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Abstract: This study evaluates the quality of shallow groundwater in the Middle Cheliff
plain, Algeria, to determine its suitability for agricultural irrigation. Twelve groundwater
samples were collected and analyzed for physicochemical properties and key irrigation suit-
ability indices, including SAR, %Na, RSC, KR, and PI. Significant spatial variability was ob-
served, with certain areas suitable for irrigation, while most samples exhibited high salinity
and sodium levels, restricting their use. Spatial distribution maps, generated using GIS tech-
niques, revealed a deterioration of water quality in western regions, likely influenced by an-
thropogenic activities such as excessive fertilizer use. Graphical analyses, including the Rich-
ard and Wilcox diagrams, further classified water quality from excellent to unsuitable. The
integration of GIS provided a powerful tool for visualizing and interpreting spatial patterns
of groundwater quality, enabling the identification of priority areas for intervention. These
findings highlight the need for sustainable groundwater management practices to address
salinity and sodium risks in arid and semi-arid regions. This study underscores the im-
portance of combining traditional hydrochemical analysis with geospatial tools to develop
comprehensive strategies for water resource management in agriculture.
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Introduction

Groundwater is a vital resource supporting domestic, agricultural, industrial activities, and
ecological systems, particularly in arid and semi-arid regions such as North Africa. Its ad-
vantages include resistance to drought, superior quality due to natural filtration, and re-
duced vulnerability to surface contamination, making it more dependable than surface wa-
ter sources (Sophocleous, 2002; Wang et al., 2023). However, the characteristics of ground-
water are increasingly influenced by natural and human-induced factors. Natural determi-
nants include geological formations, rock-water interactions, the quality of recharge water,
and climatic conditions, among others (Akhtar et al., 2021). Anthropogenic pressures such
as population growth, urban sprawl, industrial development, and poor land-use practices
have further exacerbated groundwater quality degradation, particularly in shallow aquifers
(Khatri & Tyagi, 2015; Wang et al., 2019).

Assessing groundwater quality for irrigation is essential for sustainable agricultural
practices and soil health preservation. High-quality irrigation water is critical for maintain-
ing plant and soil productivity, while poor-quality water can lead to reduced crop yields,
soil degradation, and other issues, such as scaling in irrigation systems caused by high cal-
cium and magnesium concentrations (Oster, 1994). Key factors affecting irrigation water
quality include salinity, sodium percentage, and the presence of potentially toxic elements
like boron (Bhatt et al., 2023; Zaman et al., 2018). Regular evaluation of these parameters,
including indices such as electrical conductivity (EC), sodium adsorption ratio (SAR), and
residual sodium carbonate (RSC), is necessary to ensure sustainable use of irrigation water
(Bouderbala, 2017; Dimple et al., 2022).

This study focuses on evaluating the quality and suitability of shallow groundwater for
irrigation in the Middle Cheliff plain, Algeria. It aims to analyze physicochemical properties
and derive indices to assess irrigation water quality, providing essential insights for sus-
tainable groundwater management in the region.

Materials and Methods

Study area

The Middle Cheliff Basin, located in the Chlef region of northwestern Algeria, lies about
200 km west of Algiers and 45 km south of the Mediterranean coast (Fig. 1). It covers an
area of approximately 321 km2. The region's climate is classified as semi-arid Mediterra-
nean, characterized by hot summers and cold winters. Precipitation levels vary signifi-
cantly, showing a decreasing trend from north to south and east to west. On average, the
area receives 365 mm of annual rainfall (Nadjai et al., 2024).
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Fig.1. Location map of the study area

As described by Bradai et al. (2022), Middle Cheliff watershed as a depression formed
during the Mio-Plio-Quaternary period, through which the Cheliff River flows from east to
west. The region's hydraulic thresholds are influenced by an impermeable clay-marl sub-
stratum that restricts groundwater movement. Over time, the intramountainous depres-
sion has accumulated Neogene deposits, including Quaternary, Pliocene, and Miocene sed-
iments. Quaternary deposits mark the onset of Neogene marine formations, with thick-
nesses reaching up to 3000 meters (Perrodon, 1957). These deposits are prominent in the
plains, consisting mainly of coarse alluvium from the early Quaternary and finer silt from
the late Quaternary, resting on upper Pliocene sandstone and limestone. The lower Pliocene
(Marine Pliocene) is characterized by a marine transgression over the Late Miocene gypsum
series, followed by the Astian regression (Fig. 2).

The area contains three distinct aquifers with unique hydrogeological characteristics.
The Upper Miocene limestone is located at the southern valley edge, extending beneath
alluvial formations. Another aquifer consists of Pliocene sandstone, largely concealed be-
neath Quaternary deposits. Finally, the Pleistocene—Quaternary alluvial deposits form the
valley's embankment, featuring layers of clay and marl mixed with sand, gravel, and con-
glomerate strata. This study focuses on the last-mentioned aquifer.

