

  geosciences-13-00136




geosciences-13-00136







Geosciences 2023, 13(5), 136; doi:10.3390/geosciences13050136




Article



Imprints of Millennial-Scale Monsoonal Events during the MIS3 Revealed by Stalagmite δ13C Records in China



Rongyu Shen 1, Peng Zhang 1, Jiaqi Cong 1, Jing Liao 1, Xuelin Luo 1, Liangcheng Tan 2[image: Orcid], Jinguo Dong 1,* and Yijia Liang 1





1



School of Geographical Sciences, Nantong University, Nantong 226007, China;






2



State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi’an 710075, China









*



Correspondence: dongjinguo1111@163.com







Academic Editors: Pierre Pellenard and Jesus Martinez-Frias



Received: 28 February 2023 / Revised: 11 April 2023 / Accepted: 25 April 2023 / Published: 8 May 2023



Abstract

:

Regions located on the Chinese Loess Plateau are sensitive to changes in the Asian monsoon because they are on the edge of the monsoon region. Based on six 230Th experiments and 109 sets of stable isotope data of LH36 from Lianhua Cave, Yangquan City, Shanxi Province, we obtained a paleoclimate record with an average resolution of 120 years from 54.5 to 41.1 ka BP during the MIS3 on the Chinese Loess Plateau. Both the Hendy test and the replication test indicated an equilibrium fractionation of stable isotopes during the stalagmite deposition. Comparison with four other independently-dated, high-resolution stalagmite δ13C records between 29°N and 41°N in the Asian monsoon region shows that the stalagmite δ13C records from different caves have good reproducibility during the overlapped growth period. We suggest that speleothem δ13C effectively indicates soil CO2 production in the overlying area of the cave, reflecting changes in the cave’s external environment and in the Asian summer monsoon. Five millennial-scale Asian summer monsoon intensification events correspond to the Dansgaard–Oeschger 10–14 cycles recorded in the Greenland ice core within dating errors, and the weak monsoon processes are closely related to stadials in the North Atlantic. The spatial consistency of stalagmite δ13C records in China suggests that the Asian summer monsoon and the related regional ecological environment fluctuations sensitively respond to climate changes at northern high latitudes through sea-air coupling on the millennial timescale.
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1. Introduction


A series of millennial-scale abrupt climate events occurred during the last glacial period, including Heinrich Stadial (HS) events and Dansgaard–Oeschger (DO) events [1,2,3,4]. Among them, HS events refer to the six North Atlantic ice-rafted detritus (IRD) events caused by ice sheet collapses. This type of events occurs in a cycle of ~10,000 years, mainly characterized by a decreased planktonic foraminifera content, a significant increase in carbonate deposits, a low salinity and a low water temperature between 40°N and 55°N in the North Atlantic [1,5]. DO events are 25 significant millennial-scale cooling and warming oscillations identified in the Greenland ice core records [2,3,4]. DO events occurred at a frequency of about 1.5 ka and the amplitude of temperature changes in Greenland has reached 5–16 °C within decades, exceeding half the magnitude of the glacial-interglacial cycles [2,3]. These millennial-scale climate events not only occurred at mid-to-high latitudes in the North Atlantic, but also exerted profound and extensive impacts on the climate in monsoonal and equatorial regions [6], indicating that there were significant teleconnections between the high and low-latitude climate systems during the last glacial period [7,8,9,10,11].



