
Different response of stalagmite d18O and d13C to millennial-scale
events during the last glacial, evidenced from Huangjin Cave, northern
China

Yijia Liang a, Kan Zhao b, c, *, Yongjin Wang b, c, R. Lawrence Edwards b, d, Hai Cheng e,
Qingfeng Shao b, c, Shitao Chen b, c, Jinyu Wang b, c, Junji Zhu b, c

a College of Geosciences, Nantong University, Nantong, 226007, China
b School of Geography, Nanjing Normal University, Nanjing, 210023, China
c Key Laboratory of Virtual Geographic Environment (Nanjing Normal University), Ministry of Education, Nanjing, 210023, China
d Department of Geology and Geophysics, University of Minnesota, Minneapolis, MN, 55455, USA
e Institute of Global Environmental Change, Xi'an Jiaotong University, Xi'an, 710049, China

a r t i c l e i n f o

Article history:
Received 5 August 2021
Received in revised form
1 December 2021
Accepted 2 December 2021
Available online 9 December 2021

Handling Editor: Mira Matthews

Keywords:
Huangjin Cave
Stalagmite
Oxygen and carbon isotopes
Millennial-scale events
Lead-lag relationship

a b s t r a c t

An anti-phased relationship between Greenland Dansgaard-Oeschger (DO) and Antarctic temperature
was revealed by ice core records, and the “bipolar see-saw” mechanism has since been proposed in
explanation for the interhemispheric thermal redistribution. However, limited by chronology un-
certainties of ice cores, particularly the ice age-gas age differences, the exact phase relationship and
triggers for millennial-scale events are still in debate. Searching for proxies that could reflect both boreal
and austral signals in one geological archive is therefore, a potential solution for the phase dilemma.
Here, high-resolution paleoclimatic records from 55.2 to 36.5 ka BP were reconstructed using 21 230Th/U
dates and 647 sets of d18O and d13C data by one stalagmite HJ1 from Huangjin Cave, Hebei Province,
northern China. Robust millennial-scale fluctuations are found in d18O and d13C time series, corre-
sponding to DO events 8 to 14 and Heinrich 4 and 5 events within dating errors. Discrepancies exist in
the structures and onsets in d18O and d13C records; that is, abrupt DO onsets in d13C data and gradual
onsets in d18O. Timing of DO onsets in d13C are prior to (e.g. DO12 and DO14) or synchronous with (e.g.
DO8 to DO11) those in d18O. Comparison of HJ1 d18O and bipolar ice core records suggests that the East
Asian summer monsoon (EASM) is influenced by both hemispheres, but better mimics the Antarctic
temperature. This suggests that the EASM is controlled by the cross equatorial airflows, and further
indicates an important role of the Atlantic Meridional Overturning Circulation (AMOC) in modulating the
inter-hemispheric heat gradient. However, our d13C profile strongly resembles with the Greenland d18O
record on the millennial timescale, in terms of the “sawtooth” structure and the abrupt transition. This
indicates that northern high-latitude climate could modulate hydro-thermal conditions in northern
China, possibly via the mid-latitude westerly jet and/or the Silk Road teleconnection, which influences
the vegetation/biomass changes and thereby controls stalagmite d13C values. Therefore, HJ1 d18O receives
climatic signals from the Southern Hemisphere (SH) to a larger extent, while d13C captures largely the
changes in the Northern Hemisphere (NH). Furthermore, comparison between calcite and ice core re-
cords shows that during DO14, temperature increases in the NH leads the SH cooling by ~120 years.
However, during short-term DO events, the SH may start cooling ~150 years before the NH warming.
These findings demonstrate two possibilities for the NH-SH phase relationship which are dependent on
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the trigger location of the AMOC recovery and the “bipolar see-saw” mode is likely controlled by the
oceanic processes.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Since the pioneering work of aligning bipolar ice core chronol-
ogies using methane by Blunier et al. (1998), numerous studies
reveal the close teleconnection between Dansgaard-Oeschger (DO)
in Greenland and Antarctic Isotopic Maximum (AIM) events/Ant-
arctic (A) events in Antarctica (Blunier and Brook, 2001; EPICA
Community Members, 2006; WAIS Divide Project Members,
2015). Comparison of bipolar ice core records shows an anti-
phased relationship between DO and the A/AIM events, referred
to as the “bipolar see-saw”which is suggested to be forced by a shift
in the intensity of the ocean conveyor (Broecker, 1998), especially
the Atlantic Meridional Overturning Circulation (AMOC). The
AMOC is believed to strongly modulate the heat redistribution
between hemispheres (Stocker and Johnsen, 2003). This model also
indicates the instability or the changing modes of the AMOC,
however, with its trigger possibly residing in either of the hemi-
spheres (Stocker and Johnsen, 2003).

The lead-lag problem is essential to understand the triggers for
millennial-scale events during the last glacial period. Previously,
abrupt climate changes in the Northern Hemisphere (NH) is found
occurring prior to the Southern Hemisphere (SH) by 400e800
years, and thus the trigger for climatic events is suggested to reside
in the NH (Schmittner et al., 2003; Knutti et al., 2004). Later, a study
based on the high-resolution ice core (WDC) from the western
Antarctica, again supports the “bipolar see-saw” relationship be-
tween the DO and AIM events, and refines a NH lead by ~200 years
(WAIS Divide Project Members, 2015). Their work shows that
climate changes in the NH and SH are coupled via the oceanic
processes (WAIS Divide Project Members, 2015). The blocking role
of the Antarctic Circumpolar Currents in transferring the DO signals
to the Antarctica is further evidenced by Pedro et al. (2018).
Recently, Walczak et al. (2020) found that rapid Cordileran ice sheet
discharges into the North Pacific followed strong Asian monsoon
but preceded the Heinrich (H) events, Antarctic warming, and CO2
rise, again highlighting a NH lead. Alternatively, Landais et al.
(2015) suggested that the interhemispheric temperature changes
could be directly teleconnected by the atmosphere, and the abrupt
warming in the NH was concomitant with the beginning of the
cooling in the SH. Markle et al. (2017) and Buizert et al. (2018) also
suggested that changes in the moisture source location in different
Antarctic ice core sites were abrupt and occurred synchronously
with DO warmings in Greenland, supporting an interpolar atmo-
spheric see-saw. Besides, even another view exists that in some of
the AIM events, the Antarctic climate changes lead those in the
Greenland by 100e200 years; this was revealed by Raisbeck et al.
(2017) through the landmark of the Laschamp event. Despite
those numerous studies (Stocker and Johnsen, 2003; Weaver et al.,
2003; WAIS Divide Project Members, 2015; Buizert and Schmittner,
2015), the lead-lag relationship between the NH and SH is still
ambiguous.

