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a b s t r a c t

We present a highly resolved oxygen isotope (d18O) record of the penultimate glacial-interglacial tran-
sition from a 230Th-dated stalagmite (SD1) from the Shangxiaofeng Cave in north-eastern China. Our d18O
record reveals two prominent features. First, the SD1 d18O record documents a brief increase of d18O
between 128.5 and 128.1 ka BP. Though this event has been identified in several marine records, our
radiogenic dated record precisely constraints the timing and duration of the climate deterioration sug-
gesting that this YD-like event is likely an intrinsic feature of climate change during the ice age termi-
nations. Additionally, the d18O magnitude of the glacial-interglacial change (~0.7‰) is significantly
smaller compared to the d18O records from inland and relatively high elevation caves (Dongge, Sanbao
and Yangkou caves) (1.4e2.4‰) but comparable to the Hulu Cave at low elevation and proximal to the
shallow Bohai and Yellow seas (Kelly et al., 2006; Cheng et al., 2006; Wang et al., 2008; Cheng et al.,
2009; Li et al., 2014). Assuming that the cave d18O records mainly reflect precipitation isotope compo-
sition changes, the glacial-interglacial speleothem d18O difference between the various Chinese caves
could be related to changes in atmospheric circulations, changing effect of altitude between the various
caves and climate mean states, and large-scale changes in regional land-sea coverage due to sea level
changes. The latter leads to disappearance and expansion of Bohai and Yellow seas during glacial and
interglacial episodes, respectively, and likely affect the amount and isotope composition of precipitation.
Taken together, our study highlights that hydroclimate imprints of the East Asian Monsoon changes
during the penultimate glacial-interglacial cycle were spatially heterogeneous and centennial-scale
monsoonal hydroclimate instabilities are likely inherent features of deglacial climate transition.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Various archives are used to understand past Asian monsoon
changes. Of these, speleothem has been proved to be one of the
most important archives for studying the monsoonal climate
changes in China (Cai et al., 2015; Cheng et al., 2009, 2016; Wang
ess and Quaternary Geology,
ciences, Xi'an, 710061, China.
et al., 2008). The analysis of stable oxygen isotope in speleothems
and its application as a proxy for changes in precipitation isotope
composition has substantially broadened our understanding of
Asian monsoon changes from orbital to decadal timescales. The
results reveal that the variation of Asian monsoon is closely linked
to changes in ice volume, orbital geometry, Atlantic Meridional
Overturning Circulation, tropical sea surface temperature, solar
activity and volcanic eruption (Anchukaitis et al., 2010; Cai et al.,
2015; Cheng et al., 2009; Stager et al., 2011; Wang et al., 2001,
2005) on different timescales. However, most of these records are
located in southern China and but only a few records from
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northeast China have been reported, limiting our understanding of
spatial variability and patterns of changes in paleohydroclimate.

At the same time, the interpretation of speleothem d18O as a
proxy for rainfall changes is still in debate. In early studies, the
speleothem d18O, which largely record the precipitation oxygen
isotope composition, has been interpreted as the ‘ratio of the
amount of summer to winter precipitation’ or ‘the relative summer
to winter monsoon intensities’ (Wang et al., 2001; Cheng et al.
2006, 2009), and as ‘the fraction of water vapor removed from air
masses between the tropical Indo-Pacific and southeastern China’
(Yuan et al., 2004). These interpretations link the cave d18Owith the
Asian summer monsoon intensity (Wang et al., 2005; Zhang et al.,
2008; Dykoski et al., 2005; Kelly et al., 2006; Cosford et al., 2008;
Cai et al., 2006). However, some have argued that it might reflect
the changes of moisture sources from different oceans, such as
Pacific Ocean and South China Sea, and Indian Ocean (Maher, 2008;
Dayem et al., 2010; Clemens et al., 2010). Recently, the speleothem
record from southwest China documents not only 23-kyr preces-
sional cycles punctuated by prominent millennial scale weak
monsoon events synchronous with Heinrich events in the North
Atlantic, but also clear glacialeinterglacial variations that are
consistent with marine records (Cai et al., 2015). This record also
reveals that precipitation d18O difference on glacial-interglacial
time scale in Indian summer monsoon region differs from south-
ern China. This finding highlights that sea-level changes and related
coastline shifts also likely contribute to the distinct disparity of
precipitation d18O on glacial-interglacial timescale. However, this
assumption still needs to be testified due to the complexity in the
interpretation of precipitation d18O in East China.

Furthermore, the deglaciation is a period of major climate
change, when Earth transitioned from its full glacial state to the
interglacial climate. It presents a host of exciting opportunities to
understand what factors control ice age cycles and to what extent
the termination affects the global climate, and to try to understand
a range of abrupt climate changes from decadal to millennial
timescales within the context of more gradual trends. Many studies
have disclosed the timing and variability of the abrupt climate
changes within the deglaciation and found the similarities and
dissimilarities between different deglaciations (e.g., the last
deglaciation and penultimate deglaciation, Martrat et al., 2014;
Jim�enez-Amat and Zahn, 2015; Marino et al., 2015) and different
regions (e.g., Europe and Asian monsoon region, Hauselmann et al.,
2015). To this day, it is still unclear whether or not the centennial to
millennial scales oscillations are the intrinsic feature of the degla-
ciation climate, due to the scarcity of well-dated high-resolution
proxy records spanning the penultimate or even earlier
deglaciations.

