) analysis method (Wu and Huang, 319 

2009). Using this method, we obtain a total of 13 intrinsic functions (IFs, figure 6b-h). 320 

The combined IFs 13-10 explain 20.3% of the variance and hint at variations of the 321 

δ18O reconstruction on sub-orbital timescales (figure 6b). IFs 9-8 (~26.1% of the 322 

variance) show variability on timescales from sub-millennial to millennial years 323 

(figure 6c). The combined IFs 7-6 (~22.7% of the total variance) display MG δ18O 324 



variation at centennial timescales (figure 6d). IFs 5-4 vary on multi-decadal 325 

timescales (figure 6f) and explain ~19.5% of the variance of the record. Finally, IFs 3-326 

1 show the decadal and shorter oscillations during periods with high growth rate 327 

(figure 6h); these IFs include also some noise and must be treated with care.  328 

 329 

We used a wavelet filter approach to further inspect the output of the EEMD analysis. 330 

As shown in figure 6, the residual component, the 3000-500 year, 500-100 year, and 331 

100-30 year band-pass outputs are highly correlated with the combined IFs 13-10, IFs 332 

9-8, IFs 7-6, and IFs 5-4, with correlation coefficients of 0.96, 0.83, 0.90 and 0.92 (all 333 

p values< 0.01) respectively, confirming that the combined intrinsic functions reflect 334 

the variability of the MG composite δ18O record on different timescales. Additionally, 335 

the 1-30 years band-pass output is similar to the combined functions of IFs 1-3, 336 

showing high-frequency oscillations of the MG-composite δ18O record. 337 

 338 

Comparison of the different IF variance with each other suggests comparable 339 

variability of the precipitation δ18O (under the assumption that speleothem δ18O 340 

mainly reflects precipitation δ18O), on different timescales. Although IFs 1-3 could 341 

explain ~11.4% of the record’s variance, there is no discernible or distinct variation 342 

during periods of low growth rate, highlighting the importance of record resolution on 343 

the identification of sub-decadal variability.  However, the IF 1-3 record reveals some 344 

periods that reach annual to multi-annual resolution, even if age uncertainties hinder 345 

us from discussing their variability in detail. The combined IFs 6-7 and IFs 8-9 (i.e., 346 

variations on 100-500- and 500-3000-years timescales) show slightly lower 347 

amplitudes between ~8.5 and 4.9 ka BP, a period broadly aligned with the Holocene 348 

Megathermal (Shi et al., 1992; Wang et al., 2001b). The EEMD analyses of the 349 



published δ18O records from nearby caves, i.e. LM/DSY and Jiuxian caves, show the 350 

similar patterns in general (supplementary figure 1&2). This feature demonstrates 351 

relatively stable climatic conditions at centennial to millennial timescales during this 352 

warm time interval.  353 

 354 

It is worth noting that higher δ18O values centered at 1.4, 3.2, 4.3, 6.1, 8.1, 9.9, and 355 

10.7 ka BP, indicative of weakened summer monsoon, align with the observed 500-356 

3000 years variability. These events agree with weak EASM events identified across 357 

East Asia (Donges et al. 2015; Hong et al., 2003; Wang et al., 2005;), confirming 358 

suggested links to dynamics in the North Atlantic (Bond et al., 2001, figure 6c). The 359 

variability in the 100-500 years band (IFs 6-7, figure 6d) might be linked to shifts in 360 

the mean position of the ITCZ in response to lower solar activity, but further work is 361 

required to understand the underlying forcing (Gray et al. 2010 and references 362 

therein). Meanwhile, the combined IFs 4-5 functions, comparable with the 30-100 363 

years band-pass output, do not show such long-term pattern. Instead these IFs 364 

highlight similar amplitude changes throughout the entire record, indicating continued 365 

multi-decadal variability of the precipitation-driven δ18O record. Exceptions with 366 

lower amplitude are observed in periods with reduced deposition rates: ~11.7-10.7 ka 367 

