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Abstract: The study aimed to determine groundwater’s suitability for irrigation and cattle rearing in
Kuwait. In this regard, groundwater samples were collected from Umm Al Aish (UA) and adjoining
Rawdhatain (RA) water wellfields to develop groundwater suitability maps for irrigation purposes
using the fuzzy logic technique in ArcGIS. RA was dominated by Na-Cl, Na-Ca, and Ca-SO4 water
types, whereas UA was dominated by the Ca-Mg water type. Due to the influence of the temperature
and pCO2, the carbonates were inferred to be more susceptible to precipitation in the soil than the
sulfates. The ternary plots for both regions revealed that the samples’ suitability ranged from good
to unsuitable. Spatial maps of nine significant parameters governing the irrigation suitability of
water were mapped and integrated using the fuzzy membership values for both regions. The final
suitability map derived by overlaying all the considered parameters indicated that 8% of the RA
region was categorized as excellent, while UA showed only 5%. Samples situated in the study areas
showed an excellent to very satisfactory range for livestock consumption. Developing a monitoring
system along with innovative water resource management systems is essential in maintaining the
fertility of the soil and existing groundwater reserves.

Keywords: groundwater suitability; irrigation; fuzzy logic; GIS; water quality; water management;
Kuwait; arid region

1. Introduction

The lack of freshwater availability is the primary challenge in the world’s driest
regions. Water quality is quickly degrading because of the combined effects of the dry
climate and global warming. Climate change has an immediate impact on the amount
and quality of groundwater/surface water in arid and semi-arid regions [1,2]. Studies
on long-term climate change, adopting modeling techniques using land use–land cover
and meteorological parameters, have also yielded similar observations [3]. Additionally,
the water quality is declining due to the rising demand for human consumption and
agricultural purposes. These needs cannot be satisfied by existing water sources, where
water quality is also crucial for farming in many deserts and semi-arid areas [4]. In arid
regions such as Kuwait, evaporation rates are higher due to increased temperatures, lesser
rainfall, and a lack of surface water bodies, and the dependency on groundwater has
increased. Groundwater dependence has not only resulted in increased salinity but has
also depleted the freshwater resources in arid regions [5], thus affecting its utility for
agricultural purposes. Hence, agriculture in arid regions mainly focuses on the availability
of sustainable freshwater resources. Therefore, the need for water in an arid region is
heterogeneous; it varies with utility, availability, and proximity. However, due to increased
rates of evaporation and poor precipitation, groundwater often becomes the main source
for irrigation, despite its inferior quality. Because of this, the use of low- to medium-
quality groundwater for irrigation is becoming increasingly important [6]. The increased
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use of agrochemicals, variability of land use, changes in climate, increase in population,
etc., are a few major factors affecting the groundwater quantity and quality, especially
in arid regions [7]. Further, due to the presence of certain ions at unsafe/harmful levels,
groundwater that is not fit for industrial or drinking purposes may be fit for irrigation
purposes [8,9].

As intensive crop production and irrigated agriculture [10] are rapidly increasing
the water demand, the current groundwater requirements for crop production cannot
keep pace with the demand [11]. This is because farmers, specifically in arid regions,
are forced to use brackish to saline groundwater for irrigation purposes, which has a
high concentration of dissolved salts. In most cases, this leads to crop failure and the
development of saline or sodic soils, requiring expensive remediation to restore their
productivity. In fact, studies have indicated that the extensive practice of pumping brackish
groundwater for agricultural purposes has led to enhanced conductivity values and a
drop in groundwater levels, thus affecting the suitability of the region’s future irrigation
practices [12,13]. Hence, the irrigation suitability should be assessed when the low-quality
water consumption rises.

Kuwait has three agricultural regions: Abdally, Wafra, and Kabd. Brackish ground-
water is used for agriculture in these agricultural regions, with treatment in certain farms.
The brackish groundwater serves as a substitute for irrigation due to the absence of fresh
groundwater resources in Kuwait. This practice of brackish groundwater utilization for
agriculture has been reported globally for food safety [14]. Since brackish groundwater
serves as a source, the type and variety of crops cultivated are limited due to the higher
salinity [15]. Nevertheless, when brackish/saline water is used in an innovative manner,
it may contribute to the production of a variety of salt-tolerant crops. Therefore, brackish
groundwater should be used with caution considering the chemical constituents and their
concentration levels in water [16]. The treated water also results in the generation of brines,
which affect the environment; hence, the cultivation of plants tolerant to the salinity of
groundwater in arid regions is necessary [17].

In Kuwait, the Rawdhatain field (RA) and Umm Al Aish field (UA) are the only known
groundwater fields with exploitable freshwater lenses. About 40 years ago, the groundwa-
ter in RA and UA was reported to range from 205 mg/L to 700 mg/L of TDS [18]. Later, the
RA and UA freshwater lenses were protected with the study of the local conditions, which
included the catchment boundary, size, lithology, rainfall rates, and drainage patterns [19].
Paleoenvironmental studies indicated that the wadis formed under varied environmen-
tal conditions in the Pleistocene transported rainfall runoff and infiltrated to form the
freshwater lenses [19]. The wide catchment area and higher percolation rates have led to
enormous volumes of water to recharge the lenses, despite the high temperatures of the
region. The long-term assessment of groundwater in the RA and UA regions indicated that
a small number of wells around UA were strongly contaminated with hydrocarbons [20],
and these could reach parts of the RA field if no necessary action was taken to prevent
this contaminated plume migration [21]; this was also later confirmed by groundwater
modeling studies [22].

Al-Rashed [23] found that the Sabriya Oil Fields’ seawater pits infiltrated to the
groundwater and thus seawater ingression impaired the groundwater by increasing its
salinity. Hence, these studies suggest that the groundwater of the region needs to be
protected from the infiltration of contaminants. Further, Mukhopadhyay [24] reported
that the infiltration of surface runoff and the leaching of salts and hydrocarbons from the
surface soil resulted in high groundwater TDS levels in Northern Kuwait.

It is worth noting that regions with different groundwater quality are to be mapped
both spatially and temporally in lateral and vertical dimensions to ascertain the use and
manage the resources strategically. A geographic information system (GIS) is a powerful
tool for the monitoring and management of groundwater resources at a local or regional
level, the analysis of water quality, and to provide tangible solutions [25,26]. The basic
chemical parameters in determining the groundwater’s characteristics and its appropriate-
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ness for irrigation purposes include the electrical conductivity (EC), sodium percentage
(Na%), sodium adsorption ratio (SAR), Kelly’s ratio (KR), magnesium hazard (MAR), resid-
ual sodium carbonate (RSC), permeability index (PI), potential salinity (PS), and soluble
sodium percentage (SSP). Many authors have investigated the irrigation suitability of
groundwater (ISGW) based on some of the above-mentioned parameters [27–30]. Several
studies have used fuzzy logic to assess land suitability for yield prediction [31], regions
with promising irrigation water quality [32,33], and regions with fresh groundwater re-
sources suitable for drinking purposes [34]. Apart from spatiotemporal variation studies, a
ternary plot has also been used to integrate four different water quality parameters for the
assessment of irrigation suitability [30].