By using the sedimentary core in the Iberian Margin, Shackleton
et al. (2000) found that the planktonic d18O profile followed the
Greenland temperature curve while the benthic d18O record
resembled the Antarctic temperature changes; and from different
proxies in one core, they discussed the relationship of interhemi-
spheric temperature changes and their responses to the ice volume

changes. Lund et al. (2019) also applied similar methods on the
Brazilian Margin cores to evaluate the lead-lag relationship be-
tween the AMOC and atmosphere CO2. Because their records are
based on the same sample, the relative timing is only constrained
by the core stratigraphy (Shackleton et al., 2000; Lund et al., 2019).
Therefore, investigation into the phase relationship between the
NH and SH from one geological sample could possibly avoid the ice
age-gas age (Dage) problem in bipolar ice cores. In this paper, we
intend to utilize different proxies in one stalagmite sample to reveal
the NH-SH phase relationship.

Stalagmite d18O records from Hulu Cave display millennial-scale
oscillations in the East Asian summer monsoon (EASM) during the
last glacial period, in response to the DO events and Henrich (H)
events (Wang et al., 2001). FollowingWang et al.’s work, numerous
230Th/U-dated Chinese stalagmites are used to study the timing,
structure and transitions of millennial-scale events, and further to
unravel the dynamic linkages between the EASM and SH/NH cli-
mates (Cai et al., 2006; Rohling et al., 2009; Zhang et al., 2016; Dong
et al., 2018; Cheng et al., 2020, 2021). It is now clear that millennial-
scale monsoon intensifications one-to-one correspond to the DO
warming events in Greenland, while they are anti-correlated with
Antarctic cooling (e.g. Chen et al., 2016; Cheng et al., 2016). The
impacts from both hemispheres on the EASM ideally suggest its
role in the “bipolar see-saw”model, and sets the pre-conditions for
the comparison in this paper. Another proxy in stalagmite is the
carbon isotope (d13C), which has complex factors but strong po-
tential in reconstructing paleoclimate and paleoecology
(McDermott, 2004; Fairchild et al., 2006). Speleothem d13C is highly
sensitive in response to changes in climate and environment
through vegetation and biomass production (Dorale et al., 1992;
Bar-Matthews et al., 1997; Frappier et al., 2002; Genty et al., 2003;
Fleitmann et al., 2009). Besides, d13C could be a possible indicator
for regional hydrology changes apart from its biological significance
(Baker et al., 1997; McDermott, 2004). Even in some cases, calcite
d13C shows better expressions for DO events than d18O, including
the “sawtooth” structure (Genty et al., 2003; Fleitmann et al., 2009).
Therefore, d13C in stalagmites, which is strongly impacted by
regional climate, ecology and cave environment, could possibly be a
powerful agent for capturing signals of DO events.

Here, based on stable isotope (d18O and d13C) data and 230Th/U
dating results, we reconstruct paleoenvironmental changes during
55.6 and 36.6 ka BP from a stalagmite HJ1 from Huangjin Cave,
Hebei Province, northern China. With our new records, we have
three targets: (1) to obtain the timing and structure characteristics
of millennial-scale events from DO8 to DO14; (2) to reveal dynamic
responses of stalagmite proxies (d18O and d13C) to climate and
environmental changes; (3) to understand the phase relationship
between the NH and SH.

2. Study site, material and methods

Huangjin Cave (118!380E, 40!170N, 510m above sea level; Fig. S1)
is situated in Qinglong Manchu Autonomous County, Hebei Prov-
ince, on the eastern slope of the Yanshan Mountain. The study area
consists of a well-developed underground karst system in the
lower Sinian dolomite bedrock. It is the largest cave in this area,
with a total length of 4 km and an area of over 50,000 m2. Modern

Y. Liang, K. Zhao, Y. Wang et al. Quaternary Science Reviews 276 (2022) 107305

2



vegetation is mainly composed of deciduous broad-leaved forest
and coniferous forest, the typical C3 plants. The county is strongly
influenced by temperate and monsoonal climate, characterised
with cold-dry winters and hot-wet summers. Local mean annual
temperature is ~9.3 !C and the mean annual precipitation is
692 mm. Nearly 72% of the annual rainfall occurs in the summer
season (June to August) with less than 2% during the winter season
(December to February next year) (Fig. S1). During the boreal
summer, warm and moisture-rich air masses to the Huangjin Cave
are introduced from the Indian Ocean (47%) and the Pacific Ocean
(40%) (Fig. S2). Compared with the Pacific Ocean source, the Indian
Ocean source contributes by apparently a higher proportion, sug-
gesting a stronger impact from the Indian Ocean and the cross-
equatorial airflow as well. Indeed, the cross-equatorial airflow
carries ~90% of the latent heat from the South Indian Ocean into the
Indian sub-continent (Clemens et al., 1996), and further northward
into the southeastern China, as a primary moisture source for
summer precipitation at Huangjin site (Fig. S2).

Stalagmite sample HJ1 was found naturally broken in an inner
cave chamber, ~2 km from the entrance, where the relative hu-
midity is close to 100% throughout the year. The cone-shaped
sample has a total length of 349 mm, with diameters ranging
from 40mm (top section) to 120 mm (bottom section) (Fig. 1a). The
sample was cut along its growth axis and polished. It is composed
of transparent and pure calcite, with one visible hiatus at the dis-
tance of 23 mm from the top and a shift of growth axis at 159 mm.
The section from 24 mm to 349 mm was used in this work.

