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Abstract
The clay–sand barriers in Minqin desert area, China, represent a pioneering
windbreak and sand fixation project with a venerable history of 60 a. However,
studies on evaluating the long-term effectiveness of clay–sand barriers against
aeolian erosion, particularly from the perspective of surface sediment grain size,
are limited and thus insufficient to ascertain the protective impact of these bar-
riers on regional aeolian activities. This study focused on the surface sediments
(topsoil of 0–3 cm depth) of clay–sand barriers in Minqin desert area to explain
their erosion resistance from the perspective of surface sediment grain size. In
March 2023, six clay–sand barrier sampling plots with clay–sand barriers of
different deployment durations (1, 5, 10, 20, 40, and 60 a) were selected as ex-
perimental plots, and one control sampling plot was set in an adjacent mobile
sandy area without sand barriers. Surface sediment samples were collected from
the topsoil of each sampling plot in the study area in April 2023 and sediment
grain size characteristics were analyzed. Results indicated a predominance of
fine and medium sands in the surface sediments of the study area. The deploy-
ment of clay–sand barriers cultivated a fine quality in grain size composition
of the regional surface sediments, increasing the average contents of very fine
sand, silt, and clay by 30.82%, 417.38%, and 381.52%, respectively. This trend
became markedly pronounced a decade after the deployment of clay–sand barri-
ers. The effectiveness of clay–sand barriers in erosion resistance was manifested
through reduced wind velocity, the interception of sand flow, and the promotion
of fine surface sediment particles. Coarser particles such as medium, coarse, and
very coarse sands predominantly accumulated on the external side of the bar-
riers, while finer particles such as fine and very fine sands concentrated in the
upwind (northwest) region of the barriers. By contrast, the contents of finest
particles such as silt and clay were higher in the downwind (southeast) region
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of the sampling plots. For the study area, the deployment of clay–sand barriers
remains one of the most cost-effective engineering solutions for aeolian erosion
control, with sediment grain size parameters serving as quantitative indicators
for the assessment of these barriers in combating desertification. The results of
this study provide a theoretical foundation for the construction of windbreak
and sand fixation systems and the optimization of artificial sand control projects
in arid desert areas.

Full Text
Preamble
Utilizing sediment grain size characteristics to assess the effectiveness
of clay–sand barriers in reducing aeolian erosion in Minqin desert
area, China

SONG Dacheng1,2, ZHAO Wenzhi1,3*, LI Guangyu2, WEI Lemin3, WANG
Lide1,2, YANG Jingyi1, WU Hao2, MA Quanlin1

1College of Forestry, Gansu Agricultural University, Lanzhou 730070, China
2Gansu Hexi Corridor Forest Ecosystem National Research Station, Gansu
Desert Control Research Institute, Lanzhou 730070, China
3Linze Inland River Basin Research Station, Northwest Institute of Eco-
Environment and Resources, Chinese Academy of Sciences, Lanzhou 730000,
China

Abstract: The clay–sand barriers in Minqin desert area, China, represent a
pioneering windbreak and sand fixation project with a venerable history of 60
years. However, studies evaluating the long-term effectiveness of clay–sand barri-
ers against aeolian erosion, particularly from the perspective of surface sediment
grain size, remain limited and insufficient to ascertain the protective impact of
these barriers on regional aeolian activities. This study focused on surface sedi-
ments (topsoil of 0–3 cm depth) of clay–sand barriers in Minqin desert area to ex-
plain their erosion resistance from the perspective of surface sediment grain size.
In March 2023, six clay–sand barrier sampling plots with different deployment
durations (1, 5, 10, 20, 40, and 60 years) were selected as experimental plots,
and one control sampling plot was established in an adjacent mobile sandy area
without sand barriers. Surface sediment samples were collected from the topsoil
of each sampling plot in April 2023, and sediment grain size characteristics were
analyzed. Results indicated a predominance of fine and medium sands in the
surface sediments of the study area. The deployment of clay–sand barriers culti-
vated a finer grain size composition in the regional surface sediments, increasing
the average contents of very fine sand, silt, and clay by 30.82%, 417.38%, and
381.52%, respectively. This trend became markedly pronounced a decade after
barrier deployment. The effectiveness of clay–sand barriers in erosion resistance
manifested through reduced wind velocity, interception of sand flow, and promo-
tion of fine surface sediment particles. Coarser particles such as medium, coarse,
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and very coarse sands predominantly accumulated on the external side of the
barriers, while finer particles such as fine and very fine sands concentrated in the
upwind (northwest) region of the barriers. By contrast, the contents of finest
particles such as silt and clay were higher in the downwind (southeast) region
of the sampling plots. For the study area, the deployment of clay–sand barriers
remains one of the most cost-effective engineering solutions for aeolian erosion
control, with sediment grain size parameters serving as quantitative indicators
for assessing these barriers in combating desertification. The results provide
a theoretical foundation for constructing windbreak and sand fixation systems
and optimizing artificial sand control projects in arid desert areas.
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1 Introduction
Desertification has emerged as a major ecological issue in China. Data from
the sixth national monitoring survey revealed that sandified land area in China
covered 1.6878$×10^{6}$ km2 as of 2019, accounting for 65.58% of the total
desertified land area and 17.58% of China’s total territory. Despite controlled ex-
pansion of desertification, the ecological environment in arid and semi-arid areas
remains sensitive and fragile, and the situation regarding desertification control
remains severe. Over the years, engineering and biological measures have proven
to be the most cost-effective and sustainable methods in China’s desertifica-
tion control technology system, with several successful model implementations
in different arid and semi-arid regions. However, large-scale afforestation for
sand control is not feasible in regions prone to severe wind and sand disasters or
water resource shortages. In these areas, sand barrier deployment has become
the primary method for sand control.