A bibliometric review on the Scopus database using the keywords (groundwater, irriga-
tion, fuzzy, and GIS) identified 25 research articles. The retrieved file was checked for duplicate
research articles and similar words were merged to derive a meaningful representation in the
plot (Figure 1). The network-based visualization map of the co-occurrence of keywords in the
selected articles, was obtained with the VOSviewer software [35]. Later, filtering the articles
with a minimum of five occurrences resulted in 14 frequently used keywords.
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Figure 1. A network-based visualization map derived from a bibliometric review on the Scopus
database representing the frequency of keywords and their linkages. The size of the circles and
the thickness of the lines are proportional to the number of uses and the frequency of the linkages,
respectively. The colors reflect the chronology of the usage and their linkages.

Irrigation-related groundwater studies using fuzzy logic techniques initially focused
on groundwater using remote sensing techniques. Later, studies concentrated more on
irrigation, GIS, groundwater resources, water supply, water management, and water quality.
Recently, more emphasis has been given to drinking water, groundwater quality, and quality
control. Hence, it could be inferred that fuzzy logic techniques have been very recently
adopted in studying the irrigation suitability of groundwater, as the oldest work in the
database was reported by Dixon [36] for groundwater vulnerability assessment, followed
by studies with an emphasis on irrigation systems and GIS. Recently, more studies on fuzzy
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logic have aimed to unravel the ISGW and focused on drinking water purposes by involving
more related parameters through the analytic hierarchical process (AHP) [32,37,38].

Although the freshwater reserves are being preserved in the RA and UA wellfield
regions, the quality of the resources is reported to be deteriorating [19,39]. Further, there are
no detailed studies investigating the quality and suitability of brackish and fresh ground-
water lenses for irrigation purposes. Thus, studying the hydrogeochemical characteristics
of the region and identifying the wells/zones for ISGW is essential for the development
and application of groundwater resources. Hydrochemical characterization associated with
hydrological inferences is needed to evaluate and manage the groundwater resources [40].
Thus, the formation of policies and governance regarding the risk of damaging the potential
aquifers and available freshwater resources are actions that urgently need to be executed.
Hence, water management considering the future needs of the region is critical in arid
regions for strategic planning.

Study Aims and Objectives

Water is one of the main focuses of the United Nations Sustainable Development
Goals (SDG), particularly for SDG 6 (clean water and sanitation), and it also relates to
agriculture, i.e., SDG 13 (climate change) and SDG 15 (life on land). Thus, the current study
considered the pursuit of these SDGs by using a fuzzy GIS technique to develop a map
of groundwater quality and ISGW. The study also attempted to identify areas suitable
for the purpose of groundwater irrigation and cattle rearing, along with optimizing the
groundwater utilization in the study area.

2. Materials and Methods
2.1. Study Area

Kuwait is an arid region, receiving average rainfall varying from 110 to 120 mm [41].
During the country’s dry hot summers (May to September), the temperature reaches 45
to 50 ◦C, while, in the winter (December to February), the temperature can fall below
10 ◦C [42]. The study area’s RW and UA fields are located north of Kuwait (Figure 2) and
are bounded by latitudes 29◦46′0′′ to 29◦46′0′′ N and longitudes 47◦38′0′′ to 47◦52′0′′ E. The
RA and UA regions, adjoining each other, are reported to have the only known economically
viable freshwater lenses in Kuwait [24]. The RA and UA regions cover an area of 53 km2

and 44.5 km2, respectively. The Rawdhatain Oilfield lies to the southeast of the Rawdhatain
groundwater field, whereas a portion of the Sabriya Oilfield is situated NE of the Umm Al
Aish groundwater field.

The tertiary sediment sequence (Paleogene and Neogene) of Kuwait has been divided
into two main groups [43]. The formation of the Neogene Aquifer System, which is also
referred to as the Kuwait Group Aquifer, occurred during the Pleistocene pluvial. It is note-
worthy that, during this phase, Wadi Ar-Rimah and Wadi al Batin [44] were the mainstream
channels. The Dibdibba Formation (Upper Miocene to Pliocene), Fars Formation (Middle
Miocene), and Ghar Formation (Lower Miocene) are the three formations that make up the
Neogene Aquifer System. Moreover, the oldest group that is found to be overlain by the
Kuwait Group is the Hasa Group, where it consists of the Dammam Formation, Umm Er
Radhuma Formation, and Rus Formation [45]. Additionally, the Hassa Group, which is
made up of Paleogene rocks, and the Neogene Formations, which are overlain by Quater-
nary sediments, are separated by a disconformity layer [44]. The Dibdibba Formation is
characterized by the presence of fresh groundwater lenses in the northern area of Kuwait.
Further, the Dibdibba Formation is generally defined by two main units. The first unit is the
Pliocene–Pleistocene (upper unit), composed of gravel, sand, and gypsiferous cement. The
second unit is the Miocene–Pliocene (lower unit), which contains pebble-sized sandstone
cemented with chalky carbonates [22].
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Umm Al Aish (UA) regions. The northwestern region in the figure indicates the RA wellfield and the
southeastern region represents the UA wellfield.

In general, the Neogene Aquifer System is considered an unconfined aquifer, although,
in deeper layers of the aquifer, confined conditions may exist. The Neogene Aquifer System
was recharged during the cold–humid period based on isotopic data, and it dates back
to 30,000 years ago [22,44]. An analysis of more than 75 pumping tests carried out by the
Ministry of Electricity and Water (MEW) in the study area for aquifer evaluation suggests
that the transmissivity ranges between eighty thousand and twenty-six thousand gallons
per day per foot, with a storage coefficient of 5.1 × 10−6 to 0.13 × 10−4 [46]. Hence, the
transmissivity values that have been documented in Kuwait from the southwest to the
northeast are 1.15 × 10−4 m2/s and 1.73 × 10−2 m2/s, respectively [22]. In addition, the
hydraulic parameters of the same system vary widely according to the saturated thickness
and lithological differences, ranging from 0.24 to 21 m per day, with an average value of
7.40 m per day [47].

