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In order to accurately understand the relationship between soil structure and
climate feedback in the frozen soil area of Mu Us Sandy Land, China, and to
explore the key control factors for the structural stability of soft rock and sand
compound soil under freeze-thaw environment, the indoor freeze-thaw
simulation experiment was applied. The results show that the freeze-thaw
period, clay content, organic matter and their interactions have significant
effects on the stability of composite soil aggregates. After 10 freeze-thaw
cycles, the aggregate content in the 1:0, 1:1, 1:2, and 1:5 composite soil with a
diameter greater than 1 mm decreased by 55%, 34%, 44%, and 57%, while the
aggregate content with a diameter less than 1 mm increased by 91%, 70%, 66%,
and 87%, and the aggregate composition of each particle size is mainly
concentrated in the range of 0.25–0.5 mm. Under freeze-thaw conditions,
the changes of clay and aggregate content in different proportions of
composite soil is the same, all showing 1:1>1:2:>1:5, and 1:1 composite soil
with >0.25 mm aggregate content is the highest. Under freeze-thaw
alternations, 1:1, 1:2 and 1:5 composite soil aggregates (<0.5 mm) showed a
significant positive correlation with soil organic matter, while there is no
significant correlation between large aggregates (>1 mm) and soil organic
matter. In conclusion, the freeze-thaw cycle reduces the structural stability of
composite soil aggregates, and clay are the key controlling factors for the
formation and structural stability of composite soil aggregates.
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1 Introduction

For a long time, implementing comprehensive management of sandy land has been a
burning topic of social concern and a difficult problem that needs to be addressed. The Mu
Us Desert is one of the four major sandy lands, located in the interlace zone of agriculture,
grazing and grassland in China. It is a typical ecologically fragile area and one of the most
serious desertification areas in northern China. In the Mu Us Desert, a large number of soft
rock rich in clay minerals are interdistributed with aeolian sand, among which, soft rock
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with abundant reserves is distributed in 1.67 × 106 ha area in the Mu
Us Sandy Land of 3.98 × 106 ha (Wang et al., 2014; Yang et al., 2017).
Soft rock has low diagenetic degree and low structural strength.
When it encounters wind, it becomes sand and when it encounters
water, it becomes mud, and soil erosion is very serious, which is
called “earth ecological cancer” by Chinese and foreign scholars (She
et al., 2014; Guo et al., 2023a). In order to improve the environment,
Han et al. (Han et al., 2012; Han et al., 2015) added soft rock rich in
clay minerals to improve the sandy land, which increased the clay
content in the sandy soil, provided the requirements of loam particle
foundation and cementation mechanics, thus altering the soil
structure of the sandy land, realizing the quality improvement of
the sandy soil and the virtuous cycle of the ecosystem (Guo Z. et al.,
2020), and increasing productivity (Wang et al., 2017; Sun and Han,
2018). However, as a new type of composite soil, its adaptability to
regional climate and natural environment during long-term
utilization is also a scientific issue that needs further attention.

The freeze-thaw alternation process is a physical-geological
process and natural phenomenon that occurs in the middle to
high latitudes and high altitudes, and it refers to the freezing and
thawing of the soil layer due to the change of temperature around
0°C (Fan et al., 2012). The Yuyang District of Yulin City in northern
Shaanxi Province is a typical mid-temperate semi-arid continental
monsoon climate area. The temperature enters below 0°C in
November every year, and gradually recovers to above 0°C in
March of the following year, with a freezing period of
4–5 months. In late autumn and early spring, due to the
significant diurnal temperature changes, the soil is in a daily
freeze-thaw cycle and thawing state. Freezing-thawing alternation
is an abiotic stress acting on the soil, which has direct or indirect
effects on the physical, chemical and biological properties of the soil,
especially on the instability of the soil, which can directly affect the
stability of soil structure and change the composition of soil
aggregates (Edwards, 2010; Gao et al., 2016). Micro-aggregates of
different particle sizes play different roles in the retention, supply
and transformation of nutrient elements (Chang et al., 2014). The
Mu Us Sandy Land is affected by the temperate cool climate and the
seasonal frozen layer, and the freeze-thaw alternation has a
significant effect on the soil structure.