Sand barriers are characterized by their capability to weaken wind speed, sta-
bilize sand surfaces, increase ground surface aerodynamic roughness, and effec-
tively control sand particle movement within the barriers. These barriers can
also obstruct wind–sand flow, reduce the wind’s sand-carrying capacity, and
promote wind–sand flow settling, thereby controlling sand movement. Addi-
tionally, the settling of fine particles within the barriers facilitates soil particle
refinement, which is conducive to vegetation restoration.

In arid areas, soil aeolian erosion has emerged as one of the primary factors
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accelerating land degradation and desertification. The interaction between wind
and surface particles mainly affects the soil aeolian erosion process. Aeolian
erosion occurrence is closely related to the grain size composition of surface
soil, which not only determines its motion state but also affects the intensity
of aeolian erosion. Sediment transportation and deposition processes, as well
as the interaction between aeolian erosion and underlying surface particles, are
characterized by spatial differences in grain size composition and distribution.
Therefore, grain size analysis has become an important tool for desert research
due to its simplicity, accessibility, and sensitivity to environmental changes.

Researchers increasingly depend on grain size parameters such as mean grain
size, skewness, kurtosis, frequency distribution curve, cumulative frequency dis-
tribution curve, and source function to assess regional wind and sand activi-
ties, infer sediment environments, and provide information regarding sediment
sources.

Sand barriers, developed over several years, have become a relatively effective
measure against aeolian erosion in arid areas. Sand barriers typically adhere
to the principle of utilizing local materials without extensive processing. This
approach not only reduces costs but also promotes efficient resource utilization,
making it a promising future development trend. Clay–sand barriers are the
primary sand control means employed in large-scale sand control projects in
the inland sand areas of Northwest China due to their affordability, availability,
environmental friendliness, water retention capacity, aeolian erosion resistance,
and easy construction. Clay–sand barriers, which are impermeable to wind, are
often made from locally sourced clay with adhesive properties, manually stacked
into earth embankments, and laid on the surface of mobile sand areas. Moreover,
clay–sand barriers are mostly constructed in a belt-like manner, perpendicular
to the main regional wind direction.

Investigating the sand fixation effect of clay–sand barriers is crucial for optimiz-
ing regional sand barrier types and holds remarkable value for desertification
control and ecological environmental construction in arid desert areas.

Minqin desert area is a representative region for sand control efforts in China,
where substantial contributions have been made to sand control work that can
reflect the progress and level of China’s sand control efforts to some extent.
However, research on clay–sand barriers since their inception in the 1960s has
been sparse, primarily focusing on construction methods, cost accounting, and
vegetation restoration effects. Previous studies have confirmed that clay–sand
barriers are initially effective in windbreak and sand fixation, with the sediment
transport rate at 0–20 cm depth near the barrier surface being 19.32% of that
in mobile sand areas; however, this rate increased to 30.87% of that in mobile
sand areas after 6 years of barrier deployment. Plant community diversity within
the barriers substantially surpassed that in mobile sand areas after 12 years of
barrier deployment. The damage rate caused by aeolian erosion processes to
straw and plastic net barriers in mobile sand areas reached 8.50% and 17.65%,
respectively, whereas the impact on clay–sand barriers was negligible, at less
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than 2.00%. In contrast to the less satisfactory performance of straw and nylon
grid barriers, clay–sand barriers have been widely adopted in the cold sandy
regions of the Gonghe Basin in China due to their lowest comprehensive cost
and superior sand control effectiveness. However, research on the resistance of
clay–sand barriers to aeolian erosion is exceedingly limited, rarely conducting
assessments on their performance from the perspective of surface sediment grain
size or performing comparative evaluations over different deployment durations.
Such research is insufficient to clarify the protective effect of clay–sand barriers
against regional aeolian activity.

