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Abstract
Soil particle size is an important characteristic parameter of wind-sand activity.
Through field investigation and laboratory testing, the spatial distribution char-
acteristics of surface soil particle size in windbreak and sand-fixation forests with
different spatial distributions were analyzed, aiming to evaluate the windbreak
and sand-fixation function of the sand-blocking belt at the edge of the Minqin
Oasis. The results show that: (1) In the dam area, the surface soil particle size
composition of the Haloxylon ammodendron-Calligonum mongolicum-Artemisia
desertorum-Agriophyllum squarrosum sand-fixation forest is dominated by fine
sand, medium sand, and very fine sand, accounting for 33.47%, 26.08%, and
18.18%, respectively; in the Spring Mountain area, the surface soil particle size
composition of the Nitraria tangutorum+Artemisia desertorum+Bassia dasy-
phylla sand-fixation forest is dominated by fine sand, silt, and very fine sand,
accounting for 29.62%, 21.17%, and 18.87%, respectively; and in the lake area,
the surface soil particle size composition of the Nitraria tangutorum-Phragmites
australis-Salsola collina sand-fixation forest is dominated by fine sand, silt, and
very fine sand, accounting for 36.66%, 27.98%, and 22.83%, respectively. (2)
The mean particle size follows the order: dam area (2.55Φ) > Spring Mountain
area (3.5Φ) > lake area (3.94Φ); sorting is poor in the dam area (1.58Φ) and
very poor in both the lake area (2.10Φ) and Spring Mountain area (2.29Φ). (3)
The surface soil particle size frequency curves are bimodal in the Spring Moun-
tain and lake areas, and unimodal in the dam area; the skewness is extremely
positively skewed in all areas, and the kurtosis is very narrow. The cumulative
particle size distribution curves reflect that wind-sand activity is more frequent
and intense in the dam area than in the Spring Mountain and lake areas. The
species composition of desert vegetation communities in the sand-blocking belt
determines the magnitude of their windbreak and sand-fixation functions, which
in turn affects the surface soil particle size distribution characteristics. It is rec-
ommended that afforestation tree species with strong sand-fixation capabilities
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should be emphasized during the restoration of the ecological protection system
in the sand-blocking belt.

Full Text
Spatial Distribution Characteristics of Surface Soil Grain
Size in the Sand-Resistant Belt at the Edge of Minqin Oasis
ZHAO Peng12, ZHU Shujuan1, DUAN Xiaofeng2, CHANG
Zhaofeng12, KANG Caizhou1, WANG Fanglin2, WANG Yuqi2,
GAO Decai3

1State Key Laboratory Breeding Base of Desertification and Aeolian Sand Dis-
aster Combating, Gansu Desert Control Research Institute, Lanzhou 730070,
Gansu, China
2Gansu Minqin National Field Observation & Research Station on Ecosystem
of Desert Grassland, Minqin 733000, Gansu, China
3Gulang County Haizitan Forest Field, Gulang 733100, Gansu, China

Abstract
Soil particle size is a critical parameter characterizing aeolian sand activity.
Through field investigation and laboratory analysis, this study examined the
spatial distribution characteristics of surface soil particle size in windbreak and
sand-fixation forests across different spatial configurations to evaluate the wind-
break and sand-fixation functions of the sand barrier belt at the edge of Min-
qin Oasis. The results revealed distinct patterns across three zones: in Baqu,
the surface soil of Haloxylon ammodendron-Artemisia desertorum-Agriophyllum
squarrosum sand-fixation forests was dominated by fine sand (33.47%), medium
sand (26.08%), and very fine sand (18.18%); in Quanshanqu, the surface soil of
Nitraria tangutorum-Artemisia desertorum-Bassia dasyphylla forests consisted
primarily of fine sand (29.62%), silt (21.17%), and very fine sand (18.87%); and
in Huqu, the surface soil of Nitraria tangutorum-Phragmites australis-Salsola
collina forests was dominated by fine sand (36.66%), silt (27.98%), and very fine
sand (22.83%). The average particle size followed the order: Baqu (2.55 Φ) >
Quanshanqu (3.5 Φ) > Huqu (3.94 Φ). Sorting was poor in Baqu (1.58 Φ) and
very poor in both Quanshanqu (2.29 Φ) and Huqu (2.10 Φ). Frequency curves
exhibited bimodal patterns in Quanshanqu and Huqu but a unimodal pattern
in Baqu, with extremely positive skewness and very narrow kurtosis across all
zones. Cumulative distribution curves indicated that aeolian sand activity was
more frequent and intense in Baqu compared to Quanshanqu and Huqu. The
species composition of desert vegetation communities in the sand barrier belt
determines the effectiveness of windbreak and sand-fixation functions, thereby
influencing surface soil particle size distribution characteristics. For restoration
of the sand barrier belt’s ecological protection system, selection of tree species
with strong sand-fixing capacity is recommended.
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Introduction
1.1 Study Area Overview

