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Abstract

The timing of the waxing and wining of the East Asian summer monsoon during the
Holocene is still under debate. In present study, we present the high-resolution grain-
size and LOI records from a well-dated mud/peat profile to reveal the lake-wetland
transition in the Sanjiang Plain and discuss its significance to Holocene monsoon evo-
lutions. The results show that the shallow-water lakes have developed in low-lying ar-
eas of the plain before 4600 yr BP, corresponding to the Holocene monsoon maximum.
Thereafter, the wetlands began to initiate with the extinction of the paleolakes, marking
a lake-shrinking stage with the relative dry climate. Considering the prevalent monsoon
climate in the Sanjiang Plain, we suggest the lake-wetland transition at 4600 yr BP in-
dicate a sharp decline of the summer monsoon rather than the basin infilling process.
Such a remarkable monsoon weakening event has been widely documented in north-
ern China, and we associated it with the ocean—atmosphere interacting processes in
low-latitude regions.

1 Introduction

The East Asian monsoon as an integral component of atmospheric circulation system
plays a significant role in global hydrologic and energy cycles (Kutzbach, 1981; Ding
et al., 1995). In China, monsoon climate, especially monsoon-associate precipitation
has been widely considered as a key driver for evolution of biocommunity, maintenance
of living environment and progress of human civilization in populous regions of East
Asia (Wang et al., 2005; Chen et al., 2006; Zhao et al., 2011). So, it is an interesting
question as to study the monsoon changes and their impacts on geo-biosphere, not
only for the geologic past, but also for the prediction of future changes in terrestrial
ecosystems.

During last decades, a large quantity of paleoclimate records with various proxies
has been investigated to reveal Holocene monsoon variation (Hong et al., 2003; Xiao
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et al., 2004; Zhou et al., 2005; Chen et al., 2006). It was initially proposed that the
strongest monsoon with a maximum precipitation induced by peak summer isolation
occurred in early Holocene, and this hypothesis has been confirmed by a series of
records from cave deposits, lake sediments, eolian deposits and peat accumulations
(Hong et al., 2003; Li et al., 2004; Xiao et al., 2004; Jiang et al., 2008; Makohonienko
et al., 2008). Comparing with the records in low-mid latitude regions, a few records
from higher-latitude locations also suggest a much enhanced summer monsoon pre-
vailed during mid-Holocene (Hong et al., 2001; Xiao et al., 2004; Jiang et al., 2006;
Wen et al., 2010), and both early- and mid-Holocene (Zhou et al., 2002; Feng et al.,
2004). Although a time-transgressive model has been developed to interpret these
space—time discrepancies (An et al., 2000), there are still a few records showing no ac-
cordance with the model, especially for those from the mid-high latitude regions, which
suggest a much later monsoon maximum (Hong et al., 2001; Jiang et al., 2006; Mako-
honienko et al., 2008; Wen et al., 2010). Therefore, a comprehensive and integrative
view of East Asian monsoon evolution during Holocene is still under debate. Solutions
to this problem require high-quality proxy records from more climatically sensitive and
regionally representative locations.

Comparing with the low-mid latitude locations of the existing records on paleomon-
soon evolution, the Sanjiang Plain located in northeast China, is more sensitive to
climate changes for its mid-high latitudes and monsoon marginal locations (Sun and
Chen, 1991; An, 2000). In this paper, we present a well-dated peat/mud profile in the
Sanjiang Plain, to reconstruct wetland developing history during the Holocene and dis-
cuss its significance to the East Asian monsoon evolutions.

2 Regional setting

The Sanjiang plain (129°11'20"” ~ 135°05'26" E, 43°49'55" ~ 48°27'40" N) is located
in the northeastern China (Fig. 1). It is a huge alluvial plain related to three large rivers
(Heilong River, Wusuli River and Songhua River), with a total area of 10.88 x 108 ha,
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an altitude of 55-95m and a slope grade of 0.1-0.6 %.. The present climate belongs
to the temperate humid or sub-humid continental monsoon climate. The mean annual
temperature ranges from 1.4 to 4.3°C, with average maximum of 22°C in July and
average minimum -18°C in January. The mean annual precipitation is 500-650 mm
and 80 % of rainfall occurs between May and September (Fig. 2) (Liu, 1995).

In addition to the warm and wet climate, such an area of low-relief is favorable for
development of wetlands (Ma et al., 1993). A recent survey shows that over 70 % of
the plain has been dominated by freshwater wetlands, and it has been well known
for the largest area of the freshwater wetlands in China (Song et al., 2008). Most of
these wetlands are situated in shallow depressions originated from the glacial move-
ments during the Last Glacial stage. During the Quaternary, the sand, mud and peat
deposits exceeding 15m have accumulated overlaying the Proterozoic granite (Yin,
1987) (Fig. 3).

