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ABSTRACT

In this study, we present a subannual-biannual-resolved (0.9-2 years) ASM intensity record spanning from 11.6
to 10.0 ka BP (before 1950 AD) inferred from a 2*°Th-dated travertine 5'%0 record at Zhangjia Ravine on the
eastern margin of the Tibetan Plateau. The ZJG-1 5'80 sequence is characterized by high-frequency fluctuations
at decadal to centennial scales. Fluctuating between —11.15%0 and —14.78%. over the 5'®0 sequence, the
fluctuation range gradually decreased from 11.6 to 10.0 ka BP. There are several abrupt changes in the 5'0
sequence, which indicate that the ASM in the early Holocene was highly unstable. Comparison with marine
records suggests that the Preboreal oscillation (PBO) event could be triggered by a freshwater outburst which led
to/resulted in a sudden release of thousands of cubic kilometers of the meltwater to the North Atlantic Ocean.
Furthermore, the climate oscillations during the PBO were associated with the complex interplay of solar activity
and freshwater outburst, the freshwater outburst may amplify the effect of solar activity when it was in the
minima. The rapid warming after the PBO event may be controlled by the common mechanism that induced the
Dansgaard-Oeschger warming events during the last glacial period. The further pronounced increases of the
travertine 5'20 values occurred at about 10.3 ka BP, coinciding roughly with Bond 7 event, also caused by the
freshwater outburst and solar activity. This study is not only important to understand the primary driving force of
the ASM intensity in the early Holocene, but also essential for evaluate the probability of abrupt climate changes
in the future.

1. Introduction

across multiple timescales, and understanding the decadal-centennial
scale abrupt variations of ASM intensity and the driving factors is critical

The Asian Summer Monsoon (ASM), including the East Asian sum-
mer monsoon and the Indian summer monsoon, is a major source of
water vapor and heat within the global climate system (An et al., 2000;
Gupta et al., 2003, 2013). Variations of the ASM can result in severe
drought and flooding, which play a key role in the current and future
socio-economic development of affected regions. ASM intensity varies

to better understand the dynamics and forcing of ASM variability.
Many studies have shown that the decadal to millennial scale ASM
variations in the Holocene were linked to North Atlantic climate and
caused by several driving forces, such as changes in solar activity (Gupta
et al., 2003, 2005, 2013; Hong et al., 2003; Dykoski et al., 2005; Wang
et al., 2005; Cai et al., 2010, 2012, 2015; Cheng et al., 2011; Xu et al.,
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2015; Zhang et al., 2018), freshwater outbursts to the North Atlantic
Ocean (Fleitmann et al., 2008; Cheng et al., 2011; Liu et al., 2018; Sun
et al., 2019), and the Intertropical Convergence Zone migration (Haug
et al., 2001; Fleitmann et al., 2003; Dong et al., 2010; Bird et al., 2014;
Sun et al., 2017). However, it remains uncertain whether solar activity
directly drives the ASM or whether it indirectly affects it through the
North Atlantic climate, especially for abrupt changes observed at
decadal to centennial timescales (Gupta et al., 2003, 2005, 2013; Cheng
et al., 2011; Xu et al., 2015). Therefore, the primary driving force for
abrupt ASM variations at decadal-centennial timescales still needs to be
determined.

Recent studies show that the climate in the early Holocene was un-
stable and dynamic, and had several abrupt cold events (Fisher et al.,
2002; Teller et al., 2002; Magny et al., 2007; Berner et al., 2010). The
Preboreal oscillation (PBO) was the first notable short, cool climatic
variation after the Younger Dryas (Bjorck et al., 1996). Subsequently,
Bond et al. (1997) found a series of cold events which occurred at about
8.1 ka BP, 9.4 ka BP, 10.3 ka BP and 11.1 ka BP in the early Holocene,
and named 5, 6, 7, 8, respectively. The Bond 8 cold event in the study of
Bond et al. (1997) is in fact the PBO event. The rate of these abrupt cold
events is comparable to the climate changes in the Anthropocene. Un-
derstanding the mechanisms of the abrupt climate changes is critical to
understand the abrupt climate changes in the Anthropocene and sepa-
rate natural climate changes from anthropogenic.

The Tibetan Plateau (TP) is the highest plateau in the world, with an
average altitude of about 4500 m. The TP plays an important role in the
global climate system as it acts as an elevated heat source and a topo-
graphic barrier to the Asian monsoon (Yeh et al., 1957; Luo and Yanai,
1984; Wu and Zhang 1998; Sato and Kimura, 2005; Park et al., 2012).
Moreover, the TP is one of the most sensitive areas to respond to global
climate change (Liu and Chen, 2000). Therefore, the TP is an ideal site
for studying the dynamics of the ASM (Zhou et al., 2010; Zhao et al.,
2011; Cai et al., 2012; Bird et al., 2014; Zeng et al., 2017; Wang et al.,
2019).

