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Dynamic changes of aeolian landforms under changing environments in a middle-latitude
desert belt is a typical problem of climate change and related landscape response. It need
a comprehensive understanding of the formation mechanisms of dune landforms with the
supply of material suitable for aeolian transport and favorable conditions of sediment
availability and wind regimes in the region. Based on comprehensive evidences from
geomorphological, sedimentological, geochemical, and hydrological analysis, this study
discussed the dynamical changes of different dune landforms during the past half century
and their provenance in the Hexi Corridor, China. The results show that there are two
states of sand dunes movement in the Hexi Corridor in the past half century, dynamic
migration and basically stable. The crescent-shaped dunes move the fastest, followed by
the chains of barchan dunes. Only the top of the pyramid dunes wigwags, while the
parabolic dunes and the longitudinal dunes hardly move forward. The moving speed of
sand dunes is positively correlated with the wind speed =5 m/s at a yearly scale. The grain
size of sand dunes in the western Hexi Corridor is coarser than that in the central-eastern
part, and also larger than those in other deserts of northern China and of the world.
Different motion modes of saltation, suspension, and creeping are identified between
aeolian, alluvial/fluvial and gobi sediments. Dune sands are mainly “sediments of in-situ
rising” that originated from alluvial/fluvial/lacustrine deposits of ancient rivers, lakes, and
aeolian deposits in the erosion zone of the forelands of the Qilian and Beishan Mountains
and the north-neighboring deserts. This reveals a significance interaction between wind
and water dynamics in the formation and evolution of aeolian landforms in the arid study
area. Sufficient transport capacity is evidenced for both the western and eastern parts of
the Hexi Corridor, sufficient sand supply and sand availability, however, is the favorable
factor for dune formation in the east part but is the limiting factor for the west.

Keywords: sand dunes and gobi sediments, geomorphological dynamics, grain size sedimentology, major- and
trace-elements geochemistry, sediment provenance, desertification, Hexi Corridor, middle-latitude desert

INTRODUCTION

The mid-latitude desert belt refers to the desert zone ranging between 30 and 60 °N latitude outside
the control of the subtropical high climate in the Northern Hemisphere, more than 90% of which are
distributed in the arid inland of central Asia and northern China. In northern China, about 566,000
square kilometers of land area are covered by aeolian sand, covering a wide range of
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geomorphological and tectonic backgrounds ranging from 155 m
below sea level to 5,000 m above sea level (Yang, 2006). The desert
landscapes dominated by active sand dunes are mainly
distributed in the arid areas with an average annual
precipitation of less than 200 mm, while the sandy-land
landscapes dominated by semi-active dunes and vegetated
dunes mainly appeared in the semi-arid areas with an average
annual precipitation of 200-400 mm (Zhu et al, 1980). The
present geomorphology of these sandy deserts is the product
of long-term and short-term changes of the interaction between
endogenic forces (such as tectonic movement) and external forces
(such as climate) of the earth system (Goudie, 2002; Lancaster
et al,, 2013; Williams, 2014; Lancaster et al., 2016; Yang et al,,
2019). In turn, these deserts may have affected the global climate
system indirectly through desert sediment circulation such as
dust cycles (Goudie, 2002; Yang, 2006). Therefore, the
understanding of desert landscape evolution will increase our
understanding of the earth system.

The movement of aeolian materials and the dynamics of dune
landforms are the results of the transportation and accumulation
of sandy sediments under the influence of climate (especially
wind and atmospheric circulation), which is the direct cause of
landsurface desertification (Zhu et al., 1980; Zhu and Wang, 1992;
Yang et al., 2004, Yang et al., 2012, Yang et al., 2019). Thus, in
terms of genetic mechanism, formation of aeolian deposits
depends on an array of requirements: the supply of material
suitable for aeolian transport and favorable conditions of
sediment availability and wind strength (Kocurek and
Lancaster, 1999; Yang et al., 2012; Nottebaum et al., 2015b; Lv
et al., 2018). In brief, the sedimentological environment (such as
the supply and availability of source materials), geomorphic
conditions (such as the route and distance between a specific
sediment and its potential source area), and climatic conditions
(such as wind regime and effective moisture controlling dust-
trapping vegetation covers) constitute a complex system of dune
landform development (Kocurek and Lancaster, 1999). Dune
formation and dynamics in China were qualitatively or semi-
quantitatively described in most early studies (Yang, 2006). Some
pioneer scholars have studied the development and movement of
sand dunes in the Taklamakan Desert of China, the second largest
active sand desert in the world, and they quantitatively analyzed
the moving speed and evolution process of local crescent dunes
(Zhu et al., 1964; Zhu et al., 1980, Zhu et al., 1981a). These studies
laid a solid foundation for the later development of refined and
quantitative researches due to the progress of research methods
and technical tools, and until now, they are still a milestone and
cornerstone of desert researches in China.

The Hexi Corridor is located in the center of the desert belt in
northern China and at the middle-latitudes of Northern
Hemisphere (NH). It was once one of the most important
trunk sections of the world-famous Silk Road, and a place
where several ancient cultures converged. Today the Hexi
Corridor is facing severe problems of desertification and
climate change under global warming. For nearly half a
century, frequent sandstorms in northern China have been
considered to be the direct consequence of desertification in
the Hexi Corridor, because the Hexi area is regarded as the
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main source area and the engine area of sandstorms in northern
China (Zhang and Ren, 2003; Pu, 2005; Li and Zhang, 2007).
Therefore, the problem of desertification in the Hexi Corridor is
one of the major problems that have been urgently needed to be
resolved in northern China for half a century.

For nearly half a century, desertification in the arid areas of
northern China and its origin, causes, processes, impacts on
climate change and methods of combating desertification have
been studied and discussed in more detail, such as the
classification (Zhu et al.,, 1980; Zhu et al., 1981b), causes (Wu
et al.,, 1997; Wu and Ci, 1998; Sun, 2000; Sun and Li, 2002; Wu
and Ci, 2002; Runnstrom, 2003), trends (Zhu, 1985; Ci et al,,
2002; Wang et al., 2004; T. Wang et al., 2003, Wang et al., 2004a,
Wang et al., 2004b) and environmental effects (Ci and Yang,
2004; Yang et al.,, 2008) of desertification in China. Although
significant progress has been made in the study of desertification
in China in recent decades and the understanding of the
classification of desertification has reached a basic consensus,
its causes are still controversial. Many scientists believe that the
desertification in northern China is mainly caused by human
activities (Wu, 2001; Wang et al., 2003a; Wang et al., 2004b),
while others believe that climate change is the main cause of
desertification in northern China (Zhao, 1981; Wang, 2002; Han,
2003; Wang et al., 2005, Wang et al., 2006a, Wang et al., 2008a).
But in any case, desertification is a dynamic process, which is
potentially affected by surface erodibility and atmospheric
erosivity (Thomas et al., 2005; Thomas and Leason, 2005) and
may also be affected by geomorphological processes on the
geological time scale even greater than the effects of climate
change (Nottebaum et al., 2015a), and these dynamics are still not
well understood at present, especially at the inter-decadal
time scale.

The purpose of this study is, based on the comprehensive
evidences from the extensive dune geomorphological survey, the
sedimentological and geochemical analysis of dune sediments to
understand the provenance and dynamic changes of sand dunes
in the Hexi Corridor and their formation mechanism during the
past half century.

BACKGROUND AND ANALYTICAL
METHODS

Natural Backgrounds of the Hexi Corridor
The Hexi Corridor is geographically located in the central and
western parts of Gansu Province in Northwest China (Figures 1,
2), including Wuwei, Jinchang, Zhangye, Jiuquan, Jiayuguan and
other cities in the west of the Yellow River, with a total area of
approximately 5,100 square kilometers.

In terms of geomorphology, the Hexi Corridor represents the
transition zone from high mountain areas towards the lower
northwestern Chinese deserts, located in the lowland area
between the Qilian Mountains to the south and the Alashan
Plateau to the north (Figure 2). The Alashan Plateau distributes
three large sandy deserts of China, i.e., the Badanjilin Desert, the
Tenggeli Desert and the Ulanbuhe Desert. The Qilian Mountains
is trending west-northwest-east-southeast (WNW-ESE) and
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FIGURE 1 | Geographical position of the Hexi Corridor in China (the Hexi Corridor is located in the west of Gansu Province and is a part of Gansu Province).
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FIGURE 2 | Geomorphological map of the Hexi Corridor (modified after Wang (2003)).
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reaches up to 5,700 m above sea level (a.s.l.). It was uplifted during
the Caledonian orogenesis and got reactivated by the India-
Eurasia collision during Cretaceous and Neogene times
(Tapponnier et al, 1990; Meyer et al., 1998). It dominantly
consists ~of metamorphic and  sedimentary  rocks,

i.e., sandstones and conglomerates (Bureau of Geology and
Mineralogy Resources of Gansu Province (BGMRGP), 1984).
The geomorphologic landscape appearance is remarkably
different in the western part compared to the central and
eastern parts of the Hexi Corridor. The west is mainly
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dominated by gravel gobi surfaces, accompanied by rare sand
sheets and dune fields in the surrounding of the Huahai
palaeolake (G. Wang et al., 2003, N. Wang et al., 2013), while
the central and east exhibit frequent alternation of alluvial and
lacustrine deposits, several dune fields, sand sheets, and
widespread oases including cropland (Nottebaum et al., 2015a).

In climate, the Hexi Corridor is situated in the center part of
the temperate desert belt in the mid-latitudes of Northern
Hemisphere. Except for the forest and grasslands distributed
in the middle- and high-elevation mountain areas in the
south, most of the Hexi Corridor is under a typical arid
climate with desert landforms widely developed. The desert
types are dominated by gobi desert and sandy desert, which
account for 46.64% of the total area of the region.

In hydrology, the melting water of ice and snow in the high
Qilian Mountains in the south converges into several large rivers
flowing northward into the Hexi Corridor, including the Shule
River, the Heihe River, and the Shiyang River from west to eat
(Figure 2). In the middle and lower reaches of these rivers flowing
through the corridor from south to north, diluvial and alluvial
fans are well developed, and hydrologically, they are also the main
locations of spring overflow zone of each catchment derived from
the Qilan Mountains. Oases are widely developed in the toes of
these alluvial fans and are the major agricultural exploitation
areas and the resident agglomeration areas of northwest China.
The ephemeral drainages of the western Hexi Corridor terminate
close to the southern edge of the adjacent Beishan Mountains to
the north which was the terminal basin hosting Huahai
palacolake (Figure 2), whereas the main eastern drainage
(Heihe River) flows farther north into the Ejina basin, feeding
the Juyanze, Sugunur, and Garshunnur palaeolakes (Hartmann
and Winnemann, 2009).

