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Introduction
Multiple lines of evidence indicate that the relative stability of the 
early Holocene climate was punctuated by a series of abrupt cli-
mate oscillations (Bond et al., 2001; Jennings et al., 2015; Rasmus-
sen et al., 2007; Yang et al., 2019). The most prominent of these, at 
around 8.2 ka BP (the 8.2 ka event), has been substantiated to be a 
global climate anomaly (Alley et  al., 1997; Came et  al., 2007; 
Cheng et al., 2009). Several high-resolution records suggest a two-
step structure of the 8.2 ka event, with a preceding cooling at around 
8.5 ka BP and peak cooling at around 8.2 ka BP (Liu et al., 2013; 
Rohling and Pälike, 2005; Tan et al., 2020), which was normally 
linked to the two-step release of Lake Agassiz freshwater (Clarke 
et al., 2004; Jennings et al., 2015; Teller and Leverington, 2004). 
However, the timing and duration of other climate anomalies dur-
ing the early Holocene remain unclear. For example, although the 
9.2/9.3 ka event has also been widely recognized (Dykoski et al., 
2005; Fleitmann et al., 2008; Rasmussen et al., 2007) and mainly 
ascribed to the freshwater outburst from Lake Superior (Porinchu 
et al., 2019; Young et al., 2011, 2013; Yu et al., 2010), the amplitude 
in different records varies geographically. This event is very signifi-
cant and even stronger than the 8.2 ka event in most low-latitude 
records (Dykoski et al., 2005; Fleitmann et al., 2008; Gupta et al., 
2003; Zhang et al., 2018b) but very modest and even absent from 
most mid-high latitude records (Boch et  al., 2009; Dong et  al., 
2018; Porinchu et  al., 2019; Rasmussen et  al., 2007; Tan et  al., 
2020; Yang et al., 2019). Accordingly, the low-latitude hydrological 
process provoked directly by solar activity was suggested to play an 
important role in this anomaly (Zhang et al., 2018b). However, the 

9.2/9.3 ka event is well expressed in a few high-latitude records, 
such as Arolik lake and Ammersee lake records (Grafenstein et al., 
1999; Hu et al., 2003). Thus, more data are needed to explore the 
spatial pattern of the 9.2/9.3 ka event. Additionally, the Preboreal 
Oscillation (PBO) and other smaller anomalies are identified at 
around 11.4, 11.1, and 10.0 ka BP in NGRIP δ18O record and a few 
terrestrial records (Björck et al., 2001; Cai et al., 2008; Rasmussen 
et al., 2007), which were mainly ascribed to smaller Agassiz out-
bursts. However, because of the different age uncertainties and 
resolutions, the correlation among these records is very tenuous, 
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and more evidence should be collected to clarify the geographical 
extent of these smaller climate anomalies.

In the East Asian summer monsoon (EASM) region of China, 
lake sediment, speleothem, and peat records have also shown a 
series of abrupt collapses of the monsoon during the early Holocene 
(Cai et al., 2008; Yang et al., 2019; Zhang et al., 2018a). Excluding 
those occurring at around 8.2 and 9.2/9.3 ka BP, however, other 
short-lived monsoon anomalies lack sufficient evidence; specifi-
cally, their timing, structure, and geographical extent are not well 
documented. Even for the best-studied 8.2 and 9.2/9.3 ka events, 
remarkable differences are observed between north and south Chi-
nese records. The 9.2/9.3 ka event is the most significant climate 
anomaly during the early Holocene in south Chinese peat and sta-
lagmite records (Dykoski et al., 2005; Zhang et al., 2018b), while it 
is very inconspicuous in north Chinese records (Dong et al., 2018; 
Tan et al., 2020; Yang et al., 2019). The site-specific characteristics 
of different records may be responsible for this discrepancy, but the 
possibility of distinct climate sensitivity to high- and low-latitude 
forcing between north and south China should not be neglected 
(Zhang et al., 2018b).