In recent decades, various archives from the TP have been investi-
gated and applied to interpret the dynamics of the ASM in the Holocene
(Hong et al., 2003; Zhou et al., 2010; Zhao et al., 2011; Cai et al., 2012;
Zhang et al., 2018). However, more continuous and high-resolution
Holocene records are required to evaluate the regional climate varia-
tion, especially the dynamics of the ASM and its underlying driving
forces. Travertine and tufa are chemical sedimentary deposits that are
deposited from flowing water in open-air conditions (Liu et al., 1995;
Pentecost, 1995; Ford and Pedley, 1996), and their sediment sequences
could play an important role in providing high-resolution palaeoclimate
information (Liu et al., 2006, 2010; Sun and Liu, 2010) because of their
high precipitation rates (mm to cm/year) (Matsuoka et al., 2001; Liu
et al., 2006; Kano et al., 2007; Lojen et al., 2009; Brasier et al., 2010).
The climate information of the geochemical proxies (chiefly 580 and
5'3C) in travertine and tufa and their controlling mechanisms have been
systematically revealed in previous studies (Matsuoka et al., 2001; Hori
et al., 2008; Sun and Liu., 2010; Yan et al., 2012; Wang et al., 2014),
providing a scientific foundation by which to accurately reconstruct
palaeoclimate.

In this study, we present a high-resolution, absolutely dated and
continuous travertine 880 record from Zhangjia Ravine on the eastern
margin of the TP, China, and apply this to reconstructing the history of
ASM intensity in this region. By comparing this record with North
Atlantic climate records from Greenland ice core records, the marine
sediment record from the Cariaco Basin, and ASM records from Indian
and Chinese stalagmite records, we attempt to clarify the primary
driving force of the monsoon intensity and the dominant force of the
abrupt changes in ASM intensity at decadal to centennial timescales.
These results are not only important to understand the abrupt climate
changes in the early Holocene but also essential for understanding the
unstable climate conditions during the early Holocene, and the abrupt
climate changes in the Anthropocene.
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2. Site and sample description

Zhangjia Ravine (103°52'E, 32°34'N) is located in the east Huang-
long scenic area on the eastern margin of the TP; it is 230 km NW of the
provincial capital of Sichuan Province, Chengdu (Fig. 1). It is 5 km in
length and 20-50 m in width, with a high-elevation mountainous
climate. The geology consists of Paleozoic carbonate rocks exceeding
4000 m in thickness, overlain by about 1000 m of Mesozoic clastic rocks,
Cenozoic alluvial gravels, glacial moraines, and travertine (Liu et al.,
1995). This region lies at the convergence zone of the Indian monsoon
and East Asian monsoon, with most of the rainfall in the region is a direct
result of the warm and wet air from the Indian and Pacific Oceans (Hong
etal., 2003; Yang et al., 2007; Zhou et al., 2010). This region is not only
sensitive to the monsoon changes, but also sensitive to direct insolation
heating because of its high altitude (>3000 m above sea level). The
average annual precipitation at Huanglong is 759 mm and the mean air
temperature is 1.1 °C. About 72% of the annual precipitation occurs
during the rainy ASM season from May to September (Wang et al.,
2014).

The travertine profile ZJG-1 examined in this study was outcropped
at the upper reaches of Zhangjia Ravine, about 3599 m above sea level,
and is about 5.5 m in height and 10 m in width (Fig. 2a). This profile is
endogenice (thermogene) travertine, from which the carbon dioxide is
sourced from a range of situations including hydrolysis and oxidation of
reduced carbon, decarbonation of limestone or directly from the upper
mantle (Pentecost, 1995; Ford and Pedley, 1996; Liu et al., 2003; Wang
et al., 2010, 2014). The surface is characterized by a dark brown color
due to thousands of years of weathering. The carbonate under the
weathered layer has a clear lamination structure, consisting of alter-
nating thin dark layers and thick dense layers (Fig. 2b). The dark color of
the thin porous layers is attributed to soil-derived clay and organic
matter introduced by overland flow (Liu et al., 2010).

3. Methods

Samples for stable isotope analysis were collected by the following
method: 1) Removing the upper 20-30 cm of the weathered layer, and
the remaining pristine travertine was cut into different size blocks (5-10
cm long) from the profile using a diamond saw in the field. 2) Sub-
samples, 100-500 pg each, were milled using dental drill bits ranging in
size from 0.5 to 1 mm directly from the polished surface of the blocks,
and the spacing between subsamples ranged from 0.1 to 2 cm.

