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a b s t r a c t

The inconsistency of paleoclimate records between the mid-low and high latitudes during the Mystery
Interval (MI, 17.5e14.5 ka BP) is not well resolved. To provide a mechanism analysis, this study conducts
spatial comparisons of hydroclimate changes in the Asian Summer Monsoon (ASM) region during the MI
by reconstructing the paleohydrology of the south of East Asian Summer Monsoon (EASM) region using
the molecular distributions and carbon isotope ratio of n-alkanes, as well as elemental and isotopic
composition of bulk organic matter, in a sedimentary core retrieved from Dingnan (DN) wetland. The
multiple indices of the DN core confirmed the occurrence of dry-wet and wet-dry transitions at ca. 17.5
ka BP and 16.0 ka BP, respectively. Synchronous with the dry-wet transition in the DN records, the
Indochina Peninsula at a slightly lower latitude became wetter. In contrast, the middle Yangtze region at
a more northern latitude became slightly drier, and North China did not show a hydrological variation.
Moreover, the wet-dry transition at the mid-MI was strong in the Indochina Peninsula (10e20�N, at
about 16.5 ka BP) and the southern EASM region (23e27�N, at about 16.0 ka BP) but was nearly absent in
the middle Yangtze region (28e32�N) and North China (35e40�N). The first hydrological transition
possibly connects with the synchronous southward movement of the Intertropical Convergence Zone
(ITCZ) and the westerly jet caused by the cooling of the Northern Hemisphere. The absence of the second
hydrological transition is interpreted as a result of the decoupling of the ITCZ and the westerly jet caused
by the delayed formation of the ITCZ due to the warming of the Southern Hemisphere. This study reveals
spatial differences in the hydroclimate variations during the MI and highlights the potential influence of
coupling between the westerly jet and the ITCZ on rainfall in the ASM region.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The Mystery Interval (MI) occurred between 17.5 and 14.5 ka BP
at the onset of the last deglaciation. During this period, global
ogeology and Environmental
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temperatures began to rise, and interactions between different
climate systems intensified, resulting in a series of climate events
that have been difficult to parse (Denton, 2006; Broecker and
Putnam, 2012; Hodell et al., 2017). Investigations on the mecha-
nisms of these climatic events can provide insights into the Earth's
climate system and improve climate models and projections. Dur-
ing the MI, the North Atlantic Meridional Overturning Circulation
(AMOC) slowed down (McManus et al., 2004), resulting in the
North Atlantic region experiencing abnormally cold climates
(Cacho et al., 2001). Meanwhile, surface sea temperatures (SST) in
the Northern Hemisphere were lower than those in the Southern
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Hemisphere (Shakun et al., 2012). These events indicate that the
ITCZ and the westerly jet may have shifted southward during the
MI due to the change of temperature gradient between the
Northern and Southern Hemispheres (Chiang and Friedman, 2012;
Toggweiler, 2009). However, several records in the mid-low lati-
tudes, where precipitation is sensitive to the mean position of the
ITCZ and the westerly jet, capture the marked dry-wet and wet-dry
turning points during the MI (Broecker and Putnam, 2012;
Asmerom et al., 2017; McGee et al., 2018; Huang et al., 2019). These
changes imply the possibility of repeated southward shifts of the
ITCZ and the westerly jet during the MI. Therefore, a detailed
reconstruction of the atmospheric activity in the mid-low latitudes
during the MI might provide the key to reconcile the inconsistency
between these records.

The Asian Summer Monsoon (ASM) region is one of the largest
monsoon regions in the world. The rainfall in the north is mainly
controlled by the westerly jet, and the rain in the south is primarily
controlled by the ITCZ (Ding and Chan, 2005; Chiang et al., 2015;
Zhang et al., 2018). Therefore, the change of climate and rainfall in
this region can reflect changes in global atmospheric circulation. A
close relation exists between atmospheric activity and local rain in
the ASM region (Fig. 1; Ding and Chan, 2005). In the Indochina
peninsula (10e20�N), the precipitation peak appears fromMarch to
Fig. 1. Map of the research sites. The red star indicates the Dingnan wetland in this study. Th
2. Dajiuhu wetland (Zhao et al., 2018), 3. Haozhu cave (Zhang et al., 2018), 4. Dongyuan Lake (
dashed line indicates the modern position of the ITCZ in July (modified from (Han et al., 20
topographic map was downloaded from https://ngdc.noaa.gov/mgg/global/relief/ETOPO1/im
referred to the Web version of this article.)
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April (Ding and Chan, 2005) due to the early seasonal formation of
ITCZ in this region. In South China (23e27�N), the precipitation
peak is from April to May, which results from the coupling between
the enhancement of the westerly jet and increased delivery of
water vapor from ITCZ carried by the southwest wind of the sub-
tropical high (Wan et al., 2008, 2009). Controlled by the northward
shift of the westerly jet, the precipitation peaks in Central China
(28e32�N) and North China (35e40�N) appear in JuneeJuly and
August, respectively (Chiang et al., 2015; Zhang et al., 2018).
Therefore, reconstruction of the spatiotemporal pattern of hydro-
logical conditions in the ASM region during the MI might improve
our understanding of their formative mechanisms.

