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A B S T R A C T

Knowledge of the role of C4 vegetation expansion in regulating dune stabilization during the late Quaternary is
important for understanding the evolution of the environment and climate in the climatically-sensitive margin of
the East Asian summer monsoon. However, due to the lack of both reliable vegetation records and chronological
control during episodes of dune activity, the relationship between C4 vegetation expansion and dune stabili-
zation in the deserts of NE China during the late Quaternary remains unclear. Here, we present a new regional
compilation of late Quaternary stable carbon isotopic data from organic matter, together with dated records
from sub-aerial sedimentary deposits in the region. Our compilation of vegetation development and dune ac-
tivity in these deserts suggests that C4 vegetation expansion, with a main contribution from Chenopodiaceae, and
a secondary contribution from Poaceae and Cyperaceae, may have played a critical role in dune semi-stabili-
zation with a northwestward trend, from∼13 to 9 ka; and dune stabilization throughout the entire study region,
from ∼9 to 5 ka. In addition, during the late Holocene, intensified millet cultivation (or overgrazing) and/or
climatic deterioration at ∼1.5 ka likely caused an increase in C4 vegetation abundance in the deserts of NE
China, which is associated with a dune mobilization episode. In contrast, after ∼2.5 ka, decreased vegetation
cover and dune mobilization in the Mu Us and Hobq deserts were likely caused by poor land-use practices and
historically documented droughts. Overall, C4 vegetation expansion was the main cause of dune stabilization in
these deserts during the late Quaternary.

1. Introduction

Dunes in the deserts of NE China are sensitive to shifts in the desert-
grassland boundary (X.P. Yang et al., 2012b; Li and Yang, 2016). A shift
from grassland to desert, and the resulting reduction in vegetation
cover, may lead to dune mobilization, while the shift from desert to
grassland may result in dune stabilization when the vegetation cover
increases. Thus, mobile (stable) dunes, indicate a dry (moist) climate,
and the corresponding evidence for such changes is preserved in many
mid-latitude dune fields, such as eolian sand-paleosol sequences in the
deserts of NE China (e.g. Sun et al., 1999, 2006; Lu et al., 2005; Mason

et al., 2009; X.P. Yang et al., 2013, 2015b; 2016; Guo et al., 2018a).
Consequently, dune activity has been regarded as an important source
of information for reconstructing paleoenvironment and paleoclimate
at a regional scale, and for predicting future climate changes in arid
lands.

Within the deserts of NE China, there has been a substantial re-
search effort to investigate eolian sand-paleosol sequences, with the aim
of advancing our understanding of the spatiotemporal variation of dune
activity during the late Quaternary. Investigations of well dated sand-
paleosol sequences in these deserts reveal that previously unstable
dunes began to stabilize at ∼10 ka, as suggested by an episode of
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paleosol and/or weak-paleosol development at that time (Zhao et al.,
2007; L.H. Yang et al., 2012a; Yang et al., 2013; Guo et al., 2018a), and
possibly before or afterwards (Qiu et al., 1992; Li and Sun et al., 2006;
Sun et al., 2006; Mason et al., 2009; Gong et al., 2013; Yi et al., 2013).
Subsequently, dunes were remobilized at ∼4 ka (X.P. Yang et al.,
2015b; Li and Yang, 2016; Guo et al., 2018b), and most recently, were
mobilized again at ∼2.3 ka (Sun, 2000; Yang et al., 2016). Essentially,
late Quaternary dune stabilization in the deserts of NE China was
dominated by climate change (Table 1), and active dunes have been
used as indicators of arid conditions (Li and Yang, 2016; Guo et al.,
2018b) or human activity (Sun, 2000; Yang et al., 2017) in the region.
However, the inconsistent timing of the onset of dune stabilization in
these deserts, together with our limited knowledge of the mechanisms
responsible, hinders our understanding of the relationship between
climate change and dune activity during the late Quaternary.

In general, inland dune stabilization is induced by the crossing of a
critical threshold caused by an increase in vegetation cover, which re-
sults in the decreased mobility of particles transported by the ambient
wind regime (Tsoar and Pye, 1987; Tsoar, 2005; Sun and Muhs, 2007).
More recent studies in the Mu Us desert show that inland dune stabi-
lization is mainly linked to increased vegetation and weaker winds (Xu
et al., 2015a; b). Therefore, vegetation plays a crucial role in dune
stabilization, and this is demonstrably true both for parabolic dunes
(Reitz et al., 2010; Carlson et al., 2015; Yan and Baas, 2015, 2017; M.
Liu et al., 2016b; Guan et al., 2017) and for some deserts (Lubke and
Hertling, 2001; Wang et al., 2003). In the case of the deserts of NE
China, late Quaternary dune stabilization has been reconstructed from
sand-paleosol sequences, and is traditionally linked to changes in the
East Asian monsoon system, Northern hemisphere solar radiation,
surface characteristics (e.g. effective moisture), and other factors
(Table 1). These inferences are based mainly on research on one or
more Holocene sand-paleosol sequences, typically using only a few
dated records and/or traditional proxies (excluding vegetation records),
and they have failed to reveal in detail the onset and causal mechanisms
of late Quaternary dune stabilization in the region. In addition, pollen
records obtained from lakes in the region (e.g. Xiao et al., 2004; Jiang
et al., 2006; Wen et al., 2010, 2017; Zhang et al., 2018) only provide
reliable paleovegetation information for the Holocene or the last de-
glaciation. A recent compilation of late Quaternary stable carbon iso-
tope data from organic matter from the deserts of NE China showed that
C4 vegetation expansion in the Mu Us and Horqin deserts during the
early to middle Holocene was associated with an episode of dune sta-
bilization and soil formation (Lu et al., 2012); however, this conclusion
was unconfirmed for the Otindag desert. In addition, the conclusions of
the study of Lu et al. (2012) are based on a limited dataset for the three
deserts, and they highlight the role of temperature and moisture in C4
vegetation growth, rather than elucidating the linkage of C4 vegetation
and dune activity in the region. Thus, more work is needed to obtain
late Quaternary records of the history of vegetation development and
dune activity in the region.

Here, we present the results of a study of the spatiotemporal

development of vegetation and dune activity in the deserts of NE China
during the interval of 25–0 ka, based on a compilation of regional stable
carbon isotope data from organic matter, and dated records from sub-
aerial sedimentary deposits. Our results provide the opportunity to in-
vestigate the linkage between C4 vegetation expansion and dune sta-
bilization in the deserts of NE China during the late Quaternary.

