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Abstract This paper presents the environmental history and its responses to palaeoclimatic changes since the start of the
Holocene in the eastern portion of the desert belt (sand seas and sandy lands) in northern China by comparing the aeolian sand-
palaeosol sequences and their palaeoclimatic proxies. The optically stimulated luminescence (OSL) ages of the aeolian sand-
palaeosol sedimentary sequences and a series of palaeoenvironmental proxies show that: (1) The large-scale dune landscape
currently in the Kubuqi Sand Sea was formed during the Holocene in general; and the palaeosol was generally developed during
the period of 4–2 ka, indicating conditions favorable for vegetation growth, soil development, and organic carbon accumulation
due to increased precipitation or effective moisture and weakened aeolian activities; the large-scale expansion of dunes in the
recent 2 ka is closely linked to human activities. The variable discharge of the Yellow River with diversions for irrigation may
have resulted in a more consistent supply of aeolian particles for dune field expansion. (2) The dune landscape of the Hun-
shandake Sandy Land was likely formed around 12 ka, and before this, the western part of the Hunshandake Sandy Land would
have been covered by a single large lake; it was obviously wetter than today in the sandy land during the period of 9.6–3 ka and
the palaeosols were developed at the same time. But the aeolian activities have not been completely dormant in this long-lasting
wetter epoch; because the Holocene wetter period was likely time-transgressive across the region. (3) The palaeosol of the
Hulunbuir Sandy Land began to develop as early as 14.5 ka, probably continuing until the last 2 ka. The palaeosol development
of various dune fields in the eastern portion of the desert belt (sand seas and sandy lands) in northern China is spatially
heterogeneous, and even the palaeosol development time in different locations within each sandy land is inconsistent. During the
middle Holocene (especially the 7.5–3.5 ka), all the sandy lands were stabilized in general and the intensity of aeolian activities
was significantly weakened. The number of palaeoenvironmental records in the eastern portion of the desert belt (sand seas and
sandy lands) in northern China has increased rapidly in the past decade, but the amount of published data still does not match the
vast extent of the dune fields. It does require much more in-depth palaeoenvironmental studies for a full understanding of the
relationship between aeolian activities and climate change in northern China.
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1. Introduction

Sand Seas and Sandy Lands, which occupy 6% of the global
land surface, are common landscapes in drylands of Earth
(Pye and Tsoar, 2009). The deposits of aeolian sand and their
stratigraphic sequences, which record the environmental
changes of the dune fields and their responses to the global
climate changes as well as human activities, are unique and
important sedimentary and geomorphic archives of dryland
evolution (Goudie, 2002; Lancaster et al., 2013, 2016; Wil-
liams, 2014). In China, about 566000 km2 of landmass are
covered by wind-blown sands. The Sand Sea landscape
dominated by active sand dunes is mainly distributed in the
arid regions with a mean annual precipitation less than
200 mm, while the Sandy Land landscape dominated by
semi-active and vegetated dunes mainly occur in the semi-
arid regions with a mean annual precipitation of
200–400 mm (Zhu et al., 1980).
In recent years, scientific issues such as greenhouse gas

emissions, which should have a causal relation to global
warming and the increase of extreme climate events, have
attracted widespread attention from scientific communities
and policymakers in various countries (IPCC, 2013). One of
the key tasks of the Strategic Priority Project “Carbon
Budgets and Related Issues” granted by the Chinese Acad-
emy of Sciences has been to assess the palaeoenvironmental
patterns of China and the responses of ecosystems to climate
change during the typical geological time windows, and to
provide “historical analogue” for human adaptations to cli-
mate changes in the future (Guo et al., 2016). Numerical
simulations indicate that under the background of increased
CO2 emissions and global warming, the global dryland area
would expand rapidly and experience enhanced land de-
gradation (Cherlet et al., 2018). Under the RCP8.5 scenario,
the global dryland would increase to 56% of the land surface
at the end of this century (Dai, 2013; Huang et al., 2016). As
a predominant landscape of drylands, how does the sand
dune system respond to climate change is an urgent and
challenging environmental issue that human society has to
face (Cherlet et al., 2018). Additionally, studies have shown
that the desert ecosystem is the third largest active carbon
pool on landmass outside of terrestrial plants and soils, and it
plays a key role in regulating the concentration of atmo-
spheric CO2 and global climate change (Wohlfahrt et al.,
2008; Stone, 2008; Evans et al., 2014; Li et al., 2015; Liu et
al., 2015). In order to understand the response mode of dune

fields to climate change, it is important to study the temporal
and spatial variation characteristics of dune systems in the
recent past and their reactions to different palaeoclimates
comprehensively on the basis of the palaeoenvironmental
record from the interior of the dune fields.
Compared with other deserts of the world, the number of

palaeoenvironmental records from Chinese deserts is much
smaller. It was hampered by the low accessibility of Sand
Seas, and the lack of reliable and high precision dating
methods in the past, as well as the high complexity and vast
distribution of the dunes in China. Early research regarding
the formation history of deserts was mainly focused on the
margins of the Sand Seas or Sandy Lands and induced the
past environmental changes from some indirect archives
such as loess deposits adjacent to the deserts (Zhu et al.,
1980), with just a very limited direct records from the interior
of dune fields. With the rapid development of luminescence
dating in recent decades, which provides the possibility to
date the aeolian events directly, the number of palaeoenvir-
onmental records from internal deserts has increased ac-
cordingly (e.g., Yang et al., 2003, 2006, 2013, 2015; Lu et al.,
2005, 2013; Zhou et al., 2008; Mason et al., 2009; Stauch et
al., 2012; Gong et al., 2013; Fan et al., 2013; Qiang et al.,
2016; Stauch, 2016; Yang et al., 2017; Guo et al., 2018). The
records from internal deserts with their physical dating data
provided some direct information and evidence of the pro-
cesses and mechanisms of the desert formation and land-
scape evolution. As of now, more than 300 age records from
the dune fields of north China have been published, and most
of them derived from the sandy lands in the eastern portion of
the desert belt in northern China (Li and Yang, 2016). Sev-
eral studies demonstrated that the sandy lands of eastern
China have experienced significant environmental changes
since the Last Glacial Maximum (LGM), and most of the
dunes in the sandy lands have been vegetated extensively
during the middle Holocene (Zhu et al., 1988; Lu et al., 2005;
Mason et al., 2009; Yang et al., 2013). For example, there
were frequent aeolian activities in the Maowusu Sandy Land
during the early Holocene (11.5–8 ka), but the aeolian sands
were gradually stabilized after 8 ka as the monsoon wea-
kened and lower temperatures reduced evapotranspiration
(Mason et al., 2009). A study from Hunshandake Sandy
Land demonstrated that most of the dunes were stabilized by
vegetation during 9.6–3 ka, but a few active dunes persisted
in the west portion of the Sandy Land during the wetter
epoch too (Yang et al., 2013). Studies from the Horqin Sandy
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Land indicated that active dunes existed extensively before
~10 ka, and they were basically fixed during 8–3 ka, but
some of them underwent several epochs of reworking and re-
stabilizing after 3 ka (Zhao et al., 2007; Yang et al., 2010,
2012). These studies tried to reconstruct the history of en-
vironmental changes in the Sandy Lands through some in-
dividual aeolian depositional sequences, but the spatial
heterogeneity within the Sandy Lands makes the re-
presentativeness of these individual sedimentary sections
questionable (Liang and Yang, 2016).
With the strong support of the research programme “En-

