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Abstract: Western Kazakhstan is susceptible to desertification, with surface water resource
scarcity constraining agricultural development. Groundwater has substantial potential as a
reliable and secure alternative to other water resources, particularly for irrigation, which is
required to ensure food security. Eight aquifer segments with an exploitable potential of
0.24 km3/year have been identified for the integrated assessment of groundwater’s suit-
ability for irrigation. The assessment criteria included hydro-chemical groundwater charac-
teristics and irrigated land soil-reclamation conditions. The primary objectives of this study
were to assess the groundwater quality for irrigation and to develop a practical operation
scheme for rational groundwater use in water-saving irrigation technologies and optimize
agricultural crop cultivation. Approximately 90% of the groundwater in these aquifer seg-
ments was found to be suitable for irrigation, with a total amount of 6520 thousand m3/day
and a salinity of up to 1 g/L, and an additional 12,971 thousand m3/day had a water salin-
ity of up to 3 g/L. Only approximately 10% had TDS values above 3 g/L and up to 6.5 g/L,
categorized as conditionally suitable for restricted customized agricultural crop irrigation.
Irrigated land development by complex soil desalination agro-reclamation operations
enabled the use of brackish water for irrigation. The integrated analysis allowed the
development of drip irrigation and sprinkling system irrigation schemes that gradually
replaced wasteful surface irrigation. The irrigated land prospective area recommended for
groundwater irrigation development is 653 km2, with the further restructuring of cultivated
areas, reducing the number of annual grasses and grain crops and increasing the number
of vegetables, potatoes, and perennial grasses.

Keywords: irrigation; groundwater; soil salinization; irrigation coefficient; irrigation
water quality

1. Introduction
One of the main United Nations Sustainable Development Goals for 2030 is to ensure

the availability and sustainable management of water and sanitation for all [1]. The planet’s
total freshwater resources are estimated at 35 million km3, of which groundwater accounts
for 30.1% (10.5 million km3). The world’s freshwater reserves in rivers and reservoirs are
estimated to be less than 0.5% [2]. Surface water scarcity is compelling many countries

Water 2025, 17, 1232 https://doi.org/10.3390/w17081232

https://doi.org/10.3390/w17081232
https://doi.org/10.3390/w17081232
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0003-4747-0774
https://orcid.org/0000-0002-0976-4643
https://doi.org/10.3390/w17081232
https://www.mdpi.com/article/10.3390/w17081232?type=check_update&version=2


Water 2025, 17, 1232 2 of 36

to utilize groundwater to a greater extent. Groundwater has several advantages over
surface water, such as improved quality owing to a better resilience to contamination,
less susceptibility to supply fluctuations, and utilization that usually does not demand
pre-treatment measures [3].

While 75% of the total anthropogenic groundwater abstraction is affiliated with eight
Asian countries (India, China, Pakistan, Iran, Indonesia, Bangladesh, Saudi Arabia, and
Turkey, in descending order), 76% of it is used in agriculture for traditional irrigation [4].
These flooding-based irrigation system expansions are causing various ecological problems,
such as soil erosion, health issues in adjacent communities, and water resource depletion
owing to low efficiency [5]. Addressing these issues motivates research in matters such
as irrigation water quality, maintenance requirements, alternate systems, and reparative
ecological and land reclamation regimes [6,7], with the irrigation water quality assessment
and standards as fundamental criteria for system remediation [8,9]. Irrigation water’s
hydro-chemical properties affect the soil solution via chemical absorption and complexa-
tion, which are integral components of the soil-amelioration regime. These include, but are
not limited to, water, salt, nutrients, air, physical properties, and microbiological factors [10].
In conjunction with the irrigation regime and agrotechnical operation, irrigation water
quality is a major factor in the development of optimal cultivation conditions and the
irrigated land’s biological productivity [11,12]. The irrigation water quality is commonly
categorized by the total dissolved solids (TDS) level, which is divided into four salinity
level groups: A—irrigation water with a TDS value of up to 0.4 g/L, which is considered
safe for use; B—TDS between 0.5 and 1 g/L, which is considered to have limited use;
C—TDS between 1 and 4 g/L, which leads to soil salinization; and D—TDS between 4 and
6 g/L, which leads to severe soil salinization. Group D may be employed for irrigation in
exceptional circumstances [13]. An equivalent irrigation water quality assessment based on
the sodium adsorption ratio (SAR) and electrical conductivity (EC) criteria was developed
by the US Agricultural Research Service [11,14]. Several water quality indices (WQIs) have
been developed as indicators of water’s adequacy for irrigation [15]. These indices are
calculated based on the following five water quality parameters: EC, the SAR, sodium ion
concentration (Na+), chloride ion concentration (Cl−), and bicarbonate ion concentration
(HCO3

−) [16], where the SAR is employed in the context of irrigation water assessment
for the soil salinity risk [17]. This approach assumes that once the sodium concentration
(Na+) exceeds the divalent cations calcium (Ca++) and magnesium (Mg++), there is a risk of
calcium being displaced from the absorption complex and replaced by sodium, which can
result in rapidly deteriorating alkalized soil [18,19]. Additional water quality parameters,
such as sodium percentage (SP; %Na), residual sodium carbonate (RSC), residual alkalinity
(RA), the Kelly ratio (KR) [or the Kelly index (KI)], the permeability index (PI), chlor-alkali
indices (CAI1 and CAI2), potential salinity (PS), magnesium hazard (MH) (or magnesium
adsorption ratio (MAR)) and total hardness (TH), are also used to determine irrigation
water quality [20,21]. While groundwater quality can be suitable for irrigation water [22], its
quality prediction is rather complex [23], requiring irrigation water quality indices (IWQIs),
applications with various models, such as the artificial neural network (ANN), gradient
boosted regression (GBR) [24], and multivariate statistical analysis to obtain groundwater
quality spatial distributions over a geographical information systems (GISs) platform [25].
This procedure enables the assessment and prediction of groundwater quality for irrigation
in places such as the Saharan aquifer in Algeria [23], Israel [26], Kazakhstan [27], and other
places. To ensure long-term productivity, irrigation water quality must be considered in
water management schemes [5]. While direct groundwater and soil investigation methods,
such as field surveys and laboratory investigations, have cost, time, and coverage limita-
tions, remote sensing and GISs are cost-efficient, powerful tools for degraded land mapping
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and monitoring [28]. One of remote sensing’s main advantages in groundwater assessment
for irrigation, especially in salt-affected areas, is the ability to cover large geographical
areas at a relatively low cost and high efficiency [29,30]. For example, an irrigated rice field
soil salinity assessment with Sentinel-2 satellite multispectral-based indices added spatial
and temporal extents to the assessment [31]. Statistical analysis plays an important role
in assessing groundwater and soil quality for irrigation purposes [32–34]. Multivariate
analysis correlation, as a statistical technique, is widely used to study the relationships
between several variables simultaneously, through assessing the power and direction of
linear relationships between pairs of variables in a multivariate dataset [24,35].

Although the relationship between the groundwater quality used for irrigation and
soil salinization has been traced in many studies, the individual mechanisms of salinization,
the factors controlling changes in groundwater and soil chemistry, and their relationship are
not well understood. In these studies, the suitability of water for irrigation is assessed by
the water quality index without any direct link to the physical and chemical properties of
the soil and the irrigation technologies used. Our study described an integrated analysis of
the geological–structural, hydrogeological, soil-amelioration, and agrotechnical conditions
to evaluate groundwater quality’s suitability for water-saving irrigation technologies in
western Kazakhstan.

Western Kazakhstan is subject to a severe desertification, with an anticipated increase
of 0.8–1.2 ◦C in the annual surface air temperature and an average annual precipitation
decrease of 1–3% by 2029 [36]. These changes will increase the river drainage basin evapora-
tion, reducing river runoff, which must withstand the increased demand for water resources,
including crop irrigation. The available surface water resources are 2.25 km3/year in an
average year and 0.42 km3/year in a dry year [37], which are distributed unevenly across
the region and are practically absent from the study area. In these conditions, the use of
available groundwater resources for irrigation is of particular importance. As agriculture
accounts for 75% of Kazakhstan’s water consumption, the general plan for integrated water
resource use and protection acknowledges that the groundwater supply for irrigation is
essential. More than 30% of all agricultural products, in terms of value, are already from
irrigated areas, which is about 5% of the arable land. With modern irrigation technol-
ogy, field productivity can range from 2.5 to 6.0 kg of agricultural products per 1 m3 of
supplied water, with specific water costs of 0.15 to 0.6 m3 per 1 kg of the grown crop. In
Kazakhstan, these indicators for the region are from 0.4 to 0.8 kg per m3 of irrigation water,
and the specific costs are 2.4 m3 per 1 kg of the produced products [1,37]. The pollution
of surface waters and reservoirs in Kazakhstan tends to steadily increase, including in
river waters used for field irrigation, which directly affects the quality and environmental
safety of agricultural products. In this regard, groundwater contains virtually no harm-
ful substances and is characterized by highly stable physicochemical and bacteriological
quality indicators and does not require the use of expensive and complex purification
and disinfection systems. Minimal operational water losses, since irrigation is carried out
using wells drilled directly in the fields, are another strong argument in favor of irrigating
agricultural land with groundwater. The eight groundwater intake sites used for irrigation
considered in this study have an exploitable volume of 0.24 km3/year (7.6 m3/s). The need
for water for agriculture irrigation was 0.8 km3/year in 2020, and the projected need by
2040 is 1.067 km3/year [38]. While many studies have assessed groundwater quality in
Kazakhstan and worldwide, most of them have focused on assessing one parameter, for
example, TDS, the IWQI, the SAR, or others, but not the combination needed to assess the
water’s suitability for irrigation.

This study aims to assess groundwater quality for irrigation, using an integrated
analysis of the geological–structural, hydrogeological, soil-amelioration, and agrotechnical
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conditions. Another aim is to develop a practical scheme for the rational use of groundwa-
ter for water-saving irrigation technologies and optimize agricultural crop restructuring
according to the degree of the groundwater quality’s impact on irrigated soils.

2. Materials and Methods
2.1. Research Area Background and Geographical Setting

The study area is located within the administrative boundaries of western Kaza-
khstan’s, including the Aktobe, Atyrau, and Mangystau regions. With a total area of
728.5 km2, it borders Russia to the north, the Caspian Sea to the west, and Turkmenistan
and Uzbekistan to the south (Figure 1), with a population of approximately 12 million.
Geographically, the study region includes the Mugodzhar Mountains, the Mangyshlak
Peninsula, and the western desert part of Ustyurt; it also includes a significant part of the
Caspian lowlands, the southern foothills of the Common Syrt, and the Ural Mountains.
The climate of western Kazakhstan is an inner-land cold semi-desert, comprising deserts
and semi-desert regions. The coldest month is January, with temperatures ranging from
−14 ◦C in the north to −11 and −13 degrees in the south. The average temperature of
the warmest month, July, is 22–25 ◦C. The annual rainfall ranges from 300 mm in the
northeast to 190 mm in the south. During the warm period of the year, 90–135 mm of
precipitation occurs [39]. In general, the precipitation is twice as high in summer than
in winter. On average, snow cover appears in the northern and southern parts in early
November. A stable snow cover forms in the northern region at the end of November and
later reaches the first half of December in the southern region; it melts in mid-March in the
southern region and at the end of March in the northern region. The number of snow cover
days is 86–142 until it melts and moistens the soil in the spring. The snow cover water
reserves range from 30 to 80 mm on average in mid-March. Compared with the snowmelt,
runoff, and stream flow in the Zhaiyk river, the Ilek, Uil, Zhem, Sagiz, and other rivers are
insignificant for agriculture. The available surface water resources are 2.25 km3/year in an
average water year and 0.42 km3/year in dry years. Overall, water resources in dry years
decrease from 9.9 km3/year in an average year to 3.0 km3/year, where 0.41 km3/year is
available for use. Most runoff occurs in the Zhaiyk River basin, which is classified as a
continental steppe [40,41].