BP, ~10.1-8.6 ka BP, and ~2.8-1.1 ka BP. We tentatively propose that there are no 368 

significant changes in the multi-decadal variability of the precipitation δ18O signal, 369 

implying relatively stable variability of Asian summer monsoon at multi-decadal 370 

timescales which may be largely forced by the interaction of internal factors of 371 

climate systems. While the IF results indicate continuous relative variability at these 372 

timescales, high-resolution records with extreme age control are needed to test this 373 

proposition. 374 



 375 

5.4 Spatial variability of Holocene speleothem δ18O across East Asian monsoon 376 

regions 377 

The spatial feature of Holocene climate change in China, in particular, the Holocene 378 

Optimum, has been first explored by An et al. (2000), subsequently by Ran and Feng 379 

(2013), and recently by Zhou et al. (2016). However, no satisfactory mechanism has 380 

been identified to interpret the observed phenomena in a holistic way.  381 

 382 

Various Holocene speleothem δ18O records have been reported from south to north 383 

China over the last 20 years (Cai et al., 2001; Hu et al., 2008; Wang et al., 2005; Yang 384 

et al., 2019, reference therein; Zhang et al., 2018). These records are essential to 385 

understand the spatial variability of Holocene environmental conditions across East 386 

Asia. Recently, Yang et al. (2019) have tried to combine all Chinese Holocene 387 

speleothem δ18O records into a single synthetic composite record, as well as to 388 

compare synthetic records for southern and northern China. They find that all the 389 

Holocene speleothem records share a common long-term trend, confirming the 390 

dominant control of NHSI on EASM dynamics. However, significant disparity still 391 

exists between southern and northern China. As shown in Fig. 4 in Yang et al. (2019), 392 

the composite speleothem δ18O record from northern China (Fig. 4e) started to 393 

increase much later (ca. 5.3 ka BP) than the composite record from southern China 394 

(Fig. 4d) (it should be pointed out that the original figure in Yang et al. (2019) mixed 395 

up the composite records of northern and southern China, personally confirmed with 396 

Dr. YANG Xunlin, the corresponding author). Comparing the Holocene speleothem 397 

δ18O record from Jiuxian Cave, central China, with other cave records from southern 398 

China, Cai et al. (2010) found that the increasing trend in δ18O over the Holocene 399 



commenced earlier in the southern monsoonal region, and later at higher latitudes. 400 

Here, we compare the speleothem δ18O records from three sites in central China, i.e. 401 

Magou Cave, Dongshiya/Laomu caves, and Jiuxian Cave (figure 5). Within quoted 402 

errors and considering the differences in resolution, these three records replicate their 403 

millennial-scale to centennial variability. All three records indicate that speleothem 404 

δ18O was relatively lower during the early and middle Holocene (from ~9.0 to 5.0 ka 405 

BP) and without a long-term trend, and only after ~5.0 ka BP speleothem δ18O started 406 

to increase, further corroborating the pattern proposed by Cai et al. (2010).  407 

 408 

Why then do speleothem δ18O records suggest an extended ‘Holocene Moisture 409 

Optimum’ in northern China? We hypothesize that this can be explained by changes 410 

in precipitation δ18O, which largely reflects the fraction of water vapor rained out 411 

between tropical sources and the cave. The difference of the δ18O in precipitation 412 

between two sites from south to north can reflect the rainout between these two sites 413 

(Hu et al., 2008), supposing there were no significant changes in moisture sources or 414 

kinetic effects. Thus, the delayed increase of speleothem δ18O in northern China 415 

suggests that during the late mid-Holocene an increased fraction of water vapor rained 416 

out between the southern (Heshang Cave) and central China sites (Magou Cave) 417 

(supplementary figure 3).  Some researchers argued that the increase of speleothem 418 

δ18O reflects a decreasing contribution of moisture from the Indian Ocean, or that 419 

rainout upstream of the Indian monsoon region was reduced (Maher, 2008). This is 420 

not at odds with our interpretation of increased precipitation in northern China during 421 

the mid-Holocene, because we are concerned only about the precipitation δ18O 422 

difference between (southern) upstream sites and Magou Cave.  Taking all these lines 423 

of evidence together, and consistent with reconstructions based on other archives 424 



from central and northern China (Chen et al., 2015; Xiao et al., 2004; Wei et al., 425 