237



330000

@ saing pokts [~ sqsr

Rivers — Faut

jpper Miocene)
{877 usanama Forest

|z - sone (Upper Miocene)
27 Agrcuat wrea 7] Bare

imestones of Lithothamnum Recalcirant (Upper Mocene) |

[ i Wpor Mocone)
] uaternary (04 -rocanty
T v Lowor Miocene)
| R o sancsions (Contiental Piocare)
P s s o

%7 Trisce

T T ——
350000 360000

Fig. 2. Hydrogeological and soil occupation map of the study area.

Groundwater sampling and analysis

Twelve samples of groundwater were collected during July 2022 from the Middle Cheliff
aquifer. The sampling points are located in Fig. 2. Clean high-density polyethylene
(HDPE) bottles of 0.5 dm3 capacity, pre-washed with acid, were used for sample collec-
tion. Prior to filling, the bottles were rinsed two to three times with the same water to
prevent contamination and sealed tightly to minimize evaporation. Each container was
labelled, documented in a datasheet, and transported in an icebox to maintain sample
integrity. To ensure cleanliness and avoid cross-contamination, new gloves were worn
during each collection process.

Field measurements of physical parameters, including temperature, electrical conduc-
tivity (EC), total dissolved solids (TDS), and pH, were performed on-site. Laboratory anal-
ysis was conducted at a certified water laboratory of the national agency of hydraulic re-
sources of Blida. This analysis covered parameters such as HCO3-, CO32-, Cl-, SO42,NOs",
Na', K*, Ca2t, Mg2".

To ensure the reliability of the chemical analysis, the ionic balance error (IBE) was
calculated to compare the total concentrations of cations (Na*, K*, Ca2*, Mg2*) and anions
(CO32, COs7, CI, SO42-, NO3"), expressed in milliequivalents per liter (meq/L) for each
sample. The IBE was determined using the formula (Saikrishna et al., 2023):

_ ZCations - ZAm'ons
- D Cations + Y Anions

IBE x100(meq /1) (1)

This calculation, performed with Microsoft Excel 2016, confirmed that all samples had
IBE values within the acceptable range of +5%.
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Evaluation of Groundwater Suitability for Irrigation

The suitability of groundwater for irrigation was assessed using three distinct approaches:

Assessment Based on Individual Parameters

The evaluation relied on established guidelines for irrigation water quality, including the
Food and Agriculture Organization (FAO) standards (Ayers & Westcot, 1985). The physi-
cochemical properties were compared against these benchmarks to determine whether
groundwater pollution levels exceeded accepted standards, ensuring reliable conclusions.
These parameters are presented in Tab. 1.

Assessment Using Standard Agricultural Indices

Standard indices commonly used to safeguard soil, plants, and the environment were cal-
culated to evaluate irrigation suitability. These indices included the Sodium Adsorption Ra-
tio (SAR), Sodium Percentage (Na%), Residual Sodium Carbonate (RSC), Magnesium Haz-
ard (MH), Kelley Ratio (KR), and Permeability Index (PI). Their computation, based on
standard equations, considered the concentrations of key ions such as Na*, Mg2*, Ca2*, K*,
HCOs-, and CO32-. These indices are also detailed in Tab. 1.

Assessment Using Graphical Approaches

Graphical methods, including those proposed by Richard (1954) and Wilcox (1955), were em-
ployed to classify the groundwater samples and assess their quality for irrigation purposes.

The spatial distribution of indicators evaluating the suitability of groundwater from
the Middle Cheliff for irrigation is illustrated through graphical representations in the form
of iso-concentration maps. The spatial mapping of these parameters was performed using
a Geographic Information System (GIS), specifically ArcMap 10.8. The spatial interpolation
of these parameters is based on a geostatistical approach, employing the Inverse distance
weighting (IDW).
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Table 1. Calculation and classes of indices used to classify irrigation water quality.

Type Parameter Equation Range Class Reference
< 250 Excellent
2755(())- Good
Electrical 750- . .
conductiv- Measured by instrument 2250 Permissible (Wilcox,
ity (EC) 2250- 1955)
.. Doubtful
Individ- 5000
ual > .
5000 Unsuitable
0-75 Soft
Total hard- 75— Moderately (Sawyer
150 hard etal,
ness (TH) 150— 2003)
300 Hard
<10 Excellent
3 _ Na* -
Sodlgm ab SAR=——20___ 10 -18 Good (Richard,
sorption ra- ’Cﬂ +Mg 18 — Doubtful 1054)
tio (SAR) 2 26 oubtiu 954
> 26 Unsafe
Residual <1.25 Safe
sodium car- RSC=(HCO" +C0y )-(Cr™ + M) 1.25— Marginally (Eaton,
bonate : 2.50 suitable 1950)
(RSC) >2.50 | unsuitable
<20 Excellent
20 —
Soluble so- (e +K 40 Good
Standard | dium per- SSP-100 Na“+K 40 — .. (Wilcox,
indices centage ) (Cuz' +Mg* +Na* +l<*) 60 Permissible 1955)
(SSP) 60 - Doubtful
8o
> 80 Unsafe
Magnesium <50 Suitable
. 2+
adsorption MAR =100 25\/18 _ . (Szabolcs,
ratio Ca** + Mg > 50 Unsuitable 1964)
(MAR)
Kelley ratio KR o NT <1 Suitable (Kelley,
(KR) Ca® + Mg™ >1 Unsuitable 1963)
Permeabil- . _ <25 Unsuitable
ity index PI=100x Cg":Mi % 25 -75 Suitable (ch;r(l)ign’
(PI) > 75 Good

