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Abstract

This study presents the combined findings of laboratory experiments conducted to
assess the efficacy of various ameliorants on saline-sodic soils in the foothill plain of
Ile Alatau in the Northern Tianshan region. The investigation focused on the
influence of phosphogypsum, elemental sulfur, nano sulfur, and sulfuric acid on the
ionic composition of the soil solution and their impact on the soil-absorbing
complex. Different doses of these ameliorants were applied to saline-sodic soil
samples, and their incubation period was observed. The analysis of the aqueous
extract of the soil emphasized the presence of bicarbonate, carbonate, sulfate,
calcium, and sodium ions. The results revealed that sulfuric acid was the most
effective ameliorant, rapidly neutralizing extreme alkalinity, reducing bicarbonate
and carbonate ion content, and increasing sulfate and sodium ion concentrations.
Elemental sulfur ranked second in effectiveness, significantly decreasing
bicarbonate and carbonate ions and increasing sulfate and sodium ions.
Phosphogypsum exhibited the lowest effectiveness, causing reductions in
bicarbonate and carbonate ions and modest increases in sulfate and calcium ions.
The study demonstrated that the introduction of phosphogypsum led to an increase
in calcium and sulfate ions in the soil solution, while elemental sulfur and sulfuric
acid significantly increased the sulfate ion content. Sulfuric acid exhibited the
highest efficacy among the ameliorants, completely neutralizing normal carbonates
and reducing alkalinity in the soil solution. The formation of subsoil gypsum through
the interaction of sulfuric acid with calcium carbonates facilitated the displacement
of sodium from the soil-absorbing complex. These findings contribute to our
understanding of the processes involved in the amelioration of saline-sodic soils and
provide insights into effective soil management practices. They serve as a theoretical
basis for developing strategies for the reclamation of such soils worldwide. The
research highlights sulfuric acid as the most effective ameliorant for saline-sodic
soils, resulting in a significant rearrangement of the soil's ionic composition. Further
research and field studies are necessary to validate and refine these laboratory
findings for practical applications in soil improvement methods.
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Introduction

Soil salinization is a widespread issue, particularly in arid and semi-arid regions, and it poses a significant
challenge to global agricultural production (EIl hasini et al,, 2019). Saline soils are prevalent in arid areas due
to limited rainfall, which hinders the leaching and transport of salts, and the high evaporation rates that lead
to salt concentration in soils and surface waters. The expansion of salinity-affected land is estimated to
increase at a rate of approximately 1-2% annually, attributed to factors such as global climate change and
improper irrigation and tillage practices. These saline soils contain high concentrations (> 0.25%) of soluble
salts in all soil layers, which are toxic to plants and hinder their growth (Shaygan and Baumgartl, 2022).
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Sodic and saline-sodic soils exhibit poor physical properties and fertility issues that negatively impact the
growth and yield of most crops (Rengasamy, 2002; 2006). Saline-sodic soils are found across various
continents, ranging from tropical to polar zones, but they are most common in the Northern Hemisphere. In
the Commonwealth of Independent States (CIS), the area covered by saline-sodic soils amounts to 120 million
hectares, and the escalating expansion of these soils has made their reclamation a prominent concern in
modern soil science (Yertayeva et al., 2019).

