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Abstract: Concrete durability in saline soil areas is a global problem. Both SO4
2− and Cl− in saline

soil seriously affect the durability of concrete and restrict the sustainable development of engineering
construction. Soil samples were collected from Tumushuke city, Xinjiang, and the concentrations
of SO4

2− and Cl− in the soil were measured. Classical statistics and geostatistics methods were
combined to analyze the distribution characteristics of the soil salts. Additionally, the kriging
interpolation method was used to draw a salt distribution map. The results showed that the average
contents of SO4

2− and Cl− in the soil of this area were 7037.08 and 6018.94 mg/kg, respectively. SO4
2−

exhibited moderate variability at depths of 30–60 and 60–100 cm in the soil and strong variability
in the surface layer; Cl− exhibited strong variability at depths of 0–30, 30–60, and 60–100 cm in
the soil. The SO4

2− and Cl− concentrations exhibited high spatial correlation and showed regular
changes. The horizontal distribution patterns of “low in the south and high in the north” and “high
in the east and low in the west” were observed. Regarding the vertical distribution, the profiles
of the SO4

2− and Cl− contents in the soils primarily exhibited “surface aggregation” distribution
characteristics. Therefore, according to the spatial distribution characteristics of SO4

2− and Cl−, local
concrete engineering construction can adopt different anti-erosion measures to enhance the safety
and durability of concrete structures.

Keywords: Tumushuke city; soil salinization; SO4
2− and Cl−; geostatistics; salt distribution

1. Introduction

Soil salinization is a widespread global phenomenon. Approximately 1 billion ha of
soil worldwide is affected by salinization, representing approximately 7% of the world’s
land area [1]. Soil salinization is one of the current major environmental problems faced by
humankind [2,3], because the total global area impacted by soil salinization is increasing at
an alarming annual rate [4,5]. By 2050, over 50% of the global cropland is estimated to be
salinized [6]. Soil salinization severely affects the ecological and nonecological functions of
soil owing to the high content of sulfate and chloride salts in saline soil, which react with
the cement matrix in concrete, generating expansive corrosion products [7–10]. This causes
concrete structures to swell and crack, reducing their life span, structural durability, and
overall quality [11–13]. Therefore, controlling soil salinization has been included in global
future development plans [1,14].

In China, saline soil is widely distributed in the northwest, north, northeast, and
coastal areas, covering a total area of approximately 3.6 × 106 hm2, that is, approximately
4.88% of the country’s total land area [14]. Xinjiang, located in the hinterland of Eurasia,
accounts for 22.01% of the total area of saline soil in China. It has the widest distribution
of saline soil, the most types of salinization, and the heaviest soil salt accumulation in the
entire country. Tumushuke city is located in the south of Xinjiang, representing a typical
arid and semi-arid climate region because of chronic rainfall deficiency, high evaporation,
and irrational farm irrigation practices. This has increased the water table level and water
soluble salt content in the area, and soil salinization is particularly prominent [15–17].
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Tumushuke city is in the area of the Belt and Road construction. As of 2021, the annual
investment by the construction industry in Tumushuke city was CNY 2.299 billion; the
contracts signed by various types of building construction units amount to 15.734 billion
yuan; and the annual construction area of housing buildings reached 8.0968 million m2.
With the acceleration of infrastructure construction, the impacts of saline soil on engineering
constructions continue to emerge [18,19]. Moreover, the temperature difference between the
four seasons and day and night in Tumushuke city drastically fluctuates, which contributes
to rapid evaporation of water, leading to inadequate hydration of under-construction
concrete material. This, in turn, shrinks the volume and increases the brittleness of concrete
structures, and numerous reticulated cracks form on the concrete surface, facilitating the
erosion of SO4

2− and Cl− in the saline soils of the concrete interior, generating substantial
expansive erosion products and further cracking the structure [19,20]. With this cyclic
action, SO4

2− and Cl− rapidly diffuse inside the material, causing severe damage to the
building [19]. However, there is still a blank in research on soil salinization in Tumushuke
city. The contents of SO4

2− and Cl− in the soils are still not known. It limits the study of
the capability of resistance to salt eroding on local concrete. Therefore, there is an urgent
need to study the SO4

2− and Cl− contents and distribution in local saline soils.
In this paper, through field investigation and sampling, data were collected in Tu-

mushuke city, Xinjiang. Classical statistics and geostatistics methods were combined to
explore the spatial variation characteristics of the concentrations of SO4

2− and Cl− in the
soil. Kriging interpolation was combined with Pearson correlation analysis to describe the
spatial distribution characteristics of the contents of SO4

2− and Cl− intuitively and accurately.
The research results can provide ideas for the design and construction of concrete buildings
in Tumushuke city. Reasonable measures to prevent concrete corrosion can be proposed to
improve the durability of concrete and promote local economy and sustainable development.

