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To examine the spatial patterns of hydrological variations in the southern and northern
East Asia Monsoonal (EAM) region on millennial time scales, as well as to investigate the
relationship between hydrological changes and carbon accumulation in these regions
with contrasting environmental backgrounds, we performed facies-based hydrological
reconstructions in two wetlands, Midiwan wetland (37◦39′N, 108◦37′E) and Dahu
wetland (24◦45′N, 115◦2′E), located in a semi-arid loess-desert transitional zone and
humid southern China, respectively. Our reconstructions revealed an anti-phase pattern
of the precipitation in these two wetlands on a millennial time scale. However, with the
different responses to the contrasting hydrological conditions, the carbon accumulations
at these two sites showed an in-phase patterns on a millennial time scale. Our results
imply that the carbon accumulations at these two sites are mainly controlled by local
hydrologic conditions. The wetlands in both southern and northern China were found to
be expanding during the interval from 6 to 4 cal. ka BP (ka = kilo annum), as inferred
by a higher total organic carbon (TOC) content. For the Mystery Interval (MI, from 17.5
to 14.5 cal. ka BP), however, both hydrological conditions and carbon accumulations at
these two sites showed an in-phase pattern.

Keywords: hydrological reconstruction, carbon accumulation, wetland, spatial pattern, monsoon precipitation

INTRODUCTION

Wetland represents one of the most important terrestrial ecosystems with its natural accumulation
of organic matter closely related to hydrological processes (Billett et al., 2004; Holden, 2005).
Although it only accounts for 3% of the global terrestrial land area, wetlants are regarded as one
of the most important carbon reservoirs due to its high carbon density (Frolking and Crill, 1994;
Blodau, 2002; Strack et al., 2006; Limpens et al., 2008; Yu et al., 2010; Leifeld et al., 2019). It is both
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a natural and an anthropogenic source of greenhouse gases
(e.g., CH4) emission to the atmosphere because of its significant
changes in decomposition processes under different climates,
harvests, and disturbances such as fires (Zoltai et al., 1998;
Page et al., 2002; Olson et al., 2013; Chimner et al., 2017;
Rigney et al., 2018).

Carbon accumulation in a wetland is determined by the
balance of the photosynthetic uptake and decomposition loss
mainly controlled by regional climatic conditions, especially the
hydrological process (Frolking et al., 2010; Rennermalm et al.,
2010). Generally, carbon accumulation increases with an increase
in soil moisture that is influenced by groundwater level or
precipitation (Nijp et al., 2019; Lazcano et al., 2020). However,
at some waterlogged sites, carbon accumulation decreases with
the increase in soil water because of the inhibition of a
seeper to the growth of plants (Figure 1). Here, we put
forward a conceptual framework by hypothesizing that there
will be two cases for the relationship between total organic
carbon (TOC) accumulation and soil moisture conditions in
wetlands with typical hydrological conditions of A and B types
(Figure 1): (1) the variations in TOC at two wetlands would
be anti-phased if the variations in precipitation at the two
sites are in-phase, or (2) the variations in TOC would be
in-phased if precipitation at the two sites is anti-phase. For
the latter case, there may exist several periods during which
the proportions of both wetlands increase. Therefore, the total
carbon accumulation is ultimately determined by the spatial
pattern of hydrology.

From a global perspective, there are spatial differences in
precipitation as well as in trends in different regions (Wang
et al., 2012). Numerical modeling studies revealed that the

FIGURE 1 | Conceptual model showing the relationship between the water
content of soil (WL) and soil carbon accumulation (CA). The upper plot is for
the WL (horizontal axis) and plant production (ordinates) and the lower for the
WL and carbon accumulation. A and B show the typical relationship between
the WL and CA in two contrasting hydrological conditions.

variation in summer precipitation in northern and southern East
Asia exhibits an anti-phase pattern on the orbital time scale
due to the ENSO-like response to orbital forcing (Shi et al.,
2012). Stable carbon isotope records of peat sequences from the
eastern Tibetan Plateau and northeastern China also show an
anti-phase pattern of monsoon precipitation on the millennial-
centennial time scale (Hong et al., 2005, 2010, 2014). A recent
reconstruction of lake levels at Lake Chenghai in southwest
China also showed an out-phase variation of precipitation on
orbital time scale in southwest China with boreal summer
insolation that was regarded as the driver of Asian summer
monsoon precipitation (Xu et al., 2020). For northern and
southern East Asia, however, it is unclear whether the anti-
phased spatial pattern of monsoonal precipitation exists on the
millennial time scale. More importantly, the relationship between
carbon accumulation and regional hydrological conditions in
southern and northern East Asia remains unknown. More
studies on archives containing information about hydrological
processes and carbon cycling are needed for understanding the
history, variability, and dynamics of environmental change in
these two regions.