The climate on Shandong peninsula, the largest peninsula in
China, is climatically dictated by East Asian monsoons, which is
indispensable for the livelihood and sustainable development of
this densely populated region, a traditional agricultural production
area in China (Lu et al., 2011). Reconstructing the history and
variability of past monsoon precipitation and understanding the
forcing mechanisms are key to improve the capability of climate
model simulation to project future climate changes (Kutzbach and
Liu, 1997; Clemens et al., 1991). Moreover, Shandong peninsula is
bordered by the Bohai Sea and Yellow Sea in East Asia, twomarginal
seas with less than 100m water depth at present time. As conti-
nental ice sheets built up and sea level fell down, the coastline
shifted southeast, and likely shifted 800e1000 km during the last
glacial maximumwhen sea level was ~120m lower than at present
time (Wang et al., 1997). This tremendous shift of coastline could
have substantial impacts on the climate at Shandong peninsula,
making it an ideal place to study the influence of coastline shift on
the precipitation and its stable isotope composition.
Here, we present a high-resolution and precisely dated speleo-
them isotope record from the Shandong peninsula in northern
China and reconstruct the history of precipitation d18O spanning
the penultimate deglaciation in the study region. Our study aims to
understand the regional variation of precipitation d18O and its
linkage to the Asian summer monsoon and sea-level changes dur-
ing the penultimate deglaciation in northern China, and to inves-
tigate the abrupt centennial-scale climate events during the
penultimate deglaciation and their dynamic connections.

2. Cave site, local climate, materials and methods

The Shangxiaofeng Cave (36�210N, 118�010E, ~560m above sea
level) is located 50 km south of Zibo city, Shandong Province, China
(Fig. 1). The regional climate is typical monsoon climate of lower
mid-latitude, characterized by hot and rainy summers, and by cold
and dry winters. The annual precipitation is 736.6mm and annual
mean temperature is 13.6 �C, as recorded by nearby Boshan mete-
orological station, Shandong Province during the period from 1981
to 2010 AD. At the cave site, the summermonsoon brings warm and
moist air during June, July and August and delivers 62% of annual
precipitation, while moisture transported by continental air mass
and moisture from eastern ocean (i.e. Bohai Sea and Yellow Sea)
account for 38% of annual precipitation during the non-summer
monsoon seasons (Wang et al., 2016).

The stalagmite SD-1 was collected from the inner chamber of
the cave, about 150m from the entrance. It is ~41 cm in length and
~12 cm in diameter. The stalagmite was halved along the growth
axis by using a diamond saw and then polished (Fig. 2). Subsamples
for 230Th dating were drilled paralleled to the growth layers of the
stalagmite at different depths (~75mg per sample), and were dated
at the Isotope Laboratory, Xi'an Jiaotong University using a Thermo-
Fisher NEPTUNE multi-collection inductively coupled plasma mass
spectrometer (MC-ICP-MS). The chemical procedures used to
separate the uranium and thorium for 230Th dating are similar to
those described in Edwards et al. (1987), and the measuring pro-
tocol is the same as the one used by Cheng et al. (2013). A
230Th/232Th atomic ratio of 4.4± 2.2� 10�6 was used to correct for
the initial 230Th. UeTh isotopic and concentration data, the decay
constants and the calculated ages are listed in Table 1 with 2s error.

In total, 408 powdered subsamples were drilled by using a
handheld carbide dental drill at intervals of 1mm along the central
growth axes of this stalagmite for stable isotope analysis. The stable
oxygen and carbon isotope compositions were measured using an
Isoprime100 gas source stable isotope ratio mass spectrometer
equipped with a MultiPrep system at the Institute of Earth Envi-
ronment, Chinese Academy of Sciences. The international standard
NBS19 and the inter-laboratory standard TB1 were run for every 10
samples and arbitrarily selected duplicate measurements were
conducted every 10 to 20 samples, respectively, to check for ho-
mogeneity and reproducibility. The d18O values reported here are
relative to the Vienna PeeDee Belemnite (VPDB) standard. The re-
sults of standards (i.e. NBS 19 and TB1) show that the precisions of
the d18O and d13C analyses are better than 0.15 and 0.12‰ (2s),
respectively.

3. Results

3.1. Chronology

The dating results show that the concentration of uranium in
stalagmite SD1 ranges from 129.9 ppb to 912.2 ppb and the con-
centration of thorium ranges from 1865 ppt to 36387 ppt (Table 1).
Within the 2s dating error which are typically less than 1% (except
one date with ~2% error), all dates are in stratigraphic order. By



Fig. 1. Location of Shangxiaofeng Cave and other caves in topographic map: Shangxiaofeng Cave, red star; Hulu Cave, Sanbao Cave, Yangkou Cave and Xiaobailong Cave, black circles.
GTOPO30 data distributed by U.S. Geological Survey's EROS (Earth Resources Observation and Science; http://eros.usgs.gov/#/Find_Data/Products_and_Data_Available/gtopo30_
info) Data Center were used to plot topographic map. The yellow and red contour lines show the coastlines of sea level low-stands of �75m and �120m, respectively. The
dark blue arrows stand for East Asian summer monsoon (EASM), Indian summer monsoon (ISM) and Asian winter monsoon, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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using a probabilistic Monte Carlo approach method (Scholz and
Hoffmann, 2011), we established the chronology for SD1 by using
the StalAge application. A linear interpolated chronology was also
created to compare with the StalAge chronology. The age-depth
relationships obtained with these two methods are shown in
Fig. 3A. Within dating errors, these two chronologies fit each other
very well, indicating the reliability of our chronology. The resulting
age model spans the interval from 138 ka to 125.8 ka BP, with a
mean associated uncertainty of 780 years. Here we calculated
growth rates of SD1 by using the linear interpolation, since the
algorithm used by the StalAge application may generate unreal
spark of growth rate increase. The results show that the growth
rates vary from 12.9 mm/year to 125.6 mm/year (Fig. 3B).
3.2. The d18O and d13C record