Results and Discussions

Suitability of water for irrigation use based on individual parameters

The minimum and maximum values, mean, and standard deviation for all analyzed param-
eters were calculated and are presented in Tab.2. These results were compared with the
irrigation water quality guideline values established by the FAO (Ayers & Westcot, 1985) to
evaluate their suitability for agricultural use.

To better illustrate the results, Tab.3 provides the classification of the calculated indi-
ces for the analyzed samples, as well as the distribution of sample numbers and percentages
across the different classes.
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Table 2. Comparison of analysed water quality parameters with FAO guidelines

Parame- Unit Mini- Maxi- Mean Stapd'flrd .FA(.)
ter mum mum deviation | guidelines
pH - 6,9 8,3 7,69 0,43 6.5-84
EC us/cm 570 8270 4 231 2174,19 0 — 2250

TDS mg/L 364 4939 2807 1430,80 0 — 2000
Caz+ mg/L 24 353 166,25 111,87 0 — 400
Mg+ mg/L 6 259 136,917 99,384 0-61
Na+ mg/L 86 875 465,083 245,81 0-—920
K+ mg/L 1 8 5,25 1,875 0-2
Cl- mg/L 137 2400 827,5 416,75 0 — 1065
NO;-N mg/L 1 280 49,5 83,474 0-10
HCO3- mg/L 46 436 241,167 156,137 0 - 610
SO, mg/L 0o 1670 650,917 504,357 0-960

Table 3. Quality classification and suitability assessment of groundwater samples for irrigation

Index Range Class Number of Percentage (%)
samples
<250 Excellent 0 0,00
Electrical con- 250 - 750 Good 1 8,33
ductivi-ty EC 750 - 2250 Permissible 1 8,33
(uS/cm) :
2250 - 5000 Doubtful 1 8,33
> 5000 Unsuitable 9 75,00
0-75 Soft 6 50,00
TH (mg/L 150 Moderately 25 00
CaCOs) 7515 hard 3 5
150 -300 Hard 3 25,00
<10 Excellent 10 83,33
10 -18 2 16,6
SAR (meq/L) Good 7
18- 26 Doubtful 0,00
> 26 Unsafe 0,00
<125 Safe 12 100,00
RSC (meq/L) 1,25 - 2,50 Margtl:&léy st o 0,00
> 2,50 Unsuitable 0 0,00
<20 Excellent o 0,00
20 - 40 Good 3 25,00
SSP (meq/L) 40 - 60 Permissible 4 33,33
60 -80 Doubtful 5 41,67
> 80 Unsafe o 0,00
<50 i 2 16,6
MAR (meq/L) 5 Suitable 7
> 50 Unsuitable 10 83,33
<1 i 1,6
KR (meq/L) Suitable 5 41,67
>1 Unsuitable 7 58,33
> 75 Good 3 25,00
PI (%) 25-75 Suitable 9 75,00
<25 Not suitable 0 0,00
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pH

The pH of irrigation water is a critical factor influencing agricultural outcomes, as it affects
both soil quality and plant health. According to Ayers and Westcot (1985), the ideal pH
range for irrigation water lies between 6.5 and 8.4. Water with a pH below 6 is acidic, which
can corrode irrigation systems and reduce pipe longevity (Wojtkowska et al., 2022), and
potentially release hazardous substances such as mercury, arsenic, and cadmium. These
contaminants can pose risks to soil health, crops, and human safety (Diawara et al., 2006;
Custodio et al., 2020; Nwankwo et al., 2023). Conversely, alkaline water with a pH above
8.2 often contains elevated levels of ions like sodium (Na+), calcium (Ca2+), magnesium
(Mg2+), bicarbonates (HCO3-), and carbonates (CO32-), which can interfere with nutrient
uptake by plants and may lead to soil salinization or alkalinity issues (Qin et al., 2022).

The role of pH in water analysis extends to identifying abnormalities in water quality.
Values outside the standard range often signal potential issues that could affect soil condi-
tions or plant growth. In this study, the pH values ranged from 6,9 to 8,3, with an average
of 7,63 and a standard deviation of 0,43. These values fall within the recommended range
specified by Ayers and Westcot (1985) and align with guidelines suggesting that such waters
are suitable for irrigation. Nonetheless, careful monitoring is essential to ensure long-term
soil health and optimal crop performance.

