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Under arid and semi-arid climate conditions, as is the case in many Moroccan
regions, the availability and quality of water are the main keys to the sustainable
development of agricultural zones. In the Fritissa region covering Middle
Moulouya and a part of Lower Moulouya, North-eastern Morocco, irrigation
practices are necessary for agricultural activities, in an environment with
significant population growth, and limited water resources. The main aim of
this study is to assess the quality of groundwater and its suitability for irrigation
purposes, and to determine the possible water-rock interaction processes that
influence the groundwater chemistry. The approach is based on the analysis of
major ions contents and the calculation of quality indices namely pH, Electrical
conductivity (EC), Total Dissolved Solids (TDS), Total Hardness (TH), Sodium
Percentage (Na%), Residual Sodium Carbonate (RSC), Sodium Adsorption Ratio
(SAR) and Permeability Index (PI) for 94 groundwater samples. Piper classification
is used to determine the chemical water facies, while commonly used distribution
and geochemical diagrams helped to discuss the possible interaction processes
between water and aquifer rocks. The studied groundwater showed varying
values for pH (5.8–8.8), salinity (367–3301 mg/L) and total hardness
(15–186 mg/l as CaCO3). Ca-Mg-HCO3, Ca-Mg-SO4-Cl, and mixed water
facies types are found, while one sample showed Na-K-SO4-Cl facies. The
plotting of samples in Gibbs diagrams suggests possible water-rock
interactions, that are confirmed by geochemical distribution diagrams. The
Wilcox diagram showed that most of the water samples are of excellent to
good and good to permissible categories, while the US salinity Hazard diagram
revealed low sodium hazard and low, medium and high levels of salinity.
Groundwater is suitable for irrigation according to current international
standards if some precautions are considered.
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1 Introduction

The kingdom of Morocco has implemented the regionalization
program as a strategic reform to create viable and sustainable
regions (Consultative Commission of Regionalization, 2011). In
many regions of Morocco, agriculture is the main human activity
as a key of development. But under arid to semi-arid climate
conditions, sustainable development requires a good knowledge
of natural parameters: geology, morphology, pedology and
climate, and anthropic parameters: demography, poverty and
vulnerability to poverty, but it remains strongly influenced by the
availability and quality of water resources (Ettazarini, 2011). Indeed,
natural waters are threatened by various sources of pollution and the
assessment of their suitability for different purposes is necessary
before use. In addition, groundwater chemistry is mainly dependent
on the aquifer lithology, the residence time in the reservoir and the
reactive substances to which it may be exposed (Yao et al., 2012;
Amadou et al., 2014). In agricultural zones the irrigation is an
inevitable method that is widely practiced, especially in areas where
rainwater is scarce. Agricultural production depends on the quality
of irrigation water and it is affected by the concentration of dissolved
salts according to the United State Environmental Protection
Agency (USEPA, 1976).

Many approaches are commonly used to assess the suitability of
water to irrigation, based on the analysis of major ions (Piper, 1944;
Eaton, 1950; Richards et al., 1954; Wilcox, 1955; Gibbs, 1970; Salem
et al., 2021). Information given from the water chemical
composition offers the possibility to calculate water-derived
quality indices that are frequently used (Ettazarini, 2004;
Ettazarini, 2005; Naseem et al., 2010; Ishaku et al., 2011;
Asiwaju-Bello et al., 2013; Nagaraju et al., 2014; Nayak and
Sahoo, 2014).

Piper (1944) proposed a tri-linear graphic representation to
illustrate the water chemistry, based on cations and anions
contents, whose combination allows the determination of the
water facies. Eaton (1950) highlighted the role of carbonates in
irrigation water and then the importance of considering the
Residual Sodium Carbonate (RSC) in the water analysis
process. Richards et al. (1954) proposed a classification of
groundwater quality based on the RSC values. The
United States Salinity Laboratory adopted a hazard diagram,
based on the works of Richards et al. (1954) where electrical
conductivity (EC) and Sodium Adsorption Ratio (SAR) are
combined to assess the water usefulness. The Wilcox’s (1955)
diagram uses electrical conductivity and sodium percentage (Na
%) to determine the water quality classes. Gibbs (1970) suggested
a pair of diagrams where dominant cations and anions are
compared to total dissolved solids (TDS), helpful to illustrate
the main processes controlling the water chemistry, notably
water-rock interaction, evaporation, and dissolution-
precipitation. Many distribution graphs are commonly used to
discuss the possible water-rock interaction processes (Handa,
1969; Cerling et al., 1989; Fisher and Mulican, 1997; Ettazarini,
2004; Ettazarini, 2005).