vironmental Pattern of China during the Holocene Thermal
Maximum”, one of a subproject of the Strategic Priority
Project “Carbon Budgets and Related Issues”, we conducted
studies on the Sand Seas and Sandy Lands in the eastern
portion of Chinese desert belt (Figure 1). In this paper, we
mainly review the recent endeavors in the studies of the
chronology, geomorphology, and palaeoclimatology of dune
systems, especially the typical Holocene aeolian strati-
graphic sequences from Kubuqi, Hunshandake, and Hu-
lunbuir. The main aim of this paper is to examine the
landscape evolution history and their spatial and temporal
variations in the dune fields in eastern China during the
Holocene. The palaeoclimatic implications of the aeolian
records will also be discussed.

2. Regional settings

East of the Helan Mountains (~106°E) the deserts consist
mainly in Sandy Lands except for the Kubuqi Sand Sea, the
only one dominated by active dunes. The dune fields (in-
cluding Sand Seas and Sandy Lands) in the eastern part of the
desert belt in northern China are Kubuqi Sand Sea, Maowusu
Sandy Land, Hunshandake Sandy Land, Hulunbuir Sandy
Land and Horqin Sandy Land, respectively (Zhu et al., 1980;
Figure 1). While the palaeoenvironmental records in the
western portion of the Chinese desert belt are mainly re-
presented by calcareous cementation layers and lacustrine
deposits (Yang, 2000; Zhang et al., 2002; Chen et al., 2003;
Yang et al., 2003, 2006, 2011), the Sandy Lands in the east
show a distinct alternation of buried soil and aeolian sands,
indicating vegetation growth and aeolian activities, respec-
tively (Lu et al., 2005; Mason et al., 2009; Yang et al., 2011,
2013; Guo et al., 2018).
The Kubuqi Sand Sea located on the northern Ordos Pla-

teau and the southern bank of the Yellow River (Figure 1),
extends ~300 km from west to east, and its width decreases
from ~100 km in the west to 20–30 km in the east. Ten tri-
butaries (perennial and seasonal) of the Yellow River with
headwaters in the northern Ordos Plateau flow through the
middle and eastern part of Kubuqi northward. The Kubuqi
Sand Sea lies on the margin of the East Asian Summer

Monsoon, and the mean annual precipitation decreases from
ca. 400 mm in the east to 150 mm in the west (Figure 1).
Despite a relatively high mean annual precipitation, 80% of
the dunes in the Kubuqi are active (Zhu et al., 1980).
Therefore, it is the only sand sea in the semi-arid areas of
China. Tall transverse dunes overlie the fluvial-alluvial ter-
races of the Yellow River’s tributaries and the strikes of these
dunes are perpendicular to the predominant WWN winds
(Yang et al., 2016).
The Hunshandake Sandy Land is in the eastern Inner

Mongolia (Figure 1). Due to the reducing influence of the
East Asian Summer Monsoon, the mean annual precipitation
decreases from ca. 450 mm in the southeast to 150 mm in the
northwest (Yang et al., 2013; Figure 1). The landscapes are
dominated by active dunes and semi-stabilized dunes, such
as barchan and barchan chains (up to 10 m), in the western
part, while the eastern part is covered by a relatively dense
vegetation, and dunes are generally stabilized by plants.
Most of dunes in the east show parabolic, linear and network
forms (Zhu et al., 1980; Yang et al., 2008).
The Hulunbuir Sandy Land is at the highest latitudes,

compared to other aeolian landscapes in China (Figure 1).
The mean annual precipitation decreases from ca. 350 mm in
the east to 280 mm in the west (Figure 1), and the mean
annual temperature is about −1°C. Several rivers with
headwaters in the Greater Higgnan Mountains bring enough
sands to the Hulunbuir Sandy Land. In general, the Hu-
lunbuir Sandy Land has a high vegetation coverage, reaching
up to 30% and even to 50% on dune surfaces. The Hulunbuir
Sandy Land consists of three separate sandy belts from north
to south: the north one is located on the southern bank of the
Hailar river, with a length of about 110 km from east to west,
and active dunes, blowouts, and semi-stabilized dunes are
common; the central belt is characterized with stabilized
parabolic and re-activated dunes, with a height of about
5–15 m; the dunes in the south belt are stabilized, with
scattered blowouts (Zhu et al., 1980).