The oxygen stable isotopic compositions of 1236 subsamples were
analyzed on a Finnigan MAT-253 mass spectrometer linked to an on-line
automated preparation system (Thermo-Fisher GasBench II) at the State
Key Laboratory of Environmental Geochemistry, Guiyang, China. The
international standard NBS-19 and three Chinese standards
(GBW04405, GBW04406, and GBW04416) were measured every 15-20
subsamples, with an external 1-sigma precision of +0.1%o.. Isotopic data
are reported relative to Vienna Pee Dee Belemnite (VPDB).

Powdered subsamples for U-Th dating were drilled from seven layers
on the polished surface of the blocks on a class-100 laminar flow bench
in a class-10,000 subsampling room to avoid possible contamination
(Shen et al., 2003, 2012). For the two layers at 356 cm (ZJG1-3-221) and
435 cm (ZJG1-3-156), four coeval subsamples were drilled, and three
coeval subsamples were drilled at 623 cm (ZJG1-2-1). U-Th isotopic
compositions and concentrations were determined by a Thermo-Fisher
NEPTUNE multi-collection inductively coupled plasma mass spectrom-
eter (MC-ICP-MS) at the High-Precision Mass Spectrometry and Envi-
ronment Change Laboratory (HISPEC), Department of Geosciences,
National Taiwan University (Shen et al., 2012). Detailed methods of
U-Th chemistry, instrumental analysis, and age calculation are
described in Shen et al. (2002), Shen et al. (2012), and Cheng et al.
(2013), respectively. All date errors given are two standard deviations
unless otherwise noted.
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Fig. 1. Location of the Zhangjia Ravine, Yamen Cave
(Yang et al., 2010), Mawmluh Cave (Berkelhammer
et al.,, 2012), Lianhua Cave (Zhang et al., 2016) and
the current monsoonal climatic system in China,
including the East Asian and Indian Summer Mon-
soons, and the winter monsoon. The summer
monsoon is a steady flow of warm, moist air from the
tropical oceans, and the winter monsoon is a flow of
cold, dry air associated with the Siberian-Mongolian
High. The dashed lines represent the approximate
summer monsoon limit at present.

Fig. 2. Photographs of (a) the whole travertine profile of the studied travertine profile ZJG-1 and (b) the annually laminated structure of travertine deposits at

Zhangjia Ravine.

4. Results
4.1. 2%0Th dates and age model
U-Th dating results are given in Table 1. Concentrations range be-

tween 346 and 588 ppb for 28U. Uncertainty of corrected 2*°Th dates
ranges from +39 to +881 yr. All 23°Th ages are in stratigraphic order