In this work, a new decadal-scale stalagmite δ18O record 
(KLS12) covering 10.4–6.5 ka BP from Kulishu cave in Beijing, 
north China was combined with the previous published stalagmite 
δ18O record (BW-1) covering 10.4–14.0 ka BP in the same cave (Ma 
et al., 2012) to report the timing and detailed structure of early Holo-
cene climate anomalies. The Kulishu cave is close to the northern 
limit of the EASM (Xiao et al., 2008), where precipitation is very 
sensitive to fluctuations of the EASM, and even small changes in 
moisture trajectories and/or temperature could probably have a 
remarkable imprint on precipitation δ18O. Thus, Kulishu stalagmite 
δ18O records allow us to clarify the characteristics of short-lived cli-
mate oscillations during the early Holocene.

Materials and methods
Cave site and stalagmite sample
Stalagmite KLS12 was collected from Kulishu Cave (39°41′N, 
115°39′E, altitude 610 m above sea level) in Beijing, north China, 
near the northern limit of the EASM (Duan et al., 2014; Ma et al., 
2012; Xiao et al., 2008) (Figure 1). The cave developed at a depth 

of nearly 60 m below the surface in the Middle Proterozoic dolo-
mite; full regional and local climate and cave descriptions can be 
found in Duan et al. (2014) and Ma et al. (2012).

Found 100 m from the cave entrance, KLS12 is 16 cm high and 
13.5 cm wide with a candlestick shape, and the growth axis 
changes at a depth of 5.5 cm (Figure 2). This stalagmite is com-
posed of compact white calcite without any visible post-deposi-
tional recrystallization (Figure 2). The stalagmite BW-1 was 
described by Ma et al. (2012).

Methods
Ten sub-samples (approximately 200 mg) were drilled along the 
stalagmite growth axis for 230Th dating. Then, the powdered sub-
samples were completely dissolved and spiked with mixed 

Figure 1.  Map showing the locations of Kulishu Cave in this study and other Asian records mentioned. Arrows represent the average summer 
( June–August) vector winds at the 850 mb level from 1990 to 2020 AD based on the NCEP/NCAR reanalysis datasets (https://www.esrl.noaa.
gov/psd/cgi-bin/data/composites/printpage.pl).

Figure 2.  Polished slab of stalagmite KLS12.

https://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl
https://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl
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229Th-233U-236U. Uranium and thorium fractions were separated 
on 2 ml anion exchange columns following the standard tech-
niques (Edwards et al., 1987). The separated uranium and thorium 
solutions were measured using a multi-collector inductively cou-
pled plasma mass spectrometer (MC-ICP-MS) (Thermo Fisher 
Scientific Neptune/Plus). Of the ten subsamples, two (at depths of 
97 and 117 cm) were analyzed at the Uranium-series Dating Lab-
oratory, Institute of Geology and Geophysics, Chinese Academy 
of Sciences using MC-ICP-MS (Neptune plus), and the others 
were analyzed at the Minnesota Isotope Laboratory, Department 
of Earth Sciences, University of Minnesota using MC-ICP-MS 
(Neptune). These procedures are similar to those described by 
Cheng et al. (2013).

A total of 351 sub-samples (typically 50 µg) for stable isotopic 
composition (oxygen and carbon) measurements were collected 
via two methods: (1) drilled using a 0.3 mm carbide dental burr at 
an average interval of 0.5 mm through the whole profile and (2) 
shaved using a knife at an average resolution of approximately 10 
sub-samples per mm at the depth of 43.5–56 mm. Powdered sub-
samples were analyzed on a Finnigan MAT-253 mass spectrometer 
equipped with a Kiel Carbonate Device IV at the Environmental 
Isotope Laboratory, Institute of Geology and Geophysics, Chinese 

Academy of Sciences. All oxygen isotope values are reported as 
δ18O (‰) relative to the Vienna Pee Dee Belemnite (VPDB) stan-
dard. An international standard NBS-19 was run for every six 
samples to confirm the error within 0.1‰ (1σ). Based on 230Th 
dating results, the temporal resolution of oxygen isotope data 
ranges between ~1 and 38 years, averaging 11 years.