2020), it is likely that precipitation was higher from 8.5 ka BP to 5.3 ka BP, which 426 

could be regarded as the Holocene Moisture Optimum in central China, and 427 

diminished in the second half of the Holocene. 428 

 429 

It is worth noting that two factors substantially influence the precipitation estimate. 430 

One is the amount of moisture transported, because the precipitation amount is the 431 

function of both available moisture and the fraction of water vapor that is rained out. 432 

Another factor is the contribution of recycled water, because if sufficient recycled 433 

water is available, the 18O signal of the water vapor en route might remain the same 434 

(Rozanski et al., 1993). An increased contribution of recycled water would lead to 435 

underestimation of precipitation amount. Increased temperature would lead to 436 

increased atmospheric specific humidity and also increase evapotranspiration. It is 437 

likely that from the early to mid-Holocene moisture transport and recycling were 438 

increased, and that the precipitation δ18O difference between sites alone may 439 

underestimate the amount of precipitation during the middle Holocene. How and to 440 

what degree these two factors affect the estimate of precipitation amount during the 441 

Holocene warrants further study, including sophisticated model simulations. We 442 

recognize that changes in moisture source might also affect the precipitation amount 443 

estimate on a single trajectory. However, we refrain from further discussion, because 444 

we qualitatively estimate the precipitation amount on a generally consistent trajectory 445 

using the precipitation δ18O difference between the upstream and cave sites across a 446 

larger region. The likelihood of a changed moisture source seems relatively small 447 

compared to other factors. 448 

 449 



5.5 Variation of precipitation δ18O during the Holocene Megathermal and its 450 

implications 451 

 452 

During the Holocene, a period warmer than present, namely the Holocene 453 

Megathermal (Fairbridge, 2009), has been identified around the northern Hemisphere, 454 

albeit of variable timing and different amplitudes of temperature in different regions 455 

(Johnsen et al., 2001; Kaufman et al., 2004; Shi et al., 1992; Wang, 2011). In China, 456 

Shi et al. (1992) suggested that the Holocene Megathermal occurred between 8.5 and 457 

3.0 ka BP, and the temperature increase may have been as high as 3℃ in northern 458 

China and only 1℃ in southern China. It has also been suggested that this warm 459 

period was not consistently warm and stable, but rather variable (Fang et al., 2011; Ge 460 

et al., 2007; Peng et al., 2005; Wang et al., 2001b). Some discrepancies are apparent, 461 

probably due to the different spatial domains and chronological control (He et al., 462 

2004).   463 

 464 

Here we investigate the variability of speleothem δ18O during this Holocene warm 465 

period in more detail. Between 8.5 and 4.9 ka BP the δ18O record from stalagmite 466 

MG-1 shows a very weak and hardly discernable long-term trend (figure 7), similar to 467 

the components identified with the EEMD and wavelet filtering analysis (IFs 468 

10+11+12+12+13 and residual in figure 6), indicating stable long-term climatic conditions 469 

in central China.  However, large-amplitude (1.0-1.5 per mil) high-frequency (intra-470 

decadal to multi-decadal) oscillations characterize this period. With the 15-year 471 

weighted-average time series of the MG-1 δ18O record, fourteen weak monsoon 472 

intervals (namely WMI 1 to WMI1 4) are identified with trough values exceeding 1.5 473 

standard deviations of the mean of this interval (similar to the 8.2 event) (figure 7c). 474 



The ages of the mid-points of these events are 8.29 ka BP, 8.12 ka BP, 7.71 ka BP, 475 

7.67 ka BP, 7.35 ka BP, 7.08 ka BP, 6.57 ka BP, 6.25 ka BP, 6.08 ka BP, 6.00 ka BP, 476 

5.79 ka BP, 5.50 ka BP, 5.35 ka BP, 5.18 ka BP. Within quoted dating uncertainty, 477 

these events could align with the events identified from the δ18O record from Dongge 478 

Cave (figure 7b), and comparable fluctuations could be found in the δ18O record from 479 