Electrical conductivity (EC)

Electrical conductivity (EC) is a crucial parameter for evaluating the quality of irrigation
water, as it directly impacts plant growth and soil health (Rafik et al., 2023). Elevated sa-
linity in irrigation water can impair water uptake by plants, leading to soil structural deg-
radation, reduced permeability, and limited aeration, all of which hinder optimal plant de-
velopment (Prashanthi et al., 2020). High salt concentrations also raise the osmotic poten-
tial of the water, making it more difficult for plant roots to absorb moisture, a condition
often referred to as physiological drought (Ehtaiwesh, 2022). The EC values measured in
this study, presented in Table 2, range from 570 to 8270 uS/cm, with an average of 4 231
uS/cm. Based on the classification proposed by Wilcox (1955), these values indicate mod-
erate suitability for irrigation, suggesting that while the water can be used, monitoring and
management practices are advisable to mitigate potential long-term impacts on soil and
crop productivity. Furthermore, the spatial distribution of EC in the study area represented
in fig. 3 shows that the values of this parameter are elevated in the west of the alluvial aq-
uifer. Thus, this can show a deterioration of groundwater quality in this region due anthro-
pogenic influence as the use of fertilizers in agriculture.
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Beyond evaluating individual parameters, the suitability of groundwater for irrigation
is also determined using indices derived from the analyzed parameters. The computed in-
dices, including SAR, Na%, RSC, MH, KR, and PI, are summarized in Tab. 4.

Total Hardness (TH)

The hardness of water is primarily attributed to dissolved calcium and magnesium ions. In
our analysis, the total hardness (TH) of the well water samples ranged from 10 to 216 mg/L
CaCOs, with an average value of 98,58 mg/L CaCOs (Table 3). Hard water is generally con-
sidered more suitable for irrigation as it tends to soften the soil, whereas soft water can lead
to soil hardening over time (Yilmaz et al., 2021). Based on the classification of water hard-
ness given in table 1, 50% of the samples were categorized as soft water, 25% as moderately
hard, and the remaining 25% as hard water.

Spatial distribution analysis (Fig. 4) reveals that softer waters are predominantly lo-
cated in the northern and northeastern parts of the region, whereas water hardness in-
creases progressively towards the western areas. Notably, zones with higher hardness levels
are concentrated in two agricultural areas at the center of the alluvial plain. This pattern
suggests potential anthropogenic influences, such as agricultural activities and the leaching
of fertilizers into groundwater. The continuous use of soft water for irrigation in northern
areas may lead to soil compaction over time, while the elevated hardness in central agricul-
tural zones underscores the impact of land use practices on water quality.
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Fig. 4. Spatial distribution of TH for groundwater samples
Suitability of water for irrigation use based on standard indices

Sodium Adsorption Ratio (SAR)

The sodium adsorption ratio (SAR) is a critical parameter for evaluating the quality of irri-
gation water, reflecting the balance between sodium and divalent cations such as calcium
and magnesium. Elevated SAR levels can lead to soil structural degradation, as excess so-
dium replaces calcium on the cation exchange complex, causing clay particle dispersion and
reduced permeability (Aboukarima et al., 2018). This degradation disrupts water infiltra-
tion and the aeration of the root zone, thereby limiting the availability of water and nutri-
ents to plants and impairing their growth (Stavi et al., 2021). Furthermore, excessive so-
dium concentrations often arise from the weathering of clay minerals and associated rock
formations, which can exacerbate sodium-related salinity hazards.

In the study area, the sodium adsorption ratio (SAR) values ranged from 3.79 meq/L
to 15.95 meq/L, with an average of 6.95 meq/L. According to the classification in Table 3,
83.33% of the water samples were categorized as excellent for irrigation, suitable for almost
all soil types with minimal risk. The remaining samples, located in the western part of the
study area, were classified as good for irrigation purposes (Fig.5). However, it is important
to note that sodium-sensitive crops, particularly stone fruit trees such as almonds and apri-
cots, may accumulate harmful levels of sodium in their tissues when irrigated with these
waters. Water in the good category, characterized by a higher cation exchange capacity
(CECQ), is better adapted for use on coarse-textured or organic soils with high permeability,
reducing the potential impact of sodium accumulation.
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Fig. 5. Spatial distribution of SAR for groundwater samples

Residual Sodium Carbonate (RSC)

Residual Sodium Carbonate (RSC) is a critical parameter used to assess the risk associated
with bicarbonate (HCO3-) and carbonate (CO32-) levels in irrigation water. It is calculated
as the difference between the concentrations of weak acids (HCOs~ and CO32") and alkaline
earth metals (Ca2* and Mg2*). High RSC values can negatively impact the electrical conduc-
tivity (EC), pH, and Sodium Adsorption Ratio (SAR) of irrigation water, potentially leading

to adverse effects on soil and crops.

Continuous use of water with elevated RSC levels can result in leaf burn and reduced
crop yields. When weak acids exceed alkaline earth metals in the soil, calcium (Ca2*) and
magnesium (Mg2") tend to precipitate, increasing the presence of sodium bicarbonate (Na-
HCO3). This process degrades soil permeability and structure, which can severely affect

plant growth.
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In this study, the RSC values range from —40,05 to -0,90 meq/L, with an average of —
15,77 meq/L (Table 3). Since the mean RSC value is below the threshold of 1.25 meq/L, the
groundwater samples do not pose a significant risk of carbonate or bicarbonate hazards. Thus,
the groundwater in the study area is considered suitable for irrigation purposes (Fig. 6).