2. Regional setting

The deserts of NE China, covering an area of approximately
18,380 km2, are situated to the east of the north-south-oriented Helan
Mountains, on the northern margin of the region of influence of the East
Asian summer monsoon (Zhu et al., 1980) (Fig. 1). The dunes in the
three northern deserts (Hulun Buir, Horqin and Otindag) and the
southern Mu Us desert of NE China are mainly stabilized and semi-
stabilized at present, because the current climate is semi-arid. However,
the dunes in the Hobq desert are mainly active and semi-stabilized at
present, in the semi-arid climate. The degree of aridity in these deserts
increases northwestwards, mainly due to a decrease in mean annual
precipitation (MAP), from 400 to 500mm in the southeast to 200mm in
the northwest (Ren et al., 1985). Some 65–75% of the MAP falls from
June to September (Liu, 2010). The mean annual pan evaporation
(MAE) is 1500–3000mm in the region.

The modern natural vegetation of these deserts is categorized as
temperate steppe and is dominated by grasses (Inner Mongolia-Ningxia
Integrated Survey Team, CAS, 1985; Ren et al., 1985; Tang et al., 1999;
Pyankov et al., 2000; Wang, 2002, 2007; Wang and Ma, 2016). Nee-
dlegrass (Stipa sp.), Chinese wild rye (Aneurolepidium chinense) and
Cleistogenes squarrosa are the dominant grasses, and Artemisia de-
sertorum, Agropyron cristatum, and Agriophyllum squarrosum are
common. Xerophytic shrubs, mainly Caragana stenophylla, Calligonum,
Sanina, Tamarix, Hippophae, Salix gordejevii and Ulmus pumila, are also
present. Most of the grasses are favored by grazing animals. Ad-
ditionally, in the region, species of most C4 vegetation occur in Che-
nopodiaceae, Poaceae and Cyperaceae (e.g. Agriophyllum squarrosum,
Cleistogenes squarrosa and Carex pediformis C. A. Mey) (Pyankov et al.,
2000; Wang, 2002, 2007). Several rivers flow through these deserts,
including the Yellow River and the Xilamulun, Xiliaohe and Hailar
Rivers, which support the irrigation agriculture which enabled the re-
gion to become one of the cradles of ancient Chinese civilization (Liu
and Chen, 2012; Han, 2015; Guo et al., 2018b). Maize, wheat and millet
are grown in the cultivated areas which are widely distributed in ri-
parian zones and in inter-dune lowlands. Accordingly, agro-pastoralism
is one of the most distinctive features of the region and has contributed
substantially to cultural development and human dispersal.

3. Material and methods

3.1. Sampling

A total of 67 samples for OSL dating were taken from 22 freshly dug

Table 1
Factors affecting dune stabilization in the deserts of NE China during the late Quaternary.

Factor Reference

East Asian monsoon system (Qiu et al., 1992; Gao et al., 1993; Li et al., 1995; Zhou et al., 1998, 1999, 2001, 2002; Xu et al., 2002b; Jin et al.,
2003, 2004, 2010; Huang et al., 2005; Zhou et al., 2005, 2009, 2013; Li and Sun, 2006; Sun et al., 2006; Zhao
et al., 2007; Yang et al., 2008; He et al., 2010; Lu et al., 2010; Ma et al., 2011, 2012; Yang and Yue, 2011, 2013;
Li et al., 2012; Zhang et al., 2012; Gong et al., 2013; Z.W. Xu et al., 2013b; Yang and Ding, 2013; Yi et al., 2013;
Zeng et al., 2013; Zhao et al., 2013; B. Liu et al., 2014, 2015a; J. Liu et al., 2015b; Jia et al., 2015; Guo et al.,
2018a,b)

Local climate change (Wang, 1992; Chen et al., 1993, 1994; Dong and Liu, 1993; Li and Lu, 1996; Xu et al., 2002a; Li et al., 2007)
Global climate change (Dong et al., 1994; Liu and Hou, 1995; Gao et al., 2001; Li et al., 2002; Han and Sun, 2004; Zhou et al., 2008;

Niu et al., 2015)
Northern Hemisphere insolation and/or surface conditions

(e.g. effective moisture)
(Dong et al., 1997; Jin et al., 2004, 2010; Lu et al., 2005, 2011, 2012; Mason et al., 2009; Liu et al., 2011, 2013;
Liu and Lai, 2012; L.H. Yang et al., 2012a; Yang et al., 2013, 2016)

L. Guo et al. Quaternary International 503 (2019) 10–23

11



sections in the deserts of NE China (Figs. 1 and 2). At each sampling
section, the outer 0.5 m was removed and an aluminum tube was then
hammered horizontally into the cleaned face. Then, the sampled ma-
terial was extracted and sealed in black plastic bags to minimize light
exposure and moisture loss (Zhao et al., 2007). In addition, a total of
256 samples were taken at a 10-cm interval from 12 selected sections
for analyses of the stable carbon isotope composition (δ13C) of bulk
organic matter.

3.2. OSL dating

All OSL samples were prepared and measured under subdued red-
light conditions at the Archaeometry Laboratory, University of Science
and Technology of China (USTC), Institute of Earth Environments,
Chinese Academy of Sciences (IEECAS), and the Institute of
Hydrogeology and Environmental Geology, Chinese Academy of
Geological Sciences (IHEGCAGS). The sampled material for equivalent
dose determination was taken from the central 5-cm interval of the

Fig. 1. Distribution of deserts (Hulun Buir, Horqin,
Otindag, Hobq and Mu Us) and study sections in NE China.
The green dashed line indicates the front of the East Asian
summer monsoon. The desert data set is provided by the
Environmental and Ecological Science Data Center for West
China, National Natural Science Foundation of China,
http://westdc.westgis.ac.cn. (For interpretation of the re-
ferences to colour in this figure legend, the reader is re-
ferred to the Web version of this article.)

Fig. 2. Stratigraphy, sampling position (blue rectangles) and OSL ages (ka) for the investigated sections in the deserts of NE China. NRTA, NRTB, WRTB, WRTC,
WRTD, WLCB, XB, CGNR, TPS, JP, JPB, SGDA, SGDB, NRTL, BYXL, XLHT and HGE are sections in the Otindag desert; HHNR, ALS and XBH (BLZ and NM) are sections
in the Hulun Buir desert (Horqin desert). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 2
OSL dating results for 67 samples from 22 sections in the deserts of NE China.