The mean temporal resolution of our record is 30 years. The
highest and lowest resolutions are 3 and 65 years respectively,
indicating large changes in the growth rate. As shown in Fig. 4, the
d18O values of SD1 vary between �4.5‰ and �10.5‰ with a mean
value of �7.7‰ from 138 ka to 125.8 ka BP. To facilitate the dis-
cussion on the monsoon variation during different intervals, we
used the ramp function regression (Mudelsee, 2000) to identify the
change points of SD1 records. Three ramps were fitted, with the
oldest transition corresponding to strong increasing of d18O, and
other two corresponding to weak decreasing of d18O (Fig. 4).
Considering two weak decreasing of d18O occurred in succession
during a short period and bear the similar structure with the spe-
leothem records from Sanbao Cave (e.g., SB 25, Fig. 1 in Cheng et al.,
2009), we merged these two transitions as one and divided the
penultimate deglaciation d18O record into three main periods, i.e.,
138.0e135.1 ka BP, 135.1e128.1 ka BP and 128.1e125.8 ka BP,
respectively, During the first period, i.e., 138.0e135.1 ka BP, the d18O
value largely fluctuated around themean value of�7.9‰, except for
a short excursion of enriched d18O from 136.4-135.7 ka BP. Then, the
speleothem d18O changed to less negative and oscillated
around �6.9‰ from 135.1-128.1 ka BP. It is worth noting that
several enriched d18O excursions, i.e., ca. 134.5, 132.8, 128.3 ka BP,
are prominent during this period, indicating abrupt climate
changes. During the last period, from 128.1 to 125.8 ka BP, the d18O
values increased slightly with the mean value of �8.6‰.

The d13C values varied between �5.0‰ and �12.2‰, with a
long-term decreasing trend superimposed by several millennial to
centennial scales fluctuations during the growth period of the
stalagmite from 138.0-125.8 ka BP. Most of the millennial to
centennial scales enrichments of d13C are well correlated with the
increases of d18O, i.e., 136, 134.5, 132.8 and 128.3 ka BP (Fig. 4),
implying the contemporaneous responses of d13C to these events.
3.3. Test of equilibrium deposition

Multiple factors, including drip water d18O (amount weighted
isotopic composition of meteoric precipitation), cave temperature
(which is usually dominated by surface temperature), and physical
processes of kinetic loss of CO2 and possibly evaporation of water
during calcite deposition, affect the speleothem stable isotope
compositions. Only when deposition occurs under isotope equi-
librium conditions, the speleothem d18O value can be simply
ascribed to drip water d18O and cave temperature (Hendy, 1971). It
is requisite to test if the isotope equilibrium conditions were
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Fig. 2. The halved section and photographs of petrographic thin sections of stalagmite SD1 from Shangxiaofeng Cave. The blue bars indicate positions of UeTh dating samples, the
red numbers show the ages of these samples, and the black dashed line rectangles indicate the positions of thin sections. Thin section photographs of stalagmite: a, b, c, d, e:
polarized light; a1, b1, c1, d1, e1: cross-polarized light. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
230Th dating results. The error is 2s error.

Sample Depth 238U 232Th 230Th/ 232Th d234Ua 230Th/ 238U 230Th Age (yr) 230 Th Age (yr) d234UInitialb

Number (mm) (ppb) (ppt) (atomic �10�6) (measured) (activity) (uncorrected) (corrected) (corrected)

SD-1-A1 6 141.5 ±0.2 7503 ±150 382 ±8 680.2 ±2.4 1.2296 ±0.0042 126609 ±824 125757± 989 970± 4
SD1-18-1 18 129.9 ±0.2 4961 ±100 521 ±11 652.1 ±2.1 1.2082 ±0.0030 126802 ±629 126158± 747 931± 4
SD1-28-1 28 145.8 ±0.1 7308 ±146 404 ±8 676.2 ±1.6 1.2293 ±0.0024 127125 ±478 126314± 709 966± 3
SD1-D1 43 182.4 ±0.3 36387 ±729 101 ±2 644.2 ±2.4 1.2183 ±0.0026 129822 ±609 126696± 2247 921± 7
SD1-69 69 177.8 ±0.2 6923 ±139 502 ±10 618.3 ±2.1 1.1842 ±0.0022 127349 ±519 126679± 669 884± 3
SD1-E1 96 185.1 ±0.4 10458 ±210 345 ±7 605.0 ±3.2 1.1817 ±0.0030 128883 ±750 127933± 970 868± 5
SD1-125 125 181.3 ±0.2 5986 ±120 596 ±12 627.7 ±1.7 1.1936 ±0.0017 127699 ±408 127125± 542 899± 3
SD1-E 161 170.3 ±0.1 10264 ±206 327 ±7 619.1 ±1.6 1.1943 ±0.0028 129127 ±571 128127± 870 889± 3
SD1-F1 184 267.2 ±0.5 11982 ±240 434 ±9 599.5 ±2.6 1.1810 ±0.0028 129619 ±673 128849± 832 863± 4
SD1-G1 216 369.2 ±0.8 2606 ±52 2794 ±56 619.0 ±3.1 1.1962 ±0.0031 129499 ±758 129323± 761 892± 5
SD1-220 220 322.2 ±0.3 15443 ±309 406 ±8 594.6 ±1.6 1.1814 ±0.0015 130454 ±392 129634± 660 857± 3
SD1-G 245 400.2 ±0.4 8202 ±164 956 ±19 596.0 ±1.6 1.1882 ±0.0018 131560 ±432 131172± 486 863± 3
SD1-H1 264 496.4 ±0.9 2846 ±57 3387 ±68 580.6 ±1.9 1.1778 ±0.0028 131987 ±639 131829± 642 842± 3
SD1-H 285 573.4 ±0.6 4271 ±86 2651 ±53 605.8 ±1.8 1.1978 ±0.0019 131856 ±477 131674± 484 879± 3
SD1-I1 324 682.4 ±1.1 13840 ±277 1033 ±21 681.2 ±2.1 1.2707 ±0.0027 133931 ±599 133568± 633 993± 4
SD1-I 351 680.0 ±0.6 9011 ±180 1662 ±33 753.5 ±1.7 1.3355 ±0.0021 134814 ±454 134563± 472 1102± 3
SD1-J 379 717.3 ±1.1 1865 ±37 7303 ±147 521.4 ±1.7 1.1519 ±0.0024 136791 ±608 136681± 609 767± 3
SD-1-A2 405 912.2 ±1.6 10417 ±209 1658 ±33 511.1 ±1.9 1.1483 ±0.0028 137909 ±714 137652± 725 754± 3

