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Abstract: Understanding the actual soil salt ion content and salt type is one of the important prereq-
uisites for determining the nature of saline soils and their development and utilization in drylands.
Desert–sierozem soils are widely distributed in the plains between the northern piedmont of the
Tianshan Mountains and the Gurbantunggut Desert in Xinjiang, Northwest China, which contain
abundant calcium sulfate (gypsum) and calcium carbonate and are high-quality arable land resources
for agriculture. These soils have been extensively reclaimed for farmland in recent decades. In this
study, 10 plots of desert–sierozem soils with different tillage years in the Qitai Oasis plain area in
the northern piedmont of Tianshan Mountain were studied. Three soil profiles were excavated in
each sample plot with a depth of 1.2 m. A total of 30 farmland profiles were dug up and sampling
was conducted according to the soil occurrence layers of the farmland. All the soil samples were
predominantly sandy in texture, with more than 92% of the soil particles distributed between 0.05 and
0.25 mm, and less than 8% between 0.002 and 0.05 mm. Conventional water extraction (CWE) and
intensified water extraction (IWE) were adopted to extract the water-soluble salt ions content of K+,
Na+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
− and CO3

2−, and this study compared the extraction results
using two different methods with varying extraction strengths. Additionally, the calcium sulfate and
calcium carbonate contents were obtained using the chemical extraction and mineral assay methods,
respectively. Differences in the salts and salt types in desert–sierozem soils with different tillage
years were analyzed, and the effect of calcium sulfate on the inorganic carbon sinks in plowed desert–
sierozem soil was demonstrated. The findings indicated that the standard conventional extraction
procedure involving a 5:1 water–soil ratio and 3 min of shaking was inadequate for accurately measur-
ing the soil salt content in high calcium sulfate content desert–sierozem soils. With the IWE method,
by increasing the water–soil ratio, prolonging the shaking time, and grinding the particles finer, the
amount of water-soluble salts extracted using the IWE method was 5.83 times higher than that of the
conventional method. Among them, the average content of IWE-Mg2+ increased by 123.41 mg kg−1

compared to CWE-Mg2+, the average content of IWE-Ca2+ was 3.82 times higher than CWE-Ca2+,
with an average increase of 2931.59 mg kg−1, and the IWE-SO4

2− content was 5.96 times higher
than CWE-SO4

2−, with an average increase of 8658.95 mg kg−1. A markedly negative correlation
(p < 0.01) was observed between calcium carbonate and calcium sulfate in desert–sierozem soils after
tillage. The calcium sulfate content consistently decreased and calcium carbonate increased with
an increasing number of tillage years. The pedogenic calcium carbonate content in desert–sierozem
soils increased by an average of 10.86 g kg−1 after more than 40 years of cultivation, and the transfer
of Ca2+ from calcium sulfate to calcium carbonate was identified as the cause of the increase in the
soil inorganic carbon sink. Overall, a new method for extracting water-soluble salts was utilized for
aridisols, which commonly consist of complex salt types. The results elucidate the changes in salinity
within plowed desert–sierozem soils as well as the impact of soil salt on soil inorganic carbon sinks.
Based on our research, desert–sierozem soils are well suited for agricultural farming because they
contain high levels of sulfate, which is one of the important inorganic nutrients essential for crops,
and it also provides a source of calcium for increasing inorganic carbon sinks. This study serves as a
reference and scientific basis for soil carbon cycles in arid zones.
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1. Introduction

Most soils in arid zones belong to the aridisol category because of the limited precipi-
tation and high evaporation. Xinjiang, the largest arid region in China, has predominantly
desalinized base-stage soils because of its dry and cold conditions [1]. Therefore, these soils
are typically rich in various combinations of salt types. For instance, saline soils accumulate
soluble salts, particularly chloride salts, in their surface layers. Desert soils contain a layer
of calcium sulfate (gypsum). Calcic aridisols feature a calcium-carbonate-enriched layer.
Different salts exhibit different water solubilities. Chloride salts have higher solubility than
those of calcium sulfate and calcium carbonate; in contrast, calcium sulfate dissolves more
easily than calcium carbonate, and can be categorized as easily soluble, moderately soluble,
and insoluble salts. In Xinjiang, there is a zonal soil called desert–sierozem soil that devel-
oped from the loess-like parent material of the pre-mountain plains located on the northern
piedmont of the Tianshan Mountains. This alkaline soil combines the qualities of desert
soil and sierozem and has a soil body rich in both calcium sulfate and calcium carbonate.