Rainfall variations during the MI in the southeastern shore of
the Indochina Peninsula (Fig. 1; Huang et al., 2019; Li et al., 2019)
and in the middle Yangtze region and North China have been well
studied (Zhou et al., 2012; Zhang et al., 2018). In the Indochina
Peninsula, rainfall increased at the initiation of the MI, and then it
decreased near the end of the MI. In contrast, rainfall in the middle
Yangtze region exhibited a slightly decreasing trend in the early MI
and then maintained a wetter state until the end of MI. In North
China, there was no hydrological variation during the MI (Zhou
et al., 2012). However, well-dated paleohydrology records span-
ning the MI are absent in South China, an intermediate region
e Arabic numbers refer to the following locations: 1. Luochuan loess (Zhou et al., 2012),
DYL, Ding et al., 2016), 5. PC338 core (Li et al., 2019), 6. CG2 (Huang et al., 2019). The red
16). The solid yellow line indicates the modern position of the westerly jet in July. The
age. (For interpretation of the references to color in this figure legend, the reader is

https://ngdc.noaa.gov/mgg/global/relief/ETOPO1/image
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between the Indochina Peninsula and the middle and lower
Yangtze region. This absence impedes inferring the spatial patterns
of hydroclimate change during the MI and understanding their
underlying mechanisms.

Wetland sediment sequences from South China are promising
repositories of information on the hydrological evolution of the
region during the MI. Sediment deposits in lake and wetland eco-
systems, such as swamps and peatlands, can be linked with water
level changes (Kratz and DeWitt, 1986; van der Valk, 2012).
Elemental and isotopic composition of bulk organic matter, as well
as the molecular distributions and stable carbon isotopic compo-
sitions of n-alkanes, provide powerful information to reconstruct
past hydrological conditions and related ecological succession
(Thorson andWebb,1991; Newby et al., 2000; Almquist et al., 2001;
Schellekens and Buurman, 2011; Street et al., 2013; Yamoah et al.,
2016). The Dingnan wetland is located near the boundary of
Guangdong and Jiangxi Provinces in South China (Fig. 1). Previous
studies of the DN wetland revealed the alternation of peat and lake
sediments from the Last Glacial Maximum to the late Holocene,
indicating large hydroclimate changes (Zhou et al., 2004; Zheng
et al., 2009; Zhong et al., 2015; Chen et al., 2020; Wei et al.,
2020). However, due to the insufficient resolution and/or dating,
the ambiguous proxies of the reconstruction of hydrological
changes and the incomplete record of the MI, these records cannot
provide detailed hydrological information during MI.

Here we present a new paleohydrological reconstruction for
South China during the MI based on the distribution characteristics
of n-alkanes, their carbon isotope ratios, and elemental and isotopic
composition of bulk organic matter in a sediment core retrieved
from the Dingnan wetland. This study fills a geographical gap be-
tween the Indochina Peninsula and the middle and lower Yangtze
Region and contributes to a better understanding of hydrological
variations in the ASM region during the MI.

2. Material and methods

2.1. Study site setting

The Dingnan wetland is located in the boundary between the
watersheds of the Yangtze River and the Pearl River at the southern
edge of the subtropical zone of China (Fig. 1). This area is strongly
influenced by a monsoon climate and zonal climatic shifts (Zhou
et al., 2004). The landscape around the Dingnan wetland has
been strongly disturbed by human activities, and no native vege-
tation remains in its watershed today. However, natural vegetation
found in a nearby nature reserve indicates that the original vege-
tation was dominated by evergreen broadleaf trees such as Casta-
nopsis, Lithocarpus, and Cyclobalanopsis (Zhou et al., 2004).
According to themeteorological data collected from 1981 to 2010 in
the Dingnan Station, the annual mean temperature is 19.1 �C, and
the annual mean precipitation is 1586 mm (Fig. 2a). The annual
range of mean monthly temperature is 8.9e27.3 �C. The range of
mean monthly rainfall is 50e254 mm, with a maximum occurring
from April to June. The range of mean monthly relative humidity is
73e84%, which has a good correlation with the mean monthly
rainfall (R2 ¼ 0.81, p < 0.01; Fig. S1). The Dingnan wetland was
formed in an intermontane closed basinwith impermeable igneous
rock as the basement. Therefore, the internal water level of the
wetland is mainly controlled by the balance between rainfall and
evaporation.

2.2. Core sampling and chronology

A sediment core (DN-1, N24�45024.300, E115�02011.700, altitude
267 m) was retrieved from the southern part of the Dingnan
3

wetland in November 2011 using a gravity corer (Fig. 2b). As shown
in Fig. 3, the bottom layer consists of interbedded light-yellow
gravel and clay (6.71e7.36 m), which is overlain by alternations of
black peats and grey/black mud and gravels (6.71e1.17m), followed
by light-yellow sand and interbedded brown sand and clay
(1.17e0.29m), and finally covered by a brown soil layer (0e0.29m).

The core was transported to the State Key Laboratory of Palae-
obiology and Stratigraphy (Nanjing, China) as quickly as possible
and then sliced at 1-cm intervals and stored at �20 �C until anal-
ysis. Twelve samples, including bulk sediments and terrestrial plant
macrofossils from different depths, were selected and sent to the
Beta AMS Lab, Miami, USA, for accelerator mass spectrometry
(AMS) 14C analysis (Table 1). The age-depth model of the core was
constructed by using Bacon 2.5.2 package (Blaauw and Christen,
2011) based on the R software (v4.0.2; R Core Team, 2020).

2.3. Bulk geochemical analyses

Sediment samples were freeze-dried, homogenized, and
powdered. A portion of each sample was treated with 6 N HCl for
24 h at room temperature to remove carbonate and then rinsed
with deionized water (Hu et al., 2006). The carbonate-free samples
were dried and then were analyzed for the total organic carbon
(TOC) and total nitrogen (TN) content on a Thermo electron FLASH
EA 1200 Series CNS elemental analyzer. Duplicate analyses were
performed for every sample, with the mean of the two measure-
ments reported in this study. Replicate analysis of one sample
(n ¼ 5) gave a 1s precision of ±0.02 wt %C and ±0.003 wt %N. The
precision of the duplicated C/N ratios was better than ±2.8.