The ability of solid substances from the aquifer matrix to
exchange ions with other ions in aqueous solution is called ion-
exchange capacity. In natural systems anions are exchanged very
rarely, if compared to cations (Merkel and Planer-Friedrich, 2002).

In addition, multivalent ions such as calcium and magnesium ions
are more strongly bound than monovalent ions such as potassium
and sodium ions (Stumm and Morgan, 1996).

Ion exchange process mainly refers to a release of adsorbed
calcium and magnesium ions from the aquifer matrix, and their
replacement by sodium ions existing in the circulating water (Luo
et al., 2018). This type of ion exchange is equally known as direct ion
exchange if the exchange can be done without intervention of an
intermediate element. It is frequent in coastal aquifers where
sodium-rich seawater penetrates a carbonate aquifer rocks
(Nadler et al., 1980; Magaritz and Luzier, 1985). It occurs when
deep waters rich in dissolved NaCl encounter rocks with
exchangeable calcium ions (Morgan and Jankowski, 2004), but it
happens also when calcimagnesian soils are irrigated with sodium-
rich water (Fantong et al., 2009; Gaofeng et al., 2009). When the ion
exchange requires an intermediate element, mainly carbonic acid, it
is called indirect ion exchange in which water plays the role of
mediator (Elliott, 2007).

Reverse ion exchange takes place when dissolved calcium and
magnesium ions in water are replaced with sodium ions from solid
phase. This is possible when Ca-Mg-rich water encounters aquifer
rocks with exchangeable Na-loaded clays (Coetsiers and
Walraevens, 2006; Nagaraju et al., 2006; Fantong et al., 2009).

The aim of this study is to assess the groundwater suitability for
irrigation purpose in the Fritissa region. The approach is based on
the analysis of major ions in 94 well water samples. It includes
calculation of quality indices notably Total Hardness (TH), Sodium
Percentage (Na%), Residual Sodium Carbonate (RSC), Sodium
Adsorption Ratio (SAR) and Permeability Index (PI). These are
helpful for understanding the main characteristics of water
chemistry and assessing its usefulness. The suitability of
groundwater for irrigation use is discussed according to the
Richards et al. (1954) and Wilcox (1955) diagrams.

2 Presentation of the study area

The Fritissa region is a plain between 2.35 and 4.4 west
longitudes and 32.7–34.5 north latitudes. It is bordered by the
Middle Atlas, to the west, and the Hauts Plateaux to the east.
The study area has a width of 62.54 km and a length of
188.15 km in the form of a rectangle. It covers the Middle
Moulouya and a part of Lower Moulouya (Figure 1). The terrains
are mainly drained by the Moulouya River and secondarily by the Za
River. Elevation is ranging between 336 m and 3380 m, where 75%
of total surface has altitudes from 770 m to 1640 m and slopes less
than 12% (Figure 2).

According to the Agency of Hydraulic Basin of Moulouya
(AHBM, 2022) annual precipitation varies from the southeast
100–200 mm/year to the northwest 200–300 mm/year. Wet
period is short between march and may, while the rest of the
year is a dry period.

Following the territorial reorganization program, the study area
includes parts of four provinces: these are provinces of Boulmane,
Taourirt, Guercif Jerrada and Figuig, and it covers totally or partially
32 communes where most of them is in the rural domain. According
to the Consultative Commission of Regionalization (CCR, 2011)
reports the local population undergoes moderate to severe poverty
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conditions and the irrigated agriculture remains the main resource
for sustainable development in the region. Thus, the assessment of
water suitability for irrigation is necessary.

The Figure 3 illustrates the land use map where five classes are
revealed, notably (i) water areas that are limited to 0.02% only of
global surface and corresponding to the Mouloya river and its

FIGURE 1
Location map (A) and the situation of the study area in the watershed of Moulouya (B).

FIGURE 2
Hypsometric map and hypsometric curve of the study area.

Frontiers in Geochemistry frontiersin.org03

Ben Driss et al. 10.3389/fgeoc.2024.1307252

https://www.frontiersin.org/journals/geochemistry
https://www.frontiersin.org
https://doi.org/10.3389/fgeoc.2024.1307252


tributaries, in addition to some waterways related to the Za river; (ii)
vegetation areas dominated by trees counting for 0.53% of surface;
(iii) agricultural zone occupied by variable crops and covering 1.47%
of studied area; (iv) built area including urban, suburban and rural
agglomerations representing 0.15% of surface; and (v) bare lands
that are dominating in the study and accounting for 97.83% of
global area.