3. Materials and methods

During field investigations, we selected 7 typical aeolian
sand-palaeosol sections in the Kubuqi Sand Sea, the Hun-
shandake Sandy Land and the Hulunbuir Sandy Land (Figure
1). Detailed interpretation of sedimentary facies was carried
out according to the stratigraphic features, such as colour,
particle size, bedding, texture and sedimentary structure in
the field, and chronological and proxies’ samples were col-
lected at locations with palaeoenvironmental significance.
The chronological framework of the sedimentary sections
was established by OSL dating. In addition to the inter-
pretation of sedimentary facies in the field, grain size and
magnetic susceptibility were measured in laboratories.
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In this paper, OSL data of the six sections collected from
the Kubuqi Sand Sea and the Hunshandake Sandy Land are
sourced from Yang et al. (2013, 2016). Chronological sam-
ples of HLA from the Hulunbuir Sandy Land were dated in
the Laboratory of OSL Chronology, Institute of Earth En-
vironment, Chinese Academy of Sciences (CAS) in Xi’an,
and equivalent dose (De) measurements were performed on
an automated Daybreak 2200 system following the Single
Aliquot Regeneration (SAR) protocols (Murray and Wintle,
2000, 2003). The environmental dose rate was calculated
according to the content of U, Th, and K of each sample
(Guérin et al., 2011). Water content and cosmic dose rate also
were considered.
The grain size of samples from the Hulunbuir Sandy Land

was determined with a Malvern Mastersizer 3000. The mean
grain size (Mz) and standard deviation (σ) were calculated
following Folk and Ward (1957). Magnetic susceptibility
was measured with a Bartington MS2 susceptibility meter,
measurements involved dual frequencies of 465 Hz (low
frequency, χlf) and 4650 Hz (high frequency, χhf), and the
percentage frequency-dependent susceptibility (χfd, %) was
calculated with the following formula: χfd=[(χlf−χhf)/
χlf]×100% (Heller et al., 1991). All above measurements
were taken in the Key Laboratory of Cenozoic Geology and
Environment, Institute of Geology and Geophysics, Chinese
Academy of Sciences.

4. Results

4.1 Kubuqi Sand Sea

Section KA (40°14′N, 109°57′E) is exposed at 100 m above
a tributary of the Yellow River. The entire section is 4.4 m
thick, containing two layers of aeolian sands on the top and at
the bottom of the sequence and an interbedded palaeosol
(Figure 2). The bottom aeolian sand unit can be divided into
two parts: the lower part (4.4–4 m) is moderately sorted,
light yellowish brown (10YR 6/4), fine sand. The upper part
(4–3.4 m) is moderately well sorted, yellowish brown (10YR
6/6), fine to medium sand, and has coarser grain size com-
position as well as lower contents of CaCO3, TC, and mag-
netic susceptibility compared with the lower part (Figure 2).
The palaeosol (from 3.4 to 1.5 m) is poorly sorted, brown
(10YR 5/3), silty fine to fine sand. The upper 10 cm of the
palaeosol is a culture layer, composed of moderately sorted,
silty fine sand with some black carbon bits (Figure 2).
Compared with the aeolian sands on the bottom, the pa-
laeosol is much finer and more poorly sorted (Figure 2). The
palaeosol is chronologically constrained by three OSL ages,
i.e., 3850±440 yr at the base, 1900±195 yr in the middle and
905±12 yr on the top (Figure 2), indicating the palaeosol was
developed during the period of ~4000 yr to 1000 yr. The
uppermost layer of the section is 1.5 m thick, moderately
well sorted, light yellowish brown (10YR 6/4), fine aeolian

Figure 1 Distribution of dune fields in the eastern portion of the Chinese desert belt and the locations of sections (The boundary of the dune fields mapped
by the authors from Google Earth imagery. The precipitation data is from WorldClim (v2.0) dataset (Fick and Hijmans, 2017).
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sand, with well-developed cross beddings (Figure 2). Quartz
grains from 1 m of this layer yielded an OSL age of
235±35 yr (Figure 2).
Section KB (40°17′N, 109°47′E) is a 3.2 m thick aeolian

sand-palaeosol sequence exposed also on a terrace of a tri-
butary of the Yellow River, 20 m above the present river
channel. Two distinct aeolian sand layers are separated by a
buried soil, same as the KA section. The basal unit of the
section (3.2–2.4 m) is yellowish brown (10YR 6/4), moder-
ately well sorted, fine sand. The OSL sample collected at
2.9 m yielded an age of 7870±745 yr (Figure 2). The pa-
laeosol (2.4–0.35 m) is dark grayish brown (10YR 4/2),
poorly sorted, silty sand. The upper 0.4 m of the palaeosol is
differentiated by a weakly developed soil composed of
brown (10YR 5/3), better sorted but coarser sand (Figure 2)
with a weak blocky structure. The OSL ages indicate that the
palaeosol horizons were formed between 2870±320 yr and
2175±290 yr. The buried soil is overlaid by a 0.4 m thick
layer with light yellowish brown (10YR 6/4), very well
sorted, fine to medium aeolian sands (Figure 2).
Section KC (40°22′N, 108°55′E) is located on the top of

the first terrace of the Maobulakongdui, the largest river
flowing through the Kubuqi Sand Sea, and this site is 22 m
above the current river bed. The entire sequence is 3.7 m in
thickness. The bottom unit (3.7–0.7 m) is light yellowish
brown (10YR 6/4), well sorted, fine aeolian sand (Figure 2).
The fluvial sediment of the upper unit (0.7–0 m) is light
brown (7.5 YR 6/3), poorly sorted, clayey silt (Figure 2) with
high content of CaCO3 (up to 15%, Yang et al., 2006). Two
hard calcareous cementation layers were identified around
0.6 m of the section, with a thickness of 2 cm, consisting
mainly of white (5YR 8/1), silty sand and CaCO3. This layer
represents the latest flood event when the flooding level
reached that height. The OSL ages indicate that the riverbed
was in a quasi-stable state from 7520±590 to 3875±460 yr,
and the aeolian deposition might occur near the river chan-
nel. The rapid alternating of aeolian sand and floodplain
deposits on top of the section suggests that the river may
have experienced multiple lateral swings after 3875±460 yr,
thus forming intercalations of fluvial deposits and aeolian
sands (Figure 2).
The oldest aeolian deposit that we have dated is at the

bottom of KD section (40°24′N, 108°59′E; Figure 1), a se-
quence featured by aeolian sands with subhorizontal bed-
dings. The sediments are white (5YR 8/1), poorly sorted,
medium sands, with a high degree of carbonate cementation,
and contain some subrounded gravels with a diameter of
2–3 mm. Quartz grains of aeolian sands were OSL dated to
16240±1410 yr. This sequence is exposed near the main
channel of the Yellow River and was cut by fluvial incision
of a tributary. From the sedimentary characteristics and the
location, we think that this site was originally a part of an
early channel of the tributary, and the aeolian sands belong to

a type of source-bordering dunes.
Three of the four sections are not older than the Holocene,

whereas the section KD having the oldest aeolian sand of the
Kubuqi Sand Sea should be parts of a source-bordering dune.
The palaeoenvironmental proxies, such as grain size, sorting
(σ), CaCO3, χlf, χfd, total carbon (TC), and total organic
carbon (TOC), are quite different between aeolian sands and
palaeosols (Yang et al., 2016).