To objectively identify the climatic anomaly superimposed on 
the background, the CLIM-X-DETECT algorithm (Mudelsee, 
2006), a robust time-dependent extreme detection method, was 
applied to examine the time series. The CLIM-X-DETECT algo-
rithm estimates the time-dependent trend and variability robustly 
by running median (MED) and running median of absolute dis-
tances to the median (MAD), respectively. The one standard devi-
ation band was calculated by running MED ±1.48*running MAD 
(a normal distribution has a standard deviation equal to 
1.48*MAD), which is used to define the extreme detection thresh-
old. The unevenly spaced record was linearly interpolated to cre-
ate a 10-year resolution time series, similar to the NGRIP δ18O 
record. The running bandwidth is set as 750 years for each record, 
which is longer than the typical duration of the centennial-scale 
anomalies and short enough for the smoothed curve to capture the 
gradual trend.

Results
Chronology
230Th dates of KLS12 range from 10.3 ± 0.04 ka BP at 2 mm from 
top to 6.46 ± 0.10 ka BP at a depth of 157 mm. All dates are in 
stratigraphic order within the errors (2σ), ranging from 32 to 
196 years. The chronology was based on a polynomial fit to the 
age-depth curve of the 230Th data using the StalAge Monte-Carlo 
simulation, and the 95% confidence limit was calculated from 
the distribution of simulated fits (Figure 3; Table 1) (Scholz and 
Hoffmann, 2011).

δ18O profile
The KLS12 δ18O varies between −10.13‰ and −8.06‰, with an 
average of −9.08‰ (Figure 4). There is a ~20-year contempora-
neous growth interval at around 10.4 ka BP between KLS12 and 
the published BW-1 data (Ma et  al., 2012). Because the BW-1 
δ18O is ~0.3‰ lower than KLS12 δ18O at the coeval interval, the 
δ18O data of BW-1 was plus 0.3‰ to remove this small system 
deviation and then composited with that of KLS12 (Figure 4). 
Here, we select the interval from 11.5 to 6.4 ka BP of the 

Figure 3.  Age-depth plot for stalagmite KLS12. The 230Th age 
model was established using the StalAge algorithm (Scholz and 
Hoffmann, 2011). The green line indicates the derived age model, 
and the red lines represent the 95% uncertainty envelopes. Error 
bars indicate 2σ uncertainties.

Table 1.  230Th dating results for stalagmite KLS12. The errors are 2σ uncertainties.

Depth 
(mm)

Sample 
number

238U (ppb) 232Th 
(ppt)

230Th/232Th 
(atom-
ic × 10−6)

δ234U* 
(measured)

230Th/238U 
(activity)

230Th Age 
(year) (un-
corrected)

230Th Age 
(year) (cor-
rected)

δ234UInitial** 
(corrected)

230Th Age 
(year BP)*** 
(corrected)

2 KLS-12-1 183.7 ± 0.2 1242 ± 25 215 ± 4 485.8 ± 1.7 0.0883 ± 0.0004 6656 ± 29 6524 ± 98 495 ± 2 6462 ± 98
15.5 KLS-12-2 181.3 ± 0.2 2467 ± 49 119 ± 2 465.8 ± 2.4 0.0982 ± 0.0006 7533 ± 46 7265 ± 196 475 ± 2 7203 ± 196
35.5 KLS-12-4 232.2 ± 0.3 813 ± 16 477 ± 10 439.1 ± 2.3 0.1014 ± 0.0005 7941 ± 45 7871 ± 67 449 ± 2 7809 ± 67
48 KLS-12-5 308.1 ± 0.3 547 ± 11 983 ± 20 451.5 ± 1.7 0.1058 ± 0.0005 8220 ± 40 8185 ± 47 462 ± 2 8123 ± 47
56.5 KLS-12-6 283.3 ± 0.3 837 ± 17 618 ± 13 423.1 ± 2.2 0.1108 ± 0.0005 8802 ± 44 8742 ± 61 434 ± 2 8680 ± 61
78.5 KLS-12-7 506.0 ± 1.0 712 ± 14 1328 ± 27 417.6 ± 2.1 0.1133 ± 0.0003 9050 ± 30 9021 ± 36 428 ± 2 9002 ± 36
97 KLS-12-8 508.0 ± 1.0 465 ± 9 2075 ± 42 419.1 ± 2.0 0.1151 ± 0.0003 9187 ± 29 9168 ± 32 430 ± 2 9149 ± 32
117 KLS-12-9 523.5 ± 0.7 392 ± 8 2662 ± 55 416.1 ± 2.1 0.1208 ± 0.0004 9686 ± 37 9671 ± 38 428 ± 2 9609 ± 38
137 KLS-12-10 507.1 ± 0.8 628 ± 13 1625 ± 33 408.3 ± 2.3 0.1220 ± 0.0004 9838 ± 38 9813 ± 42 420 ± 2 9751 ± 42
157 KLS-12-11 556.6 ± 0.6 349 ± 7 3342 ± 69 396.7 ± 1.7 0.1272 ± 0.0004 10,370 ± 34 10,357 ± 35 408 ± 2 10,295 ± 35