Stalagmites have advantages of high resolution, multiple proxies and absolute 230Th dating; thus, they are important geological materials for paleoclimate reconstruction. So far, the climatic significance and interpretation of Chinese stalagmite δ18O is still a hotly-debated topic in academic research. Some scholars suggest that it could represent the intensity of the East Asian summer monsoon (EASM) [8,12,13], water vapor sources and transport pathways [14,15], atmospheric circulation patterns and hydrological processes [16] or the movement of the westerly jet [17]. Previous studies point out that when the EASM strengthens, the stalagmite δ18O shifts negatively, and when the EASM weakens, the stalagmite δ18O shifts positively. Consistent changes in the intensity of the monsoon circulation result in the reproducibility of stalagmite δ18O records on orbital to millennial timescales in different regions of China [9]. However, simulations show that the spatial correlation range between precipitation δ18O and precipitation does not exceed 500 km, which contradicts the continental-scale spatial consistency characteristics of stalagmite δ18O records [15]. Recently, Cheng et al. [13,18] suggested that the variation in the Asian summer monsoon indicated by Chinese stalagmite δ18O records should represent changes in the mean state of summer monsoon intensity. In other words, the variation in the monsoon strength revealed by the spatial consistency of stalagmite δ18O records represents more likely the nature of “wind” or the consistency of the atmospheric circulation and the accompanying changes in remote and nearby water vapor sources. It does not necessarily in all cases represent changes in precipitation at the specific study site. On the fringes of the summer monsoon, the monsoon “wind” and “rainfall” may be consistent. For example, based on the Zhenzhu Cave stalagmites in the monsoon fringe region of northern China, Li et al. [19] found that the stalagmite δ13C records and the loess carbonate δ13C records are very similar in terms of amplitudes and trends on the orbital and millennial timescales, suggesting that stalagmite δ13C can indicate summer monsoon precipitation, while δ18O indicates the change in the intensity of the East Asian summer monsoon. Although some records and simulations show that Chinese stalagmite δ18O tends to indicate the intensity of the EASM at the continental scale [8,12,13,20], its climatic significance remains to be further clarified, and other proxy indicators may be used to supplement the research on stalagmite δ18O.



Compared to stalagmite δ18O which is mainly controlled by precipitation, the sources and the influence factors of carbon isotopes (δ13C) in stalagmites are more complex (including atmosphere, soil, organisms, rocks, etc.) [21]. Recently, reconstruction work has shown that stalagmite δ13C records have great potential for revealing changes in the paleoclimate and paleoenvironment, and to a certain extent can make up for the deficiency that stalagmite δ18O cannot indicate local environmental changes [19,22,23,24]. For example, Shennong speleothem δ13C is suggested to be controlled by vegetation density, and during the early mid Holocene, a long-term calcite δ13C indicates a gradual increase in precipitation [24]. Speleothem δ13C from the nearby Yongxing Cave shows that during warm and humid conditions, δ13C is relatively low, consistent with negatively biased δ18O and decreased trace element ratios [22]. In addition, during the last glacial period, the stalagmite δ13C of Hulu Cave reflected the “damping effects” on the millennial timescale, and the reconstructed EASM precipitation changes based on this sequence can complement the Hulu δ18O records, indicating changes in the monsoon intensity [25]. In northern China, speleothem δ13C is mainly interpreted as the soil microbial activity and vegetation associated with changes in soil moisture and temperature [19,23]. Li et al. [19] also suggested that cave δ13C records are a sensitive and reliable indicator of the EASM rainfall amount, while δ18O is an indicator of changes in the phase of the EASM.



These previously published Chinese records have been reconstructed and analyzed at a single cave site and a few studies have comprehensively analyzed the response of stalagmite δ13C records to millennial-scale abrupt climate events in different regions during the last glacial period (Marine Isotope Stage 3, MIS3). In this paper, we selected stalagmites from Lianhua Cave, Shanxi Province, in the eastern Chinese Loess Plateau (LP), which is located at the edge of the Asian summer monsoon, to reconstruct the stalagmite δ13C time series from 54.5 ka BP to 41.1 ka BP. We compared our newly derived record with δ13C records from different caves and regions in China and discussed the palaeoclimatic significance of δ13C proxy. Furthermore, we evaluated the response process of Chinese stalagmite δ13C records to millennial-scale abrupt climate events and revealed the possible driving mechanisms behind it.