U decay constants: l238¼ 1.55125� 10�10 (Jaffey et al., 1971) and l234¼ 2.82206� 10�6 (Cheng et al., 2013). Th decay constant: l230¼ 9.1705� 10�6 (Cheng et al., 2013).
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 A.D.

a d 234U ¼ ([234U/238U]activity e 1)�1000.
b d 234Uinitial was calculated based on 230Th age (T), i.e., d 234Uinitial¼ d 234Umeasured � el234�T.
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Fig. 3. Age model and calculated growth rate of stalagmite SD1. 230Th dates are shown with 2s uncertainties. (A) Age model was built by StalAge (red line) (Scholz and Hoffmann,
2011) and linear interpolation method (black dash line). The grey lines denote the upper and lower 95%-confidence limits. (B) The calculated growth rate of the stalagmite SD1 by
using the linear interpolation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. The d18O (red line) and d13C (dark green line) time series of stalagmite SD1, and the mean insolation of June, July and August at 65�N (grey dash line). Yellow bars indicate
WMI-IIa (YD-like event) and WMI-IIb. The 230Th dates with uncertainties (±2s) are shown as well. Three-fold Ramp function fits (light green, blue and magenta heavy line) to 65-
year evenly spaced SD1 d18O time series (grey line) are also shown. Grid boundaries for t1-searches (solid vertical lines, those for young part border on t-axis) and t2-searches (dash
vertical lines). Three portions are color denoted by green, blue and magenta, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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reached during the calcite deposition, before using speleothem
d18O to infer past changes in cave temperature and the isotopic
composition of drip water. Following the traditional ‘Hendy Test’
(Hendy and Wilson, 1968), we drilled 25 sub-samples from five
layers and inspected the variations of the d18O values. Indistin-
guishable variations in d18O are observed on same layer and there is
no obvious progressively increase from central growth axis to outer
edges (Fig. 5). Replication is an effective test for the fidelity of
speleothem isotope time series as paleoclimate reconstructions
(Dorale et al., 1998; Dorale and Liu, 2009; Wang et al., 2001). While
it cannot strictly be ruled out that kinetic fractionation affects
multiple replicating records equally (which would thus pass the
replication test), the likelihood of kinetic fractionation is lower in
well-replicating systems. Taking the quoted dating errors and
temporal resolution differences into consideration, the d18O time
series of SD-1 show some similarities to speleothem d18O records
from Dongge, Hulu, Sanbao and Yangkou caves in segmented
change pattern (Kelly et al., 2006; Cheng et al., 2006, 2009; Wang
et al., 2008; Li et al., 2014) during the contemporaneous growth
interval of 138-125.8 ka BP (as shown in Fig. 6). Recently, a few
researchers suggested that examining the petrography could
address the occurrence of the speleothem deposition close to iso-
topic equilibrium, and that columnar fabrics (except open
columnar) are indicative of the constant degree of saturation and
most likely quasi-equilibrium condition (Frisia and Borsato, 2010).
We retrieved five thin-sections from different depths from SD1
stalagmite (Fig. 2). Microscopic observations of these five thin-
sections indicate that the columnar is the most common fabric
type in the studied stalagmite (Fig. 2), providing an independent
evidence of quasi-equilibrium deposition. Therefore, it is most
likely that stalagmite SD1 was formed under isotope equilibrium
conditions and its d18O signal can be considered primarily of cli-
matic origin and dictated by changes in the d18O in precipitation
and cave temperature without significant kinetic fractionation
(Hendy, 1971).

3.4. The interpretation of calcite d18O

Under isotopic equilibrium conditions, both d18O of drip water
and cave temperature jointly control the speleothem d18O (Hendy,
1971). According to the experimental studies (O'Neil et al., 1969;
O'Neil, 1986) and theoretical calculations (O'Neil, 1986), the tem-
perature dependent fractionation between the calcite and water is
about�0.23‰/�C (Kim and O'Neil, 1997) at 15 �C, whichmeans that
when temperature increase of 1 �C, the calcite d18O decrease of
0.23‰. There were about ~6e8 �C temperature differences be-
tween last glacial maximum (LGM) and the Holocene Optimum (An
Fig. 5. Traditional Hendy test on five different layers. (A) d18O of individual
et al., 1990; Yu et al., 2003) in northern China. Assuming the tem-
perature changes from MIS 6 (glacial) to MIS 5e (interglacial)
similar to that of the LGM-to-Holocene changes, it would account
for ~1.5e2.0‰ of calcite d18O changes at our study site. This
temperature-dependent calcite d18O changes would be even
smaller (~1.1e1.4‰), provided we use the new empirical relation-
ship for cave-specific waterecalcite oxygen isotope fractionation,
i.e.,�0.177‰/�C (Tremaine et al., 2011). The speleothem calcite d18O
record from Shangxiaofeng Cave shows a change of ca.~6.0‰ over
the growth period from 138-125.8 ka BP, with lower d18O values
during the high-temperature interglacial and higher d18O values
during the low-temperature glacial. Thus, while the influence of
temperature changes on the speleothem d18O on glacial-interglacial
time-scale is not negligible, the variation of our stalagmite d18O
values are mainly controlled by the d18O values of drip water, i.e., by
variations in the oxygen isotope composition of rainfall over the
cave.