*δ234U = ([234U/238U]activity–1) × 1000.
**δ234Uinitial was calculated based on 230Th age (T), that is, δ234Uinitial = δ234Umeasured × eλ234×T.
Corrected 230Th ages assume the initial 230Th/232Th atomic ratio of 4.4 ± 2.2 × 10−6. Those are the values for a material at secular equilibrium, with the 
bulk earth 232Th/238U value of 3.8.The errors are arbitrarily assumed to be 50%.
***B.P. stands for “Before Present” where the “Present” is defined as the year 1950 AD.
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composite KLS record to clarify the early Holocene climate 
anomalies (Figure 4).

Discussion
Interpretation of δ18O profile
The speleothem δ18O was mainly controlled by the recharging 
drip water δ18O and/or cave temperature. The temperature-depen-
dent fractionation between calcite and water is −0.23‰/°C 
(Friedman and O’Neil, 1977), and the range of temperature fluc-
tuation during the early Holocene to mid-Holocene was within 
1°C (Zhao et  al., 2019), therefore, the amplitude of this record 
(1.88‰) must result largely from variations in drip water δ18O 
rather than the cave temperature. In turn, drip water δ18O in north 
China, in most cases, is close to the weighted average oxygen 
isotope composition of local meteoric precipitation (Duan et al., 
2016). Additionally, the significant coherence between KLS and 
other cave δ18O records in north China further confirms the reli-
ability of our record as a regional precipitation δ18O signal. Thus, 
following a previous study (Liu et al., 2014), we presuppose that 
the KLS δ18O is a proxy of EASM intensity, with depleted 18O 
indicating stronger southerly winds.

Early Holocene climate anomalies in KLS δ18O 
record
Based on the CLIM-X-DETECT algorithm (Mudelsee, 2006), 
five centennial-scale weak summer monsoon episodes (positive 
deviation from σ variation band) were identified and denoted as 
WM1-WM5, centered at approximately 11.5, 11.0, 10.0, 9.4, 
and 8.2 ka BP (Figure 5b). Among them, WM1, WM4, and 
WM5 are correlated with the well-known PBO, 9.2/9.3, and 
8.2 ka events, respectively, all of which have been widely identi-
fied in various archives worldwide (Figure 5) (Alley et al., 1997; 
Cai et  al., 2008; Came et  al., 2007; Cheng et  al., 2009; Fleit-
mann et al., 2008; Rasmussen et al., 2007; Zhang et al., 2018a). 
WM2 and WM3 can also be correlated within errors with the 
cold climate anomalies in the NGRIP, lacustrine, tree-ring, spe-
leothem, and marine records in the Northern Hemisphere (Fig-
ure 5) (Björck et al., 2001; Boch et al., 2009; Cai et al., 2008; 
Hou et al., 2012; Rasmussen et al., 2007). Additionally, there are 
one or two data points exceeding the extreme detection thresh-
old between 7.4 and 7.0 ka BP, which are possibly correspond-
ing to the 7.2 ka climate event identified in some stalagmite 
records (Feng et al., 2020; Zhang et al., 2021). Given that the 
resolution of our record is not high enough to verify this 

monsoon collapse, here, we mainly focus on the more remark-
able climate anomalies during early Holocene.