Kazakhstan, a country located mostly within the largest drainless part of the plain, faces an uneven
distribution of saline soils. Approximately 70% of the saline soils in the Commonwealth of Independent States
are located in Kazakhstan, covering an area of 111.55 million hectares, which accounts for 41% of the national
territory. Central Asia, including Kazakhstan, is situated in the most saline part of the planet's land, with 191
million hectares of saline soils, equivalent to the combined area of soils in Africa and America. Salty soils in
Kazakhstan are widespread, with solonetzes and solonetsous soils predominant in the northern and central
parts, and solonchaks and solonchak soils dominating the southern, southwestern, and southeastern regions.
Based on salt accumulation, four halogeochemical regions have been identified, namely the Caspian Sea basin
(accumulation of sulfate-chloride and chloride salts), the Aral Sea basin (accumulation of chloride-sulfate
salts), the Karsk Sea basin (accumulation of chloride-sulfate salts), and the Balkash Lake basin (accumulation
of sodic-sulfate salts). In the southern, southwestern, and southeastern regions of Kazakhstan, the area
covered by saline-sodic soils is approximately 7.095 million hectares, with distribution percentages of 18.6%
in Almaty, 47.7% in Dzhambul, 27.3% in South Kazakhstan, and 21.7% in Kyzylorda. The presence of sodic-
salinity among the highly fertile soils of the foothill color of the Northern Tien Shan, including meadow,
meadow-serozem, and meadow-chestnut soils, accentuates the significance of addressing soil fertility issues.
Crop losses due to sodic salinity in these areas range from 15% to 45% (Funakawa et al,, 2000; Saparov, 2014;
Pachikin et al., 2014; Otarov, 2014; Laiskhanov et al., 2016; Suska-Malawska et al., 2019; Zhang et al., 2019;
Ma et al,, 2019; Yertayeva et al., 2019; Kussainova et al.,, 2020; Liu et al., 2022; Suska-Malawska et al., 2022).
Peasant farms annually apply various agricultural practices, from plowing to harvesting, to address saline-
sodic soil patches. However, the low yields from these patches result in significant depreciation of material,
monetary, and labor resources. Hence, the urgent need for saline-sodic soil reclamation in irrigated
agricultural zones is evident.

The reclamation of saline or saline-sodic soils is a crucial global objective. Successful reclamation for
agricultural purposes depends on understanding sodium dynamics and the chemical interactions that govern
nutrient availability. Various methods are employed for the reclamation of saline soils, including physical
techniques such as deep plowing, subsoiling, sanding, and profile inversion; chemical approaches involving
amendments with substances like gypsum, calcium chloride, limestone, sulfuric acid, sulfur, and iron sulfate;
and electro-reclamation techniques that utilize electric current treatment. The most effective methods involve
the removal and exchange of soluble sodium, as well as modifying the ionic composition of soils through the
addition of chemicals while simultaneously leaching sodium salts from the soil profile (Shaygan and
Baumgartl, 2022).

To gain better control over soil fertility, it is crucial to understand the mechanisms underlying
physicochemical and biological processes during the reclamation of saline-sodic soils under strictly controlled
conditions. Laboratory research aimed at assessing the comparative effectiveness of different ameliorative
techniques employing various rates of phosphogypsum, elemental sulfur, and sulfuric acid on saline-sodic
soils can contribute to the development of effective soil amelioration technologies for saline-sodic soils.

Material and Methods
Site description

The soil sampling and laboratory experiment were conducted in the Talgar area of the Almaty region in
Kazakhstan. The field plot was selected based on small, medium, and large-scale soil maps and soil reports,
focusing on the distribution of alkaline soda-saline soils in the region. The specific coordinates of the site are
N 43°39'7858, E 77°18'2917 (Figure 1). The selected region belongs to the halogeochemical province of
accumulation of sodic-sulfate salts of the Balkhash Lake basin. The climate in the area is characterized by
continentality and drought, with dry and hot summers. The average temperature in July ranges from 22-25°C,
while in January, itis 9-12°C. The annual precipitation is 250-300 mm, and the average annual air temperature
is 9.8°C. The main background soils in the field plot are light meadow gray soils, but the focus of the study was
on the small and medium semi-hydromorphic heavy loamy solonetzes with sulfate-sodic, sodic-sulfate, and
pure sodic chemism. These soils occupy approximately 10% of the field.
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Figure 1. Partial Snapshot of the Experlmental Site Showmg 3011 Sample Locatlons
Soil sampling and lab experiment

Soil samples were taken from the upper layers (0-40 cm) of the identified spots of semi-hydromorphic heavy
loamy solonetzes. The laboratory experiment involved the following ameliorative techniques:
phosphogypsum, elemental sulfur (powdered and nano), and sulfuric acid (1%, 3%, and 5%). These
ameliorants were thoroughly mixed with the soil and placed in plastic cups with a volume of 175 cm2. The
samples were kept at room temperature (23°C), and the soil moisture was maintained at 21%, corresponding
to 70% of the field's water-holding capacity.

The calculations for the application of ameliorants were based on the initial physicochemical composition of
the soil, and the doses were determined according to the formulas and coefficients specific to each ameliorant.
The equivalent doses of ameliorants applied to the saline-sodic soils are presented in Table 1.

