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Abstract
In semiarid regions, salinization and anthropogenic contaminants are considered as the 
principal threat to groundwater resource availability. Consequently, the origin and pro-
cesses of salinization should be identified, to take a sustainable measurement to mitigate 
these problems. In the present study, groundwater samples from 18 dug wells were col-
lected during the sampling campaign carried out in May 2016 in order to identify the main 
natural and anthropogenic processes that control the quality of groundwater in the Mornag 
shallow aquifer (northeastern Tunisia) and to evaluate its suitability for agricultural irriga-
tion purpose. This may create a clear database for decision maker to take suitable actions to 
sustainably manage the groundwater resources. The hydrogeochemical parameters (major 
ions concentration, pH, TDS, EC) were examined to assess the quality of groundwater 
and to identify the main mineralization processes. Permeability index (PI), percentage of 
sodium (%Na) and the ratio of sodium adsorption (SAR) were investigated to evaluate the 
groundwater suitability for irrigation. It has been demonstrated that the major ions abun-
dance follows the order of sodium > calcium > magnesium > potassium and chloride > sul-
fate > bicarbonate > nitrate. Dissolution of evaporite minerals, such as halite, gypsum and 
anhydrite, and reverse ion exchange are the predominant processes of groundwater miner-
alization, generating the Cl–SO4–Ca and Na–Cl major water types. The calculated irriga-
tion water quality index displayed that 55% of the Mornag groundwater samples are dis-
tinguished by elevated SAR and PI, suggesting their unsuitability for irrigation. So, the 
present study has provided a precious insight into the major geochemical processes occur-
ring in the Mornag shallow groundwater and their suitability for irrigation which will sup-
port future management of these resources.
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1  Introduction

Groundwater is the main source of public water supplies not only in housing but also in 
industrial and agriculture activities (Kalaivanan et al. 2018; Amin et al. 2018). The quan-
tity and quality of groundwater have become a major challenge faced by many regions 
today. Indeed, the fast population growth as well as the socioeconomic development has 
resulted in increasing demands for water resources. It is reported that these activities have 
resulted in several long-term effects on groundwater resources such as a general decline in 
water levels, an increase in the risk of saltwater intrusion and water quality degradation. 
In arid and semiarid regions, groundwater pollution can lead to a vast array of environ-
mental, social and economic consequences added to the impacts on health and livestock 
(Toumi et  al. 2015). In Mornag region, for instance, located to the northeast of Tunisia, 
the shallow groundwater aquifer showed significant qualitative and quantitative changes 
(Lassoued et al. 1995). These changes are manifested through a general decline in the level 
of water table and the degradation of water quality (Chandoul 2017). Moreover, the dete-
rioration of groundwater quality, which is considered as an expected side effect of the aqui-
fer over-exploitation, represents another major problem for decision makers and managers 
(Farhat 2011). Indeed, groundwater quality, which is influenced by both natural and anthro-
pogenic mineralization processes, needs to be considered as a fundamental element for a 
sustainable management. Understanding the hydrodynamic functioning and the evolution 
of groundwater geochemical composition is what guarantees the effectiveness and sustain-
ability of decisions that should be taken for the management of water resources.

Therefore, it is essential to understand groundwater hydrodynamic functioning and to 
identify the mineralization processes of Mornag coastal aquifer when assessing the pos-
sible risks that may result from the quantitative and qualitative degradation of shallow 
groundwater. The present investigation aims at providing the appropriate information about 
the hydrodynamic behavior of the studied aquifer, the dominant geochemical processes that 
control groundwater quality and how useful and suitable it is for irrigation purposes.

2 � Study area

The Mornag region with a land area of about 370 km2 is located on the northeastern part of 
Tunisia within latitudes 36° 34′ to 36° 46′ N and longitudes 10° 6′ to 10° 24′ E (Fig. 1). It 
is bounded by the Gulf of Tunis in the north, Jebel Boukornine in the northeast, Jebel Res-
sas and Jebel Hmadet el Khafi in the south and the hills of Rades, Megrine and BirKassâa 
in the west. Land-surface altitude of the highest mountain is 795  m a.s.l on the Ressas 
Mountain. The major economic activity in the Mornag plain, which has the most fertile 
land in Tunisia, is agriculture with principal crops being citrus and vine. Moreover, the 
study region is known by its industrial activity with companies that operate mainly in the 
mechanical, electrical, and textile, leather and clothing industries.

