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Summary

Water resources are facing significant challenges in result of rapidly growing demand, deteriorat-
ing quality, and the effects of climate change. Today, water quantity and quality issues have become 
prevalent in various regions across the globe, affecting both northern and southern territories. 
Among the sectors reliant on this resource, irrigation stands out as the largest consumer of water. 
When surface water becomes inaccessible due to insufficient precipitation or other factors, the use 
of groundwater becomes the only viable alternative for irrigation. The Remila Plain (Khenchela) is 
located in an endorean watershed in northeastern Algeria and extends over 250 km2 in a synclinal 
basin filled with water from the Mio-Plio Quaternary - the main aquifer of the region, widely used 
for irrigation. The aim of this work is to study the hydrochemistry of these waters, as well as the 
evolution of mineralisation, the identification of the origin of the chemistry, and the suitability of 
these waters for irrigation. Initial results indicate an evolution of mineralisation in the direction of 
groundwater flow, with electrical conductivity values varying between 1000µS/cm in the recharge 
zones, and 2700µS/cm at the outlet. This mineralisation is mainly due to the dissolution of evapo-
ritic minerals and the alteration of silicates. In addition, the various water quality indices used 
indicate that the water can be used for irrigation without major risk to plants and soils.
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1.	 Introduction 

A reliable and healthy water supply is crucial for improving the quality of life, maintain-
ing ecosystem stability and promoting social and economic development in both rural 
and urban areas [Reghais et al. 2023]. Currently, groundwater serves as a dependable 
alternative to meet the water needs of industry, households, and agriculture in regions 
where surface water resources are insufficient. This is especially true for arid and semi-
arid countries, where climatic conditions significantly affect the quality and quantity of 
water [Adimalla et al. 2020]. Algeria is highly dependent on groundwater for irrigation, 
as this source accounts for about 67% of total water consumption [Zektser and Everett 
2004], which has confronted the country with a major water pollution crisis in recent 
decades. This crisis has necessitated the conduct of numerous studies [Khelifa et al. 2024, 
Zahi et al. 2021, Khedidja et al. 2023] in order to assess the quality of groundwater and 
determine the extent of its suitability for drinking and irrigation throughout the country. 
In fact, the quality of groundwater resources in arid and semi-arid regions is influenced 
by a number of factors. These factors include local hydrogeology, geological structures, 
topography, precipitation, evaporation, rock-water interactions, weathering, irrigation 
and cultivation methods, industrial effluents and anthropogenic activities [Adimalla and 
Venkatayogi 2018, Kumari and Rai 2020]. According to FAO and UNESCO reports, more 
than half of the world’s irrigation systems are affected by secondary salinisation due to the 
intensive use of water resources [Eulenstein et al. 2016]. So, monitoring and measuring 
the quality of groundwater is crucial today for maximising its efficient use. The qual-
ity of groundwater is determined by various physical, chemical, and biological param-
eters, which directly impact its acceptability and usefulness for domestic, irrigation, and 
industrial purposes. Therefore, understanding the chemical composition of groundwater 
is essential for assessing its suitability for different uses [Ahmad and Khurshid 2019, 
Panaskar et al. 2016].The endorheic (closed) Remila basin, located in northern Algeria 
between the Tellian Atlas and the Saharan Atlas, is the subject of this study. It is a typical 
closed basin with an area of 250 km2, of which 800 ha are irrigated. It is also one of the 
semi-arid regions where groundwater is exploited on a large scale (through more than 
500 boreholes) for urban water supply (serving more than 47,000 people) and irrigation 
[Aouidane and Belhamra 2017, Aouidane et al. 2021].