Therefore, this study aims to address this research gap by investigating the
clay–sand barrier sand fixation area in Minqin desert area, which has experi-
enced nearly 60 years of barrier deployment. This study posited the following
scientific hypotheses: (1) clay–sand barriers with varying deployment durations
can influence the grain size distribution of surface sediments; and (2) clay–
sand barriers can affect the spatial distribution of sediments by altering aeolian
erosion processes. The current study analyzed the characteristics of sediment
grain size, grain size parameters, and grain size frequency distribution curves
of surface sediments in clay–sand barriers with different deployment durations
through field investigations and control experiments to address the aforemen-
tioned objectives. From the perspective of sediment grain size within the clay–
sand barriers, this study elucidated the sand-fixing effects and temporal efficacy
of the barriers. The results will help establish a theoretical basis for enhancing
and sustainably developing artificial sand control projects in comparable arid
desert areas.

2.1 Study area
The study area (38°34�–38°37�N, 102°55�–102°58�E) is situated in Minqin desert
area on the southeastern edge of the Badain Jaran Desert, Northwest China.
Prior to the Han Dynasty, vast water bodies existed in the region; however,
since the Han Dynasty, the ecological environment has gradually deteriorated,
leading to increasing desertification. The environment exhibits a typical tem-
perate continental arid desert climate, with an average annual temperature of
7.6°C, a frost-free period of 176 days, an average annual precipitation of 110 mm
(mainly concentrated from July to September, accounting for approximately
60% of the total annual precipitation), and an average annual evaporation of
approximately 2600 mm, which is 23 times higher than the annual precipitation.
The groundwater level is approximately 16–20 m deep. The region experiences
strong wind and sand activities, with the northwest wind acting as the dominant
wind direction [Figure 1: see original paper]. The average annual wind speed
is 2.5 m/s, with an average of 25.1 days with wind, 25.6 days with sandstorm,
and 27.8 days with wind speeds over eight levels. The main soil types include
gray-brown desert soil, non-zonal aeolian soil, and meadow soils. The desert
vegetation in the area exhibits distinct characteristics, with a simple commu-
nity structure primarily comprising drought-resistant shrubs, semi-shrubs, and
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herbs. Dominant plant species include Haloxylon ammodendron, Reaumuria
songarica, Nitraria tangutorum, Calligonum mongolicum, Artemisia arenaria,
Agriophyllum squarrosum, and Salsola collina.

2.2 Experimental design and soil sampling
In March 2023, six clay–sand barrier sampling plots with different deployment
durations (1, 5, 10, 20, 40, and 60 years) were selected as experimental plots in
the northwest of the Minqin Sand Control Comprehensive Experimental Station.
The control sampling plot was established in an adjacent mobile sandy area
without sand barriers ; [Figure 2a: see original paper]. Each sampling plot was
flat, with similar elevations and landforms. The clay–sand barriers in the study
area comprise locally sourced clay with adhesive properties from Minqin County
and are organized in a belt-like manner perpendicular to the dominant regional
wind direction, with a barrier height of approximately 30 cm and a row spacing of
3 m [FIGURE:2b and c]. Each clay–sand barrier has been in use since its initial
deployment and has not undergone any repairs during this period. In April 2023,
surface sediment samples were collected from the topsoil (0–3 cm depth) of each
sampling plot in the study area [Figure 2c: see original paper]. Three sampling
points (corresponding to three positions) were selected within each clay-sand
barrier sampling plot: northwest (upwind), middle, and southeast (downwind)
[Figure 2d: see original paper]. Five replicated samples were then randomly
collected from each sampling point, mixed on-site, and stored in plastic self-
sealing bags. Only five replicated soil samples were collected from the control
sampling plot.

2.3 Measurement of sediment grain size
Sediment sample preparation and grain size measurements were performed at
the State Key Laboratory Breeding Base for Desertification and Aeolian Sand
Disaster Combating in Wuwei City, China. All samples were air dried, sieved to
remove impurities, and then subjected to organic matter removal and desalina-
tion treatment. Sediment grain size measurements were performed using the wet
method with the Mastersizer 2000 laser grain size analyzer (Malvern, Worcester-
shire, UK). The measurement range of the instrument was 0.020–2000.000 �m,
and the measurements were repeated three times with an error of less than 2%.
The specific pretreatment method was as follows: a certain amount of sample
was weighed in accordance with the soil type, and then 10 mL of 10% H2O2
was added. The mixture was heated and boiled until no bubbles were produced
to remove organic matter and easily oxidizable salt substances. After cooling,
10 mL of 10% hydrochloric acid was added and shaken at a low temperature to
remove calcium salts. The mixture was then left to stand for more than 12 h
in distilled water. Next, 10 mL of 10% sodium hexametaphosphate was added
to the sample, and the mixture was dispersed for 30 s using ultrasonic waves
before proceeding with subsequent measurements.
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In terms of sediment grain size classification, this study adopted the US standard
for surface sediment grain size classification. The sediment particle components
were classified as follows: gravel (>2.000 mm), very coarse sand (1.000–2.000
mm), coarse sand (0.500–1.000 mm), medium sand (0.250–0.500 mm), fine sand
(0.100–0.250 mm), very fine sand (0.050–0.100 mm), silt (0.002–0.050 mm), and
clay (<0.002 mm). Grain size data were analyzed in Excel 2010, SPSS 23.0, and
Origin 2021.