The 8.2 ka climate anomaly
The isotopic maximum of the 8.2 ka climate anomaly occurred 
at 8.20 ka BP in our record, with high δ18O values deviation 
from the σ variation band between 8.32 and 8.12 ka BP (Figure 
6a). The timing and duration are in excellent agreement with 
other well-dated records worldwide (Figure 5) (Alley et  al., 
1997; Came et al., 2007; Cheng et al., 2009; Rasmussen et al., 
2007). Our record reveals a separate, earlier δ18O-enrichment 
excursion occurring between 8.74 and 8.47 ka BP, centered at 
8.60 ka BP (Figure 6a). This weak monsoon episode has also 
been observed in other speleothem δ18O records in the Asian 
summer monsoon region (Dong et  al., 2018; Fleitmann et  al., 
2003; Liu et al., 2013; Tan et al., 2020), which is broadly coeval 
with a prominent multi-centennial cooling preceding the 8.2 ka 
event identified in terrestrial and marine archives from the wider 
circum-North-Atlantic region (Ellison et al., 2006; Rohling and 
Pälike, 2005) as well as an enhanced dust supply to Greenland 
over this interval inferred from the GISP2 potassium record 
(O’Brien et al., 1995). The model data suggested a two-step pat-
tern for the final drainage of Lakes Agassiz-Ojibway in separate 
3.6 and 1.6 Sv pulses (for a period of 1 year) (Figure 7a), possi-
bly accounting for the two-step structure of 8.2 ka event (Clarke 
et al., 2004; Teller and Leverington, 2004). Alternatively, three 
smaller outbursts of Lakes Agassiz-Ojibway occurring between 
8.9 and 8.5 ka BP (Figure 7a) and/or the freshwater release from 
Hudson Bay Ice Saddle collapse around 8.6 ka BP may be 
responsible for the climate anomaly proceeding the 8.2 ka event 
(Gauthier et al., 2020). Similarly, the two-step structure was also 
observed for some climate anomalies during mid and late-Holo-
cene, such as 7.2, 5.5, and 2.8 ka events, which was suggested to 
be caused by the declined solar activity, whose impact was pos-
sibly amplified by the coeval freshwater discharge and/or shift 
of Inter-tropical Convergence Zone (ITCZ) (Feng et al., 2020; 
Tan et al., 2020). Following this hypothesis, a small decrease of 
irradiance occurring around 8.2 ka BP, derived from the atmo-
spheric Δ14C record (Stuiver et al., 1998), was also one candi-
date for the trigger of the 8.2 ka event.

The 9.2/9.3 ka climate anomaly
The KLS δ18O record shows a clear abrupt positive deviation 
(~1.0‰) from 9.41 to 9.31 ka BP, centered at 9.36 ka BP (Figure 
6b), which corresponds to the 9.2/9.3 ka event in the NGRIP 
δ18O record (Figures 5a and 7b) as well as other stalagmite, tree 
ring, lacustrine, peat, and marine sediment records within the 
age uncertainties (Figure 5) (Dykoski et  al., 2005; Fleitmann 
et al., 2008; Rasmussen et al., 2007; Zhang et al., 2018b). Com-
pared to the 8.2 ka event, the signal of 9.2 ka event in our record 
is much weaker, with shorter duration and smaller amplitude 
(Figure 5b) consistent with SX Lianhua cave (Figure 5c), Wuya 
cave, and Dongshiya cave records in north China (Dong et al., 
2018; Tan et al., 2020; Zhang et al., 2018a); however, this signal 
differs from the Dongge cave record (Figure 5d) and the peat 
sediment record of Dajiuhu basin in south China (Dykoski et al., 
2005; Zhang et al., 2018b), the Qunf cave record in Oman (Fig-
ure 5e) (Fleitmann et al., 2008), as well as the marine sediment 
record from the Arabian Sea (Gupta et  al., 2003). For most 
records in northern high latitude regions, the signal of the 9.2 ka 
event, with a shorter duration and less/similar amplitude of drop 
in temperature, is less significant compared to the 8.2 ka event 
(Boch et  al., 2009; Porinchu et  al., 2019; Rasmussen et  al., 
2007), albeit with a few exceptions, such as Arolik lake and 
Ammersee lake records (Grafenstein et  al., 1999; Hu et  al., 

Figure 4.  δ18O profiles of stalagmite KLS12 (black) and BW-1 
(blue). The δ18O data of BW-1 (Ma et al., 2012) is plus 0.3‰ to 
remove the small system deviation. 230Th dating errors (2σ) are 
indicated at the bottom.
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2003). Most previous studies suggested freshwater outburst into 
the North Atlantic as a trigger for the 9.2/9.3 ka event (Figure 
7a), similar to the 8.2 ka event. However, the more significant 
signal of the 9.2/9.3 ka event in most low latitudes relative to 
most mid-high latitudes cannot be well explained solely by 
freshwater forcing. This discrepancy may be accounted for by 
the site-specific characteristics of different records. Alterna-
tively, an attenuation of irradiance around 9.45 ka BP is a candi-
date for the trigger (Zhang et al., 2018b).