In this context, our study aims to improve the quality management of water resources 
in this area based on 25 water samples taken from the groundwater of the plain. The 
objectives of our study are as follows: 
1)	 to conduct a comprehensive hydrochemical characterisation, 
2)	 to determine the water facies and to monitor the mineralisation evolution,
3)	 to identify the chemical origin and to assess the suitability of the water for irrigation 

using diverse evaluation methods, such as SAR, RSC, KR, MH, PI, the Wilcox dia-
gram, and the USSL diagram.
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2.	 Features of study area and sampling 

2.1.	 Location and climate 

The study area is located in the northern region of the province of Khenchla, Algeria, 
surrounded by the Tell Atlas to the north and the Sahara Atlas to the south. It lies 
approximately between latitudes 35°25´N and 35°40´N and longitudes 06°30´E and 
07°05´E. This vast area includes numerous towns, including Remila, Kais, El-Hamma, 
Taouzianat, Ain-Ziatoun, Baghai, and M’Toussa (Fig. 1). It is a part of the Constantine 
Plateau, which is an extensive endorheic depression. It has a  uniform topography, 
which is between 800 and 1000 m above sea level and covers an area of 250 km2. The 
study area is bounded to the north by the Djbel Fdjoudj massif, to the east by the saline 
depressions of Sabkha Gareat Et Tarf, and to the south and west by the northern slopes 
of the Aures Mountains (Fig. 1) [CPH 1977].

Source: Authors’ own study

Fig. 1.	 Geographical map of Remila plain 

The region is characterised by its sprawling dense forests, particularly in the higher 
areas, composed of holm oaks, Aleppo pines, junipers, yews, and various conifers. The 
population of the region amounts to approximately 60,000, mainly concentrated in the 
municipalities and mechtas (villages). Agriculture and logging shape the traditional 
economy in the region. In contrast, industrial activities are nearly non-existent, with 
only a handful of wood processing plants, mills, and milk collection and processing 
facilities [Houha 2007].

The region has a semi-arid climate with an annual rainfall of less than 400 mm. The 
average annual temperature is 17°C, with the lowest temperatures occurring in January 
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(6°C) and the highest temperatures in August (30°C). The annual potential evapotranspi-
ration is 1050 mm [SMK 2014]. Due to the scarcity and periodic nature of surface water 
in the study area, it strongly relies on groundwater to meet the needs of a rural population 
of 47,000 inhabitants and to irrigate an 800 ha area [Aouidane and Belhamra 2017].

2.2.	Geological and hydrogeological setting 

Our understanding of the geological setting of the study region (Fig. 2) is mainly based 
on regional research, studies, and overviews of the Aures massif, the high steppe, and 
wetlands [Laffitte 1939]. These studies have predominantly focused on the stratigraphic, 
geomorphologic, sedimentologic, and structural features. The Remila Plain consists of 
thick stratigraphic series. It is composed of a Mesozoic basement at its base, which is 
unconformably overlain by a sedimentary layer originating from the Upper Triassic to 
the Quaternary [Laffitte 1939]. 

Source: Authors’ own study

Fig. 2.	 Geological and piezometric map with location samples 
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Quaternary soils exhibit a wide range of facies and characteristics, resulting from 
the heterogeneity of the underlying lithology and structure (Fig. 2). These features 
are especially prominent in the areas situated between the Cretaceous reliefs of the 
Aures Mountains to the south and the central depression of the Remila Basin. Most of 
these formations originated during the Neogene age [Aouidane 2017, Houha 2007]. 
Additionally, the study area is delimited by Middle Cretaceous (Aptian) or Upper 
Cretaceous (Cenomanian, Turonian, and Senonian) formations, which occupy the 
northern and southern sectors of the region. In the north-west, the Miocene is char-
acterised by the deposition of calcareous sandstones and limestones (Burdigalian) that 
overlie the Cretaceous and Pontian red marl. Meanwhile, the eastern parts of the flood-
plain are encompassed by an endorheic salt depression (Fig. 2), commonly referred to 
as the Sabkha Great Etarf [Vila 1977].

2.3.	Sampling and analytical procedures 

Twenty-five functional groundwater sampling points (Fig. 2) were carefully chosen 
within the Remila aquifer system during the February 2022 field campaign. The authors 
followed the sampling and analysis techniques suggested by [Rodier et al. 2009] to limit 
any potential errors arising from sample processing. In addition, the authors consid-
ered crucial aspects of the hydrogeology of the study area to ensure that each sample 
effectively represented the entire study area. These aspects included the orientation of 
groundwater flow, spatial evolution of aquifer rocks, and human activities [Azzeddine 
et al. 2024].