4.2 Hunshandake Sandy Land

We conducted detailed fieldwork in the central and western
parts of the Hunshandake Sandy Land, and two typical
sections in the western Hunshandake were selected. Dense
vegetation coverage around these two sections protects these
regions from wind erosion at modern times. Section SX (43°
04′N, 113°31′E) is located in a large interdune area, while
section BN (43°08′N, 114°29′E) is on the western slope of a
great lake basin surrounded by stabilized dunes. Most parts
of the lake basin have dried up, and only a small shallow lake
remains nowadays. The section BN is about 20 m above the
current lake level.
On the basis of field observation, the section SX is divided

into three units due to variations in colour, grain size, bed-
ding and carbonate content (Figure 2). The upper unit
(0.8–0 m) and basal unit (3.1–2 m) are light yellow (4–9Y 7–
9/6–8) and white-yellow (0–3.5Y 8–9/4–8) aeolian sands,
separated by a dark (9.5–9.7YR 5–7/4–8) palaeosol in the
middle. Five OSL ages were initially obtained from the
bottom of the section and the transitional zones of different
units. Aeolian sand at the very bottom was dated to 12–13 ka.
Though age inversion occurs between the two lowest sam-
ples (Figure 2), we still assume that the aeolian sand at the
bottom of the section was about 13 ka, considering the error
bars and uncertainties of the OSL ages. It also might indicate
that aeolian sand at bottom of the section has a high accu-
mulation rate. The development of palaeosol began at ca. 9.5
±0.45 ka and ended at ca. 4.0±0.18 ka (Figure 2). According
to the OSL ages, the mean sedimentation rate of the pa-
laeosol was 12–15 cm kyr−1, much lower than that of aeolian
sands (30–75 cm kyr−1).
The section BN shows similar sedimentary facies to those

of the section SX, with a middle layer of palaeosol separating
two aeolian sand units (Figure 2). The difference is that there
is a 0.5 m thick fluvial and lacustrine sediment unit under-
lying the basal aeolian sands in the section BN. The upper
0.4 m of the fluvial and lacustrine unit is dark yellow (9YR 7/
6), poorly sorted, coarse sand, quite different from aeolian
sand, suggesting that it was probably a lakeshore while a
great lake existed. The lower 0.1 m of the fluvial and la-
custrine unit is well-consolidated silt and clay (Figure 2).
The development of black-brown (6–7YR 2–2/2–7) palaeo-
sol in the middle of the section BN began at 10.1±0.45 ka and
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lasted until 3.3±0.15 ka. Besides, there is a transitional weak
palaeosol horizon between the palaeosol and the uppermost
aeolian sand unit, indicating a gradual enhancement of aeo-
lian activities and degradation of vegetation. Aeolian sand
samples from the upper and basal units were OSL dated to 1
ka and 13 ka, respectively. Considering the consistency of
the whole chronology framework, we do not think the OSL
age of the sample from the second lowest location (Figure 2)
is reliable and thus it is not considered for further inter-
pretation.

4.3 Hulunbuir Sandy Land

Section HLA (48°19′N, 118°58′E) is located on the eastern
part of the central sand belt of the Hulunbuir Sandy Land
(Figure 1), about 40 m above the current riverbed of the Hui
River. The entire section is 3.5 m thick, and contains two
palaeosol units (Figure 3). The bottom unit of the section
(3.5–2.9 m) is well sorted, light brown (10YR 8/2.5), aeolian
sand with near-horizontal bedding. Overlying is a 0.45 m
thick weakly developed palaeosol (2.9–2.45 m), whose par-
ent material is brown (7.5YR 4/4) fine sand. The unit of
2.45–2.0 m is well developed dark-brown (10YR 4/3) pa-
laeosol, with weak blocky structure. The uppermost unit
(2.0–0 m) is well sorted yellowish-brown (10YR 6/4) aeolian
sand. The bottom 0.4 m part of the uppermost unit has nearly
horizontal bedding, while roots of modern vegetation can be
found in the upper part without any bedding. Three OSL
samples were collected at the transitional zone of sedimen-
tary facies. Quartz grains from top of the bottom aeolian unit
yielded an OSL age of 14.53±0.73 ka, and quartz grains from

top of the dark palaeosol were OSL dated to 5.86±0.30 ka,
while the OSL age of aeolian sand from bottom of the up-
permost aeolian unit is 0.53±0.04 ka (Figure 3). palaeosol of
this sequence began to develop at ca. 14.5 ka, and experi-
enced remarkable pedogenesis in the middle Holocene. Al-
though the OSL age from the bottom of the uppermost
aeolian unit is about 0.53 ka, the real ending time of the
palaeosol formation could not be determined due to the un-
certainity of evaluation about potential erosions having oc-
curred at the top of the palaeosol unit. It is, however, quite
likely that the 2 m thick aeolian sand layer at top of the
sequence was deposited during the past 500 years. There is a
continuous litter layer around 0.8 m below the surface
(Figure 3), which was deposited after AD 1950 according to
its AMS 14C age, indicating that the aeolian sands of the
uppermost 0.8 m aeolian sand was deposited just in the last
60 years.
Overall, the entire section HLA consists in well sorted fine

sands, although the palaeosol has significantly higher content
of fine particles (<63 μm) and higher magnetic susceptibility
(Figure 3). Field experiments showed that the increase of
vegetation coverage in semi-arid areas could promote the
ability to capture the atmospheric dust, which is the main
provenance of fine particles in soils (Yan et al., 2011). Also,
grain size analysis of aeolian sands collected from the sur-
face with different vegetation coverage in the Maowusu
Sandy Land indicated that the content of <63 μm particles
increases significantly in fixed and semi-fixed dunes (Liu et
al., 2017). Those observations and analyses suggest that the
increasing content of fine particles in palaeosol should be
closely related to the recovery of vegetation and stabilization

Figure 2 Stratigraphic sections with associated OSL ages and sorting (σ) of grain sizes (blue curve) from the Kubuqi Sand Sea (KA, KB and KC) and the
Hunshandake Sandy Land (SX, BN) (for locations see Figure 1).
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of dunes.