For the studied wells in RA, the water level ranges from 29.4 to 38 mbgl, and the well
depth ranges from 31 to 76 m. In the UA wells, the water level ranges from 17.3 to 29.1
mbgl, with a well depth of 22.4 to 57 m, covering only the top part of the Kuwait Group in
both fields. The water level ranges from 2.4 to 8.4 m (amsl) in RA and from 6.2 to 16.5 m
(amsl) in UA, reflecting the change in topography, where it has been recorded that the
groundwater in Kuwait flows from SW to NE [48].

2.2. Sample Collection and Analysis

Thirty UA groundwater wells and thirty-eight RA groundwater wells were chosen for
sampling. Using disposable Teflon bailers, a total of 68 samples were collected from the
monitoring wells. All the samples were transported to the Water Research Center (WRC),
Kuwait Institute for Scientific Research (KISR), and filtered before analysis. Temperature,
electrical conductivity (EC), and pH analysis was conducted onsite and in the WRC labora-
tory by means of calibrated meters of a portable type. The analysis of total dissolved solids
(TDS), cations of Ca2+, K+, Mg2+, Na+ type, and anions of HCO3

−, Cl−, Br−, F−, NO3
−,

and SO4
2− were determined using the Standard Methods for the Examination of Water and

Wastewater (SMEWW) and American Society for Testing and Materials (ASTM) standard
methods. All the major ions (except HCO3) were analyzed with an ion chromatograph;
calibration, duplication, standard checks, and certified reference materials were applied to
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the analytes as part of the quality control (QC) and quality assurance (QA). The HCO3 was
determined by the sulfuric acid titration method.

Ternary plots were developed for both the sampling locations using the SAR, EC,
Na%, and PI values in AQUACHEM. The values of the parameters used for the study were
calculated using the CHIDAM software [49], considering the analytical data of groundwater
from both the wellfields. The saturation indexes (SIs) of carbonate and sulfate minerals,
and their variation with respect to a temperature change from 5 to 50 ◦C, were determined
in the PHREEQC software [50]. Based on the literature review summarized in a recent
study [30], nine typical parameters, namely EC, Na% [51], SAR [52], KR [53], MAR [54],
RSC [52], PI [55], PS [56], and SSP [57], were selected in the current study to validate
the irrigation suitability of the groundwater. The recommendations of the Food and
Agriculture Organization (FAO) [58] were considered to study the groundwater’s suitability
for livestock.

2.3. Geospatial Analysis Using Fuzzy Membership

Fuzzy logic membership [59] is a technique that enables the semantic descriptions of
experts to be transformed into a numerical spatial model that forecasts the suitability zones
of a certain parameter. Using a scale of 0 to 1, the fuzzy membership technique evaluates
the input data depending on how likely they are to be part of a detailed set [60].

Any of the functions and operators of the Spatial Analyst extension tool in ArcGIS can
be used to change the input data, reclassifying them to a 0 to 1 scale. The values of fuzzy
membership for the current study were obtained by adopting the fuzzy linear membership
function. The spatial maps of the fuzzy membership were developed using the inverse
distance weighted (IDW) interpolation method. Using the Fuzzy Overlay tool, all the fuzzy
membership maps were merged into a single integrated map for the studied regions. The
ArcGIS software was also used to plot the groundwater level, ground elevation, and depth
to water level along with the flow direction of the groundwater. The fuzzy gamma 0.9
operator was used in this study to overlay the maps, due to its ability to vary the amount
of decreasing and increasing effects [34,61]. The schematic approach of fuzzy GIS adopted
for the development of the map for ISGW is represented in Figure 3.
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3. Results and Discussion
3.1. Hydrochemistry

The maximum, minimum, and average values of all the chemical constituents of the
groundwater samples for the RA and UA fields are listed in Table 1.

Table 1. The results of physical and chemical analyses of the groundwater samples (mg/L is the unit
for all parameters except electrical conductivity (EC) (µS/cm) and temperature (◦C)).

Parameter Rawdhatain (RA), n = 38 Umm Al Aish (UA), n = 30

Max Min Avg Max Min Avg
Ca2+ 639 14.0 201 2802 35.3 349
Mg2+ 121 1.10 30.0 365 1.10 48.8
Na+ 2932 21.2 502 6828 16.0 666
K+ 22.3 0.30 5.00 39.8 3.00 11.2
Cl− 2385 16.0 514 15,244 30.0 1191

HCO3
− 318 19.0 131 420 13.0 168

NO3
− 113 1.50 38.1 94.3 1.20 23.0

PO4
3− 1.10 <0.01 0.10 1.70 <0.01 0.20

SO4
2− 5042 21.0 857 4039 72.1 761

TDS 9040 328 2196 27,821 397 3078
EC 14,130 512 3222 43,470 621 4809
pH 9.20 6.80 7.70 8.80 6.90 7.60

Temperature 32.0 26.0 29.4 31.0 28.0 30.0

The pH of the RA samples ranged from 6.80 to 9.20, while that for UA ranged from
6.91 to 8.80. Although the RA samples tended to be more alkaline, both the study areas had
a similar average pH, with 7.60 and 7.70. Groundwater tends to be alkaline, owing to the
presence of HCO3 percolated through rainfall runoff and aided by eroded soil [62]. The TDS
of the RA and UA fields ranged from 328 to 9040 mg/L and 397 to 27,821 mg/L, respectively.
There are a multitude of causes of the high TDS concentrations in groundwater, but the
marine influence on geological formation and sabkhas is the most plausible explanation
(the Arabic word sabkha describes both coastal and inland salt flats with the same meaning).
Sabkha soil typically contains four to six times the amount of salt found in the seawater of
the region [63]. Moreover, a dry climate, increased irrigation, and less rainfall recharge also
contribute to elevated TDS levels [64]. The salinity also increases when water infiltrates a
salty surface to reach the water table.

3.2. Mechanism Controlling the Type and Chemistry of the Groundwater

Earlier studies on the hydrochemical classification of UA groundwater performed by
Robinson and Al-Ruwaih [18] identified the following four major groundwater groups:
group 1, calcium bicarbonate water type in which Na > Cl; group 2, calcium chloride water
type in which Na > Cl; group 3, calcium sulfate water type in which Na > Cl; group 4, calcium
sulfate water type, with Cl > Na. In the present study, however, the southern and eastern
parts of the RA and UA fields indicated the predominance of the Na water type, whereas
the western and the northern areas were represented by the Ca water type (Figure 4). RA is
mostly dominated in the east by Na-Cl, and in the north and south by Na-Ca and Ca-SO4
water types. However, Na-Ca is the dominant water type throughout the UA area, except for
the southwestern part, where it is dominated by the Ca-Mg water type.



Water 2023, 15, 2674 8 of 25
Water 2023, 15, x FOR PEER REVIEW 9 of 26 
 

 

 
Figure 4. Spatial map showing the different water types of (A) RA and (B) UA fields, where the 
eastern part is dominated by Na-Ca and Na-Cl water types in both wellfields. 