Subsamples (~70 mg) for 230Th/U dating from HJ1 were hand
drilled using 0.9 mm carbide dental burs. Twenty 230Th/U dating
was performed at Nanjing Normal University and one (HJ1-26) at
Xi'an Jiaotong University, China. Chemical procedures for uranium
and thorium separation, isotopic measurements and data calcula-
tions followed the methods described in Edwards et al. (1987),
Cheng et al. (2000) and Shao et al. (2017, 2019). Liquid extracts of U/
Th were measured using the Thermo Neptune multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS). All
the speleothem 230Th/U ages have 2s analytical errors of roughly

0.1%e0.3% (Table 1). For stable isotope analyses, 647 subsamples
were drilled at 0.5 mm intervals along the growth axis using dental
burs. Powder samples were measured using Finnigan MAT-253
mass spectrometer coupled with a Kiel Carbonate Device at the
School of Geography, Nanjing Normal University, China. All results
were reported in parts per mill (‰) relative to the Vienna Pee Dee
Belemnite (VPDB) standard. Duplicate analyses of an international
standard (NBS19) indicated long-term reproducibility, with pre-
cisions better than 0.06‰ for d18O and 0.05‰ for d13C at 1s level.
Totally 160 powder samples for trace metal analyses were drilled at
a spatial resolution of 2 mm along the growth axis with carbide
dental burs at Nanjing Normal University. These ~300-mg-powder
samples were then dissolved into 15 ml 5% HNO3 solution, settled
overnight and filtered before measurements at Southwest Univer-
sity, China. Ba, Sr, and Mg were measured on a single-collector
inductively coupled plasma mass spectrometry (SC-ICP-MS), and
Ca on an inductively coupled plasma optical emission spectroscopy
(ICP-OES). Trace metal results have analytical errors better than 2%.

3. Results

3.1. Chronology

The U and Th isotopic concentrations and ratios, and 230Th/U
dates are presented in Table 1. These samples have measured 238U
concentrations ranging from 620.9 ± 0.1 to 1316.8 ± 0.2 ppb, 232Th
concentrations from 401.0 ± 14.1 to 14160.9 ± 18.6 ppt and
230Th/232Th atomic ratios from (601.6 ± 3.2) " 10#6 to
(25368.6 ± 894.7) " 10#6. Most of them have low 232Th concen-
trations (a few thousand ppt) and high 230Th/232Th atomic ratios,
leading to small initial detrital 230Th corrections (within 100 years)
(Edwards et al., 2003; Richards and Dorale, 2003). Merely three
dates at the depths of 240 mm (HJ1-240), 251 mm (HJ1-255) and
335mm (HJ1-355) are relatively dirty, with initial 230Th corrections
larger than 120 years and dating errors larger than 90 years. The
replicate of HJ1-186R proves the reliability of the 230Th/U dating
result of HJ1-186 because these two dates agree well with each

Fig. 1. Stalagmite profile, age model and multi-proxy records for the stalagmite HJ1. Left: (a) Polished profile for stalagmite HJ1, with yellow dots indicating 230Th/U dates positions
and the red dashed line indicating the visible hiatus. Right: (b) modeled ages and 2s uncertainties versus depth (mm), (c) d13C, (d) d18O, (e) Mg/Ca " 10#3, (f) Sr/Ca " 10#3 and (g)
Ba/Ca " 10#3 records. Red lines indicate age model computed by Oxcal version 4.4 (Ramsey, 2008). Black dots and error bars represent 230Th dating results and 2s errors. Numbers
indicate DO events from 8 to 14. (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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other within dating errors. However, compared with HJ1-355, the
replicate of HJ1-355R is younger by 320 years, beyond dating er-
rors. The 232Th of HJ1-355 is three times higher than that of HJ1-
355R, and therefore result of HJ1-355 could be easily affected by
tailing effects during Th measurements and strongly influences the
initial detrital 230Th corrections. Considering the data quality, we
use HJ1-355R to establish the age model. Therefore, 230Th/U ages
for stalagmite HJ1 are in stratigraphic order within 2s uncertainties
and show steady deposition at a rate of 0.017 mm/a. The age model
for HJ1 was obtained using the Oxcal model version 4.4 under
sequence “P” with Poisson parameter of 0.1 (Fig. 1b) (Ramsey,
2008). According to the age model, the sample HJ1 deposited
during an interval from 55.2 to 36.5 ka BP (BP represents 1950 AD).

3.2. d18O and d13C sequences

Combined with chronology, we derive high-resolution stable
isotope (d18O and d13C) records with an average temporal resolu-
tion of ~30 years for stalagmite HJ1 (Fig. 1c and d). d18O values vary

from #10‰ to #6.9‰, with an average of #8.7‰ and a range of
3.1‰. d13C values range from #10.8‰ to #7.1‰, with an average
of #9.3‰ and an amplitude of 3.7‰. Variations of the HJ1 d18O and
d13C records are in-phased on the general trend, and the Pearson
correlation in between is medium positive (r ¼ 0.68, p < 0.01,
n ¼ 647; Table S1). Intense millennial-scale fluctuations are
observed in both records, including seven negative excursions and
two positive excursions. Within dating uncertainties, these nega-
tive/positive excursions correspond to DO events 8 to 14 and H
events 4 and 5, respectively (Figs. 1 and 2).

Discrepancies exist in the d18O and d13C records in terms of the
structures of these millennial-scale events. For instance, at the
onsets of DO Interstadials, as constrained by dating results, nega-
tive excursions in d13C values are abrupt. After reaching the lowest
values, d13C shifts towards positive values until the end of the
Interstadial. In contrast, shifts in d18O record at the Interstadial
onsets are relatively sluggish, and the d18O values stay at low-
valued status for centuries before positive biases. Notably, nega-
tive peaks in d13C occur prior to those in d18O. These characteristics

Fig. 2. Chinese d18O stalagmite records during the MIS3. d18O records are from (a) HJ1, (b) Dragon Cave (Dong et al., 2018), (c) Hulu Cave (Cheng et al., 2016; Liang et al., 2019), (d)
Yongxing Cave (Chen et al., 2016), (e) Wulu Cave (Liu et al., 2018), (f) Xianyun Cave (Zhang et al., 2021a, 2021b) and (g) Xiaobailong Cave (Cai et al., 2006). Arrows indicate sluggish
intensification of the EASM and yellow bars indicate Heinrich 4 and 5 events. (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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are more observable at two long-term DO onsets (Fig. 1c and d).
These differences denote that the oxygen and carbon isotopic
compositions in HJ1 are possibly controlled by different processes
in climate and environmental changes.