The bioclimatic factors gradually change from north to south in three predetermined
latitudinal soil zones: 1. steppe zone with two subzones—a moderately arid steppe with
southern chernozems and associated soils and a dry steppe subzone with dark soils with
low humus and brownish soils; 2. desert steppe (semi-desert) zone—a zone with light-
brown to grayish soils; and 3. desert zone with a subzone—northern deserts and steppe
deserts with brown and associated soils [36]. Most of western Kazakhstan’s territory is
located in the steppe zone. The soil salt regime is an important agro-reclamation factor that
affects the soil fertility, soil structure, growth, and plant development conditions. These
areas are considered saline and alkaline, with typical zonal marginal soils and intrazonal
soils being saline. Nonetheless, most soils have low salinity to a depth of 31–54 cm, which
increases in the arable layer and then decreases with depth. The chemical composition and
degree of soil salinity vary widely, with saline soil fertility being extremely low.

Eight aquifer segments in the study area (Aktobe, Atyrau, West Kazakhstan, and
Mangistau districts) are designated for agricultural irrigation (Figure 1 and Table 1), with
operational reserves of 0.24 km3/year (7.6 m3/s). The natural groundwater resources in
the region have a potential of 2.68 km3/year (84.8 m3/s), with an average of 9.96 m3/day
per km2 [42].
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Figure 1. Location of study region and aquifer segments and administrative boundaries of western
Kazakhstan regions and adjacent territories. Figure was prepared using Google Earth.

Table 1. The explored groundwater well fields for irrigation in the western Kazakhstan territory.

Groundwater Well
Field Aishuak North

Aishuak Mataykum Myngyr Ulanak Yanvar
Tsevskoye

Krasno
Uralskoye Koyandy

Cadaster code 4708 5569 4954 4955 5098 5146 5220 5226

Exploitable reserves,
thousand m3/day 84.7 372.7 88.1 34 4.8 54.5 12.9 7.17

Designation Irrigation Drinking,
Irrigation Irrigation Irrigation Drinking,

Irrigation Irrigation Irrigation Drinking,
Irrigation

Exploitation period 27 25 27 25 5 27 27 27

Start of exploitation 1976 1980 1977 1977 1960 1982 1987 1988

2.2. Field Measurements, Sampling, and Laboratory Analyses

The field studies verified the aquifer segment locations, including water and soil
samples, and the geotechnical condition of the wells assessed. The sampling plan was
prepared based on the study aims, standard behavior at the sampling sites, as well as
issues of possible hazards. Taking into account the enormous size of the region under
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study, its accessibility (only in summer), and the location of the water intakes intended for
irrigation, a plan was adopted for the one-time point sampling of the water from wells and
soils in irrigated areas from a given well. The soil salinity was determined in test plots
around the groundwater intakes. Sample plots were selected by consulting local farmers
and agricultural authorities and were required to be typical for the study area as well as
homogeneous in terms of the degree and type of soil salinity. The sampling was carried out
with soil augers at the corners and in the center of the irrigated area under study, using the
point sampling “envelope” method at the rate of one plot per 100 ha of an irrigated field.
Soil samples were collected at a depth of 0–20 cm and 20–50 cm in a continuous column
throughout the entire sampling interval (Figure 2).
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Thirty-six soil samples were collected for granulometric analyses and analyses of the
water–salt extract, humus, and petroleum product content. Twenty-three water samples
were collected to determine the macro-component cationic and anionic composition, salinity,
hardness, pH, and content of individual micro-components (Figure 3).
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The soil and water sampling procedures were performed according to the Republic of
Kazakhstan’s standard methods for monitoring and assessing irrigated land reclamation
conditions. Historical information on agricultural land reclamation conditions was obtained
from the Kazakh Ministry of Agriculture’s database [43]. The field testing included the
selection and preparation of water points for sampling, the sampling and preservation
of samples, and the visual determination of suspended and emulsified substances and
insoluble sediments directly at the water source. Since the object of study was artesian
self-flowing groundwater, there was no need for preliminary pumping from the wells. The
use of groundwater confined to deep-lying aquifers predetermined the practical absence
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of seasonal fluctuations in their chemical composition. Water samples were collected
in sterile 150 mL plastic bottles. The bottles were rinsed three times with the sample
water. The bottles were then filled within four cm from the top and immediately closed to
avoid air impact. Each bottle was labeled for identification. The bottle samples were then
placed into a cooler with ice for laboratory delivery within one day. All chemical analyses
were performed by the chemical laboratory of the Ahmedsafin Institute of Hydrogeology
and Environmental Geoscience (Accreditation Certificate No. KZ.T.02.0782, valid until
27 November 2025). The chemical water sample analysis was conducted via a Mettler-
Toledo liquid analyzer to measure the pH, conductivity, and dry residue. The sodium and
potassium levels were determined with a PFP-7 flame photometer. Dissolved calcium,
magnesium, nitrite, sulfate, chloride, and fluoride were measured using a Capel 105 M
capillary electrophoresis (National Standard ST RK GOST R 51232) [44].

Electrolytes were prepared using the following reagents: potassium tetra chlorochro-
mate (KTA-OH), diethylamino (DEA), tartaric acid, hydrochloric acid, and sodium hydrox-
ide. The calibration results are expressed in mg/L. Boron (B) and silicon (Si) concentrations
were measured using the KFK-2 photo colorimeter. The metals were analyzed using an
ICPE-9820 emission spectrometer (International Standard ISO 17294-2:2003) [45]. Prior to
analysis, samples were treated with nitric acid and filtered. Soil sample analysis methods
and equipment used for determining individual soil parameters and error levels are sum-
marized in Table 2. Laboratory tests were carried out according to the National Standard:
PND F 16.1:2:2.3:2.2.69-10, ST RK 1273-2004, and GOST 26213-91 [46].

Table 2. Methods of laboratory testing of soil samples and equipment.

Parameter Method Error Rate Equipment

Potential of hydrogen electrometric 0.1 pH units SevenCompact liquid analyzer,
Metter-Toledo Ltd., Leicester, UK

Dense residue gravimetric 5% Electronic laboratory scales, OHAUS,
Nanikon, Switzerland

Calcium titrimetric 5%

Burette, 100 mL, Eisco Labs, NY, USA
Magnesium titrimetric 5%

Hydrocarbonates titrimetric 5%

Chlorides titrimetric 5

Sodium flame photometric 7.5% Flame Photometer PFP 7 Keison
Products, Essex, UKPotassium flame photometric 10%

Sulfates gravimetric 5% Electronic laboratory scales ‘OHAUS’

Nitrates photometric 20% UV spectrophotometer, Shimadzu
Corporation, Kyoto, Japan

Fluorides electrometric 11% SevenCompact liquid analyzer,
Metter-Toledo Ltd., Leicester, UK

Petroleum products fluorimetric 17%
Fluorat liquid analyzer

LUMEX-Marketing Ltd. Mission,
Canada

Humus photometric 20% UV spectrophotometer, Shimadzu
Corporation, Kyoto, Japan

Particle size distribution sieve 1%
Laboratory sieve,

Electronic laboratory scales OHAUS,
Nanikon, Switzerland
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Laboratory analysis of the self and systematic quality control was performed to verify
the chemical analysis results’ reliability and the technology of their implementation, as well
as to prevent potential laboratory errors. When conducting soil mechanical analysis, the
self-control amounted to 100% of the analyzed samples. A water extract analysis control
was carried out by comparing the sum of anions and cations. A total of 20% of soil samples
for chemical analysis were re-analyzed for comparison with the previously obtained results
(systematic control).

2.3. Main Concepts and Methodology

The comprehensive assessment of the irrigation water quality is based on the following
criteria: agronomic, groundwater suitability for irrigation, technical, and ecological. The
agronomic criteria for determining the irrigation water quality rely on the following:

- Crop yields in terms of gross yield and cultivation intensity;
- The agricultural products’ quality, in terms of worth and safety;
- Maintaining soil vitality and increasing fertility and also preventing the salinization,

alkalinization, soda formation, compaction, and violation of the biological regime.

The technical criteria determine water quality in relation to its effect on the safety
and efficiency of hydro-reclamation systems and their derivatives. The ecological criteria
determine the irrigation water quality in the face of ensuring safe, sanitary, and hygienic
conditions at the site for environmental protection.

To assess the irrigation water’s impact on the soil and the processes of salinization,
alkalinization, and sodification, the following water quality indicators were used: TDS;
main ions concentrations (Ca, Mg, Na, SO4, Cl, CO3, and HCO3), PH, the degree of the soil
salinization hazard by the Cl/SO4 ratio; the degree of the soil alkalinization hazard by the
exchangeable sodium percentage (ESP), the SAR, the hazard of magnesium alkalinization
(Ca/Mg); and the degree of the danger of sodification by residual sodium carbonate
((CO3 + HCO3) − (Ca + Mg)). In the soil samples, a standard chemical analysis of 6 main
chemical components was determined—Ca, Mg, Na, Cl, SO4, HCO3—as well as the TDS
and type of salinity by the predominant anion and the granulometric composition of
the soils.

The chemical composition of groundwater suitable for irrigation is considered via
the irrigation coefficients, which, in the absence of uniform approved requirements, are
calculated via approximate methods.

The irrigation water suitability was determined based on a chemical analysis us-
ing irrigation coefficients (Ka), which were calculated via the Staebler and Antipov-
Karataev–Kader methods [47]. The Ka was calculated by the Staebler method according to
Equations (1)–(3).

Ka =
288

5rCl−
, for rNa+ < rCl− (1)

Ka =
288

rNa+ + 4rCl−
, for rCl− + rSO2−

4 > rNa+ > rCl− (2)

Ka =
288

10rNa+ − 5rCl− − 9rSO2−
4

, for rNa+ > rCl− + rSO2−
4 (3)

Ka was calculated via the Antipov-Karataev–Kader method according to Equation (4)

Ka =
rCa2+ + rMg2+

rNa+ + 0.238 ∑ u
(4)

where r is the content of the corresponding ions in the irrigation water, mg-eq/L, and ∑ u
is the sum of the ion content in the irrigation water, mg/L.
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For the irrigation water’s suitability via the Staebler method, the irrigation coefficient
value was evaluated according to the following criteria (Table 3).

Table 3. Water suitability for irrigation according to Staebler irrigation coefficient value.

Ka Value The Suitability of Water for Irrigation

More than 18 Good: the water is suitable for irrigation purposes.
6–18 Satisfactory: the water may accumulate alkalis in the soil, but this is not a significant issue.

1.2–5.9 Unsatisfactory: artificial drainage is required for irrigation.
Less than 1.2 Poor: the water is unsuitable for irrigation.

The irrigation water assessment of the alkalinization risk was based on the sodium ad-
sorption ratio (SAR), which represents the relative amount of sodium ions to the combined
amount of calcium and magnesium ions (Equation (5)).

SAR =
rNa+√

rCa2+rMg2+

2

(5)

This means that if the sodium concentration exceeds the divalent cations, there is a risk
of calcium being displaced from the absorption complex and replaced by sodium. In this
case, the soil may become alkalized with its rapidly deteriorating water–physical properties.
The danger of soil alkalinization by irrigation water depends on the SAR coefficient [48],
which was used for the assessment and classification (Table 4).

Table 4. Risk of soil alkalization by irrigation water.

Water Salinity g/L
The Danger of Soil Alkalinization by SAR

Low Medium High Very High

less than 1 8–10 15–18 22–26 Over 26
1–2 6–8 12–15 18–22 Over 22
2–3 4–6 9–12 14–18 Over 18

more than 3 2–4 6–9 11–14 Over 14

The groundwater quality and irrigation suitability class assessments are based on
the degree of the dispersive soil development risk, which is carried out considering the
exchangeable sodium percentage (ESP) (Equation (6)) and water salinity.

ESP =
Na+

Na+ + Ca++ + Mg++ × 100 (6)

The exchangeable sodium percentage (ESP) measures the proportion of cation ex-
change sites occupied by sodium. Soils are considered sodic when the ESP is greater than 6
and highly sodic when it is greater than 15 (FAO).