Heshang Cave (figure 7a), although the amplitudes of these events are varied in 480 

different records. The durations of these events varied from ~20 to ~70 years. The 481 

weak monsoon interval 2, centered at 8.12 ka BP, lasted ca. 50 years, and is most 482 

likely related to the 8.2 ka event (Cheng et al., 2009b; Liu et al., 2013). This WMI 2 483 

shows a double-plunging structure if take the small trough at ~8.20 ka BP into 484 

consideration. The 8.2 ka BP event is the most prominent Holocene excursion 485 

observed in the Greenland ice cores (Alley et al., 1997). Its manifestation in Asian 486 

monsoon precipitation δ18O has been suggested to be brought about via a cold and 487 

extended Siberian High, resulting in a southward shift of the mean position of the 488 

ITCZ (Cheng et al., 2009b; Liu et al., 2013; Wang et al. 2004; Wang et al., 2005).   489 

 490 

However, the amplitude of the 8.2 ka BP WMI 2 is the same or even smaller than 491 

other weak monsoon intervals identified during the Holocene Megathermal, 492 

suggesting that the variability of precipitation δ18O in central China is affected by 493 

other processes as well. A 200 year long, seasonally-resolved speleothem δ18O record 494 

from Dongshiya Cave (Zhao et al., 2018), suggests that, on annual to decadal 495 

timescales, speleothem δ18O (and by inference precipitation δ18O) in central China is 496 

related to the West Pacific Subtropical High (WPSH, Zhao et al., 2018), i.e., high 497 

δ18O values indicate a westward extension of the WPSH, and vice versa. If this 498 

relation was still valid during the Holocene Megathermal, the identified WMIs may 499 



be associated with substantial variations of the WPSH. Changes in the WPSH have 500 

been linked to the SST in the tropical Indian Ocean and West Pacific (Sun and Ying, 501 

1999; Wang et al., 2000; Wu et al., 2010; Xie et al., 2009). Others suggested that 502 

changes in the WPSH might result via feedback processes from the EASM domain 503 

(Hoskins, 1996; Liu et al., 2001). Recently, Fan et al. (2018) reported a high-504 

resolution SST time series from west Pacific warm pool. It indicates that there were 505 

substantial variations of SST on centennial timescale (figure 7d), hinting the potential 506 

linkage between the WMIs and temperature change in West Pacific, although we 507 

cannot line up these oscillations in SST with WMIs in our record one by one due to 508 

lower resolution and relatively larger age uncertainties of SST record.   Considering 509 

that both, tropical SST and the EASM system play an important role in WPSH 510 

dynamics, and that no significant excursions (except the 8.2 ka event) associated with 511 

the WMIs are found in the northern high latitudes, we tentatively propose that these 512 

WMI could be associated with surface temperature changes in the tropical Indian 513 

Ocean and West Pacific, and that considerable SST changes occurred on centennial 514 

timescale during the Holocene Megathermal.  515 

5.6 Variation of speleothem calcite 13C and its climate significance  516 

The δ13C is a valuable proxy reflecting local environmental changes (Fohlmeister et 517 

al., 2020; Lechleitner et al., 2017). Multiple factors (either individually or in 518 

combination) may contribute to the speleothem δ13C signal, including the isotopic 519 

composition of soil CO2, which reflects the vegetation activity and composition (i.e., 520 

C3 vs C4), the biomass, and microbial activity in the soil, dissolution of carbonate rock 521 

(open system vs. closed system), and prior carbonate precipitate (PCP) in the epikarst 522 

and/or the cave environment (Genty et al., 2006; Fohlmeister et al., 2020; Lechleitner 523 

et al., 2017; McDermott, 2004; Ridley et al., 2015). As shown in figure 4, the long-524 



term δ13C variations generally share similarities with δ18O, indicating both δ13C and 525 

δ18O were affected by common forcings on different timescales, most likely reflecting 526 

changes in local effective rainfall associated with the summer monsoon intensity. 527 

Lower δ13C values indicate intensified effective EASM rainfall and enhanced soil 528 