3.3. Saturation Index 
Compounds with values exceeding the solubility limits are most likely to precipitate, 

especially sulfates and carbonates. An increase in ions has a direct relationship with the 
saturation of minerals. However, the mixed precipitation of salts has not been determined 
with a definite pathway due to the non-availability of thermodynamic data for mixed or 
co-precipitation condition [68,69]. Authors have indicated that the presence of minor 
amounts of one compound may hinder the precipitation kinetics of another compound 

Figure 4. Spatial map showing the different water types of (A) RA and (B) UA fields, where the
eastern part is dominated by Na-Ca and Na-Cl water types in both wellfields.

By exchanging Ca2+ for Na+, the water is softened [65]. A 2001 study by Hidalgo and
Cruz-Sanjulián [66] stated that the cation exchange mechanisms are typically indicated by
the Na-HCO3 water type [67]. The term “exchange waters” is used to describe bodies of
water in which the HCO3

− concentration is greater than that of the alkaline-earth cations
(Ca2+ + Mg2+) [67]. As a result of the exchange interaction with the exchange sites, the Na+

ions together with excess bicarbonate ions are released into the groundwater.
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A correlation was found between the Na-SO4, Ca-Cl, and Ca-SO4, water types and
samples with NO3

− pollution. Groundwater samples of the Na-Ca-Cl-SO4 and Ca-SO4-Cl
type were mainly due to interactions between rock and water (gypsum dissolution), and
the exchange of ions. Both evaporation and the ion exchange process influenced the facies,
as shown by the Na-Ca-SO4-Cl and Na-Ca-Cl-SO4 types.

3.3. Saturation Index

Compounds with values exceeding the solubility limits are most likely to precipitate,
especially sulfates and carbonates. An increase in ions has a direct relationship with the
saturation of minerals. However, the mixed precipitation of salts has not been determined
with a definite pathway due to the non-availability of thermodynamic data for mixed or co-
precipitation condition [68,69]. Authors have indicated that the presence of minor amounts
of one compound may hinder the precipitation kinetics of another compound [68,69]. The
solid form of a compound/mineral may contribute ions to the salt formation by the process
of dissolution or behave similarly to a germination seed or as an adsorbent [70,71].

In general, the irrigated water salinity is related to biomass production and evapo-
transpiration. The yield of a crop is noted to be higher when there is a decrease in salinity
and an increase in evapotranspiration [72,73]. The pores between the soil particles are
generally clogged due to the precipitation of salts in these spaces, thereby increasing the
bulk density. Thus, the soil salinity and the crop yield are mainly influenced by salt for-
mation [74,75]. This situation is common in arid regions such as Kuwait, with increased
rates of evaporation and irrigation with brackish water. The prolonged practice of using
brackish groundwater for irrigation increases the salinization of the soil, thus affecting the
permeability and crop yields. In this regard, the SI of a mineral provides the probability of
salt precipitation on the soil based on the groundwater composition. Hence, the saturation
states of carbonates (calcite, aragonite, and dolomite) and sulfates (gypsum and anhydrite)
were determined for the analyzed samples.

The minerals of carbonate, aragonite, calcite, and dolomite, along with sulfate minerals
like anhydrite and gypsum, were studied for variations in the SI values with respect to
annual temperature fluctuations in Kuwait (5–50 ◦C) (Figure 5). The SI of anhydrite in UA
(Figure 5A) at 5 ◦C varied from >−2.5 to <0.4, but an increase in temperature to 50 ◦C in
the groundwater tends to increase the SI to range from >−2.0 to saturation around zero
values. However, no significant variation was noted with the gypsum composition. All
carbonate minerals reflected an increase in SI values with an increase in temperature from
5 to 50 ◦C. The lowest SI value for aragonite at 5 ◦C was noted to be −0.3, and, at 50 ◦C, it
was calculated as 0.01. Similarly, the value of aragonite increased from 0.6 to 0.8 with an
increase in temperature from 5 to 50 ◦C. Relatively, a greater increase in the SI of calcite was
observed for a similar increase in temperature. The highest increase in the SI with regard to
a rise in temperature was noticed for dolomite, tending towards supersaturation at 50 ◦C.
Hence, there is a greater probability of the precipitation of dolomite at higher temperatures,
followed by calcite and aragonite. However, at low temperatures, calcite tends to precipitate
first, followed by aragonite and then dolomite. The SIs of sulfate minerals, irrespective of
temperature variation, are noted to shift between saturated and undersaturated states, so
they are less likely to be precipitated in soil. Groundwater samples from RA also showed a
similar trend (Figure 5B) for all the studied minerals, but with relatively smaller ranges of
SIs at both higher and lower temperatures compared to UA.

The partial pressure of carbon dioxide (pCO2) governs the formation of carbonate
salts along with the chemical composition of the groundwater and the temperature. The
samples from the RA and UA fields had log pCO2 values above the atmospheric value
(10−3.5) [76] of pCO2 computed for groundwater samples, ranging from 10−4.46 to 10−1.48

and from 10−4.8 to 10−1.61, respectively. The decomposition of organic matter and plant
root respiration in the top soil leads to an increase in the pCO2 of the infiltrating water
compared to that of the atmosphere (10−3.5). Thus, the soil carbon dioxide may easily enter
the groundwater system [77]. The pCO2 value in a closed system is >10−2.5 [78,79] and
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it governs the saturation states of carbonate minerals in groundwater. The pCO2 of the
Kuwaiti rainwater studied for a period of five years (2018–2023) ranged from 10−3.81 to
10−2.29, with an average of 10−2.86 in 2018; it ranged from 10−3.50 to 10−2.05 with an average
value of 10−2.86 in 2019 [42], and from 10−4.29 to 10−2.09 with an average value of 10−3.15 in
2022, reflecting a higher value than the reported atmospheric pCO2 (10−3.5), indicating that
carbonates remained in the solution due to the regional atmospheric pCO2 levels, in certain
samples from the study area. However, at higher atmospheric temperatures and under the
variation in the thermodynamic nature of the solution, carbonates are forced to precipitate.
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The undersaturation of calcite, dolomite, and aragonite was observed in the samples
due to the higher atmospheric pressure of the dissolved CO2, irrespective of the wellfield.
The dissolution of carbonates is prominent under pCO2-rich conditions and the reverse
reaction precipitates CaCO3 when CO2 escapes from the solution, either due to variations
in pressure or variations in temperature, leading to the lowering of the pH. The pCO2,
a significant factor in weathering, favors carbonate weathering, which is responsible for
the higher HCO3 concentration [80]. As a result of a rise in HCO3

−, Mg2+, and Ca2+
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concentrations due to evaporation and mineral breakdown, groundwater becomes slightly
supersaturated with regard to dolomite and calcite [80].