As the basic unit of soil structure, aggregate affects the level of
soil organic matter, biological activity and function (Du et al., 2014),
which is the material basis of soil fertility and one of the necessary
conditions for high crop yield, it is also an important index reflecting
soil structure and stability (Zhang et al., 2022). The influence of
freeze-thaw alternations on the composition and stability of soil
aggregates will directly or indirectly affect the physical structure and
chemical environment of soil, as well as the growth, reproduction
and activities of large soil animals and soil microorganisms, thus
affecting the water and nutrient retention capacity of soil (Wang
et al., 2011; Guo Z. Y. et al., 2020). Cemented substances is the basis
for the formation of soil aggregates, and its mass fraction, spatial
variation and distribution, composition characteristics and mode of
action are the material basis and internal driving force for the
formation and stability of soil aggregates (Lehmann et al., 2020).
Soil clay and organic matter content are important cementing
substances for the formation of soil aggregates, which determine
the formation of soil water-stable aggregates (>0.25 mm), improve
the soil moisture environment, enhance the stability of aggregates,

and reduce soil erosion (Xu et al., 2013). There are many studies on
the effect of freeze-thaw alternation on the stability of soil aggregates
at home and abroad, but the results are different. Some studies have
pointed out that freeze-thaw alternation reduces the stability of soil
aggregates (Henry, 2007; Sahin et al., 2008; Wen et al., 2013), while
others suggest that it increases the stability of soil aggregate structure
(Bechmann et al., 2005; Hao et al., 2007). The quantity, particle size
distribution and stability of soil aggregates are important indicators
for the good development of soil structure. Generally, water-stable
aggregates with a particle size of >0.25 mm are regarded as the
optimal structures in soil (Wang Y. et al., 2013). Therefore, the
higher the aggregate content of >0.25 mm particle size in freeze-
thaw environment, the higher the soil stability and the better the
soil structure.

Under the background of climate warming, the influence of
freeze-thaw action on soil structure and carbon pool stability in
permafrost region is currently a burning research topic
internationally (Schuur et al., 2015; Haddix et al., 2020).
However, previous studies on freeze-thaw processes mainly
focused on alpine forest soil (Tan et al., 2011; Guo et al., 2017)
and wetland soil (Zhou et al., 2011), but there was no report on
cultivated soil, especially the effects of freeze-thaw processes on soil
structure of soft rock and sand compound in Mu Us Sandy Land,
China. This study takes soft rock and sand compound soil in Mu Us
Sandy Land, which are significantly affected by seasonal freeze-thaw
action, as the research object. Through laboratory simulated freeze-
thaw experiments, the influences of freeze-thaw cycle, clay, organic
matter content and interaction between them on aggregate structure
of soft rock and sand compound soil with different proportions are
studied, and the key controlling factors of structural stability of
composite soil under extreme climate environment are revealed. The
research results are of great significance to accurately understand the
relationship between soil structure and climate feedback in
permafrost regions.

2 Materials and methods

2.1 Experimental materials

The research area is located in Xiaojihan Township, Yuyang
District, Yulin City, Shaanxi Province, China
(E109°28′58″–109°30′10″, N38°27′53″–38°28′23″), with an
altitude of 1,206–1,215 m, on the southern edge of the Mu Us
Desert. This region is a typical mid-temperate arid and semi-arid
continental monsoon climate zone, with an average annual rainfall
of 200–600 mm and uneven distribution of precipitation in time and
space. The maximum annual extreme rainfall is 695.4 mm and the
minimum is 159.6 mm. 60.9% of the rainfall is concentrated in
3 months from July to September, with the same period of rainfall
and heat, the planting system of grain crops is one crop per year. The
annual sunshine time range from 2,500 to 3,000 h, and the
percentage of sunshine is as high as 70%–80%. The average
annual temperature difference is 30°C–50°C, the annual active
accumulated temperature of ≥10°C ranges from 3,000°C to
5,000°C, the frost-free period is 120–130 days throughout the
year, and the average temperature in January is −12 to −9.5°C.
Every year, the temperature enters below 0°C in November, and
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gradually returns to above 0°C in March of the next year, with a
freezing period of 4–5 months, and the soil is in freeze-thaw cycle
and thawing state during the late autumn and early spring seasons.

The materials used in the experiment are soft rock and aeolian
sand, which are interphase distributed in Mu Us Sandy Land.
Aeolian sand has poor structure, uniform texture, dispersed
particles without agglomeration, and poor water retention. Soft
rock is rich in secondary clay minerals, which can promote soil
agglomeration and has good water holding capacity. The
comparison of basic physical and chemical properties between
aeolian sandy soil and composite soil is shown in Table 1.

