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Abstract:

Groundwater salinization and contamination by nitrates represent two major environmental threats that can deteriorate
its quality and pose serious health problems in many regions worldwide. This study aims to investigate the ground-
water quality and to evaluate its suitability for drinking and irrigation purposes in the agricultural plain of Sidi Smail
(northwestern Tunisia) using statistical, modeling, and GIS tools. A total of 59 groundwater samples and four surface
water samples were collected in the autumn transition (October 2021) and the dry summer season (August 2022) and
analyzed for pH, electrical conductivity (EC), total dissolved solids (TDS), and major ion concentrations. The results
indicated that the majority of the groundwater samples were brackish/saline with an average TDS value of 2.225 mg/L
in the autumn and 2.381 mg/L in the summer. The little increase in TDS values of surface and groundwater in the last
season was attributed to the increase of evaporative demand and the decrease of rainfall amount. The groundwater
mineralization in the plain had a significant spatial variability. The highest TDS values and concentrations of major ions
were recorded in the southern sector of the plain due to the dissolution of Triassic evaporites deposits, while the lowest
values were observed in the northern part of the plain likely due to the groundwater dilution caused by the infiltration
of rainfall and seepage of surface water through faults of Ypresian karstic formations. The WQI values of groundwater
ranged from 45 to 281, classifying the samples into four categories. In the autumn, 3% of samples were excellent, 36%
good, 47% poor, and 14% very poor. In the season, 37% of samples were good, 43% poor, and 20% very poor. The in-
tegration of geochemical tools, statistical analyses, the water quality index (WQI), and GIS-based mapping constitutes a
robust and comprehensive framework for assessing factors influencing the seasonal and spatial variations in sub-humid
to semi-arid regions subjected to intensive agricultural practices. The results of this study highlight the urgent global
need for the rational and controlled use of fertilizers to safeguard groundwater resources from nitrate contamination.
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INTRODUCTION arid and semi-arid regions worldwide (Karunanidhi et al.,

2021). It is expected that groundwater provides about 73%

Groundwater is the principle water supply source for  of global fresh water (Abanyie et al., 2023). However, the
domestic, agricultural, and industrial activities in many  climate change and the improper management of ground-
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water had resulted in a significant drop in water table levels
(Davamani et al., 2024; Rouhani et al., 2025). Additionally,
recurrent irrigation events using brackish or saline water
have facilitated groundwater pollution through the leach-
ing of soluble salts and nitrates accumulated in the plant
root zone. Groundwater contamination by nitrate worsens
in many regions due to leakage from sanitation systems
(Chaudhary et al., 2025). Groundwater salinization harms
food production by increasing the soil salinity and thus
enhancing the soil osmotic pressure, while the excessive
nitrate levels in the groundwater are becoming a major
public health issue across the globe (Hamdi et al., 2018;
Nyika et al., 2024). Recently, the water quality has become
an important focus due to its strong link not only to hu-
man health but also to agricultural production. Effective
management of water resources under climate change and
environmental challenges require a clear understanding of
the spatial distribution of water quality patterns and gov-
erning processes (Arslan, 2012; Agoubi et al., 2013; Lissir
et al., 2025). Periodic changes in groundwater quality can
be attributed to temporal changes in recharge water qual-
ity, hydrological processes, climatic factors, and human
activities mainly in the agricultural sector (Abbasi et al,
2024; Hadroug et al., 2025). In many agricultural regions
worldwide, the degradation of groundwater quality due to
high levels of salinity and nitrates has become a growing
concern (Bouita ef al., 2021; Hamdi et al., 2022; Sanad et
al., 2024). To better understand the origins and hydrochem-
ical processes responsible for these twin issues, researchers
have employed a variety of tools and approaches including
the Piper diagram, the saturation indices (SI), the Gibbs
plot, and the isotopic approach (Maman Hassan and Firat
Ersoy, 2022; Benyoussef et al., 2024).These tools and meth-
ods provide valuable insights into the chemical character-
istics, sources, and evolution of groundwater quality. In re-
cent years, growing concern over groundwater quality has
led to the development of several quantitative indicators to
assess pollution levels and associated health risks. Among
these, the Water Quality (WQI) models are widely used to
assess the water quality (surface and groundwater) and its
suitability for drinking purpose (Nong et al., 2020; Uddin
and Olbert, 2021). These models use aggregation functions
to combine several physicochemical data from different
times into a single value (Nives, 1999). Moreover, many
diagrams such as the USSL diagram and several index
models such as the Irrigation Water Quality Index (IWQI)
were used to assess the suitability of water for irrigation use
by its classification based on two or more hydrochemical
parameters or the IWQI value (Singh et al., 2018). Using the
IWQI, Batarseh ef al. (2021) demonstrated that 52% of the
groundwater samples collected in Abu Dhabi Emirate are
under severe irrigation restriction.