3 Material and methods
3.1 Sampling and lithology

The studied profile HE (47°35.096' N, 133°30.006' E, 71 ma.s.l.) with a thickness of
160 cm was collected using a Russia Peat Corer from a dish-like depression in the San-
jiang Plain. The depression is roughly spherical in shape with a diameter of ~ 2000 m
and a mean water depth of 0.5m. It is dominant by herbs vegetation in its low-lying
areas and surrounded by deciduous broadleaved forests. There is no inflowing and
outflowing rivers within its catchments and all its water supply is via atmospheric pre-
cipitation. The According to lithological properties, the profile can be subdivided into
two parts: blackish-grey oozy mud sediments in lower parts and the overlying brown-
ish peat layers (Fig. 3). All samples were collected with 1-cm-thick interval and 160
samples in total were taken.
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3.2 Chronology

10 bulk samples were collected according to lithological changes of the HE and dated
with an accelerator mass spectrometry (AMS) system at Xi'an Institute of Earth Envi-
ronment, Chinese Academy of Sciences. The AMS 14C dates of all the samples were
calibrated into calendar ages before present (0 yr BP = 1950 AD) using the CALIB Reuv.
7.0.1 program (Stuiver and Reimer, 2006) (Table 1). Chronology of the HE was estab-
lished based on the 3rd polynomial curve using the mean values of 20 ranges of the
calibrated ages (Fig. 4).

3.3 Organic matter contents and grain-size distributions

A total of 160 samples were prepared for loss-on-ignition (LOI), and grain-size analysis
respectively. For LOI analysis, the samples with a volume of 2cm® were sequentially
combusted at 500 and 900 °C in a muffle furnace to estimate organic matter and car-
bonate content following the method described by Schulte and Hopkins (1996). Sam-
ples for grain-size distribution were firstly burned in a muffle furnace at 550 °C for more
than 2 h to eliminate organic matter, and then the residues were pretreated with 10—
20mL of 30% H,0, and 10mL of 10 % HCI successively to remove organic matter
and carbonates. About 2000 mL of deionized water was added, and the sample solu-
tion was kept for ca. 24 h to rinse acidic ions before grain-size analysis with a Malvern
Mastersizer 2000 laser grain-size analyzer. The Mastersizer 2000 has a measurement
range of 0.02—2000 um in diameter and a grain-size resolution of 0.166 ® in interval,
thus yielding 100 grain-size fractions for each sample.

3.4 Identifying, fitting and partitioning of the grain-size components

It has been widely adopted that the grain-size distribution of unimodal clastic deposits
follows the lognormal distribution, and the lognormal distribution function can give suf-
ficient accuracy in describing unimodal grain-size distributions (Sun et al., 2002; Qin

4599

Jaded uoissnosiq

Jaded uoissnosiq

| J1adeq uoissnosiq |

Jaded uoissnosiq

CPD
10, 4595-4622, 2014

The sharp decline of
East Asian summer
monsoon at
mid-Holocene

Z. Q. Zhang et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/10/4595/2014/cpd-10-4595-2014-print.pdf
http://www.clim-past-discuss.net/10/4595/2014/cpd-10-4595-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

et al., 2005; Xiao et al., 2013). In the present study, the grain-size components of
individual polymodal distributions were identified, fitted and partitioned using the log-
normal distribution function method described by Qin et al. (2005), which is expressed
as follows,

n C. @ o2
-3 | oo (42

where n is the number of modes, x = In(d), d is the grain size in um. ¢; is the percent-
age of the /th mode, o; is the variance of the /th mode, and a; is the variance of the /th
mode’s logarithm grain size in pm.

The fitting residual is calculated as follows,

m

dF =23 (F (%) -G (x)))"

j=1

where m is the number of grain-size intervals. F (x;) is the fitted percentage of the jth
grain-size interval. A lower value of dF indicates a better fitting result.

Fitting experiments on a certain sample are accomplished when the residual error
reaches its minimum. Numerical partitioning of the unimodal components of a mea-
sured polymodal distribution can be achieved simultaneously through lognormal dis-
tribution function fitting because the parameters and the distribution functions of each
component are determined during fitting. The modal sizes and relative percentages of
each component are given as soon as the fitting is accomplished.

4 Results

The age-depth model of the HE indicates that the studied profile covers the last

8600 years, and the peat layers initiated at ~ 4600 yr BP. Accompanied by the litholog-

ical changes, both the variations of organic matter content and Md exhibit increasing
4600
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trends at the mud-peat boundary. Additionally, the studied profile is also characterized
by more clay fractions for its lacustrine deposits and more silt and sand fractions for its
peat layers (Fig. 4).