Analysis of the carbon isotope ratio of bulk organic matter was
performed on carbonate-free sediment samples using a FLASH
2000 Elemental Analyzer connected to a Thermo MAT-253 isotope
ratio mass spectrometer. Results are reported as the d notation in
per mil (‰) relative to the Vienna Peedee Belemnite (VPDB) stan-
dard. Analytical precision for international and in-house reference
materials was almost always better than ±0.2‰ (n ¼ 5). Replicate
measurements of samples yielded similar standard deviations, less
than ±0.3‰.

2.4. Lipid analyses

About 15 g of powdered sample was ultrasonically extracted
with a solvent mixture of dichloromethane and methanol (CH2Cl2/
CH3OH, 9:1, v/v) and repeated at least six times until no noticeable
color was observed in the supernatant. Activated pure copper was
added to the lipid extracts overnight to remove elemental sulfur.
The total extract was then concentrated with a rotary evaporator
and then separated by silica column chromatography to obtain
saturated hydrocarbons by eluting n-hexane. The flash columnwas
prepared by filling a glass column (10 cm� 1 cm i. d) with silica gel,
which was previously extracted for 72 h and then activated at
150 �C for 2 h.

The concentration of saturated hydrocarbons was determined
on a HP 6890 gas chromatograph (GC) equipped with an flame
ionization detector (FID) and a 30 m DB-5MS fused capillary col-
umn (i.d. 0.25 mm; 0.25 mm film thickness). Nitrogen was used as
the carrier gas. The oven temperature was programmed to increase
from 80 �C (holding for 2 min) to 200 �C at a rate of 10 �C/min and
then increased to 290 �C (holding for 25 min) at a rate of 4 �C/min.
The C36 alkane was used as an internal standard. One working
standard sample was inserted between every 10 samples to ensure
that the precision of ACL, CPI and Paq values were better than ±0.1,
±0.1 and ± 0.01, respectively. After GC analyses, the saturated hy-
drocarbon fractionwas purified for n-alkanes using urea adduction
(Xie et al., 2007).



Fig. 2. The mean monthly meteorological information and topographic diagram of the study site (Zhou et al., 2005). (a) The seasonal variation of mean monthly average rainfall, air
temperature, and relative humidity (RH). (b) The star presents the study site.

Fig. 3. Chronology and lithology of the DN-1 core. The red line represents weighted mean ages for each depth based on the Bayesian depth-age model (Blaauw and Christen, 2011).
(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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The d13C values of n-alkanes were measured using an Isoprime
GC-isotope ratio mass spectrometer (GC-IRMS) with an HP-5 MS
fused capillary column (60 m � 0.25 mm i. d.; 0.25 mm film thick-
ness). The injector was used in splitless mode at 290 �C; heliumwas
the carrier gas. The oven temperature was programmed as same as
the above GC temperature program. To check the instrumental
performance, n-alkane mixtures from Indiana University with
known d13C values were measured every ten injections. All sam-
ples, reported in per mil (‰) versus Vienna Peedee belemnite
4

(VPDB), were run at least in duplicate, with an average standard
deviation of <0.5‰.

3. Results

3.1. Chronology

The radiocarbon ages were calibrated against the IntCal13
Northern Hemisphere calibration curve (Reimer et al., 2013) and



Table 1
Details of the AMS14C dating and calibrating results with OxCal 7.0.4 (IntCal13 data set) for the DN-1 core.

Sample No. Depth (cm) Material AMS14C (a BP±1s) Calibrated age (cal. a BP)

DN1 128-129 128.5 twigs 430 ± 30 452e529
DN1 133-134 133.5 twigs 820 ± 30 686e784
DN1 140-141 140.5 twigs 930 ± 30 786e924
DN1 150-151 150.5 twigs 4330 ± 30 4843e4967
DN1 171-172 171.5 bulk peat 8430 ± 40 9401e9529
DN1 188-189 188.5 bulk peat 10,610 ± 50 12,522-12702
DN1 212-213 212.5 bulk peat 13,480 ± 60 16,013-16470
DN1 267-268 267.5 twigs 14,300 ± 50 17,211-17604
DN1 283-284 283.5 twigs 15,160 ± 50 18,272-18591
DN1 291-292 291.5 bulk peat 15,740 ± 50 18,854-19147
DN1 451-452 451.5 bulk peat 28,440 ± 170 31,714-32956
DN1 601-602 601.5 bulk peat 31,820 ± 230 35,166-36220
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expressed in years before present (BP), where ‘present’ is defined as
1950 CE (Table 1). According to the fitting result of the Bacon pro-
gramming, the 6-m sedimentary sequence spans over 36 ka (Fig. 3).

During the period of 20.0e11.0 ka BP, there were five dating
points, 4 of which evenly covered 19.0e16.2 ka BP, providing a
reasonable constraint on the starting time of MI (Fig. 4a). The 95%
confidence ranges at 17.5 ka BP and 16.0 ka BP in the age-depth
model were 17.9e17.3 ka BP and 16.5e14.5 ka BP, respectively
(Fig. 3). To validate the accuracy of the timing of the mid-late MI in
the DN-1 core, the TOC values sorted according to the depth-age
model were compared with those of a nearby core (named KZ
core). The TOC values of the two cores both show about 16.0 ka BP
as the turning point for jumping from low to high values (Zhou
et al., 2004; Yu et al., 2020). Moreover, uniform coverage of
16.7e14.6 ka BP by three radiocarbon dates in the KZ core provides
a reasonable constraint on the time series of themid-lateMI (Fig. 4a
and b).
Fig. 4. Variations of TOC content. (a) TOC of DN-1 core. (b) TOC of KZ core (Zhou et al.,
2005). The age data is the median of the calendar age.