CO2 production and reduced PCP in the epikarst above the cave, whereas higher 529 

values result from reduced microbial activity in the soil, and enhanced PCP under 530 

drier conditions. While vegetation and soil dynamics likely play a role for the multi-531 

centennial to millennial scale trend in δ13C, the higher-frequency changes are 532 

probably more directly related to PCP changes. The δ13C profile also features 533 

centennial-multi-decadal scale environmental changes that mirror those observed in 534 

the δ18O time series. This fact corroborates the notion that local moisture changes are 535 

directly related to regional EASM dynamics (Liu et al., 2014b). There are also several 536 

periods (e.g. 10.8-11.4 ka BP and 3.6-4.2 ka BP) showing anti-phase variation or 537 

disparities in the δ13C and δ18O records. It’s likely caused by the closed system 538 

dissolution (Genty et al., 2001) resulted from the increased precipitation. However, 539 

these inferences are only tentative and independent evidence (e.g. PCP-sensitive trace 540 

element ratios) is required to verify this interpretation.  541 

5.7 Potential impact of climate change on cultural development in central China 542 

The relationship between climate and the fate of ancient cultures has long been the 543 

research focus in academia. By aligning records of climate change and archeological 544 

observations, many researches have linked the hiatus or ‘collapse’ of ancient cultures 545 

to large and persistent climatic and environmental changes (Carolin et al. 2019;  Chen 546 

et al., 2005; Cullen et al. 2000; deMenocal, 2001; Haug et al., 2003; Hodell et al., 547 

1995; Kennett et al., 2012; Sinha et al., 2019; Weiss et al., 1993; Yang et al., 2015; 548 

Zhang et al., 2008).  549 



 550 

Located in the Central Plain with favorable climate and environment, Henan Province 551 

is rich in Neolithic archaeological sites. Different to other regions in China, the 552 

Neolithic cultures in this region (figure 8a) are consecutively developed without 553 

cultural dislocation (Li et al., 2015a). However, these cultures still experienced 554 

significant changes. While during the Lijiagou period only few Neolithic 555 

archeological sites have been recorded in Henan Province, the number of sites 556 

increased slightly during the Peiligang period, and subsequently significantly during 557 

both the Yangshao and Longshan periods, while their number decreased strongly 558 

during the Erlitou period (Li et al., 2013). Spatially, archaeological sites are 559 

concentrated along the middle and lower reaches of rivers in western and central 560 

Henan during the Peiligang and Erlitou periods, while during the Yangshao and 561 

Longshan periods sites were dispersed more widely from the hilly to the lower plains. 562 

The changes in the number of sites and their spatial distribution suggest that climatic 563 

changes could have been an important factor influencing cultural development in 564 

Henan province. Intensified EASM and increased precipitation, as indicated by our 565 

stable isotope records (both δ18O and δ13C), the growth frequency of the stalagmites 566 

from Longfeng Cave (Wei et al., 2020) and the reconstructed precipitation using the 567 

pollen records extracted from lake sediments (Chen et al., 2015, figure 8), and higher 568 

temperatures during the early Holocene (10.5-7 ka BP, not shown here, Wang et al., 569 

2001) likely provided favorable environmental conditions for the development of the 570 

Lijiagou to Peiligang cultures and supported the prosperous development of the 571 

Yangshao and Longshan cultures. Reduced precipitation, possible in tandem with 572 

lower temperatures, might have hastened the decline of the Erlitou culture, as 573 



indicated by the reduced number of sites and distribution patterns in Henan Province 574 

(Li et al., 2013).  575 

 576 

Furthermore, changes in planted crop species and pollen assemblages suggest climate 577 

change may have affected Neolithic cultural development in Henan Province. Plant 578 

remains from Baligang site, Dengzhou in Henan Province, indicate that during the 579 

Peiligang culture period the population cultivated rice and gathered fruits (Deng and 580 

Gao, 2012). Subsistence strategies then changed to adopt a mixture of rice, foxtail 581 

millet and common millet during the Yangshao and Longshan cultures with variable 582 

proportions of these three crops, i.e., relatively increased millets during the early 583 