The fitting and partitioning of the lognormal distribution function suggests that the
polymodal grain-size distributions of samples from the studied profile is composed of
four unimodal distributions, representing four grain-size components. According to the
dominant range of modal size of each unimodal distribution, four components are des-
ignated C1 through C4 from fine to coarse modes in this study. As shown in Fig. 5,
the four components can be easily determined for the lacustrine sections, comparing
two components of C1 and C3 for the peat layers. The modal sizes of the components
C1, C2, C3 and C4 vary primarily within ranges of 0.5-1.8, 2.5-8.6, 25.6—-38.6 and
386.2-514.8 um respectively. The relative percentages of the C1, C2, C3 and C4 vary
primarily within ranges of 2.2-22.4, 9.8-76.5, 12.8-93.4 and 4.6-20.5 % respectively
(Table 2).

5 Discussion

5.1 Depositional process of grain-size components and its links with the local
environment changes

It has been widely accepted that the grain-size depositional process is closely linked
to its sedimentary environment and the multimodal characters of the deposits rep-
resent different transport or depositional processes (McLaren and Bowles, 1985). In
present study, the grain-size components of the HE were partitioned using a lognor-
mal distribution function. The results show that the lacustrine deposits contain four
distinct unimodal grain-size distributions named as C1 through C4 with their modal
sizes ranging 0.5-1.8, 2.5-8.6, 25.6—38.6 and 386.2-514.8 um respectively, while only
the C1 and C3 were identified from the peat layers. Considering modal sizes varia-
tion and distribution of the four components in present study, together with the grain-
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size distributions of surface samples from modern lakes (Xiao et al., 2013), a model
was proposed to illuminate the grain-size depositional process in the wetlands of the
Sanjiang Plain (Table 2). The C1 is exceptional component with the smallest modal
sizes ranging 0.7—1.6 um, which appeared in a large majority of samples from the HE
(Fig. 6). Such small grain-size particles in the C1 might belong to the long-term sus-
pension component both in hydraulic and aeolian medium. The suspension component
of modal size of < 2.6 microns was reported in modern dusts (Derbyshire et al., 1998;
Sun et al., 2003). The C2 with the modal size ranging 2.5-8.6 um and the C3 ranging
25.6-38.6 um represent the offshore and nearshore suspension component respec-
tively in a lake environment. The C4 as the coarsest component with the modal size
ranging 380.2-529.6 um is interpreted as a nearshore traction component, which is
mainly transported by the surface flows to the basin.

Although the components of both the C1 and C3 have widely distributed in the stud-
ied profile HE (Fig. 6), only the C3 as the nearshore suspension component is sensi-
tive to the environment changes. As shown in Fig. 7, comparing the other three com-
ponents, the modal grain-size of the C1 shows only very slight variations during last
8600 years and there is no obvious signals even during the lake-wetland transition. In
comparison, the C3 shows the more remarkable variations and should be more sensi-
tive to the variation of local hydraulic conditions. Such a hypothesis is further supported
by the grain-size distributions of surface sediments in modern lakes and a negative cor-
relation has been revealed between the nearshore components and the water depth
(Xiao et al., 2013). The findings paved the way for the subsequent works in recon-
structing the water-level status and regional climate changes with the variations of the
nearshore components from the lake and wetland sediments (Xiao et al., 2013; Zhang
et al., 2014). Consequently, the C3 as a nearshore component in present study, its
percentages can be used as a major indicator for the local water level variations, and
in turn for the regional climate changes in geological history.
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5.2 The lake-wetland transition and its associated environment changes

The lithofacies of local strata is one of the most direct indicators for paleo-environment.
As shown in Figs. 4 and 8, the blackish-grey oozy mud layers have accumulated dur-
ing the lower part of the studied profile. The layers are also characterized by low and
stable values of accumulation rate (0.5cm 100yr‘1), organic matter content (7 %) and
Md (~ 7 um). Such characters of the mud layer coincide well with those of the lake de-
posits in monsoon regions, China (Xue et al., 2003; Xiao et al., 2004), and it indicates
a shallow lake had developed in the studied depression. Thereafter, the typical peat
deposits defined by a high ratio of the organic matter contents began to accumulate,
suggesting the wetlands began to develop after the extinction of the paleolake. While
such a definition varies largely among different countries with the organic matter con-
tents changing from 20 to 40% (Ma et al., 1993). Here, a median value of 30 % of
organic matter contents was employed as an indicator of the peatlands initiation, and
we accordingly suggest the lake-wetland transition in the Sanjiang Plain occurred at
4600yrBP.