In Asian monsoon regions, multiple factors have been proposed
to interpret changes in the d18O of drip water, i.e., d18O of precipi-
tation, such as changes in summer: winter precipitation ratio
(Wang et al., 2001), changes in the fraction of water vapor rained
out between tropical sources and the cave (Yuan et al., 2004),
changes in the fraction of low d18O monsoon rainfall in annual to-
tals (Cheng et al., 2009), and changes in moisture sources (Cai et al.,
2001; Tan, 2014). It has been also suggested that the precipitation
d18O at East Asia summer monsoon regions mainly reflect the
changes in the d18O of atmospheric vapor in the upstream source
regions over the Indian Ocean and Indian Monsoon region (Maher,
2008; Liu et al., 2014). As pointed out by Cheng et al. (2016), this
interpretation is similar to the explanation of changes in the frac-
tion of water vapor rained out between tropical sources and the
cave, since the atmospheric vapor in upstream source regions also
determined by the “rain-out” effect from the tropical source oceans.

Here, we largely follow the explanation by Cheng et al. (2016),
and use the terms ‘strongmonsoon’ and ‘weak monsoon’ to refer to
low and high speleothem d18O, respectively. It is worth noting that
changes in circulation and moisture sources (Hoffmann and
Heimann, 1997; Cai et al., 2015), and changes in ice volume also
have significant influences on the precipitation d18O in our study
region during the penultimate deglaciation. We will discuss their
influences in detail later.

3.5. Climate change recorded in the SD1 stalagmite and comparison
with other records

Our high-resolution d18O record covers the latest part of the
interval that post-dates the penultimate glacial maximum, the
laminae; (B) d13Ced18O correlations along the five individual laminae.



Fig. 6. The comparison of oxygen isotope records from (A) Hulu Cave (Cheng et al.,
2006); (B) Shangxiaofeng Cave (this study); (C) Dongge Cave (Kelly et al., 2006); (D)
Sanbao Cave (Wang et al., 2008; Cheng et al., 2009); (E) Yangkou Cave (Li et al., 2014).
The 230Th dates with uncertainties (±2s) and the altitude information are shown in
each plot.
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penultimate deglaciation and the first part of Last Interglacial (Kelly
et al., 2006;Wang et al., 2008; Cheng et al., 2009; Li et al., 2014) and
provides unprecedented insights into penultimate deglacial
monsoon variabilities on millennial-to-centennial scales. During
the latest part of the interval that post-dates the penultimate glacial
maximum, i.e., from 138.0 to 135.1 ka BP in our record, the d18O
values are relatively depleted and variable, with an average
of �7.9‰, likely indicating a moderate Asian summer monsoon.
However, the summer monsoon intensity might be different from
that indicated by the similar speleothem d18O values during the
interglacial period, due to the changes in the distance to the
coastline, fraction of the recycled water, and potential changes in
the moisture sources associated with the circulations, and other
factors (Cai et al., 2010). This episode is followed by an abrupt in-
crease of d18O value that persisted until 128.1 ka BP, indicating a
period of weak Asian summer monsoon during the deglaciation,
namely, the “Weak Monsoon Interval (WMI)” proposed by Cheng
et al. (2006, 2009). In addition to the general similarity to the
WMI-II in other Chinese speleothem records from Hulu, Dongge,
Sanbao and Yangkou caves (Cheng et al., 2006, 2009; Kelly et al.,
2006; Wang et al., 2008; Li et al., 2014), the high-resolution sam-
pling of our record reveals hitherto undocumented details, showing
that this Weak Monsoon Interval comprise WMI-IIa from 128.5 to
128.1 ka BP and WMI-IIb from 135.1 to 130.1 ka BP, and it punctu-
ated by a brief strengthening of the Asian summer monsoon from
130.1 to 128.5 ka BP. Thereafter, the depleted d18O values show a
strengthened summer monsoon with slight monsoon strength-
ening and then weakening trend to 125.8 ka BP during the Last
Interglacial.

As demonstrated by this study and previous studies on much
longer time series (Wang et al., 2008; Cai et al., 2015; Cheng et al.,
2016), changes in the Chinese speleothem d18O co-vary with the
northern Hemisphere summer insolation changes. The co-
variations between Chinese speleothem d18O record and northern
hemisphere summer insolation give substance to the hypothesis
that the Asian summer monsoons is driven by changes in Northern
Hemisphere summer insolation on orbital time scales.

A closer look at the highly resolved records, however, reveals
that insolation changes lead speleothem d18O, and that monsoon
variations are much more abrupt than insolation changes at the
termination. Millennial-to centennial-scale fluctuations, which
were superimposed on the long-term trend of Asian summer
monsoon on orbital time-scale, are clearly observed during the
deglaciations. For example, the d18O value abruptly increased about
3.1‰ at ~135.1 ka BP, coincided with the onsets of WMI-Ⅱ, and the
period with enriched d18O values from 135.1 to 130.1 ka BP and
from 128.5 to 128.1 ka BP are synchronous with the WMI-Ⅱ
observed in other Chinese speleothem records. Furthermore, the
abrupt shifts of the speleothem d18O centered at 134.5 ka, 132.8 ka
and 131ka, align well with the Ice Rafted Detritus events 11
(Heinrich Events 11) complex identified from the North Atlantic
marine sediments, i.e., ice rafted events recorded in MD01-2444
and ODP984, benthic d18O in ODP 983 and Uk’37 SST record in
MD01-2444 (Fig. 7A, B, D, E, Channell et al., 1997; Mokeddem et al.,
2014; Marino et al., 2015; Tzedakis et al., 2018).

These monsoon weakening deviations largely align with the
periods of freshwater-induced weakening of the overturning cir-
culation that resulted in North Atlantic surface water cooling
(Broecker et al., 1985; Heinrich,1988;McManus et al., 2004; Denton
et al., 2010) and large-scale atmospheric perturbation, including
southward shift of the Intertropical Convergence Zone (ITCZ)
(Cheng et al., 2009; Denton et al., 2010). These coincidences further
substantiate the teleconnection between North Atlantic climate
changes and variations of Asian summer monsoons.