Desert Sample code Depth (m) U (ppm) Th (ppm) K (%) Equivalent dose
(Gy)

Dose rate
(Gy/ka)

Water content
(%)

OSL age (ka) Grain size
(μm)

Laboratory

Hulun Buir XBH-01 0.20 0.51 2.31 2.10 0.16 ± 0.02 2.52 ± 0.13 10 ± 5 0.06 ± 0.01 90–125 IEECAS
Hulun Buir XBH-02 0.70 0.44 1.96 1.60 0.24 ± 0.01 1.83 ± 0.10 10 ± 5 0.13 ± 0.01 90–125 IEECAS
Hulun Buir XBH-03 1.10 0.44 2.09 1.91 0.32 ± 0.06 2.10 ± 0.11 10 ± 5 0.15 ± 0.03 90–125 IEECAS
Hulun Buir XBH-05 2.10 0.45 1.89 1.83 0.55 ± 0.08 1.99 ± 0.11 10 ± 5 0.27 ± 0.04 90–125 IEECAS
Hulun Buir XBH-07 3.50 0.51 2.53 1.66 31.76 ± 1.01 1.87 ± 0.10 10 ± 5 16.95 ± 1.06 90–125 IEECAS
Hulun Buir HHNR-02 1.00 0.66 3.13 2.39 0.53 ± 0.12 2.64 ± 0.14 10 ± 5 0.20 ± 0.05 90–125 IEECAS
Hulun Buir HHNR-04 1.80 0.86 3.82 2.45 6.00 ± 0.45 2.76 ± 0.15 10 ± 5 2.17 ± 0.20 90–125 IEECAS
Hulun Buir HHNR-05 2.20 0.63 3.02 2.29 18.17 ± 1.13 2.51 ± 0.14 10 ± 5 7.24 ± 0.60 90–125 IEECAS
Hulun Buir ALS-02 0.90 1.54 7.91 2.27 43.43 ± 0.79 3.46 ± 0.19 10 ± 5 12.56 ± 0.71 4–11 IEECAS
Horqin NM-01 0.40 0.48 2.21 2.12 0.26 ± 0.06 2.32 ± 0.12 10 ± 5 0.11 ± 0.03 90–125 IEECAS
Horqin NM-02 2.00 0.45 2.19 2.14 0.17 ± 0.03 2.29 ± 0.12 10 ± 5 0.08 ± 0.01 90–125 IEECAS
Horqin NM-03 5.90 0.48 2.19 2.05 0.69 ± 0.05 2.15 ± 0.12 10 ± 5 0.32 ± 0.03 90–125 IEECAS
Horqin NM-05 8.40 0.69 3.43 1.99 27.65 ± 1.55 2.21 ± 0.12 10 ± 5 12.53 ± 0.99 90–125 IEECAS
Horqin BLZ-01 0.30 0.91 4.35 2.04 2.50 ± 0.42 2.50 ± 0.13 10 ± 5 1.00 ± 0.18 90–125 IEECAS
Horqin BLZ-02 0.80 0.93 4.34 2.10 10.26 ± 0.33 2.53 ± 0.13 10 ± 5 4.05 ± 0.25 90–125 IEECAS
Horqin BLZ-04 1.75 0.87 4.29 1.85 20.88 ± 0.99 2.27 ± 0.12 10 ± 5 9.19 ± 0.66 90–125 IEECAS
Horqin BLZ-05 2.50 0.83 4.04 2.01 41.70 ± 1.96 2.37 ± 0.13 10 ± 5 17.59 ± 1.25 90–125 IEECAS
Otindag NRTA-01 0.30 0.43 1.73 2.43 4.40 ± 0.43 3.01 ± 0.12 3 ± 1 1.50 ± 0.20 90–125 IHEGCAGS
Otindag NRTA-02 0.70 0.48 2.05 2.42 5.03 ± 0.29 2.90 ± 0.12 3 ± 1 1.70 ± 0.10 90–125 IHEGCAGS
Otindag NRTA-03 1.20 0.44 1.95 2.29 6.58 ± 0.30 2.74 ± 0.11 3 ± 1 2.40 ± 0.10 90–125 IHEGCAGS
Otindag NRTA-05 1.70 0.35 1.42 2.29 15.59 ± 0.93 2.67 ± 0.11 3 ± 1 5.80 ± 0.40 90–125 IHEGCAGS
Otindag TPS-01 0.20 1.17 6.44 2.08 6.44 ± 0.41 3.07 ± 0.12 3 ± 1 2.10 ± 0.20 4–11 IHEGCAGS
Otindag TPS-02 1.00 1.19 5.60 2.12 24.39 ± 0.53 3.03 ± 0.12 4.00 8.00 ± 0.40 4–11 IHEGCAGS
Otindag TPS-03 1.80 1.19 7.00 1.99 66.92 ± 1.41 3.16 ± 0.12 9.20 21.2 ± 1.20 4–11 IHEGCAGS
Otindag TPS-05 3.00 1.22 6.87 2.04 80.03 ± 4.41 3.02 ± 0.12 3.60 26.5 ± 1.80 4–11 IHEGCAGS
Otindag XLHT-01 0.40 0.59 2.40 2.54 3.04 ± 0.63 3.25 ± 0.12 3 ± 1 0.90 ± 0.20 90–125 IHEGCAGS
Otindag XLHT-02 0.70 0.42 2.03 2.55 16.94 ± 0.48 3.02 ± 0.12 3 ± 1 5.60 ± 0.30 90–125 IHEGCAGS
Otindag XLHT-03 1.40 0.39 2.18 2.49 17.60 ± 0.51 2.95 ± 0.12 3 ± 1 6.00 ± 0.30 90–125 IHEGCAGS
Otindag XLHT-06 3.40 0.44 1.81 2.28 31.07 ± 1.57 2.68 ± 0.11 3 ± 1 11.6 ± 0.70 90–125 IHEGCAGS
Otindag JP-01 0.20 0.32 1.36 2.50 1.48 ± 0.40 3.02 ± 0.12 3 ± 1 0.50 ± 0.10 90–125 IHEGCAGS
Otindag JP-02 0.80 0.46 1.87 2.37 8.24 ± 0.69 2.94 ± 0.12 3 ± 1 2.80 ± 0.20 90–125 IHEGCAGS
Otindag JP-03 1.20 0.41 1.61 2.41 19.63 ± 0.37 2.91 ± 0.12 3 ± 1 5.80 ± 0.30 90–125 IHEGCAGS
Otindag XB-02 0.90 1.34 6.03 2.18 2.41 ± 0.13 3.44 ± 0.14 3 ± 1 0.70 ± 0.00 90–125 IHEGCAGS
Otindag XB-03 2.20 0.57 2.91 2.03 6.99 ± 0.32 2.66 ± 0.11 3 ± 1 2.60 ± 0.10 90–125 IHEGCAGS
Otindag WLCB-01 0.70 0.45 2.17 2.02 19.87 ± 1.50 2.57 ± 0.10 3 ± 1 7.70 ± 0.70 90–125 IHEGCAGS
Otindag WLCB-03 2.00 0.44 1.79 2.20 30.28 ± 1.70 2.71 ± 0.11 3 ± 1 11.2 ± 0.80 90–125 IHEGCAGS

Desert Sample code Depth (m) α counting
rate (ks)

Stdev K (%) Equivalent dose
(Gy)

Dose rate
(Gy/ka)

Water content
(%)

OSL age (ka) Grain size
(μm)