2.2 Experimental design

The experiment was conducted from October 2022 to March
2023, the experimental soil samples were taken from Xiaojihan
Township, Yuyang District, Yulin City, Shaanxi Province, China.
The local purplish red soft rock and aeolian sand soil were collected,
and the grass roots and other debris were removed. After natural air
drying, soft rock and aeolian sand are fully mixed according to four
different mass ratios of 1:0 (T0), 1:1 (T1), 1:2 (T2), 1:5 (T3) for
reserve use. According to long-term field experiments, the optimal
combination scheme of soft rock and sand composite soil is 1:1, 1:2,
and 1:5, which are suitable for planting local main crops such as corn
and potatoes in the study area (Han et al., 2012; Han et al., 2015;
Wang et al., 2017; Sun and Han, 2018; Guo Z. et al., 2020).

Four different proportions of composite soil were used as the
culture medium, and five samples of each ratio composite soil were
prepared, each 500 g soil sample was put into 20 circular aluminum
boxes. In order to make the indoor freeze-thaw conditions closer to
the natural environmental state, that is, the temperature fluctuation
should start from the surface soil as much as possible, the asbestos
mesh should be wrapped outside the aluminum boxes to achieve
good insulation effect. Soil samples with 1:0 ratio are recorded as
M0, M1, M2, M5, M10; 1:1 ratio are recorded as A0, A1, A2, A5,
A10; 1:2 ratio are recorded as S0, S1, S2, S5, S10; and 1:5 ratio are
recorded as H0, H1, H2, H5, H10. M0, A0, S0 and H0 were control
soil samples, which were not freeze-thaw treated. In order to
simulate the actual situation of soil freeze-thaw, the moisture
correction was carried out the samples according to the soil
moisture content during the spring snowmelt period. According
to the investigation and analysis, the moisture content of the 1:0, 1:1,
1:2, and 1:5 composite soil during the spring snowmelt period is
17.32%, 11.72%, 9.92%, and 7.65%. During the experiment, the lost
moisture is continuously replenished by weighing method to
maintain the corresponding moisture conditions of the
experimental soil samples. Each group of soil samples is first
placed at room temperature 20°C for 24 h, then completely

frozen them in the freezer at −15°C for 72 h, and melt them at
room temperature for 24 h, which is a freeze-thaw cycle. The five soil
samples of each proportion were set up for 3 repetitions to
determine the content of soil aggregates and organic matter in 0,
1, 2, 5 and 10 freeze-thaw cycles.

2.3 Sample measurement methods

The soil aggregate content was determined by dry sieve method,
and four particle size groups of > 1 mm, 1–0.5 mm, 0.5–0.25 mm,
and <0.25 mmwere separated, and the particle aggregate size of each
group was weighed, and then the soil aggregate content of different
particle sizes was calculated. The organic matter content was
determined using the potassium dichromate volumetric-external
heating method, and the organic matter was 1.724 times the soil
organic carbon content (Jiang et al., 2018). The soil particle
composition was determined using a laser particle size analyzer
Mastersizer 2000 (Malvern Panalytical, Malvern, United Kingdom),
and the soil texture types were determined using the soil texture
automatic classification system (STAC) (Haddix et al., 2020).

2.4 Data processing

Using Excel 2010, SigmaPlot 12, and Origin 7.5 tools for
multivariate data analysis and validation. The significance of the
differences in the experimental results was analyzed using SPSS
13.0 statistical analysis software for t-test, and Duncan’s new
multiple range method was used for comparative analysis.
Different letters indicated significant differences at the 0.05 level.

3 Results

3.1 Particle composition of soft rock and
sand compound soil with different
proportions

The particle composition and texture category of soft rock and
sand compound soil with different mixing ratios of 0:1, 1:5, 1:2, 1:1,
and 1:0 are different (Table 2). When the mixing ratio of soft rock
and sand is 0:1, it is the original aeolian sand soil with sand content
of 94.07%, which plays a dominant role in the texture category. The
silt content in the aeolian sand soil is 3.20%, and the soil texture
category is sandy soil, there is no significant difference in sand
content of 1:2 and 1:5 compound soil (p > 0.05). When the mixing
ratio of soft rock and sand is 1:0, the silt content was reported
highest, up to 72.94%, which is 22.8 times of the silt content in the

TABLE 1 Basic physical and chemical properties of aeolian sand and composite soil.