2. Materials and Methods


Shanxi Province is located inland of the east coast of the Eurasian continent (Figure 1). The LP is a typical plateau with extensive coverage of loess and its altitude decreases from the northeast to the southwest, leading to the strong influence of ocean water vapor. As the region is located on the edge of the Asian monsoon, it is sensitive to the advance and retreat of the winter and summer monsoon circulation and is therefore suitable for studying the history of the Asian monsoon.



Lianhua Cave (113°43′ E, 38°10′ N) is located in Jiaokou Town, Yangquan City, Shanxi Province, with an elevation of 1200 m. The cave was developed in the limestone of the Ordovician Majiagou Formation. Its length is about 250 m, and the entrance is so narrow that only one person can crawl through it. Due to its poor ventilation with the outside, the relative humidity in the inner cave reaches 98%–100%. In July, the measured temperature in the cave is 11 °C, close to the annual average temperature on the surface. Affected by the Asian monsoon, the regional average annual rainfall is about 515 mm, and ~70% of the annual rainfall occurs from June to September. The vegetation outside the cave is mainly composed of a temperate deciduous broad-leaved forest, shrubs and herbs.



The 206 mm long LH36 stalagmite sample is columnar, with varying diameters from 80 to 110 mm. After slicing and polishing along its growth axis, clear growth layers could be observed. The sample is mainly composed of white and yellowish calcite according to both the X-ray diffraction results and the polished profile (Figures S1 and S2). There are brown weathered crusts at sections of 33–35 mm and 145–150 mm from the top, and the lithofacies above and below the interface differ significantly, indicating two hiatuses. Considering these hiatuses, we use the section from 37 to 145 mm in this paper.



On the polished surface, 109 subsamples (approximately 50 μg per sample) were collected for oxygen and carbon isotope analyses at 1 mm intervals along the growth axis of stalagmite using a 0.3 mm diameter dental drill. The analyses were completed in the Isotope Laboratory, School of Geography Sciences, Nanjing Normal University. The analytical error was less than ±0.05‰ for δ18O and ±0.06‰ for δ13C. In addition, 36 powdered samples were drilled with carbide dental burrs along the growth axes and used for trace element analyses at the College of Geography, Nantong University, China. Each sample weighed ~3 mg and was dissolved in a 5 mL solution of 5% HNO3. The solutions were then left overnight and filtered using water filters with a 0.22-μm pore diameter. All solutions were analyzed using an inductively coupled plasma optical emission spectrometer (ICPE-9000, Shimadzu). The precision was better than 2%.



Six 230Th age samples at depths of 37, 51, 80, 95, 113 and 127 mm were collected using a 0.9 mm diameter dental drill. Powder samples were processed and tested in the High Precision Mass Spectrometry and Environmental Change Laboratory, National Taiwan University and Isotope Laboratory, Nanjing Normal University. The analytical instrument was a Thermo Neptune multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS). The processing and analytical methods are shown in refs. [30,31] and the decay constants are the same with [32,33]. The age analytical error was ±2σ, and detailed results have been published in ref. [9].




3. Results


3.1. Chronology of Stalagmite LH36


According to the U and Th isotopic composition results of stalagmite LH36 in ref. [9], which are attached in Table S1, the concentration of 238U is low and in the range of 95.6 ± 0.1–975.1 ± 0.1 ppb. The concentration of 232Th is high, ranging from 2.1 ± 0.01 to 21.3 ± 0.11 ppb. The atomic ratio of 230Th/232Th is low and in the range of (0.124 ± 0.01) × 10−3–(0.861 ± 0.08) × 10−3. Due to the impurity of the samples and the high concentration of 232Th, the initial 230Th corrections of the sample LH36 were relatively large, most of which were within 0.1–0.9 ka. The sample with the largest correction was LH36-95, reaching 1.3 ka. Despite the large dating errors, all of the corrected ages were in stratigraphic order (Figure 2). In this paper, the LH36 time series during early MIS3 was established by linear interpolation and arithmetic progression of the dating points. The results showed that the stalagmite LH36 grew continuously from 54.5 to 41.1 ka BP after sedimentary discontinuities, with an average resolution of 120 years.




