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Abstract: During the last glacial, Dansgaard–Oeschger (DO) events are mostly characterized by
moderate and shorter fluctuations. Here, we present the three-year-resolution stalagmite isotopic
record from Shouyuangong Cave (SYG), southern China, revealing a detailed history of Asian
summer monsoon (ASM) and local environmental changes during the middle and late period of
DO 14. During this period, the SYG1 δ18O is characterized by the persistence of centennial-scale
oscillations. These centennial δ18O enrichment excursions are clearly mirrored in the δ13C signal.
This correlation suggests that changes in soil CO2 production at this site are closely correlated with
centennial-scale ASM variability. Furthermore, power spectrum analysis shows that δ18O and δ13C
display the common periodicities consistent with solar activity cycles, implicating a control of solar
activity on the ASM and soil humidity. Particularly, weak solar activity generally corresponds to weak
ASM and a decline in soil CO2 production. One possible link between them is that external forcing
controls the ASM intensity via the thermal contrast between the ocean and land. Subsequently, the
balance of soil moisture co-varies with the hydrological responses. Finally, the soil CO2 production is
further amplified by ecological effect.

Keywords: Shouyuangong Cave; centennial-scale variability; soil processes; solar activity

1. Introduction

In the Marine Isotope Stage (MIS) 3, the Dansgaard–Oeschger (DO) events identified
in the Greenland ice core are mostly characterized by moderate and shorter fluctuations [1].
Hence, few records are satisfactory to strictly constrain these DO events with sufficient
resolution and robust age control [2]. The reasons for the internal structural changes
are not clear, especially at centennial-scale oscillations [3,4]. Various hypotheses were
invoked to explain these centennial-scale climate variations, including changes in the
solar activity [5–8].

Changes in solar activity have previously been proposed to cause decadal- to millennial-
scale fluctuations in both the Holocene and Last Glacial Maximum climates [7,9]. The good
empirical evidence exists also for solar modulation of climate-related events on multi-
decadal, centennial and bicentennial timescales [10–15]. Soon et al. [6] suggested strong
empirical evidence supports the existence of sun–climate relationships on a number of
centennial-to-millennial, suborbital timescales, and that these relationships are represented
by climate proxy variations from nearly all the Earth’s major climatic zones and regimes.
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During the Holocene, the idea of solar forcing on climates was tested by comparison of
decadal to centennial changes of the radionuclide proxies and geologic records [7,16–22].
Recently published high-resolution climate proxy records show that climate fluctuations
in the LGM and Holocene are spectrally similar suggesting that linkages between climate
proxies and solar activity at the centennial time scale in the Holocene can be extended to
the LGM [8]. However, during the DO events, a connection between the solar activity and
the centennial scale climate changes revealed by paleogeological records remains unclear
due to insufficient data resolution and age controls. Therefore, the decadal to centennial-
scale Asian summer monsoon (ASM) instability during the DO events (i.e., intra-DO) still
needs to be further investigated, as this type of climate oscillation is in frequency similar to
the solar cycles and is likely instrumental in testing the hypothesis of solar forcing on the
DO events.

Here we present the 3-year-resolution stalagmite isotopic records of DO 14 from
Shouyuangong cave, which has allowed us to scrutinize the decadal- to centennial-scale
variability of the ASM and local environments.

2. Cave Site, Sample, and Methods

Shouyuangong Cave (24◦25′ N, 107◦01′ E, 667 m above sea level) is located in the zone
of transition between Yun-Gui Plateau to Guangxi Basin, southern China (Figure 1a). The
entrance of the cave is 20 m wide and 12 m high. The plane of the cave is asymmetrical
and skewed in the shape of Y. The cave is about 4062 m long with six chambers (Figure 1b).
The regional climate condition is influenced by the subtropical east Asian and tropical
Indian summer monsoons. Mean annual temperature is about 16–19 ◦C and the annual
precipitation is about 1500–1600 mm.
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Figure 1. Regional climatology, cave sites (a) and the plan of Shouyuangong Cave (b). Averaged
JJA water vapor flux between 1949 and 2016 [22]. Red dots indicate locations of Xinglong Cave
(XL, 40◦29′ N, 117◦29′ E, [23]), Yangkou Cave (YK, 29◦01′ N, 107◦11′ E, [24]) and Xianyun cave
(XY, 25◦33′ N, 117◦00′ E, [25]). Red star indicates location of Shouyuangong Cave (SYG, 24◦25′ N,
107◦01′ E, this study).
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Stalagmite SYG1 is 980 mm in length with a candlestick shape and has a diameter of
250 mm (Figure 2), suggesting the infiltration water feeding the stalagmite was generally
stable. When halved and polished, SYG1 is composed of translucent and porous calcite
(Figure 2). Lithological features of this sample can be divided into two phases with a
645 mm boundary. In the upper 645 mm, the polished section is composed of milk-white
calcite and transparent and compact calcite can be observed below this zone (Figure 2).
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Figure 2. Photograph of stalagmite SYG1 from Shouyuangong Cave. The red dots indicate layers for
230Th/U dating.