Isotopic equilibrium is the prerequisite for the climatic appli-
cation of stable isotopes in stalagmites. Two lines of evidence
support the insignificant kinetic fractionation in HJ1 sample. Firstly,
Hendy test (Hendy, 1971) was performed on five individual growth
laminae of sample HJ1 (Fig. S3). Results show that most d18O and
d13C variations along the same layer range from 0.1‰ to 0.3‰ and
an absence of relationship between d18O and d13C, suggesting that
the calcite deposited was close to equilibrium. Secondly, Dorale and
Liu (2009) proposed the Replication test and in general, a strong
similarity between different d18O records indicates small kinetic
fractionation during the calcite deposition. Indeed, visual similarity
is found among records from the monsoonal region of China (MRC)
(Fig. 2). Comparison of our d18O record and other speleothem d18O
curves from Dragon Cave (Dong et al., 2018), Hulu Cave (Cheng
et al., 2016; Liang et al., 2019), Yongxing Cave (Chen et al., 2016),
Wulu Cave (Liu et al., 2018) and Xiaobailong Cave (Cai et al., 2006)
shows resemblant millennial-scale variabilities during the over-
lapped interval (Fig. 2). They all record H events as significant
positive offsets by 1‰e3.3‰ and DO events as negative excursions
larger than 1‰. In detail, we find that some of the Interstadial
onsets in cave records are gradual, e.g. the DO12 in Huangjin,
Dragon, Wulu and Xiaobailong caves, and the DO14 in Huangjin,
Wulu and Xianyun caves (Fig. 2) (Cai et al., 2006; Dong et al., 2018;
Liu et al., 2018; Zhang et al., 2021a, 2021b). Good replication be-
tween different cave records indicates minor disequilibrium in our
d18O record. Under isotopic equilibrium conditions, HJ1 d18O record
reliably reflect the d18O signals of meteoric precipitation and indi-
cate a climatic origin (Dorale and Liu, 2009).

3.3. Trace metal compositions

Concentrations of Mg, Sr and Ba for stalagmite HJ1 are given as
ratios with Ca. The Mg/Ca, Sr/Ca and Ba/Ca ratios range from
7.9" 10#3 to 13.7" 10#3, 0.3" 10#3 to 0.6" 10#3 and 0.8" 10#3 to
2.0 " 10#3, respectively (Fig. 1e, f and g). Trace element ratios
display weak correlations with each other, and they also display
minor correlations with stable isotopic records (Table S1).

4. Discussions

4.1. Proxy interpretations for d18O and d13C

Studies have shown that speleothem and cave dripwater mainly
inherits the d18O signals in precipitation, especially the wet-season
recharge (Baker et al., 2019). In the MRC, the wet season corre-
sponds to months from June to August and is dominantly under the
control of the EASM when most of the total annual precipitation is
received (Ding and Chan, 2005). The correlation between the
amount-weighted annually-averaged precipitation d18O
(Yoshimura et al., 2008) and the annual summer rainfall ratio near
our cave site reaches #0.42 (n ¼ 38, p < 0.01) (Fig. S4a), indicating
that d18O at Huangjin Cave was modulated by the EASM-related
rainfall. A further comparison between the EASM index (Guo
et al., 2004) and the amount-weighted d18O shows strong
monsoon peak-to-peak correlated with negative d18O values and
vice versa (Fig. S4c). Meanwhile, on the orbital and millennial
timescales, stalagmite oxygen compositions are influenced by two
processes: Wang-Cheng mechanism (changes in the fraction of
monsoon rainfall in annual totals) and Yuan mechanism (changes
in the amount of rainout between tropical sources and cave sites)
(Liang et al., 2020). These two mechanisms together reflect the

integrated rainfall from the moisture source to the cave, which
could be regarded as the EASM intensity (Cheng et al., 2016; Liang
et al., 2020). Therefore, both modern climatology and paleoclima-
tology focus on rainfall and wind, two key aspects of the monsoon.
Apparently, Wang-Cheng mechanism is linked with rainfall
changes. Yuan mechanism could be related with both rainfall and
wind; because Rayleigh fractionation is related to the trans-
portation of the air masses which is induced by the wind field in
nature. Controlled by monsoonal climate, rainfall d18O at most sites
in China displays similar seasonal variations, that is, higher d18O
during boreal winter and spring, and lower values during boreal
summer (Dayem et al., 2010). The consistency across the EASM
region is also observable in the past. Indeed, as shown in Fig. 2, the
strong resemblance of different d18O profiles in the East Asia in-
dicates consistent response of monsoon intensity to climatic forc-
ing and supports the idea of the continental-scale EASM circulation
(He et al., 2021). Besides, changes in the NGRIP Ca2þ record shows
comparable dust emissions to the intensity of the EASM, e.g. a rise
of 200 ppb dust flux corresponding to 1‰ increase in d18O during
Stadial 10 and 400 ppb to 2‰ during Stadial 9 (Fig. 3b and e). This is
because wind gustiness is a primary driver of dust levels, and the
major source for the Greenland dust lies in Asia which is strongly
related with the monsoon circulation intensity (Sun, 2002; McGee
et al., 2009). Therefore, speleothem d18O in Huangjin Cave, which
mainly inherits summer rainfall isotopic compositions, could
reflect the EASM intensity from both of the modern observation
and the paleoclimate views.

In northern China, strong EASM intensity usually indicates high
rainfall amount, with five reasons listed below. Firstly, meteoro-
logical observations find that modern precipitation d18O during the
monsoon season in northern China has a high dependency on
rainfall amount (Johnson and Ingram, 2004). Secondly, studies in
Shihua Cave (Li et al., 2017), Wanxiang Cave (Zhang et al., 2008) and
Wuya Cave (Tan, 2014) in northern China all confirm a robust anti-
phased relationship between speleothem d18O and rainfall amount.
Thirdly, model simulations suggest that on themillennial timescale,
Chinese stalagmite d18O could be used as a proxy for the EASM
intensity and is consistent with precipitation amount in northern
China (Liu et al., 2014; He et al., 2021). Fourthly, a high ratio of
summer rainfall in annual totals near Huangjin Cave corresponds to
high rainfall amount in a year (Fig. S4b). Furthermore, comparison
of our d18O record with the reconstructed summer precipitation
record from Jingyuan/Yuanbao loess profiles complements our
argument, with lower d18O values corresponding to higher pre-
cipitation amount and vice versa (Fig. 3e and f). Notably, the pre-
cipitation increases in loess at the onset of DO12 and DO14 are as
gradual as that observed in our d18O record. Therefore, we suggest
that HJ1 d18O record could not only reflect changes in the EASM
intensity, but is more likely an indicator of precipitation variations
in northern China.