Carbon isotope composition reflects variations in vegetation's
type and density, and in soil microbial activities (Genty et al., 2003;
McDermott, 2004). Stalagmite d13C values of �14‰ to �6‰ are
typical values for C3 plants and values of�6‰ toþ2‰ for C4 plants
above the cave (Dreybrodt, 1980; Baker et al., 1997; McDermott,
2004). In general, when the climate is warm and wet, the over-
lying ecosystem largely enriched in C3 plants, more density vege-
tation and dynamic soil microbial activities, and vice versa (Genty
et al., 2010; Hartmann et al., 2013).

The d13C values of stalagmite SD1 range from�12.2‰ to�5.0‰,
with most values less than �6.0‰, indicating the domination of C3
plants at the study site. The long-term decreasing trend of the d13C
values largely suggests the increasing vegetation cover and inten-
sifying soil microbial activities, and possibly shorting residence



Fig. 7. Comparison of various records during the penultimate deglaciation. (A) IRD
record from North Atlantic sediment (MD01-2444). It was digitized from Marino et al.
(2015). Its chronology modified by Marino et al. (2015) due to the Sample spacing (1s)
uncertainties and dating uncertainties in different sediments (Skinner and Shackleton,
2006; Marino et al., 2015); (B) IRD record from ODP984 (Mokeddem et al., 2014); (C)
Shangxiaofeng Cave d18O (this study); (D) Alkenone Uk'37 sea surface temperature
record from MD01-2444 (Tzedakis et al., 2018); (E) A benthic d18O data from ODP983
(Channell et al., 1997); (F) Sanbao Cave records (Wang et al., 2008); (G) Tana Che Urla
Cave record (Apuan Alps, central Italy) (Regattieri et al., 2014); (H)-(K) stands for the
records from PS1243 at the eastern Polar Gyre near the Arctic front of the southern
Nordic seas (Bauch et al., 2012), all the data was digitized by Getdata. (H) Relative
abundance of the large sized, subtropical planktic foraminifer Beella megastoma (BM);
(I) Number of iceberg-rafted debris per gram sediment and >250 mm; (J) Bottom water
d13C of the species C. wuellerstorfi (CW); (K) NPs% from PS1243 indicates the North
Atlantic sea surface temperature variation. The vertical yellow bar indicates the YD-like
event in various sediments. The IRD events corresponded to H11 are indicated by
vertical cyan bars. Note: Bottom picture's chronology are based on Marine Isotope
Stage. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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time of the seeping water within the cave systems, implying the
strengthening Asian summer monsoon during the penultimate
deglaciation. Moreover, several fluctuations of increased d13C on
millennial to centennial scales also exist during the period from 138
ka to 125.8 ka BP. These abrupt fluctuations of d13C values are
aligned with the oscillations of d18O values, i.e., ca 134.5 ka,132.8 ka
and 128.3 ka BP, hinting at the responses of vegetation type/cover
and soil microbial activities to the climate changes, i.e., the cold-dry
climate conditions linked to the North Atlantic ice-rafted detritus
events worst the local vegetation and soil microbial activities.

As a whole, our records provide further evidence from the
northern China that not only northern Hemisphere insolation (on
orbital scales), but also North Atlantic climate changes (on
millennial-centennial scales) (i.e. Heinrich Events) are important in
affecting the Asian summer monsoon variations (Cai et al., 2006;
Dykoski et al., 2005; Kelly et al., 2006; Wang et al., 2008; Cheng
et al., 2009).

3.6. A YD like event at the end of the Termination-II?

A close inspection reveals the presence of two Weak Monsoon
Intervals (WMIs) and one interstadial during termination II. As
shown in Fig. 4, WMI-Ⅱa occurred between128.5 and 128.1 ka BP
and lasted approximate 400 years. WMI-Ⅱb happened between
135.1 and 130.1 ka BP and lasted about 5000 years. Sandwiched
between these two WMIs, there is an episode of a moderate
monsoon strengthening with a duration of 1600 years
(130.1e~128.5 ka BP). The two excursions of WMI-IIa and WMI-IIb
observed in our study differ from the speleothem records from
Dongge Cave, southern China where only one weak monsoon in-
terval was found in the speleothem d18O records (Yuan et al., 2004;
Kelly et al., 2006). For the Sanbao Cave, there are three stalagmites
spanning the period from 132.2 to 128.7 ka BP. We noticed that the
d18O record of stalagmite SB11 also has an abrupt shift at ~128.9 ka
BP (Fig. 7F), while other two stalagmites in the same cave do not
have such event (Wang et al., 2008). Although this abrupt shift lasts
a short time period of ~100 years, it likely indicates that there
indeed exists aweakmonsoon event. The absence ofWMI-Ⅱa event
in the Dongge and Yangkou cave records is most likely not related
to a spatial variability but to the relatively low resolution of these
records.

Indeed, similar event correlated to the WMI-IIa within Termi-
nation II has also been identified in the speleothem records from
Europe. Regattieri et al. (2014) reported a speleothem record from
Tana che Urla Cave (TCU) in central Italy. The TCU d18O record shows
significant multi-centennial variability between approximately
131.0 ka and 121.4 ka BP. One short prominent event centered at ca.
129.6± 1.0 ka, with elevated speleothem d18O, indicates reduced
precipitation during this period (Fig. 7G). Considering the chro-
nology uncertainties of 800 years in our record, this event is likely
synchronous with the WMI-IIa event in our record, implying that
both the SD1 and TCU cave records respond to change in North
Atlantic climate that captured in several marine records that indi-
cate an abrupt cold event (anomaly event) during Termination Ⅱ
(McManus et al., 1994; Oppo et al., 1997; Sarnthein and Tiedemann,
1990; Bauch et al., 2012; Risebrobakken et al., 2006; Lukashina and
Bashirova, 2015; Lototskaya and Ganssen, 1999; Go~ni et al., 1999;
Cortese and Abelmann, 2002). However, due to the uncertainty in
the chronology and different temporal resolution, this brief excur-
sion during Termination Ⅱ are registered, in part, asynchronously.