Table 1. The equivalent doses of ameliorants applied to soda-saline soils
Doses of introduced ameliorants

Variants ¢ 100g 1 ton/ha
Control - -
PG1o 0.218 (estimated) 11.67
Phosphogypsum PGus 0.327 17.50
PGz 0.436 23.34
S1.0 0.041 (estimated) 2.217
Elemental sulfur Sis 0.062 3.325
S20 0.082 4.434
NS1.0 0.041 (estimated) 2.217
Nanosulfur NSis 0.062 3.325
NS2.0 0.082 4.434
SA1y% 0.124/16 g H20 (estimated) 6.652
Sulfuric acid SAsy 0.124/15.65g H20 6.652
SAsy 0.124/15.31gH-0 6.652
Leaching with water 150 ml

The laboratory experiment lasted for 60 days, and four blocks of the experimental scheme were used to assess
the ameliorative efficiency of different doses and incubation periods of the ameliorants. After 15, 30, and 60
days of incubation, each block was eliminated, and the ionic composition (HCO3-, CO3%, Cl,, SO4%, Ca2+, Mg2+,
Na+, K+), total salts, and pH of the water extract from the soils were determined (USDA, 2014; 2022). The
experiment was replicated three times. Statistical analysis was performed using one-way ANOVA and Tukey's
multiple comparison tests to determine the significance of differences between the different ameliorants. The
analysis was conducted in the R statistical software version 4.3.0.

Results and Discussion

The laboratory experiment aimed to evaluate the effectiveness of different ameliorants, including
phosphogypsum, elemental sulfur (both powdered and nano), and sulfuric acid, on saline-sodic soils in the
foothill plain of Ile Alatau. The soil samples, taken from semi-hydromorphic heavy loamy solonetzes, were
subjected to various doses and incubation periods of the ameliorants. The analysis of the soil solution
emphasized the presence of bicarbonate (HCO3-), carbonate (CO3%"), sulfate (SO42-), calcium (Ca2+), and sodium
(Na+) ions (Table 2).
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In terms of phosphogypsum, the 15-day incubation had minimal impact on the soil's salt regime, with a slight
decrease in HCO3- ions from 0.86 to 0.67-0.59 meq 100g-1. The CO32- ions also decreased from 0.17 to 0.16-
0.09 meq 100g-l. However, the CO32 ion content remained above the toxicity threshold for plants. The
introduction of phosphogypsum led to an increase in SO42- ions from 5.64 to 7.07-9.62 meq 100g-1 and Ca2+
ions from 0.41 to 0.57-1.83 meq 100g-1. The Na+ ion content in the soil solution increased from 5.43 to 7.22
meq 100g-! after 60 days of incubation. Leaching the phosphogypsum-treated soil resulted in decreased S042-
and Na+ ion concentrations compared to the control.

For elemental sulfur, the calculated dose effectively reduced HCO3- ions from 0.86 to 0.51 meq 100g-! after 15
days of incubation. CO3% ions decreased from 0.17 to 0.11-0.08 meq 100g-1. The SO42- ion content increased
from 5.64 to 6.46-11.0 meq 100g-1, and Ca2+ ions increased from 0.41 to 0.65-2.73 meq 100g-1. Na* ions in the
soil solution increased from 5.43 to 7.22 meq 100g-1. Leaching the elemental sulfur-treated soil resulted in
decreased SO42- and Na* ion concentrations compared to the incubation period.

Nanosulfur application caused noticeable decreases in HCO3- ions from 0.86 to 0.82-0.65 meq 100g! after 15
to 60 days of incubation. CO32ions decreased to 0.13-0.11 mgE. The SO42- ion content increased to an average
of 7.5 meq 100g-1, and Ca2+ ions increased compared to the control. Leaching did not significantly affect the
HCOs3- and CO32- ion content.

Sulfuric acid, particularly at concentrations of 1%, 3%, and 5%, exhibited significant effects on the soil
solution. After 15 days of incubation, HCO3- ions decreased to 0.45-0.56 meq 100g-1, and CO3?- ions dropped to
0.00-0.08 meq 100gt. The SO4% ion content increased to 10.42-14.87 meq 100g-1, and Ca?* ions significantly
increased compared to the control. Na+* ions in the soil solution averaged 7.00 meq 100g-1before leaching and
decreased to 3.93-5.13 meq 100g! after leaching. Sulfuric acid effectively neutralized alkalinity, resulting in a
rearrangement of the soil's ionic composition.