Such a striking environmental change was further supported by the grain-size
records. Based on the variations of C3 percentages of the HE, the local hydraulic
conditions during the Holocene were tentatively reconstructed. During stage before
4600 yr BP, the percentages of the C3 show much lower values implying a deep-water
environment in the low-lying areas of the Sanjiang Plain. While at 4600 yr BP, the sharp
increases of the C3 percentages indicate a remarkable drying event corresponding to
the lake-wetland transition. In addition to the studied areas, such a lake-wetland tran-
sition has been well documented in most basin-like topographic areas in the Sanjiang
Plain (Ma et al., 1993; Liu, 1995). Given the relative lower water table in wetlands than
that in lakes in the modern Sanjiang Plain, the lake-wetland transition indicates a re-
markable drying event at 4600 yr BP.
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5.3 The sharp decline of the East Asian Summer monsoon during the mid-late
Holocene

Considering the prevalent monsoon climate in the Sanjiang plain, the locally environ-
mental variations in the Plain must be potentially linked with the monsoon variations
during the Holocene. While in addition to climate changes, the local environmental
changes may also be influenced by lake-infilling process, hydrological changes or
tectonic-induced changes, so we need to consider all these factors before interpret-
ing the monsoonal implication of the lake-wetland transition in the Sanjiang Plain.

During the development of the lakes, the depositional process will lead to a grad-
ual adoption to terrestialization, and eventually the extinction of the lake (Fang, 1991).
This infilling action is usually accepted as a long-term and stable process on thousand-
year time scale (Rhodes et al., 1996). Similarly, the tectonic activities are also a slow
process and take gradually effects on local environment over much longer time scale
(Jiang et al., 2008; Yang et al., 2011). Additionally, local hydrological changes, espe-
cially the channel changes of the neighboring rivers, may generate a direct effect on
the extinction of a lake. However, the studied lake was broadly surrounded by low hills,
and there are no big rivers affecting the basin directly. Therefore, all the three factors
discussed above have only played a negligible role for the rapidly shrinking of the pa-
leolake over several decades.

In comparison, the climate changes may exert a more important influence for the
sudden drying event at 4600 yr BP. In view of the hydrologic and climatic conditions of
the studied basin, the water supply in basin is mostly provided by atmospheric precipi-
tations. Considering the prevailing monsoon climate in the studied region, most of the
local precipitation is provided via summer monsoon circulations (Liu, 1995), thus this
remarkable drying event should be driven by the sudden retreat of the summer mon-
soon. It has been demonstrated that the East Asian monsoon rains are linked with the
interaction between warm moist southerly air masses and cold northerly airflows (An,
2000). It means that the stronger summer monsoon strength will generate more north-
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ern penetration of the rainfall belt, and the heavier precipitation in mid- and high-latitude
regions. Accordingly, the humid and warm interval during the development of the pa-
leolake before 4600 yr BP suggests the much enhanced summer monsoon circulation,
corresponding to the Holocene monsoon maximum. While the ecologic lake-wetland
transition at 4600 yr BP indicates a sudden retreat of the summer monsoon (Fig. 9).

Such a remarkable monsoon decline have been well documented in cave deposits,
lake sediments, eolian deposits and peat accumulations in monsoon regions of China
(Hong et al., 2003; Li et al., 2004; Xiao et al., 2004; Shen et al., 2005; Jiang et al., 2008;
Sun and Huang, 2006; Wang et al., 2005). For the northeastern China, the alternations
of sand accumulation and paleosol development in desert regions are regarded as the
direct indicators for the monsoon circulations in the geological past. As the soil devel-
opment requires a much wetter/warmer climate and better vegetation cover comparing
with the drier climate during the aeolian sand accumulation, in this context, the alter-
nations of aeolian sand and paleosols are mainly controlled by the changes of summer
monsoon strength. During the interval before 4600 yr BP, the widespread shallow lakes
in the Sanjiang Plain corresponds well to the well-developed soil sections in the Hulun
Buir Desert before 4400 yrBP, in spite of a 200 yr discrepancy which is acceptable in
view of the 400yr error of the OSL dating at 4400yrBP (Fig. 8). Such a good coin-
cidence between the two independent proxies not only supports our conclusions for
the timing of the monsoon retreating event, but also attributes them to the regional
phenomena in northeastern China.