Soil
category

Texture Capillary
porosity (%)

Available water
capacity (%v)

Saturated hydraulic
conductivity (mm/min)

Particle
cohesion (kPa)

Organic
matter (%)

Aeolian sand soil Sand 5.95 2 3.41 0 0.09

Composite soil Sandy loam-
Silty loam

28.8–42.2 13–31 0.24–0.49 13–18 0.4–1.0
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TABLE 2 Particle composition of soft rock and sand compound soil with different proportions.

Soft rock:Sand Particle composition/% Texture

Sand Silt Clay

(2.000–0.050mm) (0.050–0.002mm) (<0.002mm)

0: 1 94.07 ± 2.1379a 3.20 ± 1.1626e 2.73 ± 0.0805d Sand

1: 5 74.79 ± 2.6164b 20.08 ± 0.9003d 5.13 ± 0.1890c Sandy loam

1: 2 64.67 ± 4.5002b 30.04 ± 1.2187c 5.29 ± 0.0472c Sandy loam

1: 1 46.84 ± 2.4189c 44.92 ± 0.5783b 8.24 ± 0.2013a Loam

1: 0 19.57 ± 3.7081d 72.94 ± 0.1354a 7.49 ± 0.7689b Silt loam

Notes: Different lowercase letters indicate significant differences among different proportions of mixed soils in the same column (p < 0.05).

FIGURE 1
Distribution changes of aggregates in soft rock and sand compound soil with different proportions under different freeze-thaw cycles.
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whole sand, and the sand content is 19.57%, which is only 1/5 of the
whole sand. There are significant differences in the silt content in the
compound soil (p < 0.05). The clay content of aeolian sand soil and
soft rock is relatively low, only 2.73% in aeolian sand and 7.49% in
soft rock. After mixing the two, the clay content increased from
2.73% to 8.24% with the increase of soft rock content, and the clay
content of 1:1 compound soil was the highest, while the clay content
of 1:2 and 1:5 compound soil had no significant difference (p > 0.05).

The aeolian sandy soil was improved and repaired by soft rock,
the content of silt and clay gradually increases, while the content of
sand particles gradually decreases. Compared with the original
aeolian sand soil, the maximum increase of silt and clay content
in the compound soil is 13.04 times and 2.02 times. The soil texture
changed from sandy soil to loam and silty loam, and the texture
category was significantly improved.

3.2 Effect of freeze-thaw cycles on
composite soil aggregates

The freeze-thaw cycle has a certain dispersing effect on
compound soil aggregates with different proportions. The freeze-
thaw cycle aggravates the damage to the structure of larger
aggregates (>1 mm), increases the proportion of other small and
medium-sized aggregates (<0.5 mm), and the overall performance
of > 0.5 mm aggregate content decreased. Without freeze-thaw
treatment (freeze-thaw 0 cycle), four proportions of composite
soil aggregate particle size > 1 mm is much higher than that of
other particle sizes (Figure 1). As the number of freeze-thaw cycles
increases, there is a significant change in the distribution of
aggregates with different particle sizes. The proportion of >1 mm
aggregates significantly decreases (p < 0.01), and correspondingly,
the proportion of <0.5 mm aggregates gradually increases.
Meanwhile, the aggregate content of 1:2 and 1:5 composite soil
increased significantly at 0.5–0.25 mm particle size, and the
aggregate content in this particle size range is greater than 0:
1 and 1:1 in the composite soil. After 10 freeze-thaw cycles,
the >1 mm aggregate content of 1:0, 1:1, 1:2 and 1:5 composite
soils decreased by 55%, 34%, 44% and 57%, while the <0.5 mm
aggregate content increased by 91%, 70%, 66% and 87%. The particle
size composition of compound soil aggregates is mainly
concentrated at 0.25–0.5 mm, the proportion of medium-sized
aggregates (0.5–1 mm) and small aggregates (<0.25 mm) is
relatively small.