The study area is located in the Minqin sand barrier belt at the southeastern
edge of the Badain Jaran Desert (102°54�47�~102°57�3�E, 38°25�49�~38°37�41�N),
which features a typical temperate continental desert climate. According
to meteorological observations from the Gansu Minqin Desert Grassland
Ecosystem National Field Scientific Observation and Research Station (2006–
2016), the multi-year average temperature is 7.6°C, with annual accumulated
temperature $�10°𝐶𝑜𝑓3036.4°𝐶𝑎𝑛𝑑𝑑𝑎𝑖𝑙𝑦𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑟𝑎𝑛𝑔𝑒𝑜𝑓15.2°𝐶.𝑀𝑢𝑙𝑡𝑖 −
𝑦𝑒𝑎𝑟𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑖𝑠176𝑚𝑚, 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒𝑑𝑖𝑛𝐽𝑢𝑛𝑒–𝑆𝑒𝑝𝑡𝑒𝑚𝑏𝑒𝑟𝑎𝑛𝑑𝑎𝑐𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔𝑓𝑜𝑟𝑜𝑣𝑒𝑟80^{-
1}$, 25.1 annual gale days, and 27.8 annual sandstorm days. Regional land
cover types include natural vegetation, artificial vegetation, desert landscape,
bare land, artificial oasis, fixed dunes, and semi-fixed dunes. Desert vegetation
characteristics are evident with simple community structure, dominated by
shrub and semi-shrub xerophytic communities and annual herbaceous “shrub-
grass”associations. Artificial plants include Haloxylon ammodendron, Elaeagnus
angustifolia, Populus alba, and Popolus gansuensis. Natural plants include
Nitraria tangutorum, Calligonum mongolicum, Artemisia arenaria, Tamarix
ramosissima, Phragmites australis, Reaumuria soongarica, Agriophyllum squar-
rosum, Bassia dasyphylla, and Salsola collina. Zonal soils are gray-brown desert
soils, while azonal soils include aeolian sandy soils and meadow swamp soils,
with irrigation silt soils being the primary cultivated soils.

1.2 Field Investigation and Sampling

Based on spatiotemporal characteristics of groundwater depth, Minqin Oasis
can be divided into Baqu, Quanshanqu, and Huqu. Along the oasis-to-desert
gradient in these three zones, six observation transects were established in the
sand barrier belt, with three sample plots per transect, totaling 18 plots. In each
plot, five soil samples from the 0–5 cm layer were randomly collected and mixed.
Samples were air-dried, sieved to remove gravel and debris, and analyzed using
a Mastersizer 2000 particle size analyzer with wet dispersion. Surface soils in
all spatial distribution zones of the sand barrier belt were aeolian sandy soils.
Pretreatment involved: weighing appropriate amounts (�0.1 g for clay, �0.3 g for
sandy soils), adding 10 mL of 10% H2O2, heating and boiling until bubbling
ceased to remove organic matter and oxidizable salts; after cooling, adding 10
mL of 10% HCl to remove calcium salts, adding distilled water, standing, then
ultrasonic dispersion for 10 mL.
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1.3 Soil Grain Size Parameters

