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Abstract

To investigate the regular patterns by wind and sand in low hilly basins, we analyzed the particle size, component end element
and fractal variability of surface sediments, as well as the near-surface wind energy and sand transport potential, and deter-
mined the characteristics of their spatial differentiation in the desert west of Yinshan Mountain in China. The results showed
that the regional dominant wind was mainly westerly and southwest wind, and the average annual average wind speed of sand
wind was 6.56-7.62 m s, the annual average drift potential of the sand wind was 359.99 VU, and the average annual value
of synthetic drift potential was 204.46 VU, which classified region as a the middle-wind-energy environment with middle-
wind-direction variability. Under the action of dominant wind, the particle size of dune sediment gradually refined from the
northwest to the southeast and northeast, and the fractal dimension gradually increased. The sediments of Baiyinchagan
Desert, Boketai Desert, and southern Yamaleike Desert dunes were fine (the average particle size was 0.191 mm), and the
average fractal dimension value was 2.372; the Haili Desert and the northern Yamaleike Desert dunes was large (the average
particle size was 0.212 mm), and the average fractal dimension was 2.327. At the same time, fed by the near source Gobi
coarse sand, under the action of long-term wind and sand, the Haili and Yamaleike Deserts formed tall and stable crescent
sand dunes and sand dune chains. The particle size end member indicated that the desert sediment was wind deposit, while
the desert peripheral Gobi desert end member indicated that the type of sediment was wind deposit and river alluvial mate-
rial formed under the combined action of wind and water, the heterogeneity of the Gobi outside the desert was significantly
higher than the desert surface, which showed moderate spatial differentiation. The topography of low mountains and hilly
basins affected near-surface sandstorm processes and the formation and evolution of sandstorm landforms.

Keywords Sediment - Granularity - Wind and sand environment - Spatial specificity - The desert west of Yinshan Mountain

Introduction

Wind is an important force for shaping geomorphologi-
cal forms in arid and semi-arid areas, and it is also a direct
driving force of wind and sand damage (El-Baz and Has-
san 1986; Dong et al. 2020). An accurate understanding
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of regional wind conditions and wind-energy environ-
mental changes is necessary to understand the formation
of global sandstorm activities. Gobi desert in Southern
Mongolia—northwest China, Badain Jaran-Tengger—Ulan
Buh Desert as the main body of the Asian dust source area
(Zhang et al. 2019), Dust of Gobi desert in southern Mon-
golia—northwest China is easy to be strong westerly current
long distance handling, among the dust of Gobi desert in
spring, summer, 35% and 31%, respectively, were sent to
east Asia (Chen et al. 2017). The west desert of Yinshan
Mountain is located in the west of Lang Mountain and the
south of the Altai Mountains. It is distributed in a hilly basin
desert in the east of the Alxa Plateau, which is second in
area only to the Badain Jaran and Tengger Deserts. It mainly
includes four sand belts: Baiyinchagan, Haili, Boketai, and
Yamaleike Desert (Zhu et al. 1974). The etable sand from
the desert west of Yinshan Mountain and the Gobi desert
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is transported to the Hetao Plain under the action of strong
northwest wind, and part of the sand is deposited on the
Gobi desert at the eastern foot of the Lang Mountain, which
reduces the dust directly entering the Hetao oasis to a certain
extent. The original sediments of Gobi desert surface are
mixed with dune fields, which makes the grain size of sur-
face sediments has obvious spatial differentiation, and indi-
cates the effect of regional sand clearly (Shen et al. 2020).

The composition and type of wind and sand deposits of
the dunes in west desert of Yinshan Mountains desert are
significantly different. Some studies in the desert area have
found strong wind activities, frequent dust events, a fast the
desert expansion rate, and desertification developing rap-
idly. For example, the Haili Desert moves 3.23 m/a southeast
every year, the western Boketai Desert moves 3.03 m/a east
and southeast, and the entire desertified area west of Yinshan
Mountain has increased by 24.65 km? over the past 30 years
(Su 2020). In recent years, most researchers from the wind
characteristics, surface sediment size, sand activity intensity
of desert and surrounding aeolian environment conducted
many studies, revealed the desert environment characteris-
tics, mainly concentrated in the Xinjiang and Inner Mongo-
lia area, such as Taklimakan Desert, Badain Jaran Desert,
Gurbantunggut Desert, Tengger Desert, the Qaidam Basin
Desert, and Ulan Buh Desert, etc. (Zhang et al. 2012; Wang
et al. 2015; Li et al. 2021, 2022). Currently, because of the
lack of systematic research, as well as the lack of long-term
wind-energy environmental monitoring data, of the regional
sand landform sediment characteristics, source environment,
and wind and landform evolution, a comprehensive under-
standing of the evolution of the Alxa Plateau sand landform
has been relatively insufficient.