Additionally, our record shows a separate, later δ18O-
enrichment episode (~0.8‰) occurring between 9.16 and 8.95 ka 
BP (Figure 5b), which is also identified in SX Lianhua and 
Dongshiya cave δ18O records (Figure 5c) (Cai et al., 2008; Dong 
et  al., 2018; Zhang et  al., 2018a). Similarly, there is a small-
amplitude δ18O-depletion between 8.92 and 9.10 ka BP in 
NGRIP δ18O record (Figures 5a and 7b) (Rasmussen et  al., 
2007). This smaller climate anomaly after the 9.2/9.3 ka event 
appears to be related to a ~0.3 Sv (for a period of 1 year) fresh-
water outburst from Lakes Agassiz-Ojibway occurring at 9.17 ka 
BP (Figure 7a) (Teller and Leverington, 2004). Nevertheless, 
more such data are needed to fully understand this weaker cli-
mate anomaly.

The 10.0 ka climate anomaly
The KLS δ18O record shows a markedly abrupt positive devia-
tion (~1.5‰) from 10.05 to 9.91 ka BP, centered at 9.98 ka BP, 
which is of comparable magnitude to the 8.2 ka event (Figure 
6c). The weakened monsoon episode around 10.0 ka BP was 
also clearly observed in a few other speleothem δ18O records in 
Asian summer monsoon region, such as the SX Lianhua cave 
(Figure 5c), Dongshiya and Dongge caves (Figure 5d) in China, 
and the Qunf cave in Oman (Figure 5e) (Cai et al., 2008; Dong 
et al., 2018; Dykoski et al., 2005; Fleitmann et al., 2008). Addi-
tionally, speleothem, lacustrine, tree ring, Greenland ice core 
(Figures 5a and 7b), and marine sediment records in northern 
high latitudes also documented a cooling anomaly occurring 
around 10.0 ka BP, spanning less than 200 years (Björck et al., 
2001; Boch et al., 2009; Rasmussen et al., 2007). Our record 
provides new convincing evidence for the 10.0 ka climate 
anomaly. This distinct but short climatic event likely corre-
sponds to three smaller Lakes Agassiz-Ojibway outbursts 
occurring between 10.19 and 9.84 ka BP (Teller and Levering-
ton, 2004) (Figure 7a). Alternatively, the decreased solar activ-
ity around 10.15 ka BP may be an candidate for the forcing 
(Björck et al., 2001).

Figure 5.  Comparison of KLS δ18O record with Greenland ice core δ18O and other speleothem δ18O records from Asian summer monsoon 
region. (a) NGRIP δ18O record (Rasmussen et al., 2007). Speleothem δ18O profiles from (b) Kulishu (this study and Ma et al., 2012), (c) SX 
Lianhua (Dong et al., 2018), (d) Dongge (Dykoski et al., 2005), and (e) Qunf caves (Fleitmann et al., 2008). Black and red lines denote the 
750-year running medians and one standard deviation bands, respectively, which are calculated by the CLIM-X-DETECT algorithm (Mudelsee, 
2006). Cyan bars mark the early Holocene climate anomalies defined by exceeding one standard deviation band (red line) of each profile.
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The KLS record reveals an earlier δ18O-enrichment excursion 
(~1‰) occurring between 10.44 and 10.15 ka BP, centered at 
10.30 ka BP (Figure 6c). A similar decreased monsoon episode 
around 10.30 ka BP was also identified in the SX Lianhua cave 
(Figure 5c), Dongshiya cave, Dongge cave (Figure 5d) as well as 
Qunf cave (Figure 5e) δ18O records (Cai et al., 2008; Dong et al., 
2018; Dykoski et al., 2005; Fleitmann et al., 2008). Additionally, 
the NGRIP δ18O record (Figures 5a and 7b) and Austrian speleo-
them δ18O record showed a significant but short-lived cooling 
anomaly before the distinct 10.0 ka event, occurring around 10.30 
and 10.15 ka BP, respectively (Boch et  al., 2009; Rasmussen 
et al., 2007). Interestingly, there were also three smaller freshwa-
ter outbursts from Lakes Agassiz-Ojibway occurring between 
10.60 and 10.31 ka BP (Figure 7a) (Teller and Leverington, 2004). 
Nevertheless, it is unclear whether the climate anomaly and Agas-
siz-Ojibway flood outbursts around 10.30 ka BP in different 
records correspond with each other, and more highly resolved and 
precisely dated records are required to clarify the spatial distribu-
tion and underlying dynamic mechanisms.