In order to ensure that the dating points were evenly distributed in depth, an age
point was collected every 200 mm or so. Therefore, five powder sub-samples were collected
along the growth axis using 0.9-mm-diameter carbide dental burrs for 230Th dating. Mea-
surements were performed on a Neptune MC-ICP-MS at the School of Geography, Nanjing
Normal University. The chemical procedure used to separate uranium and thorium is
similar to those described in Shao et al. [26]. The U and Th isotopic measurements and
data processing followed Shao et al. [27]. 392 sub-samples were drilled for stable isotopic
measurements using 0.3 mm-diameter carbide dental burrs. Analyses were performed on a
Finnigan-MAT 253 mass spectrometer fitted with a Kiel Carbonate Device at the School of
Geography, Nanjing Normal University. The results were reported relative to Vienna Pee
Dee Belemnite (VPDB) with standardization determined relative to NBS 19. Precision of
δ18O values is 0.06‰ and 0.03‰ for δ13C, at 1σ level.

3. Results
3.1. Chronology

230Th dates reveal that the growth of stalagmite SYG1 covered a period from 52.7 to
50.0 ka and increase systematically with depth from the top (Table 1). The typical analytical
errors (2σ) of dating results are generally less than 190 years. The average U concentration
throughout the stalagmite is 0.1 ppm and 232Th content is low (generally less than 280 ppt).
232Th dates were linearly interpolated to establish chronologies (Figure 3a). In the Figure 2,
the color of calcite changes markedly at 645 mm. Therefore, we use an algorithmic method,
StalAge [28] to test whether there were hiatuses, and large changes in growth rate. As a
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result, the modeled ages generally agreed within the 95% confidence level, with linearly
interpolated chronologies between adjacent 230Th ages. Hence, SYG1 is a linear rate of
growth without depositional discontinuities.

Table 1. 230Th dating results of stalagmite SYG1 from southern China.

Sample
Number

Depth
(mm)

238U
(ppb)

232Th
(ppt)

δ234U(‰)
(Measured)

230Th/238U
(10−3)

(Activity)

230Th/232Th
(Activity)

230Th Age
(ka)

(Uncorrected)

230Th Age
(ka)

(Corrected)

δ234UInitial
(‰)

(Corrected)

SYG1-40 40 119.37 ± 0.04 279.9 ± 10.0 25.9 ± 1.0 379.4 ± 0.7 494.5 ± 17.7 50.2 ± 0.1 50.1 ± 0.1 29.9 ± 1.6
SYG1-340 340 123.15 ± 0.05 212.3 ± 10.0 28.0 ± 1.1 383.6 ± 0.7 680.2 ± 32.0 50.7 ± 0.1 50.7 ± 0.1 32.2 ± 1.2
SYG1-570 570 132.03 ± 0.04 205.3 ± 10.1 28.8 ± 1.0 388.5 ± 0.7 763.5 ± 37.4 51.5 ± 0.1 51.5 ± 0.1 33.4 ± 1.1
SYG1-750 750 125.17 ± 0.04 257.1 ± 10.1 27.9 ± 1.1 390.0 ± 0.7 580.2 ± 22.5 51.8 ± 0.1 51.8 ± 0.1 32.3 ± 1.2
SYG1-905 905 91.48 ± 0.03 153.6 ± 10.2 29.3 ± 1.4 394.4 ± 0.9 717.7 ± 47.8 52.4 ± 0.2 52.4 ± 0.2 34.0 ± 1.7