To assess the impact of irrigation water on soils, four irrigation water quality groups
were classified, reflecting the risk of general salinization development, sodium and mag-
nesium salinization, and sodic or dispersive soil processes (Table 5). The groundwater
irrigation suitability is reduced from the first group to the fourth group. When one of the
indicators is reduced, the suitability is reduced. While the water use in the first class does
not have any restrictions, the third and fourth classes require prior water treatment for the
irrigation of highly natural fertile lands.
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Table 5. Irrigation groundwater quality according to negative impact of water on soils (after [49]).

Irrigation Water
Quality Class

Water Quality According to Negative Water Impact on Soils

Chloride Salinization Sodium Salinization Magnesium Salinization Sodic Processes

Cl, mg-eq/L Ca/Na, mg-eq/L Ca/Mg, mg-eq/L (CO3
2 + HCO3) −

(Ca + Mg), mg-eq/L

I less than 2.0 over 2.0 over 1.0 less than 1.0

II 2.0–4.0 2.0–1.0 1.0–0.7 1.0–1.25

III 4.0–10.0 1.0–0.5 0.7–0.4 1.25–2.5

IV over 10.0 less than 0.5 less than 0.4 over 2.5

Table 6 shows the degree of the irrigation suitability of water enriched with soluble
salts, which depends on the type of soil, the soil adsorption complex (SAC), and irrigation
water salinity.

Table 6. The suitability of irrigation water depends on the type of soil, the soil adsorption complex,
and irrigation water salinity [50].

Irrigation Water Quality Class

Permissible Salinity Irrigation Water Levels (g/L) for Soils Characterized:

Heavy Particle Size
Distribution and/or SAC

Greater than 30

Medium Particle Size
Distribution and/or a

SAC from 30 to 15

Light Particle Size
Distribution and/or SAC

Less than 15

I—non-hazardous 0.2–0.5 0.2 0.2–0.7

II—low-hazardous 0.5–0.8 0.6 0.7–1.2

III—moderately hazardous 0.8–1.2 0.6–1.0 1.2–2.0

IV—hazardous over 1.2 1.0–1.5 Over 2.0

Highly mineralized water can be used for the irrigation of permeable, well-drained
soils. For heavy soils with poor drainage, the irrigation water salt content standards need
to be reduced. Groundwater’s suitability according to its impact on drip irrigation system
elements (Table 7) was assessed by determining the degree of impact in terms of the total
mineralization, CO3 and Fe concentrations, and the active pH level of the water [50]. To
determine the soil salinity level, the results of the soil sample water extraction analysis
were used. The degree of soil salinity reflects the percentage of water-soluble salt in the dry
residue as follows: non-saline—salt content less than 0.30%; slightly saline—salt content
less than 0.5%; moderately saline—salt content less than 1.0%; highly saline—salt content
less than 2.0%; and very highly saline—salt content > 2%. The types of soil salinity were
defined according to the prevalence of anions and cations. The soil salinization type and
degree were based on the Republican Instruction on the “Procedure for Determining the
Type of Chemistry and Degree of Soil Salinization”, which provides the following sequence:

- The average weighted content of all ions (in the 0–100 cm layer) was assessed. If this
value was less than 0.1%, there was no salinization in the 0–100 cm layer for all types of
salinization. In this case, the type of salinization chemistry is not determined, and the
soils were classified as non-saline. If more than 0.1% and if the sum of CO3 + HCO3

was greater than the content of Ca, the type of chemistry was determined as soda.
- In the absence of soda salinization, the ratio of the contents of chloride ions and sulfate

ions was considered. If sulfate ions prevailed, then the salinization chemistry was
determined as sulfate or chloride–sulfate (the predominant ion was put in last place).
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- If the content of chlorine ions was greater than the content of sulfate ions, then the
type of salinization was determined to be either chloride or sulfate–chloride.

Table 7. Groundwater suitability for drip irrigation systems (after [51]).

Water Chemical Component
Degree of Water Suitability for Drip Irrigation

Suitable Conditionally Suitable Not Suitable

TDS, mg/L 500 500–2000 >2000

HCO3, mg-eq/L <2.0 >2.0 >2.5

pH 6–7 7–8 >8

Fe, mg/L 0.2 0.2–1.5 >1.5

The conditionally suitable water for irrigation will require several agrotechnical and
amelioration actions before its use.

2.4. Remote Sensing Data Processing

The Global Land Use/Land Cover Map (LULC), derived from ESA Sentinel-2 imagery
on 26 June 2023 at a resolution of 10 m, was sourced from the arcgis.com open-source
platform and then cropped and reclassified for the purpose of this study. The data for
each year are generated from the Impact Observatory’s deep-learning AI land classification
model, which employs a substantial training dataset developed by the National Geographic
Society. The underlying deep-learning model utilizes six Sentinel-2 surface reflectance
data bands, comprising the visible blue, green, and red bands, two shortwave infrared
bands, and one near-infrared band. To create the final map, the model is run on multiple
dates of imagery throughout the year, and the outputs are then combined to form a final
representative map for each year (Sentinel-2, 2022).

The Normalized Difference Vegetation Index (NDVI) was calculated for each study
area polygon. The NDVI primarily reflects vegetation greenness and health, serving as an
indirect indicator of photosynthetic activity and biomass productivity [52,53]. Higher NDVI
values are associated with an increased chlorophyll content and active vegetation growth,
which can be used to estimate the vegetation cover and condition within a given area.

In Formula (1), NIR refers to the near-infrared region of the spectrum (0.7–1.0 µm),
whereas red is reflected in the visible region of the spectrum (0.4–0.7 µm). The NDVI is
the index of the spectral reflectivity of plants. Following the aforementioned Equation (7),
the vegetation density (NDVI) at the remote point of the satellite image is equal to the
difference between the intensities of the reflected light in the visible and infrared ranges,
divided by the sum of their intensities.

NDVI =
NIR − RED
NIR + RED

(7)

The NDVI calculation is based on the two most stable (independent of other factors)
parts of the plant’s reflection spectral curve. In the visible region (0.4–0.7 µm), the maximum
solar radiation absorption by chlorophyll occurred. In the infrared region (0.7–1.0 µm), the
maximal leaf cellular structure reflection region was found. This is associated with a high
photosynthetic activity, typically observed in dense vegetation, which leads to less reflection
in the visible spectrum and more reflection in the infrared spectrum. The interrelationship
of these indicators enables a clear distinction and analysis of the vegetation from other
natural objects. Furthermore, recognizing vegetation types is also possible by the sub-
satellite normalized difference between the minimum and maximum reflections rather than
a simple relationship, which increases the sampling accuracy and reduces external factor
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effects, such as shading, clouds, haze, and atmospheric radiation absorption [54]. The NDVI
is displayed on a standardized continuous gradient or discrete scale, with values ranging
from −1 to 0.1, where negative values indicate water and non-living surfaces, while positive
values correspond to different levels of vegetation cover [55]. To calculate the NDVI and
NDSI, the ArcGIS 10.1 Raster Calculator tool was utilized, which enables the pixel-wise
computation of spectral indices based on mathematical expressions. The dataset selection
was guided by the phenophase of the cultivated crops and the surrounding environment.
For selecting Sentinel-2 data, it is very important to take into account the correspondence
between the survey period and the main stages of the vegetation phenophase for the
study area [56]. Only cloud-free satellite images from the summer season were used,
corresponding to the period when the chlorophyll content in irrigated fields reaches its
peak, while the vegetation in the surrounding non-irrigated areas has largely dried out,
minimizing the chlorophyll presence. This approach ensured a clear spectral contrast,
allowing for an accurate assessment of the vegetation distribution and condition. Based
on the commonly accepted ESRI classification of NDVI values, the following classification
was used: −1 to 0—water bodies, clouds, and bare rocks; 0 to 0.2—barren soil, sand, and
dead vegetation; 0.2 to 0.5—sparse, dry, or degraded vegetation (e.g., steppes and pastures);
0.5 to 0.7—moderately dense vegetation, grasslands, and cultivated crops in mid-growth
stages; and 0.7 to 1.0—dense, healthy vegetation (forests and well-irrigated crops).

The Normalized Differential Salinity Index (NDSI) was calculated to detect the total
salinity in the bare agricultural soils following Equation (8) [56,57].

NDSI =
RED − NIR
NIR + RED

(8)

NDSI values approaching +1 indicate high soil salinity [58]. The red and NIR bands
(8), which are used to calculate the NDSI, are the most sensitive to the soil ions that cause
salinity [59]. High positive NDSI values indicate highly saline soil and low or negative
NDSI values indicate low salinity or the absence of salinity in the soil.

2.5. Correlation Multivariate Analysis

To describe the degree of the correlation between groundwater quality parameters
(Appendix A) and soil characteristics according to the degree of salinity and salinity type
in irrigated lands (Appendix B), a multivariate correlation matrix [28,60] was used. The
multivariate correlation matrix was constructed using the Excel analysis package [61].
The Pearson correlation coefficient (r) was used to assess the linear relationship between
two variables. The calculated value of the coefficient ranges from −1 to +1. r = (+1) indicates
a perfect positive linear relationship. As one variable increases, the other variable increases
in a perfectly linear manner. r = (−1) indicates a perfect negative linear relationship. As
one variable increases, the other variable decreases in a perfectly linear manner. Based on
generally accepted interpretations of correlation coefficients [62], the following gradation
was adopted. r = 0 indicates no linear correlation between the variables. A correlation coef-
ficient (r) greater than 0.7 indicates a strong relationship, while an r less than 0.39 indicates
a weak correlation. Values between 0.4 and 0.69 indicate a moderate correlation. In the
correlation matrix, the arithmetic mean values of the soil characteristics were determined
for the soil samples collected in the 0–20 cm and 20–50 cm intervals. This allowed us to
characterize the soil root zone in the 0–50 cm interval as a whole.
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3. Results
3.1. Irrigation Groundwater Chemistry

Irrigation-induced soil salinization can be caused by poor soil water management,
manifested by high water tables, poor drainage conditions, and the use of saline–brackish
water for irrigation. Soil salinization can also be caused by saline water irrigation, fertilizer
salt input, and the intensification of evapotranspiration processes. The latter is enhanced
by irrigation and the resultant water-balance shift toward an upward groundwater flow
regime that prevents salt removal from the plant root zone. Irrigation promotes salt transfer
by increasing the water flow gradients compared with non-irrigated conditions.

The chemical analysis results and the processing of groundwater samples from water
intakes, represented by the Kurlov formula [63], are shown in Table 8. The micro-component
chemical analyses are shown in Table 9.

Table 8. Chemical groundwater composition of explored groundwater resources for irrigation in
West Kazakhstan (according to Kurlov formula).

District Aquifer Chemical Groundwater Composition

Aktobe

Mataykum
M1.6−2.4

Cl 38−53 SO437−42 HCO38−20
(Na+K) 81−97 Ca 2−8 Mg 1−10 G 0.8 − 6.9 pH 7.8 − 8.3

Myngyr

North Aishuak M0.3−0.8
HCO373−92 Cl 7−18 SO41−9

Ca 32−35 Mg 29−34 (Na+K) 19−28 G 2.2 − 7.1 pH 7.3 − 7.5

Aishuak M1.5−2.5
Cl 59−68 HCO39−35 SO41−30

(Na+K) 68−81 Ca 2−18 Mg 11−14 G 2.8 − 12.7 pH 7.3 − 7.4

West Kazakhstan
Yanvartsevskoye M0.26−0.31

HCO372−82 Cl 13−19 SO45−9
(Na+K) 39−49 Mg 35−55 Ca 5−17 G 1.9 − 3.0 pH 7.9 − 8.4

Krasnouralskoye M1.1−1.2
Cl 12−43 SO417−51 HCO339−40

(Na+K) 44−69 Ca 16−34 Mg 15−21 G 5.2 − 10.2 pH 7.4 − 7.6

Mangistau Ulanak M1.4−6.6
Cl 37−61 SO438−40 HCO32−23

(Na+K) 57−81 Ca 8−24 Mg 6−19 G 2.7 − 47.0 pH 7.1 − 8.0

Atyrau Koyandy M0.7−2.3
Cl 18−63 SO416−36 HCO316−66

(Na+K) 55−80 Ca 10−26 Mg 9−19 G 3.2 − 6.1 pH 6.9 − 7.8

Note: Table: M—TDS, g/L; Cl, SO4, HCO3, (Na + K), Ca, and Mg—eq-%; G—total hardness—mg-eq/L; pH—
potential of hydrogen, no-unit.