within the range of errors. The age-depth model was established using
the COPRA algorithm (Breitenbach et al., 2012, Fig. 3). The age model
shows that the deposition interval is from 11.6 to 9.0 thousand years ago
(ka BP, before 1950 AD). The calculated deposition rate of the travertine
profile varied from ~0. 9 mm/year to ~6.1 mm/year (Fig. 3).
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Table 1
U-Th isotopic compositions and?*°Th dates for travertine profile ZJG-1by MC-ICP-MS techniques at HISPEC, NTU.
Sample Depth 2384(ppb) 22Th(ppt)  §%%%U 523%Ujpiai(corrected)  23°Th/?%8y 230Th /232Th Age (yr) Age (yr)
number (cm) (measured) (activity) (ppm) (uncorrected) (corrected)
ZJG1-4-1 40 345.73 + 36555 + 626.7 £ 1.5 643.0 + 2.2 0.1543 + 24.07 £ 0.39 10,741 £ 172 9,027 + 881
0.28 196 0.0024
ZJG1-3-401 104 420.91 + 3740 £ 10 640.3 + 2.6 658.3 + 2.6 0.14401 + 267.3+1.8 9,900 + 67 9,758 + 98
0.56 0.00090
ZJG1-3-338 211 408.48 + 2672.5 + 646.9 + 2.9 665.6 + 3.0 0.14741 + 3715+ 2.6 10,102 £+ 70 9,998 + 87
0.61 9.0 0.00093
ZJG1-3-274 296 587.83 + 12511 + 672.6 + 1.6 650.5 + 4.5 0.1575 + 122.0+ 1.1 10,719 + 95 10,319 + 192
0.54 44 0.0013
ZJG1-3- 351 557.5 + 7128 + 37 671.2 + 4.6 691.8 + 4.8 0.1600 + 206.6 + 1.8 10,863 + 90 10,663 + 135
221a 1.2 0.0012
ZJG1-3- 351 545.80 + 5803 + 26 673.0 + 3.7 693.7 + 3.8 0.1597 + 248.0 + 2.0 10,826 + 82 10,660 + 117
221b 0.89 0.0011
ZJG1-3- 351 521.8 + 6731 £+ 35 665.1 +7.6 685.6 + 7.9 0.1592 + 203.7 £ 2.4 10,841 + 139 10,638 +£ 171
221c 1.9 0.0018
ZJG1-3- 351 5349 + 5026 + 16 671.6 + 4.2 692.3 + 4.3 0.15940 + 280.1 +1.8 10,814 + 73 10,667 + 104
221d 1.1 0.00095
Wt-averaged 10,660 + 63
date*
ZJG1-3- 436 387.15 + 3443 £ 11 668.5 + 3.4 690.2 + 3.5 0.16790 + 311.3+1.6 11,424 + 56 11,285 + 89
156a 0.64 0.00070
ZJG1-3- 436 364.34 + 2710 £+ 10 672.6 + 2.8 694.5 + 2.9 0.16793 + 372.2 + 2.0 11,396 + 56 11,280 + 81
156b 0.55 0.00073
ZJG1-3- 436 394.98 + 3869 + 14 672.8 + 3.6 694.6 + 3.7 0.16823 + 283.2+1.6 11,417 + 64 11,264 + 99
156¢ 0.70 0.00081
ZJG1-3- 436 376.63 + 4125 + 16 673.1 + 3.5 694.9 + 3.7 0.16829 + 253.3+1.7 11,418 £ 71 11,247 £ 111
156d 0.71 0.00093
Wt-averaged 11,272 + 47
date*
ZJG1-2-1a 623 474.45 + 1914.5 + 670.5 + 2.0 6929 + 2.0 0.17141 + 700.4 + 3.2 11,661 + 40 11,598 £ 51
0.56 7.0 0.00051
ZJG1-2-1b 623 439.49 + 5129 +13 670.4 £ 1.7 692.7 + 1.8 0.1728 + 2441 £ 1.5 11,759 + 73 11,577 +£ 117
0.56 0.0010
ZJG1-2-1c 623 396.06 + 2516.4 + 668.2 + 2.7 690.5 + 2.8 0.17087 + 4434+ 2.1 11,640 £+ 51 11,540 £ 71
0.63 8.4 0.00065
Wt-averaged 11,578 + 39

date*

Analytical errors are 26 of the mean. Decay constant values are Azzp = 9.1705 x 10 0 yr™!, Aggq = 2.8221 x 10 % yr~! (Cheng et al., 2013) and Agzg = 1.55125 x 10 1°
yr~! (Jaffey et al., 1971). Corrected 2*°Th age calculation is based on an assumed initial 2°Th/?**Th atomic ratio of (4 + 2) x 107, All corrected dates are relative to

1950. **“The formula for averaged uncertainty is (
(Error)®
(ZAge/(Error)z
1
>

(Error)?

), where Age is the determined 2*°Th date.”

4.2. Oxygen isotope records

The sampling strategy of the travertine profile yielded a temporal
resolution of 0.9-2 years (an average resolution of 1.3 years). The
travertine profile ZJG-1 5180 shows several distinct features (Fi g.4). The
ZJG-1 5'%0 sequence is characterized by high-frequency fluctuations at
decadal to centennial scales. Fluctuating between —11.15% and
—14.78%o over the 5180 sequence, with an average of —13.20%o, and the
fluctuation range gradually decreased from 11.6 to 10.0 ka BP. The 5'%0
values fluctuated in a large range at the centennial scale, and frequent,
abrupt decadal-scale shifts in the 580 values are superimposed on these
centennial scale changes. The fluctuation range of §'%0 values in the
ZJG-1 profile is about 3.63%o. There are several large abrupt changes in
the 5'80 sequence. One occurred at about 11.3 ka BP, when the 5'80
value increased from —14.78%o at 11.44 ka BP to the highest value of
—11.47%o at 11.32 ka BP, with a range of 3.31%.. This rapid change
covers about 120 years. The second major abrupt change in the %0
sequence can be observed between 11.32 and 11.25 ka BP, followed by a
rapid 5180 decrease of 3.15%o (from —11.47%o to —14.62%o). This rapid
change covers about 70 years. From 10.9 to 10.0 ka BP, the variation
range of 5!%0 is relatively small, and the 5'%0 value decreased overall,
indicating that the ASM strengthened gradually. However, several

)3, where Error is the uncertainty of 2**Th date. The weighted date is calculated with a formula of

abrupt increases in 5'80 values occurred at about 10.65 and 10.3 ka BP.
The increase in 5'0 values occurring at about 10.3 ka BP coincides
roughly with the Bond 7 event (Bond et al., 1997, 2001).