3.2. Multi-Proxy Sequences of Stalagmite LH36


From 54.5 to 41.1 ka BP, the δ18O value fluctuates between −10.2‰ and −6.9‰, with an amplitude of 3.4‰ and an average value of −8.9‰ (Figure 3C). The δ13C values of stalagmite LH36 fluctuate between −6.9‰ and 1.1‰, with an amplitude of 5.8‰ and an average value of −2.7‰ (Figure 3D). The correlation between δ13C and δ18O records is 0.6, showing a significant positive correlation (Table S2). Stalagmite δ13C records a series of millennial-scale climate events, including DO10–14 events and HS5 (Heinrich Stadial 5) events. During the five DO warm stages, the δ13C is significantly negatively biased, with a value of about −4‰ and an average amplitude of over 3‰, showing a trapezoidal structure. Particularly, the trapezoidal structure of DO14 event is particularly obvious, with the largest δ13C amplitude (5.8‰). In the HS5 event, the δ13C is the most positive, with values larger than 0‰. Compared with the stalagmite δ13C records, the millennial-scale events in the δ18O curve are ambiguous; the peaks of DO12 and DO13 events are absent. Obviously, the stalagmite LH36 δ13C is more sensitive to millennial-scale climate oscillations than δ18O.



The necessary prerequisite for using stalagmite stable isotope records for paleoclimate reconstruction is that the stalagmites were deposited under isotopic equilibrium fractionation conditions. There are two methods for an equilibrium test: the Hendy test [34] and the replication test [35]. The Hendy test requires that the isotope values in the same layer do not change much. We selected three layers (125 mm, 146 mm and 158 mm) on the polished surface and collected powder subsamples from both sides of the growth axis at 5 mm intervals for each layer. The results show that changes in δ13C and δ18O on the same layer of stalagmite LH36 are less than 1‰, i.e., basically stable, and the standard deviations in the data in the three layers are less than 0.3 (Figure S2), passing the Hendy test. In addition, Dong et al. [9] showed that since 60 ka BP, the δ18O records of different stalagmites in Lianhua and nearby caves have high similarities in terms of amplitude and changing trends, supporting the replication test [35]. We further compare the LH36 δ18O records with calcite δ18O records from Chinese caves, including Huangjin Cave, Zhenzhu Cave and Yongxing Cave (Figure 3A,B,E). From the comparison, it is noted that on the millennial timescale, these δ18O records show consistent shifts in values, that is, positive biases during stadials and negative biases during interstadials, as marked with yellow bars. In addition, the three multi-centennial fluctuations during DO11, as captured in PS1 δ18O records (Figure 3B), are also detected in LH36 δ18O records (Figure 3C), possibly due to the fact that both records are derived from the Loess Plateau. Both lines of evidence in the Hendy test and the replication test indicate that the stalagmites from Lianhua Cave were equilibrium fractionated during the deposition process. However, we cannot deny that there are differences in different δ18O records, e.g. internal structures during the DO11 event, which might be due to different moisture sources or pathways [36]. In addition, compared with other δ18O records, DO12 and DO13 are ambiguous in our LH36 δ18O records, while the LH36 δ13C records shows prominent DO12 and DO13 peaks (Figure 3D). This is the reason why we chose to discuss LH36 δ13C records in the following context.