Table 9. Micro-component groundwater contents in the explored aquifer segments, mg/L.

Micro-
Component

Groundwater Deposit

Mataykum
and Myngyr

North
Aishuak Aishuak Yanvartsevskoye Krasnouralskoye Ulanak Koyandy

Nitrate <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Nitrite <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Ammonium 0.29–0.49 9.4–16.1 0.1–5.9 up to 5.5 Not measured <0.05 0.18–0.19
Silicon 5.2–6.3 1.3–5.4 0.6–4.9 0.46–1.14 5.7–7.2 5.6–5.8 6.1–6.3
Total iron Up to 1.0 up to 3.8 0.6–2.8 up to 0.8 0.6–1.2 0.8–1.2 0.8–1.2
Petroleum Up to 0.002 0.06–0.18 up to 0.27 0.016–0.097 0.047–0.056 No No
Lead 0.03–0.07 0.01–0.08 up to 0.03 0.01–0.02 0.05–0.09 up to 0.03 0.006–0.04
Copper 0.01–0.03 0.004–0.015 0.01–0.02 0.005–0.01 0.009–0.01 0.01–0.06 up to 0.01
Zinc 0.002–0.01 0.002–0.007 0.002–0.01 Not measured 0.003–0.009 up to 0.016 up to 0.03

The Mataykum and Myngyr aquifer segments represent slightly saline groundwaters
with salinities ranging from 1.6 to 2.4 g/L, a total hardness ranging from soft to medium
(0.75–6.9 mg-eq/L), and slightly alkaline water reactions (pH = 7.8–8.3). The water com-
position is sodium chloride–sulfate, with sodium and potassium contents ranging from
81 to 97 eq-%. The north Aishuak field is characterized by ultra-fresh and fresh water
with a mineral content of 0.29 to 0.83 g/L. The water composition is hydro-carbonate
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calcium–magnesium–sodium, with a neutral acidity (pH 7.3–7.5) and a soft to moderate
total hardness (2.2–7.1 mg/eq/L). The Aishuak deposits are characterized by its slightly
saline water with a TDS value varying from 1.5 to 2.5 g/L, a neutral acidity (pH = 7.36–7.41),
and total hardness ranging from soft to hard (2.8–12.7 mg-eq/L). The water composition
is chloride, with chloride–hydro-carbonate and sodium chloride–sulfate occurring less
frequently. The salinity of the groundwater of the Yanvartsevskoye well field is less than
0.3 g/L, which classifies the water as ultra-fresh. The groundwater is hydro-carbonate
magnesium–sodium or sodium–magnesium, with a neutral, slightly alkaline reaction.

The groundwater of the Krasnouralskoye sub-aquifer is slightly saline, with a TDS
value ranging from 1.1 to 1.2 g/L and sulfate–hydro-carbonate, chloride–hydro-carbonate
sodium, and sodium–calcium compositions. The total hardness of the groundwater varies
from medium-hard to hard (5.2–10.2 mg-eq/L), and the water mixture is neutral and slightly
alkaline (pH 7.4–7.6). The Ulanak groundwater well field is weakly saline, with TDS values
ranging from 1.4 to 6.6 g/L, and it has chloride–sulfate, sulfate–chloride–hydro-carbonate
sodium, and sodium–calcium compositions. The total hardness varies from soft to very
hard (2.7–47.0 mg-eq/L), and the water reactions vary from neutral to slightly alkaline (pH
7.1–8.0). The groundwater salinity in the Koyandy well field varies from 0.7 to 0.9 g/L,
and only in one well was the groundwater TDS 2.4 g/L. In terms of total hardness, the
groundwater is soft and moderately hard (3.2–6.1 mg-eq/L), with pH values ranging from
6.9 to 7.8. The chemical composition of the groundwater is sodium chloride and sodium
hydro-carbonate.

The water sample anion and cation concentrations are shown in Figure 4 (Piper
diagram [64]) and in Figure 5 using Durov’s diagram [65]. The chemical data depicted in
the Piper diagram reveal various groundwater types, including Na-K-Cl, Ca-Cl, Ca-Mg-
HCO3, mixite Ca-Na-Mg-HCO3, and Ca-Na-Cl. Durov’s diagram reflects the correlation
between different anions and cation concentrations, pH values, and TDS. The fresh and
ultra-fresh groundwater of the north Aishuak, Yanvartsevskoye, and Krasnouralskoye
well fields is hydro-carbonate calcium–magnesium. The more saline groundwater of
the other aquifers have chloride–sulfate, sulfate–chloride–hydrocarbonate sodium, and
sodium–calcium compositions.
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As Table 8 shows, the groundwater micro-component content generally does not ex-
ceed Kazakhstan’s industrial drinking water supply maximum permissible concentrations,
with the exception of iron which significantly exceeds the maximum permissible concen-
tration (0.3 mg/L). The reasons for the increased content of the divalent iron dissolved in
groundwater, as well as precipitated trivalent iron, were analyzed and suggest that in all
deep artesian wells, where aquifers are confined to sands occurring among clays (Ulanak)
or to fine-grained sands with interlayers of clays and siltstones (Mataikumsky), the ground-
water is saturated with iron, with clay rocks containing pyrite (FeS) that contribute iron to
the water. The divalent iron formed in the groundwater in a dissolved form, according to
the results of the analyses, is present in insignificant quantities, not exceeding 0.1 mg/L;
but, with the wellbore’s prolonged enrichment with oxygen, the oxidation of divalent iron
to trivalent iron occurred with the formation of iron oxide (Fe2O3) (the “rusting” process).
Moreover, the tested wells have been in operation for more than 35–40 years. This content
of trivalent iron accumulated in the water, which exceeds the maximum permissible concen-
tration for the drinking water supply, does not have a negative impact on the productivity
of fields during irrigation. If necessary, trivalent iron (rust) is much easier to remove than
divalent as it is practically insoluble in water and forms a suspension that can be removed
by settling, mechanical filtration, or forced sedimentation with flocculants.

The irrigation water’s chemical characteristics affect, first, the “soil solution–soil ab-
sorption complex” and, thus, practically all components of the soils’ water–salt regime.
The irrigation properties of water are primarily determined by its total salinity (TDS value).
Water that is characterized by a TDS value of less than 1 g/L has no potential irrigation
problems, whereas water with a TDS value exceeding 3 g/L is generally not suitable for ir-
rigation. From this point of view, the groundwater of the Ulanak and Ulanak–Tugorochgan
well fields, with an increased salinity (TDS more than 3 g/L), are not recommended for
use for irrigation (Appendix A). Soil alkalization, which consists of replacing divalent ions
with monovalent ions in the soil exchange complex, is dangerous when soil is irrigated
with waters of even relatively low mineralization.

The irrigation assessment of water in relation to its ability to alkalize soils is based on
the relationship between the soil’s sodium absorption and the soda content in the water
(irrigation coefficient according to Antipov-Karatayev and Kader), as well as the alkaline
characteristic based on the content of sodium chlorides and sulfates in the water (Stebler



Water 2025, 17, 1232 16 of 36

irrigation coefficients) [47] (Table 3). The assessment of the irrigation water quality for
the risk of alkalinization based on the calculation of the sodium adsorption ratio (SAR) is
based on the fact that when the concentration of sodium exceeds divalent cations, there is a
risk of it displacing calcium from the absorption complex and replacing it with sodium.
In this case, the alkalinization of the soil with a sharp deterioration of its water–physical
properties may occur (Table 4). The danger of the magnesium alkalinization of soils during
irrigation is associated with the fact that a content of magnesium in large quantities and
the ratio between the concentrations of magnesium and calcium, like sodium, negatively
affect the properties of soils. Water alkalinity characterizes the danger of soda formation.
As a result of calcium and magnesium precipitation in an alkaline environment, the ratio
of cations changes in favor of sodium, increasing the alkalinizing effect of the irrigation
water. To assess the alkalinity of the irrigation water, the indicator of (CO3 + H2CO3) −
(Ca + Mg) is used, called “residual sodium carbonate” (Tables 5 and 7). The integrated
groundwater quality assessment, according to the risk of different types of soil salinization
under irrigation, is shown in Table 10.

Table 10. Integrated groundwater quality assessment according to risk of soil salinization
under irrigation.

Groundwater
Well Field

Well
No.

Groundwater Classes According to the Risk of Developing in the Soils:

Integrated
Groundwater

Quality Assessment

Chloride
Salinization

Sodic
Salinization

Magnesium
Salinization Soda Formation

Cl, mg-eq/L Ca/Na, mg-eq/L Ca/Mg,
mg-eq/L

(CO3
2 + HCO3) −

(Ca + Mg), mg-eq/L

North Aishuak

9 2.03 (I) * 4.59 (I) 1.10 (I) 1.15 (II) (I)—excellent

10 0.37 (I) 3.80 (I) 0.94 (II) 1.60 (III) (II)—good

12 0.29 (I) 1.32 (II) 1.10 (I) 1.20 (II) (I)—excellent

Aishuak

13 15.00 (IV) 0.02 (IV) 0.17 (IV) 5.40 (IV) (IV)—unsatisfactory

15 21.30 (IV) 0.27 (IV) 1.34 (I) 0.80 (I) (III)—satisfactory

16 27.29 (IV) 0.23 (IV) 1.30 (I) 0.65 (I) (III)—satisfactory

Mataykum
1 16.50 (IV) 0.10 (IV) 0.98 (II) 5.05 (IV) (III)—satisfactory

6 19.70 (IV) 0.10 (IV) 0.80 (II) 1.40 (III) (III)—satisfactory

Myngyr

2 8.60 (III) 0.02 (IV) 4.00 (I) 3.80 (IV) (IV)—unsatisfactory

3 3.10 (II) 0.07 (IV) 1.60 (I) 3.30 (IV) (III)—satisfactory

4 17.25 (IV) 0.04 (IV) 1.50 (I) 1.99 (III) (III)—satisfactory

5 12.75 (IV) 0.11 (IV) 1.50 (I) 2.00 (III) (III)—satisfactory

Yanvartsevskoye
2118 0.70 (I) 0.32 (IV) 0.27 (IV) 0.75 (I) (III)—satisfactory

2114 0.70 (I) 0.50 (III) 0.46 (III) 3.55 (IV) (III)—satisfactory

Krasnouralskoye

2110 0.50 (I) 0.40 (IV) 0.50 (III) 0.95 (I) (III)—satisfactory

- 2.10 (II) 0.80 (III) 1.60 (I) 0.10 (I) (II)—good

- 6.70 (III) 0.23 (IV) 1.10 (I) 0.80 (I) (II)—good

Ulanak - 65.61(IV) 0.42 (III) 1.20 (I) 0.37 (I) (III)—satisfactory

Ulanak,
Zhyngyldy

site
- 0.70 (I) 0.50 (III) 0.27 (IV) 0.76 (I) (III)—satisfactory
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Table 10. Cont.

Groundwater
Well Field

Well
No.

Groundwater Classes According to the Risk of Developing in the Soils:

Integrated
Groundwater

Quality Assessment

Chloride
Salinization

Sodic
Salinization

Magnesium
Salinization Soda Formation

Cl, mg-eq/L Ca/Na, mg-eq/L Ca/Mg,
mg-eq/L

(CO3
2 + HCO3) −

(Ca + Mg), mg-eq/L

Ulanak,
Tugorochgan site

1 47.51(IV) 0.01 (IV) 1.20 (I) 5.60 IV (V)—completely
unsuitable

2 7.50 (III) 0.08 (IV) 1.37 (I) 2.05 (III) (V)—completely
unsuitable

Koyandy

2301 23.98(IV) 0.30 (IV) 1.00 (I) 0.09 (I) (III)—satisfactory

2302 6.97 (III) 0.13 (IV) 1.10 (I) 3.52 IV (IV)—unsatisfactory

2303 4.74 (III) 0.20 (IV) 1.40 (I) 2.41 (III) (III)—satisfactory

2304 1.78 (I) 0.50 (III) 1.40 (I) 2.12 (III) (III)—satisfactory

2305 6.2 1(III) 7.10 (I) 47.40 (I) 0.01 (I) (II)—good

2306 3.27 (II) 0.20 (IV) 1.70 (I) 2.48 (III) (III)—satisfactory

Note: * in brackets—groundwater quality classes.