5. Discussions

5.1. Interpretation of 5'80 in the travertine calcite

Before interpreting travertine 5180 as a climatic proxy, it is impor-
tant to understand its climatic implications and climatic controlling
mechanisms. Wang et al. (2014) found that the 5'%0 values of travertine
deposited in the ramp stream in Huanglong area were low in the warm
rainy season and high in the cold dry season. The low §'%0 values of
travertine were caused by the low §'0 values in water induced by
seasonal variation in oxygen isotopic ratios of precipitation (lower in
summer and higher in winter). Therefore, the !0 present in the trav-
ertine records the 5!80 values of the precipitation. In low-latitude areas,
the rainwater 5'80 values have a negative correlation with rainfall
amount, which is known as the “rainfall amount effect”. It has been
indicated that rainfall amount is the major controlling factor of rain-
water 580 (Dansgaard, 1964; Rozanski et al., 1992). Therefore, the
variations of travertine 5!80 at Zhangjia Ravine reflect the variations of



H. Sun et al.
Distance from top (cm)
0 100 200 300 400 500 600 700
12000- — — ——————— 12000
11000 111000
P o
o
10000 10000 uj’
- " >
2 i/ ®
3 4
< /
9000+ ~ 9000
8000 ———— ——y . r 8000
0 100 200 300 400 500 600 700

Distance from top (cm)

Fig. 3. Map showing Age versus depth for the travertine profile ZJG-1. All ages
are reported as thousand years before the present (ka BP; 1950 AD). The age
errors indicated in the plots are 2¢ error.

Age (yr, BP)
9800 10000 10200 10400 10600 10800 11000 11200 11400 11600
1 1 1 1 1 1 1 1 L
154 HH —— - a— F-10
3 'f ’J T | 9 é
(O] ‘ \I “ T~ &
3 >
N \r' " | “'"\ I ’ 2
a 1 ‘ | Al
%-13— | }‘ﬁ | '“ ‘ "N | H‘ %
4 [ L 8
: I £
£ |
w 42 4
—— Zhangjia Ravine
—— Yamen Cave r
A1 H —e— —————— e o o
-6

T T T T T T T T T
9800 10000 10200 10400 10600 10800 11000 11200 11400 11600
Age (yr, BP)

Fig. 4. 5'80 time series of travertine profile ZJG-1(blue line) and the 5'80 time
series of stalagmite Y1 from Yamen cave (Yang et al., 2010; green line).

rainfall amount, and the travertine 520 values can be considered an
indicator of Monsoon intensity. The §'%0 values of travertine in the
ramp system were also affected by water temperature and kinetic frac-
tionation (Wang et al., 2014). In the calcite-water fractionation equa-
tion, 8'%0, and the temperature play an equal role, so the temperature
also played a major role in the 5180 values of travertine (O’Neil et al.,
1969). The kinetic effect is considered low because the travertine was
deposited in the upper reaches where the kinetic effect is weaker (Yan
et al., 2017).

The replication test is a powerful tool for evaluating whether the
climate proxies of travertine or speleothem recorded the primary
climate signals (Dorale and Liu, 2009). In the current study, the 51%0
records of the ZJG-1 travertine profile were compared with the speleo-
them 8'80 records from Yamen cave, which the stalagmite was abso-
lutely dated and the 5'0 records synchronously vary with other
speleothem records in Asian monsoon area (Yang et al., 2010). The
ZJG-1 8'80 record broadly follow the same variation trends of Yamen
580 record though their absolute 5180 values are different (Fig. 4). This
agreement indicates that changes in the §'%0 record of travertine are
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mainly influenced by large-scale climate changes, rather than the kinetic
fractionation.