In sedimentological geology, the Hexi Corridor was affected by
widespread Quaternary (glacio-) fluvial sediment accumulation
(Hetzel et al., 2004; Kuster et al, 2006), resulting in several
generations of alluvial fans. These fans are partly affected by
tectonic activity (Hetzel et al., 2002) and subsequently dissected
by fluvial incision. Due to the geomorphological differences
between the western and central eastern parts of the Hexi
Corridor, their surface strata also have two different
sedimentary characteristics. One is that the gravel strata are
often covered by interbedded sedimentary strata of aeolian
and alluvial/proluvial sediments, and the other is that the
aeolian strata in sand dunes are often interrupted by flood
deposition. Geochronology and paleoenvironment studies from
the superficial sedimentary strata indicate that there is also a
completely different sedimentary evolution history between the
western and central-eastern parts of the Hexi corridor during the
Late Quaternary (Nottebaum et al., 2015a). For example, the
sedimentary process in the western part of the Hexi Corridor is
limited to a short period of the Pleistocene-Holocene transition,
while the sedimentary process in the central-eastern of the
Corridor occurs throughout the Holocene, reflecting a history
of frequent sediment recycling during the Holocene.

Aeolian sediments (loess, loess-like, sand and dust) and dune
landforms are widespread in the western, central and eastern
parts of the Hexi Corridor (Zhang et al., 2008; Nottebaum et al,,
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2014, Nottebaum et al., 2015b). In terms of aeolian landforms,
sand dunes or dune fields in the Hexi Corridor are mainly
distributed in a narrow and long belt between the Qilian
Mountains and the Heli mountains from the west of
Woushaoling to the east of Palaeco-Yumenguan (Figure 2) (Zhu
etal., 1980). Compared with dune landforms in the adjacent areas
of the Badanjilin and Tenggeli Deserts, in which the sand dunes
tend to be convergent in spatial distribution, while the Hexi
Corridor is different, where the dunes are almost scattered,
mainly distributed in the vicinity of oases along some rivers,
in the oasis or gobi desert areas (Figure 2). From east to west in
the dune belt, sand dunes are mainly distributed around the
Mingin Oasis in the lower reaches of the Shiyang River, the
Zhangye and Gaotai oases in the middle reaches of Heihe River,
the Jiuquan and Jinta oases in the lower reaches of the Beidahe
River, and the Dunhuang oasis in the lower reaches of the Danghe
River (Figure 2) (Zhu et al., 1980).

The total area of dune fields in the Hexi Corridor is about 754
square kilometers, and many big crescent-shaped dunes and
chains of crescent-shaped dunes develop on the edges of oases.
The Minqgin Basin is a typical area with dune landforms
development in the Hexi Corridor. It is located at the lower
reaches of the Shiyang River and the western edge of the Tenggeli
Desert. The annual average precipitation is about 116.4 mm and
the annual average wind speed is about 2.25 m/s. A large number
of crescent-shaped dunes are distributed on the northwestern
edge of the oasis, i.e., the windward of sand-transport winds in
the oasis.

Historically, the Hexi Corridor was a necessary place for the
famous ancient Silk Road in China. In modern times, however,
the expansion of population and socio-economic development of
the Hexi Corridor, as well as the human-caused competitive
redistribution of water resources, have led to the onset and
enhancement of desertification in the Hexi Corridor (Pu,
2005). The expansions of sand dunes and dune fields in the
corridor, and even the combination with surrounding sandy
desert, have occurred in the past 2ka (Zhu and Wang, 1992;
Ren et al., 2014).

Methods and Analytical Data

Formation and characteristics of dune landforms are
considered to be the result of a complex interplay between
sediment properties and local preconditions (Nottebaum et al.,
2015b). Although wind regime, surface condition, and
sediment availability all control sand dune formation (Pye,
1995; Kocurek and Lancaster, 1999), geoscientists have mostly
put emphasis on the wind regime. However, researches show
that the formation of dune cannot be explained solely on wind
because different dune types can form under the same wind
regime in a given area (Rubin and Hesp, 2009; Lv et al., 2018).
For example, in areas with little or no vegetation, dune
formation depends strongly on wind regime and sediment
availability (Wasson and Hyde, 1983; Baas and Nield, 2007),
and both factors must be considered in studies on the
formation and morphology of aeolian dunes; otherwise,
modern dune morphology may lead to erroneous
interpretations of the evolutionary history of dune
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environments (Rubin and Hesp, 2009). Therefore, sediment
properties and local preconditions must be paid attention to.

In detail, sediment properties are partly inherited from source
materials, e.g, grain size and geochemical/mineralogical
composition (e.g., Jahn et al., 2001; Prins and Vriend, 2007;
Feng et al, 2011; Guan et al, 2013; Vandenberghe, 2013;
Nottebaum et al.,, 2014, Nottebaum et al., 2015b). Important
local preconditions comprise surface and topographic properties,
e.g., the geomorphologic setting, vegetation cover, and surface
roughness on various spatial scales (Mason et al, 1999
Hugenholtz and Wolfe, 2010; Stauch et al., 2012; Stauch et al,,
2014; Nottebaum et al., 2014, Nottebaum et al., 2015b) and wind
conditions (e.g., Pye, 1995; Lu et al., 2000; Sun et al., 2003; Kimura
et al., 2009). Thus, an insight into the potential relationship
between dune-forming factors related to the wind regime,
surface conditions and the available sediment sources within a
dune system is needed.

Based on this idea, in this study, our analysis methods and data
mainly focus on the following aspects of dune landform: first, the
data of morphological parameters varied with time in different
dune types and dune units and the related acquisition method of
these data are used to explore the characteristics of dynamic
change and evolution of dune landforms in the study area.
Secondly, the grain-size sedimentological data of sand dunes
and their analytical methods are used to explore the
characteristics of particles’ mixing, potential transport mode
and sedimentary maturity of aeolian sand in the study area,
and to provide sedimentological clues about the wind forcing
intensity and source area distance of dune sediments. Thirdly, the
geochemical data and related analytical methods of dune
sediments are used to determine the material sources of these
detrital sediments in the study area. Fourthly, the meteorological,
hydrological, and climatic data of dune fields and the surrounding
areas are used to explore the relationship between the dynamic
evolution of dune landforms and environmental factors and its
implications on desertification in the study area. These data and
related analysis methods are described in detail below.

For the data of dune geomorphology, the first method is to use
the sample-quadrate survey procedure to measure the height and
shape of typical high dunes in the field with a rangefinder, and the
second is to measure the length, angle and width of the windward
slope and downwind slope of each dune in the sample quadrate
and between different quadrates along the local dominant wind
direction by using rangefinder and remote sensing image scales
(such as Google Earth scales, etc.), and then the comprehensive
geomorphic data of sand dunes in the region is obtained. In
addition to the geomorphological data of sand dunes themselves,
landscape researchers will also use the sample-quadrate survey
method to investigate the ecological parameters of vegetation
cover in the selected sampling area. For both geomorphological
and ecological surveys, sub-scale sample quadrates will be
selected from the upper, middle, and lower parts of the
windward and leeward slopes of each dune. Three quadrates
can be selected from the dune slope in the windward and
downwind directions of each dune along the local prevailing
wind direction and the size of each quadrate can be designed as
5m x 5m or smaller. In recent years, observation works have
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been carried out in different parts of the Hexi Corridor to
investigate the different landform types of widespread sand
dunes at a geomorphic unit scale in the field (Chang et al,
2016, Chang et al, 2017; Lang et al., 2017), including the
crescent-shaped (barchan) dunes, chains of barchan dunes,
pyramid-shaped dunes, parabolic dunes, and longitudinal
dunes belt. Based on time-series satellite remote sensing image
data in different periods, the geomorphological parameters of
these dunes are also obtained (Zhang and Dong, 2014; Chang
etal,, 2016, Chang et al., 2017; Lang et al., 2017). In this study, the
observation data and digital data were collected and sorted out
systematically and corrected uniformly. Parts of these
comprehensive data of geomorphological parameters of sand
dunes in the Hexi Corridor are shown in Tables 1, 2. In
addition to the above-mentioned intuitive survey and
measurement of geomorphic parameter of sand dunes,
quantifying the structure of wind-blown sand flow and the
movement rate of dunes is also the most direct and effective
means to explain the dynamic change of dunes and their
geomorphological evolution (Dong et al., 1998; Chen and Liu,
2011; He et al,, 2012; Dong and Huang, 2013; J. Wang et al., 2013;
Hu et al, 2016; Mao et al, 2016). Generally, there are two
methods to study the moving velocity of sand dunes, one is
early positioning observation (Mingin Desert Control
Experiment Station (MDCES), 1975; Dong et al, 1998; He
et al., 2012; Shi et al., 2018) and the other is based on remote
sensing images (Chen and Liu, 2011; Dong and Huang, 2013;
Mao et al,, 2016). Research works based on the both methods
have been carried out in dune fields of the Hexi Corridor (Minqin
Desert Control Experiment Station (MDCES), 1975; Chen and
Liu, 2011; Chang et al.,, 2015, Chang et al.,, 2016, Chang et al,,
2017; Hu et al., 2016; Shi et al., 2018). On this basis, this study
integrates and organizes the different observation data of dune
movement measurement in the Hexi Corridor. Parts of these data
of dune movement measurement are shown in Table 3. The
specific analysis methods mentioned above are as follows.
Based on comprehensive investigations of the crescent-shaped
dunes and the chains of crescent-shaped dunes at the edge of the
Minqin oasis in the Hexi Corridor, several typical crescent-
shaped dunes were selected for field observation of sand flow,
wind erosion and sand deposition. The specific methods of
observation are stated here taken two typical dunes as
examples. Two tall crescent-shaped dunes (dunes No. 1 and
No. 2) were selected in Xishawo (the western edge of the
Tengerli Desert) in Minqin and several automatic observation
recorders of wind speed and wind direction were set up in key
parts of the dunes. For wind speed observation, the observation
period for dune No. 1 was from April to September 2014, when
the highest point of this dune was separated from the dune ridge
line at the beginning of the observation. The observation period of
dune No. 2 was from April to September 2015, when the highest
point of the dune was coincident with the dune ridge line at the
beginning of the observation. While observing the wind speed
and wind direction, several wind erosion rods were set up at each
key part of the sand dunes to measure the wind erosion depth and
the sand deposition thickness of each part. At the same time the
vegetation and potential sand source conditions around the
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TABLE 1 | The locations, heights, movement directions, and lengths of dunes in the Hexi Corridor.
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Dune type Dune Geographic location Height of Movement Length of the Source
ID dunes direction slopes (m)
Longitude Latitude (m) (N-W) Upwind Downwind
(E) N)
Barchan dunes 1 102°55'16"  38°37'52" 9.8 48° 438.5 252 Chang et al. (2016), Chang
et al. (2017)
2 102°55'13”  38°38'00" 1.2 48 163.3 492.7 Chang et al. (2016), Chang
et al. (2017)
3 102°55'05"  38°36'06" 9.5 48° 129.2 163.3 Chang et al. (2016), Chang
et al. (2017)
4 102°55'02"  38°37'51" 3.7 48° 304.2 484.1 Chang et al. (2016), Chang
et al. (2017)
5 102°56'34"  38°32'11" 7.9 45° 271.7 229.4 Chang et al. (2016), Chang
et al. (2017)
6 102°56'43"  38°31'59" 7.6 46° 762.3 430.1 Chang et al. (2016), Chang
et al. (2017)
7 102°54'37"  38°25'47" 3.9 45° 295.9 80.8 Chang et al. (2016), Chang
et al. (2017)
8 102°52'56"  38°25'17" 5.9 87° 42.6 52 Chang et al. (2016), Chang
et al. (2017)
9 98°49'44" 39°57'41" 5 51° 350.4 254.5 Chang et al. (2016), Chang
et al. (2017)
10 98°49'59" 39°58'07" 2.6 54° 222.8 437.9 Chang et al. (2016), Chang
et al. (2017)
11 98°49'18" 40°00'41" 7.2 57° 184.6 197.3 Chang et al. (2016), Chang
et al. (2017)
Chains of barchans dunes 12 102°54'53"  38°37'46" 6.4 54° 726.9 752.8 Chang et al. (2016), Chang
et al. (2017)
13 102°55'55"  38°37'48" 5.8 54° 443.4 406.7 Chang et al. (2016), Chang
et al. (2017)
14 102°54'46"  38°37'24" 111 50° 794.8 658.4 Chang et al. (2016), Chang
et al. (2017)
15 98°51'17" 39°57'59" 13.8 53° 413.6 361.1 Chang et al. (2016), Chang
et al. (2017)
16 98°51'31" 39°57'31" 8.7 54° 501.8 466.2 Chang et al. (2016), Chang
et al. (2017)
17 98°48'04" 39°58'50" 9.6 53° 554 445 Chang et al. (2016), Chang
et al. (2017)
Pyramid dunes 18 94°42'23" 40°05'16" 25.8 SW-NE - - Chang et al. (2016), Chang
et al. (2017)
19 94°42'10" 40°05'14" 90.3 SW-NE — — Chang et al. (2016), Chang
et al. (2017)
20 94°41'47" 40°05'11" 76.6 SW-NE — — Chang et al. (2016), Chang
et al. (2017)
21 94°40'53" 40°05'11" 121.8 SW-NE — — Chang et al. (2016), Chang
et al. (2017)
22 94°40'43" 40°05'09" 1141 SW-NE - - Chang et al. (2016), Chang
et al. (2017)
23 94°40"12" 40°05'24" 88.9 SW-NE - - Chang et al. (2016), Chang
et al. (2017)
Parabolic dunes 24 102°57'15"  38°36'27" 4.6 — 286.1 35.3 Chang et al. (2016), Chang
et al. (2017)
25 102°67'42"  38°36'26" 4.4 - 228.9 188 Chang et al. (2016), Chang
et al. (2017)
26 102°68'15"  38°36'10" 3.3 - 133.3 198.5 Chang et al. (2016), Chang
et al. (2017)
27 93°59'40" 38°37'08" 3.7 — 396 302.2 Chang et al. (2016), Chang
et al. (2017)
28 98°41'36" 41°35'64" 4.4 — 59.9 0 Chang et al. (2016), Chang
et al. (2017)
29 98°41'20" 40°08'51" 41 — 15.7 177 Chang et al. (2016), Chang
et al. (2017)
(Continued on following page)
Frontiers in Earth Science | www.frontiersin.org 6 August 2021 | Volume 9 | Article 728202