The studied groundwater well fields’ quality assessments according to sodic saliniza-
tion or the dispersive soil development danger is described in Section 3.3.

The assessment of the groundwater’s suitability for irrigation, by considering the
calculated irrigation coefficients of Staebler and Antipov-Karataev, Kader methods, TDS,
the SAR, total hardness, and pH, is shown in Appendix A. Four irrigation water quality
classes appear according to the degree of suitability. The groundwater of the first class
is suitable for irrigation without limits. The second class is quite suitable for irrigation,
but for only agricultural crops zoned in the region; the third class is limited in use, taking
into account the local natural and irrigation conditions, and the fourth class is considered
unsuitable for irrigation.

The assessment of the suitability of the water for irrigation depends not only on the
composition of dissolved salts, but also on the type of soil and the plants grown. On easily
permeable and well-drained soils, more mineralized water can be used, while on heavy
soils with poor drainage, the salt content standards are reduced (Table 6). The irrigation
water quality assessment according to the degree of soil salinity and the soil granulometric
composition is described in Section 3.2.

3.2. Irrigation Water Quality Assessment According to Degree of Soil Salinity and Soil
Granulometric Composition

The soil texture, as characterized by the fraction of sand, silt, and clay particles,
affects both the movement of water and salts. The soil particle size affects interactions
between the gravity, viscous, and capillary forces. This controls the water flow pathways,
discharge speed, and pore water exchange, all of which impact salt transport in the soil [66].
According to the correlation analysis results [67], as the soluble salt content (TSS) increased,
soil fractal dimensions (Dsoil) continued to rise, with an increasing content of clay, while the
sand content decreased. Simultaneously, as the soil particles became finer, the TSS and Dsoil
also increased, suggesting that sandy loams to silty soils in the study area were more prone
to salt accumulation. The size and shape of the soil particles affect the pore morphology,
and the interactions between the gravity, cohesion, and capillary forces can affect the
movement of water and salts. The soil salinity is significantly affected by the clay content,
with positive correlations between clay and silt fractions and negative correlations with
sand. The soil characteristics and assessment are based on the degree of the total salinity
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and the salinity type of the explored aquifer segments (Table 6), as shown in Appendix B.
The irrigation water quality assessment depends on the granulometric composition of soils,
as shown in Appendix C.

The soils irrigated with the north Aishuak groundwater are light aeolian sandy loam
and loam. The salt content percentage ranges from 0.17 to 0.60%, which is considered
non-saline or slightly saline water. Aeolian heavy sands and loams are related to slightly
medium saline groundwaters (0.69–0.94%). According to the cation ratio, the soil salinity
type is calcium–magnesium, and the anion ratio is chloride–sulfate. The soil pH value
is slightly alkaline (7.62–8.27). The soils irrigated with the Aishuak groundwater are
represented by a heavy aeolian loam and belong to the non-saline category. According
to the cation’s ratio, the soil salinity type is magnesium–calcium; in terms of anions, it is
sulfate- and soda-type. In terms of pH, the soils are neutral (6.92) and slightly alkaline at
the surface (7.97).

The soils irrigated by the Yanvartsevskoye well field are represented by heavy aeolian
loams and medium-density clay. Both soil types belong to the medium salinity groundwater
type (from 0.65 to 0.78%); according to the cation ratio, they are magnesium–calcium, and
according to the anion ratio, it is a sulfate–soda type of salinization, with a weakly alkaline
hydrogen ion active reaction (pH = 7.73). The Krasnouralskoye soils are characterized
by light aeolian sands underlaid by light aeolian sandy loams, with a salt content from
0.18 to 0.21%. They are non-saline; in terms of the cation ratio, they are calcium–magnesium
and sodium–calcium, and in terms of the anion ratio, they are chloride–sulfate and sulfate–
chloride types of salinization, with a neutral acidity (pH = 6.7). The irrigated lands around
the Ulanak well field are composed of light aeolian loams with a medium salt content
(0.74–0.79%), with a cation ratio of calcium–sodium and an anion ratio of the chloride–soda
type. They are characterized by being weakly alkaline and are closer to alkaline-active
reactions (pH = 7.7–8.1).

The Mataykum aquifer segment soils are heavy aeolian, sandy loam, and loam, char-
acterized by high salinities ranging from 1.80 to 2.7%. In terms of the cation ratio, the type
of salinization is sodium, and the ratio is of the sulfate–chloride or chloride–sulfate type.
In terms of the pH value, the groundwater is slightly alkaline to alkaline (7.7 to 8.37). The
Myngyr aquifer soils are highly saline, with salt contents higher than 6% and sodium types
of salinization by cations and soda chloride–sulfate types by anions.

The irrigation water quality assessment depends on the soil granulometric compo-
sition, shown in Appendix C. According to these results, the groundwater of the north
Aishuak and Yanvartsevskoye well fields is safe for irrigation, the groundwater of the Kras-
nouralskoye well field is low-hazard, the groundwater of the Mataykum well is moderately
dangerous, and other groundwater resources are dangerous for irrigation.

3.3. The Groundwater Quality Assessment of the Explored Deposits, i.e., the Soil Sodic or
Dispersive Soil Development Danger Is Based on the Values of the Exchangeable Sodium
Percentage and Water Salinity

Figure 6 shows the irrigation water class according to the degree of sodic salinization
or dispersive soil development danger, which was determined by the soil ESP value and
groundwater salinity (TDS). Soil alkalization (solonization) is the process of introducing
sodium into the soil absorption complex (SAC). The more sodium there is among the other
exchangeable cations of the SAC, the higher the soil solonization. The negative effect of
solonization is that the organo-mineral mass of the soil containing sodium becomes more
hydrophilic, i.e., it is capable of binding water in greater quantities. At the same time, the
swelling of the soil increases in a wet state, and when drying out, clods and large cracks
are formed. Soil colloids become more soluble and more mobile [11]. The assessment of the
danger of soil solonization of irrigation water is established by the total salt content and the
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exchangeable sodium percentage (ESP). Figure 6 shows five classes of water and 12 groups.
Class I water can be used for irrigating all crops on any type of soil. Its long-term use does
not worsen the physical properties of the soil, and crop yields do not decrease compared to
fresh water. Class II water is suitable for most crops and soil types. It slightly alkalizes the
soil, and with its long-term use, the content of the absorbed sodium can reach 10% of the
cation exchange capacity, and crop yields decrease by 5–20%. When irrigating chestnut and
dark chestnut soils, it is necessary to use chemical ameliorants. Class III water causes soil
alkalization, and crop yields decrease by 20–50% compared to fresh water. If it is necessary
to use it, special agrotechnical measures are necessary. Class IV water is conditionally
suitable; it causes soil alkalization. Class V water is not suitable for irrigation. The water
groups III1, III2, III3, III4, and III5 require dilution and desalination. For groups III6, III7,
and IV1 a chemical melioration is required. For groups III8, III9, III10, III11, III12, IV2, IV3,
and IV4 dilution, desalination, and chemical melioration are required.
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Figure 6. Groundwater suitability for irrigation classification according to degree of soil sodic
salinization risk. Well fields: 1—Yanvartsevskoye, 2—Krasnouralskoye, 3—Koyandinskoye, 4—
Ulanak, 5—Ulanak-Kuibyshevo, 6—Tugyrakshan, 7—Severo-Aishuak, 8—Aishuak, 9—Mataikum,
and 10—Myngur.

The classes reflect the integrated groundwater’s suitability for irrigation according to
the salinization types on irrigated lands, as shown in Table 10.

The groundwater of the north Aishuak, Yanvartsevskoye, and, partially, Koyandy
deposits are classified into the first and second classes and are suitable for most zoned
agricultural crops on all soil types. Even the long-term use of very weakly salinized ground-
water during an extended watering season does not deteriorate the physical properties of
the soil. Compared with other classes of water, the crop yield is not reduced. With long-
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term use, the content of the absorbed sodium can reach up to 10% of the cation exchange
capacity. The groundwater of the Krasnouralskoye, Koyandy, Aishuak, Mataykums, and,
to a lesser extent, Ulanak–Kuibyshevo and Myngyr well fields were classified into the
third and fourth classes. This groundwater usually causes sodic soil salinization. Zonal
crop yields may decrease by up to 25–30%. A more detailed analysis of crop-specific
salt tolerances under irrigation by groundwater sources is discussed in Section 3.4. The
groundwater confined to the Ulanak and Tugyrakshan deposits is referred to as the fifth
class and is considered unsuitable for irrigation.

3.4. Agricultural Crop Salt Tolerance Dependence on Irrigation Groundwater Quality and Western
Kazakhstan’s Irrigated Soils

Crops have different salinity resistances; some can produce acceptable yields at much
greater soil salinity than others. This is because some are more able to make the needed
osmotic adjustments, enabling them to extract more water from the saline soil. In areas
with a soil salinity build-up, which cannot be maintained at an acceptable concentration,
an alternative crop should be selected that is both more tolerant of the expected soil salinity
and can produce economic yields. The relative salt tolerance of most agricultural crops is
known well enough to give general salt tolerance guidelines. Tolerances depend on the
climate, soil conditions, and cultural practices. In gypsiferous soils, plants will tolerate
about a 2 dS/m higher soil salinity (EC) than what is indicated for this crop during irrigation
with the same water salinity [68]. To recommend agricultural crops on the basis of their
salt tolerance under groundwater irrigation, four classification groups were proposed:

First group. Highly salt-tolerant zoned agricultural crops include wheat, rye, oats,
barley, and sorghum, and fodder beet and barley for hay. The yield potential of these crops
may reach 100% with irrigation by groundwater, with a total salinity of up to 3.5 g/L;

Second group. Strongly salt-tolerant zoned agricultural crops: wheat, rapeseed,
sorghum, soya, sesame, melilot, alfalfa, barley for fodder, pumpkin, aubergines, red
beetroot, and watermelons. Which have a 100% crop yield potential under irrigation
by groundwater and a total salinity of up to 2.5 g/L;

Third group. Moderately salt-tolerant crops: wheat, silage maize, fodder millet, cab-
bage, beets, cucumbers, and tomatoes. The samples were irrigated with groundwater with
a total salinity of up to 1.7 g/L, and the yield potential reached 100%.

Fourth group. Low-salt-tolerant crops include beans, peas, flax, sunflower, corn, buck-
wheat, clover, fodder beans, sown alfalfa, potatoes, melon, peas, pepper, radish, onion,
carrot, cabbage, cauliflower, celery, fruit, and berries. The 100% yield potential of these
crops is achieved through groundwater irrigation, with a total salinity of up to 1.3 g/L.

According to this criterion (Appendix A), the groundwater from all well fields, except
Ulanak and Tugorochgan, is suitable for irrigating crops of the first and second groups of
the crop salt tolerance. The groundwater from Aishuak, Mataykum, and Aishuak are not
suitable for irrigating the third group, owing to the salt tolerance. The groundwater from
other well fields (north Aishuak, Yanvartsevskoye, Krasnouralskoye, and Koyandy), with a
total salinity of less than 1.3 g/L, is also suitable for irrigating crops belonging to group 4,
with a tolerance to salinity.