2. Materials and Methods
2.1. Study Area

The study area of Tumushuke city, Xinjiang Province, is located in the Yarkant River
and Kashgar River basins in the west of the Tarim Basin. It is adjacent to the Taklamakan
Desert in the east, the Pamir Plateau in the west, the Tianshan Mountains in the north, and
the Karakoram Mountains in the south. It is located between 78◦43′20′′–79◦36′30′′ E and
39◦39′0′′–40◦05′50′′ N, and the administrative area is 3664 km2. The geomorphic features
are plains and dunes, and the Tulamaiti River, Kelegen River, and Xiaohaizi Reservoir lie in
the study area. The region has a temperate and extremely arid desert climate, long sunshine
duration, and a significant temperature difference between day and night. According to the
meteorological data over the last decade, the maximum temperature in the study area was
42.7 ◦C, and the minimum temperature was −24.22 ◦C. The annual average precipitation is
38.3 mm (data are from: http://www.weather.com.cn/).

2.2. Sample Collection and Analysis

Within the sampling area of Tumushuke city, based on the 2.5 × 2.5 km grid layout
of the soil sampling points, the grid node was used as the sampling point, and the lon-
gitude and latitude coordinates were used to record the location of the sampling points.
A distribution map of the sampling points is shown in Figure 1. The sampling range was
78◦43′–79◦36′ E, 39◦39′–40◦06′ N, that is, approximately 90 km long from east to west and
55 km wide from north to south, with a total of 360 sampling points. Each sampling point
was divided into three soil layers with sampling depths of 0–30, 30–60, and 60–100 cm, and
in total, 1080 saline soil samples were collected.

http://www.weather.com.cn/
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First, the obtained soil samples were air-dried indoors, and their visible plant residues
were removed. Then, the samples were finely ground and passed through a 2 mm standard
sieve. Finally, they were mixed and extracted in a 5:1 water-to-soil ratio. The resulting
extract was used to determine the contents of SO4

2− and Cl−. The content of SO4
2− was

determined by ethylene diamine tetraacetic acid (EDTA) complexometric titration and the
content of Cl− by AgNO3 by titration [21,22].

2.3. Methodology

The 3σ criterion was used to test and correct the outliers for specific values of the data
series. A descriptive statistical analysis of the soil salinity and ions was performed using
SPSS 22 software. As geostatistical estimation methods consider the spatial correlation of
the data, the most useful tool in the analysis of the spatial correlation of the data is the
semivariance function [23]. Therefore, a semivariance function model fitted using the GS +
9.0 geostatistical software was used to study the spatial correlation of the data. The kriging
interpolation of SO4

2− and Cl− in the soil was performed using ArcGIS 10.2, and the spatial
distribution of the SO4

2− and Cl− was mapped.

3. Results and Discussion
3.1. Salinization Types

Soil salinity classification can not only quantitatively assess the soil salinity but also
serve as a reference point for the scientific management and effective use of saline land [24].
According to the Chinese classification standards for saline soils, salt-affected soils are tra-
ditionally classified into four main types based on the Cl−/SO4

2− stoichiometric value [25].
When Cl−/SO4

2− < 0.5, the soil in this area is the sulfate type soil; when 0.5 < Cl−/SO4
2−

< 1.0, the soil in this area is saline soil of the chloride-sulfate type; when 1.0 < Cl−/SO4
2−

< 4.0, the soil of the region is of the sulfate-chloride type; and when Cl−/SO4
2− > 4.0, the

area has a chloride-type saline soil. According to Table 1, the mean values of the Cl−/SO4
2−

stoichiometric ratio of the soils in the study area ranged from 0.77 to 0.87, implying that all
three soil layers are chloride-sulfate saline soils.

Table 1. Saline soil types.