Laboratory

Otindag WRTB-01 0.80 3.21 0.10 2.26 0.37 ± 0.038 2.76 ± 0.09 4.02 0.13 ± 0.01 150–250 USTC
Otindag WRTB-02 1.00 2.85 0.09 1.83 1.60 ± 0.08 2.39 ± 0.08 3.34 0.67 ± 0.04 150–250 USTC
Otindag WRTC-01 0.30 3.74 0.10 2.57 1.29 ± 0.07 3.23 ± 0.11 2.79 0.40 ± 0.02 150–250 USTC
Otindag WRTC-02 0.80 2.87 0.09 2.26 2.06 ± 0.08 2.86 ± 0.09 3.12 0.72 ± 0.04 150–250 USTC
Otindag WRTC-03 1.30 2.74 0.09 2.39 6.94 ± 0.54 2.91 ± 0.10 9.53 2.38 ± 0.20 150–250 USTC
Otindag WRTC-04 1.90 2.30 0.08 2.29 17.32 ± 0.97 2.84 ± 0.09 4.81 6.10 ± 0.40 150–250 USTC
Otindag WRTD-01 2.50 2.37 0.08 2.34 0.56 ± 0.031 2.98 ± 0.10 1.22 0.18 ± 0.01 150–250 USTC
Otindag WRTD-02 2.60 2.28 0.08 2.36 0.96 ± 0.06 2.93 ± 0.10 1.38 0.33 ± 0.02 150–250 USTC
Otindag NRTL-01 0.20 2.63 0.09 1.80 1.68 ± 0.087 2.35 ± 0.07 2.00 0.71 ± 0.04 150–250 USTC
Otindag NRTL-02 4.30 2.60 0.09 1.62 20.58 ± 0.62 2.13 ± 0.07 2.77 9.66 ± 0.42 150–250 USTC
Otindag SGDB-01 0.50 2.41 0.02 2.25 3.61 ± 0.44 2.75 ± 0.09 5.12 1.32 ± 0.17 150–250 USTC
Otindag SGDB-02 1.00 2.14 0.07 2.18 4.85 ± 0.18 2.69 ± 0.09 4.65 1.81 ± 0.09 150–250 USTC
Otindag SGDB-03 1.60 3.27 0.09 2.24 9.89 ± 0.77 2.74 ± 0.09 3.71 3.61 ± 0.30 150–250 USTC
Otindag SGDA-01 0.20 2.50 0.08 1.95 0.32 ± 0.05 2.49 ± 0.08 1.10 0.13 ± 0.02 150–250 USTC
Otindag SGDA-02 6.00 2.48 0.10 2.10 4.15 ± 0.17 2.67 ± 0.09 5.45 1.56 ± 0.08 150–250 USTC
Otindag SGDA-03 6.40 2.70 0.11 2.09 4.60 ± 0.20 2.64 ± 0.09 2.07 1.74 ± 0.10 150–250 USTC
Otindag NRTB-01 0.20 2.07 0.10 2.14 1.90 ± 0.09 2.64 ± 0.09 3.29 0.72 ± 0.04 150–250 USTC
Otindag NRTB-02 1.20 2.17 0.10 2.14 20.58 ± 1.21 2.64 ± 0.09 4.05 7.8 0 ± 0.53 150–250 USTC
Otindag NRTB-03 2.70 3.05 0.12 2.09 22.06 ± 0.95 2.57 ± 0.09 2.57 8.58 ± 0.47 150–250 USTC
Otindag BYXL-01 0.20 2.71 0.12 1.91 8.04 ± 0.44 2.43 ± 0.08 1.52 3.30 ± 0.21 150–250 USTC
Otindag BYXL-02 5.10 2.84 0.12 2.04 7.64 ± 0.33 2.63 ± 0.08 3.56 2.90 ± 0.16 150–250 USTC
Otindag BYXL-03 7.40 2.35 0.11 1.92 16.07 ± 0.74 2.37 ± 0.08 6.81 6.77 ± 0.38 150–250 USTC
Otindag CGNR-03 0.20 3.83 0.01 2.31 17.62 ± 0.85 2.95 ± 0.09 6.50 6 .00 ± 0.35 150–250 USTC
Otindag CGNR-04 0.50 3.86 0.11 2.31 18.92 ± 0.73 2.94 ± 0.09 6.46 6.43 ± 0.32 150–250 USTC
Otindag CGNR-05 1.10 3.53 0.09 2.38 19.73 ± 0.79 2.92 ± 0.10 7.69 6.75 ± 0.35 150–250 USTC
Otindag HGE-01 5.00 2.90 0.08 2.43 4.93 ± 0.31 3.06 ± 0.10 1.74 1.61 ± 0.11 150–250 USTC
Otindag HGE-02 5.90 4.08 0.10 2.37 23.69 ± 5.17 3.12 ± 0.10 3.56 7.60 ± 1.68 150–250 USTC
Otindag JPB-01 1.00 2.09 0.07 2.23 0.61 ± 0.053 2.78 ± 0.09 1.20 0.22 ± 0.02 150–250 USTC
Otindag JPB-02 4.40 2.05 0.09 2.32 17.36 ± 0.68 2.71 ± 0.10 5.45 6.38 ± 0.34 150–250 USTC
Otindag JPB-03 5.00 0.00 0.00 2.27 16.76 ± 0.74 2.47 ± 0.09 2.00 6.79 ± 0.39 150–250 USTC
Otindag JPB-04 6.50 2.03 0.09 2.12 19.61 ± 0.63 2.64 ± 0.09 1.11 7.42 ± 0.34 150–250 USTC
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sampling tube, and the remaining material from both ends was used for
environmental dose rate determination.

Samples for equivalent dose determination were first digested in
30% H2O2 and 30% HCl at room temperature to remove organic ma-
terial and carbonates, respectively. The samples were then washed to
near-neutral pH (the pH ranged from 5 to 7) with distilled water, fol-
lowed by settling and sieving to isolate the desired 4–11, 90–125 and
150–250 μm grain-size fractions for the various sections (Table 2), using
the procedure of Guo et al. (2016). It is important to note that the grain-
size distribution of the sediments, together with the natural alpha, beta,
gamma and cosmic radioactivity, plays a crucial role in assessing the
applicability of OSL dating (Aitken, 1998).

For the 90–125 or 150–250 μm grain-size fractions, heavy liquid
flotation (sodium polytungstate) was used to extract coarse quartz
grains which were then rinsed and treated with 40% HF at room tem-
perature for 1 h to dissolve feldspar and etch the outer alpha-irradiated
surface layer. For the 4–11 μm fraction, 30% HF was added at room
temperature for 5–7 days to extract the fine quartz grains. All quartz
grains were finally treated with HCl (10%) to dissolve insoluble fluor-
ides produced during the previous steps. In addition, the purity of the
quartz grains was assessed by drying at 45 °C and then testing with
infrared stimulated luminescence, prior to measurement. Finally, the
purified fine and coarse quartz grains were mounted on stainless steel
discs using acetone and silicon-based adhesive, respectively.