3 Geological and
hydrogeological settings

Geological formations encountered in the region of interest are
of variable ages and are resulting from the filling of a subsident basin.
The basement corresponds to Paleozoic shists and quartzites
outcropping in the Debdou Buttonhole. The Secondary cover is
unconformably laying on the basement formations, and it is
composed of stratigraphic levels, presented based on their
dominant lithologies and according to the Geological Service of
Morocco (GSM) as follows (Figure 4).

Triassic formations are red clayey deposits and basalt intrusions
(GSM, 1985; 1991; 1995); Lias corresponds to limestone and red to
green marl; Aalenian-Bajocian represented by dominant limestone,
dolomite and sandy limestone; Upper Bajocian dominated by

limestone; Bathonian with red sandstone, marl and limestone;
Callovian to probable Oxfordian with sandy deposits passing
laterally to limestone and marl (GSM, 1964a; b; 1972a,b);
Cretaceous is characterized by clayey marl and limestone
deposits; Miocene corresponds to marl, limestone and
conglomerate; Pliocene formations show limestone, sand and
conglomerate deposits; and Quaternary deposits that form
complex formations including sand, clay, silt, limestone, marl
and conglomerate (GSM, 1964a,b, 1972a,b, 1985, 1991,1995).

Many studies focused on the tectonic evolution of the eastern
Morocco revealed that geological formations of Meso-Cenozoic
ages are controlled by basement tectonic structures, reactivated
during Hercynian and Late-Hercynian phases, and other tectonic
episodes of Mesozoic, Neogene and Plio-Quaternary ages (Ait
Brahim and Chotin, 1990; Bernini et al., 2000; Sani et al., 2000;
Gharmane et al., 2019; El Kati et al., 2022; Yaagoub et al., 2023).
These later works highlighted the existence of a fault system of
NE-SW and NW-SE dominating directions that affect the
different terrains in the region.

The aquifer system in the Moulouya corresponds to geological
levels with rocks whose permeability and fracturing conditions are
favorable for aquifer formation. The main aquifer levels are
described by Combe and Simonot (1971) and are from the
deepest to the most superficial as follows:

FIGURE 3
Land use map of the study area.
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Triassic sandstones and basalts form discontinuous aquifers and
are encountered in some boreholes, but their significance is limited
due to low water yields in boreholes and degraded quality. The
Liassic limestones constitute the deepest and most exploitable
aquifer. However, its extension is frequently limited by the
existence of marls being a lateral change in the lithology of the
geological formations. Another aquifer corresponds to limestones,
dolomites and sandy limestones of Aalenian-Bajocian formations.
The third aquifer is made up of Callovian-Oxfordian sandstones
passing laterally to limestones then to marls which limit the extent of
the aquifer. Miocene, Pliocene and Quaternary formations form a
complex superficial aquifer where water occurs in variable levels of
different lithologies. These are mainly sands, sandstones, siltstones,
and conglomerates, intercalated with clayey and marly layers.

4 Material and methods

The analysis of chemical characteristics of groundwater in
Fritissa region is based on the data provided by the Agency of
the Hydraulic Basin of Moulouya (AHBM), concerning 94 water
samples from drilling points. The data includes pH, Electrical
Conductivity (EC), and major ions concentrations in mg/L. The
data are obtained by using the standard methods in the Moulouya
Labotratory, according to protocols described by Rodier et al. (1975).
Indeed, pH and EC are measured on field using appropriate pH-
meter and conductivity-meter. Sulfate, nitrate and nitrite are
analyzed by colorimetric method with a spectrophotometer,
Potassium and sodium are determined by the atomic absorption
method with a flame spectrophotometer. Calcium and magnesium

FIGURE 4
Geological map of the study area extracted from the Moroccan Geological Map at 1/1000000 scale.
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are obtained by complexometric method, while carbonates are
assessed by sulfuric acid titration. Chloride is evaluated by the
Mohr method. In this study the samples whose chemical analysis
are showing ionic balance less than 6 are retained.

The data processing aiming at the groundwater characterization
as well as the assessment of its suitability for irrigation is based on
the calculation of commonly used irrigation indices as follows:

Total dissolved solids (TDS) are calculated from conductivity
according to Eq. 1:

TDS mg/l( ) � EC μs/cm( )/0.64 (1)

TDS is used with major ions concentration to reveal possible
processes influencing water chemistry in Gibbs diagram.