Soluble Sodium Percentage (SSP)

The magnesium hazard is another important parameter used to evaluate the suitability of
groundwater for irrigation, defined as the ratio of calcium (Ca2*) to magnesium (Mg2*) con-
centrations. It is also known as the magnesium adsorption ratio (MAR), introduced by
Szabolcs and Darab in 1964. The soluble sodium percentage (SSP) is a critical parameter
for assessing irrigation water quality, particularly in relation to soil permeability. Sodium
ions present in irrigation water tend to replace magnesium ions in clay particles, leading to
reduced soil permeability, poor internal drainage, and soil hardening. These effects ulti-
mately degrade soil quality and reduce plant growth (Pivi¢ et al., 2022). High sodium levels
also encourage the formation of compounds with chloride and carbonate ions, resulting in
salinity and alkalinity in soils. While calcium and magnesium are essential nutrients natu-
rally present in soils, elevated levels in irrigation water can increase soil pH, degrade soil
quality by causing alkalinity, and reduce crop yields (Ashie et al., 2024).
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Fig. 7. Spatial distribution of SSP for groundwater samples

In this study, the soluble sodium percentage (SSP) in water ranged from 33.96% to
77.04%, with an average value of 54.08%. According to the Wilcox (1955) classification, the
SSP values fall into the categories of "good" (25%), "permissible" (33.33%), and "doubtful”
(41.67%) for irrigation purposes, as detailed in Table 3. These results indicate that the water
is generally suitable for agricultural use; however, some restrictions may apply in the north-
ern and western parts of the study area, as illustrated in Fig.7.

Magnesium Adsorption Ratio (MAR)

The magnesium concentration in water is a key parameter for evaluating its suitability for
irrigation. High magnesium levels are often associated with increased exchangeable sodium
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in irrigated soils (Dimple et al., 2022). Chaudhary and Satheeshkumar (2018) noted that
high magnesium concentrations in water can negatively impact crop productivity by mak-
ing soils more alkaline.

The MAR of the well waters ranged from 25.64% to 76.07%, with an average value of
56.01%. According to these findings, only 16.67% of the samples were deemed suitable for
irrigation, while the remaining 83.33% were classified as unsuitable (Table 3). The spatial
distribution of the magnesium adsorption ratio (MAR), represented in Fig. 8, reveals that
only the extreme northern part of the study area is favourable for irrigation without re-
strictions. In contrast, the majority of the region poses a significant risk due to elevated
magnesium levels, which can lead to soil compaction and reduced permeability. These con-
ditions may severely limit the long-term sustainability of agricultural practices in the af-
fected areas. Continuous monitoring and the implementation of targeted soil management
strategies are essential to mitigate these risks and preserve soil health.
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Fig. 8. Spatial distribution of MAR for groundwater samples
The Kelley Ratio (KR)

The Kelley Ratio (KR) is a widely recognized index used to evaluate the suitability of
groundwater for irrigation. This ratio assesses the influence of various water quality param-
eters, including calcium, magnesium, and salinity. It is calculated as the ratio of sodium
ions to the combined concentration of calcium and magnesium ions in groundwater. Water
with a Kelley Ratio below 1 is deemed suitable for irrigation, while values above 1 indicate
water unsuitable for irrigation due to the risks associated with high alkali content.

In this study, Kelley Ratio (KR) values ranged from 0.51 to 3.34, with an average of
1.39. As shown in Table 3, 41.67% of the water samples were classified as suitable for irri-
gation, while 58.33% were deemed unsuitable. Only three regions, located in the central
part of the study area, exhibited KR values below 1, indicating that groundwater in these
areas is suitable for irrigation based on Kelley ratio (Fig. 9). This suitability may be linked
to intense cation exchange processes elsewhere in the study area, which contribute to an
excess of sodium ions (Na*), thereby reducing water quality for agricultural use.
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Permeability Index

Permeability Index (PI) is another important factor in assessing the impact of long-term
irrigation on soil permeability. This property is influenced by the presence of sodium, cal-
cium, magnesium, and bicarbonate in the soil. Doneen established a method to evaluate
irrigation water suitability based on the permeability index, classifying water into three cat-
egories: Good, suitable, and unsuitable (Tab. 1).

In the present study, the Permeability Index (PI) values of the uptaken water samples
ranged from a minimum of 35.25% to a maximum of 83.73%, with an average value of
60.59%. These results indicate that 25% of the water samples were classified as "good" and
75% as "suitable" for irrigation purposes (Tab. 3). The spatial distribution map of PI values
(Fig.10) demonstrates that the water quality across the study area is predominantly favor-
able for irrigation.
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Regions with higher PI values are concentrated in the central and northern parts of the
area, suggesting a strong potential for agricultural use without significant soil permeability
concerns. However, continuous monitoring is recommended to assess any long-term
changes in water quality that could arise from land use practices, especially in areas where
irrigation intensifies.