PBO and 11.0 ka events
The KLS δ18O record shows a positive deviation (~1.2‰) immedi-
ately after the end of the Younger Dryas, spanning from 11.51 to 
11.38 ka BP (Figure 6d), which possibly correlates with the well-
known PBO event documented in detail in European terrestrial 

records and Greenland ice core δ18O records (Figures 5a and 7b) 
(Björck et al., 1996; Goslar et al., 1993; Rasmussen et al., 2007). 
The PBO event was also identified in a few other Chinese speleo-
them δ18O records, although there is a ~100-year age offset between 
north and south China. For example, in Dongshya and SX Lianhua 
cave records in north China, it occurred around 11.30 ka BP (Figure 
5c) (Cai et al., 2008; Dong et al., 2018), which is consistent with our 
record, while in Dongge (Figure 5d) and Zhuliuping cave records in 
south China it occurred around 11.20 ka BP (Dykoski et al., 2005; 
Huang et al., 2016). Additionally, the signal of the PBO event in all 
the speleothem records in China is less significant than that in 
Greenland and European records, possibly suggesting that it is a 
high-latitude-forcing climate anomaly. Meanwhile, the slightly 
shorter duration of the PBO event in south Chinese cave records 
compared to that in north Chinese cave records, provides one more 
evidence for the possibility of this high-latitude-forcing hypothesis. 
It is interesting to note that there was a ~0.30 Sv (for a period of 
1 year) Lakes Agassiz-Ojibway outburst occurring around 11.6 ka 
BP, ~100 years preceding the PBO event in NGRIP δ18O and our 
record (Figure 7), both of which are constrained by high-precision 
dating. Thus, our record supports the idea that the PBO climate 
anomaly is likely due to the Lakes Agassiz-Ojibway outburst occur-
ring at around 11.6 ka BP (Teller and Leverington, 2004).

Additionally, our record presents a significant positive devia-
tion (~1.5‰) immediately after the end of the PBO event, occur-
ring between 11.29 and 10.66 ka BP, centered around 11.0 ka BP 

Figure 6.  Structures of (a) 8.2, (b) 9.2/9.3, (c) 10.0, (d) 11.0, and PBO events identified in KLS δ18O record. Blue and black lines indicate the 
750-year running medians and one standard deviation bands, respectively, which are calculated by the CLIM-X-DETECT algorithm (Mudelsee, 
2006). Cyan bars mark the well-known climate events during the early Holocene. Grey bars denote the smaller climate anomalies immediately 
preceding or following well-known climate events.
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(Figure 6d). This decreased monsoon episode was also identified 
in speleothem δ18O records from the SX Lianhua cave (Figure 5c) 
and Dongshiya cave in north China and Dongge cave (Figure 5d) 
in south China (Cai et al., 2008; Dong et al., 2018; Dykoski et al., 
2005), albeit for different durations. It is probably corresponding 
to a centennial-scale cooling anomaly occurring between 11.21 
and 10.80 ka BP in NGRIP δ18O record (Figures 5a and 7b) (Ras-
mussen et al., 2007). Interestingly, there was a smaller freshwater 
outburst from Lakes Agassiz-Ojibway occurring around 11.2 ka 
BP (Figure 7a), which may be a trigger for the 11.30 ka climate 
anomaly (Teller and Leverington, 2004). Nevertheless, the corre-
lation is very tenuous because of the distinct lack of high- 
precision and high-resolution records.