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhu et al.

Provenance, Dynamics of Hexi Dunes

TABLE 1 | (Continued) The locations, heights, movement directions, and lengths of dunes in the Hexi Corridor.

Dune type Dune Geographic location Height of Movement Length of the Source
ID dunes direction slopes (m)
Longitude Latitude (m) (N-W) Upwind Downwind
E|
© )
Accumulated sand-belts (longitudinal 30 103°12'36"  38°47'57" 15.2 — 70.4 Farmland Chang et al. (2016), Chang
dunes belts) et al. (2017)
31 103°13'30"  38°48'36" 174 - 44 Farmland Chang et al. (2016), Chang
et al. (2017)
32 103°32'03"  39°02'12" 18.6 - 811.7 Farmland Chang et al. (2016), Chang
et al. (2017)
33 1038°31'29”  39°02'10" 5.6 — 707.7  Farmland Chang et al. (2016), Chang
et al. (2017)
34 103.29'49"  39°02'34" 12.2 — 1557.6  Farmland Chang et al. (2016), Chang
et al. (2017)
35 103°26'19”  39°02'20" 9.4 — 2071 223.4 Chang et al. (2016), Chang
et al. (2017)
TABLE 2 | Morphological characteristics of barchans dunes in the Hexi Corridor.
Dune ID Plots Height Thickness Length Width Slope Forward Length Length Source
area (m) of camponotus (m) (m) of leeward direction of upwind of downwind
(m) direction () slope slope
0 (m) (m)
1 Mingin 3-1 9.8 123.3 214.6 202.5 32.6 N48°W 662.9 378 Chang et al.
(2017)
2 Mingin 3-2 11.2 165.7 294.4 227.4 32.2 N48°W 163.3 491.6 Chang et al.
(2017)
3 Mingin 3-3 9.5 12.5 197.5 209.8 32.1 N48°W 134.2 176.6 Chang et al.
(2017)
4 Mingin L 3.7 78.8 86.5 81.8 31.8 N48°W 251.8 367.8 Chang et al.
(2017)
5 Mingin 9 7.9 90.8 112.5 81.5 32.9 N45°W 2143 253.3 Chang et al.
(2017)
6 Mingin 10 7.6 86.7 136.8 64.7 31.5 N46"W 137.9 430.1 Chang et al.
(2017)
7 Mingin 11 11.6 104.4 183.6 57.3 31.6 N46"W 179.9 2431 Chang et al.
(2017)
8 Mingin 12 8.6 64.1 131.4 77.9 30.1 N46"W 135.2 697.3 Chang et al.
(2017)
9 Jinchang 1 8.4 130.3 197.6 123.2 31.7 N55°W 227.4 3721 Chang et al.
(2017)
10 Jingta 1 6 83.7 125.3 104.8 31.5 NB63"'W 250.4 129.5 Chang et al.
(2017)
11 Jinta 2 5.3 73.5 104.8 76.6 31.7 N63°W 108.2 419.8 Chang et al.
(2017)

observed dunes were measured. In the process of wind speed
observation, the measured height of wind speed and wind
direction was 50 cm from the ground, sampling once every
20 min, and statistics were made with every 2m/s as a wind
speed level. The maximum wind speed observed was 14.9 m/s.
During the observation of wind erosion and sand accumulation
processes, No. 8 steel wires (level 8 in thickness) were used for the

observation of wind erosion depth and sand accumulation depth,
with one end of the wire being buried underground and the other
end being kept 30 cm above the dune surface. The height (depth)
of the ground were measured for each observation. In this study,
the forward wind system and the reverse wind system were
defined. The forward wind refers to the local main wind
direction (the NW wind), and the reverse wind is the SE
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TABLE 3 | Annual movement distance and speed of sand dunes in the Hexi Corridor. Data from Shi et al. (2018).

Area Duration (a)
or observation site

Width of dune (m)

Gulang 8 277.95
Mingin 9 132.87
Jinchang 9 156.32
Linze 8 240.14
Gaotai 8 170.30
Jinta 9 290.70
Dunhuang 8 225.75

wind. Whether it is a forward wind process or a reverse wind
process, the windward slope of a sand dune is defined in
accordance with the forward wind commonly documented in
the previous research practices, that is, if the local main wind
direction is NW wind, the NW slope of a sand dune is considered
to be the windward slope of the dune in this study. The definition
of the leeward slope is the opposite of the above. The vertex of a
sand dune refers to the highest point of a dune. The chord length
of a dune refers to the distance between the two wing endpoints of
the dune. The aspect ratio of a dune refers to the ratio of the total
length to the total width of the dune. The bow back thickness of a
dune refers to the distance from the bottom of the windward
slope to the bottom of the leeward slope of the dune.
Meteorological and climatological data were collected from
local weather stations and the China Meteorological Science
Data Sharing Service Network.

In order to unify the multi-parameter measurement data
obtained from different research works, this paper classifies
and adjusts the data of geomorphic parameters and dynamic
change parameters of sand dunes in the Hexi Corridor from three
aspects, taking the crescent-shaped dune at the edge of oasis in the
Hexi Corridor as an example: sand dune distribution
environment, sand flow in dune field and characteristics of
two wings of sand dunes. Furthermore, a unified analysis was
made in the aspects of wind speed classification and wind
direction characterization. Among them, the forward wind was
classified according to 2 m/s as a wind speed level, which was
divided into five grades: <2m/s, 22 - <4 m/s, >4 - < 6m/s, >
6-8 m/s and >8 m/S. The wind speed of the reverse wind was
relatively small, so it was graded as a wind speed level of 1 m/s.
The wind speed data analysis was completed using SPSS 13.0. The
detailed results can be seen in Tables 1-3.

In addition to field surveys and measurements, the data of
geomorphic parameters of the large-scale dune types and dune
shapes of the study area are also obtained from some remote
sensing image data. For example, it can be distinguished and
extracted from the combination of Google Earth high-definition
images and environmental disaster mitigation satellite (HJ-1A/1B
Satellite) images. The environmental disaster mitigation satellite
imagery is provided by the China Resources Satellite Application
Center, with a resolution of 30 m. The geomorphological map
produced by the environmental disaster mitigation satellite
images uses colour synthesis of bands 3, 2 and 1. The range of
oasis and desert is divided by the normalized vegetation index
(NDVI). NDVI > 0.1 is classified as an oasis and NDVI < 0.1 is

Movement distance of dune Movement speed of dune

(m) (m/a)
38.4 48
55.8 6.2
405 45
33.6 4.2
11.2 1.4
36.0 40
6.4 0.8

classified as a desert. NDVI is calculated by using the Band 3 and
Band 4 data of environmental disaster mitigation satellite images.
The calculation formula is NDVI = (B2 — B1)/(B2 + B1). Bl and
B2 are the Band 3 and Band 4 of satellite, respectively. The remote
sensing image processing is carried out in ENVI 4.4 and the
output map is from ArcMap v9.3 (ESRI).