5. Discussion and conclusions

5.1 Age of the desert landscape and Holocene en-
vironmental changes deciphered from the sedimentary
sequences of the Kubuqi Sand Sea

Although the oldest aeolian sand of the abovementioned 4
sections of the Kubuqi Sand Sea was OSL dated to ca. 16 ka
(KD), we do not think it could be considered as direct evi-
dence for the initiation of large-scale desert landscape in the
Kubuqi, because the site of this sample is located near the
river channel. Such a site is favorable for the formation of
source-bordering dunes due to the availability of abundant
loose sediments (Maroulis et al., 2007; Cohen et al., 2010;
Halfen et al., 2016). Thus we assume that the aeolian de-
position from the KD section mainly reflects the develop-
ment of source-bordering dunes, and its formation should be
closely linked to the fluvial sand supplies rather than climatic
aridity. Just as Williams (1994) found, source-bordering
dune development in western New South Wales of Australia
was enhanced at times of warmer and wetter climate by re-
plenishment of the localized fluvial-sand supply. Most of the
sections studied by Fan et al. (2013) in the Kubuqi Sand Sea
were dated to Holocene ages, broadly consistent with our
results. However, the number of records is still too small for
a full understanding of the origin and history of the Kubuqi
Sand Sea. At this stage we are unable to clarify whether the
aeolian depositional events in the interior of the Kubuqi re-

flect an increase of sand supply from the Yellow River (Liu
and Yang, 2018) or the reworking of the underlying sandy
sediments.
The OSL chronology of sections KA, KB, and KC in-

dicates that the aeolian sands were deposited sometime in the
last ~8 ka. As shown in Figure 2, the buried soils with cu-
mulic A horizons could be found in both KA and KB, sug-
gesting a vegetation rehabilitation and relative stable
landscape for a prolonged period some times between ca. 4–
2 ka. Generally speaking, the appearance of palaeosol in
semi-arid regions reflects a steppe or forest-steppe land-
scape, while the appearance of aeolian sand corresponds to a
desert landscape (Zhu et al., 1988; Yang and Eitel, 2016). In
the KA and KB, the TOC and χfd of palaeosols are sig-
nificantly higher than those of aeolian sands (Yang et al.,
2016), indicating a relatively strong pedogenesis at that
period. Consequently, we can infer that the Kubuqi Sand Sea
might have had higher precipitation or effective moisture
during 4–2 ka. The KC and KD sections in western parts of
the Kubuqi Sand Sea do not have buried soils, indicating a
continuous aridity. The modern environment monitoring of
the Mauwusu Sandy Land, south of the Kubuqi Sand Sea,
has shown that the responses to changes of external forcing
between the western and eastern parts of the Maowusu Sandy
Land are out-of-phase (Liang and Yang, 2016). The eastern
part of the Mauwusu moved toward a better condition first
under the trends of reduced wind power, weakened human
intervention and a slight increase in precipitation, while the
vegetation recovery in the western part is dependant more on
a continuous improvement of climatic conditions (Liang and
Yang, 2016). This study implies that there should be asyn-
chronous responses to climate changes between the western
and eastern parts of the Kubuqi Sand Sea due to the ob-
viously different climate backgrounds.
As shown in Figure 2, the palaeosols were overlaid by

aeolian sands, indicating enhanced aeolian activities in the
Kubuqi Sand Sea 2000–1000 years ago. The timing of in-
tensified aeolian activities is broadly consistent with the
human expansion into this region during the Han (202 BC–
AD 220) and Tang (AD 618–907) dynasties, reflecting their
possible causal linkages. Research on historical geography as
well as modern observations manifest that overgrazing and
land reclamation can result in land degradation and dune
reactivation in drylands (Zhu and Liu, 1981; Forman et al.,
2008; Williams, 2014; Li and Yang, 2014; Liang and Yang,
2016; Cherlet et al., 2018). According to various historical
literature, there were several population centers and county-
level cities in the Kubuqi Sand Sea during the Neolithic and
historical periods, respectively (Wang, 1991; Figure 4), and a
large number of people had immigrated to the Kubuqi during
the Qin and Han Dynasties. For example, the military of the
Han Dynasty occupied the areas south of the Yellow River in
127 BC and they set up an administrative center named

Figure 3 Stratigraphy, OSL chronology, and changes of palaeoenviron-
mental proxies in section HLA.
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“Shuofang” which governed over 10 counties (based on Ban
Gu and Li Daoyuan, cited from Wang, 1991; Figure 4). The
establishment of Shuofang spurred the economy in the
northern frontier regions of the Chinese nation at that time.
Settlements may have existed in the Kubuqi Sand Sea as

early as 3000 years ago, i.e., during Neolithic times (Figure
4). Driven by immigration policy for consolidating frontier
defense after the Qin and Han Dynasties, a large number of
people engaged in agricultural activities and diverted water
for irrigation in the Kubuqi Sand Sea (Wang, 1991). The
consumption of water from the Yellow River and its tribu-
taries might have led to the desiccation of some parts of river
beds, which would then provide additional loose sandy ma-
terials for the development of dunes (Liu and Yang, 2018), as
it is commonly the case nowadays in western China (Yang et
al., 2006a). Therefore, we conclude that the environmental
deterioration of the Kubuqi Sand Sea in the late Holocene
and the development of sand dunes was closely related to an
intensification of human activities.