Total Hardness (TH), expressed in mg/L as CaCO3 and
calculated as shown in Eq. 2:

TH mg/l as CaCO3( ) � 2.5 Ca[ ] + 4.1 Mg[ ] (2)

When concentrations are calculated in mg/L.
The percentage of sodium Na%, calculated as follows in Eq. 3:

Na% � 100 Na + K( )/ Ca +Mg + Na + K( ) (3)

Na% is used in global quality classification of Wilcox (1955),
when it is compared to the Electrical conductivity (EC).

Residual Sodium Carbonate (RSC) is calculated using the Eq. 4:

RSC meq/l( ) � HCO3 + CO3[ ] − Ca +Mg[ ] (4)

Waters with RSC values up to 1.25 are considered as safe, RSC
between 1.25 and 2.5 indicate marginal water, while waters of RSC
upper than 2.5 are of poor quality.

The sodium Adsorption Ratio (SAR), which provides
information on the degree to which soil water undergoes cationic
interaction. It is obtained using the Eq. 5:

SAR � Na�����
Ca+Mg

2

√ (5)

The SAR and EC are the two entrees for the classification of
groundwater quality according to the US Salinity Hazard approach
(Richards et al., 1954).

The permeability index PI is also used and calculated as
shown in Eq. 6:

PI � 100* Na + ������
HCO3

√ )/(Na + Ca +Mg( ) (6)

According to Doneen (1964) three categories of water can be
distinguished following PI value: water with PI upper than 75 is
suitable, it is good if PI ranges from 25 to 75, and it is unsuitable
when PI is less than 25. For the determination of Na%, SAR, RSC
and PI, concentration values are calculated in meq/L.

Statistical analysis is helpful to understand the distribution of
used variables and the possible relationships between them. This
task is completed by using the SPSS software and by performing a
Principal Component Analysis (PCA). Another way to understand
the chemistry of studied waters is to determine their chemical facies,
which is possible by the help of the Piper software. To apprehend the
conditions and processes controlling the chemistry of waters, it is
necessary to perform deep analysis of data by common distribution
diagrams to reveal possible water-rock interaction processes. The

main objective of this study, corresponding to the assessment of the
groundwater suitability for irrigation purposes, is obtained by using
quality classifications notably Richards and Wilcox diagrams. The
results are then discussed and measures to take before using the
groundwater are communicated.

5 Results and discussion

5.1 Socio-economic data

The socio-economic data show significant variations between
regions in the study area (Table 1). Population growth rates vary
from −39.74% registered in 2014 in rural centers to 85.04% in
2004 observed in urban centers. This shows the large difference
between urban and semi-urban areas on the one hand, and rural
areas on the other. The disparity between urban and rural domains is
also observed in terms of rates of poverty (5.55%–90.8%) and
vulnerability to poverty (6.92%–31.78). However, constraints
resulting from the lack of water resources to meet the needs of
the population remain the common problem affecting all areas of
the region. Indeed, the irrigated areas in rural and semi-urban
communes reach up to 1600 km2, equivalent to about 86% of
communal surface. These remarks demonstrate that agriculture
and grazing are the main human activities on which the
development of the Moulouya region is based.

5.2 Statistical analysis of chemical data

The descriptive statistics are illustrated in Table 2, where
18 variables are considered. By focusing on the standard-
deviation values it is shown that many variables have raised
values indicating a large dispersion and significant variability of
water chemistry. Maximum values reveal that major ions
concentrations are mainly in acceptable ranges, according to
the Food and Agriculture Organization (FAO) quality
guidelines for irrigation waters (Mauritius Government
Gazette, 1999). Exceptions are observed for sulfate
(1455 ±1 mg/L) exceeding the permissible limit (250 mg/L),
chloride (699 ±1 mg/L) above the limit (350 mg/L) for surface
irrigation, and HCO3 (574 ±1 mg/L) slightly beyond the limit
(518 mg/L). Waters with TDS upper than 2000 mg/L may present
severe salinity problems for many sensible plants (James et al.,
1982; Ayer and Westcot, 1985). The SAR variable shows equally
values upper than the permissible limit of 6 (up to 10.11),
suggesting thus necessary precautions to take before using the
concerned waters (Ayer and Westcot, 1985). According to the
permeability index PI values, 25 samples are revealed unsuitable
(PI < 25), while 87 are good (25 < PI < 75).