The Younger Dryas event during the last deglaciation has been
found to be an abrupt event with hemispheric influences. It is
broadly ascribed to enhanced freshwater input into the North
Atlantic Ocean that resulted in a weakening of North Atlantic
overturning circulation accompanied by the spread of winter sea



Fig. 8. The d18O difference between penultimate glacial and interglacial period of (A)
Shangxiaofeng cave (this study), (B) Dongge cave (Kelly et al., 2006), (C) Sanbao cave
(Wang et al., 2008; Cheng et al., 2009). (D) Yangkou Cave (Li et al., 2014). The solid lines
represent the time intervals for calculating the mean d18O values.
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ice and cold ocean temperatures. Around the termination Ⅱ, ice
rafted event corresponding to theWMI-IIa event is evident in many
of ocean sediments from North Atlantic (Fig. 7A, B, 7I) (Bauch et al.,
2012; Lukashina and Bashirova, 2015; Risebrobakken et al., 2006;
Mokeddem et al., 2014; Skinner and Shackleton, 2006; Marino
et al., 2015), while the prominent Heinrich event 11 correlated
with the WMI-IIb. Coincidentally, North Atlantic benthic d18O
shows a positive shift during Termination Ⅱ, although the ampli-
tude is small, and the duration is short for this shift (Fig. 7E). This
observation lends credence to the notion that the melting of ice
sheet. Furthermore, North hemisphere sea surface temperature
(SST) records (Fig. 7D, H, 7K) which are indicated by alkenones
Uk’37 record and relative abundance of planktonic foraminifers
also has similar structure during Termination Ⅱ (Bauch et al., 2012;
Tzedakis et al., 2018). A decreasing trend likely caused by IRD event,
shows a relatively low sea surface temperature likely coincided
with WMI-IIa event and deep-dwelling species co-occurred with
strong depletions in benthic d13C during deglacial cold events as
shown by bottom water d13C (Fig. 7J) during this short interval. All
these lines of evidence indicate the occurrence of WMI-IIa event
during the Termination II, although it is not as pronounced as
Younger Dryas during Termination I.

The model simulation conducted by Sima et al. (2004), which
was forced with the ice-volume history generated by a one-
dimensional coupled ice-sheet-bedrock model, predicts Younger-
Dryas-type cooling events for each major glacial termination,
implying that the Younger Dryas does not appear to be a one-time
event. In fact, as exemplified by the Chinese speleothem d18O re-
cords spanning the past 640,000 years, Younger-Dryas-type event
also occurred at Termination III and Termination VII (Cheng et al.,
2009, 2016). We therefore, suggest that Younger-Dryas-type
events are an intrinsic feature of climate change during the
termination of ice age, and our WMI-IIa might be a Younger-Dryas-
type event during the Termination II.

It is worth noting that a recent study from south Europe pro-
posed that the excursion at ca.128.5 ka BPmight be the first climate
events during the Last Interglacial, which is corresponded to a
North Atlantic cold excursion and ice rafted event (i.e., C28, in
Tzedakis et al., 2018). The further study on the stalagmite sample
from Tana che Urla Cave (TCU) in central Italy also aligned the event
between 130.7 and 129.6 ka with the part of Heinrich event 11
complex during the penultimate deglaciation (Regattieri et al.,
2016). These studies called into question the existence of a YD-
like event during the penultimate deglaciation and complicated
our cognizance of YD-like events during the Terminations. How-
ever, for the reason that climatic responses are diverse in different
regions, i.e. the timing and the duration of the penultimate degla-
ciation, of the Last Interglacial “acme” and the last glacial inception
vary from one record to another (Govin et al., 2015; Hauselmann
et al., 2015), or low sedimentary resolution is likely mask the
brief Younger-Dryas-type events during other Terminations in
different records, the brief Younger-Dryas-type event is hardly to be
identified repeatedly as the one during the last deglaciation. More
well-dated high-resolution records during the deglaciation at
different regions are essential to understand the climate change
during the Termination in-depth.

3.7. Sea-level changes and its impacts on the d18O of regional
precipitation

Significant disparities between SD1 and Dongge, Sanbao and
Yangkou d18O records exist, particularly, in terms of the glacial-
interglacial d18O value difference. As depicted in Fig. 8, the
dissimilarity between our d18O record and other Chinese speleo-
them records from southern China lies in the mean d18O value
between interglacial interval from ~125.8 to ~128.1 ka BP, and
glacial interval from 135.1 to 138 ka BP in our SD1 record. This
difference is about ~0.7‰ in our SD1 record and corresponding
differences in other records from Yangkou, Dongge and Sanbao
caves are ~1.4‰,~2.2‰ and ~2.4‰, respectively (Fig. 8). Considering
the ice-volume related changes in isotope composition of ocean
water (~1.0‰, Shackleton, 2000), the actual differences between
glacial and interglacial intervals would be smaller than those
observed. However, the aforementioned disparity between our SD1
record and other Chinese speleothem records remains, since the
ice-volume related mean d18O variation in ocean water affects all
the cave records in the same way.

Difference in altitude is a significant factor contributing to this
dissimilarity because the high elevation of the cave site may
amplify the rainout processes, leading to the increased amplitude
of the precipitation d18O variation (Cai et al., 2012, reference
therein). However, the d18O difference between glacial and inter-
glacial intervals in Dongge record is similar with that of Sanbao
records, whereas their altitudes are very different, i.e. 680 m for
Dongge Cave and 1900 m for Sanbao Cave, implying that this
dissimilarity is most likely caused by other factors.