The parent material conditions of desert–sierozem soils are highly conducive to agricul-
ture. The soil is deep, easy to cultivate, and of high value to the agricultural industry [2,3].
The Qitai Oasis, located in the northern piedmont of the Tianshan Mountains, experienced
significant agricultural development between 1976 and 2016. During this period, the agri-
cultural land area in the desert–sierozem soil region increased considerably from 3.25%
to 40.80% [4]. The soil salinity content and characteristics directly affect crop growth, soil
carbon sequestration, and ecosystem security [5–7]. The salinity in the profiles of desert–
sierozem soils varies greatly during irrigated maturation, and farmed desert-sierozem
soils show a reverse soil salinity succession process, i.e., the salts in the soils gradually
decrease with an increasing duration of cultivation [8]. It was found that the longer the
cultivation period, the more significant the reverse change in soil salinity, and the ear-
lier the farmland is removed from the influence of the groundwater table, the earlier the
reverse salinity succession process occurs and the more complete the soil desalination
is [9]. Carbon fixed by carbonates in soil (mainly calcium carbonate) is also known as SIC
(soil inorganic carbon), and the SIC content in arid zones is much higher than that of soil
organic carbon [10–12]. Soil salinity is closely related to SIC, and an increasing number
of studies have shown that soil salinity decreases with increasing SIC content [7,13,14]. It
has been indicated that the higher the salinity of desert oasis farmland soils in arid zones,
the higher the total amount of SIC obtained from the infiltration process [15]. In addi-
tion, in alkaline calcium-rich arid regions, the main pathway of carbon cycling is through
atmosphere–vegetation–soil–water–SIC (mainly calcium carbonate) precipitation [16–18].

The methods for measuring soil salinity were also different in different regions [19–21].
Ismayilov et al. [21] analyzed salinity soil in the Kur-Araz basin in Azerbaijan by passing
soil samples through a 2 mm sieve and setting a 5:1 water–soil ratio to make a suspension,
and then oscillating the suspension for a total of four times, once every 30 min, for 1 min
each time. Next, the suspensions were left for 4 h for filtering and extracting, and finally,
the extracted data were used to evaluate the relationship between the EC and salt content of
eight soil salinity types. At present, in Xinjiang, soil samples are usually collected using the
conventional extraction method of passing through a 2 mm sieve, configuring the leaching
solution with a 5:1 water–soil ratio, shaking for 3 min, and then filtering to obtain data
on the soil water-soluble salts or salt ions [22–24], which are mainly used for saline soil
research, especially for assessing the degree of soil salinization. Compared to saline soils,
there are fewer studies on soil salinity and salt analyses in other aridisol types. The salts
in the aridisols of Xinjiang mainly include chloride, sulfate, and carbonate–bicarbonate
salts. Most of these soil salts consist of four cations (K+, Na+, Ca2+, and Mg2+) and four
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anions (Cl−, SO4
2−, HCO3

−, and CO3
2−). Therefore, the salts in Xinjiang soils have been

investigated in salinity studies [25,26], and the sum of the eight water-soluble salt ions
(i.e., K+, Na+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
−, and CO3

2−) has often been used to express
the total salt content of the soil, as it is very close to the true salt content obtained by the
residue-drying mass method, with a relative error of ±10% or less [27].

Different salts reflect the different forms of elements in the soil, which are an im-
portant basis for studying the regularity of the migration, transformation, and cycling of
elements [28,29]. Due to the complexity of the soil components, it is difficult to strictly deter-
mine the presence of elements in the soil in practice, and methods with different extraction
capacities are usually used to determine the forms of the elements [30]. Based on Tessier’s
five-step method [31], the sequential extraction scheme of the European Community Bu-
reau of Reference (BCR sequential extraction procedure) is a relatively mature scheme
for the extraction of elemental forms from soil and sediment, and it has been applied to
the extraction of elements in sediments [32,33], soils [34,35], dust [36] and sewage sludge
samples [37]. It has been extensively studied, mainly for the extraction of heavy metal
elements, and has also been used for the extraction of constant elements, such as K, Na, Ca,
Mg, Fe, Mn, etc. [38]. The Chinese national standard GB/T 25282-2010 [39] was developed
based on the BCR sequential extraction method with the addition of a water-soluble state
extraction operation. Using this method, soil samples are finely passed through a 0.097 mm
sieve and then continuously oscillated for 16 h at a 20:1 water–soil ratio. The extraction
intensity of the elements is much higher than that of the conventional soluble salt extraction
specification of passing through a 2 mm sieve and then oscillating for 3 min at a water–soil
ratio of 5:1 [24,40,41].

Large areas of saline soils in Xinjiang have been extensively reclaimed as farmland.
Because of the various salt types and high salinity, the conventional method (5:1 water–
soil ratio, shaking for 3 min) may lead to the inadequate extraction of soil salts, which is
detrimental to the accurate assessment of soil salinity and its impact on crop growth [42,43].
Therefore, the objective of this study was to determine the contents of eight water-soluble
salt ions in desert–sierozem soils of different tillage years using the conventional water
extraction (CWE) and intensified water extraction (IWE) methods, and the extraction results
were compared and analyzed. In addition, SIC mainly exists in the form of CaCO3 and
itself is a kind of soil salt. Due to the low vegetation coverage, weak life activity process and
lower soil organic carbon accumulation in arid/semi-arid areas, SIC can account for 90% of
its total soil carbon pool [44], which is an indispensable part in the global carbon cycle and
plays an important role in addressing climate change. Simultaneously, in this study, the
contents of the medium-soluble salt calcium sulfate (gypsum) and the insoluble salt calcium
carbonate (calcite) were also determined using chemical and crystalline mineralogical
determination methods, respectively, to study the changes in salinity and salt types in
desert–sierozem soils and their effects on SIC sinks after soil farming.