3.3 Influence of the interaction between
freeze-thaw cycle and clay content on
compound soil aggregates

The influence of clay content on compound soil aggregate
content of different particle sizes reached a significant level (p <
0.05). The clay content of the composite soil is 1:1 > 1:2:>1:5. After
different freeze-thaw cycles, the >1 mm aggregate content of the
composite soil shows a trend of 1:1 > 1:2 > 1:5, which is the same as
the change of clay content. With the decrease of soft rock, the
proportion of sandy soil increased, the content of clay decreased, the
content of >1 mm aggregate decreased, and the content of <1 mm

aggregate increased. Among the four ratios, the average content of 1:
5 composite soil >1 mm aggregates was the smallest. With the
increase of freeze-thaw cycles, the large aggregate content
(>1 mm) of 1:0 composite soil significantly decreases, and
the >1 mm aggregate content of 1:1 (loam), 1:2 (sandy loam) and
1:5 (sandy loam) composite soil decreased slowly. The decrease rate
of large aggregate (>1 mm) content in 1:1 composite soil was the
smallest, and the small aggregate (<0.5 mm) content in 1:2,1:
5 composite soil was significantly higher than that in 1:0,1:
1 composite soil (Figure 2).

3.4 Relationship between soil aggregate
stability and organic matter under freeze-
thaw cycles

As shown in Figure 3, with the increase of freeze-thaw cycles, the
large aggregates (>1 mm) in the 1:1, 1:2, and 1:5 composite soil showed
a decreasing trend, the decrease rate of large aggregates was slow during
0–2 cycles of freeze-thaw, the decrease rate was obvious after 2 cycles. At
the beginning of the freeze-thaw cycle, the content of small aggregates
(<0.5 mm) in the compound soil with different proportions showed a
gradual increase trend, and the content reached a peak at the second
freeze-thaw cycle, and the increase rate was the largest. After two cycles,
the content of small aggregates decreased and showed a gentle
decreasing trend. The freeze-thaw cycle had a significant impact on
the organic matter content of composite soil (p < 0.05). During the
0–2 cycles of freeze-thaw, the organic matter content of composite soil
with different proportions increased rapidly, and the organic matter
content reached the maximum value at freeze-thaw cycle 2. Compared
with the 0 cycles of freeze-thaw, the organic matter content of 1:1, 1:2,
and 1:5 composite soil increased by 70%, 55%, and 59%. After 2 cycles,
the organic content began to decrease and the change tended to
be gradual.

The interaction between freeze-thaw cycles and organic matter
content significantly affected the formation of compound soil
aggregates. Under freeze-thaw cycles, 1:1, 1:2 and 1:5 compound
soil aggregates (<0.5 mm) stability increases with the increase of
organic matter content, and the contents of organic matter and small
aggregates (<0.5 mm) reach the peak value in the second cycle of
freeze-thaw, and then they gradually decrease, and the decrease rate
is slow. Under freeze-thaw cycles, there is a highly significant
positive correlation (p < 0.01) between the three proportions of
compound soil small aggregates (<0.5 mm) and organic matter
content, with a correlation of R > 0.95 or higher. However, with
the increase of freeze-thaw cycle, large aggregates (>1 mm) stability
slowly decreases with the increase of organic matter content, and
there was no significant correlation between the large aggregate
structure and organic matter in the compound soil (Table 3).

4 Discussion

4.1 Compound soil particle
composition structure

The formation, characteristics and functions of soil aggregates
are very complex. In the formation process of soil aggregates,
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FIGURE 2
Distribution characteristics of soil aggregates under the interaction between freeze-thaw cycles and clay content.

FIGURE 3
The relationship between aggregate structure and organic matter of compound soil under freeze-thaw cycles.
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cementing substances plays a very important role, which can be
inorganic, organic, or organic-inorganic combined (Zhang et al.,
2016). It is generally believed that in soils with low organic matter
content, the formation of aggregates mainly depends on the cohesive
force of clay particles and the cementation effect of iron and
aluminum oxides (Sun et al., 2019). The organic matter content
of soft rock and aeolian sandy soil is low. According to the soil
nutrient classification standard of cultivated land in China, the
organic matter content of the composite soil is grade 6 (<0.6%)
(Guo et al., 2023b). Therefore, clay particles play a dominant role in
the formation of composite soil aggregates, and the higher the clay
content in the composite soil, the higher the stability of the soil
aggregate structure (Cai et al., 2013; Wu et al., 2021). The core
problem of aeolian sandy soil in Mu Us Sandy Land is the absence of
clay particles and mineral colloids, resulting in the lack of cement
substance formed by soil aggregates and the low stability of
aggregates. The research results found that the content of soft
rock had a significant impact on the particle composition of
composite soil (p < 0.05), and the content of secondary clay
minerals and clay particles in soft rock is much higher than that
in sandy soil. With the addition of natural clay mineral material soft
rock in aeolian sand soil, the content of silt and clay key particles
increases, thereby improving the texture of aeolian sand soil and
promotes the formation of aggregates. Therefore, the core
technology of soft rock and sand compound soil is to introduce
silt and clay particles, transplant colloidal substances from soft rock,
and improve the soil structure.