Particle size is often used in the field of environmental
geoscience as a theoretical method to reflect the morphology
and characteristics of soil surface material (Udden 1898).
It holds great significance in identifying the source back-
ground of sediment, identifying the sedimentary environ-
ment and reflecting the evolution of the paleoclimate (Zhou
et al. 2021; Zhao et al. 2019; Porter and An 1995; Adam
et al. 2009). Particle size distribution is an important surface
characteristic parameter in the current global and regional
scale dust cycle model. The study of sand dynamics shows
that the sediment particle size composition is closely related
to the wind energy acting on the surface, with the dynamic
linkage changes of wind energy. The different distribution
forms of surface sediments significantly affect the effec-
tive momentum transmission rate and dust supply capacity
of the surface wind energy (Young and Sung 2010; Wang
et al. 2021; Kermani and Boutiba 2023). Therefore, topsoil
characteristic parameters can be defined according to the
probability density function of particle size distribution, and
reflect the characteristics of sediments and release potential
of dust in aeolian surface (Wang et al. 2021; Li et al. 2017,
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Hossein et al. 2015).The particle size end element analysis
method (Weltje 1997; Paterson and Heslop 2015) is able to
use the particle size data more effectively to separate the
content and multiple values of each component from the
multi-component mixture, and can further analyze the sedi-
mentation dynamic process corresponding to the particle
size component..

In the 1970s, French mathematician Mandelbrot proposed
the concept of a “fractal” (Mandelbrodt 1998). This natu-
ral phenomenon can be described by a “fractal dimension”,
which not only represents the morphological structure of
soil particles and physical and chemical characteristics (San
José Martinez et al. 2010; Xu et al. 2021) but also quantifies
the characteristics of soil evolution on a certain spatial and
temporal scale (Lu et al. 2018). The combination of sedi-
ment particle size and fractal model can be used to effec-
tively identify the differences in sediment particles and also
can make up for the limitations of using a single model. In
addition, this combination well represents the spatial differ-
entiation of surface sediments in arid areas (Liu et al. 2022;
Mohammadi et al. 2019).

Therefore, we collected surface sediment samples from
the west desert of Yinshan Mountain (Baiyinchagan, Haili,
Boketai, and Yamaleike Deserts) and the surrounding Gobi
desert. We conducted an analysis of the wind energy envi-
ronment characteristics and particle size and its end member
features, to explore the regularity of sediment spatial dif-
ferentiation, to determine the sand deposition environment
and regional sand landform formation process.

Materials and methods
Regional setting

The west desert of Yinshan Mountain is located in the
northeast part of Alxa Plateau and the western part of
Bayannur Plateau. It is distributed in the northwest of
Lang Mountain, along the Mongolian Mountain flood fan
edge, and north to the border of Mongolia. Administra-
tively, it belongs to the Inner Mongolia Bayannur City
Urat back flag, Inner Mongolia, geographic coordinates
39°41'22"N-42°17'14" N, 104° 16"24"E-106°59'14"E.
The total desert area of this area is 7340.63 km?, among
which the Yamaleike Desert has the largest area, total-
ing 5600 km?. Fixed dunes are mainly distributed in the
northwest and desert edge zones, while semifixed dunes
and mobile dunes are distributed in the vast valleys and
basins of this area, with a height of 3-30 m and the high-
est height of 50 m. Most dune types are mainly crescent-
shaped dune chains (Table 1). The four sand belts in the
study area (Baiyinchagan, Boketai, Haili, and Yamaleike
Deserts dunes) are not contiguous, but they are distributed



Environmental Earth Sciences (2024) 83:139

Page3of17 139

between the Gobi desert, presenting two distinct desert
landscapes of desert dunes and Gobi desert (Figs. 1 and
2). The region is characterized by long-term drought and
little rain, average annual precipitation < 100 mm, dryness
K>5.0, sparse vegetation, strong sand erosion, and 40-50
gale days per year. In long-term wind erosion and seasonal
flooding, the area of the dunes and the Gobi desert, its
arrangement structure, developmental age and stage, and
landform differences create differences in the spatial dis-
tribution of the surface sediment. In the process of strong
sand activities, the dunes—Gobi desert material supply and
its internal dust cycle have created obvious spatial differ-
entiation among the sediment features.

Research method
Sample collection and measurement
To explore the spatial differentiation of surface sediments in

the west desert of Yinshan Mountain and the surrounding
Gobi desert area, in the study area, we selected the surface

Table 1 Characteristics of the desert west of Yinshan Mountain

with flat terrain, bare surface, and significant component
differences. We collected a total of 259 sediment samples
from 20 cm X 20 cm X2 cm sand depth, which we loaded
into a self-sealing bag. We collected 98 dune fields sam-
ples, including 11 from Baiyinchagan Desert, 21 from Haili
Desert, 35 from Boketai Desert, and 31 from Yamaleike
Desert; and collected 161 Gobi desert sample, including
48 from Baiyinchagan Gobi, 20 from Haili Gobi, 71 from
Boketai Gobi, and 22 from Yamaleike Gobi.