5

3.2. Bulk geochemical results

The value ranges of TOC, C/N atomic ratio, and the d13C of bulk
organic matter (d13Corg) are 0.4e37.8%, 28.1e50.5,
and �28.6e26.4‰, respectively (Fig. 5a, b, c). Before the MI
(20e17.5 ka BP), the TOC concentration showed an increasing trend
from 15.3% to 29.9%, except for the abnormally low and high values
at ca. 17.8 ka BP and 19.3 ka BP. The C/N ratio is stable between 28.1
and 40.0 during 20e17.5 ka BP, except for the relatively high values
at ca. 19.3 ka BP and 17.8 ka BP. The d13Corg values fluctuate
between�27.8‰ and�28.6‰ during 20e17.5 ka BP. During the MI,
the TOC concentration drops rapidly from 30% to 5% at around 17.5
Fig. 5. Down core profiles of multiple indices of the DN-1 Core. (a) TOC, (b) C/N, d13C of
bulk organic matter (c) and the C25 and C31 n-alkanes (d), (e) CPI, (f) ACL, (g) Paq. Brown
shades indicate wet periods, while the yellow shade indicates the drier period. (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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ka BP, reaches the lowest values of 0.4% around 16.5e16.0 ka BP, and
then rapidly rises to 30%. C/N atomic ratios remain relatively stable
around 29.0e33.8 during 17.5e16.5 ka BP, then fluctuate between
31.8 and 47.2 at 16.5e16.0 ka BP, and finally remain relatively stable
(>30) from 16.0e14.5 ka BP. The d13Corg values rise rapidly
from �28.5‰ to �27.5‰ around 17.5 ka BP, increase to �26.5‰
during the several hundred years after 16.0 ka BP, and then quickly
decrease to �28.5‰ at 15.5 ka BP. After the MI, the TOC concen-
trations are relatively stable, fluctuating between 19.1% and 37.8%.
The C/N ratio is also stable, ranging from 32.8 to 37.7. The d13Corg
first stabilizes between �27.4‰ and �28.0‰, and then gradually
decreases to �29.4‰ after 13 ka BP.
3.3. Molecular distributions and carbon isotope compositions of n-
alkanes

The carbon numbers of the n-alkane for all the analyzed sedi-
ments range from C14 to C33, and the long-chain alkanes beyond C23
show a significant odd carbon preference. The molecular distribu-
tion patterns were assessed with the carbon preference index (CPI),
the average chain length (ACL), and the aquatic plant n-alkane
proxy (Paq). The CPI, ACL, and Paq were calculated as follows (Marzi
et al., 1993; Ficken et al., 2000; Freeman and Pancost, 2014):

CPI¼ 1
2
� ðC23 þ C25 þ C27 þ C29 þ C31

C24 þ C26 þ C28 þ C30 þ C32

þ C25 þ C27 þ C29 þ C31 þ C33
C24 þ C26 þ C28 þ C30 þ C32

Þ

ACL¼(27�C27þ29�C29þ31�C31þ33�C33)/(C27þC29þC31þC33).
Paq¼(C23þC25)/(C23þC25þC29þC31).
The ranges of CPI, ACL, and Paq values are 2.7e9.4, 28.9e29.9,

and 0.15e0.45, respectively (Fig. 5eeg). During 20.0e16.0 ka BP, the
CPI values remain around 3 from 20 to 16 ka with a peak to 5 at
around 18.0e17.5 ka BP (Fig. 5e). The ACL exhibits two increases up
to 29.6 around 19.0e18.0 ka BP and 17.5e16.0 ka BP (Fig. 5f). The Paq
values decrease from about 0.30 to about 0.20 at 18 ka BP (Fig. 5g).
From 16.0 to 11.0 ka BP, the CPI values sharply rise to 9.3 after at 16.0
ka BP and decrease thereafter (Fig. 5e). The ACL shows lower values
varying between 28.9 and 29.4 (Fig. 5f). The Paq values are about
0.10 after 16.0 ka BP and sharply rise to 0.42 after 13.0 ka BP
(Fig. 5g).

To better distinguish the input contributions of aquatic and
terrestrial plants from the carbon isotope ratios of n-alkanes, this
paper focuses on the carbon isotope composition of the C25 and the
C31 n-alkanes, which are each respectively sourced mainly from
aquatic plants and higher terrestrial plants (Ficken et al., 2000; Bi
et al., 2005; Bush and Mcinerney, 2013; Zhao et al., 2018). The
d13C of n-C25 (d13C25) and n-C31 (d13C31) are between �36.0‰
and�30.0‰ and from�35.8‰ to�30.4‰, respectively, and exhibit
a similar trend (Fig. 5d). In the periods before the MI (20e17.5 ka
BP), the d13C25 and d13C31 have almost the same relatively negative
values, ranging from �35.8 to �32.9‰. During the MI, their values
are less negative than those of the adjacent periods, attaining in-
creases of 2e5‰, especially the d13C25. In the latter stage of the first
half of theMI (16.5e16 ka BP), the d13C25 and d13C31 both reach their
least negative values. In the periods after the MI, the d13C25 and
d13C31 values decrease from �31.6‰ to �36.0‰ and from �32.4‰
to �35.1‰, respectively, and show an offset of about 1.4‰.
6

4. Discussion

4.1. Paleoclimate reconstruction during the MI from the Dingnan
wetland

4.1.1. Hydroclimate variations during the MI
In lacustrine and peat deposits, the sedimentary TOC values

mainly reflect the balance between productivity and degradation
(Meyers and Ishiwatari, 1993; Meyers, 2003). In peatlands, the
waterlogged and anaerobic conditions facilitate the production and
accumulation of in situ plant organic matter and consequently re-
sults in high TOC concentrations, which can reach 50% or higher
(Chambers et al., 2012; Loisel et al., 2014). In lakes, low in situ
productivity and a relatively high degradation rate lead to lower
sedimentary TOC (TOC <10%) (Meyers and Ishiwatari, 1993). For
example, the TOC values in the surface samples are almost all <2%
in the shallow freshwater lakes in the middle and lower Yangtze
region (Dong et al., 2012).