The climatic study, which was carried out based on the data recorded at the Mornag 
CTV weather station during the last 15 years, shows that the climate of the study district 
is classified as Mediterranean. It is characterized by relatively hot, dry summer and mild 
winter (Chandoul 2017). The study area is dominated by winds from the east, in summer, 
northeast, in the spring and west and northwest in winter (Bargaoui 1983). December is 
the wettest month with a maximum rainfall of 80 mm, and the driest month is July with a 
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mean rainfall of about 5 mm. The annual precipitation averages at 550 mm. The maximum 
temperatures usually exceed 31 °C during the summer, precisely in August, and the lowest 
mean minimum occurs in January with 10 °C. The mean annual potential evapotranspira-
tion exceeds 1700 mm/year.

The hydrographic network in the Mornag plain is represented by wadi Meliane which 
drains a catchment covering an area of about 1996 km2. Wadi Meliane, which is the major 
wadi in the study area, is the second permanent wadi of Tunisia, after the Medjerda extend-
ing over a length of 100 km. It flows from the southwest to the northeast along the axis of 
the plain, collecting surface rainwater from the foot of Djebel Bargou toward the Gulf of 
Tunis. Moreover, the region is fed by canal derived from Medjerda wadi. This wadi is char-
acterized by an irregular annual average rate varying largely between 5 × 106 and 200 m3/
year (BRLI 2007).

3 � Geologic and hydrogeologic setting

The Mornag plain consists mainly of Quaternary sediments which are of great hydrologic 
importance. These deposits are bounded by the Late Miocene deposits to the northwest, 
by the Paleogene deposits to the southeast and by sediments of age spread from Trias-
sic to Late Eocene to the East (Bujalka et al. 1971; Vacek et al. 1971) (Fig. 2). The most 
important outcrops of Sediments belonging to Triassic—Late Cretaceous interval appear in 
the east of the study region. Paleocene sediments crop out in the south and the southeast. 
Eocene deposits crop out in the south, in the east of Jebel Ressas and in the west of Jebel 
Boukornine. Oligocene sediments appear in the south and in the central west and Miocene 
sediments crop out in the northwest (Fig.  2). In the northeast of Tunisia, sedimentation 
from Triassic to Quaternary is characterized generally by gypsum, clays, limestone, marls 
and sandstone (Fig. 3) (Burollet 1956; Floridia and Massin 1969; Rakus and Biely 1971; 

Fig. 1   Digital elevation model of the northeastern Tunisia, showing the location of the study region
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Bujalka et al. 1971; Biely et al. 1972; Bonnefous 1972; Bouhlel 1982; Turki 1985; Bismuth 
and Hooyberghs 1994; Soussi et al. 2000; Mzali and Zouari 2012; Amri et al. 2018).  

Triassic series consist of gypsum, clay, sandstone and dolomite. Jurassic deposits are 
represented by limestone and marls. Early Cretaceous sediments consist of consolidate 
sandstone with marls at the base which are situated beneath marly limestone, limestone 
and marls. Late Cretaceous sediments are characterized by limestone at the base which are 
overlain by clays and alternation of clays and marly limestone banks and by limestone bar 
and marls at the top. Paleogene deposits are characterized by marls of Paleocene, limestone 
of Early Eocene, clays intercalated by a limestone bar of Late Eocene, alternations of clays 
and sandstone of Early Oligocene and sandstone of Late Oligocene. Late Miocene sedi-
ments consist of clays and sandstone alternations overlain by sands at the top. In the north-
east of Tunisia, Quaternary deposits are generally continental. Indeed, Marine sediments 
appear in the Cap Bon peninsula (Moussa et  al. 2014). In the study region, Quaternary 
sediments are represented by sands, red clays, sandy clays, consolidates dunes, soils, scree, 
gravel, clay and conglomerate (Bujalka et al. 1971).