2. Materials and Methods
2.1. Study Area

The sampling area is located in the Qitai Oasis plain (44◦2′–44◦8′ N, 89◦26′–89◦48′ E) in
the northern piedmont of the Tianshan Mountains in Xinjiang, Northwest China, which has
a mid-temperate continental arid–semi-arid climate, with hot summers and cold winters.
The average annual temperature is about 5.5 ◦C, the average annual precipitation is about
176 mm (rainfall is concentrated in the summer), evaporation reaches 2141 mm, and the
frost-free period is 153 days. The locations of the sampling sites were distributed as shown
in Figure 1, and all the crops were wheat. Irrigation water came from groundwater extracted
from pumping wells with the same water quality, and the total dissolved salinity of the
groundwater was 604.18 mg L−1, which included K+ + Na+ content of 63.75 ± 2.55 mg L−1,
Ca2+ content of 81.36 ± 4.06 mg L−1, Mg2+ content of 32.20 ± 2.65 mg L−1, Cl− con-
tent of 67.99 ± 1.92 mg L−1, SO4

2− content of 179.63 ± 3.74 mg L−1, CO3
2− content of

13.17 ± 0.44 mg L−1, and HCO3
− content of 166.08 ± 2.72 mg L−1. The depth of the
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groundwater was more than 10 m below the surface [45]; therefore, groundwater did not
exert its effects on the sampling plot soil salinity by capillary force.
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Figure 1. Location map of soils collected in the state of Qitai, Xinjiang.

2.2. Sample Collection and Preparation

Annual Landsat remote sensing images (https://www.gscloud.cn accessed on 2 July
2018) were used to prescreen sample plots from different cropping years. Field visits were
conducted prior to sampling (to ensure consistency in the crop type, irrigation pattern,
and fertilizer application) to determine the final sampling plots. The sample plots were all
wheat plots, and the sample landscape is shown in Figure 2a. Sampling was conducted
according to the soil occurrence layers of the farmland, as shown in Figure 2b, where soil
samples were collected from the arable layer (A), plough subsoil layer (P), and subsoil layer
(B). The soil in the plot was loess parent material, the soil cover was deep, with uniform
color, and the accumulation of organic matter was not obvious but rich in carbonates.
An obvious lime reaction was observed when 10% HCl was used during sampling, as
shown in Figure 2c. After the soil samples were dried naturally, the roots and debris were
removed, and the samples were ground using silica gel rods and a ceramic mortar, sieved,
and prepared for measurement according to the following experimental specifications.
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Figure 2. Characteristics of the sampled field and soil profile: (a) post-harvest wheat field; (b) soil
profile; and (c) carbonate lime reaction.
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2.3. Indicators and Methods

The two methods used for the extraction of water-soluble salt ions from soil are
presented in Table 1. The standard material for composition analysis of the soil effective
state, namely GBW07459a (ASA-8a), and blank test experiments were used for quality
control, and each sample was analyzed in triplicate. All the reagents were chemically pure,
and the water used in the experiments was ultrapure H2O at pH = 7.

Table 1. Description of the conventional water extraction (CWE) and intensified water extraction
(IWE) methods for ions extraction of soil water-soluble salts.

Extraction
Methods

Water–Soil
Ratio

Sieve
Aperture

Main
Reagents Experimental Procedure Measurement

Methods

CWE 5:1 2 mm

H2SO4,
AgNO3,
EDTA

The soil solution was shaken for 3
min at room temperature, filtered to

obtain the leachate, and the content of
each ion was determined

immediately.

K+, Na+, Ca2+,
Mg2+ were

determined by
ICP-AES, and Cl−,

SO4
2−, HCO3

−,
CO3

2− were
determined by

titration.
IWE 20:1 0.097 mm

The soil solution was shaken for 16 h
at room temperature, centrifuged at

4500× g for 30 min, and the
supernatant was measured

immediately after passing through a
0.45 µm filter membrane.

The determination of other indicators included the following: (1) passing the soil
sample through a 2 mm sieve, and determining the filtrate pH using a Mettler–Toledo
F2-Field portable pH meter and determining EC (ds m−1) by a Mettler–Toledo conductivity
meter (Mettler Toledo Technology Ltd., Shanghai, China), using a 5:1 water–soil ratio
extraction [46]; (2) placing the soil sample that passed through a 0.2 mm sieve in a reaction
bottle and determining the soil carbonate content by using the gasometric method [47];
(3) washing the soil sample that passed through a 0.25 mm sieve with 70% ethanol, thereby
removing chloride salts and soluble sulfates, and then determining the gypsum content
using the barium sulfate mass method [48,49]; and (4) determining the soil salt crystalline
minerals using XRD (X-ray diffraction), while predominantly identifying calcite and gyp-
sum. The detection process was conducted at the Xinjiang Mineral Experimental Research
Institute using a Bruker D8 ADVANCE X-ray Diffractometer (Bruker Corporation, Karl-
sruhe, Germany), which utilized CuKα radiation (λ = 0.154 nm) at scanning angles of 2.5◦

to 52.0◦ (2θ) and a scanning step of 0.01◦ (2θ). And the basic information and characteristics
of the sample soil are shown in Table 2.