The USDA classification system was adopted, dividing soil particles into gravel
(>2.0 mm), very coarse sand (1.0–2.0 mm), coarse sand (0.5–1.0 mm), medium
sand (0.25–0.5 mm), fine sand (0.1–0.25 mm), very fine sand (0.05–0.1 mm),
silt (0.002–0.05 mm), and clay (<0.002 mm). GRADISTATv 9.1 software was
used to calculate mean grain size, sorting coefficient, skewness, and kurtosis.
Parameter calculation formulas and their significance are as follows:

Mean grain size: ̄𝑥𝑎 = ∑ 𝑓 ⋅ 𝑚𝑚
where 𝑓 represents frequency percentage and 𝑚𝑚 is the median soil particle
diameter in metric units. The physical meaning is that particles larger than this
diameter account for 50%, as do particles smaller than it, also called median
grain size. Mean grain size indicates average particle coarseness, representing
the average kinetic energy of transport forces, with particle size reflecting soil
development degree and material transport distance.

Sorting coefficient: 𝜎𝑎 = √∑ 𝑓 ⋅ (𝑚𝑚 − ̄𝑥𝑎)2

The sorting coefficient indicates sediment sorting. When 𝜎𝑎 < 0.35Φ, sorting is
excellent; 0.35–0.50Φ is very good; 0.50–0.71Φ is good; 0.71–1.00Φ is moderate;
1.00–2.00Φ is poor; 2.00–4.00Φ is very poor; and 𝜎𝑎 > 4.00Φ is extremely poor.

Skewness: 𝑆𝐾𝑎 = ∑ 𝑓⋅(𝑚𝑚−𝑥̄𝑎)3

𝜎3𝑎
Skewness quantitatively describes the symmetry of sediment grain distribution,
reflecting the approximate position of the main peak and the relative position
of mean and median grain sizes, as well as soil particle size trends. Negative
skewness indicates distribution shifted toward coarser particles relative to the
median; positive skewness indicates positive deviation. When 𝑆𝐾𝑎 is between
-1.0 and -0.3, it’s negatively skewed; -0.3 to -0.1 is very negatively skewed; -0.1
to 0.1 is nearly symmetric; 0.1 to 0.3 is positively skewed; and 0.3 to 1.0 is very
positively skewed.

Kurtosis: 𝐾𝑎 = ∑ 𝑓⋅(𝑚𝑚−𝑥̄𝑎)4

𝜎4𝑎
Kurtosis represents the peakedness of the frequency curve. When 𝐾𝑎 < 0.67, it’
s very wide; 0.67–0.90 is wide; 0.90–1.11 is moderate; 1.11–1.50 is narrow; 1.50–
3.00 is very narrow; and 𝐾𝑎 > 3.00 is extremely narrow.

1.4 Sedimentary Environment Discrimination

Sahu established empirical discriminant formulas for sedimentary environments
based on grain size parameters. Using statistical analysis of numerous clas-
tic sediments, the variation characteristics of mean grain size (𝑀𝑧), standard
deviation (𝜎), skewness (𝑆𝐾𝑎), and kurtosis (𝐾𝑎) in different depositional envi-
ronments were determined. Using multivariate classification analysis, empirical
discriminant formulas were developed to differentiate dune sand, beach sand,
river sand, etc.:

𝑌1 = −3.5688𝑀𝑧 + 3.7016𝑆𝐾𝑎 + 3.1135𝐾𝑎
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If 𝑌1 < −2.7411, it’s aeolian deposition; otherwise continue.

𝑌2 = 15.6534𝑀𝑧 + 65.7091𝑆𝐾𝑎 + 18.5043𝐾𝑎
If 𝑌2 < 65.3650, it’s beach deposition; otherwise continue.

𝑌3 = 0.7215𝑀𝑧 − 8.7604𝑆𝐾𝑎 + 0.0482𝐾𝑎
If 𝑌3 > −7.4190, it’s shallow marine deposition; otherwise continue.