Soil Depth/cm Cl−/SO42− Salinization Type

0–30 0.87 Chloride-sulfate type
30–60 0.77 Chloride-sulfate type

60–100 0.82 Chloride-sulfate type
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3.2. Descriptive Statistical Analysis of SO4
2− and Cl−

The descriptive statistics of the SO4
2− and Cl− concentrations in the soils from

360 sampling sites in the study area for three soil layers (i.e., 0–30, 30–60, and
60–100 cm) are presented in Table 2. For the SO4

2− concentration, the mean values of
each soil layer from top to bottom were 7037.08, 4431.15, and 3212.81 mg/kg, respectively.
The changes in the mean values of the SO4

2− and Cl− concentrations in the soil indicated a
decreasing trend of salt concentration with increasing soil depth. Xinjiang is a semi-arid
region, and according to relevant studies, when SO4

2− > 1500 mg/kg in the soil, the soil
is highly corrosive to concrete structures [26]. The lowest mean value of SO4

2− in the soil
of the study area was 3212.81 mg/kg, considerably above the 1500 mg/kg mark. This
indicates that the soil in Tumushuke city is highly corrosive to the concrete structures in
the area. The two indicators, skewness and kurtosis, revealed significant positive deviation
values and kurtosis values of the SO4

2− and Cl− contents in the samples from the three
soil layers at 360 sampling sites in the study area. The coefficient of variation (CV) of
the data reflects the degree of dispersion of the random variables, referring to relevant
studies [27–29]. When CV ≤ 0.1, this represents weak variability; 0.1 < CV < 1 represents
moderate variability; and CV ≥ 1 represents strong variability. Table 2 presents the rela-
tively high CV values of the soil salinity in all three soil layers at the 360 sampling sites in
the study area. SO4

2− had moderate variability at 30–60 and 60–100 cm, with CV values of
0.78 and 0.90, respectively; it had strong variability at the 0–30 cm depth. Cl− exhibited
strong variability in all three soil layers. This indicates that the horizontal distribution
of the soil salt in Tumushuke city is uneven and spatially heterogeneous. The analysis
of the vertical distribution of the CV reveals that the CV for the two ions was smaller in
the middle layer and larger in the surface and bottom layers. This implies that the salt
content of the middle layer of the soil is more uniform than that of the surface and subsoil.
The variability of the surface and bottom layers was higher than that of the middle layer.
This is primarily due to the presence of climate and human factors. According to Li’s [30]
research on the factors of soil salinity in the Kashgar River basin, the type of land use is the
main factor affecting the surface soil salinity, while the deep layer is mainly affected by the
salinity of groundwater and the depth of groundwater. As Tumushuke city is located in the
Kashgar River basin, therefore climatic factors, such as strong sunlight, high temperature,
long sunshine, and large water evaporation, lead to the accumulation of salt in the soil
surface [31], with the maximum salt ion concentration. In addition, artificial irrigation,
drainage, and improper farming methods also exacerbated this result. The higher salt
concentration in the deep layer was mainly related to the depth of the groundwater and
the salinity of the groundwater.

Table 2. Descriptive statistical characteristic values of soil salinity in each layer.

Soil
Depth/cm

Average
(mg/kg)

Standard
Deviation
(mg/kg)

Min.
(mg/kg)

Max.
(mg/kg)

Coefficient of
Variation (CV) Skewness Kurtosis

SO4
2−

0–30 7037.08 5457.64 96 29,380 1.14 1.468 3.002
30–60 4431.15 3994.37 192 25,570 0.78 1.585 3.375
60–100 3212.81 3674.58 96 21,570 0.90 1.844 3.902

Cl−
0–30 6018.94 7606.24 359 69,154 1.34 3.608 18.934

30–60 3449.14 4618.32 285 59,782 1.22 6.470 64.821
60–100 2639.83 3246.40 107 27,442 1.26 4.183 21.534

3.3. Geostatistical Analysis

The theoretical model and parameters of the semivariance function of soil salinity at
each stratum of the study area are presented in Table 3. The nugget (C0) represents a kind of
variation not caused by the spacing of sampling points, which reflects the spatial variation
caused by human factors. The sill (C + C0) is the semivariance maximum that exists at
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different sampling intervals, reflecting the spatial variation caused by a combination of
natural and anthropogenic factors. The ratio of the nugget (C0) to sill (C + C0) is known as
the nugget effect. This ratio reflects the dominant role of natural and anthropogenic factors
in influencing spatial variability [32,33].

Table 3. Semivariance model and related parameters.