Table 2. Basic information and soil characteristics of sampling sites in the study area.

Sample Number Land Use History Soil Texture Soil Types pH EC (dS m−1)

30
Wheat fields
irrigated by

machine wells
Sandy soil Desert–sierozem

soils 7.93 * 0.70 *

* Representation of the average value.

2.4. Data Description and Processing

The pH values of the tested soils ranged from 7.65 to 8.41, with all the soil samples
having no CO3

2− content. According to Lindsay [50], the CO3
2− content of the soil solution

increases from 0 only when the soil pH exceeds 8.5. Therefore, CO3
2− was not detected

in the results of both the CWE and IWE methods. The content of each water-soluble
salt ion was measured in mg kg−1; the total amount of soil salt content (g kg−1) was
calculated as the sum of the contents of K+, Na+, Ca2+, Mg2+, Cl−, SO4

2−, and HCO3
−; and
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the amount of carbonate determined by the gasometric method was reported as CaCO3
(g kg−1), while the gypsum determined by the barium sulfate mass method was expressed
as CaSO4·2H2O (g kg−1). The salt–crystalline minerals calcite and gypsum determined by
XRD were expressed as CalXRD and GyXRD, respectively, and the values of both were relative
percentages obtained by normalizing the peak intensities of their characteristic peaks.

SPSS 26.0 was used to perform a two-way ANOVA (analysis of variance) on the soil
salinity ions (K+, Na+, Ca2+, Mg2+, Cl−, SO4

2−, and HCO3
−) from different soil occurrence

layers under the two extraction methods and a one-way ANOVA was performed for CaCO3,
CaSO4·2H2O, CalXRD, and GyXRD under different tillage years. Duncan’s test (α = 0.05)
was applied to these parameters to compare the differences between them. Data plotting
was performed using Origin 2023b.

3. Results
3.1. Occurrence Layer Distribution of Salt Ions Extracted by the Two Extraction Methods

Figure 3 shows the distribution of each soil salt ion profile obtained using the two
extraction methods. The contents of all the salt ions obtained by IWE leaching were higher
than those obtained by the CWE method. In addition, in terms of the total salt content, the
average total salt content obtained by the CWE and IWE methods was 2.52 and 14.68 g kg−1,
respectively, with the IWE result being 5.83 times higher (i.e., much higher) than the CWE
result. In the extraction of water-soluble salts, increasing the water–soil ratio, oscillating
time, and grinding to finer soil particles resulted in significantly higher extraction results
for the salts from the desert–sierozem soil.
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As shown in Figure 3, none of the salt cations showed significant differences among
the various occurrence layers when the same extraction method was used (p > 0.05). The
content of the same ion determined by the CWE method did not differ significantly among
the occurrence layers, whereas the content of different ions varied significantly. According
to the CWE method, the average cation content followed the order Ca2+ > Na+ > Mg2+ > K+.
The Ca2+ cation proportions in the three layers A, P, and B were 61.80%, 67.30%, and 73.05%,
respectively. The average cation content extracted by the IWE method followed the order
Ca2+ > K+ > Mg2+ > Na+, and the IWE-Ca2+ content was much higher than those of the other
three cations, with average cation proportions in the three layers A, P, and B of 55.77%,
66.32%, and 79.05%, respectively. The difference between the IWE-Na+ and CWE-Na+

contents was not significant, i.e., an average difference of 41.43 mg kg−1, indicating that the
CWE method could measure most of the Na+. Conversely, there was a significant difference
in the K+ content between the two extraction methods, with the IWE-K+ content being
increased by 343.36 mg kg−1 on average compared with the CWE-K+ content. Mg2+ did
not account for a significant cation proportion, with the IWE-Mg2+ content being increased
by 123.41 mg kg−1 on average compared to the CWE-Mg2+ content. The average IWE-Ca2+

content was 3.82 times higher than the CWE-Ca2+ content, exhibiting an average increase
of 2931.59 mg kg−1, which was considerable. Based on the cation extraction results, both
the CWE and IWE salts primarily consisted of calcium salts.

Upon comparing the results of the anion extraction from the two different methods
(Figure 3), the IWE-Cl− content was 2.56 times higher than the CWE-Cl− content. Chloride
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salts typically have high solubility and can be fully dissolved using the CWE method.
However, experiments revealed a higher Cl− content in the IWE method than that in the
CWE method. This could be attributed to the larger sieve aperture of the soil samples,
as specified in the extraction protocol of the CWE method, as well as the larger sample
particles and a short shaking time, leading to incomplete dissolution of some chloride salts.
The anion content in both extraction methods followed the order SO4

2− > HCO3
− > Cl−,

with SO4
2− being the predominant anion. The average percentages of CWE-SO4

2− in
the three layers A, P, and B were 66.10%, 82.90%, and 85.87%, respectively. Likewise, the
average percentages of IWE-SO4

2− in the three layers A, P, and B were 71.73%, 78.27%, and
84.28%, respectively. The IWE-SO4

2− content was 5.96 times higher than the CWE-SO4
2−

content, exhibiting an average increase of 8658.95 mg kg−1. The anion extraction results
indicated that sulfate was the primary salt present in both the CWE and IWE methods.