All equivalent dose measurements were performed at the three TL/
OSL dating laboratories using an automated Risø TL/OSL-DA-20 reader
system (USTC) or an automated Daybreak 2200 OSL reader system
(IEECAS and IHEGCAGS) equipped with a 90Sr/90Y beta source and
blue and infrared light excitation units. The blue LEDs (470 ± 5 nm)
were applied at 125 °C for 200 s at IECEA, for 40 s at USTC, and for
100 s at IHEGCAGS. The stimulated quartz OSL signals were detected
using an EMI 9235QA photomultiplier coupled in front with one 7.5-
mm-thick U-340 or two 3-mm-thick glass filters. As suggested by Wintle
and Murray (2006), the single-aliquot regenerative-dose (SAR) protocol
was used to measure the equivalent dose. Respective preheat tem-
peratures of 260 °C (10 s) and 220 °C (10 s) were used for natural/re-
generative dose and test dose responses. We used 6–40 aliquots for each
sample for equivalent dose determination.

According to the OSL age equation suggested by Aitken (1998), the
environmental dose rate was derived from the concentrations of
radioactive elements (U, Th, K), using the dose-rate conversion factors
described in Guérin et al. (2011) and considering the effects of moisture
content and cosmic radioactivity (Aitken, 1998; Prescott and Hutton,
1994). At USTC, the environmental dose rate was measured using thick
source alpha counting to calculate the contribution of the U and Th
decay chains to the environmental dose rate; X-ray fluorescence was
used to measure the K concentration (Fan et al., 2015). However, at
IEECAS and IHEGCAGS, the concentrations of U and Th were measured
using inductively coupled plasma mass spectrometry, and X-ray fluor-
escence was used to determine the K concentration (Kang et al., 2015).

Aitken (1998) suggested that water in the interstices of the sediment
grains can absorb part of the alpha, beta, and gamma energy. Thus,
overlooking the effects of moisture can lead to an underestimation of
the OSL age. In practice, the water content may change during the
entire interval of burial and therefore it is difficult to estimate the past
water content. However, a water content of 10% is regarded as an
appropriate average value for the entire interval of burial (Aitken,
1998), and can be used as a conversion factor for calculating the dose
rate. In addition, the measured water content of the sampled material at
both ends of the sampling tube is generally assumed to represent the
average wetness during the entire interval of burial (Fan et al., 2015).

In this study, for the samples from the Horqin and Hulun Buir de-
serts, a water content of 10% was used to calculate the dose rate; for the
samples from the Otindag desert the measured water content was used.
A water content of 3%, close to the average measured water content
value (3.86%) of some of the samples from the Otindag desert, was used

to calculate the dose rate of other samples from this desert. The con-
tribution of cosmic radioactivity to the dose rate was calculated as a
function of depth, as suggested by Prescott and Hutton (1994), con-
sidering the latitude, longitude and altitude of the samples.

3.3. δ13C analysis of bulk organic matter

After removal of modern rootlets, samples (∼3 g) were treated with
10% HCl at ∼25 °C for 24 h to remove inorganic carbonate, followed by
washing to near-neutral pH with distilled water, and then drying to
50 °C. Then, about 20mg of dried sample was combusted for 4 h at
850 °C in evacuated sealed quartz tubes in the presence of silver foil and
cupric oxide. The carbon isotopic composition of the evolved CO2 was
measured using a MAT-253 gas mass spectrometer with a dual inlet
system at the Institute of Geology and Geophysics, Chinese Academy of
Sciences; the total organic carbon content (TOC) of the samples was
determined simultaneously. The organic carbon is derived pre-
dominantly from terrestrial higher vegetation, because hydrophytes
would not be able to survive given the high MAE (1500–3000mm) in
the region. Thus, the measured high values of the stable carbon isotope
composition of organic matter (δ13Corg) relate mainly to the C4 biomass
(Rao et al., 2008; Lu et al., 2012).

We also assessed the role of meteorological factors on the δ13Corg
values by comprehensively investigating the δ13Corg values of a large
number of topsoil samples from sites in the studied deserts and adjacent
regions (Fig. 3; Wang et al., 2013; Chen et al., 2015; L. Liu et al.,
2016a). Contour maps of the meteorological factors were generated
using ArcGIS 10.2 together with the Kriging interpolation tool, using
long-term (1961–2010) climate data.

4. Results

4.1. Late Quaternary dated records of mobile and stable states in the deserts
of NE China

The OSL dating results for the quartz grains from the 67 samples are
summarized in Table 2 and presented in Fig. 2. A tight normal dis-
tribution of equivalent doses for representative samples is evident
(Fig. 4), as is also shown by the luminescence characteristics of the TQ
and MTG sections measured under duplicated conditions at IEECAS
(Guo et al., 2018a). This suggests that the samples were well bleached
prior to deposition and can be used to determine the equivalent dose.

As suggested by Li and Yang (2016), a compilation of dated late
Quaternary records from sub-aerial sedimentary deposits in deserts
enables us to characterize the spatiotemporal development of episodes
of dune activity, and hence achieve an improved understanding of the
associated environmental changes and effects. Thus, we made a de-
tailed compilation of dated records, spanning the interval of 25–0 ka,
from sub-aerial sedimentary deposits in this region. It is widely believed
that abundant EASM precipitation favors plant growth and the devel-
opment of paleosols and lakes, whereas a deficit of EASM precipitation
results in dune reactivation; moreover, reactivated dunes are the major
source of loess deposits in the margin of the deserts of NE China (Guo
et al., 2018b). Paleosols and lacustrine and peat deposits are the sources
of dated records indicating a stable dune state, while eolian sand and
loess are the sources of dated records for a mobile dune state. All
published actual ages were selected using the three criteria described in
Guo et al. (2018b): (i) All selected published actual ages were de-
termined by radiocarbon or luminescence methods; (ii) the ages were in
stratigraphic order; (iii) we selected a single dated record when mul-
tiple ages or similar ages were measured from the same layer at a site.
Finally, uncalibrated radiocarbon ages were calibrated to calendar
years using the Calib Rev 7.0.4 radiocarbon age calibration program
(Stuiver and Reimer, 1993) with the IntCal13 curve (Reimer et al.,
2013). The data set consists of 1018 dated records, including our 64
new OSL dates, together with 811 published dated records from the
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study of Guo et al. (2018b) for the interval from 12 to 0 ka, and 143
newly-compiled dated records for the interval from 25 to 12 ka. Within
the data set, there are 473 records of dune mobility and 545 records of
dune stability. Detailed information on these dated records is listed in
Table 3.

The spatiotemporal distribution of states of dune stability and mo-
bility in the deserts of NE China during the late Quaternary is shown in
Figs. 5 and 6 using respective bin widths of 200 and 1000 y. Dated
records during some intervals (e.g. from 25 to 18 ka, 9–6 ka, and 4–0
ka) are excluded. The records for the five deserts show a similar spa-
tiotemporal distribution. The synthesis reveals that for the interval from
∼18 to 13 ka, the numbers of dated records indicating mobile dune
states are relatively low but with an increasing trend; for ∼13–9 ka,
relatively high values are maintained; for ∼9–4 ka the values decrease,
with a minimum at ∼4.5 ka; and from ∼4 ka the values gradually
increase. For stable dune states, for the interval from ∼18 to 13 ka
there are very few dated records; for ∼13–9 ka the number of records
increases; for ∼9–5 ka there are a relatively large number of records;
for ∼5–4 ka there is minimum number of records; and since ∼4 ka the

numbers are relatively high and they fluctuate within a large range.
In addition, for the Otindag desert, the numbers of dated records for

stable states first increase at ∼12 ka and then lag the other deserts
by∼ l kyr. In the deserts of NE China, the dated records indicate a
substantial increase in mobile and stable dune states at ∼1.5 ka;
whereas for the Mu Us and Hobq deserts there is a substantial increase
in the number of records of mobile dune states at ∼2.5 ka, with few
records subsequently.