The concentrations of Mg, Sr and Ba in stalagmite LH36 are expressed as ratios to Ca (Figure S3C–E). The Sr/Ca and Ba/Ca ratios exhibit a coherent long-term increasing pattern (dashed lines in Figure S3C,D) and are strongly positively correlated (R = 0.53, n = 36, P < 0.01, Table S2). The Mg/Ca ratio displays a general decreasing trend during the entire interval (Figure S3E) and is found to be negatively correlated with Sr/Ca and Ba/Ca ratios (Table S2). The correlation between stable isotope composition and trace elements is complex, and Sr/Ca and Ba/Ca are negatively correlated with δ13C and δ18O (Table S2).





4. Discussion


4.1. Interpretation of LH36 Stalagmite δ13C


The carbon in stalagmite sources from soils (80%–95%), carbonate bedrocks (10%–15%) and atmospheric CO2 (~0.03%) [37]. The δ13C values of bedrock mainly affect the baseline of δ13C [37]. The average δ13C value of the Ordovician Majiagou Formation limestone in China is −1‰–0‰ [38], which may lead to the relatively high δ13C average of LH36 (−2.7‰). Although stalagmite δ13C is also disturbed by a variety of internal cave factors, including isotopic fractionation, dead carbon, ventilation of karst systems and prior calcite precipitation effects (PCP) [37,39], evidence shows that it is mainly controlled by the soil CO2 concentration and can indirectly reflect changes in the external climate and environment [21,37,40]. Generally, soil CO2 is prone to affect the short-term fluctuations of stalagmite δ13C, while soil CO2 itself is mainly affected by vegetation type, soil respiration and biomass changes [34,40,41,42]. Therefore, soil CO2 is closely related to external climate factors [43]. Hendy et al. [34] found that C3 or C4 vegetation changes exerted the greatest impact on stalagmite δ13C. The stalagmite δ13C in caves (−14‰–−6‰) under the influence of C3 vegetation is lighter than the stalagmite δ13C in caves (−6‰–2‰) under the influence of C4 vegetation [40]. Since a cold and wet climate is favorable for the growth of C3 vegetation and a warm and dry climate is favorable for the growth of C4 vegetation, the abundance and climatic conditions of C3 and C4 vegetation can be inferred from stalagmite δ13C. In addition, Genty et al. [41] believed that stalagmite δ13C can be used as an indicator of overlying biomass changes on the millennial timescale based on a study of the Villars Cave, thus reflecting the improvement or degradation in the ecological environment. Obviously, due to high correspondence between vegetation, biomass changes and climate factors (temperature and humidity), stalagmite δ13C can reflect climate change to a certain extent [23,26,27]. At the same time, various factors related to soil CO2 have the same effects on stalagmite δ13C; that is, under good climate conditions, dense vegetation, large biomass and an increased C3/C4 ratio will lead to lighter δ13C, and vice versa [44].



We suggest that the δ13C of stalagmite LH36 mainly refers to soil CO2 changes related to vegetation type, biomass and biological respiration. Firstly, the PCP effect in stalagmite LH36 is falsified by the inconsistency in millennial-scale variations in three trace metal records (Figure S3C–E), as well as the low correlation coefficients (≤0.32) between trace metal ratios and stable isotopic values (Table S2). In addition, according to the PCP test proposed by Sinclair et al. [45], the slope of the theoretical PCP gradient should be around 0.9 at Lianhua Cave. However, the slope of the trend line through the plot of ln (Mg/Ca) versus ln (Sr/Ca) is −0.2 for the LH36 sample (Figure S3F), indicating an absence of PCP control during calcite deposition. Secondly, previous studies found that C3-C4 mixed vegetation was mainly developed in the central and eastern LP during the last glacial period, where C3 vegetation dominated and the proportion of C4 vegetation increased from the northwest to the southeast of the LP [46,47,48]. Meanwhile, due to the “temperature threshold” which inhibited the expansion of C4 vegetation, the loess records showed small variations in the proportion of C3 and C4 vegetation during the cold MIS3 period [43,44,45]. Furthermore, biogenic production records from Lake Sihailongwan (SHLW [28], Figure 4F) in northeastern China show similar fluctuations with our records.