From the distribution of the salt ions in the different soil layers of the soil profile, it
was found that the highest contents of Cl− and HCO3

− were in A layer, and the contents
decreased with the increase in the soil depth, indicating the characteristics of surface
accumulation, which were also in line with the characteristics of soluble salt, as they are
more prone to move to the soil surface during the evaporation of soil water. The distribution
of SO4

2− in the profile was contrary to that of Cl− and HCO3
−, and its content increased

with the depth of soil profile, i.e., B > P > A, which was similar to the distribution pattern
of Ca2+ and Mg2+, showing the characteristics of B layer precipitation. On the one hand, S
is one of the essential nutrients for crops, and the SO4

2− in layer A would be consumed
by crop uptake. On the other hand, the solubility of calcium sulfate is lower than that of
chloride salt and bicarbonate, and it is relatively not easy to move upward with the water
during irrigation.

3.2. Salt Type Composition under the Two Extraction Methods

The anion contents are indicators of the salt types. According to the results obtained
from the CWE method, 7.23% of the salt extracted was chloride, 78.29% was sulfate, and
14.48% was bicarbonate. Similarly, in the IWE method, 5.54% was chloride salt, 78.10%
was sulfate salt, and 16.36% was bicarbonate salt. The two methods yielded similar soil
salt types, with sulfate being dominant, bicarbonate being the second most prevalent, and
chloride being the least prevalent.

Correlation analysis of salt ions can to some extent reveal the presence and composition
of salt compounds. The salt ion data obtained using the two extraction methods were
subjected to correlation analysis using a heat map, and the results are shown in Figure 4. In
the CWE method, Cl− showed highly significant positive correlations with K+ and Na+;
however, these correlations were not revealed by the IWE method, likely due to the K+

and Na+ in the IWE method being obtained from leaching and attributed to soil colloid
adsorption, which was exchanged into the solution during extraction, rather than all the
release coming from chloride salts. As a result, the previous significant correlations were not
observed in the IWE method. In both extraction methods, SO4

2− showed highly significant
positive correlations with K+, Ca2+ and Mg2+, while HCO3

− showed highly significant
negative correlations with Ca2+ and Mg2+. The soil salts in the study area obtained by the
CWE method were mainly chloride and sulfate salts, including KCl, NaCl, K2SO4, CaSO4,
and MgSO4; meanwhile, the soil salts obtained by the IWE method were mainly sulfate
salts, including CaSO4, MgSO4 and K2SO4.



Land 2024, 13, 257 9 of 16Land 2024, 13, x FOR PEER REVIEW 9 of 16 
 

 
Figure 4. Correlation heat map of salt ions for the two extraction methods. Note: The positive and 
negative correlation coefficients in the correlation heat map represent the direction of the relation-
ship (positive or negative correlation), while the size of the value represents the strength of the re-
lationship. Color column in white represents 0, the closer to 1, the redder the color, the closer to −1, 
the bluer the color. * denotes significant correlation (p < 0.05), ** denotes highly significant correla-
tion (p < 0.01). 

3.3. Relationships between Water-Soluble Salt Ions and Calcium Sulfate and Calcium Carbonate 
Desert–sierozem soils typically contain high amounts of calcium sulfate and calcium 

carbonate. This study employed chemical and physical methods to determine the non-
crystalline and crystalline contents of these two calcium salts. Table 3 demonstrates the 
correlations between the salt ions and CaCO3, CaSO4·2H2O, CalXRD, and GyXRD. The analy-
sis revealed no correlations of CWE-K+ and CWE-Na+ with the soil calcium carbonate and 
calcium sulfate, but it found highly significant positive correlations between IWE-K+ and 
CaSO4·2H2O. CWE-Ca2+, IWE-Ca2+, CWE-Mg2+, and IWE-Mg2+; CWE-SO42− and IWE-SO42− 
exhibited highly significant negative correlations with CaCO3 and CalXRD and highly sig-
nificant positive correlations with CaSO4·2H2O and GyXRD. HCO3− had significant positive 
correlations with CaCO3 and CalXRD, and highly significant negative correlations with 
CaSO4·2H2O and GyXRD. These results suggest that the Ca2+, Mg2+, and SO42− found in the 
leaching solutions of the CWE and IWE methods, as well as K+ obtained from IWE leach-
ing, originated from the dissolution of sulfates in the soil. The HCO3− originated from the 
dissolution of carbonate. 

Table 3. Correlation of the two extraction methods’ ions with CaCO3, CaSO4·2H2O, CalXRD and 
GyXRD. 