4.2. Changes in stacked δ13Corg and TOC values during the late Quaternary

The stacked δ13Corg and TOC values are plotted in Fig. 7. The δ13Corg
and TOC values are low from ∼25 to 13 ka; they increase from ∼13 to
9 ka; they are relatively high during ∼9–5 ka; they decrease sub-
stantially from ∼5.0 to 1.5 ka; and thereafter they increase sub-
stantially and remain relatively high.

Estimates of C4 biomass from stacked δ13Corg values, using the
methods described in S.L. Yang et al. (2015a) and Guo et al. (2018a),
indicate values of C4 biomass of less than ∼10% from ∼25 to 13 ka;

Fig. 3. Topsoil sites in NE China, together with modern mean annual precipitation (MAP, 1), and mean annual temperature (MAT, 2), humidity (3) and Aridity index
(4, Aridity index=MAP/MAE, suggested by UNEP (1997)) over 50 y (1961–2010). Long-term climate data are provided by the National Meteorological Information
Center of China Meteorological Administration. The information on topsoil sites in the deserts of NE China and adjacent regions is from Wang et al. (2013), Chen
et al. (2015) and L. Liu et al. (2016a).
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however, after∼ 9 ka the values exceed ∼20%, with a maximum value
of ∼40%. Thus, we speculate that the amplitude of variation of C4 plant
biomass was up to ∼300%. However, the minimum δ13Corg value of
−25‰ for all samples shows that the C3 plant biomass was maintained
throughout the late Quaternary. In addition, the TOC values increase
from 0 to 0.5% during ∼25–13 ka, and from 1.0 to 1.5% during ∼9–0
ka, with a minimum amplitude of increase of ∼200%.

4.3. Factors controlling δ13Corg values of topsoils in the deserts of NE China

A comprehensive investigation of the δ13Corg values of topsoils at a
small regional scale in the deserts of NE China revealed a negative re-
lationship between precipitation and δ13Corg and a strong positive re-
lationship between δ13Corg and temperature (Wang et al., 2013; Chen
et al., 2015). However, other results from sand-paleosol sequences from
the region indicated that the distribution of C4 vegetation was con-
trolled by the East Asian summer monsoon precipitation (Guo et al.,
2018a), or by the effective moisture (Lu et al., 2012). A spatial com-
parison of meteorological variables and δ13Corg values of topsoils in the
deserts of NE China and adjacent regions demonstrates that it is im-
possible to separate the roles of temperature and precipitation as con-
trols of δ13Corg because of the seasonal synchrony of rainfall and tem-
perature in the East Asian monsoon region (Fig. 8a–c).

In practice, the degree of aridity is likely to control changes in the
δ13Corg values of topsoils in the deserts of NE China and adjacent re-
gions. This is because the Aridity index (Aridity index=MAP/MAE),
suggested by UNEP (1997), varies inversely with δ13Corg, and fluctuates
within a relatively large range when δ13Corg exceeds −22‰ (Fig. 8d).
The Aridity index is an aggregated proxy of temperature, precipitation
and seasonality, and therefore it provides a convenient means of esti-
mating the C3/C4 relative abundance based on the δ13Corg values of
sections in the deserts of NE China during the late Quaternary.

5. Discussion

5.1. Spatiotemporal changes in dune semi-stabilization in the deserts of NE
China from ∼13 to 9 ka

Previous research on dune activity in the deserts of NE China from
∼13 to 9 ka has focused mainly on dune mobilization, and relatively
little attention has been paid to dune stabilization (Lu et al., 2012; Yi
et al., 2013; Xu et al., 2015a; Li and Yang, 2016). The reasons for this
are the relative abundance of dated records indicating stable dune
states from sand-paleosol sequences for the late Quaternary (Yi et al.,
2013; Xu et al., 2015a); and the fact that dune stabilization, tradi-
tionally inferred by an episode of paleosol (or weak-paleosol) devel-
opment, is dated back to the early Holocene (Qiu et al., 1992; Li and
Sun et al., 2006; Sun et al., 2006; Zhao et al., 2007; L.H. Yang et al.,
2012a; Gong et al., 2013; Yi et al., 2013; Yang et al., 2013; Guo et al.,
2018a).

Our spatiotemporal record of dune activity in the deserts of NE
China during the late Quaternary can be divided into four stages
(Fig. 9a): dune mobilization (∼25–13 ka), dune semi-stabilization
(∼13–9 ka), dune stabilization and paleosol development (∼9–5 ka),
and dune re-mobilization (∼5 ka onwards). However, during the late
Pleistocene, the Otindag desert dunes began to stabilize at ∼12 ka with
a lag of ∼1 kyr relative to other deserts in NE China, suggesting that
dune semi-stabilization from ∼13 to 9 ka was asynchronous in the
region, with a trend of increasing lag of semi-stabilization towards the
northwest (Figs. 5 and 6).

Previous work has revealed that inland dune activity is linked

Fig. 4. Histograms of equivalent dose distribution for selected representative samples.

Table 3
Distribution of luminescence and radiocarbon ages for the deserts of NE China.

Region Luminescence dates Radiocarbon
dates

Total Number of
sites

OSL IRSL TL

Hulun Buir 102 – – 21 123 39
Horqin 246 – 2 89 337 117
Otindag 250 – 2 43 295 88
Hobq 31 – – 8 39 18
Mu Us 122 2 12 88 224 67
Total 751 2 16 249 1018 329

Note: '-' indicates no data.
Abbreviations: OSL, Optically stimulated luminescence; IRSL, Infrared-stimu-
lated luminescence; TL, Thermoluminescence.
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mainly to the supply, transportation and preservation of sand (Roskin
et al., 2011; X.P. Yang et al., 2012b; Leighton et al., 2014; Xu et al.,
2015a). Therefore, the sand source, winds, landforms and local climate
(including vegetation) strongly affect dune stabilization (Pye and Tsoar,
2009; X.P. Yang et al., 2012b). Nevertheless, inland dune stabilization
is also affected by local geological processes, such as the retreat of the
Laurentide Ice Sheet in North America during the late deglaciation
(Dallimore et al., 1997; Wolfe et al., 2004; Bateman and Murton, 2006;

Munyikwa et al., 2017). Thus, the various influencing factors need to be
considered in the context of the local geographical background. Xu
et al. (2015a) suggested that in the Mu Us desert during the Last Glacial
Maximum, the continuous recycling of dunes driven by strong wind
activity, as well as the sufficient but not abundant sand supply, led to
the poor preservation of dunes given the minimal vegetation cover and
dry conditions. Subsequently, during the last deglaciation, dune mo-
bilization in the Mu Us desert was continuously enhanced due to the

Fig. 5. Histogram of dated records for mobile (A) and stable (B) dune states in the deserts of NE China over the last 25 kyr. Humid periods are shown by green
rectangles and dry (driest) periods are shown by light orange (yellow) rectangles. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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reduced wind strength, as well as by the possibly increased sediment
influx derived from regional permafrost degradation and increased
fluvial activity, and the occurrence of localized vegetation patches, as
the climate ameliorated. The pattern of dune stabilization in the deserts

of NE China indicated by our dated records (Figs. 5 and 6) shows a
similar pattern with that in the study of Xu et al. (2015a) during the late
Quaternary.