We also notice that from the weakest to the strongest
monsoonal statuses, onsets of DO12 and DO14 in different cave
d18O records show different transitional characteristics (Fig. 2aed).
Although DO14 is incomplete in Dragon d18O record due to growth
hiatus (Dong et al., 2018), DO12 in Dragon record is as sluggish as
observed in our d18O record. Besides, Dragon record shows strong
similarity with Huangjin in terms of the internal structures during
the entire overlapped interval. In contrast, Hulu and Yongxing re-
cords display abrupt shifts at DO12 onset. These discrepancies be-
tween cave records could possibly be due to different contributions
of Wang-Cheng mechanism and Yuan mechanism in different re-
gions. Stalagmite d18O records in northern China (e.g. Huangjin and
Dragon) to a large extent reflects rainfall amount (Wang-Cheng
mechanism) (Li et al., 2017; Zhang et al., 2008; Tan, 2014), possibly
by 25% or higher (Orland et al., 2015). Instead, stalagmite d18O
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records from Yangtze River Valley (YRV) (including Yongxing and
Hulu) are more likely to reflect atmospheric circulation changes
(Yuan mechanism), which are dominantly modulated by the El
Ni~no Southern Oscillations (ENSO) (Tan, 2014; Wang et al., 2020).
Both proxy records and cave monitoring data show that d18O in the
YRV is not related with rainfall amount but the circulation index
instead (Tan, 2014; Wang et al., 2020). Baker et al. (2015) also found
large geographic variability of source and amount effects at
different caves in China. Apparently, a better understanding of
spatial pattern of isotopic signals in speleothem records calls for
data which has better chronology and comparable resolution in the
future.

Speleothem d13C has complicated factors from external condi-
tions (e.g. climate, vegetation, etc.) and during its deposition (e.g.
cave ventilation, prior calcite precipitation (PCP), etc.), and thus it
can provide important information on climatic and environmental
changes (McDermott, 2004; Fairchild et al., 2006; Fohlmeister et al.,
2020). In principle, carbon isotope compositions in stalagmites are
dominantly sourced from the compositions of the soil CO2, which is
derived from biological processes (e.g. plant root respiration,
oxidation of organic debris by microbial organisms) and vegetation
type (C3 or C4 plants), namely biomass production or soil respira-
tion (Cerling, 1984; Genty et al., 2003; McDermott, 2004; Fairchild
et al., 2006; Lechleitner et al., 2021). Generally, under wet and
warm climate conditions, increases in biological productivity due to
exuberant vegetation and microbial activities would lead to higher

concentrations of 12C-enriched soil CO2 (Genty et al., 2003). The
12C-enriched CO2 is then transferred and deposited into secondary
carbonate calcite, hence the low-valued calcite d13C during In-
terstadials. Along with external conditions, non-climate factors
could also influence stalagmite d13C (McDermott, 2004; Fairchild
et al., 2006). Modern observations and lab experiments show that
decreased effective precipitation would extend the resistance time
of the seepage water in the hostrock and slow down the drip rates,
leading to significant increases in CO2 degassing, PCP effects and
d13C values in stalagmites, and vice versa (McDermott, 2004). Both
climatic and non-climatic factors could possibly, to some extent,
force d13C to change in the same direction.

Considering the isotopic equilibrium deposition and two lines of
evidence below, we here suggest that HJ1 d13C is predominantly of
biogenic origin. Firstly, the PCP effect in stalagmite HJ1 is falsified
by the inconsistency of millennial-scale variations in three trace
metal records (Fig. 1e, f and g), as well as the low correlation co-
efficients (<0.21) between trace metal ratios and d18O values
(Table S1). As mentioned above, HJ1 d18O record is a good repre-
sentation of the EASM intensity/rainfall amount and is featured
with millennial-scale fluctuations. Besides, according to the PCP
test proposed by Sinclair et al. (2012), the slope of the theoretical
PCP gradient should be around 0.9. However, the slope of the trend
line through the plot of ln (Mg/Ca) versus ln (Sr/Ca) is #0.5 in HJ1,
indicating an absence of PCP control during calcite deposition.
Secondly, the comparison between HJ1 d13C record and the total

Fig. 3. Comparison of geological archives from around the globe: (a) d18O and (b) dust Ca2þ records of NGRIP ice core on the GICC05 chronology (North Greenland Ice Core Project
Members, 2004; Svensson et al., 2008; Erhardt et al., 2019). (c) Total organic carbon (TOC) record of the Lake Sihailongwai (SHLW) (Mingram et al., 2018) and five-point running
averages (thick line). (d) d18O and (e) d13C records of stalagmite HJ1. (f) Reconstructed summer precipitation record from organic d13C record of the Jingyuan and Yuanbao loess
profiles (Rao et al., 2013) and five-point running averages (thick line). (g) d18O record from WDC ice core on the WD2014 chronology (WAIS Divide Project Members, 2015; Buizert
et al., 2015). Dashed lines indicate abrupt shifts in cave and lake records. Slim arrows indicate gradual precipitation trend in cave and loess records.
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organic carbon (TOC, an indicator of autochthonous biogenic pro-
duction) record in Lake Sihailongwan (Mingram et al., 2018),
northeastern China, further supports the biogenic interpretation. It
is found that low HJ1 d13C values is consistent with high TOC pro-
duction during Interstadials, and vice versa (Fig. 3c and d). Similar
abrupt shifts are also observed in both records at the onsets of DO
events (e.g. DO 8, 12 and 14). Meanwhile, from Stadials to In-
terstadials, the increase in C3/C4 ratio could cause decrease in
calcite d13C values (Fleitmann et al., 2009; Zhao et al., 2017;Warken
et al., 2019). This is due to the large difference between the typical
d13C values for secondary carbonates growing beneath C3 land-
scapes (#14‰ and #6‰) and C4 systems (#6‰ to þ2‰)
(McDermott, 2004; Fairchild et al., 2006). Lake Sihailongwan and
Huangjin Cave locate close to each other (within 700 km), and
nowadays both sites are dominantly covered with deciduous
broad-leaved forest and coniferous forest (C3 plants). However,
during the last glacial maximum and the early portion of the last
deglaciation, both sites were primarily covered with steppe (C4
plants) (Li et al., 2019). Therefore, it is possible that under the same
climate conditions (e.g. Interstadials and Stadials), vegetation type
(C3 and C4 plant ratios) and biogenic production near Huangjin
Cave would have similar revolutions as those near Lake Sihai-
longwan. In addition, during warm Interstadials, HJ1 d13C is lower
because a higher proportion of biogenic CO2 dissolution in the
seepage water, and this phenomenon has also been observed in
other caves in the mid-latitude regions (Genty et al., 2003).