Due to the presence of secondary minerals inside the host rock, such as calcite and
dolomite, the geochemistry of groundwater is more complicated. Cation exchange between
groundwater and clay minerals and the dissolution and precipitation of secondary car-
bonate minerals impact the groundwater chemistry. High levels of bicarbonate in some
waters might cause toxicity due to a lack of iron [81]. CaCO3 precipitation from these
groundwaters reduces the dissolved Ca2+ concentrations, boosting the SAR and thereby the
soil exchangeable Na+ [81]. In the study, the groundwater was subsaturated with gypsum
and anhydrite, which is consistent with the lack of evaporites in the area, except for the
presence of gypsum in the Lower Fars and Ghar Formation [82]. The disintegration of the
gypsiferous formation of the aquifer is the source of the salinity [83]. The precipitation of
gypsum is rather straightforward as it depends on the Ca2+ and SO4

2− concentrations at a
given pressure and temperature. The concentration of Ca2+ may be altered by the removal
of this ion during the formation of carbonates, as it leads to the common ion effect [84].

3.4. Irrigation Suitability Plot

In general, if the EC of groundwater ranges from 1000 to 2000 µS/cm, it is likely to
be of good quality. Apart from EC, parameters that indicate its suitability for agricultural
purposes are Na%, SAR, and PI. The samples of RA represented four categories, reflecting
a few samples with low suitability for agricultural purposes. Similarly, samples of UA
were also represented in all four categories, but only one sample was observed in the
unsuitable category (Figure 6) as the EC was >10,000 µS/cm. It was also noted that
although the EC was higher in a few samples, the samples fell under the moderate, good,
and doubtful categories. Moreover, it was observed that samples with EC ranging from
2000 to 5000 µS/cm and 5000 to 10,000 µS/cm were classified as good to moderate, which
could be due to their higher Ca2+ and Mg2+. Similarly, samples falling into the doubtful to
unsuitable categories had higher Na% [30].
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Figure 6. Ternary plot of RA and UA groundwater samples to determine suitability for irrigation
purposes using EC, sodium percentage (Na%), sodium adsorption ratio (SAR), and permeability (PI).

3.5. Fuzzy GIS Maps and Irrigation Groundwater Quality Indices

The ISGW parameters used for the classification and determination of the fuzzy
membership values were determined based on previous studies [30] (Table 2). In RA, based
on the EC classification [85], only 7.8% of the samples were categorized as good, 36.8%
were permissible, 36.8% were doubtful, and 18.4% were unsuitable. The EC map showed
high fuzzy membership values in the southern part, which were identified as unsuitable,
with small patches of lower values reflecting good suitability in the north (Figure S1).
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Table 2. Summary of the classification of fuzzy membership values adopted for the determination of
irrigation water quality indices.

Rawdhatain Umm Al Aish

Parameter Result Classification Fuzzy Membership
Classification Result Classification Fuzzy Membership

Classification

EC 512–750 Good <0.017
<750 Good <0.003

750–2250 Permissible 0.003–0.037
750–2250 Permissible 0.017–0.128 2250–5000 Doubtful 0.037–0.108

>2250 Doubtful 0.128–1 >5000 Unsuitable 0.108–1

KR <1 Safe <0.064 <1 Safe <0.381
>1 Unsafe 0.064–1 >1 Unsafe >0.381

Na% <20 Excellent <0.021 <20 Excellent <0.200
20–40 Good 0.021–0.296 20–40 Good 0.200–0.512
40–60 Permissible 0.296–0.560 40–60 Permissible 0.512–0.821
60–80 Doubtful 0.560–0.836 60–80 Doubtful 0.821–1
>80 Unsuitable 0.836–1

PI 51–75 Good 0.860–1 51–75 Good 0–0.552
>75 Suitable <0.860 >75 Suitable >0.552

PS 1.3–3 Suitable <0.013 <3 Suitable <0.003
3–15 Moderate 0.013–0.114 3–15 Moderate 0.003–0.027

15–20
Unsuitable

0.114–0.157 15–20
Unsuitable

0.027–1
20–120 0.157–1 >20

SAR 0.6–10 Excellent <0.325 <10 Excellent <0.301
10–18 Good 0.325–0.592 10–18 Good 0.301–0.554
18–26 Fair 0.592–0.916 18–26 Fair 0.554–0.792
26–29 Poor 0.915–1 >26 Poor >0.792

SSP <20 Excellent <0.037 <20 Excellent <0.210
20–40 Good 0.037–0.306 20–40 Good 0.210–0.517
40–60 Permissible 0.306–0.570 40–60 Permissible 0.517–0.823
60–80 Doubtful 0.507–0.834 60–80 Doubtful 0.823–1
>80 Unsuitable 0.834–1

MAR 4.4–18
Safe 0

0.7–14
Safe 018–31 14–27

RSC <1.25 Good 0 <0.2 Good 0

In UA, EC classification showed that only 3% of the samples were categorized as good,
50% as permissible, 23% as doubtful, and 23% as unsuitable. The EC fuzzy membership
maps (Figure S2) showed that only small patches located in the north and southwest
were suitable for irrigation use. The TDS results showed that out of the 30 samples,
only 9 samples were freshwater and 21 were brackish. The major and minor ions in
irrigated water serve as macro- and micronutrients for the growth of plants [86]. Higher
concentrations of ions such as Na+ and Cl− affect the salinity and soil permeability, reduce
crop yields, and hinder plant growth [87–89]. The Na+ concentration is observed to be
higher in brackish/saline waters and treated wastewater [90]. Ozturk [75] recommends
the limitation of the usage of RO water with higher Na+. Higher EC, indicative of high
salinity, results in a drought scenario, where plants fail to compete with different ions
in the soil [27]. The soil structure and crop growth are critically impacted by EC when
irrigation water contains high salinity [91]. The higher EC concentration may be due to the
process of weathering of rocks, leaching, and salt dissolution during rainfall. An increase
in the salinity in water leads to a higher ionic concentration around the roots and the
impact of osmotic processes in this zone, resulting in changes in biochemical and metabolic
processes [92,93]. The irrigation of brackish groundwater with higher salinity increases the
rate of chlorophyll degradation, prevents the synthesis of proteins, and inhibits the activity
of enzymes and rates of photosynthesis [94].