In the laboratory, 200 g of each samples were dried and
ground, and < 0.063 mm samples were tested using a Laser
particle size meter. In this paper, 21 particle sizes were catego-
rized according to the international soil texture grading stand-
ard, with a minimum size 0.05 mm to a maximum size 32 mm.

Particle size calculation and its end-element analysis

Particle size data and parameter characteristics reflect the sedi-
mentary environment and genetic analysis of the sediment.
In this study, we calculated sediment particle size parameters
according to Folk and Ward (mean grain size M, sorting

Region Location Area

Dune type

Baiyinchagan Desert Northwest Wolf Mountain

Haili Desert Northwest part of the Urat Back Banner 1260 km?
Boketai Desert North of the Urat Back Banner
Yamaleike Desert The northeast part of the Alxa Plateau

1100 km?

3400 km?

5600 km?

Fixed and semifixed sand ridges, the height of the dune is 10-20 m

Crescent sand dune chains, the height of the dune is 5-10 m or
20-40 m

Crescent sand dune chains, lattice sand dunes, the height of the dune
is 10-30 m

Crescent sand dune chains, ridge dunes, dunes can reach up to 50 m
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Fig. 2 Typical ground surface of the study area: a Baiyinchagan Desert, b Haili Desert, ¢ Boketai Desert, d Yamaleike Desert, and e, f Gobi

value o, skewness Sg, and kurtosis K;) (Folk and Ward 1957).
According to this analysis of the sediment particle spectrum
change and the release potential of wind erosion dust, the Gobi
surface sediment particles had three components, namely,
(Wang et al. 2015; Nicholas and Craig 2011; Bullard et al.
2011), the wind erosion residual coarse sand and gravel com-
ponents that do not participate in sandstorm activities, close
distance transport wind erosion deposition components, and
long distance dust release components. The critical particle
size value of each component is closely related to the wind
energy acting on the surface, and changes dynamically with
the wind energy. The dust release component (E,,), wind ero-
sion deposition component (D) and wind erosion residual
component (R,,) are calculated in the particle spectrum change
map (Fig. 3). The formula is as follows:

E, = The cumulative percentage of the Gobi on point A(% )

— The cumulative percentage of the Deserton point A(% )
ey
R, = ((1 — The cumulative percentage of the Gobi on point B(% ))
— (1 — The cumulative percentage of the Desert on point B(% ))
@)
D, =1-E, -R, (3)

In this paper, the surface granularity data were imported
by Matlab software and the end element analysis tool Analy-
Sizel.1.2, and the Gen.Weibull method was selected for par-
ametric end element analysis. The selection of end element
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Fig. 3 Grain spectral profiles of surface sediments in the study area

number should consider the following indicators: (1) linear
correlation (R%), which represents the correlation between
the original data set and the end element, the greater the
value, the greater the correlation; (2) angle deviation, rep-
resenting the end element and the original particle compo-
nent curve in shape fitting, the larger the value indicates
the greater the error of the end element curve in the shape
fitting; and (3) end element correlation represents the cor-
relation between each end element, and the greater the value
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indicates the better the fitting degree. In general, when the
linear correlation R?> 0. 8, the angular deviation < 5° and
the end element correlation is more small, the fitting degree
is good, and when the above indicators are met, the least end
element should be selected.

Sediment fractal dimension calculation and its variability

According to the dynamic characteristics of particle sand,
the sediment components primarily included wind erosion
particles (suspension and jump components) and sediment
particles (creep and wind erosion residual components) and
they had fractal characteristics. Accordingly, we applied the
formulas to calculate the fractal dimension value of the Gobi
surface sediment components (Liu et al. 2022). The specific
formulas are shown in Egs. (4) and (5):

w(5 < di> C_l',-
D;=3-lg| ————|/lg— 4)
Wo d

max

D= ,

Z1 <D ®)
where D is the fractal dimension of the soil particles; D, is
the fractal dimension value for each particle diameter seg-
ment; a’_, is the average diameter of soil particles between two
adjacent siers, grades d_l and d,.+1(2,.>d,.+1, i=1,23,...); dpax
is the average diameter of the largest granular soil particle;
w(d < d;) is the accumulated weight of soil particle diam-
eter less than d_i; d is a size; the wy, is the total weight of all
granular particles; n is the total number of particle sizes.

Variation function is the main method to describe the
characteristics of regionalization variables. The theoretical
calculation formula is as follows:

u <D$+D§+-~-+D§

n(h)

1
wm:zwﬁhlp@g—4x+@f, (6)

where y(h) is the average half variance of all point pairs with
lag level h; N(h) is the number of discrete point pairs with
the same interval of % in space; and property values of Z (X;)
and Z (X;+ h) points X; and & are observation points apart
from X; (Shi and Li 2006).