Therefore, the ZJG-1 travertine 880 changes in this study can be
interpreted as a reliable indicator of variations in ASM intensity as the
variations in travertine §'80 values reflect the intensity of the ASM in
the region. It should be noted that the fluctuation range of the ZJG-1
5180 record is larger than the Yamen 8'80 record (Fig. 4). This may
be attributed to the deposition environment of the travertine and the
sensitivity of the high elevation of TP to climate change (Cai et al.,
2012). The speleothem §'%0 values show a lower amplitude of varia-
tions because the deposition in the cave is less suspected to daily and
seasonal variations, and of course, the water in the unsaturated zone
feeding the cave is less variable compared with single rain event feeding
the travertine (Ayalon et al., 1998; Orland et al., 2014; Sun and Liu,
2010). Travertine deposits in the surface and the parent water are
directly influenced by climate and environment, including factors such
as temperature and precipitation levels (Matsuoka et al., 2001; Kano
et al., 2007; Liu et al., 2010; Sun and Liu, 2010). Therefore, the trav-
ertine 5180 value is a highly sensitive proxy that can directly reflect the
changes of precipitation 5'%0 values and preserve the original climate
information (Sun and Liu, 2010; Wang et al., 2014).

5.2. ASM intensity variations recorded by travertine 580 and their
response to North Atlantic climate and solar activity

To better understand the primary driving force of the abrupt ASM
variations in the early Holocene, we compare our record to those from
other sites (Fig. 5). As shown in Fig. 5, the travertine 5180 decreased
overall from 11.6 to 10.0 ka BP, indicating the ASM intensity increased
in the early Holocene. The travertine ZJG-1 8'80 record synchronized
well with those climate records from the Greenland ice cores, GISP2
(Stuiver et al., 1997) and NGRIP (Rasmussen et al., 2007); the titanium
concentration data from the Cariaco Basin, the tropical Atlantic (Haug
et al., 2001); the speleothem 5'80 record from Mawmluh cave in north
India (Berkelhammer et al., 2012); and the speleothem record of Yamen
cave (Yang et al., 2010), southwest China. The travertine 5'80 record is
also generally consistent with reconstructions of the ASM from Lianhua
cave (Zhang et al., 2016).

The similarity of the travertine 5!%0 record from Zhangjia Ravine
and the 5'%0 record from Mawmluh Cave and Yamen Cave reflects the
influence of the ASM on climatic conditions in the Huanglong area. The
similarity of the spatially separated records reflects the large spatial
extent of the ASM. The ASM intensity changes recorded in travertine
5'%0 in phase with the North Atlantic climate confirm the close tele-
connection between the ASM and the North Atlantic climate not only at
millennial to centennial scales (Gupta et al., 2003; Hong et al., 2003;
Wang et al., 2005) also at decadal scales during the early Holocene.

Solar activity appears to have play an important role in the abrupt
climate changes in the Holocene (Bjorck et al., 1996; Nesje et al., 2004;
van der Plicht et al., 2004; Magny et al., 2007). Fig. 6 shows the most
striking feature of the travertine 5!80 record that is the close correlation
between ASM intensity changes and sunspot number activity inferred
from tree-ring Alc data, which reflect the solar activity (Solanki et al.,
2004, Fig. 6). Fig. 6 reveals that the ASM intensity changes (including
the decadal to centennial scale changes) synchronize well with sunspot
number activity; the increase in ASM intensity coincides with the in-
crease in solar output and vice versa. The significant correlation be-
tween the ASM intensity and the solar activity indicates that the primary
control of decadal to centennial scale variations in ASM intensity is solar
activity, and small changes in solar activity can bring pronounced
changes in ASM intensity. Furthermore, the synchronous changes be-
tween the ASM intensity changes and solar activity confirm that the ASM
responds almost immediately to solar activity changes (Wang et al.,
2005). Kodera (2004) suggested that the solar influence on monsoon
activity originates from the stratosphere through a modulation of the
upwelling in the equatorial troposphere, which produces a north-south
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Fig. 5. Comparison of the travertine 8'80 record with records of North Atlantic
climate and stalagmite records from south of China. (a) Oxygen isotopic record
from the GISP2 ice core, Greenland (Stuiver et al., 1997). (b) Oxygen isotopic
record from the NGRIP ice core, Greenland (Rasmussen et al., 2007). (c¢) Tita-
nium concentration data from the Cariaco Basin, tropical Atlantic (Haug et al.,
2001). (d) 880 record of the Mawmluh Cave stalagmite KM-A (Berkelhammer
et al., 2012). (e) 5'%0 record of the travertine profile ZJG-1 (the blue line is a
5-point running average). (f) 8'80 record of the Yamen Cave stalagmite Y1
(Yang et al.,, 2010). (g) 8'%0 record of the Lianhua Cave stalagmite LHD5
(Zhang et al., 2016). The gray vertical bar illustrates the PBO event and the
rapid warming event after the PBO event. The yellow vertical bar illustrates the
Bond 7 event.

seesaw of convective activity in the Indian sector during summer.
Increased solar activity would thus enhance the convective activity in
the equatorial region and increase precipitation. Similar conclusions
were drawn by Gupta et al. (2005), who reported the relationship be-
tween sunspot activity and the record of the Indian Summer Monsoon
winds and revealed multiple intervals of weak summer monsoon during
the Holocene at multi-decadal to centennial scales. Therefore, the var-
iations in solar activity played a critical role in abrupt climate changes in
the early Holocene.