The Mornag plain is situated in the Tunisian Atlas which is characterized by compound 
deformations that are represented by faults of different directions, NW–SE-oriented col-
lapse structures and NE–SW-oriented folds (Ben Haj Ali et al. 1985). This plain is limited 
to the east by the Zaghouan fault where its play as a thrust fault resulted in the building of 
the Tunisian dorsal (Turki 1985).

Quaternary sediments of the Mornag plain cover two different compartments which 
are separated by a NW–SE-oriented fault. The northern compartment is characterized by 
a sedimentary gab between Oligocene and Early Miocene deposits and is part of a syncline 
structure where the dip layers are 60° toward the northwest in the southeast flank and 25° 
toward the southeast in the northwest flank (Fig.  2). Quaternary sediments of this com-
partment lie with angular unconformity on the Late Eocene and Middle to Late Miocene 
deposits. The southern compartment is characterized by a complete stratigraphic series, 
and it forms a syncline structure with a relatively symmetric flank. Quaternary sediments 

Fig. 2   Geological map of the study region (Bujalka et al. 1971; Vacek et al. 1971)



2702	 A. Ben Moussa et al.

1 3

of this compartment lie with angular unconformity on the Triassic, Late Cretaceous, Pale-
ocene, Eocene, Oligocene and Miocene deposits (Fig. 3). The difference in the two com-
partments is the result of the activity of the NW–SE fault, which separates them, during the 
extensive and compressive tectonic phases.

Quaternary deposit thickness varies along the Mornag plain. Indeed, water wells drilled 
in this plain show thicknesses varying from 13 m to almost 250 m (Farhat 2011). The max-
imum thickness of the Quaternary sediments is shown in the syncline core (Fig. 4).

Previous regional hydrogeologic investigations indicate that the Mornag plain contains 
a complex multi-level aquifer system (Lajmi 1968; Ennabli 1980; Hechemi 1989; Farhat 

Fig. 3   Synthetic stratigraphic column of the study region (Mzali and Zouari 2012)
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2011; Mezrioui 2015). The shallow aquifer, which is the uppermost hydrogeologic unit, 
includes sediments of Quaternary age (Fig. 4). It consists mostly of alluvial deposits with 
variable amounts of sandstone, sand, sandy clay and clay. This aquifer, which is uncon-
fined in the entire study area, has a synclinal structure and lies in angular discordance on 
the underlying sedimentary series. Recharge to the Quaternary shallow aquifer is mainly 
from the precipitation that infiltrates at the foot of the bordering hills, in the Khlédia, Et-
tella and Rorouf regions. Thickness of the Mornag shallow aquifer ranges from a 10 m to 
greater than 30 m in the central part of the plain. Hydraulic conductivity for the shallow 
unconfined aquifer is estimated to range from 0.5 × 10−5 to 2 × 10−3 m/s, and the transmis-
sivity values range from less than 10−4 m2/s to greater than 80 × 10−4 m2/s (Farhat 2011; 
Chandoul 2017).

A piezometric map of the Mornag shallow aquifer was prepared from water-level meas-
urements made during May 2016 (Fig. 5). This map shows that measured water levels were 
about 70 m, in the southern part of the basin, to about 10 m, the northern part, and closer 
to the Gulf of Tunis. Groundwater generally follows topography, showing a general flow 
pattern from mountainous areas, in the south, toward the Mediterranean Sea, in the north. 
The hydraulic gradient typically follows topography. Regions with high hydraulic gradi-
ents, indicated by higher density of potentiometric contours, may reflect either reduction 
in the hydraulic conductivity or reduction in the more permeable zones within the aquifer.

4 � Materials and methods

The present investigation, which reveals the hydrochemical criteria in the Mornag plain, 
is conducted to characterize, understand and interpret groundwater mineralization in the 
regional context. As shown in Fig. 2, a total of 18 samples of shallow groundwater were 
collected from shallow wells. All samples were stored in washed polypropylene bottles 

Fig. 4   Geological cross section (A–A′ and B–B′) showing deformations geometry in the northern and 
southern compartments of Mornag plain
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to avoid unpredictable changes in characteristic. Physicochemical parameters, such as 
electrical conductivity (EC), pH and temperature (T  °C), were measured in the field, 
directly after sample collection using a portable multi-parameter. Major cations (Ca2+, 
Mg2+, Na+, K+) and anions (Cl−, SO4