In the DN-1 core, TOC decreases at the beginning of the MI,
around 17.5 ka BP, and reaches the lowest values during 16.4e16.0
ka BP (Fig. 5a). Correspondingly, the lithology changes gradually
from peat to clay, and then sand particles with uniform grain size in
clay increase gradually (Fig. S2). The coupling between TOC and
lithology may indicate that a rise of water level in the peatland led
to the deposition of organic-poor clay, and then the expansion of
the water body inundated the swamp, and therefore sand carried
by runoff could directly enter the swamp (Fig. 4a). The lacustrine
deposit overlying the peat deposit is opposite to the natural evo-
lution process of peatlands. This feature may be because Dingnan
wetland formed in a closed intermontane depression, which would
accumulate water to form a lake under periods with enhanced
rainfall and therefore develop lacustrine deposits. Considering the
lower temperature during the MI (Peterse et al., 2011; Opitz et al.,
2015; Chu et al., 2017), the reduced evaporation may also
contribute to the rise of water level. Therefore, this sequence is in
large part a record of a climatic rainfall event. During the latter half
of the MI, TOC in the DN-1 core increased rapidly at around 16.0 ka
BP and then remained at high and stable values. Concurrently, the
TOC of the nearby KZ core also increased rapidly and remained
stable values, implying a record of consistent signals across the
basin (Fig. 4a and b; Zhou et al., 2004). This pattern could be
attributed to a relatively dry climate promoting the transformation
of a lake back to a peatland. This phenomenon of intense rainfall
leading to the development of lacustrine facies and followed by
relatively dry climate promoting the re-establishment of a peatland
is also found in the sedimentary record of a nearby intermountain
depression (Ma et al., 2016). Therefore, the TOC of DN-1 reveals a
wet climate transition at around 17.5 ka BP, and a dry climate
transition at about 16.0 ka BP.

CPI is a proxy used to assess the odd-over-even ratio of carbon
chain lengths of long-chain n-alkanes (Bray and Evans, 1961). The
CPI values are mediated by plant source and sedimentary envi-
ronmental conditions. In current conditions, the CPI values of 81%
terrestrial higher plants range between 2 and 99, which are larger
than those of 2.5e4.0 in algae and 1e2 in microorganisms (Bush
and Mcinerney, 2013; Chen et al., 2020; Massa et al., 2021). Dur-
ing early diagenesis, the CPI signals are commonly smoothed by
microbial activities under the influences of temperature and hu-
midity (Xie et al., 2004; Huang et al., 2016; Naafs et al., 2019).

During the lacustrine stage of 17.5e16.0 ka BP (Fig. 5a; 6e), the
CPI values in the DN-1 core are relatively low (2.5e4) but still
higher than the values typical of algae and bacteria-derived n-al-
kanes. In the nearby Dajiuhu peatland (31�280N, 110�000E), also in
the subtropic region, the CPI values in peat-forming plants are
significantly higher in herbaceous plants than those of shrubs,
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aquatic plants, and ferns (Zhao et al., 2018). Compared to lake
settings, the waterlogged and anaerobic conditions in peatlands
would exert relatively strong inhabitation onmicrobial degradation
of n-alkanes and result in relatively higher CPI values in peat layers
(Chambers et al., 2012; Loisel et al., 2014). It seems strange that the
peat layer deposited before theMI displays low CPI values similar to
those of the lacustrine deposition during the MI. Such reduced CPI
values might be related to water level stability, the influences of
drought, or the flourishing of woody plants. In addition, long-term
anaerobic peat decomposition would decrease the CPI values in
peat layers with longer burial histories.

The CPI values in the DN-1 core exhibit a change around 16.0 ka
BP from low values in the earlyMI to high values in the late MI. This
change is not consistent with the vegetation change from herba-
ceous plants to woody plants during the last deglaciation revealed
by the pollen results in the KZ core (Zhou et al., 2004). Paleo-
temperature records show that the air temperature in the EASM
during the MI may be affected by North Atlantic cooling events,
showing an overall low temperature, or it may be synchronouswith
the rise of the North Hemisphere summer insolation, showing a
rapid warming trend (Peterse et al., 2011; Opitz et al., 2015; Chu
et al., 2017). Obviously, the two air temperature trends are not
consistent with the trend of CPI values in the DN-1 core. According
to current meteorological data, the seasonal variation of rainfall
amount in the Dingnan area is greater than that of air temperature
(Fig. 2a). As a result, the atmospheric humidity in this area is mainly
controlled by rainfall (Fig. 2a). This phenomenon might make
rainfall more important than temperature in affecting microbial
degradation. However, the decreased humidity does not favor the
increase of CPI values at 16.0 ka BP. During the transition from lake
to peat sediments, the decrease in moisture allowed the transition
back to a peatland, but the water table was still high enough to
preserve peat, and hence maintained relatively high CPI values at
16.0 ka BP.