Erodible clastic sediments as the material sources are the
fundamental base for the formation of sedimentary landforms
(Pettijohn et al., 1972; Taylor and McLennan, 1985). Therefore,
identifying the composition, source, transport, and accumulation
of wind-induced materials in an arid environment is a
prerequisite for understanding the formation of dune
landforms (Zhu et al, 1980; Zhu et al, 1981a; Yang et al,
2012). Although sediment sections are usually used in many
studies to observe the variability of sediment accumulation and
sources in one location through time, in this study, the
investigation approach of surface aeolian sediment samples at
a regional scale is applied. The surface sample approach allows
identification of distribution pathways by considering the
continuous variety of geomorphological settings (Lehmkuhl,
1997; Kuster et al., 2006; Schettler et al., 2009; Nottebaum
et al,, 2014; Zhu and Yu, 2014; Zhu et al, 2014; Nottebaum
et al., 2015b). Therefore, this method offers an opportunity to
analyze the spatial distribution and composition of surface
aeolian sediments accumulated under variable conditions and
from different perspectives (i.e., geomorphological setting, relief,
and vegetation).

Grain size composition and distribution of aeolian sediment is
an important indicator to understand the formation and
development of sand dunes, because grain size distribution
(GSD) analysis of sediments is an established tool to analyze
the composition of sediments and to distinguish different
transport, accumulation and potential remobilization processes
(Folk and Ward, 1957; Friedman, 1961; Ashley, 1978; Bagnold
and Barndorff-Nielsen, 1980; McLaren and Bowles, 1985; Sun
etal., 2002; Qiang et al., 2007; Weltje and Prins, 2007; Qiang et al.,
2010; Guan et al.,, 2013; Vandenberghe, 2013; Nottebaum et al.,
2014; Zhu et al., 2014; Zhu and Yu, 2014). The depositional
environment (aeolian, fluvial or lacustrine) and the movement
types (creep, saltation or suspension) of sediments in the
transportation process can be identified and distinguished by
using grain size parameters of sand particles (Folk and Ward,
1957; Friedman 1961; Bagnold and Barndorff-Nielsen, 1980;
McLaren and Bowles, 1985; Nottebaum et al., 2014; Zhu et al.,
2014). At present, grain-size analysis of aeolian sediments and
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relevant detrital sediments, such as alluvial and proluvial fans,
lacustrine deposits, fluvial deposits, has been widely carried out in
the Hexi Corridor (Nottebaum et al., 2014, Nottebaum et al.,
2015b; Zhu et al., 2014; Zhu and Yu, 2014; Zhang and Dong, 2015;
Zhang et al.,, 2016; Pan et al., 2019; Zhang et al., 2020). On this
basis, this study systematically collects and organizes these
granular data and records, which makes it possible to further
conduct a comprehensive and comparative study on the dunes in
the Hexi Corridor from a perspective of sedimentology. The
specific analysis methods of grain size are as follows.

The grain-size sedimentological data of dune sediments from
different sources used in this paper are almost measured by using
the instrument of high-frequency mechanical vibrating screen
(shaker), so the grain size data from different sources have good
coordination and consistency, and do not need further
classification and unification. The sample analysis method and
data processing method of the grain size data are as follows.
Different dune fields in the Hexi Corridor were widely sampled in
the study region. Dune surface sediments were collected from the
windward toe, stoss, crest, and leeward toe. At each site, surface
materials (0-1 cm layer) from a 20 cm x 20 cm transect area were
collected; each sample weighted about 0.5-1kg. Grain size
analyses of all samples were undertaken using standard sieving
(on a Retsch AS200 Sieving Shaker, Haan, Germany) for 10 min.
Each fraction of the sample was weighed to the nearest 0.001 g.
All the granularity analysis data in this paper are uniformly
calculated using the method of Folk and Ward (1957). The
mass proportion of each fraction in grain size is expressed in
phi (¢) unit (¢ = —log2d, where d is grain size in millimeters), and
described using the parameters of mean size (Mz), standard
deviation (81), skew (Sk1), and kurtosis (KG), as proposed by
Folk and Ward (1957). Characterized grain size and sorting
parameters were also calculated following the formulae devised
by Folk and Ward (1957).

The analysis of major and trace elements, including rare earth
elements, has become a reliable technique for detecting the source
of desert sediments (Mubhs et al., 1995, Muhs et al., 1996; Honda
and Shimizu, 1998; Pease et al., 1998; Wolfe et al., 2000;
Zimbelman and Williams, 2002; Pease and Tchakerian, 2003;
Muhs, 2004; Yang et al., 2007; Zhu and Yang, 2009; Jiang and
Yang, 2019). The reason is that for aeolian sediments, the
differences in compositions and distributions of rare earth
elements and other trace elements in different samples/sub-
fractions are largely controlled by the parent-rock
compositions, because these elements only exist in specific
minerals and are difficult to be lost during transportation
(Pettijohn et al, 1972; Taylor and McLennan, 1985). In the
Hexi Corridor, preliminary results have been achieved in the
case studies of analyzing the elemental compositions of aeolian
sediments using major- and trace-element geochemical methods
(e.g., Schettler et al., 2009; Wang et al., 2010; Ren et al., 2014; Pan
et al., 2019; Zhang et al., 2020), which provide basic data for this
study to comprehensively identify the material sources of
different dunes in the study area.

The geochemical data of major and trace elements
compositions of dune sediments used in this study are almost
obtained by using the XRF analysis method, so the data from
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different sources have good coordination and consistency. The
measurement method and processing method of these data are as
follows. Bulk samples of dune sands from the Hexi Corridor were
taken for laboratory preparation and measurements. Samples
were dried at low temperature (43°C) for 72 h and grinded to less
than 75 mm. Up to 4 g of sample was weighed and poured into
the center of the column apparatus, together with boric acid, and
pressurized to 30 t/m2 for 20 s using a YYJ-40 semiautomatic oil
hydraulic apparatus. The processed samples, approximately 4 cm
in diameter and 8 mm thick, were analyzed by using a Philips
Panalytical Magix PW2403 X-ray fluorescence (XRF)
spectroscope. Analytical results are reported in oxide
compound form apart from trace elements which are given in
elemental form. The standard deviations for the major elements
were estimated by the repeated analysis of the samples. Standard
deviations were <10% for Ce, Co, Cs, Ga, La, Rb, Sc, Y, Hf and Zr,
<8% for Ba, Bi, Cr, Mn, Ni, Sr and V, <3% for MgO and Na20
and <0.5% for the other major elements. Our analysis of
geochemical data focuses on element abundance and element
ratio methods widely used in geochemistry. In addition, we apply
hierarchical cluster analysis of the data to group samples based on
multi-elements analysis (Zhu et al., 2017). Hierarchical cluster
analysis, based on Ward’s method (Ward, 1963) and the
Euclidean distance, was conducted to classify samples using
trace elements as the variables (Wolff and Parsons, 1983; Zhu
and Wang, 2016). Trace elements (Ba, Bi, Ce, Co, Cr, Cs, Ga, La,
Mn, Rb, Sr, V and Zr) and Ti whose average abundance were
larger than 20 ppm were selected for hierarchical cluster analysis
in order to avoid errors caused by the detection limit of analytical
instrument. To reduce the impact of the large difference in
abundance level of the various elements, the data were
standardized to z scores, with a mean of 0 and a standard
deviation of 1. Hierarchical cluster analysis was performed
using the IBM SPSS Statistics 20 program.

The continuous data records of different meteorological
parameters of local weather stations in the Hexi Corridor in
the past half century, such as temperature, precipitation, relative
humidity, wind speed, strong wind days and sandstorms days,
will not only be the basis for this study to discuss the regional
climate change under the background of global warming, but also
the basis for exploring the response of regional landscape to
climate change based on the statistical relationship between
geomorphic parameters and climate parameters on a multi-
decade time scale. Therefore, this study collects and uses the
meteorological data of the Hexi Corridor for the past half a
century to analyze the regional climate change and its
relationship with the dynamic changes of dune landforms.

RESULTS

Geomorphological Characteristics of Sand

Dunes in the Hexi Corridor

The comprehensive data on the heights of different types of sand
dunes widely developed in different areas of the Hexi Corridor, as
well as other geomorphic parameters of these dunes, can be found
in Tables 1, 2 and Figure 3. It can be seen from Tables 1, 2 and
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FIGURE 3 | The moving speed and height of sand dunes in the Hexi Corridor (modified after Chang et al. (2016)). (A) the moving speed of crescent-shaped
(barchan) dunes; (B) the moving speed of chains of barchan dunes; (C) the moving speed and height of barchans dunes; (D) the moving speed and height of chains of
barchan dunes; (E) the movement speed and height of pyramidal dunes.

Figure 3 that the average height of typical crescent-shape  in the Minqin Basin and many observations were made to assess
(barchan) dunes in the Hexi Corridor is about 6.75m, the the structure of wind-blown sand flow, the shape of sand dunes,
maximum is about 11.20 m, and the minimum is only about  erosion and accumulation of aeolian sand, changes in sand ripples
2.60 m. The average height of typical chains of barchan dunesin ~ and sand dune movement, etc. Later works continued to carry out
the study area is about 9.23 m, the maximum is about 13.80 m,  relevant researches on different areas of the Hexi Corridor
and the minimum is only about 5.80 m. The typical pyramid-  (Mingin Desert Control Experiment Station (MDCES), 1975;
shaped dunes in the study area have an average height of about ~ Zhuetal,, 1980; Wang, 2003; Zhang et al., 2004; Qu et al., 2005; N.
86.25 m, with a maximum of about 121.80 m and a minimum of =~ Wang et al,, 2013; X. Wang et al., 2013; Yin et al., 2014; Yin et al.,
about 25.80 m. The average height of typical parabolic dunes in ~ 2016; Chang et al., 2016, Chang et al., 2017; Zhang et al., 2016; An
the study area is about 4.08 m, the maximum is about 4.60 m,and et al,, 2019; Chang, 2019; Hu et al., 2020). In this study, we
the minimum is only about 3.38 m. The average height of typical ~ synthesized and collated these observational data and analytical
longitudinal dunes in the study area is about 13.02m, the  results. It shows that in the Hexi Corridor, 80% of the sand
maximum is about 18.60 m, and the minimum is only about  particles of the wind-blown sand flows are moving in the height of
5.60 m. 20-30 cm near the ground surface, of which about half of the sand
Regarding the dynamic changes of sand dune landforms, as  particles are moving in the height of 0.3-0.5 cm near the surface.
early as 1959-1964, the newly established Minqin At the wind speed of 7 m/s, 75% of the sand particles are within
Comprehensive  Experimental ~Station of Desertification  the height of 10 cm, and only 0.035% are within the height of
Control (MCESDC) in China carried out the field positioning ~ 76-200 cm.
observation and research on wind-blown sand flows in the Hexi About the dynamic changes of different sand dunes in the
Corridor (Zhu et al., 1980; Zhu and Chen, 1994; Zhu, 1999; Zhu  Hexi Corridor in the past half century, the crescent-shaped
and Wang, 1992; Wang, 2003). 187 positioning observation  (barchan) dunes, chains of barchan dunes, pyramid-shaped
points were set up in field along a 20 km long observation line  dunes, parabolic dunes, and longitudinal dunes have received
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FIGURE 4 | The coefficient of variation (CV) plotted against the median
grain size of classified surface sediment types in the Hexi Corridor (modified
after Nottebaum et al., 2014). The coefficient of variation (CV) is an indicator of
the degree of sorting process reflected by the standard deviation (StD), a
discrimination parameter of GSD of sediment types. AS, aeolian sand; FS,
fluvial sand; SWS, stillwater silt; SIL, silty loess; RSIL, reworked silty loess;