5.4 The possible driving mechanism for the East Asian monsoon variation

The East Asian monsoon is primarily controlled by the thermal contrast between the
Asian landmass and tropic Pacific Ocean, and it is characterized by the seasonal alter-
ations of northward-moving moist summer monsoon air and a northern mass of cooler
winter monsoon air (An, 2000). Modern meteorological studies indicate that the mois-
ture brought by the East Asian summer monsoon to the eastern China derives from
low latitudes of the west Pacific where is characterized by a large pool of warm sur-
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face water, having the warmest global SST > 29 °C (De Deckker et al., 2003). Through
ocean—atmosphere coupling this warm pool plays an important role in transporting hu-
mid air masses from the tropical Pacific to inland China. Since northwestern Pacific
summer SST, like summer air temperatures, highly depend on summer insolation (Ter-
ada and Hanzawa, 1984), the low-latitude solar forcing should serve a driving role in
modulating the east Asian summer monsoon by controlling the SST and the West Pa-
cific warm pool (Terada and Hanzawa, 1984; Sun and Huang, 2006). During the early
Holocene, the higher insolation in tropical regions may generate much more mois-
tures for the north-moving summer monsoon air mass with higher SST temperatures
in the West Pacific regions (Figs. 8 and 10), and in turn producing a much wetter cli-
mate corresponding to the monsoon maximum in East Asia. While during the mid-late
Holocene, the gradually declined solar insolation would lead to a weakening summer
monsoon with the decrease of the moisture supply caused by the decline of the SST in
the west tropical Pacific (Stott et al., 2004). Thus, we suggest the sharp decline of the
East Asian summer monsoon during the mid-Holocene is related to the retreation of
the summer monsoon front which is primarily controlled by decreased solar insolation
in low latitudes.

6 Conclusions

Based on the high-resolution LOI and grain size records from a well dated peat/mud
profile in the Sanjiang Plain, a detailed environmental change has been well recon-
structed during the last 8600 yr. During the interval before 4600 yr BP, a shallow-water
lake had developed in the studied basin, implying a much warm and humid climate cor-
responding to the Holocene monsoon maximum or climate optimum. After 4600 yr BP,
a typical wetland began to develop suggesting a remarkable drying event. Consider-
ing the prevailing monsoon climate in the Sanjiang Plain, we attribute the lake-wetland
transition to the influence of the sudden decline of East Asian summer monsoon dur-
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ing the mid-Holocene, which is initially controlled by the ocean—atmosphere interacting
processes in low-latitude regions.
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Table 1. AMS radiocarbon dates of samples from the HE in the Sanjiang Plain.

Lab Depth Dating material 6'°C  AMS 'C Calibrated "C
number  (cm) (%o) age ("*CyrBP) age (20) (calyrBP)
XA7572 38 Plant residues -32.12 578-652 615+ 37
XA7573 60 Plant residues  -30.91 1172-1265 1219147
XA7574 80 Plant residues  -31.54 2306-2353 2330+ 24
XA7575 94 Plant residues  -41.63 2494-2597 2546 £ 52
XA7576 108 Plant residues  -29.89 2780-2925 2853+ 73
XA7577 125 Plant residues  -30.40 3546-3636 3591 £45
XA7560 135 Organic matter -29.38 4460-4521 4491 £ 31
XA7578 140 Organic matter -31.76 59926192 6092 + 100
XA7579 148 Organic matter -29.89 6451-5901 6512 + 61
XA7568 160 Organic matter -27.39 8543-8658 8601 + 58
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Figure 5. Representative frequency curves of the grain-size distributions of samples from the
studied profile. Noting that the upper four curves are from the peat sections, while the lower four
curves are from the lacustrine layers. In each diagram, the number with the unit “cm” marks the
depth of the sampled horizon.
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Figure 8. The accumulation rate (cmyr'1), organic matter contents (%) and percentage vari-
ations of the C3 (%) from the HE, and their correlations with the well-developed soil section
from the HLB profile (see location in Fig. 1) in the Hulun Buir deserts, and the tropical summer
insolation changes during the Holocone.
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Figure 9. Schematic figures indicating the decline of East Asian summer monsoon played
a driving role in lake-wetland transition during Holocene.
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Figure 10. Schematic map showing the monsoon climate affecting China and the location of the
modern Western Pacific warm pool (modified from Sum and Huang, 2006). Zone | is controlled
by both the Indian monsoon and the east Asian monsoon; Zone Il is mainly controlled by the
east Asian monsoon; Zone lll is controlled by the westerlies; Zone IV is located in the Tibetan
Plateau with different climate. Noting that the East Asian summer monsoon plays an important
role in transport of humid air masses from the western Pacific (especially from the warm pool)
to the mid-high latitude regions of China, which is primarily controlled by the low-latitude solar
radiation.
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