For deep analysis of the global dataset, the Principal Component
Analysis CPA is performed to present the information on
18 variables (18 dimensions) in a space of reduced dimensions.
Indeed, Table 3 presents the evolution of the total expressed variance
that refers to the quantity of information explained by the factors in
the space of reduced dimensions. It is revealed that the four first
factors explain a cumulated variance of 77.08%, while the two first
factors conserve 61.74% of global information.
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Figure 5 shows the 18 considered variables plotted in a two
dimensions graph, constructed with the two first factors. It
highlights significant positive correlations between TDS, EC, SO4,
TH, Ca and Mg variables and the first factor that explains 42.97% of
global variance. RSC shows negative correlation with this factor. Na
%, PI and SAR variables present positive correlation with the second
factor that explains 18.77% of global information. Potassium seems
to be moderately correlated with the first factor. Other variables
(HCO3, CO3, NO2, NO3 and pH) are feebly correlated with the two

factors and are located at the center of the graph and distributed
independently to other variables.

5.3 Chemical groundwater facies

The determination of chemical water facies is performed by
using the Piper classification, as shown in Figure 6. Three water
categories are dominating in the Fritissa area: Ca-Mg-HCO3

TABLE 1 Descriptive statistics for socio-economic data of the studied region.

Variable Minimum Maximum Mean Standard-deviation

Population1994 2186.00 57956.00 9661.50 9936.91

Population2004 2174.00 80024.00 11699.97 14162.44

Demographic Growth Rate 1994-2004 (%) −37.65 85.04 13.16 22.46

Population2014 1310.00 103174.00 12727.06 18023.37

Demographic. Growth Rate 2004-2014 (%) −39.74 30.11 2.27 14.68

Population Density (inhabitant/km2) 01.14 5593.00 333.48 1084.96

Poverty Rate 2014 (%) 05.55 90.08 42.48 23.80

Vulnerability to Poverty Rate 06.92 31.78 24.32 5.36

Irrigated Surface (Km2) 00.00 1600.00 152.47 307.53

Irrigated Surface (%) 00.00 86.00 18.78 24.77

TABLE 2 Descriptive statistics concerning the 18 variables used to characterize the groundwater chemistry in the study area.

Variable Minimum Maximum Mean Standard-deviation

Ca (mg/L) 16 569 93 77.7

Mg (mg/L) 05 253 66 39.1

Na (mg/L) 06 636 78 82.1

K (mg/L) 00 23 04 04.2

HCO3 (mg/L) 55 574 282 99.0

CO3 (mg/L) 00 208 18 51.6

Cl (mg/L) 14 699 131 125.8

SO4 (mg/L) 00 1455 236 306.8

NO3 (mg/L) 00 23 02 04.7

NO2 (mg/L) 00 08 0.1 00.8

TDS (mg/L) 367 3301 910 540.1

EC (µS/cm) 235 2112 582 345.7

TH (mg/l as CaCO3) 15 186 50 31.5

SAR 0.17 10.11 1.5 01.3

%Na 4.65 65.32 24.7 11.7

RSC (meq/L) −35.2 07.9 −04.8 07.1

PI 7.7 72 44.3 12.9

pH 5.8 8.8 7.6 00.4
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facies is observed in 28 samples representing 29.79% of total
observation points, Ca-Mg-SO4 facies is detected in 29 samples
(30.85%), while Mixed facies is retrieved in 36 samples (38.30%).
One sample only showed Na-K-SO4-Cl facies. These results
demonstrate the contribution of calcium, magnesium,
carbonates, and sulfate ions to the chemistry of groundwater,
if compared to sodium, potassium, and chloride ions. This is due
to variable geochemical processes acting on different chemical
characters of water.

5.4 Possible processes controlling the
groundwater chemistry

The evolution of total salinity of groundwater shows a large
variation without significant correlation with all the major ions
distribution (Figure 5), suggesting that there are a variety of water-
rock interaction processes that control water chemistry. To confirm
the possibility of water-rock interaction, the Gibbs diagrams are
used as shown in Figure 7.

TABLE 3 Evolution of total expressed variance obtained from the Principal Component Analysis.

Factor Total expressed variance

Total expressed variance % Of variance % cumulated

Factor 1 7.73 42.97 42.97

Factor 2 3.38 18.77 61.74

Factor 3 1.46 08.12 69.86

Factor 4 1.30 07.22 77.08

FIGURE 5
Principal Component Analysis result for the groundwater of studied area.
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The distribution of groundwater samples in the Gibbs diagrams
suggests that water-rock interaction may be the principal process
affecting groundwater quality in the research area. A significant part
of samples shows a tendency to evaporation process with elevated
values of TDS.