Overall, sulfuric acid demonstrated the highest effectiveness among the ameliorants, followed by elemental
sulfur. Phosphogypsum exhibited the lowest effectiveness in terms of its impact on the soil's ionic
composition. The findings highlight the ability of sulfuric acid to neutralize alkalinity, decrease HCO3-and CO3?-
ion content, and increase SO42- ion concentrations, leading to significant changes in the soil's chemical
properties.

These results provide valuable insights into the mechanisms involved in the amelioration of saline-sodic soils
and can guide the development of effective soil improvement strategies. However, further research and field
studies are necessary to validate these laboratory findings and optimize their practical applications in soil
reclamation and management.

The results of the experiment demonstrate that the application of phosphogypsum, elemental sulfur,
nanosulfur, and sulfuric acid, as well as their incubation duration, have a significant impact on the ionic
composition of the aqueous extract of soda-sulfate soil. This impact is particularly noticeable in the
bicarbonate, carbonate, and sulfate ion content throughout the entire incubation period of the ameliorants in
soda-sulfate soil. The introduction of ameliorants disrupts the equilibrium state of the soil's ion-salt system,
which involves the salts of the solid phases of the soil and the soil absorbing complex. These solid phase
components constantly interact with the soil solution and air.

The ionic composition analysis of the water extract from the soda-sulfate soil reveals that the application of
phosphogypsum (CaS04-2H>0) increases the Ca2+ and sulfate ion content in the soil solution. Specifically, there
is a noticeable difference between the PG2.0 variant and the control. It appears that Ca2* in the soil solution
interacts with the soil-absorbing complex (SAC) of the soda-sulfate soil, displacing absorbed sodium into the
solution, and introducing Ca2+ into the SAC according to the reaction: 2(SAC - Na) + CaSO4 — (SAC - Ca) +
2NazS04. This process leads to a significant increase in the displaced sodium content in the solution compared
to the control (5.43 meq 100g-1), observed after 60 days of incubation with phosphogypsum (7.4 meq 100g-1).
This difference is statistically significant (M=2.0). Since the reaction product is Na,S04, which is readily soluble
and toxic to plants, the Na+ and SO42- ion content decreased after leaching to 2.73, 3.55 and 3.75 meq 100g-1,
and 2.95, 3.84, and 5.17 meq 100g-1, respectively, compared to the initial values before leaching. Another
possible interaction of gypsum is with bicarbonates and sodium carbonates. The chemical reaction between
CaS04 and NazCOs3 forms sparingly soluble calcium carbonates according to the equation: CaSO4 + Na,CO3z —
CaCOs + NazS04. Despite noticeable changes, previous studies (Feofarova, 1950) suggest that the introduction
of phosphogypsum reduces the initial rate of interaction with the soil on sulfate, especially in soda-alkaline
soils, due to the coating of their crystal surfaces with a humus-clay-carbonate film.
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The introduction of elemental sulfur powder and nanosulfur into soda-sulfate soil significantly increases the
sulfate ion content. After 60 days of incubation, the sulfate ion content reaches 9.32-11.0 meq 100g-! for
elemental sulfur and 7.6 meq 100g-! for nanosulfur, compared to 5.64 meq 100g-! in the control. This indicates
that a portion of the introduced elemental sulfur gradually transforms into its di- and trioxide forms with the
involvement of sulfur-oxidizing microorganisms, following the scheme: S° — S0;2 — SO32. The trioxide form
combines with water (SO3 + H20 — H2S04), resulting in the formation of sulfuric acid, an ideal ameliorant for
alkaline soils. The reclamation process, which involves the conversion of alkaline salts (Na,CO3; and NaHCO3)
into neutral salts (Na;S04, MgS0., and CaS04), occurs under mild conditions due to the gradual transformation
of sulfur into sulfuric acid. The slight increase (~1.5-2 times) in the concentration of Ca2+ and Mg2+ ions can be
attributed to the decomposition of carbonates during their interaction with the newly formed sulfuric acid, as
described by the equation: CaCO3 + H,S04 — CaS04 + H2COs3, resulting in the formation of a more soluble salt
(CaS04 0.2 g/1) from an insoluble one (CaC03 0.02 g/1).