5.2 Holocene environmental changes of Hunshandake
Sandy Land reflected by the aeolian-palaeosol sequences

Many shallow lake basins with remains of early shorelines
exist in the Hunshandake Sandy Land, indicating significant
variations of hydrological conditions. Typical lacustrine
deposits were found at 1090 m above sea level in the western
Hunshandake Sandy Land. Combining the analysis of digital
elevation model, we think that the western Hunshandake
might have been inundated under a single lake in the late
Pleistocence (Yang et al., 2011). Although we failed to date
these lacustrine deposits, it is likely that the initiation of the
single lake would be earlier than 12–13 ka because of the
ages of the lacustrine deposits at the bottom of the BN sec-
tion (Figure 2). During the last deglaciation, the rivers
springing from the southern mountains could have provided
a large amount of water to form the great lake. We deduce

that the appearance of the single lake was prior to the for-
mation of dune landscape in the western Hunshandake Sandy
Land. The viewpoint on the formation of the Hunshandake in
the Pliocene claimed by Li and Dong (1998) needs further
investigation. Periglacial sedimentary facies such as sand
wedges found in the south of the Hunshandake indicate that
continuous permafrost existed in northern China during the
LGM and its southmost boundary could reach down to 38°N
(Vandenberghe et al., 2004; Zhao et al., 2014), suggesting
limited sediment availability for aeolian activities due to
frozen conditions during the LGM.
The initial appearance of palaeosols in aeolian sequences

can be interpreted as a sign of improved climatic conditions
which resulted in the creation of stable landscapes and the
suppression of aeolian processes. According to the OSL ages
of the two sections, the initial soil formation of SX occurred
later than that of BN (Figure 2). This offset could have been
caused by the difference in the mean annual precipitation
between the two sites (currently the precipitation difference
between the west and east of Hunshandake is ca. 300 mm).
We think that the post-Pleistocene climate change was time-
transgressive across the region and that environment condi-
tions had been improved slightly later at SX (west) than at
BN (east). The bottom age of the palaeosol at the central-
southern part of the Hunshandake is 9.36±0.27 ka (Yang et
al., 2008), and broadly consistent with the result in the
western part. Since the difference in ages is within the error
bar of the OSL dating, the significant increase in moisture
should be no later than 9 ka in the entire Hunshandake. In the
eastern part of the Sandy Land, palaeo-drainage systems and
high lake levels were dated to this time too (Yang et al., 2015;
Goldsmith et al., 2017), indicating occurrence of a landscape
with lakes, rivers and high vegetation coverage. Ad-
ditionally, the radiocarbon age of a palaeo-spruce timber in
the southern Hunshandake is 10040±100 yr BP (Cui et al.,
1997), indicating a temperate humid forest from 10 to 9 ka in
this region. Although the nature of OSL ages of our samples

Figure 4 Distribution of Neolithic sites and Han cities (Chinese Cultural Bureau, 2003). Locations of the Fengzhou of the Tang Dynasty and Shuofang of
the Han Dynasty are deciphered from Wang (1991).
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cannot provide a high-resolution chronological framework
for palaeoenvironmental reconstruction, we can conclude
that the increase in effective moisture in the Hunshandake
lasted at least from 9 ka to until around 3 ka. Combining the
changes of palaeoenvironmental proxies and results from
numerical simulations, Yang et al. (2013) suggested that
there was likely an increase in mean annual precipitation of
30–140 mm during the early and middle Holocene in the
Hunshandake. However, Zhou et al. (2008) demonstrated
that the aeolian activities were still ongoing at 9.9–8.2 ka in
the Hunshandake, and only gradually ceased during 8.2–2.7
ka.
The grain size variations in the BN section show that the

palaeosol is finer than aeolian sand, but this trend is not
significant in the SX section (Yang et al., 2013), confirming
that the aeolian activities did not completely stop during the
wetter periods. This is quite common in the semi-arid re-
gions, i.e., as soil formation is in progress in one place, the
aeolian deposition might be active nearby at the same time.
While the vegetation grows, the dunes are being stabilized by
vegetation and the organic matter gradually accumulates,
forming a type of cumulic soil with an overthickened dark
epipedon (Randall and Sharon, 2005).

5.3 Spatial and temporal variations of the aeolian ac-
tivities in the dune fields in the eastern portion of the
Chinese desert belt during the Holocene

Generally speaking, the extensive aeolian activities during
the late Pleistocene have been reported for all sandy lands in
the eastern part of the desert belt in northern China, with
large-scale dune stabilization and soil development occur-
ring in the middle Holocene (Figure 5), same as in the
Hunshandake Sandy Land as discussed above. However, an
even longer period of stabilization occurred during the early
and middle Holocene in the dune fields located east of the
Hunshandake, such as the Horqin Sandy and the Hulunbuir
Sandy Land (Figures 3 and 5). Several aeolian sand-pa-
laeosol sequences from the Horqin Sandy Land and their
OSL ages showed that the dunes in the sandy land were
stabilized during 7.5–2 ka and developed chernozem soil,
and the period from 10 ka to 7.5 ka was characterized by the
semi-stabilization of dunes in the Horqin (Zhao et al., 2007).
The sections from later studies showed similar patterns
(Yang et al., 2010, 2012), although the exact time of soil
development is differently interpreted. The main features of
the aeolian sedimentary sections in the Hulunbuir Sandy
Land is a palaeosol interrupted by thin aeolian sands. Some
previous studies demonstrated that the palaeosol of northern
Hulunbuir has continued from 12.4 ka to 4.4 ka (Li and Sun,
2006) and even to a later date (Li et al., 2002). The aeolian
sequence and OSL ages of the HLA section from the central
Hulunbuir indicate that the environment had improved and a

weak soil had begun to develop as early as 14.5 ka (Figure 3),
while the strong soil formation only began at the middle
Holocene and lasted until 2000 years ago (Figure 3). In the
Maowusu Sandy Land, there was evidence showing that the
period of aeolian activities was between 13 and 6 ka (Mason
et al., 2009), and the time of soil development in the eastern
Maowusu was between 7 and 2.4 ka (Lu et al., 2005), but
some other records showed that the wetter period of the
Maowusu was between 9 and 5.6 ka (Sun et al., 2006).
Considering all previous studies, we think that the Hulunbuir
Sandy Land experienced the longest period of stabilization
among all the dune fields in the eastern portion of the desert
belt of northern China (Figure 5). This must be linked with
the relatively high mean annual precipitation and lower
evapotranspiration associated with its geographic location at
higher latitude and under lower temperatures (Figure 6).
It could be noted that the wetter period recorded by sedi-