The nugget variance (C,), structural variance sill (Cy+C),
and the variation range (A) are important parameters for
variation analysis. The nugget variance reflects the variabil-
ity and measurement error of the variables at the minimum
sampling scale. When the variation function increases with
the delay distance, and it reaches a relatively stable constant,
the curve is horizontal, and this constant is the structural

variance sill. The ratio of Cy/C,+ C reflected the ratio of ran-
dom variation to the total variation. When the ratio <25%,
the study system showed a strong spatial correlation between
local and the whole when the ratio was from 25% to 75%;
and when the ratio was >75%, the local and overall cor-
relation was weak. The Range means the interval distance
of the sampling point when the value of the variation func-
tion reaches from the nugget variance to the structural vari-
ance sill. This value is the most important parameter of
the semivariance function graph, which describes how the
space-related differences vary with distance. In this varia-
tion range, the smaller the sample spacing, the greater the
similarity and spatial correlation.

Wind condition data and drift potential calculation

We collected wind condition data from four weather sta-
tions in the study area (Baoyintu weather station, Bayinhure
weather station, Baiyin chagan weather station, and Bayan-
nuru weather station) using a Wind Sonic 2 d ultrasonic
wind speed sensor. The wind speed measurement ranged
from 0 to 60 m s~!, resolution was 0.01 m s~!, wind direc-
tion measurement range of 0°-359°, and resolution was 1°.
The wind condition recording frequency was 1/600 Hz, the
observation height was 10 m near the ground, and the data
were collected from October 31, 2016, to June 14, 2020. The
average wind speed and wind speed of 10 min from 2016 to
2020 to calculate the average wind speed, average sand wind
speed, sand wind frequency, and DP in this area. According
to relevant studies (Zhang et al. 2015), the starting wind
speed was set to 5.0 m s_l, and characteristic values, such
as DP and average sand starting wind speed and frequency,
were calculated. The calculation equation is as follows:

DP = V*(V-V,)1, (7

where DP is drift potential, vector unit (VU); V is the start-
ing sand wind speed and starting wind speed at the height
of V, of 10 m, unit (section); and ¢ is the sandstorm duration,
which was calculated by the sandstorm frequency. Accord-
ing to the standard meteorological station of China Meteoro-
logical Administration, the height of wind speed was 10 m,
while the meteorological station in the study area determines
the height of 5 m. Therefore, the wind speed conversion
(Feng et al. 2022), and the calculation equation was

Us(In10 — InZ,)

Up= ———=, 8
10 In5 — InZ, ®

where U, is wind speed of 10 m; U is wind speed of 5 m,
Z, is surface roughness, generally Z,=0.01-0.2. According
to the vector synthesis method, we combined the DPs of 16
directions to obtain the resultant drift potential (RDP) and
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resultant drift direction (RDD), which reflected the size of
the region’s net sediment capacity. The ratio of resultant
drift potential and drift potential was the directional varia-
tion index (RDP/DP), which was used to reflect the combi-
nation of wind direction in a region.

We divided the wind-energy environment according to
the Fryberger method (Fryberger and Dean 1979), as fol-
lows: high energy (DP>400 VU), medium energy (DP
200-400 VU), and low energy (DP <200 VU). We divided
directional variation index into the following three levels:
high variation rate, corresponding to complex wind condi-
tion (£0.3); medium variation rate, corresponding to blunt
bimodal or sharp bimodal wind condition (0.3-0.8); and low
variation rate, with single wind direction (> 0.8).

Results

Characteristics of sediment particle spectrum

changes

The particle spectral characteristics of dunes and Gobi desert
surface sediments in the study area are shown in Fig. 4 and

Table 2.The coarse particle size gradually decreased in
the order of Haili, Boketai, Yamaleike, and Baiyinchagan
Deserts, at 0.620, 0.586, 0.524, and 0.351 mm, respectively.
This result showed that the desert area carried strong sand
wind and that the maximum wind speed weakened signifi-
cantly. Compared with the fine particle content around the
dune fields, which was less than 0.125 mm and the potential
of surface wind erosion dust release, the content of fine par-
ticles in Boketai Desert, Yamaleike Desert, and the Gobi
around the Haili Desert was higher by 25%, 24.02%, and
26.61%, respectively. The Boketai Desert, Yamaleike Desert
fine dust release potential was significantly weaker than
the Haili Desert, and the potential dust release rates were
6.98%, 6.13%, and 16.62%, respectively. The Haili Desert
wind erosion suspension particle size was 0.137 mm, and
the other desert area suspension particles were 0.125 mm,
which further showed that the Haili Desert’s local maximum
wind speed was larger. The overall regional wind power was
stronger than that the Boketai and Yamaleike Deserts. The
content of fine particles on the surface of Baiyinchagan Gobi
desert was low, 22.75%, but the potential wind erosion dust
release rate was high, 10.71%. The results showed that he
region had few wind events and the maximum wind speed