The Garmin Etrex 10 GPS device was used to accurately determine the sampling loca-
tions. Sampling and measurements were carried out after the wells had been pumped at 
least twice. Subsequently, the collected samples were stored in pre-cleaned and rinsed 1-L 
polyethylene bottles through a membrane filter of 0.45 um and sealed immediately after 
collection to prevent exposure to air. Afterwards, the samples were stored at a tempera-
ture of 4°C until the completion of the analysis. Each bottle was properly labelled and sent 
to the Laboratory of Algerian waters (ADE) Batna, Algeria, where chemical analyses were 
performed. The pH value, temperature (T; °C), electrical conductivity (EC; µS/cm) and 
total dissolved solids (TDS) were all measured on site using a Hanna 98130 digital multi-
meter. A spectrophotometer was used to measure the concentrations of cation species 
such as Ca2+, Mg2+, K+ and Na+ in the samples, while the concentrations of anions such as 
SO4

2–, HCO3
–, Cl– and NO3

– were determined using a digital titration method.
The analytical error verification of the concentration of the analysed ions was 

conducted through the assessment of electroneutrality, also known as the charge-
balance error (CBE) [Reghais 2023], which can be determined using the following 
equation:

	 CBE
cations anions

cations anions
=

−

+
⋅∑∑

∑∑
100 	 (1)
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where: 
∑ cations	 –	 represents the sum of cations (expressed by meq/L),
∑ anions	 –	 represents the sum of anions (expressed by meq/L), it is understood 

that the charge-balance error should be kept within ± 5% in order to 
ensure accurate measurements.

In the present study, all samples showed a %CBE within the prescribed range of 
±5%.

Metallic trace elements were filtered before being preserved with ultrapure 6N 
nitric acid at pH < 2 in 100 ml vials. The stabilised samples are intended for the analysis 
of cademium (Cd), copper (Cu), lead (Pb), zinc (Zn). Each sample is analysed three 
times, then an average value is used. Analyses are performed by flame atomic spectro-
photometer type PinAAcle 900 AA Series (Scientific and Technical Research Centre on 
Arid Regions laboratory).

3.	 Methodology 

3.1.	Hydro-geochemical assessment of groundwater 

The population of the Remila Plain Khenchela relies heavily on groundwater for irriga-
tion. Consequently, there is a notable concern regarding the contamination of ground-
water and the deterioration of water quality.In this context, the hydrogeochemistry of 
groundwater was studied using data from samples to better understand the quality of 
groundwater for agriculture in the Remila aquifer.

The objective of this study was to evaluate groundwater quality parameters through 
the use of the usual range in irrigation water and recommended maximum concentra-
tions of trace elements in irrigation water [Ayres and Cat 1985]. Several indices were 
used, such as the percentage of sodium (% Na), residual sodium carbonate (RSC), the 
sodium adsorption ratio (SAR), magnesium hazard (MH), and the permeability index 
(PI). Additionally, the US salinity diagram (USDA/Salinity Laboratory Staff) and the 
Wilcox diagram were employed to classify the water samples and comprehend the 
combined impact of the percentage sodium (%Na) and electrical conductivity (EC), 
respectively [Singh et al. 2020].

Table 1 shows the limits used for salinity, nutrients, pH, and SAR to characterize the 
quality of water used for irrigation [Ayres and Cat 1985].

Table 1.	 Laboratory determinations required for the assessment of common problems with the 
quality of irrigation water

Water parameter Symbol Unit Usual range in irrigation water

Salinity
Electrical conductivity ECw dS/m 0–3 dS/m

Total dissolved solids TDS mg/L 0–2000 mg/L
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Cations and 
anions