The recommended complete crop rotations are based on the general state of the
irrigated agriculture in the region under study, the existing and prospective structures
of sown areas and crop yields, pricing policies, and the mandatory use of water-saving
methods by introducing and replacing unprofitable surface irrigation technologies with
sprinkler and drip irrigation technology [69]. The prospective structure of the crop areas on
the irrigated lands of western Kazakhstan is aimed at introducing a forage–vegetable crop
rotation to increase vegetable production and develop dairy farming. The most common
crops in this region are potatoes, vegetables, cereals, and perennial grasses. The planned
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restructuring of the crop areas allows for a decrease in the share of annual grasses and
grain crops and an increase in the share of vegetable crops, potatoes, and perennial grass.
In a recommended irrigation regime for five complete crop rotations of the grains, technical
crops, and vegetables over an allocated area of 653 km2 (Figure 7), the calculated net hydro-
module is assumed to be 0.54 m3/day/km2; the average irrigation rate is 44.11 m3/km2,
with an irrigation system efficiency of 85%. Moreover, restricted potato and perennial grass
irrigation is recommended.
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3.5. Assessment of Groundwater Suitability According to Its Impact on Sprinkler and Drip
Irrigation Systems

West Kazakhstan’s development plan aims to improve the efficient utilization of
groundwater resources, including the gradual exchange of the traditional flood irrigation
with sprinkler and drip irrigation systems. The groundwater quality of almost all the
assessed aquifer segments allows for their utilization in sprinkler irrigation systems with-
out limits. The exceptions are the Aishuak and Myngyr segments, which require water
quality improvement because of their high degree of mineralization. For drip irrigation,
chemical clogging is usually related to insoluble calcium compounds that sediment in
drippers [70,71].

Chemical clogging is caused by the insoluble materials generated from chemical re-
actions between cations (Ca, Fe, and Mg) and anions (CO3, HCO3, and SO4) in irrigation
water. This plaque sediment gradually becomes increasingly thicker, eventually clogging
the drip emitters. The groundwater suitability assessment, by the degree of its impact
on the drip irrigation system elements, recommends the implementation of agricultural
adjustments to regional irrigation schemes (Table 11). Owing to the high content of hydro-
carbonates, the groundwater, with the exception of the Ulanak–Kuibyshevo groundwater,
is not suitable for drip irrigation without prior improvement. In the three wells of the
Myngyr sub-aquifer, high Fe ion concentrations were detected, which might also clog
drip irrigation systems. For preventing the irrigation water’s chemical and biological
contamination, carbonate, phosphate, and iron oxide deposits should be removed, and the
drip irrigation system should provide reagent treatment and water aeration to improve the
aerobiological qualities [72]. Open Chinese drip irrigation systems have been commonly
applied in recent years in Kazakhstan, in small, irrigated areas (single-use drip tapes), with
local manufacturing being developed. Such drip systems are in high demand and may
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replace expensive western drippers with emitters. The local system’s advantage emerges
from its low cost, as drip tapes can be covered with soil to reduce the negative impact of
high air temperatures during the growing season, which allows for the annual replacement
of the system with a new one, thereby eliminating most of the problems of the clogging of
drip tapes. This approach is more economical than sodium hexametaphosphate applied as
a sequestrant (binding metal ions) water softening treatment for preserving the expensive
drippers with emitters. The sodium carbonate added to increase the pH to 8.0–8.6, which
partially acts as a pH stabilizer and softener, is also a dispersant that clarifies the water. The
sodium hexametaphosphate deflocculant effect prevents colloidal, organic, and inorganic
particles from sticking together, thereby protecting water from microbial growth in the
event of flocculation (particle sticking together) and when this cannot be eliminated by
conventional filtration.

Table 11. Assessment of groundwater suitability according to its degree of impact on elements of
drip irrigation system.

Groundwater Well
Field Well No.

Water Chemical Component/Water Suitability

TDS, mg/L HCO3, mg-eq/L pH Fe, mg/L

North Aishuak

9
2089 8.20 7.82 1.0

Not suitable Not suitable Conditionally suitable Conditionally suitable

10
1616 5.00 8.32 0

Conditionally suitable Not suitable Not suitable Suitable

Myngyr

2
294 4.55 7.29 3.8

Suitable Not suitable Conditionally suitable Not suitable

3
1515 18.20 7.37 2.8

Conditionally suitable Not suitable Conditionally suitable Not suitable

4
1515 18.20 7.37 2.8

Conditionally suitable Not suitable Conditionally suitable Not suitable

5
2518 3.50 7.41 0.6

Not suitable Not suitable Conditionally suitable Conditionally suitable

Yanvartsevskoye

2118
6630 2.60 7.11 1.2

Not suitable Not suitable Conditionally suitable Conditionally suitable

2114
1402 2.60 7.96 0.8

Conditionally suitable Not suitable Conditionally suitable Conditionally suitable

2110
4444 3.20 7.99 0

Not suitable Not suitable Conditionally suitable Suitable

Krasnouralskoye

-
4316 6.20 8.03 0

Not suitable Not suitable Not suitable Suitable

-
259 6.10 7.85 0

Suitable Not suitable Conditionally suitable Suitable

Ulanak–
Kuibyshevo

-
281 1.80 8.40 0

Suitable Suitable Not suitable Suitable

Ulanak-
Kuibyshevo

-
306 4.75 8.20 0.8

Suitable Not suitable Not suitable Conditionally suitable
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Table 11. Cont.

Groundwater Well
Field Well No.

Water Chemical Component/Water Suitability

TDS, mg/L HCO3, mg-eq/L pH Fe, mg/L

Ulanak
1

1232 7.85 7.44 0.6

Conditionally suitable Not suitable Conditionally suitable Conditionally suitable

2
1102 7.85 7.61 1.2

Conditionally suitable Not suitable Conditionally suitable Conditionally suitable

Koyandy

2301
2389 6.10 6.90 0

Not suitable Not suitable Suitable Suitable

2302
1150 6.70 7.89 0.76

Conditionally suitable Not suitable Conditionally suitable Conditionally suitable

2303
1368 7.49 7.78 0

Conditionally suitable Not suitable Conditionally suitable Suitable

2304
754 6.60 7.45 0

Conditionally suitable Not suitable Conditionally suitable Suitable

2305
1218 6.51 7.80 1.22

Conditionally suitable Not suitable Conditionally suitable Conditionally suitable

2306
938 6.10 7.84 2.14

Conditionally suitable Not suitable Conditionally suitable Not suitable

3.6. Assessment of Groundwater Suitability via Remote Sensing Methods

Figure 8 shows the mapping process of the land use and the NDVI and NDSI in one of
the agricultural areas that was recommended for groundwater irrigation through the GIS
and RS analysis.

The results of the Sentinel-2 medium-resolution (10 m per pixel) satellite analysis
indicate that over half of the irrigated areas in the Aishuak, Koyandy, Miyaly, Tugorochgan,
and Ulanak sites are not currently in use for agricultural purposes. At the Aishuak and
Tugorochgan sites, approximately 16 km2 of the irrigated area is either abandoned or
completely unused. The proportion of cultivated land within the total irrigated area is
48% in Koyandy, 31% in Miyaly, and 22% in Ulanak. The relatively low development rate
of the irrigated areas can be attributed to the high levels of salinity and soil degradation,
which exacerbate climatic factors. Figure 9 illustrates the extent and degree of the salinity
of the irrigated land development region. The NDSI indicates that more than half of the
irrigated areas at the Koyandy site are characterized by high salinity, with the northern
region having a high prevalence of saline soil. The likelihood of irrigated land cultivation
expansion remains low.

From the perspective of the expansion potential of the irrigated areas, the most promis-
ing sites are Yanvartsevskoye and Krasny Ural, which have been fully developed for
irrigation. The NDSI, on average, is negative, indicating the absence of soil salinization.
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3.7. Results from Correlation Analysis

The degree of the contribution of hydro-chemical parameters of the groundwater
quality to the assessment of soil salinity during irrigation was determined using a correla-
tion matrix of 19 parameters (Table 12). A strong positive correlation for the groundwater
was observed between the TDS and Cl− contents (r = 0.87) and also between the total
hardness and Cl− (r = 0.75). A strong positive correlation between the ions of Ca/Na and
Ca/Mg (r = 075) indicates a high risk of simultaneous sodic and magnesium soil saliniza-
tion under groundwater irrigation. A moderate positive correlation in the groundwater
parameters was observed between the TDS and total hardness (r = 0.68), between the TDS
and SAR (r = 0.54), between the Cl and SAR (r = 0.48) and the SAR and (CO3 + HCO3)—
(Ca + Mg) (r = 0.46). The last parameter characterizes the danger of soda formation in the
soil under irrigation.

A moderate positive correlation in the groundwater parameters also characterizes
the relation between the Fe and HCO3 contents (r = 0.48). At the same time, the relation
between Fe and PH is characterized by a moderate negative correlation (r = −0.55). The
Staebler irrigation coefficient, which characterizes the suitability of water for irrigation, has
a moderate negative correlation with the TDS (r = −0.4) and a weaker correlation with the
Cl content (r = −0.36).

For the soil parameters connecting to the total degree of salinity and the type of salinity
on the irrigation land, it is quite natural that a strong positive correlation is observed
between the salt content and Ca/Mg (r = 0.71), Na/Mg (r = 0.74), and the pH (r = 0.82).
A moderate positive correlation characterizes the relationship between PH and Ca/Mg
(r = 0.49) and PHs and Na/Mg (r = 0.48) indicates that with increasing pH values in
these ratios, Ca and Na cations begin to predominate in quantifying the degree of the
soil salinization. In contrast, with an increasing pH, the decreasing ratios of Ca/Na and
SO4/Cl indicate that in these ratios Na and Cl begin to predominate (r = −0.81 and
r = −0.69, respectively). A moderate negative correlation is observed between Na/Mg and
(HCO3 + CO3)/SO4 (r = −0.41) and between Na/Mg and (HCO3 + CO3)/Cl (r = −0.4).
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Table 12. Correlation matrix of various physicochemical parameters of groundwater and soil samples of groundwater well fields.
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Of particular interest is the correlation between the groundwater quality and soil
salinity parameters under irrigation. A strong negative correlation characterizes the ratio
between the TDS of the groundwater and the Ca/Na of the soil (r = −70), which is quite
natural. A moderate negative correlation is observed between the groundwater total
hardness and the Ca/Na of the soil and also the SO4/Cl ratios (r = −0.67 and r = −0.46,
respectively). A similar correlation is observed between the groundwater Cl content and
the Ca/Na ratio of the soil (r = −0.6).

A moderate positive correlation characterizes the relationship between the (CO3 + HCO3)
− (Ca + Mg) of the groundwater and the Ca/Mg (r = 0.45) and Na/Mg of the soil (r = 0.5).
This indicates that increasing carbonates in groundwater lead to increasing cations of Ca
and especially Na in the soil (sodic processes in irrigated land). The groundwater total
hardness is characterized by a moderate positive correlation with the soil pH (r = 0.53).

For the strongly correlated groundwater quality and type of soil salinity parameters
(Table 12), regression equations linking these identified and correlated parameters were
developed. Regression equations relating to these parameters are given in Table 13.

Table 13. Regression analysis (y = ax + b) among significantly correlated parameters.

X
(Independent)

Y
(Dependent) R2 a b Regression Equation Correlation

Type

TDSW Clw 0.7639 9.2323 −4.4308 Cl−w = 9.2323(TDSW) − 4.4308 positive
correlation

(Total
hardness)w

Clw 0.565 1.3256 2.8812 Cl−w = 1.3256(Total hardness)w + 2.8812 positive
correlation

(Ca/Na)w (Ca/Mg)w 0.5605 4.0347 −0.4548 (Ca/Mg)w= 4.0347(Ca/Na)w − 0.4548 positive
correlation

Salt contents, % (Ca/Mg)s 0.5053 2.8785 0.5099 (Ca/Mg)s= 2.8785(Salt contents) + 0.5099 positive
correlation

Salt contents, % (Na/Mg)s 0.5545 76.03 −56.687 (Na/Mg)s = 76.03(Salt contents) − 56.687 positive
correlation

Salt contents, % (pH)s 0.6644 0.2216 7.4552 (pH)s = 0.2216(Salt contents) + 7.4552 positive
correlation

(pH)s (Ca/Na)s 0.6504 −5.2398 44.628 (Ca/Na)s = −5.2398(pH)s + 44.628 negative
correlation

(pH)s (SO4/Cl)s 0.4646 −0.5956 5.8417 (SO4/Cl)s = −0.5956(pH)s + 5.8417 negative
correlation

TDSW (Ca/Na)s 0.3778 −1.1441 5.7651 (Ca/Na)s = −1.1441(TDSW) + 5.7651 negative
correlation

TDS Salt contents,
% 0.2204 0.3687 0.5522 Salt contents = 0.3687(TDSW) + 0.5522 positive

correlation

Note: subscript index: w—groundwater samples and s—soil samples.