For more precision in revealing water-rock processes, analyzed
samples are plotted in distribution diagrams (Figure 8). Reverse ion
exchange involves the release of calcium and magnesium into the
water, and Ca+Mg/SO4+HCO3 ratios can rise up to 1.2. In the
opposite direction, the ion exchange process involves capturing
calcium and magnesium by clay minerals containing sodium, and
resulting in an excess of SO4+HCO3 over Ca+Mg (Fisher and
Mulican, 1997). By plotting the samples in the Ca+Mg vs.
SO4+HCO3 diagram (Figure 8A), it is shown that these potential
processes are confirmed. The samples above the line d:1/1 are
dominant with the remark that most of samples are near the line
d:1/1 suggesting other possible processes involved in the control of
water chemistry. Figure 8B is a representation of studied waters in

the graph HCO3 vs. Ca+Mg that determines waters undergoing
direct and indirect ion exchange processes (Handa, 1969). Samples
falling on the d:1/1 line suggest that all the Ca andMg originate from
carbonate dissolution, giving a Ca + Mg/HCO3 ratio of
approximately 1.0 (Jia et al., 2020). The excess of Ca and Mg
giving a ratio (Ca+Mg/HCO3 > 1) can be explained by an
additional source of Ca and Mg ions, such as the replacement of
Ca and Mg in the rock matrix by sodium and potassium ions in
water (Luo et al., 2018). For the samples plotted below the d:1/1 line,
reverse ion exchange is a possible process leading to a ratio (Ca+Mg/
HCO3 < 1). Excess of HCO3 may result from indirect ion exchange
involving the participation of carbonic acid (Elliott, 2007). In
addition, the weathering of silicates is a frequent source of
HCO3 ions which leads to a decrease in the Ca+Mg/HCO3 ratio
(Mukherjee and Fryar, 2008; Saha et al., 2011). Following the
analysis data, It is demonstrated that most points fall below the
line d:1/1, suggesting that direct ion exchange is dominant over
indirect ion exchange, and the situation of points far from the line

FIGURE 6
Groundwater of the Moulouya region plotted in the Piper diagram.
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reveals that limestone and dolomite minerals are not the only source
of calcium and magnesium in waters.

Dissolution-precipitation of minerals is a possible process that
affects the water chemistry, and it is assessed by plotting the water
samples in the SO4 vs. Ca diagram (Figure 8C), which takes into
account the fact that the evaporitic minerals occur in many levels of
the Fritissa aquifers. The possible dissolution of gypsum and
anhydrite is confirmed for 27 points that fit on the line d:1/1.
Excess of calcium over sulfate is observed in 57 samples, while excess
of sulfate is detected in 10 points. On the other hand, the Na vs. Cl
plot (Figure 8D) is used to examine how halite dissolution affects the
hydrochemistry of water. The graph shows the distribution of
44 samples close to the d:1/1 line indicating that halite is
significantly a potential source of dissolved sodium and chloride
ions. Excess of chloride is detected in 42 points, while excess of
sodium is revealed in 8 samples only. Consequently, other sources of
sodium and chloride are probable for samples falling far from the
equilibrium line.

5.5 Groundwater suitability for
irrigation purposes

The assessment of groundwater suitability for irrigation is
performed by using the Wilcox (1955) diagram that compares
water electrical conductivity to sodium percentage and delineates
five water quality zones. Results are illustrated in Figure 9 that shows
that most of samples are mainly falling in the excellent to good class
and secondarily in good to permissible class. One sample shows
doubtful to unsuitable conditions. Due to the fact that the Wilcox

diagram does not take in consideration the other elements
contributing to the total salinity, such as calcium and
magnesium, frequent in carbonate rocks in the region, it is
interesting to assess the water suitability by using the US Salinity
Hazard diagram that uses electrical conductivity and SAR values,
and determines water classes according to the levels of sodium
hazard and global salinity threat (Richards et al., 1954). Figure 10
illustrates the classification result, where three groundwater
categories are defined: (i) the S1C1 class that corresponds to low
sodium hazard level and low global salinity threat, and concerns four
samples only; (ii) the S1C2 class with low sodium hazard and
moderate conductivity (250–750 μS/cm), characterizing most of
samples (75.53%); (iii) the S1C3 class that designates conditions
of low sodium hazard but high global salinity threat, revealed for
eighteen samples (19.15%). One sample shows exceptional
conditions and belongs to the S3C3 class with high sodium
hazard and high salinity threat.