In addition, δ13C records from northern China to southern China display consistent biases in δ13C values on the millennial timescale, with negative shifts during DO interstadials and positive shifts during DO stadials and HS events, with most of them having similar durations (Figure 4). Stalagmite δ13C values in different records gradually increase during the long-term DO14 interstadial (dashed arrows in Figure 4). Huangjin, Zhenzhu and Lianhua caves are all located in northern China (Figure 1), and the distance from Lianhua to Huangjin and Zhenzhu is less than 600 km and 100 km, respectively. The PS1 chronology is systematically older than other stalagmites by around 1 ka, but millennial-scale variations could also be identified, and their structural characteristics for DO13 share strong similarities with our LH36 records. Both modern monitoring and record reconstruction show that Zhenzhu Cave δ13C mainly reflects soil CO2 changes and is significantly related to the external precipitation and vegetation [49,50]. In the past 30 years, the difference in the mean annual temperature between Lianhua Cave and Zhenzhu Cave was only 2 °C, and the difference in the mean annual precipitation was only 24 mm [9,19]. Considering the similar modern climate conditions, the precipitation and vegetation changes at the two sites during the last glacial period could also be similar. In addition, HJ1 δ13C is suggested to represent the regional biomass and the C3/C4 vegetation ratio [26], and the stalagmite δ13C records from Wanxiang Cave in the western LP is indicative of vegetation and coverage changes, with negative δ13C values indicating increases in vegetation coverage and the C3/C4 vegetation ratio, and vice versa [51]. Therefore, similar variations in δ13C records in northern China could indicate similar vegetation and environmental changes under the same climatic conditions. It can be speculated that during the warm DO stages, an increase in summer precipitation could lead to an increase in soil moisture and vegetation biomass, and the enhancement in soil respiration and an increase in CO2 partial pressure. These conditions were favorable for negative δ13C values in secondary carbonate deposition of cave stalagmites.



In addition, there are discrepancies in Chinese cave δ13C records (Figure 4). For instance, the negatively-biased duration of DO12 and DO13 interstadials are longer in Zhenzhu δ13C records (Figure 4B) than any other records by hundreds of years, which might be due to its poor age constraints (see large error bars above the PS1 δ13C record). A general decreasing trend during DO12 is observed in both LH36 and YZ1 δ13C records, but contradicts with the increasing trend in other cave records (Figure 4A,C,D). In addition, the internal variations in DO10 are variable; that is, there is a flat trend in Huangjin, Zhenzhu and Yangzi records, a positive valley in Lianhua records and a sharp peak in Yongxing records. These differences might be due to the fact that calcite δ13C signals can incorporate local-scale environmental variations, which can vary in different places.



In conclusion, the stalagmite δ13C in Lianhua Cave mainly indicates a change in terrestrial CO2 production, which is related to the local vegetation type, biomass and biological respiration above the cave, and can further reflect changes in the intensity of the EASM.