The TDS of the groundwater has a very strong positive correlation with Cl, indi-
cating that with an increasing total salt concentration, the Cl ions in the groundwater
also increase and the groundwater chemical composition changes to the chloride–sulfate–
sodium–calcium type of salinity. A relatively high positive correlation between the total
hardness and Cl ions, as well as between (Ca/Na) and (Ca/Mg) relations in the ground-
water chemical composition, signifies that a greater groundwater hardness leads to the
formation of the chloride–sodium groundwater type. On the analyzed irrigated sites, a
relatively high positive correlation is observed between the soil salt content, (Ca/Na) and
(SO4/Cl) relations, and the pH in the soil. Thus, it indicates that with an increase in soil
salinity, the soils will be more alkaline with sodic soil salinization. At this time, a relatively
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high negative correlation between the pH and (Ca/Na) and (SO4/Cl) relations indicates
that with soil alkalinity increasing, respectively, the Ca and SO4 content decreases, simulta-
neously with the Na and Cl content increasing in the soil. A moderate negative correlation
between the TDS in water and (Ca/Na) in soil ratio also indicates that with irrigation by
more saline water, the sodium salinization of the soil increases. The weak positive correla-
tion between the increased groundwater salinity (TDS) in the water and the percentage of
the salt content of the irrigated soil is obviously related to other factors influencing the soil
salinization process, such as climatic, soil-amelioration, and agrotechnical conditions, but
perhaps also to the relatively small number of soil samples used in this statistical analysis.

4. Discussion
Since irrigated agriculture in western Kazakhstan is embryonic, there are no experi-

mental works or long-term observations of groundwater use for irrigation. As such, this
study is the first comprehensive assessment of the groundwater quality’s suitability for
irrigation. This research regarded soil characteristics in areas adjacent to the irrigation
water source with linkages to applicable irrigation methods. The results obtained indi-
cate that the suitability of the groundwater for agricultural use depends significantly on
the type and degree of the irrigated soil salinization and the consequences of excessive
irrigation. Methodological approaches to assessing groundwater quality in reference to
various Water Quality Indexes (WQIs), enable the assessment of the quality and statistical
processing of chemical components based on the scientific literature [5,6,14,15,17,20,22].
The present study utilized similar approaches to previous works, taking into account the
specific nuances associated with the study area and the requirements of local standards.
Values of the SAR, ESP, pH, and TDS parameters were calculated from measured values
of chemical components. Although there are methods that can calculate the pH from the
sodium adsorption ratio (SAR) or exchangeable sodium percentage (ESP) and electrical
conductivity (EC) data, these methods are based on obtaining statistical correlations be-
tween these parameters. Since in this study the relationships reflect actual field sampling
and laboratory analysis it provides a method for calculating the pH in soil salinity models
which takes into account the effects of EC and sodium in the soil. It also provides a rapid
method for estimating the SAR or ESP from readily available EC and pH data in the field.
However, to obtain a reliable regression between the predicted and measured pH values
and the SAR or ESP, a range of at least 2.5 pH units in the calibration data is required.
Under these conditions, the predicted results were satisfactory [73].

The groundwater chemistry assessment indicates that the first quality class groundwa-
ter, including the north Aishuak, Krasnouralskoye, and Yanvartsevskoye aquifer segments,
is suitable for the irrigation of all crops, does not deteriorate the physical properties of the
soil, and does not reduce crop yields. The quality assessments by Stebler and Antipov-
Karataev suggest that the sodium salinization risk of the soil relative to the SAR is closer to
average (Appendix A). In sodic soils with an SAR > 13, the high exchangeable sodium in
the soil complex causes the dispersion of its colloids, structural destruction, and aggregate
failure, resulting in unfavorable physical properties, like a low infiltration rate and low
hydraulic conductivity [11]. When the soil water salinity is insufficient to counteract the
negative effects of adsorbed Na+ on the soil structure, a “rainfall effect” can occur. More
specifically, the leaching of salts by excess irrigation water reduces the salinity of the soil so-
lution. When dry, sodic soils become denser and structureless since the natural aggregation
is destroyed. At the soil surface, dispersed clay particles can act as an adhesive, forming
relatively dense crusts that impede seedling rooting and emergence. The degree of crusting
depends on the soil texture, the mineralogy of the clay, the exchangeable sodium content,
the energy of the raindrop impact, and the rate of drying [8]. The use of surface or sprinkler
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irrigation can increase the probability of soil structure degradation and surface crusting,
while in drip-irrigated fields, this is hardly a problem, given the low flow rates of the
drippers. The second quality class groundwater, including the Koyandy groundwater, is
suitable for irrigating the crops already grown in the region and does not require improve-
ment by a dilution with fresh water or a treatment with gypsum; it does not deteriorate
the soil’s physical properties or reduce the crop yield, with cation content levels of up to
25 mg/L and Na+ contents of up to 40–65% of the cation sum. The groundwater of the
third quality class (Aishuak, Mataykum, and Myngyr aquifer segments) is suggested for
limited use and requires the monitoring of the soil and irrigation conditions. The suitability
degree assessments were unsatisfactory for all the indicators. Nevertheless, where the
groundwater intake was located close to the irrigated field (~100 m), this water was success-
fully used to grow watermelons and melons. The fourth groundwater class includes the
Ulanak sub-aquifer, with an increased risk for plants, according to the irrigation coefficient
value of the unsatisfactory quality, although the alkalinization risk according to the SAR
value is medium. The groundwater is not suitable for irrigation and generally requires
improvement by a dilution with fresh water or a treatment with gypsum. Nonetheless,
this water is used by local farmers to irrigate watermelons, melons, cucumbers, tomatoes,
and aubergines. For the irrigation of fruit trees, drip irrigation systems are used, and the
water is also used for watering cattle. In all cases, it is necessary to determine the chemical
composition of salt that might harm plants and soils; moreover, the permissible salt content
may be greater in light soils than in heavy soils (Table 6).

While the north Aishuak aquifer groundwater is suitable for irrigation without re-
strictions, there is a risk of alkaline salinization, which requires caution and preventive
chemical measures. The Mataykum aquifer groundwater is conditionally suitable for soil
irrigation and recommended only when groundwater with a permissible level of salinity
of not more than 0.5 g/L is used and under strict performance and chemical monitoring
and washing, whenever reclamation is needed. The washing procedure involves burst
washing at a rate of 15–20 thousand m3/ha and an operation at a rate of 8–12 thousand
m3/ha, with a gypsum treatment after drainage. The standard soil gypsum treatment
requires 7 to 10 tonnes per ha and needs to be carried out in two stages: before plowing
and after cultivation. The Yanvartsevskiy aquifer irrigation water is ultra-fresh and is
recommended for irrigating salt-tolerant crops with sprinklers and drip irrigation sys-
tems. The Krasnouralskoye aquifer groundwater can be used without restrictions to sow
crops that have adapted to local conditions. The Ulanak aquifer groundwater is recom-
mended only for salt-tolerant crops with an obligatory operational washing at rates of
10–15 thousand m3/ha to reduce the active alkaline reaction and the application of gypsum
from 7 to 10 tonnes per ha in two steps—before plowing and after cultivation—with the
dynamic monitoring of the secondary alkaline salinization. This groundwater is unsuitable
for drip irrigation because of its high content of bicarbonates, or it can be used following
acidification with a pH value of up to 7.0. This may be attained by applying phosphorus
fertilizers, such as phosphoric acid. Sodium hexametaphosphate can be applied to prevent
iron and manganese accumulation [72].

The groundwater quality results are closely related to pressing environmental issues
at both the local and global levels. First, western Kazakhstan is highly susceptible to
desertification, which is exacerbated by limited surface water and soil salinization. De-
sertification reduces land productivity, impacts biodiversity, and contributes to climate
change through the loss of vegetation cover. The sustainable use of groundwater and inno-
vative irrigation technologies, such as drip and sprinkler irrigation systems, can mitigate
desertification by preventing soil salinization and alkalization. This is particularly relevant
for reversing degradation trends and restoring drylands. Secondly, rising temperatures
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and reduced precipitation threaten water availability, increasing pressure on freshwater
resources. Groundwater, as a more stable and less variable resource than surface water, can
act as a buffer against the uncertainties of climate change. Moreover, poor water quality
and unsustainable irrigation practices lead to soil salinization and reduced soil fertility,
which harms microbial diversity and plant growth.

5. Conclusions
An integrated approach was used to assess the groundwater quality for irrigation,

based on a comprehensive groundwater quality study. This was evaluated considering the
types and degrees of the irrigated fields’ salinization, the impact of water on drip irrigation
systems, and crops grown in the different segments of the aquifer in the Aktobe, Mangistau,
and Atyrau regions of western Kazakhstan.

The operational water resources of these aquifers are 6520 thousand m3/day with a
water mineralization up to 1 g/L and 12971 thousand m3/day with a water mineralization
up to 3 g/L. Only about 10% of the groundwater is saline, with TDS values from 3 to
4.5–6.5 g/L.

Based on the comprehensive assessment, about 90% of the aquifer segments are
considered suitable for irrigation. The saline groundwater of the Ulanak–Kuibyshevo and
Myngyr aquifer segments is suitable for the limited irrigation of agricultural crops. The
gradual development of salt-tolerant crops will add another 12,262 thousand m3/day of
saline exploitable water for irrigation.

The recommended irrigated land area for development, based on groundwater, is
653 km2, which will require the restructuring of the cropping areas by reducing the share
of annual grasses and grain crops and increasing the share of vegetables, potatoes, and
perennial grasses.

It is recommended that the unsustainable traditional surface flooding be gradually
replaced with drip irrigation and sprinkler systems.

This study highlights the importance of the joint monitoring of irrigation water and soil
quality (e.g., TDS, SAR) to maintain the soil structure and fertility in irrigated fields. This
study helps ensure water security in Kazakhstan during drought years and address water
shortages due to transboundary issues and enables further sustainable socio-economic
development in western Kazakhstan, contributing to food security and the adaptation to
changing climate conditions.

The solutions developed here can serve as a basis for efforts to address similar issues
in South Asia, the Middle East, and Central Asia, demonstrating how local research can
contribute to global environmental sustainability.
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Appendix A

Table A1. Classification of groundwater quality according to suitability for irrigation.

Groundwater
Deposit

Well
No

Water
Quality

Class

Groundwater Quality Assessment According to:

TDS, g/L pH
Total

Hardness,
mg-eq/L

Ka
by Staebler SAR Ka by Antipov-

Karataev–Kader

North Aishuak

9 II 0.83 (F) 7.5 (N) 7.05 (MH) 36.5 (VG) 10.0 (L) C > Tк 1.1 > 0.19 (SU)

10 I 0.42 (UF) 7.29 (N) 3.4 (SO) 6.78 (G) 13.4 (CM) C > Tк 5.4 > 0.09 (SU)

12 I 0.29 (UF) 7.29 (N) 2.2 (SO) 0.56 (G) 13.9 (CM) C > Tк 2.15 > 0.07 (SU)

Aishuak

13 III 1.52 (SB) 7.36 (N) 2.8 (SO) 3.84 (SAT) 14.83 (CM) C < Tк 0.095 < 0.35 (SU)

15 III 2.36 (SB) 7.37 (N) 12.65 (VH) 1.2 (UNS) 14.19 (CM) C < Tк 0.36 < 0.54 (SU)

16 III 2.52 (SB) 7.41 (N) 12.3 (VH) 2.11 (SAT) 15.39 (CM) C < Tк 0.36 < 0.58 (SU)

Mataykum
1 III 2.09 (SB) 7.82 (SA) 5.75 (MH) 3.49 (SAT) 18.97 (CM) C < Tк 0.14 < 0.49 (SU)