2.4 Calculation of the grain size parameters
Grain size parameters were calculated using the formulas developed by Folk and
Ward (1957), and the grading standard of grain size parameters is shown in .
Grain size was measured in phi (Φ) unit (Φ = −log2d, where d is the grain
size in mm) and described using mean grain size (Mz; Φ), sorting (𝜎), skewness
(SK), and kurtosis (KG), which were determined using the following formulas:

𝑀𝑧 = Φ16 + Φ50 + Φ84
3

𝜎 = Φ84 − Φ16
4 + Φ95 − Φ5

6.6

𝑆𝐾 = Φ16 + Φ84 − 2Φ50
2(Φ84 − Φ16) + Φ5 + Φ95 − 2Φ50

2(Φ95 − Φ5)

𝐾𝐺 = Φ95 − Φ5
2.44(Φ75 − Φ25)

where Φ16, Φ50, Φ84, Φ95, Φ5, Φ72, and Φ25 are grain size values (Φ) for repre-
sentative cumulative percentages of 16%, 50%, 84%, 95%, 5%, 72%, and 25%,
respectively.

3.1 Sediment grain size distribution
All surface sediment samples in the study area primarily comprised fine sand
(38.85% of the volume) and medium sand (25.65%), followed by very fine sand
(12.85%) and coarse sand (8.81%), with minimal contents of other components.
The clay–sand barriers had a significant impact on the contents of fine sand, silt,
and clay components in the regional surface sediments. Compared to the mobile
sand area, the average contents of silt and clay in the surface sediments of clay–
sand barrier sampling plots were 4.17 and 3.78 times higher, respectively, while
the average content of fine sand decreased by 26.51% .

Considerable differences existed in the grain size distribution of surface sedi-
ments across various clay–sand barrier sampling plots. With increasing duration
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since deployment, a general declining trend in fine sand content and a fluctu-
ating rise in silt and clay contents were observed. Key temporal milestones
were observed at 1, 10, and 60 years after barrier deployment. At the 1-year
mark, the average contents of silt and clay in the surface sediments of clay–
sand barrier sampling plots were 14.70% and 2.94%, respectively, representing
increases of 502.46% and 476.47%, respectively, over the mobile sand area. Af-
ter 10 years of barrier deployment, the average contents of silt and clay slightly
decreased by approximately 30.00%, while the content of very fine sand signif-
icantly increased, more than doubling, possibly due to partial damage of clay–
sand barriers over time, which compromised their protective function. Among
all clay–sand barrier sampling plots, the plot where clay–sand barriers were de-
ployed for 60 years exhibited the largest contrast with the mobile sand area,
characterized by a substantial increase in fine particle content and a significant
decrease in coarse particle content. Despite serious damage to some sections of
clay–sand barriers, the development of a mature plant community system and
the formation of surface soil crusts after 60 years ensured a continuous, stable
effect from barriers in windbreak and sand fixation.

Regardless of differences in grain size distribution of surface sediments among
different positions within the clay–sand barrier sampling plots, the overall grain
size distribution followed the dominant regional wind direction . The differences
in grain size distribution of surface sediments between the upwind and downwind
regions within the clay–sand barrier sampling plots were highly pronounced.
Except for the slightly higher content of fine sand (mean of 53.78%) in the
surface sediments of the clay–sand barrier sampling plot (deployment duration
of 1 year) in the upwind region compared to that in the mobile sand area (mean
of 50.28%), the contents of fine sand in the surface sediments of the other clay–
sand barrier sampling plots were significantly lower than that in the mobile sand
area, demonstrating a reduction ranging from 8.97% to 58.05%. Similar to fine
sand, the average content of very fine sand in the surface sediments of all clay–
sand barrier sampling plots was higher in the upwind region (15.09%) and lower
in the downwind region (12.54%). In contrast to fine and very fine sands, the
average contents of silt and clay in the surface sediments of all clay–sand barrier
sampling plots displayed a decreasing trend from the downwind region (3.47%
and 16.11%, respectively) to the middle region (2.33% and 12.92%, respectively)
and then to the upwind region (1.51% and 8.84%, respectively). The differences
in the contents of medium and coarse sands among different positions were
insignificant. Furthermore, among all clay–sand barrier sampling plots, the clay–
sand barrier sampling plot with a deployment duration of 60 years exhibited the
smallest variation in grain size distribution among different positions, indicating
a highly stable surface sediment environment.