Water 2023, 15, 2674 13 of 25

The cationic ratio between the alkaline and alkaline-earth elements, where Na+ is
considered as the main alkali, is referred to as Kelly’s ratio (KR). The KR determines the
ISGW based on the concentration of Na+ and that of Ca2+ and Mg2+ ions [53,95]; K+ is
often neglected due to lesser concentrations. This ratio determines the excess sodium in
the cations, such as Na%, indicating the probability of salt formation, thereby affecting the
soil properties and crop yield. Na+ ions adsorb onto clay particles at high concentrations,
expelling Mg2+ and Ca2+ ions. Substituting Na+ for Ca2+ and Mg2+ causes the soil to
have a weak internal channel and reduces water and air movement in wet conditions [96].
Drought conditions cause the soil to harden into unworkable clods that destroy crops.
According to the KR, only 44.7% of samples in the RA region were considered safe and
fit for irrigation use. The fuzzy membership map of the KR in RA indicated that higher
values were represented in the central and southern parts of the region (Figure S1). The
northern part of the region had lower values, indicating that it was suitable for irrigation
use. Similarly, in UA, 43% of samples were considered suitable and safe for irrigation based
on the KR. It was observed from the KR fuzzy maps (Figure S2) that low membership
values were only present in the NW and SW regions.

A negative impact on crop cultivation is reported due to the volume of water held
between clay and excess Mg2+ [92], which increases the alkalinity, reducing the percolation
rate by damaging the soil structure [97]. The crop yield can also be affected by the increase
in soil alkalinity developed by excess Mg2+ in water, and it is referred to as the magnesium
hazard [98]. Stomatal changes, leaf burn, and the varying uptake of Ca and Mg are
associated with higher concentrations of these ions in brackish or RO brines, also modifying
the osmotic variations to regulate the plant uptake of water [99]. Calcium and magnesium
ions are usually balanced in groundwater [100], but they act differently in soil. Especially
in brackish to saline water, the exchange of Mg2+ with Na+ in irrigated soils disperses
soil assemblages and damages the soil structure [101], thus reducing crop yields [102,103].
In the RA field, all samples in the region were placed in the suitable category based
on the MAR classification [104]. The MAR fuzzy membership map showed that the
groundwater in the region was suitable and safe for irrigation (Figure S1). Similarly, the
MAR values of groundwater samples in the UA field indicated that it was suitable and
excellent for irrigation. The fuzzy membership maps of the MAR (Figure S2) revealed that
the membership values were low throughout UA.

Similarly, the parameters associated with high Na+ in groundwater, such as SAR
and Na%, can also reduce the permeability of the soil and the water-absorbing capacity
of crops [91]. Soil properties are generally affected by sodium, especially by SAR [105].
The relative percentage of Na+ to that of other cations in irrigated water affects crops
and the soil structure. The permeability, soil aeration, and physical structure of soil are
affected by higher Na% in irrigated water [106]. Higher Na+ in water may be due to its
brackish nature or derived from the pressure of ion exchange, the dissolution leaching of
anthropogenic salts, or even agrochemicals or the intrusion of seawater in coastal regions.
The sodicity issue is linked to permeability in the Food and Agriculture Organization
(FAO) recommendations [58]. Regions with excess Na+ in their groundwater produce
crops with inadequate water due to low infiltration rates resulting from the poor hydraulic
conductivity of the soil. Montmorillonitic clays are more sensitive to Na+ than in kaolinite
regions. Because sodium ions (Na+) are adsorbed onto soil exchange sites, they cause
nonhomogeneous aggregates and thus decrease the soil permeability [107]. The potential
effect of Na+ may be slightly amplified in Mg2+-dominated water, especially when Mg/Ca
is >1 [80]. The Na% indicated that only 2% of the RA groundwater was excellent for
irrigation use, whereas 28.9% fell within the good category, 21% in permissible, with 23.6%
in the doubtful and unsuitable categories [85]. The fuzzy map of Na% showed that low
membership values were seen in the northern part of the RA region, along with some
small patches in the central part of the area (Figure S1). Thus, the samples from the central
part of the RA field were considered permissible, whereas those along the eastern and
southeastern parts were considered unsuitable for irrigation purposes.
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In UA, according to the Na%, samples were categorized as excellent (2%), good
(26%), permissible (30%), and doubtful (36%). From the fuzzy maps of Na% (Figure S2),
it was observed that good groundwater was detected in the southwest, with moderate
membership values in the central part of the UA field. Moreover, the eastern part of the
region showed unsuitable groundwater quality for irrigation use.

Seedling growth is affected by decreasing soil aeration [86], which may also result
from the irrigation of the soil with water with higher ionic concentrations [108]. The
index of permeability is typically compared to the total concentration of ions, and if the
index value exceeds 75%, the sample is suitable and fit for irrigation, while less than
25% is considered unsuitable [109]. Soil permeability is reduced, and hardening occurs
with higher salt concentrations in the surface and on the pore spaces [110]. As stated
earlier, the inability of plants to absorb water and nutrients via osmotic processes and
metabolic responses is another route by which high salinity can harm plant growth [101].
Soil permeability and water quality for irrigation are influenced by the long-term presence
of sodium, calcium, magnesium, and bicarbonate ions [111]. Most of the RA samples
(55%) fell under the good category, with 42% being classified as suitable and only 2.6%
in the unsuitable class. Furthermore, the fuzzy map of PI showed that RA was mostly
characterized by low membership values, and high membership values were only observed
in the southeastern part (Figure S1). However, among the UA samples, only 10% were
found to be suitable and 83% of the samples represented the good category, whereas only
6% of the samples were unsuitable. The fuzzy membership map of PI (Figure S2) showed
that the entire region was represented by low membership values, reflecting the suitability
for irrigation in the UA area.

The potential salinity parameter Is specifically determined by the groundwater chlo-
ride ions containing half of the sulfate ions. Since chloride is a strongly electronegative
ion, it facilitates the conductivity of water and then associates with other ions in arid envi-
ronments to form salts. In RA, the PS values indicated that only 5% of the samples were
suitable, 31.5% were moderate, and 63% were considered unsuitable for irrigation [56]. In
addition, the PS fuzzy map showed low to moderate membership values along the northern
part of the RA area, with minor patches in the central and southern parts (Figure S1). In the
UA region, however, only 3% of the samples were suitable, 50% moderate, and 46% were
considered unsuitable for irrigation based on the PS values [56]. In the fuzzy map of PS
(Figure S2), most of the membership values were high, except for a small portion along the
northern and southwestern parts of UA that had low membership values.

The surplus of carbonates or bicarbonates in irrigated water may result in the formation
of salts, which precipitate in the soil pore spaces, thereby affecting its permeability, as
reflected by the SI values of the carbonate minerals. The excess HCO3 relative to Ca2+ and
Mg2+ tends to precipitate as NaHCO3 in the irrigated soil, affecting the soil fertility and thus
the crop yields [112,113]. Water classification for irrigation according to the residual sodium
carbonate [52] in the RA region showed that only 7% of the groundwater samples were
in the medium category, and the rest (92%) was observed to represent the good category.
The RSC spatial map showed that higher fuzzy values were represented in the entire RA
region (Figure S1). Moreover, in the UA region, the RSC values and fuzzy membership
map (Figure S2) revealed that all the groundwater samples were suitable for irrigation use.