Calcium Ca meq/L 0–20 meq/L

Magnesium Mg meq/L 0–5 meq/L

Sodium Na+ meq/L 0–40 meq/L

Carbonate CO meq/L 0–0.1 meq/L

Bicarbonate HCO3 meq/L 0–10 meq/L

Chloride Cl meq/L 0–30 meq/L

Sulphate SO4 meq/L 0–20 meq/L

Nutrients

Nitrate-Nitrogen NO3-N mg/L 0–10 mg/L

Ammonium-Nitrogen NH4-N mg/L 0–5 mg/L

Phosphate-Phosphorus PO4-P mg/L 0–2 mg/L

Potassium K+ mg/L 0–2 mg/L

Miscellaneous
Acid/Basicity pH 1–14 6.0–8.5

Sodium adsorption Ratio3 SAR (meq/L) 0–15 meq/L

Table 2.	 Recommended maximum concentrations of trace elements in irrigation water 

Element Symbol Recommended maximum concentration (mg/L) 

Cadmium Cd 0.01

Copper Cu 0.20

Lead Pd 5.0

Zinc Zn 2.0

Source: adapted from National Academy of Sciences [1972] and Pratt [1972].

Table 3 presents detailed information regarding the calculation methods employed 
for the aforementioned indices. This includes the groundwater classes assigned to each 
index, with all ions expressed in milliequivalents per litre (meq/L).

Table 3.	 Classification of Irrigation Water Parameters

Index Equation Index range Groundwater class Reference

SAR
SAR

Na
Ca Mg

=
+

+ ++





2 2

2
1
2

0–10 Excellent

Richards 
[1954]

10–18 Good

18–26 Fair/Doubtful

> 26 Poor/Unsuitable
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Index Equation Index range Groundwater class Reference

%Na %Na
Na

Ca Mg Na
K

K
=

+ +

+ + + +

+
+ + +

⋅2 2 100

< 20 Excellent

Wilcox 
[1955]

20–40 Good/Safe

40–60 Permissible/Safe

60–80 Doubtful/Unsafe

> 80 Unsuitable/Unsafe

PI PI
Na

Ca Mg Na
HCO

=
+ −

+ + +

+
+ +

3
2 2

< 75 Unsuitable
Das and 
Nag [2015]25–75 Good

> 75 Suitable

MH MH
Mg

Ca Mg
=

+

+ ++
⋅

2

2 2 100
< 50 Suitable

Raghunath 
[1987]> 50 Unsuitable

RSC RSC HCO Ca Mg= − + +− +( )3
2 2

< 2.25 Good
Eaton 
[1950]1.25–2.25 Doubtful

> 2.25 Unsuitable

4.	 Results and discussion 

The hydrochemical parameters measured and the results of statistical processing 
(minimum, maximum, And mean standard deviation and coefficient of variation) are 
shown in Table 4.

Firstly, it should be noted that the maximum magnesium values (7.35/5 meq/L), 
and the mean (13/10 meq/L) and maximum (38.83/10 mg/L) nitrate-nitrogen values 
exceed the guide values for water quality for irrigation [Ayres and Cat 1985].On the 
other hand, the rest of the parameters indicate water that can be used for irrigation 
without risk. All the minimum values are below the limit recommended by FAO.

Trace elements are not all toxic. On the contrary, in small quantities several are 
essential for plant growth (Fe, Mn, Mo, Zn). However, excessive quantities will cause 
undesirable accumulations in plant tissues and limit their growth. Research has estab-
lished toxic limits, particularly for irrigation water. 

As part of this study, five elements were monitored (Cd, Cu, Pb, Zn), and a compari-
son of the results with the recommended maximum values (Table 2) [Ayres and Cat 
1985] shows that copper levels are sometimes considerably too high, with the maxi-
mum value recorded exceeding the recommended maximum limit by 30 times, while 
the average value is 9 times. 

Table 3.	 cont.
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Furthermore, it is accepted that a deviation above 50% from the mean for a parame-
ter indicates a significant variation between the maximum and minimum values, which 
is linked either to geology (natural ions) or to human activity (pollution parameters) 
[Brinis et al. 2021, Brahmia et al. 2018].