3.2 Sediment grain size parameters
Figures 3 and 4 show the mean grain size, sorting, skewness, and kurtosis of
surface sediments in the study area. The surface sediments of clay–sand barrier
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sampling plots generally exhibited a finer mean grain size compared to the mo-
bile sand area. The surface sediments of the mobile sand area demonstrated a
mean grain size of 2.109 Φ, indicating fine sand. Conversely, the surface sed-
iments of clay–sand barrier sampling plots exhibited a mean grain size range
from 2.135 to 4.181 Φ, considerably greater than that of the mobile sand area.
Throughout a 60-year deployment duration, compared to the mobile sand area,
the mean grain size at all clay–sand barrier sampling plots showed an increas-
ing trend (ranging from 1.25% to 98.25%), and the mean values presented a
fluctuating upward trend as the duration extended. Surface sediments taken
from the sampling plot with a 60-year deployment duration of clay–sand barri-
ers displayed the smallest mean grain size (4.181 Φ) and the highest content of
silt (30.51%). The analysis of surface sediments from different positions within
the clay–sand barrier sampling plots showed that the mean grain size in the up-
wind, middle, and downwind regions was 2.645, 2.791, and 3.125 Φ, respectively,
demonstrating a distinct refinement effect.

The sorting of surface sediments in the mobile sand area was 0.907, indicating
medium sorting level. After the deployment of clay–sand barriers, the sorting
exhibited a fluctuating upward trend as the duration extended, demonstrating
average values ranging from 1.118 to 2.219, which were all higher than that in
the mobile sand area. The higher values indicate that particle sorting of surface
sediments in the clay–sand barrier sampling plots is poorer compared to that
in the mobile sand area. Furthermore, particle sorting of surface sediments
in the clay–sand barrier sampling plots gradually transitioned from worse (1–
40 years after barrier deployment) to bad (60 years after barrier deployment)
with the passage of time. Additionally, this study reveals a correlation between
particle sorting of clay–sand barrier sampling plots in the study area and the
dominant wind direction in the region. Compared to the middle and downwind
regions, the upwind region showed superior particle sorting. The average values
of sorting at the three positions were 1.338 in the upwind region, 1.564 in the
middle region, and 1.947 in the downwind region.

The average value of skewness of surface sediments in the mobile sand area was
–0.001, which is classified as“near symmetrical”. After the deployment of clay–
sand barriers, the surface sediments generally showed positive and very posi-
tively skewed distributions, and the average values of skewness also significantly
increased compared to the mobile sand area. The average values of skewness of
surface sediments in the clay–sand barrier sampling plots with deployment dura-
tions of 1, 5, 10, 20, 40, and 60 years were 0.413 (very positively skewed), 0.047
(near symmetrical), 0.291 (positively skewed), 0.212 (positively skewed), 0.305
(very positively skewed), and 0.356 (very positively skewed), respectively. The
variation trend of skewness between different positions was consistent with that
of the main grain size, demonstrating the highest skewness in the downwind
region (0.125), followed by the middle region (0.304), and the upwind region
(0.383).

The kurtosis value of surface sediments in the mobile sand area was 0.985, which
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is classified as “mesokurtic”. Except for the surface sediments in the clay–
sand barrier sampling plot (deployment duration of 5 years) with a relatively
low average value of kurtosis (0.954), the average values of kurtosis of surface
sediments in the other clay–sand barrier sampling plots were higher than that
of surface sediments in the mobile sand area, ranging from 1.086 to 1.473. This
finding corresponded to “mesokurtic”and “leptokurtic”kurtosis levels. The
results indicate that the clay–sand barriers can affect the grain size composition
of surface sediments.

3.3 Frequency distribution curves
The grain size frequency distribution curves of surface sediments in the study
area generally displayed a unimodal pattern, indicating effective particle sort-
ing. In contrast to the surface sediments in the mobile sand area, the grain size
frequency distribution curves of surface sediments in the clay–sand barrier sam-
pling plots demonstrated a broader range of grain size distribution with flatter
curves and deviations from the characteristics of a normal distribution. The
majority of surface sediments in the clay–sand barrier sampling plots exhibited
right-skewed grain size frequency distribution curves as opposed to the mobile
sand area [Figure 5: see original paper]. This finding confirms the refining effect
of the clay–sand barriers on the surface soil. After the deployment of clay–sand
barriers, the primary grain size distribution range of surface sediments shifted
from 0.060–4.250 Φ in the mobile sand area to 0.060–4.850 Φ in the clay–sand
barrier sampling plots. Additionally, the surface sediments in the mobile sand
area displayed a peak grain size of 2.250 Φ, accounting for approximately 8.62%
of the total soil particles. By contrast, the surface sediments in the clay–sand
barrier sampling plots exhibited an average peak grain size of 2.450 Φ, compris-
ing approximately 6.06% of the total soil particles. This result confirms a higher
content of fine particle components in the surface sediments of clay–sand barrier
sampling plots while the decrease of medium and fine sand contents, compared
to the mobile sand area. The disparity in sediment grain size distribution be-
tween clay–sand barrier sampling plots and mobile sand area, which is reflected
by the variation in grain size composition in the frequency distribution curve,
indicates a reduction in the contents of medium and fine sands and an increase
in the contents of coarse sand, very fine sand, silt, and clay in the clay–sand
barrier sampling plots.