4.2. Millennial-Scale Abrupt Climate Events Recorded by Stalagmite δ13C Records


Continental-scale replication has been found in Chinese stalagmite δ18O records on the orbital and millennial timescales [8,9,12,13,27], suggesting the extensive consistency of precipitation δ18O signals across China under the control of the EASM circulation [20]. In contrast to the numerous researches on Chinese stalagmite δ18O during the last glacial period, studies of the δ13C records are scarce, especially regional comparisons in previous studies. Here, we attempt to compare and analyze cave δ13C records in the EASM domain during the MIS3 and explore their similarities and differences during the overlapping periods (Figure 4). Lianhua Cave and other four published caves, including Huangjin [26], Zhenzhu [19], Yongxing [22] and Yangzi [27], are all located between 29°N and 41°N in China (Figure 1). These five stalagmite δ13C records have independent 230Th-dated ages with a high sampling resolution. Within 230Th dating errors (54 to 160 years for HJ1, 339 to 722 years for PS1, 110 to 390 years for YX55 and 93 to 419 years for YZ1), these δ13C records have good replication during the overlapped time interval, including the same isotopic shifts in response to the millennial-scale events in the northern high latitudes, the same the transitional characteristics and the same duration of abrupt events (Figure 4). For instance, DO10 to 14 events and the HS5 can be identified in these δ13C records, with lighter δ13C during the DO warm stages and heavier δ13C values during the DO stadials and the HS events. Meanwhile, the δ13C values gradually increased during the interstadial of DO14, as shown by the dotted arrows in Figure 4. In addition, DO events all started relatively fast, within a few hundreds of years. Strong similarities between cave δ13C records in northern and southern China on the large space scale indicate that it is an effective proxy for climate, vegetation and soil CO2 production changes under the control of the EASM, even in different regions of China. However, we also find that there are north-south differences in the stalagmite δ13C records. For instance, three stalagmite δ13C records in northern China (Figure 4A–C) record higher amplitudes of variabilities during the millennial-scale oscillations, ranging from 2‰ to 5.8‰. However, the amplitudes of YX55 and YZ1 are relatively small (1‰–2‰). This north-south difference might be related to a higher sensitivity of the climate and vegetation changes in the monsoon fringe region.



A comparison with the NGRIP ice core δ18O record (Figure 5A) suggests that the similar characteristics of stalagmite δ13C sequences in different caves could be related to the millennial-scale northern high latitude temperature changes. Evidence include the similar shapes and rapid DO onsets in both stalagmite δ13C records and ice core δ18O records, the sawtooth structure of DO14 and the almost -equivalent time duration of DO events (Figure 4 and Figure 5A,D). Previous studies have shown that the land and oceans temperature in the mid-to-low latitudes of the northern hemisphere during the DO cycle is consistent with the temperature changes in the North Atlantic and high northern latitudes, and thus the northern hemisphere warms up during the interstadials and cools down during the stadials [6]. The extensive northern hemisphere cooling during stadials, due to the collapse/stagnation of the Atlantic Meridional Overturning Circulation (AMOC) [52,53] causes southward shifts in the Intertropical Convergence Zone (ITCZ) [54], leading to the weakening of the EASM [8]. Such cooling also causes an increased dust flux from Euro-Asia continent to Greenland (Figure 5B). The weakening of the monsoon results in a decrease in precipitation, and dry and cold stadial conditions then lead to deteriorated vegetation and a decreased C3/C4 ratio in both northern and southern China, leading to heavier stalagmite δ13C values (Figure 4). In addition, the climate in the northern high latitudes can also adjust the hydrothermal conditions in China through the mid-latitude westerly belt or the Eurasian remote control function [29,55], and further affects the changes in the environmental climate outside the caves and vegetation biomass, thus controlling the stalagmite δ13C values. It is obvious that during DO cycles, the northern/southern position of the westerlies is consistent with warming/cooling in Greenland (Figure 5A–C). However, during the DO interstadials, the recovery of the AMOC warms up the northern hemisphere and the northward migration of the ITCZ, thus transporting more oceanic moisture to the EASM region. With improved moisture and thermal conditions, C3 vegetation flourishes and C4 vegetation growth is inhibited under humid conditions. At the same time, the soil respiration is enhanced and soil CO2 levels increase, resulting in lighter stalagmite δ13C. Therefore, the cave stalagmite δ13C records can be indicative of the EASM intensity and the regional ecological environment under monsoonal control, and its similarity to the millennial-scale Greenland ice core climate fluctuations suggests that the low-latitude monsoon can respond to abrupt climate events at high northern latitudes through rapid air-sea coupling.