The number of dated records for stable dune states increases

Fig. 6. Spatiotemporal distribution of late Quaternary dated records of sub-aerial sedimentary deposits in the deserts of NE China. These dated records of mobile and
stable dune states reveal trends in late Quaternary dune activity in these deserts. The extent of the deserts in all maps only reflects their modern status.

Fig. 7. Stacked δ13Corg (A) and TOC (B) records for the
last 25 kyr in the deserts of NE China. The data com-
prise 256 new records of both proxies from 12 selected
sections in the region, together with a compilation of
220 published records from 23 sections (Lu et al., 2005,
2012; 2013; Mason et al., 2009; Guo et al., 2018a)
compiled by this study. Estimates of C4 biomass are
based on the method described in S.L. Yang et al.
(2015a) and Guo et al. (2018a).

L. Guo et al. Quaternary International 503 (2019) 10–23

18



substantially for the interval from ∼13 to 9 ka, which implies that the
climate ameliorated during this interval; this is supported by the con-
tinuous expansion of localized vegetation indicated by our stacked
δ13Corg and TOC values (Figs. 7 and 9b) and by global records
(Fig. 9c–e). Localized vegetation development would have anchored the
dunes during the last deglaciation (Xu et al., 2015a), which is demon-
strated by the role of vegetation in the formation of parabolic dunes
(Reitz et al., 2010; Carlson et al., 2015; Yan, and Baas, 2015, 2017; M.
Liu et al., 2016b; Guan et al., 2017). In addition, the delayed dune semi-
stabilization from ∼13 to 9 ka in the northwestern part of the study
area was likely the result of the greater aridity. This inference is sup-
ported by the contour maps of the Aridity index which indicate drier
conditions in the Otindag desert (Fig. 3), which would have adversely
affected vegetation growth and may explain the observed lag of ∼1 kyr
compared to the other deserts. Thus, localized vegetation development,
controlled by the degree of aridity, evidently played a crucial role in the
northwestward-trend of dune semi-stabilization in the deserts of NE
China from ∼13 to 9 ka.

5.2. C4 vegetation expansion in the deserts of NE China from ∼13 to 5 ka

Our new compilation of records of dune activity and vegetation
suggest that the local vegetation was the cause of dune semi-stabiliza-
tion (∼13–9 ka) and stabilization (∼9–5 ka) in the deserts of NE China
during the late Quaternary (Fig. 9a and b). The episode of dune stabi-
lization and soil formation during the early to middle Holocene was
tentatively interpreted as an evidence for C4 vegetation expansion (Lu
et al., 2012). However, the processes by which the vegetation anchors
the dunes in the region remain to be thoroughly understood, which
limits our understanding of the fundamental mechanisms of dune sta-
bilization in these deserts.

Studies of the δ13Corg values of modern plants and surface soils at a
global scale indicate a close relationship between MAT and C4 vegeta-
tion abundance, and a significant positive correlation between MAP and
C3 vegetation abundance (Rao et al., 2017). However, the δ13Corg va-
lues of topsoils in the deserts of NE China show that the C3/C4 relative
vegetation abundance is strongly influenced by the degree of aridity
(Fig. 8d). When δ13Corg is less than −22‰, the δ13Corg values of

topsoils and Aridity index in these deserts are negatively correlated;
however, there is no close relationship between the δ13Corg values of
topsoils and Aridity index when δ13Corg exceeds −22‰, probably due
to the ability of localized C4 vegetation to tolerate a wide range of
humidity and aridity conditions. Thus, from the Last Glacial Maximum
to the Holocene, as the global climate ameliorated, the C3/C4 relative
abundance in the deserts of NE China decreased synchronously as a
consequence of decreased aridity, as indicated by the Aridity index
(Fig. 9c–e), and at the same time the East Asian monsoon rainfall belt
migrated northwestwards (S.L. Yang et al., 2015a). In addition, our
stacked δ13Corg and TOC records show that the C3/C4 relative abun-
dance decreased gradually from ∼13 to 9 ka and maintained a rela-
tively low value during ∼9–5 ka, in agreement with our evidence for
dune semi-stabilization and stabilization, respectively, during these two
intervals (Fig. 9a).

Consequently, considering both the contribution of C3 biomass to
the vegetation since the Last Glacial Maximum, and the increased re-
presentation of C4 biomass, we speculate that the reason for dune sta-
bilization during ∼13–5 ka was mainly due to the pronounced increase
in C4 vegetation abundance, with a secondary contribution from the
expansion of C3 vegetation. Although dune stabilization episodes in the
study region, and in deserts in several low latitude regions, occurred
synchronously during the early Holocene (Munyikwa, 2005), C3 vege-
tation expansion likely played the dominant role in dune stabilization
in low latitudes during the Holocene, due to the fact that the increased
precipitation (Huang et al., 2001; Rao et al., 2017) and atmospheric
CO2 concentration (Damsté et al., 2011) probably limited the expansion
of C4 vegetation and conversely increased the C3 vegetation abundance.