Examination of the grain size frequency distribution curves of surface sediments
at different positions within the clay–sand barrier sampling plots revealed a pat-
tern of upwind region > middle region > downwind region for the contents
of surface sediment grain size in the range of 2.050–4.450 Φ and a pattern of
downwind region > middle region > upwind region for the contents of surface
sediment grain size in the range of 5.440–11.220 Φ. The disparities in the re-
maining ranges were not substantial.

The cumulative grain size frequency distribution curves of surface sediments
in the study area comprised three segments, corresponding to the creep (with
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grain size <1.000 Φ), saltation (with grain size of 1.000–3.000 Φ), and suspension
(with grain size >3.000 Φ) components. Among these segments, the saltation
component exhibited the steepest slope and the highest proportion, exceeding
80.00%, followed by the suspension component. Meanwhile, the creep compo-
nent had the lowest proportion [Figure 5: see original paper]. In the study area,
the wind force is relatively modest, while the clay–sand barrier is robust, pos-
sessing a unique impermeability that results in only fluctuations of airflow over
the barriers without the generation of small eddies. Moreover, the peak of the
barriers is notably smooth and gentle, facilitating the easy over-rolling of sand
particles. A marked disparity existed in the grain size composition between clay–
sand barrier sampling plots and mobile sand area. The slope of the saltation
component in the mobile sand area was more pronounced than that in the clay–
sand barrier sampling plots, resulting in an earlier peak in the cumulative grain
size frequency distribution curve. The slope values of the cumulative grain size
frequency distribution curves among different clay–sand barrier sampling plots
were relatively similar, gradually becoming steep in the range of 0.265–4.052 Φ.
Notably, the distribution uniformity of grain size composition was comparable
among the clay–sand barrier sampling plots with deployment durations of 5, 10,
and 20 years but significantly differed from the clay–sand barrier sampling plots
with deployment durations of 1, 40, and 60 years. The cumulative grain size
frequency distribution curves of surface sediments at different positions initially
exhibited a gradual growth pattern, followed by a sudden steep decline at the
grain size of approximately 0.066 Φ, rapidly surpassing 80.00% of the cumulative
volume percentage. This finding indicates that a large proportion of sediment
particles have a grain size greater than 0.066 Φ, resulting in lower contents of
coarse and very coarse sand components. The analysis of surface sediments
at various positions within the clay–sand barrier sampling plots reveals that
the intersection points of the creep component with the saltation component
and those of the saltation component with the suspension component in the
cumulative grain size frequency distribution curves occurred at approximately
0.460 and 3.650 Φ, respectively. The slope values of the cumulative grain size
frequency distribution curves among different positions followed the order of
steepest to gentlest as follows: upwind region > middle region > downwind
region. The cumulative grain size frequency distribution curves of surface sed-
iments in the upwind region of the clay–sand barrier sampling plots exhibited
the highest slope and reached their peak first, bearing the closest resemblance
to the curves in the mobile sand area. The cumulative grain size frequency
distribution curves of surface sediments in the downwind region of clay–sand
barrier sampling plots possessed a relatively gradual slope and later reached the
peak of the curves. This phenomenon also indirectly indicates the mitigating
effect of the clay–sand barriers on regional wind speed.

4 Discussion
Soil grain size analysis is a crucial research topic in the study of aeolian sed-
iments. Conducting research on the grain size distribution of surface soil is
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valuable for understanding weathering and deposition processes. In the case
of Minqin desert area that has implemented sand control measures for over 60
years, the clay–sand barriers alter the sediment grain size distribution inside and
outside the barriers by reducing the erosion of wind-blown sand. Furthermore,
the clay–sand barriers also affect the contents of easily eroded particles in the
surface sediments at different positions within the barriers.

4.1 Effect of clay–sand barriers on the grain size distribution of surface
sediments

Minqin desert area is situated between the Tengger Desert and Badain Jaran
Desert, characterized by mobile, semi-fixed, and fixed sand dunes. The regional
ecological environment is fragile, with sparse vegetation and loose, unstable
surface sediments that are prone to aeolian erosion. This region is regarded
as one of the main sources of dust storms in China due to its dry climate,
unstable atmospheric conditions, limited vegetation, and loose surface sediment
materials attributed to water scarcity. The clay–sand barrier sampling plots in
this study are located in the Minqin desert area on the southeastern edge of
the Badain Jaran Desert, where vegetation coverage is low, distances between
sampling plots are close, and terrain remains consistent.