SAL, sandy loess; RSAL, reworked sandy loess; SD, slope deposit.

the most extensive attention (e.g., Ren et al.,, 2010; Chang et al,,
2016). Based on field surveys/measurements (e.g., measurement
of the electronic total station) and digital image data (e.g., Google
Earth) of different periods, the geomorphological parameters and
moving speeds of these different dunes are obtained, as shown in
Tables 1-3 and Figure 3. It can be seen that the average moving
speed of the crescent-shaped dunes is about 6.62 m/a in the study
area, the maximum is 12.51 m/a, and the minimum is only
1.01 m/a (Figure 3A). The average moving speed of the chains
of barchan dunes is about 6.54 m/a, the maximum is 8.30 m/a,
and the minimum is only 5.34 m/a (Figure 3B). Compared with
the crescent-shaped dunes, the chains of barchan dunes move
relatively slowly and the movement speed changes little. In
general, the crescent-shaped dunes and the chains of barchan
dunes in the Hexi Corridor move along the NW-SE direction.
The direction of movement of the east part of the corridor is
about N45°W, while the movement angle of the Jinta area in the
western corridor increases (Table 1 and Figure 3). The average
swing velocity at the tops of the pyramid dunes is about 6.32 m/a,
the maximum is 97.37 m/a, and the minimum is only 1.14 m/a.
The direction of movement of the pyramid dunes will also
change, but its main direction of motion is SW-NE (Figure 3).

Surface Sediment Types and Granular
Sedimentology of Sand Dunes in the Hexi
Corridor

Analysis of grain size statistical parameters, geomorphological
settings, sedimentological structures, and features to surface
detrital sediments collected from different areas between the
Qilian Mountains and their arid forelands (the Hexi Corridor)
(e.g, Wang et al, 2008b; Wang et al, 2010; Wang, 2011;
Nottebaum et al., 2014; Zhu et al., 2014; Zhu and Yu, 2014;
Zhang and Dong, 2015; Pan et al., 2019) were performed. Parts of
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FIGURE 5 | The frequency distribution curves of grain size of dune
sediments in the Hexi Corridor (modified from Zhang and Dong (2015)).

these analytical results are comprehensively compared and re-
analyzed by us and are shown in Figures 4, 5. In general, six main
sediment types can be classified in the Hexi Corridor based on the
wide investigations of surface sediment distribution. They are
fluvial sand, aeolian sand, sandy loess, silty loess, stillwater silts,
and slope deposits (Figure 4). The term “stillwater silts” is firstly
used by Nottebaum et al. (2014) to comprise altogether lacustrine,
alluvial and mainly silty deposits in river channels (among which
the latter are therefore neither lacustrine nor alluvial). A tripartite
distribution of sedimentological landscape units in the Heix
Corridor is evident, namely, the high mountain periglacial
zone (from ~5,700 to ~3,800m a.s.l.), the loess altitudinal
zone (from ~3,800 to ~2,000 m a.s.l.), and the foreland zone
(<2,000 m a.s.l.) (Nottebaum et al., 2014). Dune fields are limited
to areas below 1700 m a.s.l.

At a regional scale of the study area and compared to other
types of surface detrital sediments in the Hexi Corridor, the
movement modes of aeolian sand particles in the study area
include creeping (wriggling/rolling), saltation (jumping/
springing) and suspension (floating/levitating), and the
movement modes of sand dunes include three ways: straight-
forward movement, wigwagging movement, and onward-
wigwagging movement (Wang, 2003; Zhu et al, 2014).
Aeolian sands collected from dune ridges and sand sheets in
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surface sediment investigations in the study area are usually best
sorted (Nottebaum et al., 2014; Zhu and Yu, 2014). It can be
evidenced by low CV values of 24-85 for aeolian sands in the
study area and mostly have unimodal grain size distributions
(GSDs) (Figures 4, 5). Among this sediment type (aeolian sand),
bimodal distributions (Figure 5) may be mixtures of loess and
aeolian sand or due to mixing of two aeolian sand populations
(Nottebaum et al., 2014; Zhu et al., 2014). The general modal
values of aeolian sands’ GSD typically cluster around ~200 pm in
the study area. In contrast, aeolian samples with finer modes
occur at small vegetated dunes where wind speeds are reduced due to
locally higher surface roughness, and aeolian samples with larger
mode values originate, for example, from barchans (mode = 430 um)
or coarse sand ripples (mode = 825 pm) (Nottebaum et al., 2014).
This type is mainly formed by saltation and creeping processes,
accumulating grain sizes determined by wind speed and source
material properties (Zhu et al,, 2014). These dunes and sand sheets
are restricted to the lowland areas, overlying the foreland alluvial
fans, and are interchanging with oases and agricultural areas.

At the local scale, dune sands in different regions also have
different sedimentological characteristics, especially between the
middle-East and the west of the study area. Basically, the eastern
parts of the Hexi Corridor show higher aeolian sand occurrence.
In contrast, the western parts are dominated by gravel gobi
surfaces. This is possibly attributed to higher sand supply in
eastern parts provided by the Badanjilin Desert and fluvial
storages as sand sources (Nottebaum et al., 2014).

In the Jiuquan-Gaotai area in the central-eastern Hexi Corridor
(area B in Figure 2), grain size parameters of sand dunes at different
geomorphological positions on the dune surface were determined
(Figure 5), such as the toes of windward slope, slope surface, dune
crest (top), toes of leeward slope, etc. The results show that the grain-
size frequency distribution curves of sand dunes in this area are
mostly unimodal, and a few are bimodal (Figure 5). The dune
surface sands are mostly fine sand and very fine sand, with an
average grain size of 0.07 mm + 0.01-0.24 mm + 0.06, which is
similar to the average particle size of sand dunes in the world (Zhu
et al, 2014; Zhang and Dong, 2015). The finer the dune particle is,
the better the sorting degree is. The mean grain size increases with
the increase of the skewness values, but decreases with the increase of
the kurtosis values. From upwind to downwind, the dune sediment
becomes finer, the medium-sand fraction decreases, and the fine-
sand fraction, very-fine-sand fraction, silt-fraction, and clay-fraction
increase. It may be the source materials that affect the changes in the
average grain size of dune sands from upwind to downwind (Zhang
and Dong, 2015). In this dune field, there are three types of grain-
size-distribution patterns in a dune-scale unit: the dune crest is
coarser (the dune slope and inter-dune area are finer), the dune crest
is finer (the dune slope and inter-dune land are coarser), and there is
no significant difference between dune crest, windward and leeward
slopes. Among them, the coarser-dune-crest model is the most
common type, accounting for 69% of all sand dunes, while the
finer-dune-crest is the second most common type (accounting for
24%) (Zhang and Dong, 2015).

In the Jinta-Jiayuguan-Huahai area in the western Hexi
Corridor (area A in Figure 2), granular sedimentology of the
crescent-shaped (barchan) dunes developed on gobi deserts and
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ancient playas have been determined (e.g., Pan et al,, 2019). The
results show that the grain size of dune surface sediments is
mainly the medium sand (21.7-57.4%), followed by the fine sand
(23.2-53.0%). The mean grain size of dune sands range between
0.27 and 0.43 mm, while the paleolacustrine sediments range
between 0.10 and 0.21 mm. The crescent-shaped dune sediments
in this region are mainly medium to good in the sorting level. The
frequency cumulative curves of dunes are mostly unimodal and
nearly symmetrical, and the kurtosis is medium in level. The
granular characteristics of sand dunes in this region are closely
linked to their dune morphology and the properties of the
underlying gobi surface (Pan et al,, 2019).

Geochemical Characteristics of Dune
Sediments and Soil Aggregate in the Hexi

Corridor

Due to the application of geochemical methods in recent years, it
is possible to identify sediment sources more precisely. The
geochemical characteristics of aeolian sediments in the Hexi
Corridor had been investigated as early as 1959-1964 by the
China’s Minqin Comprehensive Experimental Station of
Desertification Control (MCESDC) (Mingin Desert Control
Experiment Station (MDCES), 1975; Zhu et al.,, 1980; Chang,
2019), and continues to this day (Wang et al., 2010, Wang et al.,
2018; Ferrat et al., 2011; Wang, 2011; Ren and Wang, 2010; Wang
and Wang, 2013; Ren et al., 2014; Zhang and Dong, 2015; Zhang
et al., 2016, Zhang et al., 2020; Chang, 2019; Pan et al,, 2019). In
this study, based on the integrated geochemical data, we explored
the material sources of dune sands in the study area at different
regional scales, as shown in Figures 6, 7. We take the Minqin
Basin in the eastern Hexi Corridor (area C in Figure 2), the
Huahai-Jiayuguan-Jinta region of the western Hexi Corridor
(area A in Figure 2), and the Jinta-Gaotai region of the
middle Hexi Corridor (area B in Figure 2) as the case
examples to discuss in detail.

The Mingin Basin in the eastern Hexi Corridor (area C in
Figure 2) is dominated by an oasis landscape. It is bordered by the
Badanjilin Desert to the northwest and the Tenggeli Desert to the
southeast and is located the northern edge of the Loess Plateau
(Figures 1, 2). In geomorphology the Minqin Basin is considered
a natural obstacle to the convergence of the two deserts (Zhu
et al., 1980), thus identifying the origin and transportation of
aeolian sediments in the Minqgin oasis and its adjacent desert
areas will help to better understand the relationship between loess
and desert in China (Liu, 1985; Sun, 2002; Yang et al., 2007; Wang
etal., 2010; Yang et al., 2011; Ren et al., 2014). Aeolian sediments
sampled from sand dunes in the Mingin Oasis and its
surrounding desert areas (the Badanjilin and Tenggeli Deserts)
have been geochemically studied recently (e.g., Ren, 2010; Ren
and Wang, 2010; Ren et al, 2014). In this study, the
characteristics of major and trace elements of aeolian samples
from the Minqgin Oasis and its adjacent deserts, as well as the
provenance and transportation pathways of aeolian sediments in
these areas, were discussed using these integrated geochemical
data, combined with wind data and cluster analysis methods, as
shown in Figure 6.
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FIGURE 6 | The UCC-standardized distributions and compositions of major and trace elements of sand dunes in the Mingin Basin and its surrounding areas in the
western Hexi Corridor (modified after Ren et al. (2014)).