The ACL value of n-alkane distributions is affected by plant types
and environmental conditions (Tipple and Pagani, 2013; Bush and
Mcinerney, 2013). Numerous studies have found that the ACL
values of plants are higher under relatively high temperature and
drought conditions (Diefendorf and Freimuth, 2017). The ACL
values in the DN-1 core exhibit the highest values in sediments
deposited from 17.5e16.0 ka BP (Fig. 5f) when the lacustrine setting
developed and the climatewas cold (Peterse et al., 2011; Opitz et al.,
2015; Chu et al., 2017). Therefore, the ACL in the DN-1 mainly re-
flects vegetation transition from herbaceous plants to woody plants
during the MI. Although this is consistent with the pollen variation
in the KZ core (Zhou et al., 2004), the relative percentage of woody
plants indicated by pollen increased from 40% to 80%, and the
variation range of ACL was only 0.4.

Paq could be used to reflect the input of submersed plants and
Sphagnum in wetland sediments (Ficken et al., 2000; Nichols et al.,
2006). The Paq values in the DN-1 core vary in a relatively narrow
and low range (0.12e0.23) during the MI (Fig. 5g), although there
are changes of lacustrine and peat facies (Fig. S2). Collectively, the
significances of ACL and Paq in the DN-1 core are ambiguous for
their small variation ranges. This behavior might be caused by an
overlap of n-alkane distributions from different plant groups (Bush
and Mcinerney, 2013; Zhao et al., 2018).

4.1.2. Responses of plants to hydroclimate variations
The d13C of plant organic matter can reflect the photosynthetic

pathways, such as C3 and C4 plants (Farquhar et al., 1989), the
photosynthetic productivity that is controlled by the temperature
(Wang et al., 2013; Jia et al., 2015), and also the ratio of aquatic to
terrestrial plant input (Chikaraishi and Naraoka, 2003). In wetter
conditions like in the Dingnanwetland, C3 plants predominate over
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C4 plants. This dominance was confirmed by the range of d13Corg
values (from�28.6 to�26.4‰) and the absence of C4 plant-derived
pollen in the near KZ core (Zhou et al., 2004). Thus, the influence of
C4 plants in the d13C values is not considered here. In terms of the
influence of vegetation types, the positive excursion of d13C of
organic matter in lakes could be found to reflect the higher input of
submerged plants or algae, whichmainly use 13C-enriched HCO3

� as
the carbon source (Mook et al., 1974; Yamoah et al., 2016). More-
over, the values of d13Corg, d13C25, and d13C31 of the DN-1 core
exhibit an increasing trend in the early MI (Fig. 5c and d), corre-
sponding to the development of lacustrine facies and the included
occurrence of the sand layers (Fig. S2). In particular, the C25 n-
alkane, which mainly comes from aquatic plants (Ficken et al.,
2000), has larger d13C values than those of the C31 n-alkane in the
DN-1 core (Fig. 5d). The pollen records of the adjacent KZ core also
verified the existence of aquatic plants during this period (Zhou
et al., 2004). During the last stage of the MI, the stable offset be-
tween d13C25 and d13C31 is consistent with the characteristics of
woody plants in the Dajiuhu peatland (Zhao et al., 2018). The
development of woody plants during the last stage of the MI is also
supported by the C/N ratio and pollen results (see the following
discussion). Therefore, during the MI, the characteristics of carbon
isotope compositions indicate a gradually increasing input of
aquatic plants and then the dominance of woody plants, revealing
the gradual expansion and then rapid regression of the water body.

The C/N atomic ratio is usually an effective indicator of terres-
trial input in lake sediments (Hedges and Oades, 1997; Meyers and
Lallier-Verg�es, 1999; Meyers, 2003). The atomic C/N ratios of
phytoplankton and heterotrophic bacteria are 6e10 and 4e8,
respectively. Terrestrial higher plants have higher C/N atomic ratios
ranging from 10 to 130 in their tissues, of which woody plants have
the largest C/N ratios ranging from 175 to 400 owing to their high
lignin and tannin content. However, aquatic macrophytes also have
larger C/N atomic ratios overlapping with terrestrial plants (Finlay
and Kendall, 2007). During 17.0e16.5 ka BP, the relatively low C/N
atomic ratios, coupling the lacustrine facies revealed by the li-
thology and the relatively high d13Corg values, suggest the inputs of
macrophytes or algae. During 16.5e16.0 ka BP, the C/N atomic ratios
suddenly increase and fluctuate widely. At the same time, the sand
layers frequently appeared (Fig. S2). This might be due to frequent
heavy rainfall increasing the wash-in of sand and wood debris.
After 16.0 ka BP, the higher C/N atomic ratios may reflect the
flourishing of woody plants under relative drying conditions. This is
consistent with the increase of tree pollen proportion from 40% to
80% in the palynological study of the KZ core (Zhou et al., 2004).

Moreover, an investigation of the adjacent peatlands found that
woody plants are widely developed in the higher elevation areas
(Zhao et al., 2018). In addition, a recent study has shown that
woody litter could leach polyphenolics and consequently inhibit
microbial degradation of organic matter (Fenner and Freeman,
2020). Thus, the C/N atomic ratios of the DN-1 core reveal the
abundance of woody plants and consequently confirm drying
conditions as also implied by the other indices at around 16.0 ka BP.