Although the temperature has minor effect on oxygen isotope
composition of speleothem calcite, i.e., the temperature dependent
fractionation between the calcite and water is about �0.23‰/�C
(Kim and O'Neil, 1997), the decreased amplitude in temperature
changes from high latitude to low latitude (Herbert et al., 2016,
reference therein) suggests that temperature might be a potential



G. Xue et al. / Quaternary Science Reviews 210 (2019) 113e124122
factor contributing to the difference in amplitude between south-
ern and northern China on glacial-interglacial time-scales. How-
ever, the amplitude of temperature change at the Shangxiaofeng
Cave site in northern China may be larger than that of low latitude
Asian Monsoon regions, i.e., southern China. The increased ampli-
tude of temperature changes between glacial and interglacial could
enlarge the speleothem d18O difference at our cave site. This is
opposite to the observation that the speleothem calcite d18O dif-
ference between glacial and interglacial (i.e. between interglacial
interval from ~125.8 to ~128.1 ka BP, and glacial period from 135.1
to 138 ka BP) at southern China record is much larger than our SD1
record in northern China (Fig. 8). Thus, temperature possibly is not
a significant factor that influenced the amplitude of Chinese spe-
leothem d18O in penultimate deglaciation period and this in some
extent further infers that changes in circulation and moisture
source are substantial factors to be considered.

Cai et al. (2015) have examined the glacial-interglacial differ-
ences of speleothem d18O values from East China and Southwest
China. They found the speleothem calcite d18O values between
marine isotope stages (MISs) 5 and 3 are large and distinct at
Southwest China where Indian summer monsoon dominates and
barely discernible in speleothem d18O records in Eastern China
where East Asian summer monsoon prevailed. Changes in atmo-
spheric circulations and rainfall, and particularly, the reduced
evaporation over exposed continental shelf during the LGM have
been proposed to contribute to the depleted precipitation d18O
downstream at the cave sites in East China. We suggest that similar
mechanisms could be used to interpret the disparity observed here.

Sea levels have fluctuated throughout geological times with
amplitudes of hundred meters associated with melting and accu-
mulating of continental ice-sheets on glacial-interglacial timescales
during the Quaternary. Alternations of sea level highstands and
lowstands resulted in the shifts of coastlines across coastal plains.
Due to the broad continental shelf, the coastline shifted in East
China could be ~300e1000 km during the glacial maxima of last
800 ka when sea-levels were about 120-m lower than present
(Chappell and Shackleton, 1986; Spratt and Lisiecki, 2016; Medina-
Elizalde, 2013; Peltier, 2004). As show in Fig. 1, the Bohai Sea and
large parts of Yellow Sea would be exposed when sea-level is about
75m lower than present time and both Bohai Sea, Yellow Sea and
large parts of East China Sea would be exposed when seal-level is
~120m lower than present time, increasing the distance from our
cave site to ocean from 100 km to 500 and more than 800 km,
respectively. Although the coastlines at southern China were also
shifted southward and increased the distance from ocean to
Dongge, Sanbao and Yangkou Caves (Fig. 1), the increased distance
are only from 100 to 300 km, thus much less than that at our cave
site. The greatly increased distance from our cave site to ocean
would likely deplete the precipitation d18O, resulting in the muted
contrast of precipitation d18O between glacial and interglacial
periods.

Furthermore, the exposure of continental shelf can change the
lower boundary conditions and potentially generate the changes in
atmospheric circulation andmoisture fluxes from different sources.
These changes might contribute this amplitude disparity as well.
Yet, it is still unclear how and to what extent the exposed conti-
nental shelf (i.e. Yellow Sea and Bohai Sea) affect the contribution of
the different moisture sources to the precipitation and hence the
precipitation d18O at different regions during the deglaciation.
Answering this question will require high-resolution simulations
with sophisticated isotope enabled climate models.

4. Conclusions

Wehave established a high-resolution d18O and d13C records of a
stalagmite spanning the time period from 138.0-125.8 ka BP from
Shangxiaofeng Cave, Shandong Province, eastern China. Our spe-
leothem d18O record largely documents changes in precipitation
d18O, although the influence of the temperature variations cannot
be ignored. Although the SD1 d18O record diverges from Sanbao,
Dongge, Yangkou cave records in detailed pattern and amplitude
(such as: YD-like), however, in segmented variation pattern, it re-
sembles other speleothem d18O records from Sanbao, Dongge and
Yangkou Caves, especially Hulu Cave, indicating significant changes
of the East Asian summer monsoon intensity during the penulti-
mate deglaciation, i.e., relatively weak, weakest and strengthened
East Asian summer monsoon during the glacial, ‘weak monsoon
interval’ and Last Interglacial periods, respectively. The similarity of
our speleothem d18O record with other speleothem d18O records
from southern China and the correspondence between Chinese
speleothem records and North Atlantic climate changes, further
demonstrate the tele-connections of the East Asian summer
monsoon and North Atlantic climate changes.

Our high-resolution record allows to unravel a centennial-scale
weak summer monsoon interval around the ~128.3 ka BP. This
WMI-IIa (YD-like event) may be synchronous with events that have
been observed in speleothem record in central Italy and in several
marine records, lending supports to the existence of hemisphere-
wide YD-like event during the penultimate deglaciation.

We also suggest that altitude is a non-ignorable factor affecting
the amplitude of speleothem d18O between glacial and interglacial.
However, more importantly, sea-level changes of more than 120m
during the deglacial do have substantial impacts on the d18O of the
stalagmite by shifting the coastline and changing the distance from
ocean moisture source to our cave site. Increased distance from
ocean moisture source to our cave site and changed atmospheric
circulations caused by the exposed continental shelf at Bohai Sea
and Yellow Sea likely contributed to the muted precipitation d18O
difference between glacial and interglacial period.
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