Calculation of the CV% shows that it is high (CV > 70%) for Mg2+ and SAR (71% 
and 77%), chlorides, nitrogen-nitrate and potassium (63%; 69% and 62.5%), which 
may be a result of heterogeneity in the distribution of these parameters in the ground-
water of the Remila Plain – the amplitude between minimum and maximum values is 
considerable. For natural parameters (cations and anions), this can be explained by the 
geology, and for pollution parameters, such as nitrates, by localised contamination. For 
the rest of the parameters, the CV% does not exceed 30%, so the variation indicates 
a relative homogeneity in the waters studied.

The calculated coefficients of variation (CV%) for trace elements vary between 
52% and 270%, indicating a significant heterogeneity in the spatial distribution of the 
levels of these elements in the waters studied. This heterogeneity may be the result of 
contamination from human activity.

Table 5.	 Statistical description of the results of the trace elements of the analysed samples

Parameters Unit Min Mean Max SD CV%
Recommended 

maximum 
concentrations

Trace 
elements

Cd mg/L 0.001 0.014 0.04 0.012 85.71   0.01

Cu mg/L 0.585 1.799 5.917 1.15 63.92   0.20

Pb mg/L 0.042 0.193 0.52 0.117 60.62 5.0

Zn mg/L 0.002 0.054 0.712 0.146 270.37 2.0

4.1.	 Identification of the chemical characteristics of water 

The analyses are plotted on the Piper diagram (Fig. 3), and the samples are divided 
into two families: calcium and magnesium sulphated chlorinated waters and sodium/
potassium chlorinated or sodium sulphated waters. In the anion triangle, the majority 
of points are located in the part where there are no dominant anions, although some 
points tend towards the chloride pole. Whereas in the cation triangle, one part of the 
point cloud shows a tendency towards sodium, the other towards calcium, and the rest 
in the non-dominant anion part. The dominance of Ca2+, Mg2+, Na+, Cl‒, and SO4

2‒ 
indicates mineralisation of either evaporitic origin or the alteration of silicate minerals 
such as clays. The bicarbonate facies are not the dominant component. Ca2+, Mg2+, Na+, 
SO4

2‒, and Cl indicate the dissolution of several types of evaporitic minerals such as 
halite (Na, Cl), gypsum (CaSO4), epsomite (Mg SO4), mirabilite (Na2SO4) etc.... [Brinis 
et al. 2015].
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4.2.	Origin and evolution of water mineralisation 

Evolution of electrical conductivity 

The graph in Figure 4 represents electrical conductivity as a function of latitude (direc-
tion of flow), indicating an overall pattern of slight decrease in mineralisation. However, 
the scatter plot can be interpreted as having a double trend; a first trend showing no or 
little increase in the flow direction (positive direction of latitude), which would prob-
ably be related to carbonate ions, with a variation between 1000 and 1500 μS/cm. The 
second trend indicates a  significant increase in conductivity, ranging between 1500 
and 2750 μS/cm, which is probably related to the dissolution of evaporitic minerals or 
silicate weathering (Fig. 5). The correlations between the different ions (rNa/Cl = 0.7, 

Source: Authors’ own study

Fig. 3.	 Graphical representation of the results of the chemical analysis in the Piper diagram
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rCa/SO4 = 0.3, rMg/SO4 = 0.7) can be explained by a dual influence on mineralisation: 
the dissolution of evaporites and the weathering of silicates.

Source: Authors’ own study 

Fig. 4.	 Monitoring evolution of electrical conductivity in a South-North direction

Evolution of hardness (mg/L de Ca CO3) 

Tracking the different types of hardness in the same graph, from the least concentrated 
to the most concentrated waters, shows that the carbonate hardness represents 34% 
of the total hardness of the water (Fig. 5). The evolution of the latter in the study area 
shows a certain stability and does not follow the evolution of the total hardness (r = 
0.12), which can be interpreted as a relatively stable HCO3 concentration over the entire 
Plain. The coefficient of variation (CV) is approximately 14%, indicating that the HCO3 
contents do not deviate significantly from the average content. On the other hand, the 
graph of the permanent hardness due to chloride and sulphate anions increases signifi-
cantly, and follows perfectly the evolution of the total hardness of the water (r = 0.98), 
representing over 66% of it. This indicates the dominance of the ions from evaporitic 
minerals. However, the deviation from the average chloride content is quite significant, 
with a CV% reaching 63%.
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Relation Cl/SO4 vs EC 

The combination of Cl/SO4 with electrical conductivity in the same graph shows that 
high values of electrical conductivity are more influenced by the dissolution of chloride 
salts, which varies between 1200 µS/cm and 3000 µS/cm (Fig. 6). 