4.2. Mechanisms of paleohydrological variation during the MI in
the ASM region

Collectively, the DN-1 records indicate the local climate became
wetter at 17.5 ka BP and then turned rapidly to drier at 16.0 ka BP,
which is reflected in the transition from herbaceous peat to
lacustrine sediment to woody peat (Fig. 6c and d). The sudden
drying at about 16.0 ka BP is supported by variations of CPI, TOC and
palynology in the nearby KZ core (Zhou et al., 2004, 2005). The
evolution of hydroclimate during the MI in the DN-1 core is
consistent with records from other sedimentary sequences from



Fig. 6. Comparisons of paleoclimate records. (a) Loess 10Be record in North China (Zhou et al., 2012). (b) Stalagmite Sr/Ca time series of Haozhu cave (“HZZ PC1”) (Zhang et al., 2018).
(c), (d) TOC values and d13C of the C25 and C31 n-alkanes of DN-1 core (this study). (e) Mass accumulation rate of TC of DYL core (Ding et al., 2016). (f) The d13C of the bulk organic
matter of PC338 core (Li et al., 2019). (g) The mean grain size and Si/Al of the CG2 core (Huang et al., 2019). (h) Detrital fluxes of 232Th in the Western Pacific Warm Pool (Muller et al.,
2012). (i) The west-east Pacific Sea Surface Temperature (SST) gradient (Koutavas and Joanides, 2012) and simulated ENSO variability (Liu et al., 2014). (j) The 65� N July summer
solar insolation (Laskar et al., 2004) and the North Atlantic sediment core GGC5 231Pa/230Th (proxy of AMOC) (McManus et al., 2004); (k) The Antarctic EDML ice core d18O record
(EPICA Community Members, 2006).
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East Asia. In the record of Dongyuan Lake in Southern Taiwan
(22�100N, 120�500E), the burial rate of organic matter reflected a
generally humid period during the MI and a relatively drying
transition that occurred at around 16.0 ka BP (Fig. 6e; Ding et al.,
2016).

In a large-scale comparison, the records from the NorthWestern
Pacific Warm Pool and the South China Sea all show a sudden in-
crease of terrigenous input from the Indochina Peninsula at around
17.5 ka BP (Fig. 6f and g; Huang et al., 2019; Li et al., 2019), which
reflects enhanced regional rainfall as in the DN-1 core. However,
the stalagmite record from the middle Yangtze region exhibits a
change opposite to that of the DN-1 core, showing a slight rainfall
decrease during 17.5e16.4 ka BP (Fig. 6b; Zhang et al., 2018). In
North China, the 10Be record from the Chinese Loess Plateau in-
dicates a stable drying climate during the first stage of the MI
(17.5e16.0 ka BP) (Fig. 6a; Zhou et al., 2012). As for the wet-dry
transition process at the middle of the MI (16.0 ka BP), it is recor-
ded in the sedimentary archives from the North Western Pacific
Warm Pool and the southern EASM (Fig. 6f and g; Huang et al.,
2019; Li et al., 2019). This change is the inverse of the record
from the South Western Pacific Warm Pool (Fig. 6h; Muller et al.,
2012). However, the stalagmite record in the middle Yangtze re-
gion shows that the last stage of the MI is an overall wet period,
without an apparent wet-dry transition (Fig. 6b; Zhang et al., 2018).
The 10Be activities of the Chinese Loess Plateau indicate an overall
arid environment in North China during the last stage of the MI
(16.0e14.5 ka BP) (Fig. 6a; Zhou et al., 2012). Collectively, the wet-
dry transition signal during the MI is strong in the lower latitude
records from the West Pacific Warm Pool and the southern EASM
but virtually absent in the higher latitude records from the middle
Yangtze region and North China. Compared with the hydrological
transition at the mid-MI being absent in the mid-latitude
(30e40�N) EASM region, the dry-wet or wet-dry transition
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phenomena is recorded by the records in the mid-low latitudes of
the Americas (Peterson et al., 2000; Broecker and Putnam, 2012). To
sum up, the rainfall variation in the ASM region exhibits a strong
response to the beginning of the MI, and the hydrological shift in
the mid-MI had unique regional characteristics.

The El Ni~no-Southern Oscillation (ENSO) has been proposed to
strongly influence the rainfall of the EASM area. Zhang (2001)
observed that the middle Yangtze region experience intensive
droughts during the La Ni~na phase, while rainfall in North China
and the Indian monsoon region increase. In contrast, under the El
Ni~no phase, the middle Yangtze region has heavy rain, while rain-
fall in North China and the Indian monsoon region decrease
simultaneously. The observed phase relation between ENSO and
precipitation in the middle Yangtze region and North China has
been found in the geological records from the Holocene (Xie et al.,
2013; Rao et al., 2016; Zhu et al., 2017; Wang et al., 2018). However,
during the MI, although the model and geological records indicate
that ENSO is in El Ni~no-like phase (Fig. 6i; Liu et al., 2014; Koutavas
and Joanides, 2012), the rainfall in themiddle Yangtze region shows
a slight weakening (Fig. 6b). There is no apparent change in the rain
in North China (Fig. 6a). The rainfall in the Indochina Peninsula
increases first and then decreases abruptly (Fig. 6f and g). This
regional difference suggests that ENSO is not the main controlling
factor of rainfall distribution in the EASM region during the MI.