4.2 Freeze-thaw cycles and soil
aggregate structure

The freeze-thaw alternation is an important mechanism that
affects the formation of soil aggregates, which can change the size
and stability of soil aggregates (Wang Y. et al., 2013). It is found that
after 10 freeze-thaw cycles, the proportion of large-size aggregates
(>1 mm) was significantly reduced, while the proportion of other
small and medium-size aggregates (<0.5 mm) was increased in the
composite soil. The damage degree of freeze-thaw cycle to the
structural stability of large particle size aggregates is greater than
that of small particle size aggregates, the research results are
consistent with the findings of Yu et al. (2012) and Angst et al.
(2021). This is due to the expansion of ice crystals in soil pores
during freezing, which breaks the connection between particles, thus

reducing the stability of the soil aggregates, this effectively breaks
down large size aggregates into small aggregates, while fine particles
tend to aggregate towards medium sized particles (Liu et al., 2013; Li
and Fan, 2014). The freeze-thaw alternate action can also cause the
disintegration of large-sized soft rock structure, forming small
particle sized soil structures. In the process of the soft rock and
sand compounding into soil, the smaller the diameter of the soft
rock, the easier it is to mix with sand, and the better the
compounding effect. In addition, due to the bidirectional effect of
freeze-thaw action on the stability of soil structure (Wang et al.,
2012; Edwards, 2013), freeze-thaw action can not only increase the
stability, density and decrease the porosity ratio of loose sand soil,
but also reduce the consolidation property, decrease the density and
increase the porosity ratio of dense soft rock, resulting in better
complementary characteristics between soft rock and sandy soil.

4.3 Soil clay content and aggregate structure

The results showed that the changes of soil aggregate and clay
content were the same in different proportions of composite soil
after different freeze-thaw cycles, both of which were 1:1>. 1:2 > 1:5.
The higher the clay content of the compound soil, the higher the
stability of the aggregate, and the smaller the degree of damage to the
aggregates after freeze-thaw alternation. Conversely, the lower the
clay content of the compound soil, the poorer the stability of the
aggregate, and the greater the degree of damage to the aggregate
structure after freeze-thaw alternation. Shen et al. (2022) found that
when the clay content in the soil exceeded 41%, the stability of the
macro-aggregate structure was basically not affected by the
frequency of soil freeze-thaw alternations; when the clay content
in the soil was lower than 15%, the stability of the macro-aggregate
structure decreased with the increase of the frequency of freeze-thaw
alternations. The clay content of compound soil with different
proportions was lower than 15%, so the number of freeze-thaw
cycles had a significant effect on the aggregate content of different
particle sizes in compound soil (p < 0.01). With the increase of
freeze-thaw cycles, the large aggregate structure of the composite soil
was broken into small and medium-size aggregates, which
significantly reduced the proportion of large aggregates (>1 mm)
and increased the proportion of other small and medium-size
aggregates, among which the content of 0.25–0.5 mm aggregates
was the largest (Oztas and Fayetorbay, 2003). The content of
0.25–0.5 mm aggregates in 1:2 and 1:5 composite soils was

TABLE 3 Relationship between soil aggregate and organic matter content in compound soil with different proportions.

Soft rock:
Sand

Large aggregates (>1 mm) and organic matter
content

Small aggregates (<0.5 mm) and organic matter
content

1:1 y � −11.646x + 74.981 y � 19.548x + 2.2053

R2 = 0.1643 R2 = 0.9974**

1:2 y � −3.3749x + 50.582 y � 27.755x + 7.6399

R2 = 0.006 R2 = 0.959**

1:5 y � −5.5426x + 39.565 y � 40.095x + 11.874

R2 = 0.0189 R2 = 0.957**

Notes: *Indicates significant correlation (p < 0.05), ** indicates extremely significant correlation (p < 0.01).
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significantly higher than that in 0:1 and 1:1 composite soils, which
might be due to the reduced stability of soil aggregate structure
caused by freeze-thaw alternation. However, high clay content can
increase the stability of soil aggregate structure. The interaction
between clay content and freeze-thaw cycles is the result of
strengthening or weakening the effect of a single horizontal
factor (Chen et al., 2013; Wang et al., 2023).