Yangshao and late Longshan periods (Deng and Gao, 2012; Fu et al., 2010;). At the 584 

same time, millets (adapted to drier climate compared to rice) are widely grown at the 585 

northern sites. An increased proportion of millets likely suggests drier conditions 586 

during the early Yangshao and the late Longshan periods, consistent with the 587 

inference of precipitation changes from our stable isotope records and other proxy 588 

records (figure 8), although we cannot exclude the potential influence of interplay 589 

between northern foxtail millet-based cultures (i.e., Yangshao and Longshan) and 590 

southern rice-growing cultures (i.e., Jujialing and Shijiahe) (Li et al., 2015b).   591 

 592 

Taken together, it is most likely that the relatively moderate climatic shifts in Henan 593 

Province, i.e., changes from subtropical humid to warm temperate semi-humid 594 

climate, generally allowed consecutive development of ancient cultures in the Central 595 

Plain, but modulated the livelihood and adaptation measures of these cultures. 596 

 597 



6. Conclusions 598 

As the transition zone between the subtropical humid and the warm temperate semi-599 

humid climates, and today dominated by the summer monsoon, the central plain of 600 

China is a core area of modern agricultural production, as well as ancient civilization. 601 

At the same time, this region is sensitive to climate change. Based on the high-602 

precision U-series-based chronologies from five stalagmites we developed highly 603 

resolved stable isotope time series covering the period from ~11.7 to 1.1 ka BP with 604 

an average resolution of ~4 years. 605 

 606 

The new composite record reveals changes in precipitation δ18O and demonstrates 607 

that summer monsoon intensity dominated the long-term dynamics of precipitation 608 

δ18O, which followed NHSI. EEMD and wavelet analysis show comparable variance 609 

of precipitation δ18O on different timescales. Variance on timescales of 1-30 years is 610 

relatively low, reflecting the influence of the record’s temporal resolution on these 611 

timescales. The reduced amplitudes of the 100-500 years and 500-3000 years 612 

components imply muted climate variability between 8.5-4.9 ka BP. Fourteen weak 613 

monsoon intervals were identified in this period, which largely corresponds to the 614 

Holocene Megathermal. Some of the identified weak monsoon intervals reveal 615 

positive δ18O excursions larger than that associated with the 8.2 ka event.  In the 616 

absence of cold excursions, as inferred for the 8.2 ka event, these EASM oscillations 617 

are tentatively linked to changes in tropical SST. 618 

 619 

Aligning this record with archaeological observations, it seems likely that climatic 620 

changes influenced the development of ancient cultures. However, the moderate 621 



regional climatic change during the discussed part of the Holocene allowed 622 

continuous development of ancient cultures in Henan Province, central China. 623 
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Figure 1. 927 
 928 

 929 
Figure 1: Overview map with the location of the studied cave and relevant records. 930 

The topographic map is based on GTOPO 30 data (U.S. Geological Survey's EROS 931 

(Earth Resources Observation and Science; 932 

http://eros.usgs.gov/#/Find_Data/Products_and_Data _Available/gtopo30_info) Data 933 

Center). White and purple arrows indicate mean summer and winter wind fields at 934 

850 hPa from 1981 to 2010 (NCEP Reanalysis Derived data provided by 935 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, http://www.esrl.noaa.gov/psd/, 936 

Kistler et al., 2001). The location of Magou Cave (MG) is denoted by the red star 937 

(113°23’E, 34°19’N, ~422 m a.s.l.), all other records are denoted by red circles: LM: 938 

Laomu Cave/Dongshiya Cave, 111°31’E, 33°48’N, ~840 m a.s.l.; JX: Jiuxian Cave, 939 

109°6’E, 33°34’N, ~1495 m a.s.l.; SB: Sanbao Cave, 110°26’E, 31°40’N, ~1900 m 940 

a.s.l.; HS: Heshang Cave, 110°25’E, 30°27’N, ~294 m a.s.l.; DG: Dongge Cave, 941 

108°5’E, 25°17’N, ~680 m a.s.l. The white shaded area indicates the Henan Province, 942 

largely representing the Central Plain of China.   943 

http://eros.usgs.gov/#/Find_Data/Products_and_Data
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 945 