Sand barriers help increase soil surface roughness and reduce near-surface wind
speed. Unlike conventional sand barriers with certain permeability, such as
Salix psammophila and straw sand barriers, clay–sand barriers primarily com-
prise impermeable clay particles, which enhance their obstructive and uplifting
effects on airflow. This condition creates a high threshold wind speed for the
transport of sands and gravels. After the deployment of clay–sand barriers, the
mechanical composition of surface sediments changes due to alterations in the
flow field structure and the deposition of wind-blown sediments. This experi-
ment found that the influence of clay–sand barriers on the grain size of surface
sediments in the study area was mainly reflected in the increase of fine particle
components within the barrier sampling plots [Figure 5a: see original paper].
Compared to the mobile sand area, the average contents of coarse and medium
sands within the barriers after 1 year of deployment decreased by 3.55% and
11.31%, respectively, while those of clay and silt increased by 2.43% and 5.59%,
respectively, indicating the initial manifestation of soil refinement. This finding
can be attributed to two main factors: (1) the initial severe aeolian erosion at
the top of the newly deployed clay–sand barriers resulted in the shedding of
clay particles and a consequent increase in fine particles on the surface; and
(2) some clay particles that fell within the surface layer of the sampling plots
were retained during barrier deployment. The study area features a relatively
flat topography with low vegetation coverage in the mobile sand area, which is
inadequate for obstructing aeolian processes, resulting in a relatively uniform
grain size distribution on the surface of the mobile sand area [Figure 5a: see
original paper]. By contrast, the clay–sand barrier structures effectively impede
sand flow, capturing the majority of coarse particles on the exterior of the bar-
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riers. This phenomenon leads to a predominance of finer particles in the middle
and rear sections within the barriers, which are then widely deposited in the
downwind region under the influence of the wind, ultimately resulting in a finer
grain size composition on the surface of the clay–sand barrier sampling plots
compared to that of the mobile sand area [Figure 5b: see original paper]. Over
time, the mean grain size in the surface sediments within the clay–sand barrier
sampling plots becomes finer, revealing a significant increase in the contents of
silt and clay and a decrease in sorting [Figure 5f: see original paper]. This con-
clusion is consistent with the findings of Cui et al. (2022), who indicated that
fine and medium sands, which are easily eroded, are substantially influenced by
aeolian activity.

Within the aeolian flow, the erodible particles within the height range of 0–10 cm
account for approximately 75.00% of the total particles. However, the height of
clay–sand barriers is mostly between 25 and 30 cm, and the high barrier height
and non-permeable characteristics exacerbate the blockage of surface particles.
Owing to the impediment of sand-laden winds by barriers, a substantial reduc-
tion in horizontal wind velocity was observed, indicating the conversion of part
of the kinetic energy into an upward force. This conversion diminishes the ca-
pacity of the wind to carry heavy, coarse particles, resulting in a preferential
interception of such particles outside the barriers and in the upwind region.
Meanwhile, light, fine particles are uplifted by the wind, transported, and then
ultimately deposited in the downwind region. Multiple notable wind events re-
inforced this pattern over time. Furthermore, with the continuous recovery of
the vegetation within the clay–sand barriers, individual plants can act as sand-
fixing effect barriers against wind-blown sand. Land desertification is a process
of soil particle coarsening and nutrient depletion, while the deployment of clay–
sand barriers gradually refines the texture of the surface soil, which is contrary
to the desertification process and promotes soil restoration, thereby enhancing
flow.

4.2 Effect of clay–sand barriers on the range of eroded particles

The presence of sand barriers alters surface undulation and reduces the intensity
of sand and wind activities, thereby impacting the range of sand particle move-
ments. Bagnold (1941) identified three main forms of sand movement in wind–
sand flow: creep, saltation, and suspension. Saltation, which is closely related
to suspension and creep movements, is the dominant form of wind–sand flow
advancement and serves as a key focal point in the study of granular physics. In
this experiment, the grain size range of surface sediments in the study area was
between 1.000 and 3.000 Φ, demonstrating a predominance of fine and medium
sand components . These components are highly susceptible to aeolian erosion
and are sensitive to changes in the flow field. Thus, these components are cru-
cial in determining the relative coarseness of surface sediments within the clay–
sand barriers and are particularly influenced by the barriers.

Comparison and analysis of the grain size of surface sediments in the clay–sand
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barrier sampling plots and mobile sand area in the study area reveals that the
proportion of suspension component (>3.000 Φ) in the surface sediments of the
clay–sand barrier sampling plots increased by 199.93% compared to the mobile
sand area, while the proportion of saltation component generally decreased by
22.15% . Additionally, the proportions of suspended and saltation components
were high in the downwind region. A general process of particle refinement
occurred from the upwind region to the downwind region, reflecting the nat-
ural sieving rules of particle selection in the region and confirming the wind
protection effect of clay–sand barriers.

The sorting of surface sediments in the study area markedly varied, undergoing
an overall transition from medium to worse to bad as the deployment dura-
tion extended. This transition is primarily due to the gradual deterioration of
some barriers in the later stages of deployment, weakening their wind protec-
tion function. This phenomenon results in an uneven distribution of surface
sediment particles within the barriers and a wide range of sediment grain size
distribution. The grain size of surface sediments at different positions of the
clay–sand barrier sampling plots was finer than that of the mobile sand area.
This phenomenon not only reflects the intercepting effect of clay–sand barriers
on wind-blown sand but also indicates the improvement of surface soil structure
by the barriers.