Errors are 2σ analytical errors. Decay constant values are λ230 = 9.1577× 10−6 yr−1 [29], λ234 = 2.8263× 10−6 yr−1 [30],
λ238 = 1.55125× 10−10 yr−1 [30]. Corrected 230Th ages assume an initial 230Th/232Th atomic ratio of (4.4± 2.2)× 10−6.
Corrected 230Th ages are indicated in bold, and presented in thousand years before 1950 AD.
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Figure 3. The age model (a), δ18O (b) and δ13C (c) isotopic sequences for Sample SYG1. The age–depth
relation of SYG1 was reconstructed by a linear interpolation between adjacent dates, with error bars
showing the dating uncertainties. Pink and gray lines denote the modeled age and 95% confidence
level. Green dots and bars show dating results and errors. The red and green lines and dots represent
δ18O (b) and δ13C (c), respectively. The solid black line shows the polynomial fitting of stalagmite
SYG1 δ18O and δ13C.The light blue bars label the coeval isotopic enrichment.

3.2. Oxygen and Carbon Isotope Records

During the growth period, the δ18O is characterized by persistence of centennial-scale
oscillations around the mean −12.2‰, supporting by the polynomial fitting of the δ18O
record with four centennial-scale oscillations (Figure 3b). Between 51.7 ka and 51.4 ka,
large-amplitude (2‰) and centennial-scale fluctuations are evident in the δ18O (Figure 3b).
In the Figure 3b, interestingly, the SYG1 δ13C is superimposed with a series of secondary
oscillations (Figure 3c), corresponding to δ18O.
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Temporally, the growth of SYG1 covered a period from the middle and late period of
DO 14. The DO 14 in SYG1 δ18O is synchronous with the Yangkou [24] (Figure 4b), Xing-
long record [23] (Figure 4c) and Xianyun [25] (Figure 4d) within dating errors, especially
the most evident centennial-scale enrichment excursions (light blue bar in Figure 4) indi-
cating the accuracy of the stalagmite SYG1 dating. As previously suggested, the Chinese
stalagmite δ18O records are dynamically linked to rainfall isotopic composition associated
with changes of the ASM intensity [31,32]. Thus, the observed similarity between these
speleothem δ18O records over broad regions implies that they are of climatic origin and
SYG1 δ18O signal can represent a regional climate response, i.e., ASM variability [33,34],
with minimum values corresponding to a strong ASM.
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Figure 4. Comparison of our δ18O record with other Chinese speleothem records. From the top to
bottom are (a) SYG1 δ18O (red line, this study) and (b) δ18O record from Yangkou Cave [24] (purple
line), (c) δ18O record from Xinglong cave [23] (bule line) and (d) δ18O record from Xianyun Cave [25]
(pink line). The light blue bar denotes the most evident centennial-scale fluctuations.

4. Discussion
4.1. Centennial-Scale Coupling of ASM and Soil Processes

We note that the millennial-scale δ18O variability is superimposed by a series of minor
oscillations (about 1‰ in amplitude) supported by the polynomial fitting of the δ18O
record (Figure 3a). These centennial δ18O enrichment excursions are clearly mirrored in
the δ13C signal (light blue bar in Figure 3). This correlation indicates that centennial-scale
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δ13C variations might be associated with moisture changes. During the growth period,
power spectrum analysis [35] shows that the SYG1 δ18O exhibits statistically significant
periodicities centered on 240 a, 171 a and 144 a (above 99% confidence level, Figure 5a,b).
And the periods of δ13C are 452 a, 241a, 164 a, and 145 a (above 99% confidence level,
Figure 5b). Therefore, SYG1 δ18O and δ13C display the same periods above 99% confidence
level except 452 a for δ13C (Figure 5a,b). This tight link indicates that centennial-scale
changes of both isotopic signals might have the same forcing mechanism and/or the
climatic and environmental changes influence them in the same direction.
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Figure 5. REDFIT spectral analysis of SYG1 δ18O (a) and δ13C (b) by using the software program
Past3 [35]. The solid blue line represent 99% confidence level.

Given the soil CO2 concentration is about 10–100 times that of the atmosphere [36],
and about 80–90% of carbon in stalagmites is derived from the soil CO2 [37], the biogenic
CO2 production in the soil associated with the plant respiration and microbiological de-
composition possibly has a significant impact on the speleothem δ13C signal. The warming
and wetting climate conditions will promote the biological activity, and hence enhance the
soil CO2 production. Generally, the isotopic composition of biogenic soil CO2 is depleted in
13C [38], with a high soil CO2 partial pressure (ρCO2) corresponding to low δ13C values [39].
This isotopic signal can be reflected in the speleothems deposited in the cave [37,40]. In the
Figure 3, the decrease of soil CO2 production (increase in the calcite δ13C) closely follows
the rapid ASM decline. This relationship indicates a dominant role of water availability
on our speleothem δ13C records. Thus, centennial-scale δ13C variability at this site is, to
some degree, controlled by regional hydrological circulations, possibly via the local soil
humidity level [41].