Here, we chose two well-dated peat sequences that represent
contrasting hydrological and temperature regimes to test our
hypotheses. The objectives of this study were: (1) to examine
the spatial variation of changes in precipitation (i.e., hydrological
cycle) in southern and northern East Asia on a millennial time
scale and (2) to investigate the relationship between hydrological
changes and carbon accumulation in wetlands located in a semi-
arid loess-desert transitional zone and in humid southern China.

STUDY SITES

The two wetlands used in this study are Midiwan (MDW,
37◦39′N, 108◦37′E) located in the loess-desert transitional zone
in northern China and Dahu (DH, 24◦45′N, 115◦2′E) located
in the Nanling Mountain area in southern China (Figure 2).
These wetlands are located in a semi-arid area and humid area,
respectively, where the contrasting changes in precipitation yield
different hydrological conditions and, consequently, determine
the TOC accumulation. Like scenario A in Figure 1, in the semi-
arid region (i.e., MDW), the higher soil moisture would favor
the growth of plants and carbon accumulation, whereas in the
humid region (i.e., DH), like scenario B in Figure 1, more water
would hinder the growth of plants and carbon accumulation
when the water content of soil (WL) exceeds the optimum
values (Figure 1).

Midiwan (MDW) Wetland
The MDW wetland, with an altitude of 1400 m a.s.l., is located
in southwest of Yulin City in northern Shaanxi Province, in
the southern margin of the Mu Us Desert region. As showed
in Table 1, a quadrat survey of Lake Hongjiannao near the
MDW site shows that the modern plants in this site are mainly
grasses from 9 families. The climate is characterized by semi-
arid continental monsoon activity with an annual precipitation of
395 mm and annual mean temperature of 7.8◦C (Figures 3A,B).
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FIGURE 2 | Locations of the two peatlands used in this study. Lines in different colors show the isolines of annual precipitations.

Water is the most important limiting factor for the growth
of plants at this site; the amount and timing of precipitation
are critical. During the humid periods, with the retreat of the
desert, the palaeosol or peat was deposited. During the drier
periods, with the advance of the desert, loess or eolian dust
was deposited on the land surface (Porter and Zhou, 2006).
Therefore, regarding the depositional sequences in this loess-
desert transitional zone, the alternative deposition of wetland and
wind-blown dust reflects the history and variability of summer
monsoon activities (Porter and Zhou, 2006). Specifically, wetland
deposits reflect the stronger monsoon activity that brings more
precipitation to this region, while eolian dust deposits reflect
the retreat of the monsoon front, which causes drier conditions
and desertification in this region. Following the stratigraphic
description of Zhou et al. (1996), the MDW peat sequence with a
length of 13.8 m was divided into 13 depositional units (Table 2),
reflecting millennial-scale changes in hydrological conditions
in northern China.

Dahu (DH) Wetland
The DH swamp, covering an area of 0.8 km2 and located at
about 260 m a.s.l., has developed in a small, closed intermontane
basin in the eastern Nanling Mountain region in southern China
(Zhou et al., 2004; Zhong et al., 2010, 2011). The hydrological

conditions of the swamp depend largely on precipitation because
there is no river discharging into the swamp (Xue et al., 2009). In
this area, the present-day annual average temperature is 17.8◦C
and the annual precipitation is ∼1600 mm, mainly occurring
from March to September (Figure 3C). The modern vegetation
around this site is the shrubbery with ferns and grasses (Table 3)
(Zhong et al., 2010). Ferns and grasses are the main plants in
the peat accumulations. Zheng et al. (2008) conducted systematic
drilling along a track line from the northeast to the southwest.
The cross section along the drilling sites was reconstructed based
on stratigraphic correlation (Figure 4). In the region, where
the WL is usually higher than Wopt2, an increase in WL would
inhibit plant growth and carbon accumulation. During humid
times, lacustrine mud or sand deposits on the surface because
the valley is covered with water. It is only during relatively
drier periods, accompanied by the shrinking of the lake, that
plants that contribute to the peat accumulations flourish. The
stratigraphical sequence at this site is composed of peat inter-
bedded with lacustrine sediments (Zhou et al., 2004; Zheng
et al., 2008; Xue et al., 2009). The lacustrine sand represents a
waterlogged condition caused by excessive precipitation, while
the peat layer represents a relatively drier environment caused
by moderate precipitation. The thickest deposits occurred at the
center of the swamp, covering a time back to 42 cal. ka BP (Zheng
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TABLE 1 | Modern plant species around Lake Hongjiannao.