5. Conclusions


Based on six high-precision 230Th dating experiments and 108 sets of δ18O and δ13C data of the stalagmite LH36 in Lianhua Cave, we reconstructed climatic and environmental change sequences on the eastern margin of the Chinese Loess Plateau from 54.5–41.1 ka BP, covering DO10–14 events and the HS5 event with an average resolution of 120 years. A comparison with δ13C records from four other caves across China between 29 and 41°N shows good replication during the overlapped interval, with more negative δ13C values during interstadials and more positive δ13C values during stadials. Considering the trace metal results and the millennial-scale similarities with cave, lake and loess records, we suggest that LH36 δ13C is mainly related to the terrestrial CO2 production above the cave and could reflect monsoon intensity. The consistent millennial-scale changes in these Chinese cave δ13C records are possibly tele-connected with temperature changes in Greenland, due to the one-to-one correspondence with the DO events recorded by the Greenland ice core. During the DO interstadials, following warming of the northern hemisphere, monsoonal intensification and improved hydro-thermal conditions, the ratio of C3/C4 vegetation, the vegetation coverage and biomass production increased, causing negative shifts in calcite δ13C values. Additionally, the conditions are the opposite during the stadials. The continental-scale consistency recorded by cave stalagmite δ13C records indicates that the Asian monsoon and the regional ecological environment under monsoonal control could respond to abrupt climate events in the northern high latitudes through an air-sea teleconnection.
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Figure 1. Regional climatology and cave sites. NCEP/NCAR May to August (MJJA) daily precipitation (mm/day) and 850 hPa wind vectors (m/s) averaged from 1983 to 2012. The cave sites are Lianhua Cave (113°43′ E, 38°10′ N, this study), Zhenzhu Cave (113°42′ E, 38°15′ N [19]), Huangjin Cave (118°38′ E, 40°17′ N [26]), Yongxing Cave (111°14′ E, 31°35′ N [22])and Yangzi Cave (107°47′ E, 29°47′ N [27]). Other research sites used in this paper are Sihailongwan (SHLW) Lake [28] and MD01-2407 [29]. 
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Figure 2. Age model and polished surface of stalagmite LH36. In the left panel, the black dots and error bars represent the measured ages and errors, respectively. The solid black line is the linearly interpolated age models. In the right panel, the black strips on the stalagmite section are the sampling locations of the dating samples. The orange dotted lines are sedimentary hiatuses. The data from 61.4 ± 0.5 ka BP are the one under the hiatus and are thus not used for chronology establishment. 
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Figure 3. Stable isotope proxy records for stalagmite LH36 and a comparison with δ18O records from other caves. Grey shaded bars indicate the HS5 event, and yellow bars and numbers indicate interstadial in DO10 to 14 events. δ18O records from (A) Huangjin Cave [26], (B) Zhenzhu Cave [19], (C,D) Lianhua Cave (this study) and (E) Yongxing Cave [22]. 
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Figure 4. Comparison of geological records in the EASM domain. δ13C records from (A) Huangjin Cave [26], (B) Zhenzhu Cave [19], (C) Lianhua Cave (this study), (D) Yongxing Cave [22] and (E) Yangzi Cave [27]. (F) Total organic carbon record of Lake Sihailongwan (SHLW); high values indicate a stronger biogenic production [28]. Dashed arrows indicate the slope of DO14 interstadial. The gray shaded bar indicates the HS5 event and yellow bars and numbers indicate DO10 to 14 events. 
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Figure 5. Comparison of geological records. (A) δ18O record of NGRIP ice core on the GICC05 chronology [56,57,58]. (B) NGRIP ice core Ca2+ record [58]. (C) Electron spin resonance (ESR) intensity of core MD01-2407 in the Japanese Sea; high values indicate a dominance of dust with a Mongolian Gobi provenance and suggest a southward shift in the westerly jet [29]. (D) Total organic carbon record of Sihailongwan (SHLW) Lake; high values indicate a stronger biogenic production [28]. Gray bars indicate the HS5 event and numerical values indicate DO events. Dashed arrows indicate the changing trend of DO14 in each record. 
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