The sodium absorption ratio can be used to evaluate the sodium in excess compared
to magnesium and calcium, which decreases the permeability of the soil, resulting in water
limitations for plants. An increase in SAR can reduce the water absorption capacity of
plants [92], in addition to the impact on the soil structure and fertility. The irrigated water
based on SAR was classified as unsuitable, doubtful, good, and excellent, based on the
values of >26, 18–26, 10–18, and <10, respectively. The irrigation of plants with sodium-
enriched water results in ion exchange reactions with Ca2+ and Mg2+ [78]. However,
sodium that is bound to the adsorption sites on clay particles is generally released during
irrigation with Ca-enriched water. According to the SAR classification [52], most of the
RA samples (63%) were in the excellent category, with 21%, 13%, and 2% in the good, fair,
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and poor categories, respectively. The spatial map of SAR showed that the RA region was
predominantly characterized by low fuzzy values, with a minor representation of high
membership values in the east (Figure S1). Similarly, most of the UA samples (83%) were
excellent for irrigation, whereas 6% were good, 6% were fair, and only 3% were in the
unsuitable category. The SAR spatial distribution map (Figure S2) showed that most of the
UA area had low fuzzy values, with a minor representation of high membership values
along the eastern part of the area.

According to the classification of SSP [57], 2.6% of the RA samples were considered
excellent, 28.9% good, 21% permissible, 23.6% doubtful, and 23.6% unsuitable. The fuzzy
membership map of SSP in the RA region (Figure S1) showed that lower values were only
noticed in the north, and they gradually increased towards the southeast. Similarly, the SSP
values in UA showed that 10% of samples had excellent suitability, whereas 26.6% were
good, 26.6% were permissible, and 36.6% were doubtful for irrigation use. Furthermore,
the fuzzy membership map of UA (Figure S2) showed low values along the southwestern
part of the area, with a gradual increase in value towards the eastern part of the area.

3.6. Final Fuzzy Overlay Map

In order to identify contamination levels, contaminated regions, and sources, and to
map the extent of the contaminated areas, groundwater quality evaluation and spatial
mapping using GIS approaches are required [114,115]. For this purpose, researchers
across the world rely on inverse distance weighting (IDW) interpolation [30,37,116]. The
fuzzy membership maps for the considered parameters were overlaid to create a final
groundwater suitability map for irrigation purposes (Figure 7). Based on the values of
fuzzy membership, the groundwater suitability for irrigation purposes was categorized
into four classes: excellent, good, moderate, and poor.

In the final overlay map of the RA region (Figure 7A), the excellent to good ISGW was
dispersed from the northern to the southern parts, whereas medium to poor groundwater
quality was predominantly observed along the eastern portion of the wellfield. However,
in the UA region (Figure 7B), suitable zones of excellent to good ISGW were observed in
the northern and eastern portions of the wellfield and the suitability gradually changed
from moderate to poor towards the east and south of the area.

The final fuzzy overlay map of the RA field revealed that the region was categorized
as excellent (8.36%), good (56.64%), medium (32.17%), and poor (2.81%). Meanwhile, the
UA field was categorized as excellent (5.90%), good (46.50%), medium (29.70%), and poor
(17.70%) (Table 3). Hence, the final overlay map of these two wellfields indicated that
samples from the RA wellfield were relatively more suitable for irrigation purposes.

Table 3. Area coverage of the Rawdhatain and Umm Al Aish regions and their water suitability
categories.

Category Rawdhatain Umm Al Aish

Area (sq km) Percentage Area (sq km) Percentage
Excellent 4.44 8.40% 2.64 5.90%

Good 30.1 56.6% 20.76 46.5%
Medium 17.1 32.2% 13.25 29.7%

Poor 1.50 2.81% 7.93 17.7%
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Figure 7. Final fuzzy overlay map of (A) Rawdhatain and (B) Umm Al Aish regions, depicting the
spatial distribution of different categories of groundwater for irrigation purposes (excellent, good,
medium, and poor).

3.7. Livestock Suitability

The health of biota can be deteriorated by the prolonged usage of drinking water with
high salinity, and it can even lead to mortality [117]. Due to the high salt content of ground-
water, desalination units are used by local poultry farms. The suitability of groundwater for
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animal rearing based on the salinity in the research area [58] was studied (Figure 8). The results
indicated that among the 38 samples from RA, only 36 samples were rated as excellent (28.9%)
and very satisfactory (52.6%) for livestock and poultry, whereas 13.1% were satisfactory for
livestock and unfit for poultry. Similarly, out of the 31 samples from UA, 27 samples were
rated as excellent (26.6%) and very satisfactory (46.6%) for all classes of poultry and livestock,
whereas 13.3% were considered satisfactory for livestock and unsuitable for poultry, 10%
could be considered for limited use for livestock and unsuitable for poultry, and 3.3% were
not recommended for livestock and poultry consumption.

Figure 8. Groundwater samples in UA and RA compared to the classification of Ayer and Westcot [58]
regarding groundwater quality for livestock and poultry.

The composition of the diet has a considerable impact on the water salinity tolerance for
goats and sheep [118,119]. Sheep and goats have different water salinity tolerances [118,119].
Sheep of different breeds and sizes should be provided drinking water with TDS generally
lower than 5000 mg/L [117] (lactating females, dry adults, and young). EC of 6000 to
10,000 µS/cm for young and 9300 to 21,800 µS/cm is suggested as optimal for goats
(dry adults) [117]. However, water with EC higher than 10,000 µS/cm should be used
with caution. Under these circumstances, sheep and goats could use 97% and 90% of the
groundwater samples from the RA and UA fields for drinking purposes, respectively.

3.8. Management of Brackish Groundwater

Since water is scarce and unevenly distributed, globally, eighteen countries are con-
sidered to be at “serious risk” [120]. Fifteen of these countries are in the Middle East.
Water resource management is becoming increasingly difficult because of national devel-
opment, irrigated agriculture, and water competition between urban areas, farming, and
industry [121]. Groundwater has been seriously disrupted from its normal state due to
irregular rainfall, scant recharge, and uncontrolled abstraction patterns, leading to the
major depletion of underground aquifers and long-term water quality issues.