—o—Desert —o— Gobi
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Fig.4 Sediment particle profile characteristic curve
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Table 2 Characteristics of the sediment component content
Surface Location The percentage of particles (%)
Micro sand Silver sand Medium sand Coarse sand Very thick sand Gravel
0-0.125 mm 0.125-0.315 mm 0.315-0.63 mm 0.63-1.25 mm 1.25-4 mm 4-32 mm
Desert Baiyinchagan 3.391 20.542 1.34 0.792 0.02 0
Haili 2.498 18.166 5.275 3.192 0.043 0.05
Boketai 4.709 17.21 3.589 2.254 0.045 0
Yamaleike 4.471 17.437 3.185 2.137 0.188 0.009
Average value 3.767 18.339 3.347 2.094 0.074 0.015
Gobi Baiyinchagan 5.631 7.499 4.064 3.393 4.506 4.757
Haili 6.652 8.734 3.184 2.766 3.622 3.849
Boketai 6.274 6.671 2.724 2.756 3.734 6.816
Yamaleike 6.004 7.773 2.565 2.609 4.956 4.775
Average value 6.140 7.669 3.134 2.881 4.205 5.049

of sand wind was affected by vegetation; however, low wind
energy and dust events in the region were frequent, and the
potential of dust release in the Gobi surface was large. Based
on the particle size parameters of each desert sediment, we
found that the characteristics of the source environment and
the wind formation process of the surface were highly con-
sistent from the perspective of energy.

The particle size parameters of desert dunes and Gobi
desert surface sediments are shown in Fig. 5. The average
particle size distribution of the four desert dune belts surface
sediments was relatively concentrated and was distributed
within the range of 0.05-0.5 mm, and the components. The
sorting coefficient was distributed in the range of 0.02-0.3,
and the sorting ability was moderate. Most of the sediment
skewness showed extreme positive bias, and the peak states
showed moderate broad flattening. The average particle size
and sorting coefficient of the Gobi desert surface sediments
showed a significant positive correlation linear relationship.
The larger the average particle size, the worse the sorting,
the distribution range of the average sediment particle size
was wide (0—6 mm); the component was coarse; and the sort-
ing coefficient was also wide (0-8). According to Fig. 5, the
other three Gobi desert surface sediments featured extremely
positive deviation, and the peak state featured.

Sediment granularity end members characteristics
in west of Yinshan Mountain

In this paper, the end element analysis model is used to
further reveal the environmental information and source of
sediment. Considering the linear correlation, angular devia-
tion and end elements correlations, the particle size data
of the desert to the west of Yinshan and the surrounding
Gobi sediment were decomposed into 3—5 end elements, and
the fitting characteristics and results are shown in Table 3

and Fig. 6. As can be seen from the end-member frequency
distribution curves, the desert end members showed a uni-
modal morphology, Population was near a normal distri-
bution. Except the Boketai Desert, the main peak of EM1
in other desert were about 0.2 mm, indicating that EM1 is
mainly composed of fine sand, while the main peak of EM1
in Boketai Desert was 0.1 mm, indicating that this EM1
component is composed of microsand; except the Haili
Desert, the large particle size of EM2 and EM3, 0.35 mm
and 0.6 mm, respectively, mainly with medium sand, EM2
and EM3 in other desert were 0.2 mm and 0.3 mm, still with
fine sand. The surrounding Gobi end members showed mul-
timodal morphology, indicating that the composition of the
surface sediment is more complex. The main peak of EM1
was similar to desert, mainly composed of fine sand; the
particle size for main peak of other end elements was gradu-
ally increased, mainly composed of coarse sand and gravel
components, and the secondary peaks were small, indicating
that the terminal component is also composed of some fine
particle components except coarse particles.

Characteristics of the spatial distribution
of sediment components and fractal dimensions

Figure 7 shows the spatial distribution diagram of dunes
and Gobi desert surface sediment components (< 0.063,
0.063-0.5, and 0.5-32 mm) and fractal dimension. As
shown in the figure, the suspension component of the
dunes surface sediment was distributed mainly in the
west of the Haili Desert and the south of the Yamaleike
Desert, whereas the Gobi desert surface sediment suspen-
sion component was distributed mainly around the Haili
and the Baiyinchagan Deserts. The content of the four
desert surface sediment jump components was high, and
the content of the four Gobi desert surface sediment jump
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Fig.5 Characteristics of the sediment particle size parameters

Table 3 End member fitting

Surface Number of end Linear correla- Angular deviation End members
results members tions correlations

Baiyinchagan Desert 3 0.993 4.215 0.195

Haili Desert 3 0.902 16.255 1.840E-05
Boketai Desert 3 0.928 13.665 0.050
Yamaleike Desert 3 0.961 9.907 0.035
Baiyinchagan Gobi 5 0.884 13.702 0.019