mentary sections at different sites varies more or less in the
same dune field (Figure 5). Contradictory conclusions might
be drawn from different sedimentary sections, showing the
impact of spatial heterogeneity on the reconstruction of pa-
laeoenvironment in arid and semiarid environments. This
also illustrates the complexity of using the aeolian records to
reconstruct the palaeoenvironment. For example, in contrast
with our records at SX, BN and HLA sections, Mason et al.
(2009) reported that dunes in the sandy lands of eastern
China were still active during the earlier Holocene (11.5–8
ka). Even during the period between 8 and 6 ka, aeolian
activities were not rare in these sandy lands (Mason et al.,
2009). In order to reduce the impact of spatial heterogeneity
and to construct a large-scale environmental change frame-
work, Li and Yang (2016) used the published aeolian sand-
palaeosol sequences and OSL chronological data to calculate
the proportion of stable records in the INQUA dune chron-
ological database. The results show that the palaeosol re-
cords in the dune fields of northern China account for more
than 60% during the middle Holocene (Li and Yang, 2016;
Figure 5), indicating that the sandy Lands in northern China
should be in a stable state to a large extent during the Middle
Holocene. However, OSL ages of the palaeosol have some
uncertainties because the bioturbation is very common in the
buried soil (Yang et al., 2013; Hesse, 2016). For reducing the
uncertainties, we collect some OSL data following the cri-
teria: (1) the data were published is peer-reviewed journals;
(2) the stratigraphic features were clearly described; (3) the
samples were collected from aeolian sand and no bioturba-
tions were reported near the sampling points; (4) the OSL
ages were reported with reliability evaluation and quality
control. As of March 2018, a total of 135 aeolian event re-
cords matching the above four criterias have been published
from the dune fields of eastern China (Figure 5). We used
these collated OSL ages and their errors to calculate the
cumulated probability density functions (Hesse, 2016;
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Stauch, 2016), and the results show that the aeolian event
records are mainly older than 7.5 ka or younger than 3.5 ka
(Figure 5). This implies that the sandy lands in eastern China
were extensively stabilized, and the aeolian processes were
basically dormant during the period between 7.5 and 3.5 ka.
The scattered aeolian depositional records in some sections
are likely derived from some local aeolian events.
To understand the difference in responses to climate

change in various dune fields, we conducted a random
sampling analysis of the modern climate parameters of the
dune fields in the eastern portion of the Chinese desert belt
according to the extent of the sand areas (Figure 6). From the
perspective of modern vegetation coverage reflected by the
summer NDVI, the Horqin Sandy Land in the easternmost
part and the Hulunbuir Sandy Land in the northernmost part
show the highest NDVI (Figure 6d). The mean annual pre-

Figure 5 The typical Holocene aeolian sand-palaeosol sequences from the dune fields of eastern China ((a)–(l)), changes of solar insolation (June) at 30°N
(n), the proportion of palaeosol records in the INQUA database (m), and the CPDF of aeolian sand OSL ages from the dune fields of eastern China (o). Origin
of the data: (a), this study; (b), Li and Sun (2006); (c) Li et al. (2002); (d), Lu et al. (2013); (e) Zhao et al. (2007); (f) Yang et al. (2010); (g) this study; (h)
Yang et al. (2008); (i) Mason et al. (2009); (j) Gong et al. (2013); (k) Sun et al. (2006); (l) Lu et al. (2005); (m) Li and Yang (2016); (n) Berger and Loutre
(1991); (o) this study.

Figure 6 Comparison of modern climate and environment conditions in the dune fields of eastern China. (a) Mean annual precipitation (data from Fick and
Hijmans, 2017); (b) mean annual Hargreaves potential evapotranspiration (data from Zomer et al., 2006); (c) Drift Potential (DP) of the wind from 1979 to
2017 (based on the ECWMF reanalysis data); (d) the MODIS NDVI of summer months; (e) the ratio of precipitation to potential evapotranspiration, degree of
aridity based on UNEP (1997); (f) the random sampling sites (blue dots) distribution and DP isoline in north-eastern China. KBQ, Kubuqi; MWS, Maowusu;
HSDK, Hunshandake; HQ, Horqin; HL, Hulunbuir.
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cipitation in each dune field varies generally from 200 to
500 mm (Figure 6a). And the Hunshandake Sandy Land has
the largest regional difference in terms of mean annual
rainfall (Figure 6a). Combining the potential evapo-
transpiration mainly associated with temperature (Zomer et
al., 2006; Figure 6b), we calculated the effective moisture
(mean annual precipitation/mean annual potential evapo-
transpiration, P/PET) of each dune field (Figure 6e). It comes
out that there is a clear correlation between vegetation cov-
erage and effective moisture (Figure 6d, e). The Kubuqi Sand
Sea is the most arid one with an effective moisture <0.3,
while the Hulunbuir Sandy Land and the Horqin Sandy Land
are clearly wetter with an effective moisture >0.4 (Figure
6e). The wind power expressed by drift potential (DP, Fry-
berger and Dean, 1979) caculated using the wind data from
1979 to 2017 showed that the dune fields of our study belong
to low wind energy environment with DP<200 vu except for
the Hunshandake Sandy Land with a DP>200 vu (Figure 6c).
The asynchrony of soil development and aeolian activities
among different dune fields could be explained by the re-
gional difference of climatic conditions in modern times. The
better climatic conditions (i.e. with higher effective moist-
ure) of the Hulunbuir and the Horqin Sandy Lands in the east
enable them to respond more effectively to the improved
climatic conditions in the early Holocene. However, the
Maowusu and the Kubuqi in the west needed a higher and
sustained increase in precipitation to have their dunes sta-
bilized. This can be interpreted as time-transgressive pro-
cesses on a larger scale than what was observed in the
Hunshandake Sandy Land as reflected by the BN and SX
sections. This also tells us that analyses of the modern cli-
matic pattern are of great importances for palaeoenviron-
mental reconstructions.