To sum up, HJ1 d18O is an indicator for the EASM precipitation
intensity, while the d13C inherits the signatures of regional vege-
tation and biomass production. The in-phased variations of HJ1
d18O and d13C records are consistent with the seasonal climatic
characteristics (synchronized temperature and rainfall changes) in
northern China. Nevertheless, the discrepancies in both records

hint different responses to global changes, which will be discussed
below.

4.2. Different response of calcite d18O and d13C to climate changes

As discussed above, HJ1 d18O and d13C records have in-phased
variations on the millennial timescale. However, discrepancies
exist in terms of the structure and onset timing of DO events in both
records (Figs. 3 and 4). The onsets of DO events (especially DO12
and DO14) are much sluggish in d18O than in d13C, and the onsets in
d18O lag or synchronizewith those in d13C records (Fig. 4). Matching
the midpoints of corresponding climate shifts is a traditional
strategy for correlation/synchronization of proxy records (WAIS
Divide Project Members, 2015; Buizert et al., 2015). Identification
methods for each of the midpoints in DO transitions in our d18O and
d13C records are the same as in Buizert et al. (2015). We manually
determined the pre-event and post-event averages on the stalag-
mite chronology, as indicated by gray lines in Fig. 4a. The averaging
time was set to around 200 years for Stadials and Interstadials ac-
cording to the plateau part of the d18O and d13C profiles. After
determining the pre- and post-event averages, we used linear
interpolation of the time series to find the period at which the
variable of interest completed 50% of the total transition (Fig. 4). We
used the 50% marker as the midpoint of the transition, which was
used for lead-lag comparison. We found that midpoints in d13C
occur apparently advanced to those in d18O during two long DO
events, DO12 and DO14, by 3.5 mm (around 200 years) and 7.5 mm
(around 230 years), respectively (Fig. 4c and d, Table S2). As for
other DO events, the onsets in two records are synchronous (Fig. 4a
and b, Table S2). We also checked the lead-lag relationship in d18O
and d13C records using the breakpoint method (Mudelsee, 2000,
2009) (Fig. S5). Although due to the low resolution (around 40e90

Fig. 4. Stable isotope records for stalagmite HJ1. (a) Records of d18O and d13C data versus age. (b) d18O and d13C data versus depth. (c) and (d) Enlarged sections of the comparison
between d18O and d13C sequences on DO12 and DO14. Gray lines indicate pre-event and post-event averages, and black/red dots indicate midpoints in d18O and d13C records.
Determination for midpoints is explained in section 4.2 with results shown in Table S2. (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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years) during the Stadials, breakpoints in only two DO events (DO8
and DO14) could be recognized, we still found synchronous DO8
onsets in both records and a d13C-lead in DO14 event by around 150
years. Therefore, both midpoint and breakpoint strategies have
similar results on the lead-lag relationship in HJ1 records. These
results could probably suggest that speleothem d18O (an indicator
for the EASM intensity) and d13C (an indicator for vegetation type
and biomass changes in northern China) have different responses
to global climate changes.

We make further comparison with bipolar ice core records to
understand the discrepancies of our d18O and d13C profiles (Fig. 5).
Before that, we discuss the chronologies for different cores. During
the studied time interval, the GICC05 chronology for NGRIP ice core
in Greenland is based on annual layer counting (Andersen et al.,
2006; Svensson et al., 2008). The GICC05 chronology could pro-
vide precise relative time (e.g. the duration for DO events), but the
absolute age is less accurate due to the accumulated error of un-
certain annual layers (Svensson et al., 2008). The age uncertainties
for GICC05 from DO8 to DO14 range from 1449 to 2301 years
(Buizert et al., 2015; Table S2). The WD2014 chronology for ice core
WDC is established via synchronizing the midpoints in its methane
record to those in the NGRIP d18O record and Hulu d18O record
(Buizert et al., 2015). Then the ice age for WDC d18O record is
derived by comparing the gas age using the gas age-ice age dif-
ferences (Dage, approximate to 351 ± 73 years during MIS3)
(Table S2) (Buizert et al., 2015). In the EASM-dominated region,
chronologies for stalagmites are derived from 230Th/U dating which
could provide independent age model and relatively small dating
uncertainties. The average dating errors for Huangjin Cave is
around ±70 years (Table 1 and Table S2). Obviously, stalagmites
could provide better age constraints for millennial-scale events.

Comparison between HJ1 d18O and bipolar ice core records
shows that despite the corresponding millennial-scale DO events,
our d18O record shows better similarity with Antarctic temperature
(Fig. 5). Within the combined dating error (<500 years) ofWDC and
HJ1, millennial-scale events in monsoon region and Antarctica are
consistent, sluggish, “triangle” shaped and of nearly equivalent
magnitudes. For instance, the sluggish shifts of calcite d18O around
DO12 and 14 has gradual counterparts in WDC d18O (AIM12 and
AIM14 events). These results support the view that on the millen-
nial timescale, the EASM intensity is anti-phased correlated with

Antarctic temperature (Fig. 5b; Chen et al., 2016; Cheng et al., 2016;
Rohling et al., 2009). The tight linkage between the EASM intensity
and the Antarctic temperature could possibly be due to the thermal
redistribution modulated by the AMOC (Stocker and Johnsen,
2003). The interhemispheric thermal contrast influences the
EASM and the associated rainfall by the intensity of the cross-
equatorial airflow and the movement of the intertropical conver-
gence zone (ITCZ) (Clemens et al., 1996; Chiang and Bitz, 2005;
Schneider et al., 2014). As has been noted above, the cross-
equatorial airflow carries majority of the latent heat from the In-
dian Ocean, as a primary moisture source for summer precipitation
at Huangjin site (Fig. S2). During DO Stadials, Antarctica warms up
coherently with temperature increase over the SH, leading to a
southward shift of the ITCZ, a diminishing cross-equatorial airflow,
and finally the EASMweakening. Therefore, the EASM circulation is
mutually affected by both hemispheres, but to a larger extent by the
SH.