To resolve the atmospheric mechanism hidden in the above
records, it is necessary to refer to a detailed relation between
rainfall and atmospheric activities in observed and simulated
studies. According to the regional characteristics of precipitation in
the ASM region (Ding and Chan, 2005), the first monsoon rainfall
peak on the Indochina Peninsula appears in May for the coverage of
the ITCZ. Frommid-May to mid-June, with the eastward advance of
the Westerlies or the eastward shift of the West Pacific Subtropical
High, rainfall in the south of EASM peaks, corresponding to the
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arrival of the pre-Meiyu stage. Around mid-June, the rainfall peak
appears in the middle Yangtze region due to the northward repo-
sitioning of the Westerlies, indicating the initiation of the Meiyu
stage. Meanwhile, the ITCZ shows significant northward movement
due to the eastward advance and northward shift of the Westerlies.
In the simulation studies (Chiang et al., 2017, 2019; Zhang et al.,
2018), cooling during the last deglaciation caused by the low
North Hemisphere summer insolation phase of precession or by a
large input of glacial meltwater in the North Atlantic Ocean would
have cooled the entire Northern Hemisphere and would have been
specially weighted towards higher latitudes. Therefore, the
equator-to-pole temperature gradient is altered and causes a pro-
longed residence time of the Westerlies over the mid-south EASM.
This would have increased the duration of pre-Meiyu and Meiyu
stages of the ESAM, resulting in more rainfall in the southern EASM
region and the middle Yangtze region. Moreover, the temperature
gradient change between the Northern and Southern Hemispheres
has frequently been considered to be the cause of the southward
shift of the ITCZ (Chiang and Friedman, 2012).

Based on the observed and simulated results, the atmospheric
activity in the ASM during the MI can be inferred from the distri-
bution of rainfall. During 20.0e17.5 ka BP, the duration of the
Westerlies in the mid-south of the EASMwas longer due to the low
Northern Hemisphere summer insolation phase of precession
(Fig. 6j; Laskar et al., 2004), leading to extended pre-Meiyu and
Meiyu stages, which caused a larger rainfall in themid-south EASM.
During 17.5e16.0 ka BP, the duration of Westerlies in the mid-south
EASM was still longer, but weighted towards the southern EASM.
This featuremight be caused by the intensive cooling event induced
by the large input of glacial meltwater in the North Atlantic Ocean,
although the North Hemisphere summer insolation is relatively
high during 17.5e16.0 ka BP (Fig. 6j; Laskar et al., 2004). Therefore,
the records of DN-1 and the stalagmite in the middle Yangtze Re-
gion both indicate a wet climate during 17.5e16.0 ka BP, but show a
contrary variation trend with each other (Fig. 6b, c, d). At around
17.5 ka BP, the rainfall on the Indochina Peninsula also increased,
which might be induced by the longer residence time of the ITCZ
over this area as the slowdown of the AMOC caused an ITCZ bias
towards the Southern Hemisphere (Fig. 6a, b, c; Broecker and
Putnam, 2012; Hodell et al., 2017).

The absence of a wet-dry transition in the mid-latitude area of
the EASM during the MI might be due to the decoupling of the ITCZ
and the Westerlies. According to the evolution of the EASM (Ding
and Chan, 2005), during the early AprileMay stage of monsoon
formation, the Tibetan Plateau high-pressure zone changed into a
low-pressure zone due to seasonal heating from increased insola-
tion, while oceans at the same longitude in the Southern Hemi-
sphere show the opposite change. This process would induce the
early formation of the ITCZ over the West Pacific Warm Pool.
However, the Tibetan Plateau experienced cooling events due to the
slowdown of AMOC during the MI (Opitz et al., 2015). In contrast,
the SST of the South Hemisphere increased rapidly during the MI
and reached its highest values after 16.0 ka BP (Fig. 6k; EPICA
Community Members, 2006; Calvo et al., 2007). Therefore, the
greater temperature gradient might have resulted in a slower
process of pressure transition between the Tibetan Plateau and the
ocean of the Southern Hemisphere and consequently delayed the
early formation of the ITCZ in the Northern Hemisphere. This dif-
ference could be confirmed by the reverse phase observed between
the records of the Western Pacific Warm Pool in the Northern and
Southern Hemispheres (Fig. 6g and h; Muller et al., 2012; Huang
et al., 2019). While the formation of the ITCZ was delayed, the
overhead sunlight point moved northward, which would have
promoted a rapid northward movement of the ITCZ after its for-
mation. Therefore, the wet-dry transition phenomenon had a
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strong impact on the Indochina Peninsula and the southern EASM
at the onset of the delay of the ITCZ but disappeared in the mid-
Yangtze region and North China.

Collectively, the hydrological changes in the Asian Summer
Monsoon region during the MI indicate that the second southward
movement of the ITCZ is a seasonal delayed process that is caused
by the strengthening of the temperature gradient between the
Southern Hemisphere Ocean and the Tibetan Plateau. Therefore, it
is necessary to consider the coupling situation between the ITCZ
and the Westerly jet caused by the interhemispheric temperature
gradient when considering the causes of the EASM rainfall variation
in the past or future.

5. Conclusion

The CPI values and carbon isotope ratios of n-alkanes and
elemental and isotopic composition of bulk organic matter of the
DN-1 core reveal evidence of hydrological transitions at 17.5 ka BP
and 16.0 ka BP in South China. The hydrological transition at 17.5 ka
BP coincides with the start of the shutdown of AMOC, which might
reflect the synchronous southward movement of the ITCZ and the
Westerly jet caused by the cooling of the Northern Hemisphere. The
hydrological transition at the mid-MI (16.5e16.0 ka BP) was strong
in the lower latitude area but weak in the higher latitude area of the
ASM, corresponding to the rapid SST increase in the Southern
Hemisphere. This feature indicates a decoupling of the ITCZ and
Westerly jet caused by the delayed formation of the ITCZ due to the
warming of the Southern Hemisphere. This study not only provides
evidence that supports a shift of the ITCZ during the middle of the
MI caused by the warming of the Southern Hemisphere, but also
emphasizes the importance of the coupling between the Westerly
jet and the ITCZ to the rainfall of the ASM region.
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