5.4 Needs of studying the palaeoenvironment records
and sedimentary sequences in the deserts of northern
China and interpretational ambiguities requiring clar-
ifications

In recent years, with the increasing amount of OSL ages
derived from sedimentary sequences in deserts, ages of
aeolian records themselves have become a proxy for inter-
preting the intensity of aeolian activities (Hesse, 2016;
Stauch, 2016; Li and Yang, 2016). Driven by the interna-
tional program ‘The INQUA Dunes Atlas chronologic da-
tabase’ (Lancaster et al., 2016) the aeolian research
community tries nowadays to investigate palaeoenviron-
mental changes in deserts and their responses to global cli-
mate change based on a convincing number of sedimentary
records/sections rather than using a single section as earlier
(Lancaster et al., 2016; Thomas and Bailey, 2017). In light of
the standard of the INQUA Dunes Atlas chronologic data-
base, Li and Yang (2016) collated data from published lit-

erature, and 331 dune records from the dune fields of
northern China have been compiled in the INQUA database.
Most of these ages from China were OSL dated, while only
25 were dated by radiocarbon methods. There are obviously
spatial and temporal imbalance in terms of the record
availability in the sand seas and sandy lands of northern
China in the current database. From the perspective of
temporal range, most of the records are within the time since
the LGM, of which about 85% are from the Holocene (Li and
Yang, 2016). Compared to other areas, the arid and semi-arid
regions often experience strong aeolian erosion and rapid
reworking processes. Therefore, the aeolian depositions are
difficult to be fully preserved over long geological history.
This could lead to the decrease in the number of aeolian
depositional records with increasing ages (Li and Yang,
2016). In terms spatial coverage, the number of records is
obviously higher in the dune fields of the eastern portion of
the Chinese desert belt than that in the west. Only sporadic
records have been published about the Taklamakan Sand
Sea, the largest dune field in northern China. Although much
more age data about the sandy lands in the east can be found,
most of these records are younger than 20 ka, potentially due
to sand availability and preservation (Li and Yang, 2016).
Even so, the number of available palaeoenvironmental re-
cords in the sandy lands of eastern China is still far from
satisfactory to depict precisely the history of the environ-
mental changes in this part of the world. In the INQUA
Dunes Atlas chronologic database published in 2016, there
were over 600 age records from both the dune fields of South
Africa and Australia, and those from the dune fields of North
America reached up to 1000 (Lancaster et al., 2016; Hesse,
2016; Halfen et al., 2016), showing that there is still a large
gap between China and other countries in the study of pa-
laeoenvironments of deserts.
In arid and semi-arid areas where palaeoenvironmental

archives are rare, aeolian deposits play a unique role in the
reconstruction of past climate changes. However, the fol-
lowing ambiguities are often difficult to be clarified although
they are crucial to the interpretation of the palaeoenviron-
mental records in these regions:
(1) Spatial heterogeneity is a common fact in the dune

fields of northern China (especially in the sandy lands). In a
same area, the nature of earth surface between dunes and
inter-dunes can be different and active dunes and semi-sta-
bilized dunes often coexist. Even on a same dune, the ve-
getation coverage on the stoss side and the lee could be quite
different. This alone would lead to inconsistent sequences
because of selection of micro morphology. When re-
constructing the palaeoenvironments of the desert, it is ne-
cessary to obtain as many sediment records as possible to
clarify and avoid the potential impacts of spatial hetero-
geneity.
(2) Sampling location for chronological samples affects
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the interpretation of the palaeoenvironments. Practically, the
OSL method is well-suited and easily applied for handling
aeolian sediments (Rhodes, 2011), thus most of the OSL
samples are collected from aeolian sand units in an aeolian
sand-palaeosol/lacustrine sedimentary sequence, while OSL
samples from palaeosol/lacustrine units are sometimes
avoided. Therefore, only considering the number of age re-
cords would lead to overestimating/underestimating the dune
activity/stability. In addition, new phase of aeolian activities
might be just a reworking of previously deposited sediments
from an existing dune system (Kocurek, 1998), resulting in a
lower probability of preserving older deposits, and thus
sample ages could be concentrated in more recent periods
(Figure 5). Provided older deposits would still be preserved
in lower layers, the sampling strategy may cause samples to
tend to be young (Thomas and Bailey, 2017). Therefore, the
significant increase of age records for the last 2000 years
does not necessarily mean that the aeolian activities were
stronger in that period than those in the early Holocene.
(3) The relationship between the intensity of aeolian ac-

tivity and climatic conditions is quite complex. In the early
studies, the appearance of palaeosol was mostly interpreted
as a sign of climate optimum, vegetation development and
desert contraction, while the appearance of aeolian sands was
associated with drier climate, increase in aeolian activities
and desert expansion (e.g., Thomas et al., 2005; Mason et al.,
2009; Yang and Eitel, 2016). However, studies from the
Gonghe Basin in the Qinghai-Tibetan Plateau indicated that
the appearance of aeolian landscapes is mainly subject to
changes in sediment supply, and there is no straightforward
relationship between aeolian activities and climate condi-
tions (Qiang et al., 2016). Muhs and Holliday (2001) found
out that the regional dune stabilization in the southern high
plains of the United States in the late Holocene is firstly
related to the reduction in sediment availability, and then to
the change of precipitation. Studies from the Hunshandake
Sandy Land showed that the direct trigger for an irreversible
and abrupt desertification were the changes in its hydrology
caused by headward erosion and groundwater sapping (Yang
et al., 2015). The movement of dunes in South Africa cannot
be completely explained by the simple linear relationship of
“shifting of sand dunes-aridification enhancement”, either
(Chase, 2009). These studies challenged the previous the-
ories applying dune activity as an indicator of climate ar-
idification and demonstrated that it is important to
understand geomorphology and surface process prior to re-
constructing palaeoenvironments in desert.
Unlike other relatively continuous palaeoclimate records

such as loess deposits and stalagmites, aeolian sand deposits
are characterized by typical intermittency and instantaneity
(Zhang and Yang, 2016). Although the occurrence of aeolian
sand accumulation could reflect the history of aeolian ac-
tivities, erosion of sedimentary records is an important part

of geomorphological processes in aeolian systems (Williams,
2014; Thomas and Bailey, 2017). Thus, method establishing
high-resolution framework of environmental changes from
ages of aeolian sands and tuning these changes with other
high-resolution climate records to depict the responses of
desert environment to centennial/decadal climate fluctua-
tions require reassessments.
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