In contrast to the strong Antarctic imprints in speleothem d18O
records, HJ1 d13C record mimics the characteristics in NGRIP d18O
record on the millennial timescale, including “sawtooth” structure
and abrupt shifts at DO onsets (Fig. 5a). Midpoints of DO onsets in
HJ1 d13C record are averagely 400 years older than in NGRIP record,
within the combined errors of layer counting uncertainties
(1449e2301 years) and calcite 230Th/U dating errors (±60 to ± 120
years) (Table 1). We also compare the durations of DO events in
NGRIP d18O and HJ1 d13C record by calculating the length of mid-
points and find slight duration discrepancies within 400 years.
These results suggest that millennial-scale events are synchronous
in NGRIP d18O and HJ1 d13C records, and low d13C values correspond
to Greenland warming. In the Western Europe, calcite d13C record
from Villars Cave (0!300E, 45!180N; Genty et al., 2003) in France also
displays decreasing d13C values during Greenland warming, rapid
d13C shifts at DO12 onset (Fig. S6b). Using multiple proxies and
modelling, Lechleitner et al. (2021) confirmed that in the Western
Europe, soil respired d13C (the source for speleothem d13C), was
likely contributed from vegetation and biomass which was related
to temperature changes. A possible mechanism that bridges the
climate changes in northern high latitudes, western Europe, and
northern China could be linked to the movements of the mid-
latitude westerly jet (Porter and An, 1995). An indicator of the jet
wind path from Japan Sea sediments (Fig. S6c; Nagashima et al.,

Fig. 5. Comparison between (a) NGRIP d18O record (North Greenland Ice Core Project Members, 2004) and stalagmite HJ1 d13C record, and (b) WDC d18O record (WAIS Divide Project
Members, 2015) and HJ1 d18O record. Records are on independent chronologies, separately. The upper panel could be used as NH signals and the lower panel as SH signals. The
colored bar on the left indicates the inverse bipolar temperature in Greenland and Antarctica.
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2011) shows that the jet shifts between southern and northern
positions are rapid during DO events. Meteorological studies also
reveal that sea surface temperature changes in the North Atlantic,
such as the Atlantic Multidecadal Oscillation, may modulate
decadal-scale temperature changes in Europe and northeast Asia
through the Silk Road pattern (Hong et al., 2017). The Silk Road
pattern, which is an upper-tropospheric teleconnection pattern and
spans across the Eurasian continent roughly along 40!N, is signif-
icantly related to the Asian westerly jet (Hong and Lu, 2016).
Therefore, the harmony between Greenland temperature, calcite
d13C and dust records at DO onsets (Figs. S6aed) indicate rapid
transitions of climatic signal through atmospheric processes. It is
possible that northern high-latitude climate modulates hydro-
thermal conditions in northern China through westerly jet and/or
Silk Road teleconnection, where Huangjin Cave locates, and sub-
sequent changes in vegetation and biomass production are regis-
tered in speleothem d13C. Furthermore, in northern China, modern
vegetation has a higher correlation with temperature than with
rainfall; an increase in temperature could promote plant growth
period in advance (starting from March to April, much earlier than
the start of the EASM rainfall) and then extend the growth season
(extending into November, much later than the end of the EASM
rainfall) (Chen et al., 2000; Sun and Wang, 2015; Chu et al., 2019;
Geng et al., 2019). Therefore, we suggest that climate parameters,
especially temperature, plays a significant role in vegetation
coverage and biomass in northern China, and finally the d13C values
in stalagmite HJ1.

A lead of calcite d13C relative to d18O at onsets of DO12 and DO14
is identified, which could be caused by two factors (Fig. 4c and d).
Firstly, on the seasonal timescale, the temperate vegetation in
northern China begins growing from spring (March to April) (Chen
et al., 2000; Wu et al., 2021; Zhang et al., 2021c), a few months
earlier than the coming summer monsoon rainfall, but consistent
with rapid seasonal warming (Fig. S1). Besides, the advance and
extension of growth season are mainly related with increased
spring temperature (Wu et al., 2021). Plants in northern China are
more sensitive to temperature than precipitation and show no
lagging time in response to spring warming (Sun and Wang, 2015;
Chu et al., 2019; Geng et al., 2019; Zhang et al., 2021c), thus leading
to an instant response of vegetation and soil d13C. The growth
season of the temperate vegetation is apparently longer than the
monsoon rainfall season (JuneeAugust, Fig. S1). Secondly, a lead of
d13C to d18O at onsets of DO12 and 14 is caused by different climatic
forcing on two proxies. For calcite d18O which documents the EASM
intensity and monsoon rainfall in northern China, it is tightly
coupled with the ITCZ and cross-equatorial airflow, modulated by
the intensity of the AMOC and associated heat redistribution be-
tween hemispheres (oceanic processes). Whereas for calcite d13C,
which is sourced from overlying vegetation and biomass, it is
responsive to thermal conditions in northern China dominated by
northern high-latitude climate through the westerly jet (atmo-
spheric processes).

4.3. Bipolar lead-lag relationship based on stalagmite records

In section 4.2, we find that d18O and d13C records in stalagmite
HJ1 have different preferences in response to the SH and NH cli-
mates. Here we further investigate the phase relationship of
millennial-scale events between the SH and NH from one stalag-
mite, which could avoid the chronological biases in different cores.
Based on the strong similarity and dynamic linkages of millennial-
scale events between Chinese cave d18O and Antarctic temperature
records induced from our and previous studies (e.g. Chen et al.,
2016; Cheng et al., 2016), we suggest that during the transitions
from Stadials to Interstadials, the initial change points in

speleothem d18O record are synchronous with breakpoints in the
AIM events. For DO14, the midpoint in d13C record takes place in
advance of d18O record, indicating that onsets of DO events could
possibly occur prior to the EASM and the Antarctic climate changes.
We roughly calculated the initial change point in d18O record
(which represents the start of monsoon recovery) for DO14 and
found that it was older than d18O midpoint by ~110 years (Fig. 6a).
Now that the d13C midpoint occur prior to d18O record by ~230
years (Table S2), it should take place ahead of the breakpoints of
AIM events by ~120 years (Fig. 6a).