Source: Authors’ own study 

Fig. 5.	 Monitoring changes in temporary and permanent hardness in the water

Source: Authors’ own study 

Fig. 6.	 Evolution of the Cl/SO4 ratio as a function of electrical conductivity



A. Bezai, N. Brinis, A. Reghais, S. Djenba, K. Bouzid48

GLL No. 3 • 2024

The evolution of electrical conductivity influenced by the dissolution of sulphate 
salts is between 1000 µS/cm and 2000 µS/cm. This is undoubtedly linked to the differ-
ence in solubility between the two salts (chloride salts are more soluble than sulphate 
salts).

Monitoring the ionic activity of minerals dissolved in water 

The simulation of the state of the dissolved minerals in the waters studied by the 
‘Phreeq.C’ software indicates that the estimated ionic activity product (P.I.P.) of evapo-
ritic minerals is higher. This means that the minerals are undersaturated and have more 
capacity to dissolve. On the other hand, the estimated P.I.P. of carbonate minerals is 
approaching zero, indicating that they are close to the steady state (Fig. 7).

Source: Authors’ own study 

Fig. 7.	 The significance of the ionic activity of mineral ions dissolved in water

Origin of ions dissolved in water 

The concentration of mineral salts in groundwater is a result of atmospheric precipi-
tation inputs, chemical weathering of rocks and minerals and anthropogenic inputs. 
Previous studies have shown that the impact of rock weathering on the composi-
tion of major elements in water can be interpreted in terms of mixing between three 
main end-members: the weathering products of carbonates, silicates and evaporites 
[Négrel et al. 1993, Cao et al. 2016, Ollivier et al. 2010]. Figure 8 confirms that the 
salts dissolved in the water come from two sources: the alteration of silicates and 
evaporite formations. The hydrochemical facies of the water are caused by the disso-
lution of these formations.
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4.3.	 Indexes of groundwater quality 

Five different indices (SAR, RSC, %Na, PI and MH) were used to evaluate the suitability 
of groundwater for irrigation based on different ionic parameters measured in meq/L. 
Table 6 illustrates the classification of groundwater into different categories based on 
results of groundwater quality indicators for the Remila aquifer.

Table 6.	 Results of the water quality indices calculated for irrigation in the Remila Plain

Categories Index Groundwater class Number of samples % of Wells

1

SAR

Excellent 25 100

2 Good 0 0.00

3 Fair/Doubtful 0 0.00

4 Poor/Unsuitable 0 0.00

1

% Na

Excellent 7 28.00

2 Good/Safe 12 48.00

3 Permissible/Safe 4 16.00

4 Doubtful/Unsafe 2 8.00

5 Unsuitable/Unsafe 0 0.00

1

PI

Unsuitable 1 4.00

2 Marginally suitable 24 96.00

3 Suitable 0 0.00

Source: Authors’ own study 

Fig. 8.	 Mixing diagrams using Na-normalised molar ratios: a. Mg2+/Na+ vs Ca2+/ Na+ and  
b. HCO3

‒ / Na+ vs Ca2+/ Na+ for the Remila Plain
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Categories Index Groundwater class Number of samples % of Wells

1
MH

Suitable 21 84.00

2 Unsuitable 4 16.00

1

RSC

Good 25 100

2 Doubtful 0 0.00

3 Unsuitable 0 0.00

The sodium adsorption ratio (SAR) index plays a crucial role in evaluating the suit-
ability of groundwater for agricultural purposes. It helps identify risks related to alkali/
sodium that may affect crops by defining cation exchange reactions within the soil, 
particularly when sodium displaces absorbed magnesium and calcium [Chen et al. 
2019, Wilcox 1955]. According to the SAR classification designed by [Richards 1954], 
as illustrated in Table 3, SAR values below 18 indicate water suitability for irrigation 
with minimal sodium-related threats. The SAR values of the groundwater examined 
ranged from 0.64 to 7.72 (Table 7), with an average value of 2.42 (all samples were less 
than 10), making it suitable for irrigation. Sodium poses no risk, and the area’s water 
can irrigate a wide variety of soils and crops. 