Poaceae
Achnatherum extremiorientale (Hara) Keng
Agropyron cristatum
Eragrostis pilosa
Imperata cylindrica (Linn.) Beauv
Pennisetum alopecuroides (L.) Spreng
Phragmites australis (Cav.) Trin. ex Steud
Calamagrostis epigejos (L.) Roth
Setaira viridis (L.) Beauv
Allium tenuissimum L.
Allium bidentatum Fisch. ex Prokh. & Ikonn.- Gal.
Setaria glauca

Liliaceae
Allium tenuissimum L.
Allium bidentatum Fisch. ex Prokh. & Ikonn. - Gal.

Boraginaceae
Cynoglossum fu Crcatum Wall

Chenopodiaceae
Chenopodium glaucum Linn
Salsola collina Pall
Herba Suaedae Glaucae Suaeda glauca Bge
Agriophyllum squarrosum (L.) Moq

Zygophyllaceae
Peganum multisectum (Maxim.) Bobr

Convolvulaceae
Cuscuta chinensis Lam

Bignoniaceae
Incarvillea sinensis

Asteraceae
Artemisia anethifolia Weber
Artemisia verlotorum Lamotte
Aster ageratoides
Cirsium setosum
Heteropappus altaicus (Willd) Novopokr
Ixeridium sonchifolium (Maxium).shih
Leontopodium alpinum
Taraxacum mongolicum
Sonchus oleraceus Linn.
Artemisia frigida Willd. Sp. Pl.
Saussurea japonica
Artemisia desterorum Spreng

Leguminosae
Thermopsis lanceolata
Medicago sativa L.
Melilotus alba

et al., 2008). In this study, a 3.5 m long core was taken at the center
of the swamp and divided into 10 depositional units (Table 2;
Zhou et al., 2004).

MATERIALS AND METHODS

Hydrologic Grades of Different Facies
Based on our conceptual model, the production of plants that
affects the accumulation of organic carbon in the soil is controlled
by the WL. As shown in Figure 1, when the WL is lower than
the minimum value (Wmin), plants cannot survive; accordingly,
there will be no organic carbon deposits in the stratigraphic
section. When the WL increases from Wmin to Wopt1 (the lower
optimum threshold WL for plant growth), plant production
increases. For a WL between Wopt1 and Wopt2 (the highest

FIGURE 3 | Meteorological data near the study sites. (A) Temperature (◦C),
(B) relative humidity (%), and (C) annual precipitation (mm). Gray-filled bars
show the data from the Ganzhou Meteorological Observatory near the DH
site, white-filled bars and black diagonal-filled bars show the data from the
Meteorological Observatories of Yulin and Hengshan near the MDW site,
respectively.

optimum threshold WL for plant growth), the production will
be consistent. With a WL > Wopt2, the production will decrease
due to the inhibition of the waterlogged condition to the
growth of plants.

For the MDW site, we assigned the value of 0 to peat layers to
represent the hydrologic grade, 2 to lacustrine deposits, and -1 to
-3 to eolian deposits to mark the dry conditions (Figure 5). Based
on the description of the MDW profile (Zhou et al., 1996), by
using the aforementioned protocol and also consulting the results
of pollen analyses and stable carbon isotope measurements, the
hydrological condition of the MDW area since 16 cal. ka BP was
reconstructed (Table 2).

Similarly, for the DH site, we assigned the value of 0 to
peat layers and 1–3 to lacustrine deposits (Figure 5). Based on
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TABLE 2 | Stratigraphic description and hydrologic reconstruction at the Midiwan
site (MDW) (see Zhou et al., 1996 for more details) and the Dahu site (DH) (see
Zhou et al., 2004 for more details).