The application of sulfuric acid in the form of 1%, 3%, and 5% solutions induces significant changes in the
ionic composition of the liquid phase of the soil. The sulfuric acid solution primarily reacts with the soil's liquid
phase, instantaneously neutralizing alkaline sodium salts and converting them into neutral sodium sulfate
(which is 10 times less toxic than Na,CO3), as shown in the reactions: Na;CO3 + H2SO04 < Na;S04 + H20 + CO2T
and 2NaHCOs3 + H2S04 & NazS04 + H2CO3 + H20 + CO:T. This leads to a substantial decrease in the bicarbonate
ion (HCO3) content to 0.38-0.69 meq 100g1, compared to 0.86 meq 100g! in the control (M=-0.4), thus
reducing its toxicity and completely eliminating normal carbonate (CO3%). Additionally, sulfuric acid reacts
with carbonates in the solid phase of the soil, mainly calcium carbonate, converting it into a more water-
soluble form, secondary subsoil gypsum, through the reaction: CaCO3z + H2SO4 <> CaSO4 + H,0 + COT. This is
supported by the increased sulfate ion content (M = 5.1 and M = 7.7) and calcium ion content (M = 2.6 and M
=4.4) in the solution of the SA3% and SA5% variants, respectively, compared to the control. The newly formed
fine-crystalline gypsum dissolves and increases the calcium concentration in the soil solution, leading to a shift
in the previously established balance between Ca2+ and Na*. As a result, calcium in the solution helps displace
the absorbed sodium from the SAC. Therefore, the most effective ameliorant is found to be the sulfuric acid
solution, with increasing concentrations leading to faster attainment of equilibrium state between the pore
solution and SAC, which occurs within less than a day. Amezketa et al. (2005) indicated that the addition of
sulphuric acid was the most effective treatment in leaching and reducing salinity in comparison with gypsum
amendments. However, the application of acidic amendments can lower soil pH, thus, their applications need
some consideration.

Conclusion

In conclusion, the laboratory experiment conducted to assess the ameliorative efficiency of phosphogypsum,
elemental sulfur, and sulfuric acid on soda-saline soils in the foothill plain of the Northern Tianshan region
has provided valuable insights. Among the tested ameliorants, sulfuric acid solution demonstrated the highest
effectiveness. Even at a 5% concentration, it was able to completely neutralize normal carbonates in the soil
solution, effectively reducing soil alkalinity. The positive impact of sulfuric acid was observed as early as 15
days of incubation in the soda-saline soil. The introduction of sulfuric acid resulted in a significant decrease in
bicarbonate and carbonate ion content after 60 days of incubation, while the sulfate ion content increased
proportionally to the concentration of sulfuric acid, reaching levels of 8.12, 12.98, and 15.19 meq 100g-1. This
increase in sulfate ions can be attributed to the interaction of sulfuric acid with calcium carbonates in the solid
phase of the soil, leading to the formation of subsoil gypsum. The presence of subsoil gypsum facilitates the
displacement of absorbed sodium from the soil-absorbing complex (SAC) by calcium ions. Similarly, the
introduction of phosphogypsum also resulted in an increase in sodium ion content in the soil solution after 60
days of incubation, indicating the displacement of sodium from SAC by calcium ions.

The application of finely dispersed elemental sulfur in soda-sulfate soil significantly increased the sulfate ion
content, reaching 11.0 meq 100g-! compared to 5.64 meq 100g-1 in the control. This increase can be attributed
to the oxidation of elemental sulfur to its di- and trioxide forms, with the latter combining with water to form
subsoil sulfuric acid. The action of subsoil sulfuric acid is expected to be milder compared to directly
introduced sulfuric acid.

The findings of this laboratory experiment contribute to a better understanding of the reclamation processes
involved in the treatment of soda-saline alkaline soils. This knowledge provides a theoretical basis for the
chemical reclamation of saline-sodic soils, which are prevalent in Kazakhstan and other regions worldwide.
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