Comparison of pollen records form lake sediments during the in-
terval of ∼13–5 ka (Jiang et al., 2006; Wen et al., 2010, 2017; Zhang
et al., 2018), and the composition of the modern vegetation of the
deserts of NE China and the adjacent regions (Inner Mongolia-Ningxia
Integrated Survey Team, CAS, 1985; Ren et al., 1985; Tang et al., 1999;
Pyankov et al., 2000; Wang, 2002, 2007; Wang and Ma, 2016), reveals
that in both cases Artemisia is the dominant herb and is a major com-
ponent of the C3 vegetation. In addition, Chenopodiaceae comprise
∼50% of the C4 vegetation, with a secondary contribution from Poa-
ceae and Cyperaceae. For example, as one of the pioneer annual C4

Fig. 8. Relationship between the δ13Corg values of
topsoils and modern MAP (a), MAT (b), humidity (c)
and Aridity index (d). Estimates of C4 biomass are
based on the method described in S.L. Yang et al.
(2015a) and Guo et al. (2018a). The δ13Corg values of
topsoils in NE China are from Wang et al. (2013), Chen
et al. (2015) and L. Liu et al. (2016a). Fit line is shown
by green solid line and upper (lower) level of the
confidence is shown by red (blue) dotted line. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this
article.)
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species colonizing stabilized dunes in the deserts of NE China, Agrio-
phyllum squarrosum (Chenopodiaceae) can tolerate extremely high
temperatures, drought conditions and sand burial (Zhao et al., 2014).
Its seeds germinate rapidly with minimal precipitation (Liu et al.,
2003), and its thin roots grow very rapidly which facilitates its role as a
colonizing species (Casper and Jackson, 1997; Ma et al., 2018). More-
over, even after withering, it reduces the wind velocity by at least 90%
and is a source of carbon and nitrogen for infertile soils (Chen et al.,
2009). Additionally, the local C4 vegetation are sensitive to warm
season precipitation (Tang et al., 1999; Huang et al., 2005), and their
well-developed root system (especially in Poaceae) is critical in pro-
tecting grassland from wind erosion (Pyankov et al., 2000). Thus, C4
vegetation, mainly Chenopodiaceae, Poaceae and Cyperaceae, were
more efficient in promoting dune stabilization than other forms of lo-
calized vegetation in the deserts of NE China during the interval of
∼13–5 ka. In practice, from the Last Glacial Maximum to the Holocene,
the content of total organic carbon indicates that total biomass

increased in the region (Fig. 7), which demonstrates that C3 vegetation
expansion was another important cause of Holocene dune stabilization.

5.3. C4 vegetation expansion in the deserts of NE China since ∼5 ka

The C3/C4 relative vegetation abundance increased in the study
region during the mid-Holocene (Fig. 7; Huang et al., 2005), coincident
with an episode of both dune mobilization (Figs. 5 and 6) and eco-
system degradation (Fig. 9; Guo et al., 2018b). Thus, the re-mobiliza-
tion of dunes from ∼5 ka onwards also confirms that C4 vegetation
expansion may have made a major contribution to dune stabilization.

Another distinctive characteristic of the data is a shift to an in-
creased number of dated records of mobile and stable states at ∼1.5 ka
in the deserts of NE China; in addition, the number of dated records for
mobile states increased at ∼2.5 ka in the Mu Us and Hobq deserts, with
few documented records thereafter (Fig. 5). Sun (2000) suggested that
in the Mu Us desert, poor land-use practices, coupled with high wind

Fig. 9. Late Quaternary dated records and stacked
δ13Corg values of sub-aerial sedimentary deposits (a and
b, respectively, this study) in the deserts of NE China
compared with other paleoclimatic records. (c) NGRIP
ice-core δ18O record from Greenland (five-point
smoothed) (North Greenland Ice Core Project Members,
2004); (d) sea surface temperature inferred by PCA F1,
calculated from the pollen record of fore DG9603 from
the mid-Okinawa Trough (D.K. Xu et al., 2013a); (e)
stacked grain-size record of Chinese loess (CHILOMOS)
(Yang and Ding, 2014); (g) positive index of the strength
of the EAWM inferred from the AG/CS (Aulacoseira
granulata/Cyclotella stelligera) diatom ratio (Wang et al.,
2012); and sea surface temperature (SST) record from
the western tropical Pacific (Stott et al., 2004; Garidel-
Thoron et al., 2007).
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energy and historical droughts, led to decreased vegetation cover and
dune mobilization since ∼2.3 ka; this scenario is supported by the
study of Yang et al. (2016) and provides a reasonable explanation for
our data at ∼2.5 ka. However, the number of dated records for both
mobile and stable states increased at ∼1.5 ka in the deserts of NE China
when the climate deteriorated (Tan et al., 2003, Fig. 9f and g), which
may indicate that human land-use increased the vegetation cover be-
cause of the practice of irrigation agriculture at that time. In addition, a
stable isotope study of paleodiet in Inner Mongolia revealed that millet
agriculture developed rapidly at ∼1.5 ka and provided the staple diet
for the local Tuoba Xianbei inhabitants, and for the sedentary Han
Chinese farming communities who migrated to the region from the
Central Plain (Zhang et al., 2015). Thus, millet agriculture at ∼1.5 ka
likely increased the vegetation cover in these deserts, resulting in the
substantial increase in the number of dated records documenting a
stable state (Figs. 5 and 7). However, climatic deterioration (Fig. 9f and
g) or poor land-use practices (overgrazing and over-cultivation) after
∼1.5 ka may have favored the growth of some xerophytic C4 vegetation
components (Tang et al., 1999; Wang and Ma, 2016) and induced the
mobilization of unvegetated dunes (Fig. 9a). Therefore, the late Holo-
cene C4 vegetation expansion in the deserts of NE China (Fig. 7), likely
caused by the development of millet agriculture (or overgrazing) and/
or climatic deterioration, was associated with an episode of dune mo-
bilization.

Accordingly, human activity and/or historical droughts led to a
complex relationship between vegetation and dune activity in the de-
serts of NE China during the late Holocene. Based on our findings and
previous studies, we conclude that C4 vegetation expansion was a more
important cause of late Quaternary dune stabilization than the expan-
sion of C3 vegetation in these deserts.

6. Conclusions

A compilation of dated records from sub-aerial sedimentary deposits
during the interval of 25–0 ka in the deserts of NE China reveals epi-
sodes of dune semi-stabilization and stabilization from ∼13 to 5 ka and
from ∼9 to 5 ka, respectively. In addition, both intervals are char-
acterized by relatively high δ13Corg and TOC values. However, the
Otindag deserts began to stabilize at ∼12 ka, later than the other de-
serts, leading to a northwestward trend of delayed dune stabilization in
these deserts from ∼13 to 9 ka. Based on the δ13Corg values of topsoils
and sections in these deserts, together with climate data, the C3/C4
relative vegetation abundance was strongly affected by the degree of
aridity, and ultimately was responsible for promoting dune semi-sta-
bilization with a northwestward trend, and/or stabilization throughout
the entire study region.

The increased abundance of C4 vegetation suggests that C4 vegeta-
tion expansion in these deserts, especially of species of
Chenopodiaceae, Poaceae and Cyperaceae, may have made a major
contribution to dune semi-stabilization from ∼13 to 9 ka, and to dune
stabilization during ∼9–5 ka. This conclusion is evidenced by a middle
Holocene transition of dune activity and C3/C4 relative abundance.
During the late Holocene, C4 vegetation expansion at ∼1.5 ka in the
deserts of NE China, associated with a dune mobilization episode, may
have resulted from the intensification of millet agriculture (or over-
grazing) and/or from climatic deterioration. However, decreased ve-
getation cover and dune mobilization in the Mu Us and Hobq deserts
occurred after ∼2.5 ka, likely due to poor land-use practices and his-
torically documented droughts. Overall, C4 vegetation expansion was
the major driving mechanism of late Quaternary dune stabilization in
these deserts.
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