5.3. Abrupt changes in ASM intensity in the early Holocene and their
linkages with the combination of solar activity and freshwater outburst
events

The ZJG-1 8'80 variability in the whole sequence is characterized by
high-frequency fluctuations at decadal to centennial scales, indicating
highly unstable climate conditions in the early Holocene. Fig. 5 shows
that the decadal to centennial scale abrupt changes in ASM intensity
recorded in ZJG-1 8'80 values can be identified and synchronize well
with changes in other records (Section 5.2). For example, a pronounced
abrupt increase of 5!80 values occurred at about 11.3 ka BP, with an
amplitude of ~3.63%o0 (—14.78%o to —11.15%o, Fig. 6), which can be
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identified as the PBO. A further pronounced increases of %0 values
occurred at about 10.3 ka BP, which coincide roughly with Bond 7 event
(Bond et al., 1997, 2001).

Apart from the variations in solar activity, the freshwater outburst
has been considered as possible driving force for the abrupt climate
changes in the early Holocene. Fisher et al. (2002) found that the origin
of the PBO was associated with a large, but short lived, increase in
freshwater outburst to the Arctic Ocean. They estimated that only 2%—
4% of the floodwater would have frozen into sea ice within the Beaufort
region, coupled with increased river ice production during winter, and
thicker pack ice growth throughout the Arctic Ocean. The thicker and
more extensive pack ice and freshened sea surface may have triggered
the PBO by increasing albedo, generating a low-salinity anomaly upon
melting in the North Atlantic and thus decreasing the formation of North
Atlantic Deep Water (NADW). The decreased NADW formation may
have weakened the Atlantic Meridional Overturning Circulation
(AMOC) and induced the southward shift of the mean latitudinal posi-
tion of the ITCZ (Fleitmann et al., 2007). Magny et al. (2007) found that
the PBO was a response to successive freshwater outburst at 11.3, 11.25
and 11.17 ka BP and to a sudden decrease in solar activity. Bond et al.
(1997) considered that the Bond 7 event was caused by reduced NADW
production. The decreasing formation of NADW may be correlated to the
freshwater outburst event around 10.3 ka BP (Teller et al., 2002).

In this study, two decadal sub-cycles of ASM oscillations can be
observe during the PBO period, which coincide with variations in sun-
spot number (Fig. 6). This indicates the close association between
decadal-scale climate changes and solar activity during the PBO. Fig. 6
shows that the solar activity reached a relatively high value at the onset
of the PBO, then the solar activity had a sudden decline and ASM showed
synchronous decrease until 11.33 ka BP when the solar activity reached
the minima, and the freshwater outburst also occurred at this time
(Fisher et al., 2002; Solanki et al., 2004). But the ASM continued to
decrease and reached the lowest value at about 11.32 ka BP. These re-
sults suggest that the PBO was triggered by the freshwater outburst,
which may be related to the relatively high solar activity. Correspond-
ingly, the climate oscillations during the PBO were associated with the
complex combination of solar activity and the freshwater outburst, and
the freshwater outburst may amplify the effect of solar activity when the
solar activity was in minima, and make the ASM variations lag the solar
activity. This supports the suggestion of Bond et al. (2001) that solar
activity may be the primary driving force of North Atlantic’s Holocene
climate, and the change in the North Atlantic deep water caused by the
freshwater outburst may amplify the solar activity changes at decadal to
centennial scales.

After the PBO, the ZJG-1 8'%0 rapidly decreased from —11.47%o to
—14.62%owithin about 70 years (from 11.32ka BP to 11.25ka BP), and
the ASM intensity abruptly strengthened (Fig. 6). A similar abrupt
warming after the PBO can be identified in the Greenland ice core GISP2
(Stuiver et al., 1997; Kobashi et al., 2008) and NGRIP (Rasmussen et al.,
2007) data (Fig. 5). During this abrupt warming period, the variations of
the sunspot number, which exhibited a decreasing trend, was inconsis-
tent with changes in the ZJG-1 5'80 sequence (Fig. 6). Therefore, solar
activity was not the driving force of this abrupt climate change.