4.4 Soil organic matter and
aggregate structure

The change of soil organic matter under the freeze-thaw
alternations is mainly due to the change of soil microorganisms
(Kyriakopoulos and Sebos, 2023). During the 0–2 cycles of freeze-
thaw, the organic matter content of compound soil with different
proportions increases significantly. This is because the intense
freezing temperature in the early stages of freeze-thaw kills some
microorganisms, and the dead microorganisms release some small
molecule organic matter during the decomposition process, which
increases the soil organic matter content. On the other hand, the
stability of soil aggregates is an important factor determining the
content of soil organic matter. Freeze-thaw destroys the stability of
soil aggregates, resulting in the early deaggregation of organic matter
enclosed and adsorbed by soil, thus increasing the content of organic
matter in soil (Wang F. et al., 2013; Liu et al., 2023). After several
freeze-thaw cycles, the content of organic matter in the compound
soil decreased, which was mainly due to the adaptation of
microorganisms to external temperature changes, resulting in the
gradual reduction of their absolute death. Correspondingly, the
organic matter content released by microorganisms also
decreases, and the surviving microorganisms gradually
decompose and utilize the original organic matter in the soil,
which leads to the decrease of the organic matter content in the
soil. Similar to the results of Shi et al. (2023), the changes of soil
microorganisms under freeze-thaw cycle were mainly due to the
changes in the richness and diversity of bacterial communities and
actinomycetes, which affected the changes of soil organic
matter content.

Organic matter plays a very important role in maintaining the
stability of soil aggregates, it is an important base nucleus for the
formation of aggregates, and soil aggregates are also the main
storage place for organic matter (Chen et al., 2016). Under freeze-
thaw cycles, the stability of soil aggregates is closely related to the
organic matter content in different proportions of compound
soil. 1:1 compound soil has high content of organic matter and
high stability of soil aggregates. The content of organic matter in
1:2 and 1:5 compound soil is low, thus the soil aggregates are easy
to disaggregate, and the soil organic matter is released quickly
after freeze-thaw cycles. Under freeze-thaw cycles, there is a
significant positive correlation between small aggregates
(<0.5 mm) and organic matter content, while there is no
significant correlation between large aggregates (>1 mm) and
organic matter content in 1:1, 1:2, and 1:5 compound soil. This is
similar to the research results of relevant scholars (Jin et al.,
2019), which shows a relatively obvious positive correlation
between soil organic matter and aggregates content within a
certain particle size range.

5 Conclusion

Clay is the key controlling factor for the restoration of sandy soil
structure and the stability of compound soil aggregates, the higher the
clay content of the compound soil, the better the stability of the soil
aggregate structure after freeze-thaw cycle. The freeze-thaw cycle had a
significant effect on the destruction of large particle size aggregates
(>1mm) in different proportions of compound soil, and increased the
proportion of other small and medium-sized particle aggregates
(0.25–0.5 mm), especially the contents of 0.25–0.5 mm aggregates in
1:2 and 1:5 compound. The freeze-thaw cycle improves the surface
compound soil structure, rather than being dominated by destructive
effects, resulting in a bettermixing effect of soft rock and sand. There was
a significant positive correlation between the compound soil organic
matter and the aggregates content in the range of small particle size
(0.25–0.5 mm). The results can provide practical guidance and scientific
basis for exploring soil degradation, managing vegetation in early spring,
improving soil fertility, and promoting sustainable agricultural
development in seasonal frozen areas.

The formation and quality evolution of soil is a complex process.
In the future, A more accurate understanding of the effect of freeze-
thaw alternation on the composite soil structure needs to be
supported by experimental data combined with field experiment
observation and laboratory simulation, and a wider range of
influencing factors such as freezing temperature, soil moisture
content and freeze-thaw period should be considered. It is of
great significance to accurately understand the relationship
between soil structure and climate feedback in Mu Us Sandy Land.
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