5.6 Discussion

The results obtained in this study make it possible to highlight
several characteristics of the region, and to recommend measures and
precautions to be taken for the secure use of groundwater. On a socio-
economic level, it is noted that demographic development is increasing
in the region, but water resources remain limited under pressing
climatic conditions. It is expected that the demand for drinking
water and irrigation water will be increasingly high with the
expansion of built zones and cultivated lands, progressively replacing
the bare lands, thanks to investments in regional agriculture.

FIGURE 7
Fritissa groundwater plotted in the Gibbs diagrams. (A) cations and (B) anions.
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Chemical analysis of groundwater has revealed the diversity of
its chemical facies, resulting from numerous water-rock interaction
processes that control the distribution of dissolved elements in
water, including direct and indirect ion exchange, reverse ion
exchange, evaporation, and possibly dissolution-precipitation,
such is the case in various arid and semi-arid regions of Morocco
(Ettazarini, 2004; Ettazarini, 2005; Ettazarini, 2006; Bahaj et al.,
2013; Ait Brahim et al., 2015; Kassou et al., 2016; Al Yacoubi et al.,
2017; Ettazarini and El Jakani, 2017; Ait Lemkademe et al., 2023;
Laghrib et al., 2023).

The possible contribution of gypsum dissolution confirmed for
27 samples and halite dissolution for 44 samples supports the
geological control of water chemistry through evaporitic rocks.
Anterior works demonstrated that the risk of marine submersion
is limited to the coastal zone, up to 10 km far from the coastline
(Ramdani et al., 2021). In addition, other studies provided

geophysical data, targeting groundwater salinisation, showed that
salinisation is limited to the coastal area, and it is mainly caused by
evaporitic deposits after a deepening of water level in the phreatic
aquifer (Boughriba et al., 2006). Therefore, the hypothesis of
seawater as source of halite is excluded.

The quality indices used in this study target several aspects of
water behavior when used for irrigation. Considering the values of
pH (5.8–8.8 ±0.1) and TDS (367 ±1 mg/L—3301 ±1 mg/L) in the
studied waters, it is convenient to consider the pH and global salinity
levels and compare them to the tolerance level of plants to these two
parameters. Crops productivity largely depends on the salinity in
both soils and irrigation water (Grattan, 2002; Ezlit et al., 2010).
High salinity can also cause the clogging of voids and a reduction in
the porosity of soils, and thus reduce their aeration conditions
(Gonçalves et al., 2010; Ahamefule et al., 2019). Indeed, high
salinity can affect plants and cause saline soil conditions, while

FIGURE 8
Distribution diagrams used to characterize the groundwater in Fritissa area, (A,B) Checking of ion exchange processes, (C) Contribution of gypsum
and anhydrite minerals, and (D) Contribution of halite minerals to groundwater chemistry.
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excess sodium affecting the soil leads to sodic soil conditions (Fipps,
2021). The hardness values in mg/L as CaCO3 (15 ±1 mg/
L—186 ±1 mg/L) encourage reflection on the use of this water.
Indeed, soft water with hardness less than 50 mg/L is not necessarily
beneficial for plants, but the desired hardness is between 50 and
150 mg/L. When hardness exceeds 300 mg/L, there is a long-term
risk of foliar deposits, damage to irrigation systems and clogging of
pipes (Schiavon and Moore, 2021).

RSC values revealed in (−35.2−7.9 ±0.1 meq/L) range depend on
carbonates and bicarbonates concentration that influence the

suitability of water to irrigation purposes (Amadi et al., 2019).
Waters with RSC upper than 1.25 are not observed among the
studied samples. Over the 2.5 threshold, water is of fair quality and
the risk of bringing sodium carbonates after precipitation of
alkaline-earthy carbonates occurs (Servant, 1978). Indeed, the
calculation of the permeability index PI helps to predict the
behavior of the soil after prolonged use of irrigation water
(Easton, 1950; Doneen, 1964; Singh et al., 2015). Based on the
results obtained for the PI values (7.7–72), it is remarked that waters
from 92.55% of samples are good for long-term irrigation use. These

FIGURE 9
Irrigation groundwater quality based on the Wilcox (1955) classification.

FIGURE 10
Irrigation groundwater quality based on the US Salinity Hazard diagram after Richards et al. (1954).