𝑌4 = 0.2852𝑀𝑧 − 0.4030𝑆𝐾𝑎 + 0.0482𝐾𝑎
If 𝑌4 < 9.8433, it’s turbidity current deposition; otherwise it’s fluvial deposition.

Results
2.1 Soil Grain Size Composition Characteristics

The surface soil grain size composition in different sand barrier belts at the
edge of Minqin Oasis showed distinct patterns . In Baqu, the sand-fixation
forest surface soil was dominated by fine sand, medium sand, and very fine
sand, accounting for 33.47%, 26.08%, and 18.18% respectively. In Quanshanqu,
the sand-fixation forest surface soil consisted primarily of fine sand (29.62%),
silt (21.17%), and very fine sand (18.87%). In Huqu, the sand-fixation forest
surface soil was dominated by fine sand (36.66%), silt (27.98%), and very fine
sand (22.83%). Fine sand was the dominant fraction across all zones. The com-
bined content of fine sand, very fine sand, and silt was 87.47% in Quanshanqu,
69.66% in Huqu, and 66.11% in Baqu. Clay content was lowest in Baqu (2.16%)
and highest in Quanshanqu (4.25%) and Huqu (4.16%). Medium sand, coarse
sand, and very coarse sand contents were highest in Baqu (26.09%), followed by
Quanshanqu (8.37%) and Huqu (7.56%), indicating significant soil coarsening
in Baqu sand-fixation forests.

2.2 Soil Grain Size Parameter Characteristics

The mean grain size (𝑀𝑧) of surface soil in different spatial zones of the sand
barrier belt ranged from 1.42–6.85Φ, sorting coefficient (𝜎) from 0.57–3.10Φ,
skewness (𝑆𝐾) from -0.24–0.62Φ, and kurtosis (𝐾) from 0.69–2.64Φ [Figure
2: see original paper]. In Baqu’s Longwangmiao sand barrier belt, the Cal-
ligonum mongolicum-Agriophyllum squarrosum community had a mean grain
size of 2.53Φ, with unimodal frequency curves, poor sorting, positive skewness,
and very narrow kurtosis. The Shajingzi sand barrier belt’s Nitraria tanguto-
rum community showed a mean grain size of 2.45Φ, with unimodal frequency
curves, very poor sorting, positive skewness, and narrow kurtosis. In Liujiadun
sand barrier belt, the Tamarix ramosissima-Reaumuria soongarica forest had a
mean grain size of 3.19Φ, with bimodal frequency curves, moderate sorting, near-
symmetric skewness, and very narrow kurtosis. The Sancheng sand barrier belt’
s Nitraria tangutorum-Salsola collina forest showed a mean grain size of 2.96Φ,
with bimodal frequency curves, poor sorting, extremely positive skewness, and
very narrow kurtosis. Overall, Quanshanqu sand barrier belts exhibited predom-
inantly positively skewed bimodal frequency curves with very narrow kurtosis
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and poor sorting.

In Huqu, the Fugong sand barrier belt’s Haloxylon ammodendron-Limonium
aureum forest had a mean grain size of 4.44Φ, with unimodal frequency curves,
poor sorting, positive skewness, and narrow kurtosis. The Xiqu sand barrier
belt’s Nitraria tangutorum-Phragmites australis forest showed a mean grain
size of 3.91Φ, with bimodal frequency curves, moderate sorting, extremely posi-
tive skewness, and very narrow kurtosis. The Qingtu sand barrier belt’s Nitraria
tangutorum-Halogeton glomeratus forest had a mean grain size of 3.19Φ, with
unimodal frequency curves, poor sorting, near-symmetric skewness, and very
narrow kurtosis. Overall, Huqu sand barrier belts showed predominantly pos-
itively skewed unimodal frequency curves with very narrow kurtosis and poor
sorting.