Soil Depth/cm Model C0 C0 + C C0/(C0 + C) A/km R2

SO4
2−

0–30 Exponential 136 1040 0.131 0.063 0.619
30–60 Exponential 225 1607 0.140 0.054 0.422
60–100 Exponential 167 1361 0.123 0.048 0.705

Cl−
0–30 Spherical 320 5780 0.055 0.031 0.052

30–60 Gaussian 414 2123 0.195 0.023 0.009
60–100 Exponential 117 1047 0.112 0.039 0.298

In general, when C0/(C0 + C) < 0.25, this indicates that the variables are highly
spatially correlated, primarily controlled by environmental factors, and less influenced by
anthropogenic factors; when 0.25 ≤ C0/(C0 + C) ≤ 0.75, this indicates that the variables
have a moderate degree of spatial correlation; when C0/(C0 + C) > 0.75, this indicates that
the spatial correlation of the variables is weak and that the variables are subject to human
influence [34–36]. The best theoretical models for SO4

2− content are all exponential models,
where the nugget effects of the top, middle, and bottom layers were 0.131, 0.140, and 0.123,
respectively (Table 3). The best theoretical models for the Cl− content for the top, middle,
and bottom layers are the spherical, Gaussian, and exponential models, respectively, and
the nugget effects were 0.055, 0.195, and 0.112, respectively. SO4

2− and Cl− had high spatial
correlations, implying that the spatial variability of the two ions were primarily influenced
by environmental factors. This is consistent with the results of the above study of the
coefficient of variation (CV).

3.4. Pearson Correlation Analysis

The Pearson correlation coefficients between the SO4
2− and Cl− and the longitude,

latitude, and soil depth in the study area are presented in Table 4, where their correlation
coefficients were 0.574, –0.331, 0.140, and 0.255, respectively, reaching significant correlation
levels (p < 0.01). Thus, the SO4

2− and Cl− contents in the samples from the three soil
layers had a high correlation with longitude, latitude, and depth. In the study area,
the concentrations of SO4

2− and Cl− increased in the direction of latitude, implying a
gradual increase in the concentration from south to north. In terms of longitude, their
concentrations increased with longitude, implying an increasing trend from west to east. In
the longitudinal direction, the concentrations of both ions decreased with depth, implying
that the salt content of the soil gradually decreased downward from the surface layer. The
concentrations of SO4

2− and Cl− also showed a positive correlation, which is consistent
with the results of previous studies on the trends of the salinity change in the southern part
of Xinjiang Province, China [37].

Table 4. Pearson correlation coefficients between the SO4
2− and Cl− concentrations, longitude,

latitude, and soil depth.

SO42− Cl− Soil Depth Longitude Latitude

SO4
2− 1

Cl− 0.574 ** 1
Soil depth –0.331 ** –0.244 ** 1
Longitude 0.140 ** 0.092 ** - 1
Latitude 0.255 ** 0.130 ** - - 1

** p < 0.01, indicating a significant difference.
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3.5. Spatial Distribution Characteristics Analysis of SO4
2− and Cl−

As shown in Figure 2a–f, the SO4
2− and Cl− contents were relatively high at a 0–30 cm

depth, and the SO4
2− concentration in the sampling site reached 29,380 mg/kg (79◦21′ E,

40◦3′ N). The maximum concentration of Cl− reached 69,154 mg/kg (79◦21′ E, 39◦58′ N)
in the cultivated farmland area, which may be related to irrigation, drainage, and tillage
practices, which cause local salt accumulation. At depths of 30–60 cm, the concentrations of
SO4

2− and Cl− decreased compared to those in the surface layer; however, they still reached
25,570 and 59,782 mg/kg, respectively. At a 60–100 cm depth, the maximum concentrations
of SO4

2− and Cl− were 21,570 and 27,442 mg/kg, respectively. The magnitude of the
change in SO4

2− from the surface to the bottom layers was relatively flat compared to that
of Cl−. The area of a high concentration of SO4

2− was in the Gobi Desert beach, which is
rarely affected by human activity and where soil salinization is primarily influenced by
natural factors. In Figure 2d, the concentration of Cl− in the circled area was significantly
different from the surrounding soil salt content, and the concentration significantly varied
from the surface to the bottom layers. As this area is arable land, the sudden local increase
in the Cl− concentration was significantly influenced by anthropogenic factors. The surface
layer generally exhibits high salt deposition during soil salinization. The contents of both
ions were significantly higher in the surface layer than in the middle and bottom layers,
and the area with a high concentration of both ions was predominantly in the northeastern
part of the study area (Figure 3). The region’s landform was primarily dominated by the
Gobi beach, with serious soil degradation, high soil salinity, and severe soil salinization.

Figure 2 shows that the spatial structure of SO4
2− and Cl− was well formed, with high

regularity in the spatial variability that had evident directionality and continuity. Moreover,
all three layers in the study area exhibited high spatial variability, with the surface layer
exhibiting the highest variability. All three soil layers in the study area were relatively
consistent in their spatial distribution patterns and were characterized by high local content
and divergence. In terms of the horizontal spatial distribution of the soil salinity, the
spatial distribution of the soil salinity in each layer in the study area was relatively regular.
Overall, the spatial distribution pattern of the soil salinity was “high in the east and low in
the west” and “high in the north and low in the south”, exhibiting the same distribution
characteristics as in Pearson’s correlation analysis.