Experimental Indicators CaCO3 CaSO4·2H2O CalXRD GyXRD 
CWE-K+ −0.234 0.267 −0.172 0.04 

CWE-Na+ 0.076 0.235 0.045 0.085 
CWE-Ca2+ −0.697 ** 1 0.790 ** −0.566 ** 0.825 ** 
CWE-Mg2+ −0.547 ** 0.767 ** −0.493 ** 0.650 ** 
CWE-Cl− −0.094 0.241 −0.040 −0.009 

CWE-SO42− −0.718 ** 0.798 ** −0.600 ** 0.807 ** 
CWE-HCO3− 0.401 * −0.611 ** 0.419 * −0.510 ** 

IWE-K+ −0.237 0.466 ** −0.275 0.166 
IWE-Na+ 0.073 0.265 −0.021 0.100 
IWE-Ca2+ −0.666 ** 0.825 ** −0.573 ** 0.693 ** 

Figure 4. Correlation heat map of salt ions for the two extraction methods. Note: The positive and
negative correlation coefficients in the correlation heat map represent the direction of the relationship
(positive or negative correlation), while the size of the value represents the strength of the relationship.
Color column in white represents 0, the closer to 1, the redder the color, the closer to −1, the bluer the
color. * denotes significant correlation (p < 0.05), ** denotes highly significant correlation (p < 0.01).

3.3. Relationships between Water-Soluble Salt Ions and Calcium Sulfate and Calcium Carbonate

Desert–sierozem soils typically contain high amounts of calcium sulfate and calcium
carbonate. This study employed chemical and physical methods to determine the non-
crystalline and crystalline contents of these two calcium salts. Table 3 demonstrates the
correlations between the salt ions and CaCO3, CaSO4·2H2O, CalXRD, and GyXRD. The
analysis revealed no correlations of CWE-K+ and CWE-Na+ with the soil calcium carbonate
and calcium sulfate, but it found highly significant positive correlations between IWE-K+

and CaSO4·2H2O. CWE-Ca2+, IWE-Ca2+, CWE-Mg2+, and IWE-Mg2+; CWE-SO4
2− and

IWE-SO4
2− exhibited highly significant negative correlations with CaCO3 and CalXRD

and highly significant positive correlations with CaSO4·2H2O and GyXRD. HCO3
− had

significant positive correlations with CaCO3 and CalXRD, and highly significant negative
correlations with CaSO4·2H2O and GyXRD. These results suggest that the Ca2+, Mg2+,
and SO4

2− found in the leaching solutions of the CWE and IWE methods, as well as K+

obtained from IWE leaching, originated from the dissolution of sulfates in the soil. The
HCO3

− originated from the dissolution of carbonate.

Table 3. Correlation of the two extraction methods’ ions with CaCO3, CaSO4·2H2O, CalXRD and GyXRD.

Experimental Indicators CaCO3 CaSO4·2H2O CalXRD GyXRD

CWE-K+ −0.234 0.267 −0.172 0.04
CWE-Na+ 0.076 0.235 0.045 0.085
CWE-Ca2+ −0.697 ** 1 0.790 ** −0.566 ** 0.825 **
CWE-Mg2+ −0.547 ** 0.767 ** −0.493 ** 0.650 **
CWE-Cl− −0.094 0.241 −0.040 −0.009

CWE-SO4
2− −0.718 ** 0.798 ** −0.600 ** 0.807 **

CWE-HCO3
− 0.401 * −0.611 ** 0.419 * −0.510 **

IWE-K+ −0.237 0.466 ** −0.275 0.166
IWE-Na+ 0.073 0.265 −0.021 0.100
IWE-Ca2+ −0.666 ** 0.825 ** −0.573 ** 0.693 **
IWE-Mg2+ −0.631 ** 0.897 ** −0.569 ** 0.632 **
IWE-Cl− −0.118 0.320 −0.069 0.072

IWE-SO4
2− −0.736 ** 0.909 ** −0.679 ** 0.727 **

IWE-HCO3
− 0.465 ** −0.716 ** 0.446 * −0.624 **

1 * denotes significant correlation (p < 0.05), ** denotes highly significant correlation (p < 0.01).
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3.4. Calcium Sulfate and SIC Sinks in Desert–Sierozem Soils of Different Tillage Years

Irrigation and tillage activities have altered the natural soil-forming environment and
its processes. Table 4 shows the changes in the amounts of crystalline and non-crystalline
calcium sulfate and calcium carbonate in the soils during different years of cultivation.
This study discovered that the CaCO3 content in desert–sierozem soils decreased initially
and then increased over time with tillage. The highest level was observed at >40 years of
tillage, with an average increase of 10.86 g kg−1 in CaCO3 when compared to the level
at 1–3 years of tillage; meanwhile, there was an increase of 2.22 g kg−1 in the crystalline
mineral CalXRD. The CaSO4·2H2O and GyXRD contents initially exhibited increasing trends,
followed by decreasing trends with increasing tillage duration. The maximum contents
were observed after 10 years of tillage. However, at >40 years of tillage, the average
CaSO4·2H2O content decreased by 13 g kg−1, representing a reduction of nearly 80%
compared to the case at 1–3 years of tillage. Conversely, the crystalline mineral GyXRD
content decreased significantly to a point where it was no longer detectable using XRD.

Table 4. Distribution of inorganic salt and its salt–crystalline minerals in soils of different tillage years.