2−, HCO3
−, NO3

−) concentrations were measured 
in the “Laboratoire de Radio-Analyses et Environnement” of the Engineers School of 
Sfax, Tunisia. These measurements were taken on a water ion chromatograph using IC-
PakTMCM/D columns, for cation, and a water ion chromatograph (Metrohm) using CI-
SUPER-SEP columns, for anion. Concentrations of major ions were converted to mil-
liequivalents per liter, and the analytical precision to the measurement is about ± 5%. 
The ionic charge balance error was below 5%, which is within the acceptable limit 
(Domenico and Schwartz 1990; Freeze and Cherry 1979). Groundwater quality indexes 
such as percentage sodium (%Na), permeability index (PI) and sodium absorption ratio 
(SAR) were used to evaluate irrigation water quality (Table  1). Surfer 9 software has 
been used to establish different spatial distribution maps of various chemical ions and 
indexes in the Mornag shallow groundwater.

Fig. 5   Piezometric map of the Mornag shallow aquifer

Table 1   Equations used for calculation of water quality indices in Mornag groundwater samples

Water quality indices Equations Unit References

Sodium absorption ratio (SAR) SAR =
Na

√

(Ca+Mg)

2

meq/L Richards (1954)

Percent sodium (%Na) %Na =
Na++K+

(Ca2++Mg2+Na++K+)
× 100 % Wilcox (1955)

Permeability index (PI)
PI =

Na+
√

HCO−
3

(Ca2++Mg2+Na+)
× 100

meq/L Doneen (1964)
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5 � Results and discussion

5.1 � Aquifer geochemistry

5.1.1 � Ions concentration

Understanding the aquifer hydrochemistry is essential to recognize origins of ground-
water and the mineralization processes which occur in the Mornag aquifer. The ground-
water hydrochemical data of Mornag shallow unconfined aquifer are shown in Table 2. 
Total dissolved solid (TDS) concentrations in the Mornag unconfined groundwater dis-
plays a wide range of variation from 0.8 to 11.6 g/L. The electrical conductivity (EC) 
values, which vary from 1154 to 11000 μs/cm, are function of the total dissolved solids 
(TDS). In fact, the spatial distribution of the TDS and EC shows that low values have 
been recorded in the foot of the surrounding hills, suggesting the effect of recharge by 
rainfall fresh water (Fig.  6a, b). The central and northern parts of the basin are dis-
tinguished by moderate to high values of TDS and EC, highlighting the impact of the 
water–rock interaction enhanced by the residence time and the anthropogenic activities 
(agriculture and industry). However, the maximum value of TDS (11.6 g/L) has been 
reported in the southeastern part of the study area, lending support to the groundwater 
interaction with salt Triassic sediments which outcrops in the foot of Jebel Ressas. The 
Mornag unconfined groundwater displays pH values that vary from 6.8 to 8.25, indicat-
ing that groundwater is generally alkaline, highlighting the combined effect of numer-
ous geochemical and biological processes. Indeed, biological activities can generally 
accelerate geochemical processes.

The major ions mean abundance in the Mornag unconfined groundwa-
ter follows the order of Na+ > Ca2+ > Mg2+ > K+, for the cations, and the order of 
Cl− > SO4

2− > HCO3
− > NO3, for the anions. This is confirmed by the position of 

groundwater samples in the Piper plot, suggesting that the majority of the groundwater 
chemistry consists of Na+, Ca2+, Cl− and SO4

2− (Piper 1944). Indeed, sodium is the 
dominant cation with about 57% of all the cations, while calcium and magnesium are 
of 28.7 and 11.5%, respectively. Chloride is dominant anion representing 50% of all the 
anions, whereas sulfate and bicarbonate are of 20 and 28%, respectively. Consequently, 
based on Piper diagram, Mornag groundwater samples can be classified into two major 
water types such as Cl–SO4–Ca and Na–Cl facieses (Fig. 7). Correlations between the 
sum of cations, the sum of anions and majors ions are helpful in determining the prin-
cipal chemical elements that contribute to the groundwater mineralization and identify-
ing geochemical processes that occur in the aquifer. The present investigation shows 
that there are positive correlations in the plots of Na+, Ca2+ and Mg2+ versus the sum 
of cations and in the plots of Cl− and SO4