Site Depth (cm) Stratigraphic unit Hydrologic
grade

MDW 0–80 Grayish-brown to grayish-green silty
paleosol

−1

80–310 Grayish-yellow to grayish-green silt
with mud bands

−2

310–550 Grayish-black to black silty peat 0

550–650 Grayish-black to grayish-yellow silt −2

650–710 Black silty peat 0

710–740 Grayish-black and grayish-green silt −2

740–835 Black silty peat 0

835–900 Light yellow eolian sand −2

900–970 Grayish-black silty peat 0

970–1090 Heiheze silt −2

1090–1140 Grayish-black silty peat 0

1140–1240 Pale-yellow to light grayish-green silts 2

1240–1380 Grayish-yellow eolian sand; average
grain size 70 mm

−2

DH 0–40 Brownish-yellow soil cultivated for rice 1

40–118 Brown herb rich peat 0

118–141 Grayish-green organic mud 1

141–161 Black sandy mud 2

161–180 Grayish-green organic mud 1

180–210 Black sandy mud 2

210–228 Brown herb rich peat 0

228–254 Grayish-green sandy mud 2

254–280 Brown herb rich peat 0

280–300 Sandy mud 2

the description of each stratigraphic unit (Zhou et al., 2004),
the hydrological grade in the DH core since 18 cal. ka BP was
reconstructed (Table 2).

Chronological Framework
The chronological frameworks for these two peat sites were
established by radiocarbon dating (Zhou et al., 1996, 2004).
A total of 23 and 17 samples from the MDW and DH profiles,
respectively, including fossil wood, charcoal, and peat, were
collected for dating. Radiocarbon dating results were calibrated
using the CALIB software (Stuiver et al., 1998) to obtain
calendar ages. The chronological framework for each profile was
established by the linear regression between the calibrated age
and depths. The details of the dating materials, methods, and
chronological framework can be found in Zhou et al. (1996) for
the MDW site and in Zhou et al. (2004) for the DH site.

Total Organic Carbon (TOC)
The TOC was determined for the two studied sections (Zhou
et al., 1996, 2004). At both the MDW and DH sites, the
stratigraphic sequence is composed of inter-bedded peat and
sand layers, indicating a great difference in carbon accumulation
at different times. Organic carbon was only deposited during
the periods when peat layers were formed. For those sites

TABLE 3 | Modern plant species around Dahu swamp (Zhong et al., 2010).

Taxodiaceae
Cunninghamia lanceolata (Lamb.) Hook.

Caprifoliaceae
Viburnum fordiae Hance

Pinaceae
Pinus massoniana L.

Meliaceae
Cedrela toona Roxb.

Fagaceae
Castanopsis fissa (Champ. ex Benth.) Rehd. et Wits

Lauraceae
Litsea cubeba (Lour.) Pers.

Myrtaceae
Syzygium championii (Benth.) Merr. et Perry

Theaceae
Camellia oleifera Abel

Moraceae
Ficus pumila L.
Ficus hirta Vahl

Myrsinaceae
Maesa perlarius (Lour.) Merr.

Rosaceae
Rhaphiolepis indica (L.) Lindl.
Rubus reflexus Ker.
Rubus pirifolius Sm.

Ericaceae
Rhododendron simsii Planch

Blechnaceae
Blechnum orientale L.

Cyperaceae
Gahnia tristis Nees

Gleicheniaceae
Dicranopteris dichotoma (Thunb.) Bernh.

Labiatae
Callicarpa rubella Lindl.

with drastic facies changes, carbon accumulations are mainly
determined by the organic carbon input into the layers.
Compared to organic carbon input, other factors, such as
microbial activities and depositional factors, are negligible.
Therefore, combining the reconstructed hydrological conditions,
we used the TOC data to explore the relationships between
hydrology and carbon accumulation at these two sites with
contrasting climate condition.

RESULTS

Hydrological Variations in MDW and DH
There were five periods with wetter conditions and six periods
with drier conditions at MDW since the last 16 cal. ka BP
(Figure 6A). The highest WL at this site was found from 14.5
to 13.5 cal. ka BP, as indicated by the layer of light grayish-
green lacustrine silt and silty peat. During the Younger Dryas
event, the deposition at the MDW site varied from silt to silty
peat, then to eolian sand (1090–815 cm), indicating an unstable,
variable hydrological condition between dry and humid (Zhou
et al., 1996). The hydrological condition at the MDW site was
generally humid during the early Holocene (11.5–8.5 cal. ka BP),
except for an aberrant dry event occurring at ∼10 cal. ka BP.
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FIGURE 4 | Distribution (A) and cross section (B) of Dahu swamp (redrawn
after Zhou et al., 2004; Zheng et al., 2008).