Frontiers in Geochemistry frontiersin.org12

Ben Driss et al. 10.3389/fgeoc.2024.1307252

https://www.frontiersin.org/journals/geochemistry
https://www.frontiersin.org
https://doi.org/10.3389/fgeoc.2024.1307252


can be used without any threat if moderate amount of leaching
occurs (Doneen, 1964; Ragunath, 1987), while the remaining 7.45%
are unsatisfactory and should be used with caution. These are non-
suitable for feebly drained soils (Doneen, 1964; Ragunath, 1987).

Combining TDS, EC and SAR variables is a common way for
evaluating the groundwater suitability for irrigation purposes. The
classification of groundwater according to Wilcox diagram revealed
two main classes suggesting that waters are of excellent to good type
and good to permissible type, except one sample that is ranged in
doubtful to unsuitable category and that will be discussed later. The
US Salinity classification of Fritissa groundwater showed low sodium
hazard (S1) but progressing salinity levels (C1, C2 and C3). According
to the US Salinity Laboratory guidelines (Fipps, 2021), low sodium
water (S1) is suitable for almost all soils, but caution is demanded for
sodium-sensitive crops. Low salinity water (C1) is suitable for most
crops on most soils with little leaching required. Caution is
recommended for soils of extremely low permeability. Medium
salinity water (C2) is usable when moderate amount of leaching
occurs, and for salinity-tolerant crops. High salinity water (C3) is risky
for soils with restricted drainage. Management for salinity control
may be required in this case. Only crops presenting a good salinity
tolerance can be considered. The sample making exception with
highest sodium hazard and highest salinity is classified in
S3C3 category. The same sample is revealed as doubtful to
unsuitable by the Wilcox classification. It shows high amounts of
sodium, chloride and sulfate, and its water facies is of Na-K-SO4-Cl
type. The sample is taken from a superficial water level (12.6 m depth)
and its location falls on the bare zone, but near a waterway
downstream of built area. These remarks suggest possible
contamination of waters caused by wastewater.

Furthermore, the spatial distribution of nitrates and nitrites is
compared to the land use map (Figure 11) where it is realized that
sample points showing amounts of nitrites and/or nitrates are
localized either in agricultural areas, where fertilizers are used to
increase soil fertility, or downstream of built zones, where household
waste and wastewaters are frequently rejected. These observations
support the possible anthropic source of contamination. Thus,
anthropic influence should be considered to explain the water

chemistry in regions where wastewaters are directly projected in
the natural environment.

6 Conclusion

The chemical analysis of groundwater from Fritissa region
aimed at the determination of main water characters and the
assessment of its suitability for irrigation purposes. The approach
is based on the analysis of major ions (Ca, Mg, Na, K, HCO3, CO3,
Cl, SO4, NO3, NO2) concentrations, pH values and the calculation of
many common quality indices, notably total dissolved solids TDS,
total hardness TH, sodium percentage Na%, residual sodium
carbonate RSC, sodium adsorption ratio SAR, and permeability
index PI. The results revealed that the region, of growing population,
undergoes pressing constraints caused by increasing demands on
drink and irrigation waters, coupled with a significant scarcity of
water resources under arid and semiarid climate conditions. The
study demonstrated variable characters of water chemistry in the
region of interest. Indeed, waters are of Ca-Mg-HCO3, Ca-Mg-SO4-
Cl and mixed facies types. Distribution graphs revealed many
possible water-rock interaction processes controlling the water
chemistry, such as ion exchange, reverse ion exchange, direct ion
exchange, indirect ion exchange, in addition to evaporation and
possible dissolution-precipitation processes.

The assessment of water suitability for irrigation purposes is
performed by two common classifications: The classification of
Wilcox (1955) that revealed excellent to good and good to
permissible categories, as dominant in the region; and the
classification of Richards et al. (1954) adopted by the
United States Salinity Laboratory, and that provided more
precisions and helped to distinguish three classes: S1C1, S1C2,
and S1C3 for which some caution and measures to consider are
determined. The two classifications were able to detect one sample
making exception, whose quality is probably deteriorated by
household waste and wastewaters. The anthropic impact is then
demonstrated by the location of the water points contaminated with
nitrates and nitrites in agricultural zones and near residential areas.

FIGURE 11
Spatial distribution of nitrates (A) and nitrites (B) in groundwater of Fritissa region.
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Thus, the good understanding of water chemical characters and the
factors controlling their evolution, in time and space, necessitate the
consideration of anthropic impact in addition to natural
common processes.
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