The analytical result shows that in the bulk (whole-rock)
samples of dune sands in the Mingin Basin (M) and its
surrounding areas, including the Badanjilin Desert (area B),
the Badanjilin-Minqin transition zone (area BM), the
Tenggeli-Mingin transition zone (area TM), the northeast edge
of the Tenggeli Desert (area TNE), and the southwest edge of the
Tenggeli Desert (area TSW) in Figure 6, the contents of major
elements are higher in SiO,, reaching between 72.2 and 88.9%
with an average of about 83.3%. In contrast, the contents of most
trace elements are relatively low, and only the contents of Ba, Ce,
Co, Mn, and Sr reach > 100 ppm. Compared with the average
composition of the upper continental crust (UCC, Taylor and
McLennan, 1985), the concentrations of Ba, SiO,, Rb, Sr, Al,O3
and K,O in the Minqin Basin and its surrounding areas are
relatively uniform (Figure 6), indicating that the spatial
differences of these elements in abundance are small and they
are relatively homogeneous in the study area. However, obvious
convex and concave shapes are observed for other elements

(Figure 6), indicating that the spatial differences of these
elements in abundances are large and they are relatively
heterogeneous in the study area. The homogeneous and
heterogeneous characteristics between different elements thus
can be used as geochemical indicators to identify different
sources of sediments in the study area. For the major
elements’ compositions, only SiO, is enriched relative to UCC,
and the others are relatively depleted (Figure 6). For the trace
elements’ abundance, most elements are also depleted, except for
Cr and Ni enriched in areas B and BM and Cr enriched in area
TNE. The binary and ternary diagrams of some major and trace
elements and their ratios (Ren et al., 2014), such as Cr, Ni, Cr/V,
Y/Ni, Al, V, Zr, Hf, Zr/Hf, reveal that sand dunes have different
material sources between the western part of the Mingin Basin
(including sub-areas B, BM and TNE) and the southeast side of
the Minqin Basin (TSW), while sand dunes in the Minqin Basin
(M) and the Tenggeli-Mingin transition zone (TM) are closely
related to the two big deserts, respectively.
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In the western Hexi Corridor, data of major and trace elements
of aeolian sediments and other types of sediments sampled in this
region are also synthesized and integrated in this study based on
previous studies (e.g., Wang et al., 2010; Zhang et al., 2017; Pan
et al,, 2019). The sand dunes analyzed in this study are mainly
located in the gobi areas to the northern and western Jiayuguan
(area A in Figure 2). The dune types are mainly barchan dunes,
chains of barchan dune and asymmetric barchans dunes (Zhang
et al,, 2017; Pan et al,, 2019). The aeolian samples were mainly
collected from the surface sediments of barchan dunes and
asymmetric barchan dunes, including different geomorphic
sites of dunes such as the crest of dune, the bottom of the
windward slope, the middle of the windward slope, and the
bottom of the leeward slope. The analytical results show that
after the standardization of UCC, the barchan dunes on the Gobi
surface in the western Hexi Corridor are significantly enriched in
the major elements CaO and SiO, (accounting for 5.55 and
66.12% of the total rock mass, respectively). In terms of spatial
distribution, the element contents of Cao, MgO and Fe,O; are
gradually enriched from northwest to Southeast, that is, the
enrichment degree increases along the dominant wind
direction. The UCC-normalized concentrations of Na,O and
K,O are both significantly <1, indicating that alkali metal
elements are significantly depleted or leached in the study
area. The contents of trace elements vary among different
dune samples, reflecting a complexity of provenance of these
dune sediments. However, the variations of trace elements are
similar in different geomorphic positions of the one dune (Pan
etal., 2019). Compared with UCC, trace elements Co, As, La, and
Nd are significantly enriched in the western Hexi Corridor, while
other elements are depleted.

In the middle Hexi Corridor, mineralogical, major- and trace-
element data of aeolian sediments and other types of sediments
from the Jinta-Gaotai area (area B in Figure 2) are also collected
and integrated in this study based on previous studies (e.g., Ferrat
et al,, 2011; Wang and Wang, 2013; Wang et al., 2018; Zhang
et al, 2020). Indicators such as the light/heavy mineral
assemblages, the ratios of Na,O/AL,O; to K,0/AlL,O; and
SiO,/Al,Os, Ba/Sr to Rb/Sr, Rb/Sr to Ce/Sr, and the
composition of CaO and Cl in the sampled aeolian sediments
are used to identify the geochemical characteristics of aeolian
sediments in the study area, as shown in Figure 7. Compared with
the composition of the upper continental crust (UCC), dune
sediments in the Jinta-Gaotai area are also enriched in CaO and
SiO, (Figure 7). Based on analysis of multi-dimensional scaling
(MDS), principal component analysis (PCA) and regional
topography analysis (e.g., Zhang et al, 2020), the results
suggest that the Hexi Corridor is not only the sediment sink
of the Qilian Mountains, but also the sediment sink of the Beishan
Mountains.

Compared with the chemical elements in the Tenggeli and
Badanyjilin Deserts (Li, 2011), the Hexi Corridor has lower SiO,
content, similar K,O content, and lower contents of other trace
elements. However, in terms of major- and trace-element ratios,
the sand dunes from the Hexi Corridor are similar in provenance
to those from the Tenggelil, Badanjilin, and Kumtag Deserts
(Zhang et al., 2020). Similar mineralogical assemblages (mica,
quartz, illite, muscovite and albite) are also found in dune
sediments from the Hexi Corridor and adjacent areas such as
the Tenggeli and Badanjilin Deserts (Ferrat et al., 2011). This
feature is also found by major and trace element analysis in other
studies (Wang and Wang, 2013; Zhang et al, 2020). This
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indicates that the geochemical characteristics and provenance of
aeolian sediments in the Hexi Corridor are closely related to its
adjacent areas.

Soil aggregate, as the basic unit of farmland soil structure, is
widely developed in oasis areas of the Hexi Corridor (Li, 2006; Su,
2007). It plays important role in surface nutrient recycling,
resisting soil wind and water erosion, and are closely related
to dust emission and land desertification in arid land (Bronick
and Lal, 2005). Thus, the mechanisms of formation and stability
of soil aggregate are one of the major topics in land degradation/
development science in arid environment (Le, 1996; Bronick and
Lal, 2005). In order to determine the geochemical characteristics of
soil aggregates, soil samples at the 0-10 cm surface layer from
different soil types (i.e., Ari-Sandic Primosols, Calci-Orthic
Aridosols, Siltigi-Otrthic Anthrosols, and Ustic Cambosols, etc.)
in the marginal farmland in the oasis of the middle Hexi Corridor
have been studied (e.g., Li, 2000, Li, 2006; Su, 2007; Su et al., 2007).
In this study, we briefly review the results of previous studies.

The physiochemical properties of dry- and wet-sieved soil
aggregates in the middle Hexi Corridor, including soil particle-
size distribution (SPD), soil organic carbon (SOC), calcium
carbonate (CaCOs;), and oxides of Fe*™ and Al**, were
analyzed (e.g., Li, 2000, Li, 2006; Su, 2007; Su et al., 2007).
The results show that the SPD is dominated by fine sand
fraction in most of soils except Ustic Cambosols. The SOC
concentration is 5.88 + 2.52g/kg on average, ranging from
4.75g kg in Ari-Sandic Primosols to 10.51g kg in Ustic
Cambosols. The soils have high CaCO; concentration, ranging
from 84.7 to 164.8 g/kg, which is increased with fine SPD and
SOC content. The percentage of >0.25 mm dry aggregates ranges
from 652% in Ari-Sandic Primosols to 94.6% in Ustic
Cambosols, and large dry blocky aggregates (>5mm) is
dominant in all soils. The mean weight diameter of dry
aggregates (DMWD) ranges from 3.2 to 5.5mm. The
percentage of >0.25 mm water-table aggregate is from 23.8 to
45.4%. The percentage of aggregate destruction (PAD) is from
52.4 to 66.8%, which shows a weak aggregate stability. The mass
of macro-aggregates and DMWD are positively significantly
correlated with the contents of soil clay and silt, SOC, CaCOs,
and oxides of Fe’* and AI’". Soil fine silt and clay, SOC and
CaCOs, are important agents of aggregation in this region, and
the effect of SOC and CaCO;, on aggregate stability is more
significant than that of soil silt and clay.

DISCUSSION

Dynamic Changes of Dune Landforms in the

Hexi Corridor

The above analytical results of geomorphological parameters
indicate that the dynamic changes of different dunes are
different in the Hexi Corridor during the past several decades.
Among different dune types, the crescent-shaped dunes move the
fastest, followed by the chains of barchan dunes (Figure 3). Only
the top of the pyramid dunes wigwags (Figure 3), while the
parabolic dunes and the longitudinal dunes hardly move
forward (Chang et al., 2016). We seem to be able to come to
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this view that the higher the height of the crescent-shaped dune
(or the chain of barchan dunes) is, the slower their movement is.
On the contrary, the higher the height of the pyramid dunes is,
the faster they swing. The above analysis also suggests that the
moving speed of sand dunes in the study area is positively
correlated with the local wind speed >5 m/s of local climate at a
yearly scale.

Here, we compare the moving speed of sand dunes in the Hexi
Corridor with that in other sandy desert areas in northwestern
China. In the Taklamakan Desert, the largest sand desert in China,
the observation results of eight crescent-shaped dunes along the oil
transportation highway showed that the moving speed of sand
dunes was 4.81-10.87 m in October 1991-1992, with an average of
7.29 m, and the moving speed of these sand dunes was 3.33-8.89 m
in October 1992-1993, with an average of 556 m (Dong et al.,
1998). Based on the digital interpretation results of high-resolution
remote sensing images during the period 2010-2014, the average
speed of dune movement in the Tenggeli Desert was 4.36 m/a in
2010-2013, and was 2.43 m/a in 2013-2014 (Hu et al., 2016). Based
on the digital interpretation results of high-resolution Google Earth
QuickBird images during the period 2002-2010, the moving speeds
of 22 crescent-shaped dunes in the Maowusu Sandy Land are
between 3.5 and 9.5 m/a (J. Wang et al., 2013). The width of these
dunes is significantly correlated with the horizontal length of the
leeward slope of the dunes, and the width of the dunes and the
horizontal length of the leeward slopes decrease during the
movement of dunes, while the horizontal length of the
windward slopes increases. There is a good correlation between
the moving speed and the width of dune.

It can be seen from the above that the moving speeds of sand
dunes in different desert areas are quite different. Compared with
sand dunes in the deserts mentioned above, the moving speed of
the widely distributed crescent-shaped dunes in the Hexi
Corridor also varies greatly. During the period 2006-2015,
sand dunes at the edge of the Minqin Oasis area moved the
fastest, with a moving speed of about 6.2 m/a, while sand dunes at
the edge of the Dunhuang Oasis moved the slowest, with a
moving speed of only about 0.8m/a (Figure 3). The
horizontal length of the windward slope of sand dunes in
most areas of the Hexi Corridor increased in 2015 compared
with that in 2016, while the horizontal length of the leeward slope
of sand dunes decreased (Tables 1, 2).