 946 
 947 
Figure 2: Overview with scanned cross-sections of stalagmites MG-1, MG-2, MG-7, 948 

MG-40 and MG-64. 230Th dates are indicated in red next to the drilled slits. Drill spots 949 

shown in light purple indicate newly taken dating samples added in MG-1 and MG-40 950 

in this study.  951 
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 954 
 955 
Figure 3: Age-depth models (a) and grow rate time series (b) for stalagmites MG-1, 956 

MG-2, MG-7, MG-40 and MG-64. All ages of the stalagmites are reported as 957 

thousand years before present (1950 AD), ka BP. The indicated age errors are 2σ 958 

error. Both the linear interpolation and COPRA pchip models are used to calculate the 959 

chronologies of all these stalagmites. The chronological differences between both 960 

approaches are negligible because of the high density of dates and relatively small 961 

dating errors (most errors are <1%). Different colors denote individual stalagmites. 962 
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 966 
 967 
Figure 4: The individual time series of speleothem δ18O (a) and δ13C (b) obtained 968 

from Magou Cave. The 230Th dates are shown with 2σ error. The different stalagmites 969 

are color-coded, MG-1 is shown in green; MG-2 in pink; MG-7 in blue; MG-40 in 970 

red; and MG-64 in purple.   971 
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 974 
 975 

Figure 5:  Comparisons of the MG composite δ18O record and other speleothem δ18O time 976 

series from central China. a) the MG composite δ18O record (red, this study) and the δ18O 977 

record of the Laomudong/Dongshiya Caves (green for Dongshiya Cave and yellow green for 978 

Laomudong Cave, Zhang et al., 2018); b) the MG composite δ18O record (red, this study) and 979 

the δ18O record from Jiuxian Cave (blue, Cai et al., 2010); c) the δ18O records from Jiuxian 980 

Cave (blue, Cai et al., 2010) and the Laomudong/Dongshiya Caves (green for Dongshiya 981 

Cave and yellow green for Laomudong Cave, Zhang et al., 2018). 230Th dates with 2  errors 982 

of each record from different caves are also shown and color-coded by using the same color 983 

as the δ18O record.  984 
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 987 
 988 
Figure 6: The MG composite time series (a) from ~11.7-1.1 ka BP and derived EEMD 989 

components (red) and wavelet band-pass components (black) (b-h). For the EEMD 990 

decomposition, noise of 0.2 standard deviations of the data is added for the ensemble 991 

calculation, with an ensemble number is 500. Five EEMD components (i.e. sum of 992 

components 1-3, sum of components 4-5, sum of components 6-7, sum of components 8-9, 993 

and sum of components 10-13) are presented. The wavelet band-pass components indicate the 994 

variation of speleothem δ18O on different timescales and correspond well with the EEMD 995 

components.  996 
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 998 

 999 

Figure 7: Comparison of speleothem δ18O records and west Pacific warm pool sea surface 1000 

temperature (SST) during the Holocene megathermal (8.5 to 4.8 ka BP).  a) the speleothem 1001 

δ18O record from Heshang Cave; b) the speleothem δ18O record from Dongge Cave. The 1002 

brown line represents the 15-year weighted-average time series. c) the speleothem 𝛿18O 1003 

record from Magou Cave. The purple line represents the 15-year weighted-average time 1004 

series, in which we identify 14 weak summer monsoon intervals (numbered green shades) 1005 

using a threshold of ±1.5 standard deviations from the mean δ18O. d) the SST time series 1006 

obtained from drill core MD-98-2178 (Fan et al., 2018).  1007 
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 1011 
Figure 8: The MG composite time series of stalagmite δ18O (b, this study), the growth 1012 

frequency record of Longfeng Cave (c, Wei et al., 2020), the reconstructed precipitation using 1013 

the fossil pollen assemblages from Gonghai Lake (d, Chen et al., 2015) and ancient cultural 1014 

periods as observed in Henan Province, central China (a, Li et al., 2015a). The grey, blue and 1015 

red lines denote the original, 30-years adjacent-averaged and 2000-year weighted-average 1016 

curves of MG composite record, respectively. The color bars indicate different archeological 1017 

culture periods.  1018 