Suitability based on graphical approachs
Richard’s Diagram

The Richard’s diagram (1954) (Fig. 11) provides a graphical approach to classify irrigation
water by plotting the Sodium Adsorption Ratio (SAR) against electrical conductivity (EC).
This diagram categorizes irrigation water based on salinity hazard (EC) and sodium hazard
(SAR) into distinct classes: low (C1-S1), medium (C2-S2), high (C3-S3), and very high (C4-
S4). Water classified as C1-S1 and C2-S2 is suitable for irrigation without prior treatment.
In contrast, water falling into C3-S3 or C4-S4 categories requires treatment to mitigate risks
to soil and crops before use (Gevera et al., 2020).
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Fig. 11. Plot of Sodium Adsorption Ratio (SAR) Against Electrical Conductivity (EC) for Classifying
Irrigation Waters Using Richard’s Diagram

In the current study, the plotted SAR and EC values place the groundwater samples
into seven categories based on their suitability for irrigation. The water from sampling point
PZg falls into the C2S1 category, indicating good quality water that can be used without
significant restrictions for irrigating plants moderately tolerant to salts in soils. Point PZ5
belongs to the C3S1 class, where water is suitable for irrigating salt-tolerant crops on well-
drained soils, though monitoring salinity levels over time is advised. Fig. 11 shows that sam-
pling points PZ3, PZ6, PZ7, PZ11, and PZ12 are classified under C4S2, representing water
that can be utilized for irrigating salt-resistant crops on well-drained soils. In contrast,
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points PZ8, PZ10, PZ13, and PZ14 fall into the C4S3 category, indicating poor water quality
for irrigation. Finally, PZ15 is classified under C4S4, which corresponds to very poor-qual-
ity water unsuitable for irrigation purposes. This classification highlights the varying de-
grees of water quality and their implications for agricultural practices in the study area.

Wilcox Diagram

The Wilcox diagram (1955) (Fig. 12) is a widely used tool to evaluate irrigation water suita-
bility by examining the relationship between sodium percentage (%Na) and electrical con-
ductivity (EC). High values of either parameter can be detrimental to plant growth, as they
affect soil structure and permeability. The diagram classifies irrigation water into five cat-
egories: excellent to good (Class I), good to permissible (Class II), permissible to doubtful
(Class III), doubtful to unsuitable (Class IV), and unsuitable (Class V) (Bhatti et al., 2019).
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Fig. 12. Plot of Sodium Percentage Versus Electrical Conductivity (EC) for Irrigation Water
Classification Using Wilcox Diagram

According to Wilcox (Fig. 12), 8% of the groundwater samples (PZ9) fall into the "ex-
cellent" category, 8% (PZs) are classified as "permissible," 8% (PZ3) are categorized as
"poor," and the remaining 75% are considered to have "bad quality" water. This distribution
highlights a significant prevalence of low-quality water in the study area, which could pose
challenges for agricultural and irrigation purposes. The dominance of poor-quality water is
likely influenced by factors such as high salinity levels, the presence of excess sodium, and
potentially inadequate drainage systems in certain areas.

250



Conclusion

This study assessed the irrigation suitability of shallow groundwater in the Middle Che-
liff plain by analyzing its physicochemical properties and calculating standard water
quality indices. The findings reveal that while some regions, particularly in the north-
ern and central parts of the plain, offer water of acceptable quality for irrigation, the
majority of the samples exhibit high salinity and sodium concentrations, posing risks
to soil structure and crop productivity. Spatial mapping highlights the impact of an-
thropogenic activities, such as agricultural practices and fertilizer leaching, on ground-
water quality. The results obtained from graphical analyses, including the Richard and
Wilcox diagrams, align with the spatial classification of water quality indices, confirm-
ing the areas identified with varying levels of suitability for irrigation. These results
underscore the need for regular monitoring, the adoption of sustainable agricultural
practices, and targeted remediation strategies to mitigate these risks and ensure the
long-term sustainability of groundwater resources in the study area.

Conflicts of Interest: The authors declare no conflict of interest.

Publisher’s Note: Serbian Geographical Society stays neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

© 2025 Serbian Geographical Society, Belgrade, Serbia.

This article is an open access article distributed under the terms and conditions of the
Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Serbia.

References

Aboukarima, A. M., Al-Sulaiman, M. A., & El Marazky, M. S. (2018). Effect of sodium
adsorption ratio and electric conductivity of the applied water on infiltration in a
sandy-loam soil. Water SA, 44. https://doi.org/10.4314/wsa.v44i1.12

Akhtar, N., Syakir Ishak, M. I., Bhawani, S. A., & Umar, K. (2021). Various Natural and
Anthropogenic Factors Responsible for Water Quality Degradation: A Review. Wa-
ter, 13(19), Article 2660. https://doi.org/10.3390/w13192660

Ashie, W. B., Awewomom, J., Ettey, E. N. Y. O., Opoku, F., & Akoto, O. (2024). Assess-
ment of irrigation water quality for vegetable farming in peri-urban Kumasi. Heli-
yon, 10(3), Article e24913. https://doi.org/10.1016/j.heliyon.2024.e24913

Ayers, R. S., & Westcot, D. W. (Food and Agriculture Organization of the United Na-
tions). (1985). Water quality for agriculture. Food and Agriculture Organization
of the United Nations.