Table 7.	 Statistics of water quality indices for irrigation

Min Max Mean SD

SAR 0.64 7.72 2.42 1.88

%Na 11.76 63.53 30.17 14.69

RSC ‒13.29 ‒3.05 ‒8.42 2.93

MH 28.11 67.11 40.51 10.59

PI 24.93 71.33 41.49 14.01

The excessive presence of salt in water has a detrimental effect on soil properties, 
with high levels of sodium, often coupled with calcium, leading to increased sodium 
adsorption ratio (SAR) levels [Adimalla and Venkatayogi 2018, Ali Khan et al. 2018]. 
For these reasons, this study also used the US salinity diagram for groundwater clas-
sification (Fig. 9), applying electrical conductivity to represent salinity hazards and 
sodium absorption ratio (SAR) to describe sodium hazards.According to the diagram:
•	 The majority of the samples (84%) are classified in the C3-S1 category, indicat-

ing a  low SAR risk and a very high salinity risk (Fig. 9). Consequently, these 
values indicate a moderate suitability for irrigation purposes. 

Table 6.	 cont.
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•	 Two of the samples (8%) are categorised in the C4‒S2 group, which means an 
increased salinity with moderately alkaline water. This classification could be 
deemed appropriate for irrigating salt-tolerant and semi-tolerant plant species, 
assuming favourable drainage conditions are in place. 

•	 Two samples are classified in the C3‒S2 and C4‒S1 groups, respectively, reflect-
ing high salinity levels and moderate sodium content in the former, and very 
high salinity levels and low sodium content in the latter.

The sodium percent (% Na) index is another method for determining the concen-
tration of soluble sodium in irrigation water. It is used to identify the sodium hazard to 
crops [Panaskar et al. 2016].According to [Fipps 2003], water with a sodium level over 
60% might create sodium buildup and threaten soil permeability – the soil becomes 
dry and compacted, lowering water and air infiltration rates into the soil structure. 
The sodium percentage values ranged from 11.76 to 63.53, with an average of 30.17. 
Based on the Na values, the majority of the water samples (76%) fall into the excellent 
and good irrigation classes. While 16% of the samples are categorised in the permis-
sible irrigation class. With the exception of two groundwater samples, F2 and F13, the 
groundwater in the study area is generally suitable for irrigation.

Source: Authors’ own study 

Fig. 9.	 USSL diagram for assessing irrigation water quality
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The Wilcox diagram is also used in this research to assess the suitability of ground-
water for irrigation by plotting the percentage of sodium (Na+) against the electrical 
conductivity (EC). According to this diagram (Fig. 10), the majority of samples (84%) 
of the groundwater samples fall into the ‘good to acceptable’ category, while the remain-
ing 16% (4 samples) are in the ‘doubtful to unsuitable’ range.

Equally significant is the residual sodium carbonate (RSC), which serves as a valu-
able tool for detecting the presence of sodium carbonate in water. The precipitation 
of Ca2+ and Mg2+ as carbonates is triggered by elevated concentrations of CO3

2‒ and 
HCO3

‒ [Merani et al. 2014]. The estimation of residual sodium carbonate is crucial 
for gaining insights into the detrimental impact of carbonate and bicarbonate on the 
quality of agricultural water. Prolonged use of water with high RSC levels leads to leaf 
burn in plants and reduces crop yields [Eaton 1950, Ramesh and Elango 2012]. Based 
on RSC values, all the samples examined in the study were found to be suitable for 
irrigation (all samples were in the good class).