A prolonged dry period occurred from 8.5 to 6.5 cal. ka BP,
as indicated by a set of grayish-yellow eolian deposits. The WL
resumed to high level in the period from 6.5 to 3.5 cal. ka BP,
as indicated by a set of silty peat deposits (550–310 cm). We
note that the deposits during this humid period contained more
minerals than those in the early Holocene, suggesting that this
humid period occurred along with a drying trend. A set of silt-
with-mud bands developed, and this is mantled by a modern
active dune on the top, suggesting a strengthened drying trend
after 3.5 cal. ka BP.

The general trend of the hydrological variation in the DH area
since 18 cal. ka BP represents a cyclic pattern: the WL decreasing
in the period from 18 to 15 cal. ka BP, increasing from 15 to
11 cal. ka BP, and then decreasing from 11 to 3.5 cal. ka BP
(Figure 6B). The WL changed from a peak at 18 cal. ka BP to
a low at ∼15 cal. ka BP. There was a dry period from 15.5 to
14.5 cal. ka BP, as inferred by a brown herbaceous-rich peat layer
from 280 to 254 cm in the section. This dry period was followed
by a humid period from 14.5 cal. ka BP to the beginning of the
Holocene, with a hiatus corresponding to the Younger Dryas
event. The hydrological condition in this area during the early

Holocene was relatively high. A dry event occurred at ∼9 cal. ka
BP and lasted for∼1000 years (9.5–8.5 cal. ka BP). The WL began
to decrease after 7 cal. ka BP and reached its lowest level again
in the period from 6 to 3.5 cal. ka BP. The WL showed a slight
increase after 3.5 cal. ka BP.

Hydrology and Carbon Accumulation
The variations in carbon accumulation, indicated by TOC proxy
and hydrological conditions in the MDW area during the last
16 cal. ka BP, are generally synchronous (Figure 6A): a higher
WL was accompanied by a higher carbon accumulation, except
during a wetter period with lower carbon accumulation from
14.5 to 14 cal. ka BP, as recorded by a layer of lacustrine silt.
The hydrology and carbon accumulation in the DH area during
the last 18 cal. ka BP, in contrast, represents an asynchronous
pattern (Figure 6B): a higher WL was concurrent with a lower
carbon accumulation.

The carbon accumulations at these two wetlands on the
millennial time scale show a general in-phase relationship
(Figure 6). For example, during 10–8 cal. ka BP and 6–4 cal.
ka BP, there were high carbon accumulations at both sites.
However, during 8–6 cal. ka BP, both sites had low carbon
accumulation. The highest rate of carbon accumulation at these
two sites occurred at different times, although their trends on
the millennial time scale are generally synchronous. The highest
rate occurred during the early Holocene in northern China, but
during the middle Holocene in southern China.

DISCUSSION

Comparison of Hydrological
Reconstruction With Other Proxies
To validate our conceptual model, we compared the facies-based
reconstruction of the hydrological condition with other proxy-
based reconstructions. The results show that our reconstructions
of hydrology at these two peatlands through facies analysis are
comparable with other proxy-based reconstructions, implying
that the facies analysis is a sound approach for hydrological
reconstruction for these sections with drastic facies variation. Our
result at the MDW site is generally consistent with the results of
pollen and stable carbon isotope analyses performed in the same
section (Zhou et al., 1996). The dry episodes are usually correlated
to those with low levels of pollen concentrations and the positive
bias of stable carbon isotope. The proxy-based reconstruction
of lake level from Lake Daihai (Sun et al., 2009) northeast
of the MDW site also showed a similar trend in hydrological
fluctuation to that in the MDW area. The rhythm from the
dry (9–7 cal. ka BP) to the humid period (7–3.5 cal. ka BP)
in the MDW area can be correlated to the lake-level change
in Lake Daihai, implying that the MDW site might have the
potential to record hydrology at a regional scale. The archaeo-
biological evidence showed that rice agriculture in northwest
China first emerged > 5000 years ago and lasted for > 1000 years
(Li et al., 2007). This evidence, showing a relatively humid
period from 5 to 4 cal. ka BP in northern China, further
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FIGURE 5 | Relationship between the hydrologic grade and the depositional facies in Midiwan and Dahu. Axes beside the facies show the hydrologic grades of the
corresponding facies. The order of each facies in this map does not represent the sequences in these sections.