Dynamic mechanisms
As mentioned above, all five significant and three smaller centen-
nial-scale monsoon collapses during the early Holocene in our 
record correspond to the cooling anomalies identified in northern 
high latitudes, all of which are linked to one or more freshwater 
outbursts from Lakes Agassiz-Ojibway (Teller and Leverington, 
2004) (Figure 7). Thus, our data support the hypothesis of fresh-
water forcing of rapid climate anomalies during the early Holo-
cene (Cheng et al., 2009; Clark et al., 2002; Jennings et al., 2015; 
Porinchu et al., 2019; Teller and Leverington, 2004; Young et al., 
2011; Yu et al., 2010). Freshwater outbursts to the North Atlantic 
Ocean would slow down the Atlantic Meridional Overturning 
Circulation (AMOC) and reduce the surface ocean heat transport 

Figure 7.  Comparison of KLS δ18O record with Greenland ice core δ18O and Lakes Agassiz-Ojibway freshwater outbursts records. (a) 
Freshwater outbursts from Lakes Agassiz-Ojibway into North Atlantic (Teller and Leverington, 2004). Each outburst has been interpreted as 
occurring in ~1 year. (b) NGRIP δ18O record (Rasmussen et al., 2007). (c) KLS δ18O record (this study and Ma et al., 2012). (d) Ti content in 
the Cariaco Basin (Haug et al., 2001). (e) Atmospheric residual Δ14C (Stuiver et al., 1998). Black and red lines denote the 750-year running 
medians and one standard deviation bands, respectively, which are calculated by the CLIM-X-DETECT algorithm (Mudelsee, 2006). Cyan bars 
mark the early Holocene climate anomalies defined by exceeding one standard deviation band (red line) of each profile.
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to the North Atlantic region (Broecker, 1994). In turn, cooling in 
the high northern latitude region would push the ITCZ southward 
and weaken the EASM (Zhang and Delworth, 2005). The general 
southward shift of the ITCZ during these weak monsoon events 
derived from the decrease of the Ti content in the Cariaco Basin 
(Figure 7d) supports this view.

Nevertheless, freshwater forcing alone would not well 
explain the more remarkable signal of 9.2/9.3 ka event in most 
low-latitude records (Figure 5) compared to that in most mid-
high-latitude records (Zhang et al., 2018b). A remarkable mini-
mum solar output around 9.45 ka BP is a potential driving force 
that may directly affect low-latitude climate (Figure 7e). On the 
one hand, the attenuation of irradiance would reduce the thermal 
contrast between the continent and ocean, in turn, weaken 
EASM intensity (Zhang et  al., 2018b). On the other hand, it 
would induce a comparatively warmer average condition in the 
eastern equatorial Pacific (El Nino-like condition) (Emile-Geay 
et al., 2007; Marchitto et al., 2010), which is normally associ-
ated with weakened EASM intensity (Kumar et al., 2006; Par-
thasarathy et al., 1994; Tan, 2014). To this extent, we suggest 
that the 9.2/9.3 ka climate anomaly was a result of the co-influ-
ence of freshwater outburst and decreased solar activity. As 
mentioned above, the irradiance was also decreased during the 
8.2 ka event, but its decreasing amplitude is much smaller than 
that around 9.2/9.3 ka event (Figure 7e), which is possibly 
accounted for the different spatial pattern of these two climate 
anomalies.

Conclusions
Five remarkable centennial-scale weak summer monsoon epi-
sodes were identified around 11.5, 11.0, 10.0, 9.4, and 8.2 ka 
BP in the KLS δ18O record in north China. Moreover, three 
smaller monsoon collapses were observed around 8.60, 9.0, and 
10.3 ka BP. The 8.2 ka event is marked by two distinct monsoon 
collapses centered around 8.60 and 8.20 ka BP. The 9.2/9.3 ka 
event in our record occurred around 9.4 ka BP, of which the 
duration and amplitude are not as significant as those in south 
Chinese cave records. All weak summer monsoon excursions 
are coeval with cooling anomalies in northern high-latitude 
records as well as freshwater outbursts from Lakes Agassiz-
Ojibway within dating errors. Thus, our data support the idea 
that rapid climate anomalies during the early Holocene were 
mainly provoked by freshwater delivery to the North Atlantic 
Ocean. In particular, the co-influence of decreased solar activ-
ity and freshwater outburst is the most likely factor inducing 
the 9.2/9.3 ka event.
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