2.3 Soil Grain Size Cumulative Distribution Characteristics

Cumulative frequency curves reflect transport media and dynamic conditions
of soil detritus, as well as sand sorting. Steeper curves indicate better sorting
and more frequent/intense aeolian activity. Cumulative frequency curves for
different sand barrier belts [Figure 7: see original paper] showed that in Baqu,
creep, saltation, and suspension fractions accounted for 8.45%, 61.55%, and
30.00% respectively; in Quanshanqu, 14.62%, 59.96%, and 25.42%; and in Huqu,
26.14%, 48.44%, and 25.42%. Quanshanqu had the highest creep fraction, Baqu
the highest saltation fraction, and Huqu the highest suspension fraction. Baqu’
s cumulative curve was steepest, followed by Quanshanqu and Huqu, indicating
more frequent and intense aeolian activity in Baqu.

2.4 Sedimentary Environment Discrimination

Under fluvial action, weathered debris from the Qilian Mountains formed
alluvial-proluvial fans at piedmont areas and alluvial plains around lakes. With
intensifying aridification in northwestern China during the Late Cenozoic,
numerous terminal lakes in central Asia shrank or dried, while atmospheric
circulation eroded loose deposits in downstream alluvial plains and terminal
lakes, developing extensive aeolian landforms and forming thick aeolian
accumulations downwind. Minqin Oasis lies in the lower Shiyang River basin.
Discrimination results indicated that surface soils in different spatial zones of
the sand barrier belt were all fluvial deposits, inconsistent with actual aeolian
deposition. Research shows that Sahu’s discriminant formulas have limitations
when applied to aeolian deposits on the Qinghai-Tibet Plateau, particularly for
aeolian sand environment discrimination.
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Discussion
3.1 Relationship Between Soil Grain Size and Vegetation

As an important component of the geographical environment, vegetation
strongly influences energy conversion and transfer between the atmosphere
and pedosphere, representing one of the most active factors affecting soil wind
erosion. Wind erosion rates increase exponentially with decreasing vegetation
cover: >60% cover results in slight wind erosion, 20–60% in moderate wind
erosion, and <20% in severe wind erosion. Vegetation effects on soil wind
erosion depend on vegetation layer characteristics, reflected in surface roughness
and wind erosion intensity variations. In the middle and lower reaches of the
Tarim River, different land types, vegetation types, and cover significantly
affect soil grain size characteristics. Due to reduced vegetation cover and root
density, overgrazed grasslands in Inner Mongolia’s typical steppe show obvious
wind erosion features, with surface soil coarsening directly causing decreased
soil organic carbon content. During biological soil crust development in the Mu
Us Sandy Land, fine particles (clay and silt) continuously increase, grain size
composition optimizes, and overall distribution evolves toward uniform and
symmetric patterns. Land use evolution from grassland to dunes is primarily
a wind erosion desertification process characterized by decreasing very fine
sand content. Windbreak and sand-fixation functions per unit area rank
as: Nitraria tangutorum > Haloxylon ammodendron > Ephedra przewalskii.
Larger shrub canopy favors accumulation of fine sand, very fine sand, and
silt. This study found that in Baqu, Haloxylon ammodendron-Agriophyllum
squarrosum sand-fixation forests had much lower contents of erodible clay and
silt (2.16% and 4.25%) compared to Quanshanqu’s Nitraria tangutorum (4.16%
and 21.17%) and Huqu’s Nitraria tangutorum-Salsola collina (21.98% and
12.46%), indicating superior windbreak and sand-fixation functions. Compared
with artificial Haloxylon forests, shrub dunes have better windbreak and
sand-fixation capacity. In Minqin’s oasis-desert transition zone, wind transport
capacity is weakest in straw checkerboard sand barriers, followed by Nitraria
shrub dunes, then Phragmites australis desert belts, and strongest on dune
tops with maximum sediment transport. In desert areas, annual horizontal
dust flux through a 9169 kg × 50 m cross-section is 9169 kg; in oasis-desert
transition zones it’s 5318 kg, a 42% reduction; and within oases it’s 1043 kg,
an 89% reduction, demonstrating strong duststorm attenuation by shelterbelts
and farmland protection networks. Thus, the species composition of desert veg-
etation communities in different zones determines windbreak and sand-fixation
effectiveness, thereby influencing surface soil grain size distribution.