Tillage Year 1–3 10 20 30 >40

CaCO3 (g kg−1) 67.62 ± 6.87 ab * 54.23 ± 23.57 b 69.02 ± 9.97 ab 71.32 ± 4.74 a 78.48 ± 8.21 a
CaSO4·2H2O (g kg−1) 16.40 ± 12.80 a 19.22 ± 12.93 a 13.67 ± 8.04 ab 7.57 ± 5.82 ab 3.40 ± 3.37 b

CalXRD (%) 3.77 ± 1.09 b 3.81 ± 2.46 b 5.39 ± 1.15 ab 5.73 ± 1.03 a 5.99 ± 0.99 a
GyXRD (%) 2.05 ± 2.03 ab 3.96 ± 4.66 a 2.13 ± 1.89 ab 0.64 ± 0.82 b 0 ± 0 b

* Different lowercase letters indicate significant differences among different years of tillage (p < 0.05).

4. Discussion
4.1. Salt Ion and Salt Composition in the CWE and IWE Methods

The K+, Na+, Ca2+, Mg2+, Cl−, SO4
2−, and HCO3

− contents, which were determined
using extraction methods with two different strengths of water-soluble salt ions, displayed
relatively consistent distribution characteristics across the profile. Except for IWE-HCO3

−,
none of the ions showed significant variability among the soil layers using either the CWE
or the IWE method. The K+, Cl−, and HCO3

− contents were the highest in layer A, whereas
Ca2+, Mg2+, and SO4

2− were predominantly deposited in layer B, which was consistent
with the findings of Wang et al. [51]. In comparison to the CWE method, the IWE method
resulted in greater leaching amounts of K+, Ca2+, Mg2+, SO4

2−, and HCO3
−, which was

attributable not only to the soil particle size, water–soil ratio, and shaking time but also to
the inherent natures of these ions. By comparing the changes in the K+ and Na+ contents
extracted using the CWE and IWE methods, we discovered that the content and change
range of IWE-K+ were significantly greater than those of IWE-Na+, which was due to
the fact that both K+ and Na+ are easily soluble salt cations and migrate rapidly in soil.
Nonetheless, the adsorption force, exchange force, and ionic cohesion of the soil colloids for
K+ are higher than those for Na+ [52], accounting for the disparity between K+ and Na+. In
addition, if the labile salt K2SO4 is present in the soil, it should be fully dissolved using the
CWE method. Thus, the higher increase in IWE-K+ compared to that in CWE-K+ and its
highly significant positive correlation with CaSO4·2H2O could be attributed to (1) a small
amount of labile potassium salts in the CWE method that was not fully dissolved, (2) a
notable increase in the adsorbed state of K on the soil colloids, as reported by Das et al. [53],
that was subsequently desorbed into the soil solution during an extended period of shaking,
and (3) the higher calcium content supporting soil potassium fixation, and according to
Zou et al. [54], the application of calcium sulfate significantly improving the soil retention
capacity for K+ and reduced K+ losses. Additionally, the IWE-Ca2+ content was much
higher than the CWE-Ca2+ content, suggesting that the soils in the study region contained
a large amount of calcium salts that were challenging to extract using the CWE method,
and these calcium salts could be dissolved and leached out by intensifying the extraction
process. Based on the anion extraction results presented in Figure 3, the anion contents
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were dominated by SO4
2−, followed by HCO3

− and Cl−, which was consistent with the
results of Liu et al. [55], who investigated the soil salinity anion contents of cropland soils
in an oasis.

In this study, we utilized the anion content percentage and correlations among the
ions to identify the salt types, and the results showed that the two extraction methods
indicated essentially similar salinity types. Consistent with the results of Luo et al. [56],
SO4

2− displayed highly significant positive correlations with K+, Ca2+, and Mg2+, whereas
HCO3

− showed highly significant negative correlations with Ca2+ and Mg2+. Based on the
measured salt ion contents, the water-soluble salts in the soil from our sampling sites were
dominated by sulfates, specifically moderately soluble calcium sulfate salts. In addition,
the salts content extracted using the CWE method alone was significantly lower than the
actual salt content in the soil. Notably, the CWE method extracted not only readily soluble
salts, such as chloride salts, but also calcium sulfate salts from our samples.

Higher water–soil ratios, finer soil particle sizes, and longer oscillation periods were
found to greatly increase the amounts of K+, Ca2+, Mg2+, SO4

2−, and HCO3
− dissolved

in the water. Therefore, the use of higher-intensity salt extraction methods is necessary to
study the salinity levels, salt composition, and their changes in soils in arid zones, such as
deserts and calcic soils. Further experiments are required to verify the universality of the ap-
propriate extraction intensity for different soil types, which will provide a reference for the
development of relevant experimental norms. Quantifying the forms and transformations
of salts in the soil will improve our understanding of the soil material cycle in arid zones,
which is crucial for scientific and rational soil development, amelioration, and utilization of
oases, and for research on the impact of human activities on soil material cycling.