FIGURE 6 | Variations in hydrological conditions and carbon accumulation in two peatlands since the Last Deglaciation (A for MDW and B for DH). Blue lines are the
reconstructed hydrological conditions of two sites, green lines are for the carbon accumulation, dashed lines are for the depth-age relationships of two sections, light
yellow bars are the in-phase pattern for carbon accumulation and the anti-phase pattern for hydrology in the two sites, and the light gray bar indicates the in-phase
pattern for hydrology in the two sites in the interval from 15 to 13.5 cal. ka BP.
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FIGURE 7 | Carbon accumulations in MDW and DH with the area of change in global peatlands during the Holocene. Panel (A,B) are the carbon accumulations in
MDW and DH, respectively. Panel (C,D) are the rates of area change, respectively, for the northern peatlands and the tropical peatlands (Yu et al., 2010).

FIGURE 8 | Gridded trends of annual precipitation in China. Annual precipitation data of 591 meteorological observatories from 1960 to 2005 were obtained from
the China Meteorological Data Service Center (CMDC). A linear trend of precipitation was calculated at each site, and only the 110 sites with a significant level of
p < 0.05 were reserved. The Kriging interpolation method was applied to obtain the gridded precipitation trends.
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explains the expansion of wetlands in the mid-Holocene. For
the DH site, other proxies such as pollen concentration (Zhou
et al., 2004), humification (Zhong et al., 2011), and biomarker
records (Zhou et al., 2005; Zheng et al., 2009) agreed well
with our findings.

Hydrology and Carbon Accumulation
During the Holocene
The reconstructed hydrological conditions with carbon
accumulation at these two sites show that carbon accumulations
are generally controlled by regional hydrological conditions. The
result rejects the first case in the aforementioned hypothesis,
that carbon accumulation is anti-phased. However, it supports
the second case in our hypothesis. We noticed that, in several
periods, such as 9.5–8.5 cal. ka BP and 6–4 cal. ka BP, the carbon
accumulation increased in both northern and southern East
Asia (Figure 7), which matches well with the change of global
peatlands coverage (Yu et al., 2010).

The period from 6 to 4 cal. ka BP was a unique period, during
which precipitation in northern and southern East Asia showed
an anti-phased spatial pattern. The environment in northern
East Asia in this period was relatively humid, as indicated
by our results in MDW and the proxy-based reconstruction
from Lake Daihai (Sun et al., 2009), while in southern East
Asia, the environment during the same period was relatively
dry, as indicated by the hydrological reconstruction and other
reports (Zhou et al., 2004, 2005; Xiao et al., 2007; Zheng et al.,
2009; Zhong et al., 2010, 2011). This type of spatial pattern in
precipitation in East Asia favored the development of wetlands
during the mid-Holocene. The total area of global peatlands
expanded in this period (Yu et al., 2010), which matches
well with the peatland expansion in both the MDW and DH
areas (Figure 7).

The results from this study filled a major knowledge gap
regarding the seesaw pattern of hydrological changes in the
northern and southern East Asia monsoonal (EAM) regions on
the millennial time scale. As showed in Figure 8, the gridded
linear trends in precipitation in China can be divided into
three regions. The MDW and DH sites are located in regions
with contrasting trends of precipitation. Intergrading the seesaw
pattern of the East Asia monsoon on an orbital timescale
(Shi et al., 2012), millennial time scale, and inter-decadal
scale, we propose that the monsoon dynamics on different
timescales might be similar. Thus, modern instrumental records
can provide an analog for understanding the environmental
processes in the past.

Spatial Pattern of Hydrology and Carbon
Accumulation During the Mystery
Interval (MI)
It is worthwhile to note that the variations in precipitation in
northern and southern East Asia are synchronous during 16–
14 cal. ka BP (Figure 6), which is different from the anti-phase
pattern during the Holocene. This episode is known as the
Mystery Interval (MI), a period with a series of enigmatic climate
features from 17.5 to 14.5 cal. ka BP: temperatures in Greenland
were lower than that during the Last Glacial Maximum as
inferred by low δ18O values, but the mountain glaciers in eastern
Greenland, northern Europe, and North America retreated
during this period (Williams et al., 2012; Zhang et al., 2014).
Our results in the DH area show that the hydrological conditions
during the MI varied from a high during 18 cal. ka BP to a low
in 15 cal. ka BP, then returned to a higher level in 14 cal. ka
BP, which is consistent with the two-phase pattern of northern
hemisphere records (Broecker and Putnam, 2012). For the MDW
site, the WL reached its peak at 14.5 cal. ka BP. The spatial pattern
of hydrology, as inferred from these two sites during the MI, is
itself a mystery. It shows an in-phase pattern, while during the
Holocene there experienced an anti-phase pattern. The cause of
this variation in spatial pattern during the MI remains unclear.
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