Bhatt, R., De Oliveira, M. W., & Santos, D. D. F. (2023). Irrigation Water — Quality
Issues, Limits, and Way Forward. DELOS: DESARROLLO LOCAL SOSTENIBLE,
16(47), 2961-2941. https://doi.org/10.55905/rdelosvi6.n47-026

Bhatti, E.-H., Khan, M. M., Shah, S. A. R., Raza, S. S., Shoaib, M., & Adnan, M. (2019).
Dynamics of Water Quality : Impact Assessment Process for Water Resource Man-
agement. Processes, 7(2), Article 102. https://doi.org/10.3390/pr7020102

Bouderbala, A. (2017). Assessment of groundwater quality and its suitability for do-
mestic and agricultural uses in Low-Isser plain, Boumedres, Algeria. Arabian
Journal of Geosciences, 10(15), Article 333. https://doi.org/10.1007/s12517-017-
3119-5

251



Bradai, A., Yahiaoui, 1., Douaoui, A., Abdennour, M. A., Gulakhmadov, A., & Chen, X.
(2022). Combined Modeling of Multivariate Analysis and Geostatistics in As-
sessing Groundwater Irrigation Sustenance in the Middle Cheliff Plain (North Af-
rica). Water, 14(6), Article 924. https://doi.org/10.3390/w14060924

Chaudhary, V., & Satheeshkumar, S. (2018). Assessment of groundwater quality for
drinking and irrigation purposes in arid areas of Rajasthan, India. Applied Water
Science, 8(8), Article 218. https://doi.org/10.1007/s13201-018-0865-9

Custodio, M., Cuadrado, W., Penaloza, R., Montalvo, R., Ochoa, S., & Quispe, J. (2020).
Human Risk from Exposure to Heavy Metals and Arsenic in Water from Rivers
with Mining Influence in the Central Andes of Peru. Water, 12(7), Article 1946.
https://doi.org/10.3390/w12071946

Diawara, M. M., Litt, J. S., Unis, D., Alfonso, N., Martinez, L., Crock, J. G., Smith, D.
B., & Carsella, J. (2006). Arsenic, Cadmium, Lead, and Mercury in surface soils,
Pueblo, Colorado : Implications for population health risk. Environmental Geo-
chemistry and Health, 28(4), 297-315. https://doi.org/10.1007/s10653-005-
9000-6

Dimple, Mittal, H. K., Singh, P. K., Yadav, K. K., Bhakar, S. R., & Rajput, J. (2022).
Groundwater quality parameters for irrigation utilization. The Indian Journal of
Agricultural Sciences, 92(7), 803-810.
https://doi.org/10.56093/ijas.v92i7.114186

Doneen, L. D. (1964). Water Quality for Agriculture. Department of Irrigation, Uni-
versity of California, Davis.

Eaton, F. M. (1950). Significance of carbonates in irrigation waters. Soil science, 69(2),
123-134.

Ehtaiwesh, A. F. (2022). The effect of salinity on nutrient availability and uptake in
crop plants. Journal of Applied Science, 55-72.

Gevera, P. K., Cave, M., Dowling, K., Gikuma-Njuru, P., & Mouri, H. (2020). Naturally
Occurring Potentially Harmful Elements in Groundwater in Makueni County,
South-Eastern Kenya : Effects on Drinking Water Quality and Agriculture. Geos-
ciences, 10(2), Article 62. https://doi.org/10.3390/geosciences10020062

Kelley, W. P. (1963). Use of saline irrigation water. Soil Science, 95(6), 385-391.
https://doi.org/10.1097/00010694-196306000-00003

Khatri, N., & Tyagi, S. (2015). Influences of natural and anthropogenic factors on sur-
face and groundwater quality in rural and urban areas. Frontiers in Life Science,
8(1), 23-39. https://doi.org/10.1080/21553769.2014.933716

Nadjai, S., Bouderbala, A., Khammar, H., Nabed, A. N., & Benaabidate, L. (2024). As-
sessment of groundwater suitability for drinking and irrigation purposes in the
middle Cheliff Aquifer, Algeria. Desalination and Water Treatment, 319, Article
100528. https://doi.org/10.1016 /j.dwt.2024.100528

Nwankwo, I. O., Anyaoha, C. O., Nwabueze, C. O., Nwobi, O. C., & Ibeachu, C. (2023).
Risk Assessment of Toxic Heavy Metals Concentration of Fish and Drinking Water
in Nsukka Metropolis, South East, Nigeria. Journal of Food Quality and Hazards
Control. https://doi.org/10.18502/jfqhc.10.4.14177

Oster, J. D. (1994). Irrigation with poor quality water. Agricultural Water Manage-
ment, 25(3), 271-297. https://doi.org/10.1016/0378-3774(94)90064-7

Perrodon, A. (1957). Etude géologique des bassins néogeéenes sublittoraux de l’Algérie
occidentale [These de doctorat en sciences naturelles]. Nancy.