Summarizing the above characteristics of geomorphological
parameters of different dunes, it can be concluded that there are
two states of sand dunes movement in the Hexi Corridor in the past
half century, dynamic migration and basically stable. This kind of
geomorphological evolution of dunes is possibly closely related to
their material sources and regional environmental conditions.

Depositional Environmental and
Transportation Modes of Sand Dunes in the
Hexi Corridor

The above analytical results of grain size of aeolian sediments
from the Hexi Corridor have shown that sand dunes have
different grain size compositions in different regions of the
Hexi Corridor (Figures 4, 5). It is obvious that the average
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grain size of sand dunes in the western Hexi Corridor (such as the
Huahai-Jinta-Jiaquan area, average 0.27-0.43 mm) is larger than
that in the central-eastern Hexi Corridor (such as the Jiuquan-
Gaotai-Mingin area, average 0.07-0.24 mm) and also larger than
those in other desert regions of northern China (average
0.17-0.19 mm, Zhu et al., 2014; Zhu and Yu, 2014) and of the
world (average 0.11-0.23 mm, Lancaster, 1995).

The spatial differences in grain size compositions may reflect
the different depositional environment, the different sources and
the different transportation modes in the formation and
development of sand dunes in the Hexi Corridor. According
to the grain-size discriminant function proposed by Sahu (1964),
the major sedimentary environment in the Hexi Corridor
includes three types of deposits, i.e., aeolian deposit, lacustrine
deposit and alluvial-proluvial deposit (Figure 4), of which aeolian
deposit is the dominant (about 50%) (Nottebaum et al., 2014;
Zhang and Dong, 2015). Compared with the crescent-shaped
dunes in the central-eastern Hexi Corridor, the shrub dunes in
the western Hexi Corridor are dominated by the medium- to fine-
sand fractions, but not the medium-sand fraction. This is possibly
because of the wide distribution of gravel around the shrub dune,
which reduce the airflow velocity near the ground, making it
difficult for the coarser-grained particles to move up to the
surface of shrub dunes (Zhu et al, 2014). While for the
crescent-shaped dunes, the length of wind flow path on the
windward side of the dune is longer. During the movement of
the unsaturated aeolian sand flow, the coarser-grained particles
collide with the ground surface elastically, resulting in the
coarser-grained particles moving to a higher position on the
windward slope of crescent-shaped dune, so the crescent-shaped
dunes are dominated by the medium-sand-fraction particles. The
clay-grain content is less in the surface layer of the crescent-
shaped dunes and the shrub dunes, but more (up to 28.2%) in
sand dunes developed on dry lake beds (playas) or ancient lake
area, which is obviously related to the local source of fine
particles.

Generally, the probability cumulative curve of grain size of
aeolian sediments in the world is usually shown as two to four
independent line segments, indicating that two to four modes
of motion occur during their transportation (Visher, 1969). The
probability cumulative curve of grain size of sand dunes in the
Hexi Corridor basically presents a three-stage pattern
truncated at about 1.8¢ (coarse group) or 2.5¢ (fine group)
(Figure 5), indicating that sand dunes in the study area are
dominated by the motion mode of saltation under the action of
wind, and superimposed with a small number of particles
transported by the motion modes of suspension and
creeping. This feature has been observed in sand dunes in
different areas of the Hexi Corridor including the lower reaches
of the Heihe River Basin near the Hexi Corridor (Zhu et al.,
2014; Zhang and Dong, 2015; Zhang et al., 2016; Pan et al,,
2019). But compared with dune sediments, the movement
modes of gobi sediments and lacustrine sediments in the
Hexi Corridor are mainly creeping-saltation and saltation-
suspension, respectively (Zhu and Yu, 2014; Zhang et al,
2016), indicating different motion modes between aeolian,
lacustrine and gobi sediments. The differences can also be
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reflected from the frequency distribution curves of these
sediments, as dune sediments are wusually unimodal
distribution (Figure 5), while aqueous and gobi sediments
are bimodal or multimodal distribution (Zhu, 2007; Zhu and
Yu, 2014).

Sources of Sand Dunes in the Hexi Corridor
The above geochemical analysis provides good evidences for the
understanding of the material sources of sand dunes in the Hexi
Corridor. The result that sand dunes in the Mingin area have
different material sources between the western part (the
Badanjilin-Minqgin transition zone), the central part, the
southeast side, and the eastern part (the Tenggeli-Mingin
transition zone) of the Minqin Basin indicate that aeolian
sediments from the Badanjilin Desert can be transported to
the west side of the Minqin Oasis through mountains
(Yabulai) for a long distance by the northwest wind, and
aeolian sediments from the Tenggeli Desert provide material
source to the east side of the Mingin Oasis. However, the aeolian
sands of the two sandy deserts cannot reach or bypass the other
side of the oasis to achieve a confluence of the two deserts. This
reveals that the Mingin Oasis is real an effective barrier to prevent
the migration and convergence of sand dunes between the
Badanjilin and Tenggeli Deserts. However, the large number
of aeolian dunes developed in and around the Minqgin Basin
also suggests that the role of oasis in preventing eaolian erosion is
limited and should not be overestimated.

Comparing the major element abundances of aeolian
sediments in different deserts of China (Table 4), the sand
dunes in the Hexi Corridor have certain differences and
similarities with deserts in northern China. For example,
the content of Fe,O3 in sand dunes of the Hexi Corridor
can reach 3.50%, which is generally higher than any one of
other deserts in China, while the contents of other elements in
the Hexi Corridor are in a similar range of element abundance
to those of other deserts, indicating that the sand dunes in the
Hexi Corridor are rich in iron element. Compared with the
composition of the upper continental crust (UCC), dune
sediments in the middle and eastern Hexi Corridor are
enriched in SiO, (Figures 6, 7) and CaO (Figure 6), which
are similar to those in the fluvial and lacustrine sediments near
the Taklamakan and Badanjilin Deserts and the aeolian
sediments in the surrounding gobi desert, but they are
slightly different from those in the Kumtag and Tenggeli
Deserts (Zhang et al., 2020).

The analytical results from heavy mineral assemblages and
trace element abundances indicate that the provenance of sand
dunes in the Hexi Corridor is mainly from “sands of in-situ
rising,” which is also the genetic mechanism of many desert sands
in northern China (Zhu et al., 1980; Yang, 2006; Yang et al., 2007,
Yang et al, 2012; Chang, 2019). In this study, the structural
distribution of wind-drifting sand flow in the Hexi Corridor and
its relationship with wind speed also support this point. The
above results show that most part of sand particles in the Hexi
Corridor are transported near the ground surface (0.3-10 cm)
when the wind speed is < 7 m/s. This implies that if there are any
small topographical fluctuations (>20 cm) on the surface of the
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TABLE 4 | The average element contents (%) of sand dunes in the Hexi Corridor and other deserts and the average composition of the upper continental crust (UCC). CLP,

the Loess Plateau in China.

Regions Fe,03 Cao MgO SiO,
Hexi Corridor 3.5 5.55 2.07 66.12
Badanijilin Desert 1.93 2.06 1.19 80.27
Tenggeli Desert 1.96 1.3 1.12 80.94
Kumutage Desert 2.88 4.64 2.19 70.13
Taklamakan Desert 3.1 7.88 2.2 62.05
Loess (CLP) 4.56 8.62 2.31 58.65
paleosol (CLP) 512 0.83 2.21 65.18
ucc 5 4.2 2.22 66

Terrestrial shale 7.22 1.3 1.2 62.8

Al,O3 NaO K;0 References

9.24 2.45 2 Zhang et al. (2017), Pan et al. (2019)
7.78 1.9 2 Zhu and Yang, (2009)

8026 1.88 2.25 Zhu and Yang, (2009)

9.59 2.52 1.98 Dong et al. (2011)

10.6 2.58 2.11 Zhu and Yang, (2009)

11.86 1.68 2.44 Dong et al. (2011)

14.79 1.41 3.15 Dong et al. (2011)

15.2 3.9 3.4 Taylor and MclLennan, (1985)

18.9 1.2 3.7 Taylor and MclLennan, (1985)

TABLE 5 | Meteorological data of sandstorm and strong wind in the Hexi Corridor (cited from Chang et al. (2015)).

Sandstorm days (d) Maximum wind direction

4 NW
4.8 NW
27.4 NW
27.4 NW
4.2 NW
11.8 NW, SSE
7.7 NW
111 NW
10.3 NNW
6.4 NW, WNW
8.1 WNW

Weahter station Average Wind speed > 8
wind speed (m/s) grade/d

Gulang 3.5 45
Wuwei 1.8 9.7
Mingin 2.7 251
Jinchang 3.3 251
Yongchang 3 24.6
Zhangye 2 12.2
Linze 25 21.7
Gaotai 2 7.8
Jiuquan 2.2 16.6
Jinta 1.9 14.4
Yunmen 3.8 40.6
Average 2.61 18.39

study area, it is difficult to transport and migrate these aeolian
sands for a long distance to be far away from their source areas.
Palaeogeographical and geomorphological studies (e.g., Mingin
Desert Control Experiment Station (MDCES), 1975; Zhu et al.,
1980) believe that sediments from alluvial plains and alluvial
deposits of ancient rivers, lacustrine plain and lacustrine deposits
of ancient lakes, aeolian deposits in the erosion zone of the
forelands of the northern Qilian Mountains and the southern
Beishan Mountains, and alluvial and fluvial deposits of modern
rivers are the main material sources of sand dunes in the Hexi
Corridor. Based on mineralogical analysis, Ferrat et al. (2011)
observed that sand dunes in the Hexi corridor have similar
concentrations of mica, quartz, illite, muscovite and albite with
adjacent areas, such as the Tenggeli Desert and the Badanjilin
Desert. This similar mineralogical composition may lead to the
similarity in geochemical characteristics of aeolian sediments in
these areas. Geochemical and grain-size analysis of detrital
sediments collected from alluvial deposits in the Qilian
Mountains, paleo-lacustrine deposits in low-level areas, and
surface aeolian sediments in gobi desert areas of the southern
Beishan Mountains (e.g., Wang and Wang, 2013; Zhang and
Dong, 2015; Zhang et al.,, 2016; Zhang et al., 2020), also suggest
that these regions are the main source areas of sand dunes in the
Hexi Corridor.

In addition to the above comparisons from geochemical evidences
of aeolian sediments at a regional scale, the local landform type and

1.2

spatial distribution characteristics and their relationship with the
dominant wind/river conditions also provide clues to explore the
potential source of sand dunes in the Hexi Corridor.