Source: Wilcox’s [1948]

Fig. 10.	 Irrigation water suitability of Remila Plain

Although magnesium is found in a wide range of minerals, it is primarily dissolved 
in dolomitic rocks. In the majority of groundwater sources, calcium ions (Ca2+) and 
magnesium ions (Mg2+) maintain a state of equilibrium. The more Mg2+ is in ground-
water at the state of equilibrium, the worse the soil quality, which becomes alkaline, and 
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so has a reduced crop productivity [Hem 1985, Wilcox 1955]. According to [Raghunath 
1987], water is classified into two categories: suitable (MH < 50) and unsuitable (MH 
> 50), The results of magnesium adsorption ratio obtained show that the MH of the 
water samples ranges from 28,11 to 67,11 (Table 7), with a  mean of 40,51, 84 % of 
the analysed water samples are classified as suitable water (21 samples), and 16% (4 
samples) as unsuitable water.

Source: Authors’ own study 

Fig. 11.	 Classification of irrigation water in the Remila Plain based on the permeability index 

Similarly, the long-term consumption of irrigation water affects soil permeability, 
a factor that is influenced by the salt, calcium, magnesium and bicarbonate content of the 
soil. The permeability index is another adapted criterion used to assess the quality of agri-
cultural water and focuses on salt solubility and cation exchange reactions within the soil 
solution. According to the classification of Doneen [1964], the permeability index (PI) is 
divided into three categories: class I (PI < 25 permeability), class II (PI = 25‒75) and class 
III (PI > 75%). Classes I and II are considered suitable for irrigation, while class III ‒ with 
a maximum permeability of 25% ‒ is considered unsuitable. In the current study, the 
permeability index (PI) values varied between 25 and 71.32 meq/L. These results indicate 
that all samples fall into the ‘good quality’ range (Fig. 11). According to the classification 
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of Doneen [1964], several factors, including ion exchange, dolomite and calcite dissolu-
tion, may contribute to the elevated permeability index (PI) values.

5.	 Conclusion 

In addition to analysing the hydrochemical composition of the water, the aim of this 
study was to evaluate the feasibility of utilising the Plio-Quaternary subterranean 
aquifer located in the Remila Plain, Khenchela for agricultural purposes. The findings 
indicate that:
•	 The groundwater quality in the examined area is suitable for fulfilling agricultural 

water requirements. Instances of anthropogenic contamination were limited, with 
only a few cases involving nitrates (maximum concentration of 170 mg/L).

•	 High levels of chlorides (maximum 590 mg/L), sodium (maximum 396 mg/L), and 
sulphates (maximum 370 mg/L), along with high electrical conductivity (maximum 
2680 µS/cm), are the primary limitations identified by the analyses of monitored sam-
ple. However, it should be noted that these exceedances only affect a limited num-
ber of water sources. Therefore, crops adapted to relatively mineralised water can be 
grown in the affected areas. As far as trace elements are concerned, we note that cop-
per exceeds the recommended maximum levels and needs to be monitored regularly.

•	 The influence of geology, specifically the dissolution of evaporitic rocks and the al-
teration of silicates, influences the fundamental factors governing water mineralisa-
tion. Additionally, agricultural activity exerts a significant impact on water quality, 
resulting in elevated nitrate levels.

•	 The water exhibits characteristics consistent with a chloride-sulphate/calcium-so-
dium composition, with variations in mineralisation observed along the flow path. 
Lower values are indicative of recharge areas, while higher values progressively 
emerge closer to the outlet. Monitoring of water hardness and ionic activity further 
substantiates the prevalence of chlorides and sulphates.

The assessment of water quality for agricultural purposes takes into account vari-
ous factors related to the quality of irrigation water. Water from the Remila aquifer is 
classified as follows: 
•	 100% of samples are of excellent quality for SAR. 
•	 28% as excellent, 48% as good and 16% as acceptable in relation to % Na. 
•	 For MH, 84% were considered suitable and 16% unsuitable. 
•	 Finally, 96% are marginally appropriate and 4% inappropriate for PI.

This study’s findings suggest that the groundwater within the aquifer is viable for 
irrigation. Nevertheless, it is crucial to exercise strict control over the application of 
fertilizers in order to mitigate nitrate levels and prevent potential deterioration of the 
utilized groundwater.
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