2− versus the sum of anions, indicating their 
considerable contribution to the groundwater mineralization processes (Fig.  8). Fur-
thermore, qualitative and quantitative insights about mineralization processes control-
ling Mornag groundwater can be obtained using Gibbs diagrams (Gibbs 1970). Indeed, 
Gibbs diagrams can bring reliable information about precipitation, rock interaction and 
evaporation processes that control groundwater composition. Gibbs plots highlight that 
water–rock interaction is the principal processes influencing the Mornag groundwater 
composition, especially in the southeastern part of the study area (Fig.  9). However, 
some groundwater samples deviate from the domain of rock dissolution and lending 
support to the effect of the evaporation process on groundwater quality.
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In order to highlight more in detail these mineralization processes, various bivariate 
conventional diagrams between major ions have been examined in conjunction with satura-
tion indexes versus some minerals. In the plot of Na versus Cl most groundwater samples 
from the Mornag shallow aquifer fall along the 1:1 line (Fig. 10a). Moreover, the spatial 
distribution maps of sodium and chloride show that the concentrations of these two ions 
increased in the same direction of groundwater flow (Fig.  11a, b). This may be related 
to the halite (NaCl) dissolution, which is highlighted by the negative values of saturation 
indexes (Table 2). These later suggest an under-saturation state with respect to NaCl min-
eral and consequently its likely dissolution (Moussa et al. 2017). The Ca versus SO4 dia-
gram displays well-defined relationship between calcium and sulfates, suggesting that these 
ions derive from the dissolution of gypsum and/or anhydrite minerals (Fig. 10b). The dis-
solution of sulfate minerals is in concordance with both the under-saturation state of the 
Mornag shallow groundwater with respect to the gypsum and anhydrite minerals and the 

Fig. 6   Spatial distributions of TDS (a) and electrical conductivity (b)

Fig. 7   Piper diagram of the Mor-
nag sallow groundwaters
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Fig. 8   Plots of ∑anions versus each anion and ∑cations versus each cation
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similar spatial evolution of calcium and sulfates concentrations, which increase conform-
ably to the direction of groundwater flow (Fig. 11c, d). However, some groundwater sam-
ples are distinguished by a deficit of sodium which corresponds to an excess of calcium. 
This observation may be explained by the effect of ions exchange with clayey mineral 
relatively abundant in the Mornag unconfined aquifer. Additionally, the estimation of the 
ion exchange indexes displays positive values indicating reverse cation exchange, where 
Na+ and K+ from water are exchanged with Mg2+ and Ca2+ in clay minerals (Moussa and 
Zouari 2011) (Table  2). Figure  12 highlights the occurrence of cation exchange process 
in the Mornag shallow aquifer. This plot shows that groundwater samples fall along a line 
with a slope of − 1, confirming that cation exchange is an important process, which plays a 
fundamental role in the modification of groundwater geochemical composition (Dassi et al. 
2005; Kamel et al. 2006; Tarki et al. 2016; Moussa et al. 2017).

5.1.2 � Nitrate concentrations

Groundwater samples display a broad range of nitrate contents, which vary from below 
the detection limit to 164.95  mg/L. Among 18 groundwater samples, six samples are 

Fig. 9   Gibbs plots explain groundwater geochemical process in the Mornag region

Fig. 10   Plots of Na versus Cl (a) and Ca versus SO4 (b)
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distinguished by nitrates contents above the recommended World Health Organization 
limit for NO3 in drinking water, estimated to 50 mg/L (WHO 2011). The examination of 
nitrate concentration variations with respect to well depth suggests that nitrate contents in 

Fig. 11   Spatial distributions of Na (a), Cl (b), Ca (c) and SO4 (d)

Fig. 12   Plot of (Na+ + K+ − Cl−) versus [(SO4
2− + HCO3

−)–(Ca2+ + Mg2+)]
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the Mornag shallow aquifer decrease likely with increasing well depth. The higher NO3 
concentration may reflect the effect of anthropogenic contamination related to agricultural 
and industrial activities (Moussa et al. 2008). The mapped spatial distribution displays that 
highest NO3 contents (above 50 mg/L) were found in the central part of the Mornag plain 
which are distinguished by intensive farming production (Fig. 13). Indeed, the excessive 
use of chemical fertilizer represents a major factor contributing to the increase in N con-
centration in groundwater through return flow of irrigation water. Moreover, other source 
of nitrates originates from industrial waste water, especially in the eastern part of the study 
area. In this region, the infiltration of wastewater throughout the Meliane wadi plays a fun-
damental role in increasing the contamination of groundwater by nitrate.