Most active dune fields in the Hexi Corridor are located
between the cities of Jinta and Zhangye and at the margin of
Badanjilin Desert (Figure 2). The desert marginal dune fields
can be regarded to be directly linked to the sand deserts (e.g.,
Badanjilin and Tenggeli). The above geochemical evidences also
support this point. From the local dominant wind conditions in
different areas of the Hexi Corridor (Table 5), these dunes are
subjected to strong northerly winds. This suggests sand
transport from the desert into the southerly bordering Hexi
Corridor. A southward transport can also be indicated by the
linear dune field in this region (Nottebaum et al., 2014).
Monthly averaged wind directions for Zhangye show a
bimodal pattern (dominant wind directions from northwest
and south-southeast, Table 5) from May to July, which is the
transition period of winter monsoon to summer monsoon
dominance (Bourque and Mir, 2012). Nevertheless, as wind
speeds are higher in spring (Ta et al., 2004) a positive balance of
southward sand transport is likely. Therefore, the Badanjilin
Desert is probably the dominant source region for the northern
dune fields in the Hexi Corridor. In contrast, dune fields
between Jinta and Zhangye are located south of the braided
Heihe River valley and in vicinity to the Qilian Mountains front
(Figure 2). As the Heihe River forms a barrier for saltating sand
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grains moving south from the Badanjilin Desert, the source regions
for the southern dune fields in the Hexi Corridor are suspected to be
in the braided Hei River valley and the foreland alluvial fans. This is
evident as they are directly connected to fluvial channels breaking
through the Qilian Mountains front (Nottebaum et al., 2014).
Different transport of aeolian sand in the western Hexi
Corridor is evidenced by isolated barchans dunes with coarser
grain sizes than dune fields in the eastern part (Figure 5). Hence,
a sufficient transport capacity is evidenced. However, dune fields
are rare in the western part of the Hexi Corridor. This region is
not close to sand deserts but bare low mountains, such as the
Beishan Mountains to the north (Figure 2). Regarding to the
distribution of clastic materials, the northerly bordering Beishan
Mountain exhibits vast areas of bare primary weathering rock
surfaces. However, according to Kocurek and Lancaster (1999),
material for “terrigenous dune fields” is rarely a product of
primary rock deflation, but rather results from fluvial deposits,
therefore, it has only limited potential to serve as a productive
source area for large amounts of sand compared to fluvial
deposits (Kocurek and Lancaster, 1999). Additionally, fluvial
sand supply from Qilian Mountains is limited as contributing
rivers are ephemeral. These conditions are in clear contrast to those
in the eastern part of the Hexi Corridor: in the latter, the Badanjilin
Desert exposes large amounts of well-sorted aeolian sands to
northerly winds, and additionally, perennial Heihe River and the
mountain proximal alluvial fans can also serve as sand suppliers for
the east part. Therefore, sufficient sand supply and sand availability is
provided for the formation of sand dunes in the eastern part of the
Hexi Corridor, but not for dunes in the west part. Generally
speaking, sufficient transport capacity is evidenced for both the
western and eastern parts of the Hexi Corridor, sufficient sand
supply and sand availability, however, is the limiting factor for dune
field formation in the west part of the Hexi Corridor.
Summarizing the above geochemical, geomorphological, and
sedimentological ~ characteristics and related environmental
evidences of sand dunes, it can be concluded that dried river
deposits (playas), alluvial/proluvial deposits, neighboring desert
sands are the main sources of sand dunes in the Hexi Corridor.
While the initial provenance of these aqueous and aeolian deposits
mainly come from the forelands/foothills of the Qilian Mountains in
the south and the Beishan Mountains in the north via river
transportation. This reveals that the interaction between wind and
water dynamics is of great significance in the formation and evolution
of aeolian landforms in terms of geomorphic genesis in arid areas.

Formation of Shrub Dunes in Oasis Area of

the Hexi Corridor

Compared with sand dunes in desert area, many sand dunes inside
the oasis area of the Hexi Corridor are shrub dunes and have more
complex material sources. They are closely linked to regional land
degradation and desertification issues in the Hexi Corridor.

In the arid and semi-arid areas of northern China, the
occurrence of desertification or reverse desertification
(restoration) is closely related to the interaction of local
aeolian and fluvial processes (Wang et al., 2008b). Studies have
shown that in the past 50 years, desertification and restoration in
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northern China usually occurred in alluvial plains or flood plains
caused by changing hydrological conditions, where the sandy
sediments derived from floods and rivers are deflated and reworked
by wind (Li et al., 2002). Moreover, the soils that are originated from
these parent materials, such as aeolian sandy soil, brown soil, cinnamon
soil, gray cinnamon soil, chernozem and karst soil, are also vulnerable
to wind deflation and water erosion and thus easily degenerated and
degraded (Yang, 1985; Liu et al,, 1998; Wang et al., 2008b).

In the middle and eastern areas of the Hexi Corridor, the oasis
and surrounding desert landscapes exit paradoxically to a certain
extent, with a relationship of being independent and
interdependent between them. Although sand dunes also exist
inside the oasis, the surface clastic materials are mostly soil
aggregates. The potential relationship between aeolian sand
and soil aggregates is a basis for understanding the formation
of sand dunes in the oasis area. The above analysis has shown that
in the oasis areas of the middle Hexi Corridor, most surface soils
are characterized by high sand content, low SOC level, and were
rich in calcium carbonate. These soils are prone to disperse and
harden after irrigation. The large blocky aggregate at the size of
>5 mm is the dominant fraction in aggregate size distribution in
surface soils, which is in favor of resisting soil erosion by wind.
After wet sieving, most macro-aggregates broke down and
dispersed, indicating a weak stability. The contents of clay, silt,
SOC, CaCOs, Fe, 03, and Al,O; had significant influence on the
formation of aggregates. The total percentage of dry aggregates
and DMWD are more correlated with clay and silt content than
SOC and CaCOj content, although the effect of SOC and CaCO;
content on wet-sieving aggregates were more significant than that
of clay and silt content. From the above results, it can be concluded
that the distribution and characteristics of soil aggregates in oasis
areas of the Hexi Corridor are in favor of controlling soil wind
erosion. However, the stability of all soil aggregates is weak in the
study area after irrigation. That is to say, water erosion or changes
in hydrological conditions will change the structure of soil
aggregates, turning them into potential aeolian sand. This
means that whether it is viewed from the driving mechanism of
environmental background or the degradation mechanism of soil
texture, the change in hydrological conditions will be an important
reason for the formation of dune landforms in oasis area.

Shrub dunes, which are also referred to as coppice dunes or
vegetated dunes, form as a result of basic aeolian processes
(Tengberg, 1995) and are usually regarded as good indicators
of land degradation and the condition of the environment (e.g.,
Gile, 1975; Zhu et al., 1981b; Tengberg and Chen, 1998; Wang
et al.,, 2006b, Wang et al., 2008b). As is the case for mobile dunes,
the development of shrub dune is closely related to vegetation
cover, groundwater levels, and the sediment supply (Zhu et al.,
1981b; Nickling and Wolfe, 1994; Parsons et al., 2003). However,
many shrub dunes only develop in regions with high levels of
wind activity and with groundwater maintained within a certain
range (Wang et al., 2008b). In the Hexi Corridor and neighboring
areas such as the southern Alashan plateau, field investigations
show that the shrub dune development can be divided into several
stages (Figure 8). 1) During the early stage, the amount of water
in rivers decreased slowly, but groundwater levels remained high, so
no shrub dunes began to develop. 2) During the origin of the shrub
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FIGURE 8 | Formation and evolution of shrub dunes in the Hexi Corridor and neighboring areas (modified after Wang et al. (2008b)).

dunes, riverbeds began to emerge due to a decrease in the amount of
surface water, and a few shrub dunes began to form on the exposed
riverbeds and in deserted arable land. 3) During the developing stage,
river beds became thoroughly dry and extensive shrub dune areas
began to develop. 4) During the degradation stage, many shrub
dunes began to degenerate and evolved into mobile dunes, with only
a few distributed in regions with relatively high groundwater levels.

CONCLUSION

Based on comprehensive evidences from geomorphological,
aeolian-physical, ~ hydrolgocial, =~ granulometrical  and
geochemical analysis, this study discussed the dynamical
changes of dune landforms and their provenance in the Hexi
Corridor. The results show that the dynamic changes of
different dunes are different in the Hexi Corridor during the
past half century. There are two states of sand dunes movement
in the Hexi Corridor in the past half century, dynamic migration
and basically stable. This kind of geomorphological evolution of
dunes is closely related to their material sources and regional
environmental conditions. On the inter-annual and multi-year
time scales, the crescent-shaped dunes move the fastest,
followed by the chains of barchan dunes. Only the top of the
pyramid dunes wigwags, while the parabolic dunes and the
longitudinal dunes hardly move forward. The higher the height

of the crescent-shaped dune (or the chain of barchan dunes) is,
the slower their movement is. On the contrary, the higher the
height of the pyramid dunes is, the faster they swing. Dunes at
the edge of the Mingin Oasis move the fastest and dunes at the
edge of the Dunhuang Oasis move the slowest. The moving
speed of sand dunes in the study area is positively correlated
with the average wind speed of local climate and there is a good
correlation between the moving speed and the width of dune.
The average grain size of sand dunes in the western Hexi
Corridor (such as the Huahai-Jinta-Jiaquan area, average
0.27-0.43 mm) is larger than that in the central-eastern Hexi
Corridor (such as the Jiuquan-Gaotai-Minqgin area, average
0.07-0.24 mm) and also larger than those in other desert
regions of northern China (average 0.17-0.19 mm) and of the
world (average 0.11-0.23 mm). Different motion modes are
identified between aeolian, alluvial/fluvial and gobi sediments.
The PC curve of grain size of sand dunes in the Hexi Corridor
basically presents a three-stage pattern truncated at about 1.8¢
(coarse group) or 2.5¢ (fine group), indicating that three modes
of motion occur during their transportation. only SiO, in the
major elements’ compositions of dune sands is enriched relative
to UCC, most trace elements’ abundances are also depleted
relative to UCC, except for Cr and Ni. The mineralogical and
geochemical data indicate that dune sands in the Hexi Corridor
are mainly “sediments of in-situ rising” that originated from
alluvial/fluvial deposits of ancient rivers, lacustrine deposits of
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ancient lakes, and aeolian deposits in the erosion zone of the
forelands of the Qilian and Beishan Mountains and the north-
neighboring deserts, which means that dried river deposits
(playas), alluvial/proluvial deposits, and neighboring desert
sands are the main sources of sand dunes in the Hexi Corridor.
This reveals that the interaction between wind and water dynamics
is of great significance in the formation and evolution of aeolian
landforms in terms of geomorphic genesis in arid areas. Sufficient
transport capacity is evidenced for both the western and eastern
parts of the Hexi Corridor, sufficient sand supply and sand
availability, however, is the favorable factor for dune formation
in the east part but is the limiting factor for the west.
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