4.2. Involvement of Soil Calcium Sulfate in SIC Sequestration

The accumulation of SIC was closely related to the soil salinity and salt type in this
study (Figure 5), and there was an highly significant linear negative correlation between
the soil EC and CaCO3 (p < 0.01), which was similar to the conclusion of Dong et al. [7].
The linear positive correlation between EC and CaSO4·2H2O also reached an extremely
significant level (p < 0.01), and the R2 was 0.633, indicating that the soil EC was mainly
determined by sulfate in the study region.
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There was a competitive relationship for Ca2+ between the calcium sulphate and
calcium carbonate in the soil; therefore, the directions of their relationships with Ca2+

were opposite (Table 3). The Ca2+ in the leaching solution of our soil originated mainly
from calcium sulfate or the dissolution of mineral gypsum; these Ca2+ reacted with the
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C-containing anions (mainly HCO3
−) in the soil [57,58] and participated in the microcarbon

cycle of CO2–HCO3
−–SIC within the soil, which resulted in the formation of pedogenic

carbonates. This was consistent with Li et al. [59], who found that Ca2+ and Mg2+ were the
driving factors in the formation of inorganic carbon. Due to differences in water solubility,
sufficient irrigation and the periodic alternating dry–wet process allowed for the transfer
of calcium from sulfate to carbonate after plowing desert–sierozem soil in farmland. Thus,
there was a highly significant negative correlation between calcium sulfate and calcium
carbonate (Figure 6; p < 0.01). Of course, Mg2+ and Ca2+ have similar properties based on
the measured salt ion contents, and the average Ca2+ content in desert–sierozem soil was
over 10 times higher than that of Mg2+; therefore, Ca2+ played a major role in the change
in carbonate.
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Laudicina et al. [60] conducted a study on the net accumulation of inorganic carbon
in semi-arid Mediterranean soils and confirmed that the calcium in gypsum played a role
in the formation of soil carbon sinks. Our study further confirmed this process. Specifi-
cally, gypsum provides calcium ions for inorganic carbon formation, which involves the
conversions of CO2(g)–CO2(aq)–HCO3

−(aq)–CaCO3(s) in the soil. Han and Tokunaga [61]
confirmed that the presence of calcium sulfate enhanced carbon sequestration in weakly
alkaline soils, and the soil samples collected in our study area had a pH ranging from 7.65
to 8.41, indicating a slightly alkaline range. Therefore, the substantial presence of gypsum
in desert–sierozem soils could provide a material basis for pedogenic carbonate formation,
leading to increased carbonate carbon sinks.

The inorganic carbon pool in arid zone soils is 2–5 times larger than the organic
carbon pool, and its size is primarily represented by the soil calcium carbonate content [62].
The inorganic carbon pool in arid zone soils remains relatively stable during natural soil
formation, and its change is very slow. Our study suggests that human tillage and irrigation
activities likely accelerate changes in the SIC pool. After more than 20 years of cultivation,
the CaCO3 content in the soil was higher than its initial state and continued to increase,
whereas the calcium sulfate content continued to decrease. This indicates that the elevated
SIC in the desert–sierozem soil was capable of capturing contemporary atmospheric CO2,
and its potential to increase the SIC sink was linked to the Ca2+ supply capacity from
non-carbonate sources. These Ca2+ can be derived from the transfer of other salts in the
soil to carbonates or from irrigation water inputs [63]. In addition, silicate minerals, such
as plagioclase, commonly found in arid zone soils are calcium-rich, and typically, the
natural release of calcium from these minerals occurs slowly; however, soil maturation via
cultivation can expedite the weathering process and release Ca2+ [64].



Land 2024, 13, 257 13 of 16

5. Conclusions

Soils in arid zones generally contain salt; therefore, it is important to use an ap-
propriate salt extraction method to obtain the actual degree of salinity, salt types, and
their changes. In this study, two water-soluble salt extraction methods with different
extraction strengths, namely CWE and IWE, were used to extract salt ions from desert–
sierozem soil. The results showed that the total salt content obtained by the IWE method
was 5.83 times more than that obtained by the CWE method, and among all the ions,
the cations were dominated by Ca2+ and the anions were dominated by SO4

2−. The
content of Ca2+ and SO4

2− increased with the soil profile depth, which was B > P > A,
showing the characteristics of bottom accumulation. The salt types extracted using the
two methods were similar and the sulfate content was greater than 78%. The results
obtained from the two extraction methods differed considerably, and therefore, the
extraction results from the IWE method provided more realistic soil salinity conditions
in the study area. Desert–sierozem soils are well suited for agricultural exploitation,
not only because sulfates provide important inorganic nutrients for crop growth but
also because they help increase the soil carbon sequestration. As a kind of soil salt, the
accumulation of SIC after tillage was closely related to the soil type, soil salt content,
salt composition, and especially the supply of Ca2+ and Mg2+. There are abundant
calcium sulfate and calcium carbonate in desert–sierozem soils; after more than 40 years
of cultivation, the CaSO4·2H2O content decreased by 13 g kg−1, while the CaCO3 content
increased by 10.86 g kg−1 compared to their initial states, showing a strong carbon se-
questrating potential. This potential was derived from the transfer of calcium released by
calcium sulfate dissolution to secondary CaCO3, which provided a material basis for the
inorganic carbon pool of desert–sierozem soil to capture contemporary atmospheric CO2.
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