4.2. Forcing Mechanisms of Centennial-Scale Oscillations

During the growth period, SYG1 δ18O and δ13C reveal the common periodicities
(240 a, 171 a and 144 a for δ18O; 241a, 164 a and 145 a for δ13C) above 99% confidence level
(Figure 5a,b). Moreover, these periods are similar to solar cycles 228 a, 169 a and 136 a [9,42],
reflecting the imprint of solar activity on the East Asian monsoon. Additionally, periods
of weak ASM (increase in the δ18O) (Figure 6a) and decline in the soil CO2 production
(enrichment of δ13C) (Figure 6b) are generally consistent with decrease of solar output [43]
(Figure 6c), pointing to a common mechanism on changes of the ASM and karstic processes,
potentially associated with the solar output.
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Figure 6. Correlation of centennial-scale changes in (a) the SYG1 δ18O (gray line) and (b) δ13C records
(gray line), and (c) 10Be flux from GRIP and GISP2 ice cores [43] (purple line). The black line indicates
a 15-point running average of the stalagmite XYG1 δ18O and δ13C record. Light blue bars indicate
synchronous changes in these records.

Typically, the carbon isotopes are incorporated into the speleothem as dissolved
inorganic carbon (DIC). The dominant DIC species is bicarbonate (HCO3− ), the initial
isotopic signal of which is strongly impacted by soil CO2, soil-respired CO2 and degradation
of soil organic matter (SOM) [37]. It was believed that the soil temperature and humidity
are prominent limiting factors for vegetation growth, soil organic matter decomposition,
microorganism activity and root respiration [44]. Therefore, the observed centennial-scale
co-variation between δ18O and δ13C records and solar proxies implies a control of solar
activity on the ASM circulation (regional) and site-specific soil humidity (local).

High-resolution stalagmite records show that solar activity played an important role in
driving centennial scale climatic oscillation during the Holocene [7]. Within our error range
(about 150 a), the record shows the centennial-scale changes in the calcite record appear
to be consistent with the solar activity variations [43] (Figure 6). The 10Be flux increased
significantly, which corresponded to the enrichment excursions of SYG1 δ18O and δ13C
(Figure 6), indicating weak solar activity generally corresponds to weak ASM and a decline
in soil CO2 production.
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Bond et al. [17] pointed out that the influence of solar activity on global climate
change is amplified through thermohaline circulation. In terms of monsoon dynamics,
solar activity can directly affect monsoon by affecting the thermal differences between land
and sea [45,46]. Our comparison shows that centennial-scale solar variability is possibly an
interpretation of regional climate and soil humidity changes across the DO events. One
possible link between them is that external forcing controls the ASM intensity via the
thermal contrast between the ocean and land. Subsequently, the balance of soil moisture co-
varies with the hydrological responses. Finally, the soil CO2 production is further amplified
by ecological effects.

5. Conclusions

The three-year resolved speleothem records of δ18O (representing the ASM variability)
and δ13C (reflecting changes of soil CO2 production) reconstruct a history of the ASM and
environmental changes in the middle and late period of DO 14 from Shouyuangong Cave,
southern China. During the growth period, persistent centennial-scale oscillations are
clear in the δ18O record, especially at 51.7 and 51.4 ka. The δ13C shows a decreasing trend
superimposed with a series of secondary oscillations. Interestingly, minor centennial-scale
oscillations in the δ18O record are well reflected in the δ13C signal, and both correlate well
with the solar activity. Power spectrum analysis shows that SYG1 δ18O and δ13C display the
same periods, consistent with solar activity cycles, implicating the control of solar activity
over the ASM and soil humidity. Moreover, periods of weak ASM (increase in the δ18O)
and decline in the soil CO2 production (enrichment of δ13C) are generally consistent with
decreases in solar output. This correspondence indicates that the site-specific moisture
level is of importance for the soil CO2 production, both of which are probably related to
centennial-scale solar activity. One possible link between them is that external forcing
controls the ASM intensity via the thermal contrast between the ocean and land. Of course,
at centennial scale, the solar activity forcing on the East Asian summer monsoon was
further confirmed with more high-resolution records.
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