The demand for food and water increases with the population [122]. The salinity of
groundwater used for irrigation may also lead to seed dormancy [123]. The selection of
appropriate crops can offer a solution to soil salinity issues [124]. The salinity thresholds
for different crops vary and thus suitable crops can be identified based on the soil fertility
and electrical conductivity of the groundwater, although certain glycophytes [125], such
as coconut, are moderately salinity-tolerant. The quantity of water used and the value of
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the threshold limit of salinity can be helpful in the utilization of brackish groundwater
for irrigation. Similarly, the different crops grown annually have different criteria with
respect to salinity and demand [126,127]. One of the main types of salt-tolerant crops are
halophytes [128], which could be used for several purposes. The cultivation of halophytes
could be a viable solution for disposed inland RO reject brines and brackish groundwater.

Certain plants used for animal feed, with more nutrients and carbohydrates, such as
forage cactus, can be cultivated with brackish groundwater individually or in integrated
multiple agricultural systems, along with aquaculture or through intercropping with Gliri-
cidia [129,130]. The yields of crop are increased without the formation of salts in the soil
and water use can be maintained through supplemental irrigation techniques. This method
also enhances the rate of photosynthesis. The hydroponic production of tilapia can be
performed under salinity with minimal water requirements [131]. Integrated systems in-
volving halophytes such as forage cactus and seedling production to supplement irrigation
along with pisciculture can be considered for brackish groundwater agriculture [131].

3.9. Fit for Purpose (FFP)

Brackish and freshwater mixing can be considered for certain crops that are salt-
tolerant, such as cotton, but is not appropriate for freshwater-dependent crops such as
corn [132]. Management strategies can also consider the utility of the available water
resources based on their quality, referred to as “fit for purpose” (FFP) [133,134]. The FFP
method addresses the UN’s Sustainable Developmental Goals by advocating for the use
of recycling [135], the integration of different management techniques to sustain water
resources [136], the implementation of water policies and modeling techniques [137], con-
sideration of the use of the available water resources [138], and desalination and wastewater
treatment [139]. Recent studies have tried to integrate these resources to address the FFP in
water management and governance strategies as a step towards achieving SDG 6.

Developing a new water management system that takes into account rising tempera-
tures, shifting precipitation patterns, along with shifts in the volume and distribution of
rainfall is essential to satisfy future global water needs. To find workable and generally
accepted water resource allocation solutions for different users and to speed up the devel-
opment of non-conventional water resources, such as water reuse and the desalination of
seawater, future studies should focus on innovative water resource management systems
such as integrated water resource management (IWRM) [140]. The insitu monitoring of
soil and water in irrigated regions is a basic requirement for planning and management
strategies.

4. Conclusions and Limitations

The salination of soil is a key issue in arid regions, as it alters the physiochemical
properties of the soil and reduces the crop yields. The study of the ISGW of fresh to brackish
samples collected from the two adjacent water wellfields in RA and UA indicates Ca-Na
water type in the central portions of the wellfields and are observed to be of the Na-Cl type
along the southern and eastern portions of the study area, reflecting the increase in salinity
along the regional groundwater flow. The geochemical modeling of the composition of
the groundwater in both wellfields indicates that the saturation states of carbonates are
greater, in contrast to sulfates, reflecting the probability of the precipitation of carbonate
salts in the soil pores, affecting the permeability of the soil and thereby the crop yields.
The probability salt formation on the soil surfaces and the pores is inferred to increase
during high-temperature months. Further, the formation of salts is also identified to be
governed by the ionic strength, pCO2, and changes in the thermodynamic properties of the
system, which lead to drastic variations in salt formation, thus affecting permeability. The
integrated plot of the ISGW shows that UA samples are more suitable for irrigation than
RA samples. Cation exchange between groundwater and clay minerals, and the dissolution
and precipitation of secondary carbonate minerals, affect the groundwater chemistry.
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The ISGW for these two regions were evaluated by considering nine parameters (EC,
KR, MAR, Na%, PI, PS, SAR, RSC, and SSP) adopting the fuzzy logic technique. The
fuzzy membership maps of the nine parameters were then integrated into a final fuzzy
overlay map of the RA and UA fields to investigate the ISGW. Based on the values of the
fuzzy membership, the groundwater suitability for irrigation purposes was categorized
into four classes: excellent, good, moderate, and poor. Na played a key role in most of
these parameters and hence the higher values of Na+ ions in samples affected the irrigation
quality of the water. The RA field 8.3% of samples were categorized as excellent,56.6%
as good,32.1% as moderate, and 2.8% as poor. In the UA field, 5.9% of samples were
excellent, 46.5% were good, 29.7% were moderate, and 17.7% were poor. It is inferred
from the maps that most of the groundwater in RA can be used for irrigation, except those
from the eastern side of the study area, with poor water quality. The groundwater in the
northern and western parts of the UA region is suitable for agriculture, whereas that from
the eastern and southern parts is unsuitable for irrigation. It is suggested that salt-tolerant
crops could be prioritized in regions with poor suitability. Further, the water provided to
the different parts of plants from the soil and subsurface is also affected due to the effect of
salinity on the osmotic pressure of the stomatal cells. The study also indicates that most of
the groundwater in the wellfield is suitable for consumption by livestock. However, this
depends on the type of livestock, their age, size, breed, gender, etc., which also varies the
quantity of consumption.

Due to irregular precipitation in arid regions and minimal aquifer recharge along
with extensive abstraction patterns, groundwater has been substantially disturbed from
its natural state, resulting in significant aquifer depletion and long-term water quality
challenges. Therefore, soil and water monitoring in irrigated regions, along with innovative
water resource management systems such as IWRM, are crucial for the sustainability of
resources in arid regions such as Kuwait. Further, monitoring of the soil and quality of
irrigated water in arid regions with brackish groundwater helps to maintain the crop yields
and fertility of the soil. Moreover, in regions with inland desalination units, it is advisable
to develop a monitoring system to observe the leaching of rejects and impacts on soil
and to determine the maximum depth of leaching. This monitoring system would aid in
conserving the fertility of the soil and existing groundwater reserves.

The hydrogeochemical interpretation of the saturation states regarding the precip-
itation of salts was not validated with XRD data, and this could be considered a major
limitation of the study. The geochemical processes inferred during infiltration though
vadose zone could be confirmed with litho-logs and core samples in future studies. Such
interpretations could also help in assessing the geochemical environment of the topsoil
region and the capillary zone. The water level data of all the wells were not obtained
in the study, but these could have clearly illustrated the variations in the geochemistry
along the flow direction. Furthermore, the isotopic evaluation of groundwater would assist
in the interpretation of evaporation, recharge, and contaminated sources. Although the
overall process of the region and its suitability was established in the current study, the
abovementioned additional data and their integrated analysis would yield more concrete
solutions for the future groundwater resource management of the region.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15142674/s1, Figure S1: Rawdhatain fuzzy membership maps.
Figure S2: Umm Al Aish membership maps.
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