This rapid warming event after the PBO is similar to the abrupt
Dansgaard-Oeschger (D-O) warming events in the last glacial period,
during which the temperature increased by 5-10 °C within a few de-
cades (Dansgaard et al., 1993). These two similar abrupt warming
events could be induced by a common mechanism (Kobashi et al., 2008).
There is strong evidence that the origin of D-O events is related to var-
iations in the strength of the AMOC and its associated heat transport
(van Kreveld et al., 2000; Ganopolski and Rahmstorf, 2001; Elliot et al.,
2002; Clement and Peterson, 2008; Dokken et al., 2013). Ganopolski
and Rahmstorf (2001) suggested that there is a “warm” circulation mode
of the AMOC during the D-O events. The warm circulation mode is only
marginally unstable, and temporary transitions to this warm mode can
be easily triggered by minor freshwater perturbations, leading to an
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Fig. 6. Comparison of the ZJG-1 8'80 records (the
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abrupt warming event. We suggest that the conditions of AMOC after the
PBO event in the early Holocene were similar to those during the D-O 43
events. After the PBO event triggered by the freshwater outburst, 40 - —— 90%
persistent freshwater input decreased the salinity in the North Atlantic —— 99%
at 45°N latitude beneath the stadial sea ice lid, and the latitudinal 251
gradient of sea surface salinity continuously increased. Eventually, a 30
critical salinity gradient was exceeded, and a sudden strong northward g
- . ) - £ 25 ~
flux of warm salinity Atlantic water occurred. This caused a transition to g
warm interstadial conditions and the rapid warming event after the PBO 520
occurred (Peltier and Vettoretti, 2014). 8 -
S5
10
5.4. Spectral analysis
5 4
Spectral analysis of proxy records is a powerful tool to analyze the 04

cyclic variation of a time series. To extract the cyclical variation in our
records, spectral analysis was performed on the §!80 record of travertine
profile ZJG-1 using the REDFIT program for unevenly spaced time-series
(Schulz and Mudelsee, 2002). The results show a statistically significant
peak (above the 99% confidence level) at 226-year, and peaks at 132,
88, 65, 61, 8.9, and 7.6 years are also notable (above the 90% confidence
level) (Fig. 7).

The cycles observed in our data at 226, 132, 88 and 61 years were
also reported in the A'¥Crecord (Stuiver and Braziunas, 1993) and other
climate records from the ASM domain area (Neff et al., 2001; Agnihotri
et al., 2002; Fleitmann et al., 2003; Dykoski et al., 2005; Gupta et al.,
2005; Cai et al., 2012). The periodicities observed in our data at 226 and
132 years closely match the periodicities of sunspot numbers (226, 132
years) (Gupta et al., 2005), indicating a century-scale relation between
solar and ASM intensity. The observed 88-year cycle may correspond to
the Gleissberg cycle of solar origin. The cycle observed in our data at 8.9
years was also reported in the record from the ASM domain area (Neff
et al., 2001). The 8.9-year cycle is close to the 10.4-year periodicity of
the tree-ring A'*C record, which has been assigned to solar modulation
(Stuiver and Braziunas, 1993). These spectral results further support the
earlier suggestion that solar forcing was responsible for ASM intensity
changes during the early Holocene (Fleitmann et al., 2003; Wang et al.,

06 08

Frequency (yr')

Fig. 7. Spectral analysis results of the ZJG-1 8'®0 time series. Blue and red lines
represent the 99% and 90% significance levels, respectively. The results were
obtained using the REDFIT spectral analysis program for unevenly spaced
paleoclimate data (Schulz and Mudelsee, 2002).

2005).

6. Conclusions

The cause of decadal to centennial time scales abrupt ASM changes is
still debated. Based on the absolute 23°Th dating and high-resolution
oxygen isotope analysis, we establish a travertine 5'%0 records span-
ning from 11.6 to 10.0 ka BP, covering the Preboreal Oscillation in the
early Holocene, with a temporal resolution of 0.9-2 years. Our record
shows that the 8'%0 record of travertine ZJG-1 primarily reflect the
changes in Asian Summer Monsoon intensity. On decadal timescales, the
changes of the ASM intensity are correlated with solar activity, sup-
porting the notion that changes in solar activity is the primary driving
force of the ASM intensity on decadal timescales in the early Holocene.
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The PBO event was triggered by the freshwater outburst, but the vari-
ations of ASM intensity on decadal timescales during the PBO event were
controlled by the interaction of solar activity and the freshwater
outburst. The rapid warming event after PBO is similar to the warming
events in the D-O events, and may be controlled by the same mechanism.
Spectrum analysis results reveal significant peaks at the frequencies
typical of solar activity cycles, implying that the solar activity plays the
dominated role in driving changes in the ASM intensity.
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