Haili Gobi 4 0.899 13.515 0.180
Boketai Gobi 5 0.869 14.894 0.025
Yamaleike Gobi 4 0.862 14.981 0.034

components was in the middle. The content of creep and
wind erosion residue was low, whereas the content of the
four Gobi desert surface sediment was high, which was
distributed in the west and north of Boketai Gobi. The
spatial distribution of sediment components was closely
related to the mountain distribution and wind trend in the
study area, and was consistent with the characteristics of
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surface sediment components in dunes and Gobi desert.
The maximum fractal dimension of dunes surface sedi-
ments was mainly distributed mainly in the west of the
Haili Desert, in the east and south of the Yamleike Desert
and in the north of the Baiyinchagan Desert, while the
maximum fractal dimension of Gobi desert surface sedi-
ments was distributed around the Boketai Gobi, Haili
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Fig.7 Spatial distribution of sediment components and fractal dimensions

Gobi and Baiyinchagan Gobi. The spatial distribution
characteristics of the fractal dimension were closely
related to the sediment components, and the regularities
of distribution were relatively consistent.

Characteristics of spatial variability in sediment
particle size and fractal dimension

In this study, we compared the spatial variability of sedi-
ment components and fractal dimension of dunes and Gobi
desert surface. As shown in Fig. 8 and Table 4, the spatial
heterogeneity of sediment components and fractal dimen-
sion varied significantly, and the Gobi desert heterogeneity
was significantly higher than that of the dunes surface.
From the perspective of the three component heterogene-
ity, the suspension components of and jump component of
the Gobi desert surface sediment were greater than that of
the dunes surface, whereas the variation range of the creep
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component was smaller than that of the dunes surface. The
ratio of nugget variance and structural variance sill showed
that the suspension component of dunes surface sediment
had moderate variability, whereas the jump component
had strong variability, and the creep component did not
have any spatial variation. Thus, the three components of
Gobi desert surface all had moderate variability. From the
perspective of fractal dimension heterogeneity, the fractal
dimension variation of Gobi desert sediments was large,
which indicated a large and moderate variation in space,
whereas the dunes sediments are small and small in space,
which indicated low variability.

Wind condition characteristics of the west desert
of Yinshan Mountain

In this study, we used the wind speed data from the four
weather stations in the study area (Baoyintu, Bayinhure,
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Fig. 8 Variation function curve of desert and Gobi surface components and fractal dimension

Table 4 Theoretical model of variation function by sediment component and fractal dimension

Surface Variable Model Nugget variance Structural Range Proportion/% R? Residual SS
variance sill
(o Cy+C ° Cy/(Cy+C)
Desert <0.063 mm Linear 1.122 3.178 1.712 35.310 0.214 21.8
0.063-0.5 mm Exponential 1.710 28.400 0.048 6.021 0.002 554
0.5-32 mm Linear 26.665 26.665 1.712 100.000 0.000 621
Fractal dimension Linear 0.029 0.034 1.712 87.340 0.026 9.634x 107
Gobi <0.063 mm Linear 0.916 2.080 1.739 44.015 0.726 0.678
0.063-0.5 mm Exponential 98.100 196.300 0..546 49.975 0.649 2215
0.5-32 mm Exponential 105.400 210.900 0.681 49.976 0.679 2785
Fractal dimension Spherical 0.003 0.006 1.831 43.354 0.808 4.253%107°

Baiyinchagan, and Bayanuru) from 2016 to 2020. As
shown in Fig. 9, the average wind speed and the average
sand initiation wind speed in the study area in the past 5
years have fluctuated greatly. The annual average wind
speed for the four stations (Baoyintu, Bayinhure, Baiyin-
chagan, and Bayanuru) from 2016 to 2020 was 5.13, 6.05,
5.42, and 6.08 m s~', respectively, and the annual average

sand start wind speed in the area was significantly higher
than the annual average wind speed, with speeds of 7.73,
8.87, 8.98, and 8.70 m s™!, respectively. The frequency of
sand wind in the north, east, south, and west of the study
area increased first and then decreased from 2016 to 2020,
indicating that the WSW are the dominant wind direction in
this area, the frequency of sand breeze in 16 directions of
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Fig.9 Average annual wind speed, sand wind speed and sand wind frequency of the four weather stations in the research area from 2016 to 2020

the four meteorological stations was 3.93%, 8.43%, 8.16%
and 11.50%, respectively. In general, in the past 5 years, the
difference between the annual average wind speed and the
annual average sand wind speed of the four weather stations
was obvious, and the change characteristics of sand wind
frequency were consistent with the characteristics of wind
speed in this area.

DP is an important index used to measure the sandstorm
activity intensity and wind dynamic environment in the area.
The results calculated based on the wind speed data source
in the study area are shown in Fig. 10. As shown in the
figure, the average of the annual sediment DP from 2016 to
2020 was 359.99 VU, and the average of annual resultant DP
was 204.46 VU, the sediment DP of the four weather sta-
tions is concentrated in the direction of southwest and west,
and the difference in the direction of resultant DP is not
large, namely, east—north—east and east—south—east close to
the eastern direction. The average annual direction variation
index was 0.55. The whole region exhibited a middle-wind-
energy environment, middle-wind-direction variation, and
blunt double-peak or sharp double-peak wind conditions.