3.2 Relationship Between Grain Size and Provenance

Grain size distribution curves of different sediments can reflect material sources.
The“narrow tube”topography of the Hexi Corridor is an important reason for
frequent sandstorms in Minqin, with local “narrow tubes”making Minqin the
most severely affected area. Sedimentary facies in the Shiyang River middle
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reaches show transitions from fluvial to lacustrine to aeolian deposits, indicat-
ing Holocene aridification. This study found that the lower Shiyang River’s
Minqin Oasis edge deposits are fluvial, inconsistent with actual aeolian deposi-
tion, reflecting limitations of Sahu’s formulas for inland aeolian environment
discrimination. In Baqu, sand-fixation forest surface grain size frequency curves
are nearly symmetric with sharp narrow peaks and fine-particle tails, charac-
teristic of aeolian deposits. Baqu’s saltation fraction ranges from 1.124–3.88Φ,
much larger than Quanshanqu (1.895–4.248Φ) and Huqu (1.374–4.245Φ), reflect-
ing Baqu’s relatively high-energy depositional environment. Huqu lacustrine
deposit surface soils show positively skewed curves with wide low peaks and ob-
vious bimodal patterns, with higher fine-particle content than aeolian deposits.
Baqu and Huqu grain size frequency curve characteristics are similar to those
of aeolian and lacustrine deposits in the Ulan Buh Desert and Hunshandake
Sandy Land. Shrub dune grain size frequency curves show unimodal distribu-
tion, while Gobi shows bimodal or trimodal patterns. Quanshanqu Nitraria
shrub dunes show positively skewed bimodal distribution, presenting Gobi veg-
etation characteristics. Sorting coefficients for sand barrier belts show Baqu
(1.58Φ) < Quanshanqu (2.29Φ) < Huqu (2.10Φ), with overall poor sorting, re-
flecting vegetation’s windbreak and sand-blocking effects. Different tree species’
sand-fixation forests show varying effects in reducing aeolian sand flux and wind
erosion depth. In desert areas, dust release is greatest from silt and fine sand,
less from medium and coarse sand, and least from very coarse sand. Baqu’s clay
content (14.62%) is much lower than Quanshanqu (25.42%) and Huqu (26.14%),
suggesting greater dust release potential in Quanshanqu and Huqu. The distinct
grain size distribution curves in Baqu, Quanshanqu, and Huqu are closely re-
lated to complex desert material sources, depositional environment formation
mechanisms, and diverse sand material migration patterns.

Conclusion
Surface soil grain size composition in the sand barrier belt varies by zone: Baqu
is dominated by fine sand (33.47%), medium sand (26.08%), and very fine sand
(18.18%); Quanshanqu by fine sand (29.62%), silt (21.17%), and very fine sand
(18.87%); and Huqu by fine sand (36.66%), silt (27.98%), and very fine sand
(22.83%). Average particle size follows the order Baqu (2.55Φ) > Quanshanqu
(3.5Φ) > Huqu (3.94Φ). Sorting is poor in Baqu (1.58Φ) and very poor in Quan-
shanqu (2.29Φ) and Huqu (2.10Φ). Frequency curves show bimodal patterns in
Quanshanqu and Huqu but unimodal in Baqu, with extremely positive skew-
ness and very narrow kurtosis. Cumulative distribution curves indicate more
frequent and intense aeolian activity in Baqu than in Quanshanqu and Huqu.
The species composition of desert vegetation communities in the sand barrier
belt determines windbreak and sand-fixation effectiveness, thereby influencing
surface soil grain size distribution. For restoration of the sand barrier belt’s
ecological protection system, selection of tree species with strong sand-fixing
capacity is recommended.
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