The soil salinity in the northeast was higher than that of the southwest, and the high
concentration areas were mainly concentrated in the northeast of the study area. Combined
with the actual situation in the study area, we can explain this phenomenon based on the
following factors. On the one hand, the northeastern part of the study area is close to
the desert, and the soils around here are significantly degraded, hence, resulting in the
high salinity of the northeastern soils. On the other hand, there was a large area of cotton
planting land in the northeast of the study area, and artificial irrigation and drainage also
have a great impact on the salt content of the soil. In addition, Li et al.’s research (2022) on
soil salinization and its influencing factors shows that there was a strong positive correlation
between evaporation and soil salinization degree, and a strong negative correlation between
the total precipitation and soil salinization degree, both of which are important factors
leading to soil salinization [38]. A study of the annual precipitation and evapotranspiration
in Xinjiang over the past 54 years revealed that precipitation in the region decreases from
west to east and evaporation decreases from south to north [39]. Obviously, precipitation
determines evaporation. Therefore, it is strongly proved that the degree of soil salinization
in this area is also related to the local precipitation and evaporation.
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Figure 3 shows the distribution of the salts in the soil profile, with the highest concen-
tration of salts at the surface layer of the study area and soil salts aggregated at the surface.
Salt accumulation patches on the surface of this area were found everywhere during the
field sampling, as shown in Figure 4. This could be related to the primary salinization
process, which generally occurs in areas with significant surface vegetation but low rainfall,
where vegetation draws salt from the deeper layers and deposits it on the surface, grad-
ually decreasing the salt concentration in the lower layers [40]. This phenomenon can be
observed in Figure 3a,b. The Salinity significantly varied over a 15 km range from south
to north in the study area. Within this 15 km area, significant farmland cultivation was
practiced, which led to evident changes in the salinity. However, with an increase in the
distance from south to north in the study area, large swathes of the Gobi Desert appeared
in the northern part of the study area, where the soil salinity predominantly accumulated in
the surface layer. Figure 3c,d show parts of the study area from west to east, where the salts
primarily accumulated on the surface. The salinity concentration in the eastern part of the
study area was significantly higher than that in the western part. In terms of topographical
factors, the eastern part is closer to the edge of the desert, and the soil is severely degraded,
thereby resulting in the high salinity content.
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The salinity distribution of the soil profile in the study area was primarily characterized
by the high evapotranspiration effect in extremely arid areas. Consequently, under high
evaporation conditions, a substantial quantity of salt accumulates in shallow areas. In this
case, once irrigated, a significant change in the salinity occurred. With the development
of agriculture in Tumushuke city, the cultivation of cotton also increased. Large-scale
irrigation is used to desalinate the soil salinity and ensure normal crop growth; thus,
agricultural activities, such as fertilizations, irrigations, and tillages, become important
factors in accelerating the soil salinization in the region. At the same time, the study area
belongs to a temperate and extremely arid desert climate, with long sunshine hours, strong
evaporation, drought and little rain throughout the year, and water in the soil mainly
showing an upward movement, which also causes the surface soil salt accumulation in the
study area.
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4. Conclusions

The spatial distribution of SO4
2− and Cl− in the soil of Tumushuke city, south Xinjiang,

China, was investigated based on the SO4
2− and Cl− contents in the soil samples from

360 sampling points. The results showed that the study area had a chloride-sulfate type
saline soils with extremely high salt content, and the two concentration peak values oc-
curred in the northeastern part of the study area. SO4

2− exhibited moderate variability
in the middle and bottom layers and high variability in the surface layer; Cl− exhibited
high variability in all three soil layers. The soil salinity distribution was not uniform, and
the spatial heterogeneity was strong. The soil salinity in all layers exhibited high spatial
autocorrelation, and the spatial distribution was primarily influenced by environmental
factors. The soil salinity generally exhibited a horizontal distribution pattern of “high in the
east and low in the west” and “high in the north and low in the south”. The concentration
of salts decreased with the soil depth, with the highest concentration in the surface layer.
Therefore, these results can provide data support for the subsequent development and
research of the construction industry and agriculture. For example, concrete buildings
in Tumushuke city can adopt different antisalt erosion measures according to the spatial
distribution characteristics of SO4

2− and Cl−, and also provide data support for subse-
quent studies on concrete antisalt erosion. Further, more agricultural planting areas can be
reclaimed according to the spatial distribution characteristics of salt.
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