@ Springer

Discussion
Grain size, fractal dimension, and their relationship

Because of the difference in wind energy environments, the
grain size of Alxa Plateau desert sediment had a significant
spatial difference. In the west desert of Yinshan Mountain,
the dunes sediment was composed mainly of fine sand, with
a mean grain size of 0.20 mm, and sorting value of 0.08. The
sediment was coarse in Ulan Buh Desert, with a mean grain
size of 0.14 mm, and a sorting value of 1.24, and the Kubugqi
Desert, with a mean grain size 0.18 mm, and a sorting value
of 0.57. The sediment was fine in the Tengger Desert, with
amean grain size 0.25 mm, and a sorting value of 1.02, and
the Badain Jaran Desert, with a mean grain size 0.38 mm,
and a sorting value of 0.62 (Song et al. 2016). The average
particle size of the Gobi desert sediment in this area was
1.78 mm, in which the gravel component content of the area
was high, which was related mainly to the mountainous and
seasonal river sediments distributed around the study area.
Thus, the particle size of the surface sediment was larger
than that in the dune fields. On the whole, the internal par-
ticle size composition of the region has been refined from
northwest to southeast and northeast, which was the result of
the long-term dominant wind erosion integration.
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Fig. 10 Sand wind to transport sand potential rose map

The mean value of fractal dimension of dunes sediments
in the western desert of Yinshan Mountain was 2.36, and the
mean value of fractal dimension in Gobi desert was 2.43.
The value of fractal dimension in the northern part of Boke-
tai region and the southern part of Yamaleike region was
large; The value of sediment fractal dimension in the north
of Yamaleike Desert, east of Batai Desert, and west of Haili
Desert was small, and the fractal dimension in the overall
area gradually increases from northwest to southeast and
northeast, which was consistent with the spatial differentia-
tion law of sediment grain size. Strong hydraulic erosion
effect, for instance, the particle size of river-flood sediment
is large, fractal dimension value is between 2.80 and 2.86
(Wei and Hu 2014). Small main particle size of desert sand
and loess matter under wind erosion, the fractal dimen-
sion is small, the value is 1.52-2.08 (Deng et al. 2017),
and 2.12, respectively (Hou et al. 2021). The Gobi desert
sediment formation process is more complex, early stage at
the same time by wind and river two-phase erosion. In the
later period, under the action of wind erosion, Gobi desert

sediment particle size is coarse, the fractal dimension value
is somewhere between desert sand and river-flood sediment.

Due to the complexity of soil system, some soil proper-
ties, such as soil particle surface characteristics, are difficult
to quantify by conventional methods. The fractal dimension
has practical significance for quantitative component pro-
portional composition relationship and component type, In
addition, this single parameter can indirectly reflect the influ-
ence of material transport on the distribution characteristics
of the particle size of the desert surface sediment. As shown
in Fig. 11, the components of the dune fields and Gobi desert
surface sediment had a significant correlation with the frac-
tal dimension. In this study, the distribution range of fractal
dimension of desert sediment was 1.90-2.82, the average
fractal dimension was 2.36, the distribution range of Gobi
desert sediment was 2.07-2.59, and the average fractal value
was 2.43. As shown in the figure, the fractal dimension of
dunes surface and Gobi desert surface sediment were closely
related to the components, especially the suspension com-
ponent (< 0.063 mm) had a significant positive correlation.
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Fig. 11 Relationship between sediment components and fractal dimension

Thus, it was evident that the greater the content of easy wind
erosion particles in the local surface sediment, the greater
the fractal dimension value, and the higher the number of
easily deposited particles, the smaller the fractal dimension
value. The surface dust releases in arid areas and participates
in the internal circulation process of dune fields and Gobi
desert, which makes the regional surface sediments more
heterogeneous, and the fractal dimension has reference sig-
nificance when characterizing this surface process.

Sediment source and deposition process

Sediments record not only the information of wind transport
alluvial process, but also the information of desert formation
and development process and its sedimentary environment
(Zhao 2001; Samuel and Akinade 2017). From the analysis
results of the particle size end element model, the three end
members were isolated from the desert sediments west of
Yinshan, indicating that each end element indicates different
deposition dynamic process and object source information.
The end members of desert sediment was mainly microsand
and fine sand, indicating that the sediment source in this area
is mainly strong wind into sand transported by suspension or
leaping; due to the strong wind force in several mountainous
areas in the study area, the dry denudation hills and weath-
ered erosion provided a rich sand source, the end component
of Gobi desert sediment distributed in the desert downwind

@ Springer

was more complex, mainly coarse sand and gravel, and some
fine sand, and therefore, the source of such surface sediment
included not only the sand sediments carried by the wind,
but also the river and lake sediments, seasonal running water
and the silt of rivers carried by the seasonal river flow.