5.2 � Groundwater suitability for irrigation

The assessment groundwater suitability for irrigation purpose in the Mornag region was 
carried out basing on electrical conductivity, sodium adsorption ratio (SAR), % sodium 
and permeability index (PI). It is essential to evaluate the quality of water available for 
irrigation, depending on the aforementioned parameters for a successful application and 
beneficial uses. Indeed, inadequate evaluation of the irrigation water quality can result in 
soil structure degradation and plants production problems, especially if the depth of clay 
levels is shallow.

5.2.1 � Sodium percentage

The sodium percentage was calculated to provide information about the suitability of 
groundwater for irrigation, as excess sodium can result in reduced soil permeability 
(Janardhana Raju et  al. 1992; Wilcox 1955). In fact, high %Na in groundwater (above 
60%) may cause sodium accumulations which will engender a disturbance of soil structure 
(Fipps 2003). The %Na of the Mornag groundwater samples varies from 24.7 to 66.3% 

Fig. 13   Spatial distribution of nitrate
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with a mean value of 46.04%. It has been displayed that 77.7% samples are permissible to 
suitable for irrigation. However, about 23% of groundwater samples are classified as doubt-
ful for irrigation (Table 3).

According to the Wilcox diagram, which represents the evolution of sodium percent 
with respect to EC, the Mornag groundwater samples have been classified into three dif-
ferent categories. About 28% of groundwater samples, collected from wells located in the 
recharge area, fall in the “Good to Permissible” category, suggesting a low mineralization 
(Figs. 14, 15). Only 18% of samples fall in the category “Doubtful to Permissible,” indicat-
ing medium mineralization. Almost half of groundwater samples (55%) fall into the cate-
gory of unsuitable for irrigation purposes, highlighting high mineralization (EC > 3000 µs/
cm). This classification suggests that the great majority of groundwater, sampled from the 
central and northern parts of the Mornag plain, is unsuitable for irrigation purposes, which 
can result in reduced soil permeability and consequently generate poorly drained soils 
(Fig. 15).

5.2.2 � Permeability index (PI)

The soil permeability index is largely influenced by the chemical composition of soil and 
irrigation water (sodium, calcium, magnesium and bicarbonate). This parameter, which 
was calculated using the following formula, has been estimated to assess the suitability of 
groundwater for irrigation (Doneen 1964).

The permeability index of Mornag shallow groundwater varies from 35.9 to 68.55% 
(Table  3). Based on this parameter (PI), waters can be classified into three classes I, 
II, and III (Doneen 1964). Waters are considered as suitable to good for irrigation if 
they belong to the classes I and II with 25–75% of maximum permeability. For those 
belonging to class III, waters are judged as unsuitable for irrigation purpose with 25% 

Table 3   Calculated values of 
sodium percentage (%Na), 
permeability index (PI) and 
sodium adsorption ratio 
(SAR) to assess the suitability 
of groundwater samples for 
irrigation

Well number %Na %PI SAR

P1 76.77 68.55 8.92
P2 72.66 65.28 8.65
P3 73.98 64.26 10.01
P4 75.76 65.55 6.96
P5 58.88 58.08 9.46
P6 49.54 51.22 7.96
P7 48.34 53.72 5.17
P8 76.73 68.30 4.59
P9 48.69 52.81 3.64
P10 56.18 39.24 4.62
P11 51.96 51.84 7.99
P12 50.10 51.60 2.84
P13 57.01 37.42 2.60
P14 42.95 41.10 1.35
P15 79.36 66.94 21.75
P16 46.07 48.69 4.18
P17 34.39 35.97 2.17
P18 61.71 51.90 2.12
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of maximum permeability. In the present investigation, the Doneen classification shows 
that all the groundwater samples fall in class I, suggesting that the Mornag shallow 
groundwaters were acceptable to good for irrigation use.