Among all sampling plots in the study area, the grain size composition of surface
sediments in the clay–sand barrier sampling plot with a deployment duration of
60 years exhibited the most significant difference compared to that in the mobile
sand area [Figure 3: see original paper]. Previous studies have confirmed the
close relationship between soil grain size composition and the development and
stability of soil crust. The content of fine particles has a considerable impact
on crust formation, while other particle components play a crucial role in crust
stability. A higher content of coarse components leads to lower crust stability
and higher susceptibility to damage. Conversely, a higher content of fine com-
ponents enhances soil crust stability. With the development of the soil crust,
considerable improvements in the compaction, bulk density, and other properties
of the soil were observed, resulting in changes in transportation and deposition
of sands in the region. The protective mechanism of clay–sand barriers has
transitioned from the initial“obstruction”approach to a highly comprehensive
“obstruction and consolidation”approach.

4.3 Effectiveness and advantages of clay–sand barriers

The resistance of aeolian erosion offered by clay–sand barriers is a long-term
cumulative effect that begins with reductions of wind velocity and sand flow,
refinement of soil texture, and progresses to the alteration of soil structure, aug-
mentation of soil nutrients, and promotion of vegetation recovery, ultimately
culminating in an integrated protective measure that combines engineering with
botanical elements. Studying changes in surface sediment grain size after the de-
ployment of clay–sand barriers in the study area helps refine the understanding
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of the wind and sand resistance effects of these barriers.

Different from clay particles, sand particles are coarse and loosely structured,
and have minimal water retention and low organic matter contents. Following
the deployment of clay–sand barriers, the gradual increase in fine particle compo-
nents within the surface sediments not only considerably optimizes soil structure
but also enhances soil nutrients, creating favorable conditions for the growth of
sand-resistant vegetation. However, studies have shown that the growth of veg-
etation within the barriers does not strictly follow a linear relationship with
the deployment duration of the barriers. In the early stages after barrier de-
ployment, a noticeable improvement in vegetation, soil moisture, and nutrient
conditions can be observed. However, this positive effect gradually weakens
over time. Particularly in the later stages, as soil crust coverage substantially
increases, this positive effect not only reduces the efficiency of rainfall infiltra-
tion but also weakens the replenishment of deep soil by precipitation, making it
difficult for plant roots to access water and exerting a certain reverse effect on
plant growth.

Moreover, the integrity of sand barriers substantially affects their protective
effect. Clay–sand barriers, which are constructed mainly with clay fragments,
have higher density and mass compared to barriers made of straw. The study by
Sun et al. (2012) has shown that after 12 years of deployment, the preservation
rate of clay–sand barriers is approximately 65.00%. Although there are different
degrees of damage to clay–sand barriers in the study area, such damage is mostly
localized and discontinuous. Overall, the protective environment of clay–sand
barriers remains relatively stable.

Therefore, the protective function of clay–sand barriers is attributed to a synergy
of multiple factors, that is, a virtuous cycle encompassing the reduction of wind
speed, soil refinement, and promotion of plant recovery. Future research should
comprehensively investigate the wind and sand resistance effects of clay–sand
barriers by considering factors such as sand-resistant plants, soil nutrients, and
wind protection efficiency.

Furthermore, clay–sand barriers are particularly suited to regions with abundant
clay resources. In areas where clay particles are scarce, selecting high-quality
materials appropriate to local conditions and conducting a comprehensive as-
sessment of their wind and sand resistance efficiency, sustainability, economic
cost, and potential secondary pollution remains imperative before large-scale
application. Specific to Minqin desert area, clay–sand barriers possess special
advantages, representing a mature artificial sand control measure. In the future,
promptly maintaining any damaged areas of clay–sand barriers is essential to
ensuring the sustained efficacy of their protective benefits.

5 Conclusions
From the perspective of surface sediment grain size, this study investigated
the aeolian erosion resistance of clay–sand barriers with different deployment
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durations in Minqin desert area to promote the optimization of artificial sand
control projects in arid desert areas. The deployment of clay–sand barriers
substantially enhanced the fine particle contents of surface sediments. With
the passage of time, the contents of fine particles in the surface sediments of
clay–sand barrier sampling plots, which comprise very fine sand, silt, and clay,
displayed a fluctuating upward trend, while the contents of coarser particles such
as fine and medium sands showed a fluctuating downward trend. These changes
became increasingly and highly pronounced after 10 years of deployment. The
interception of sand flow by clay–sand barriers and the selective influence of
the dominant wind in the region collectively altered the spatial distribution of
surface sediment particles. The clay–sand barriers have a greater impact on
coarser particles due to their obstructive effect, while the selective influence of
the dominant wind plays a more significant role in affecting finer particles. Clay–
sand barriers demonstrate their anti-erosion efficacy by reducing wind speed,
obstructing sand flow, and promoting the refinement of soil particles on the
surface.

Future efforts to repair the clay–sand barrier protection systems should focus
on the restoration of damaged barriers in the upwind region to maintain and
extend the protective effects of clay–sand barriers, ensuring the enduring benefits
of windbreak and sand fixation.
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