In general, the sediment source and deposition process of
the dune fields in west desert of Yinshan Mountain and the
Gobi desert sediment has been affected by the sorting and
sedimentation of debris sediment in the process of river and
flood. Frequent dust internal circulation processes also have
occurred between the dune fields and Gobi desert in this area
(Wang et al. 2011), which have caused the surface material
sedimentary environment to be significantly different.

Factors of sediment spatial differentiation

Many studies have demonstrated that dune fields in arid and
semi-arid regions typically form part of local to regional
scale sand transport systems, which comprise source areas,
transport pathways, and depositional sinks. The dynamics
of these systems are controlled by the supply of sand-sized
sediment, the availability of this sediment for transport
by the wind, and the transport capacity of the wind (Lan-
caster et al.2015, Lancaster and McCarley-Holder 2013).
Therefore, wind condition, geomorphic pattern and source
of sediments are the main factors influencing spatial dif-
ferences of the dune surface sediment in the research area.
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Under the action of wind, surface deposits are easily eroded,
transported and deposited (Wang et al. 2021; Yang et al.
2004). The study area featured a low-wind-energy environ-
ment, the dominant wind direction is west—southwest, the
annual average wind speed was 5.13-6.08 m s~ and the
annual sand wind frequency was high. Under the action of
the dominant wind, the gravel and residual coarse particle
components on the surface of the original dust were trans-
ported and deposited in proximity. As a result, the nautical
Haili Desert in the dominant wind direction was coarse, with
large particle size and small fractal dimension value; and
part of the fine particles material continued to participate in
the subsequent sand transmission process, part of the release
in the air, and part of the long distance transport and settle-
ment. Thus, the original dust source on the surface of the
fine particle composition content was reduced, making the
dominant wind downwind Baiyinchagan Desert dunes and
Gobi desert sediment component have a small particle size
and low fractal dimension value. This area, however, still
contained a small amount of fine particles, which mainly
was due to the continuous collision and friction fragmenta-
tion between coarse particles under the action of sand in the
process of sand transport, resulting in significant differences
in the sediments in different areas.

Regional geomorphological pattern also had a certain
influence on the surface spatial differentiation character-
istics. Influenced by the distribution of obstacles, such as
mountains in the study area, the sand-carrying capacity of
carrying sand wind either increased or decreased (Chen
et al. 2017; Cheng et al. 2022). For example, because of
the influence of Agate Mountain, shelf Mountain, eastern
Lang Mountain and its remaining veins in the study area,
the wind speed with sand wind improved significantly, the
kinetic energy of particle transportation increased, and the
handling capacity of wind and sand flow also was signifi-
cantly enhanced. Therefore, the sediment component of
Haili Desert was coarse, and the fractal dimension value
was small. In addition, the material into the sand flow
changed the composition and content of the original sand
sediment, which easily caused remote erosion. By contrast,
the research area was mostly distributed in dune fields, Gobi
desert, dry lake bed, and other dust released on the surface,
mountain, and denudation hills through long-term weather-
ing and denudation to form a large amount of debris mate-
rial that accumulated in the foothill belt. In the process of
wind and flood, this debris was transferred to the dust and
released. In the process of wind and sand movement, the
dunes and Gobi desert substances supplied each other, and
fine particle substances, such as microsand and fine sand,
occurred frequently in the local circulation. As a result, the
spatial variability of dunes sediment components and fractal
dimension was lower than that of the Gobi desert surface.
The Gobi desert surface sediments had flood flushing and silt

products, and the nearby desert sediments also were carried
by the sand flow. Thus, the surface components were com-
plex, with significant differences and large spatial variability.

Conclusions

The west desert of Yinshan Mountain featured blunt double-
peak or sharp double-peak wind conditions with a middle-
wind-energy environment and middle-wind-direction vari-
ability. The sediment onset was dominated by wind in the
west and southwest directions, the average annual DP was
359.99 VU, and the average annual resultant DP was 204.46
VU.

The grain size in the dominant wind path in both the Haili
Desert and Yamaleike Desert was coarse, while the particle
size of the airflow convergence zone in the Baiyinchagan
Desert and Boketai Desert were fine. The middle-wind-
direction variability and low-wind-energy environment, as
well as a sufficient supply of near-source Gobi coarse sand
components, have made the Haili Desert and Yamaleike
Desert to form stable, large-scale crescent dunes and dune
chains.

The terrain of low hilly basins, in long-term high wind
energy environments, the frequent flood process, dust cycle
process, marked the desert sediment for sand sediment, and
desert peripheral Gobi sediment for the wind-water under
the formation of wind accumulation and river alluvial, and
the Gobi heterogeneity was significantly higher than the
desert surface, a moderate spatial specificity. The topogra-
phy of low mountains and hilly basins affect the process of
near-surface sandstorms and the formation and evolution of
sandstorm landforms.
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