252



Pivié, R., Maksimovié, J., Dini¢, Z., Jaramaz, D., Majstorovi¢, H., Vidojevié, D., & Sta-
nojkovié¢-Sebié, A. (2022). Hydrochemical Assessment of Water Used for Agricul-
tural Soil Irrigation in the Water Area of the Three Morava Rivers in the Republic
of Serbia. Agronomy, 12(5), Article 1177. https://doi.org/10.3390/agron-
omy12051177

Prashanthi, B., Billa, S. K., P, V. S., & M, R. B. (2020). Impact of saline water on growth,
yield, quality, nutrient uptake in various crops: A review. International Journal of
Chemical Studies, 8(2), 2344-2347.
https://doi.org/10.22271/chemi.2020.v8.i2ai.9099

Qin, P., Liu, Z., Luan, Y., & Liu, C. (2022). Effects of Saline Soil Characteristics on
Plant Growth Environment in Cultivated Depth of the Yellow River Delta.
https://doi.org/10.21203/rs.3.rs-2338403/v1

Rafik, F., Saber, N., Iben Halima, O., & Douaik, A. (2023). The Effects of the Quality of
Irrigation Water Used on Agricultural Soils in Coastal Chaouia, Morocco. Journal
of Ecological Engineering, 24(2), 50-60.
https://doi.org/10.12911/22998993/156691

Richard, L. A. (1954). Diagnosis and improvement of saline and alkali soils. US Gov-
ernment Printing Office.

Saikrishna, K., Purushotham, D., Sunitha, V., Sudharshan Reddy, Y., Brahmaiah, T.,
Muralidhara Reddy, B., & Nallusamy, B. (2023). Deciphering groundwater quality,
mechanisms controlling groundwater chemistry in and around Suryapet, Tel-
angana, South India. Total Environment Research Themes, 6, 100035.
https://doi.org/10.1016/j.totert.2023.100035

Sawyer, C. N., McCarty, P. L., & Parkin, G. F. (2003). Chemistry for environmental
engineering and science (5th ed). McGraw-Hill.

Sophocleous, M. (2002). Interactions between groundwater and surface water : The
state of the science. Hydrogeology Journal, 10(1), 52-67.
https://doi.org/10.1007/s10040-001-0170-8

Stavi, I., Thevs, N., & Priori, S. (2021). Soil Salinity and Sodicity in Drylands : A Review
of Causes, Effects, Monitoring, and Restoration Measures. Frontiers in Environ-
mental Science, 9, Article 712831. https://doi.org/10.3389/fenvs.2021.712831

Szabolcs, I. (1964). The influence of irrigation water of high Sodium Carbonate content
on soils. Agrokémia és talajtan, 237-246.

Wang, L., Mei, Y., Yu, K., Li, Y., Meng, X., & Hu, F. (2019). Anthropogenic Effects on
Hydrogeochemical Characterization of the Shallow Groundwater in an Arid Irri-
gated Plain in Northwestern China. Water, 11(11), Article 2247.
https://doi.org/10.3390/w11112247

Wang, W., Chen, Y., Wang, W., Zhu, C., Chen, Y., Liu, X., & Zhang, T. (2023). Water
quality and interaction between groundwater and surface water impacted by agri-
cultural activities in an oasis-desert region. Journal of Hydrology, 617, Article
128937. https://doi.org/10.1016/j.jhydrol.2022.128937

Wilcox, L. (1955). Classification and use of irrigation waters. US Department of Agri-
culture.

Wojtkowska, M., Malesinska, A., Machowska, A., Puntorieri, P., Barbaro, G., Fiamma,
V., & Biedugnis, S. (2022). The Influence of Water Quality Change on the Corro-
sion Process in Galvanized Pipes of Fire Protection Installations. Sustainability,
14(13), Article 7708. https://doi.org/10.3390/su14137708

253



Yilmaz, C. H., Aytop, H., & Siinbiil, M. R. (2021). Evaluation of Quality of Some Well
Waters Used in Agricultural Irrigation in terms of Plant Nutrition. Toprak Su Der-
gisi, 10(2), 94-103. ttps://doi.org/10.21657/topraksu.927731

Zaman, M., Shahid, S. A., & Heng, L. (2018). Irrigation Water Quality. In M. Zaman, S.
A. Shahid & L. Heng (Eds.), Guideline for Salinity Assessment, Mitigation and
Adaptation Using Nuclear and Related Techniques (p. 113-131). Springer Interna-
tional Publishing. https://doi.org/10.1007/978-3-319-96190-3_5

254