Fig. 14   The quality of groundwater in relation to electrical conductivity and percent sodium (Wilcox dia-
gram)

Fig. 15   Spatial distribution map of water quality index
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5.2.3 � Sodium adsorption ratio (SAR)

Sodium adsorption ratio (SAR) is another index of evaluation of the water suitability 
for agricultural irrigation use. Indeed, high SAR can result in a reduction in the perme-
ability and structure of soil (Todd and Mays 2005; Hussein 2017). Moreover, under arid 
climatic condition, this may engender a lot of problems such as soils salinization which 
affects the capacity of plants through the roots and poor drainage conditions (Hem 
1985).

The Mornag groundwater samples show SAR values varying between 1.34 and 21.75 
with an average value of 6.38 (Table 3). About 89% of the studied samples, located mainly 
in the foot of the surrounding hills, display SAR values below 10, indicating an excel-
lent irrigation water quality and consequently little danger (Fig.  16). Eleven percentage 
of groundwater samples, collected from wells situated in the center and the north of the 
plain, show SAR values above 10, suggesting precipitation induced by leaching and dis-
solution of salts and therefore can cause soil texture degradation and influence plant sur-
vival and growth (Richards 1954). Basing on the plot of SAR versus electrical conductivity 
(US salinity diagram), groundwater samples were classified into different categories (Wil-
cox 1948) (Fig. 17). This diagram displays that 45% of samples correspond to the C3–S1 
and C3–S2 classes, highlighting high salinity and low to medium SAR. However, 28% of 
samples belong to the C4–S1 and C4–S2 classes, indicating elevated salinity and medium 
sodium hazard. Furthermore, 28% of water samples fell in the C3–S1 category, highlighting 
very high salinity and high sodium hazard. To conclude, samples that fall in C4–S1, C4–S2 
and C4–S3 are considered to be unsuitable for irrigation purpose in all soil types, except for 
highly permeable soil with large capacity of drainage and the selection of plants with good 
salt tolerance (Kumar et al. 2007). In fact, the application of these water types in irrigation 
will engender decline in yield crop and deteriorate the soil structure and texture. However, 
groundwater samples that fall in the C3–S1 category should only be used to irrigate salt-
tolerant crops grown on well-drained soils with high permeability under regular monitor-
ing of the evolution of salinity (Salifu et al. 2013).  

Fig. 16   Spatial distribution map of SAR values in the Mornag groundwaters
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6 � Conclusion

In semiarid regions of the developing countries, natural and anthropogenic processes 
that affect water quality constitute the main threat to groundwater sustainability. The 
hydrochemical composition of the Mornag quaternary groundwaters has been investi-
gated to recognize the main processes governing their quality and to assess their suit-
ability for irrigation. The major ions contents were examined to evaluate the quality 
groundwater through the identification of the mineralization processes. Groundwater 
quality indexes (PI, %Na, SAR) were used to assess the groundwater suitability for irri-
gation purpose. In order of abundance, from highest to lowest, the abundant ions are 
Na+ > Ca2+ > Mg2+ > K+ and Cl− > SO4

2− > HCO3
− > NO3

−. It has been demonstrated 
that Cl–SO4–Ca and Na–Cl water types are the result of water–rock interaction pro-
cesses such as the evaporite dissolution (halite, gypsum and/or anhydrite) and reverse 
ion exchange. The irrigation water quality index calculated within this framework 
showed that the Mornag groundwaters have a high electrical conductivity, high sodium 
hazard (C4–S1, C4–S2 and C4–S3) and relatively high permeability index, suggesting that 
the quality of the Mornag shallow groundwater is generally unsuitable for irrigation. 
The long-term use of these resources of irrigation may increase the salinity and per-
meability problems in the soils. The sustainable management of groundwater resources 
must play a critical role in solving water scarcity problems. In fact, local management of 
groundwater will contribute to decentralization of decision and permit to farmers to take 
essential part in the decisions that define the future prospects of their agricultural lands 
and the water resources quality. This is trough the integration of new knowledge to pro-
mote sustainable and efficient management of groundwater and soil resources.

Fig. 17   The quality of groundwater in relation to salinity and sodium hazard
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