6 III 2.41 (SB) 7.91 (SA) 6.9 (MH) 3.67 (SAT) 16.3 (CM) C < Tк 0.16 < 0.55 (SU)

Myngyr

2 III 1.62 (SB) 8.32 (SA) 2.8 (SO) 2.7 (SAT) 38.25 (HI) C < Tк 0.026 < 0.37 (SU)

3 III 2.27 (SB) 7.96 (SA) 3.4 (SO) 3.16 (SAT) 12.3 (L) C < Tк 0.09 < 0.52 (SU)

4 III 2.2 (SB) 8.14 (SA) 2.0 (SO) 3.32 (SAT) 21.31 (M) C < Tк 0.05 < 0.51 (SU)

6 III 1.87 (SB) 7.9 (SA) 1.5 (SO) 1.25 (SAT) 31.9 (HI) C < Tк 0.04 < 0.43 (SU)

Yanvartsevskoye

2118 I 0.26 (UF) 7.85 (SA) 1.85 (SO) 6.45 (G) 2.62 (L) C > Tк 0.91 > 0.21 (SU)

2114 I 0.26 (UF) 7.85(SA) 2.95 (SO) 6.72 (G) 3.26 (L) C > Tк 0.86 > 0.20 (SU)

2110 I 0.31 (UF) 8.2 (SA) 2.25 (SO) 7.13 (G) 3.4 (L) C > Tк 0.71 > 0.16 (SU)

Krasnouralskoye
4 I 1.23 (SB) 7.44 (N) 10.2 (H) 6.89 (G) 6.77 (L) C > Tк 0.93 > 0.28 (SU)

5 I 1.1 (SB) 7.2 (N) 5.2 (MH) 6.9 (G) 9.47 (L) C > Tк 0.31 > 0.25 (SU)

Ulanak No IV 6.63 (S) 7.71 (SA) 47 (SA) 0.9 (UNS) 19.71 (CM) C < Tк 0.56 < 1.52 (SU)

Ulanak,
Zhyngyldy No III 1.4 (SB) 7.96 (SA) 2.7 (SO) 0.56 (UNS) 15 (CM) C < Tк 0.11 < 0.32 (SU)

Ulanak,
Tugorochgan

1 IV 4.44 (B) 7.99 (SA) 2.1 (SO) 0.87 (UNS) 173.9 (HI) C < Tк 0.02 < 1.02 (SU)

2 IV 4.32 (B) 7.99 (SA) 1.55 (SO) 0.45 (UNS) 73.38 (HI) C < Tк 0.02 < 0.99 (SU)

Koyandy

2301 III 2.4 (SB) 6.9 (N) 12.6 (VH) 2.4 (SAT) 0.09 (L) C < Tк 0.35 < 0.55 (SU)

2302 II 1.1 (SB) 7.89 (SA) 3.2 (SO) 8.3 (SAT) 2.13 (L) C < Tк 0.17 < 0.25 (SU)

2303 II 1.31 (SB) 7.78 (SA) 4.6 (MH) 12.15 (G) 1.87 (L) C < Tк 0.23 < 0.30 (SU)

2304 II 0.7 (F) 7.45 (N) 4.5 (MH) 32 (G) 0.67 (L) C > Tк 0.59 > 0.16 (CU)

2305 III 1.2 (SB) 7.8 (SA) 5.8 (MH) 9.26 (SAT) 5.07 (L) C > Tк 0.38 > 0.27 (CU)

2306 II 0.9 (F) 7.84 (SA) 3.3 (SO) 17.67 (G) 0.83 (L) C > Tк 0.26 > 0.21 (CU)

Notes: in the table, TDS: UF—ultra-fresh; F—fresh; SB—slightly brackish; B—brackish; S—salty; pH: N—neutral;
SA—slightly alkaline; total hardness: SO—soft; MH—medium hard; H—hard; VH—very hard; Ka by Staebler:
VG—very good; G—good; SAT—satisfactory; UNS—unsatisfactory; SAR: L—low; CM—close to medium; M—
medium; HI—high; Ka by Antipov-Karataev—Kader: SU—suitable; CU—closer to usable.
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Appendix B

Table A2. The characteristics and assessment of the soils according to the total degree of salinity and
type of salinity on the irrigation land connected to aquifer segments.

Aquifer

Depth
Interval

from Soil
Surface, m

Soil Type

Soil Characteristics and Land Assessment According to the Soil Salinity

pHBy Salt
Content, %

Soil Salinity Type by Cation Ratio,
mg-eq Soil Salinity Type by Anion Ratio, mg-eq

Ca/Mg Ca/Na Na/Mg Major
Actions

HCO3 +
CO3/SO4

HCO3 +
CO3/Cl SO4/Cl Salinity Type

Mataykum

1/0.0–0.20 Heavy silty
sandy loam 1.04 (MS) 3.33 0.34 9.96 Na, Mg 14.49 10 0.69 Sodas 8.11

1/0.0–0.50 Silty light
loam 2.5 (HS) 4 0.08 45.44 Na 1.28 2.06 1.6 Soda sulfate 8.37

2/0.0–0.20 Heavy silty
sandy loam 1.8 (HS) 22.4 0.05 400.8 Na 59 0.65 1.09 Chloride-

sulfate 7.35

2/0.0–0.50 Heavy silty
sandy loam 2.5 (HS) 0.63 0.04 14.1 Na 0.44 0.33 0.76 Chloride-

sulfate 7.88

3/0.0–0.20 silty heavy
loam 1.3 (MS) 2.09 0.41 5.11 Na 11.2 8.3 0.74 Chloride

sodas 8.16

3/0.0–0.50 silty heavy
loam 2.7 (HS) 1.17 0.04 30.48 Na 0.4 0.27 0.68 Sulfate

chloride 7.7

Myngyr
4/0.0–0.20 Silty light

loam 6.2 (VHS) 23 0.032 708.2 Na 0.28 0.4 1.62 Soda chloride
sulfate 8.76

4/0.0–0.50 Heavy silty
sandy loam 6.1 (VHS) 38.5 0.05 749.5 Na 0.34 0.35 1.03 Soda chloride

sulfate 8.38

Yanvartsevskoye

5/0.0–0.20 silty heavy
loam 0.65 (MS) 2.26 2.43 0.93 Mg, Ca 13.8 9.28 0.67 Sulfated

sodas 7.73

5/0.0–0.50 clay 0.78 (MS) 13.8 8.96 0.71 Mg, Ca 11.41 24.3 2.13 Sulfate
chloride 7.43

Krasnouralskoye

6/0.0–0.20 silty sand 0.21 (US) 0.83 11.36 0.07 Ca, Mg 0.26 1 3.78 Chloride-
sulfate 6.7

6/0.0–0.50 silty light
sandy loam 0.18 (US) 1.2 7.36 0.16 Na, Ca 0.64 1 0.16 Sulfate

chloride 6.7

Ulanak

7/0.0–0.20
Silty light

loam

0.79 (MS) 4.99 1.76 2.8 Ca, Na 4.38 3.0 0.68 Chloride
sodas 7.7

7/0.0–0.50 0.74 (MS) 2.66 1.0 2.7 Ca, Na 20.97 3.60 0.17 Sulfated
sodas 8.06

Ulanak,
Zhyngyldy site

8/0.0–0.20
Silty light

loam

0.78 (MS) 1.38 1.44 26.9 Ca, Mg 7.98 7.5 0.94 Sulfated
sodas 8.06

8/0.0–0.50 1.2 (MS) 7.16 0.91 7.85 Ca, Mg 15.7 16.87 1.07 Sulfated
sodas 8.22

Ulanak,
Tugorochgan site 9/0.0–0.20 Heavy silty

sandy loam 5.6 (VHS) 4.2 0.03 55.3 Ca, Mg 3.03 11.13 0.37 Sulfated
sodas 8.76

North Aishuak

10/0.0–0.20 Light silty
sandy loam 0.17 (US) 0.77 7.9 0.09 Ca, Mg 3.19 5 1.56 Sodas 6.86

10/0.0–0.50 Silty light
loam 0.6 (MS) 0.9 1.34 0.67 Ca, Mg 7.97 7.85 0.98 Chloride-

sulfate 8.27

11/0.0–0.20 Heavy silty
sandy loam 0.37 (MS) 1.67 6.4 0.26 Na, Ca 5.47 11.7 2.13 Sulfated

sodas 7.43

11/0.0–0.50 Heavy silty
sandy loam 0.69 (MS) 2.98 8.65 0.34 Na, Ca 8.5 10 1.2 Sulfated

sodas 7.62

12/0.0–0.20 Heavy silty
sandy loam 0.37 (MS) 1.67 6.4 0.26 Na, Ca 5.47 11.7 2.13 Sulfated

sodas 7.41

12/0.0–0.50 silty sand 0.94 (MS) 2.87 11.55 0.24 Na, Ca 44.2 28.75 0.65 Sulfated
sodas 8.04

Aishuak

13/0.0–0.20 Heavy silty
sandy loam 0.66 (MS) 4.34 7.78 0.56 Na, Ca 17.9 14 0.78 Sulfated

sodas 7.97

13/0.0–0.50 Heavy silty
sandy loam 0.2 (US) 0.66 0.53 1.24 Na, Ca 1.1 2.5 2.25 Sulfated

sodas 6.92

Notes: table—soil salinity by soil content: US, unsalted; MS, moderately saline; HS, highly saline; and VHS, very
highly saline.
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Appendix C

Table A3. Irrigation water quality assessment depending on granulometric composition of soils.

Groundwater
Deposit

Sampling
Point

Number/Depth
Interval from

Soil
Surface, m

Soil Type

Characteristics and Assessment of Irrigated
Sites According to the Level and Type of the

Soil Salinity Soil
Granulometric
Composition

Characteristics and Assessment of
Irrigation Water Quality

By Salt
Content,

%

Soil Salinity
Type by

Cation Ratio

Soil Salinity
Type by Anion

Ratio

TDS
g/L

Irrigation
Water

Quality
Class

Irrigation
Water

Quality
Assessment

North Aishuak

10/0.0–0.20 Silty light
sandy loam US Ca, Mg Sodas light particle

size
0.42 I nonhazardous

10/0.0–0.50 Silty light
loam MS Ca, Mg Chloride-

sulfate
light particle

size

11/0.0–0.20 Heavy silty
sandy loam MS Mg, Ca Sulfated sodas heavy particle

size
0.29 I nonhazardous

11/0.0–0.50 Heavy silty
sandy loam MS Mg, Ca Sulfated sodas heavy particle

size

Aishuak
13/0.0–0.20 Heavy silty

sandy loam
MS Mg, Ca Sulfated sodas heavy particle

size 1.52 IV hazardous
13/0.0–0.50 US Mg, Ca Sulfated sodas

Mataykum
1/0.0–0.20 Heavy silty

sandy loam HS Na, Mg Sodas heavy particle
size

1.52
III moderately

hazardous

1/0.0–0.50 Silty light
loam MS Na Soda sulfate light particle

size III moderately
hazardous

Myngyr
4/0.0–0.20 Silty light

loam VHS Na Soda chloride
sulfate

light particle
size

2.7
III moderately

hazardous

4/0.0–0.50 Heavy silty
sandy loam VHS Na Soda chloride

sulfate
heavy particle

size IV hazardous

Yanvartsevskoye
5/0.0–0.20 Silty heavy

loam MS Mg, Ca Sulfated sodas heavy particle
size

0.27 I nonhazardous
5/0.0–0.50 Clay MS Mg, Ca Sulfate chloride heavy particle

size

Krasnouralskoye
6/0.0–0.20 Silty sand US Ca, Mg Chloride–

sulfate
light particle

size
1.11 II low-

hazardous
6/0.0–0.50 Silty light

sandy loam US Na, Ca Sulfate chloride light particle
size

Ulanak
7/0.0–0.20 Silty light

loam

MS
Ca, Na

Chloride sodas light particle
size 6.63 IV hazardous

7/0.0–0.50 MS Sulfated sodas

Ulanak,
Zhyngyldy site

8/0.0–0.20 Silty light
loam

MS
Ca, Mg Sulfated sodas light particle

size 1.40 III moderately
hazardous8/0.0–0.50 MS

Ulanak,
Tugorochgan site 0.0–0.20 Heavy silty

sandy loam VHS Ca, Na Sulfated sodas heavy particle
size 4.22 IV hazardous

Notes: table—soil salinity by soil content: US, unsalted; MS, moderately saline; HS, highly saline; and VHS, very
highly saline.
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