The ~120-year NH lead at DO14 onset in our study supports the
work by WAIS Divide Project Members (2015) which utilized the
methane-synchronizationmethod and found a NH lead by 218 ± 92
years. Our results also support their idea that triggers for DO onsets
possibly reside in the northern high-latitude regions and the ocean
conveyor plays an important role of transmission (WAIS Divide
Project Members, 2015; Pedro et al., 2018). Upon the rapid sea ice
melting in the Nordic Sea (Wary et al., 2016), the abrupt retreat of
thick ice shelves near Greenland (Boers et al., 2018) or the distur-
bance of the salt oscillator (Peltier and Vettoretti, 2014), etc.,
whichever should be the causal agents for DO events, the
Greenland temperature shifts from cold conditions into warm
conditions. Temperature in the NH is then warmed up, leading to
warming in northern China, flourishing vegetation, and increasing
biomass production and soil respiration. Compared with the fast
transfer of atmospheric processes within several decades, the
oceanic processes require hundreds to thousands of years to com-
plete (Liu and Alexander, 2007; Pedro et al., 2018), causing the
delayed heat redistribution between hemispheres. Accompanied
with AMOC changes are the movements of the ITCZ and the in-
tensity of the cross-equatorial air mass (Chiang and Bitz, 2005).
Meanwhile, the massive thermal capacity of the ocean also forces
slow surface temperature cooling in both the Southern Ocean and
the Antarctica (Blunier and Brook, 2001; Stocker and Johnsen,
2003; Markle et al., 2017), which possibly contributes to the slug-
gish intensification of the EASM (Cai et al., 2006; Chen et al., 2016).

Furthermore, short-term DO events (e.g. DO8) in d13C and d18O
records are synchronous (Table S2 and Fig. S5). In this case, the
initial change points in HJ1 d18O record and the breakpoints in AIM
events occur ahead of the midpoints in NGRIP by ~150 years
(Fig. 6b). Actually, Raisbeck et al. (2017) found that in AIM8 and
AIM10, the main d18O decrease in Antarctica occurred ~200 years
before the Greenland temperature increase. Our results provide
support to their estimations and their idea that “the lead/lag of
Greenland vs. Antarctica may be different from one event to
another” (Raisbeck et al., 2017). Under conditions of the Antarctic
lead, the Southern Ocean could be the generator for millennial-
scale events and the AMOC recovery. During the last deglaciation,
rapid resumption of the AMOC and the onset of Bølling-Allerød is
initially triggered by the Meltwater Pulse 1A which is contributed
from the SH (Weaver et al., 2003). Studies suggest that Antarctic
meltwater discharge could lead to cooling in the Southern Ocean
but warming in the North Atlantic and the initial EASM strength-
ening (Swingedouw et al., 2008; Zhang et al., 2016). Meanwhile, a
leakage of the Agulhas currents could also assist the recovery of the
AMOC by providing buoyancy compensation and triggering
increased convective activity in the North Atlantic, thereby leading
to the onsets of Interstadials (Beal et al., 2011).

According to the phase relationship between d13C and d18O from
stalagmite HJ1, we find that the onsets of abrupt climate changes
could be triggered either in the NH or the SH. This is somehow
consistent with Cheng et al. (2020)'s results on Younger Dryas (YD)
event. They found that YD started from the North Atlantic and was
advanced of the Antarctica by around 100 years; however, the
ending of the YD came first in the Antarctica and led climate
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changes in the NH by ~200 years (Cheng et al., 2020). Recently,
Cheng et al. (2021) also found that hundreds of years prior to the H4
termination, the Amazon River discharge decreased and the SH
westerly wind and subtropical front shifted poleward, suggesting
that the initial trigger for H4 might reside in SH. We admit that the
comparison between HJ1 proxies might be somewhat limited by
age uncertainties. For example, uncertainties for the lead-lag du-
rations (hundreds of years) between HJ1 d13C and d18O records
depend on the derived 230Th/U dating and the established chro-
nology. And a closer inspection shows better temporal resolution
for HJ1 during Interstadials than during Stadials, leading to
ambiguous structures of our records during Stadials. These short-
ages hamper the determination for the initial change points of DO
events in records. Anyway, this paper is an attempt for under-
standing the interhemispheric lead-lag relationship from one
speleothem, and we expect a more precise phase relationship for
“bipolar see-saw” from cave work in the future, with better age
constraints and temporal resolutions.

5. Conclusions

A new 230Th/U dated, ~30-year-resolution stalagmite record
from Huangjin Cave, Hebei Province, provides us with new insights
into millennial-scale paleoclimate variations during last glacial
period from 55.2 to 36.5 ka BP. The HJ1 d18O and d13C records
display in-phased variations on the general trend and large-
amplitude and millennial-scale fluctuations, corresponding to DO
cycles from 8 to 14 and two H events. However, discrepancies exist
in terms of event structures in two proxy records; that is, sluggish
shifts and trapezoid shape in d18O record whereas rapid offsets and
right-triangle shape in d13C record. Besides, negative shifts in d13C

occur prior to those in d18O profiles, particularly in the long-term
DO events. These differences denote that the oxygen and carbon
isotopic compositions in HJ1 are possibly controlled by different
processes in climate and environmental changes. Further compar-
ison with other geological archives indicates a strong resemblance
(abrupt shifts and sawtooth pattern) of HJ1 d13C to the NGRIP d18O
and SHLW TOC records. These findings suggest that northern high-
latitude climate could modulate temperature changes in northern
China through the westerly jet, affecting vegetation and biomass
production and thereby the carbon compositions in HJ1. Otherwise,
HJ1 d18O displays a better similarity with WDC d18O and JY/YB
precipitation records, indicating that the monsoon circulation and
related rainfall is more likely linked with the SH through the
movement of the ITCZ and the intensity of the cross-equatorial
airflows. In addition, the lead-lag phase relationship between the
SH and NH is discussed. Midpoints of DO14 onsets in d13C record
occur ~230 years prior to that in d18O records, leading to a ~120-
year lead of the NH relative to the SH. This result indicates that
onsets of some DO events could possibly occur prior to the EASM
intensification and Antarctic cooling. However, midpoints and
breakpoints of DO8 event is coeval in d13C and d18O records. In this
case, the breakpoints of AIM events take place ahead of DO onsets
by ~150 years. These results suggest that “bipolar see-saw” is most
likely controlled by the classical ocean circulation mechanism, and
the Greenland vs. Antarctica relationship is dependent on the
trigger source for the AMOC.
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