About 82% of Tunisia’s surface water is provided by
the transboundary Medjerda River, which originates in the
Tell Atlas in northeastern Algeria (Gaaloul et al., 2023).
The river’s watershed has been severally impacted by the
climate change, which has depleted the surface water re-
sources and increased their mineralization (Kadir et al.,
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2020; Rajosoa et al., 2022; Ben Ayed et al., 2022). These
factors have decreased the agricultural productivity and
the food supply, prompting the authorities to exploit the
available groundwater resources within the watershed
to compensate the shortage of water, particularly in the
agro-industrial sectors. However, this strategy has led to
significant groundwater depletion and deterioration in wa-
ter quality (Belhadj et al., 2025). Under persistent dry cli-
matic conditions, farmers in the Medjerda watershed have
increased fertilizer application to enhance crop growth and
yields. However, the excess of nitrates can dissolve in rain-
water or irrigation water, leach down through the soil, and
reach the groundwater, thereby exacerbating its pollution
(Macdonald et al., 2020). Additional sources of nitrates
resulting from leaking septic systems, damaged sewer
pipelines, and untreated sewage discharge may deteriorate
further the groundwater quality. Given the multiple sources
of nitrate pollution and salinization in groundwater, it is es-
sential to investigate the hydrochemical mechanisms gov-
erning the groundwater quality in the Medjerda watershed
to ensure effective conservation and sustainable water re-
sources management. Sidi Smail plain is one of the princi-
pal agricultural zones within the Medjerda watershed. Over
the past two decades, groundwater quality in this plain has
experienced alarming signs of degradation, primarily due
to increasing salinization and elevated nitrate concentra-
tions. The present study aims to investigate the groundwa-
ter quality and to evaluate its suitability for drinking and
irrigation purposes in Sidi Smail plain. The objectives are
to: (1) assess the hydrochemical processes governing the
groundwater quality, (2) depict the factors influencing the
seasonal and spatial variations of the groundwater quality,
and (3) evaluate the groundwater suitability for drinking
and irrigation purposes. Understanding the temporal and
spatial variations of the groundwater quality in Sidi Smail
plain will help the deciders, the farmers and the stakehold-
ers to manage properly the groundwater resources.

STUDY REGION

Sidi Smail plain is located in southwestern Béja gov-
ernorate, in the northwest of Tunisia. It has an area of
about 400 km? in the middle-valley of the Medjerda basin
(Fig. 1). The multi-year (1991-2020) climatic data recorded
by the National Institute of Meteorology in Tunisia indi-
cates that the average monthly inter-annual air tempera-
ture fluctuates between 8.6°C in January and 27.4°C in
August with a mean of 17.2°C and a standard deviation of
6.9°C, whereas the monthly inter-annual precipitation var-
ies between 6.6 mm in July and 86.6 mm in January with
a mean of 49.0 mm and a standard deviation of 26.3 mm
(Fig. 2). A well-defined dry season extending from May to
August, characterized by high temperatures and minimal
precipitation followed by a wet season between November
and March, when temperatures decrease and rainfall in-
creases The mean inter-annual precipitation and potential
evapotranspiration are about 530 and 900 mm/year, re-
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Fig. 1. Location of the study area (Sidi Smail plain).
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Fig. 2. Gaussen ombrothermic diagram for Sidi Smail (1991-2020).

spectively. The plain is drained by a dense hydrographic
network represented by three permanent rivers: Medjerda
river, and Beja and Kasseb wadis, and several ephemeral
watercourses. The Medjerda river divides Sidi Smail plain
into two parts: the southern part, extending from this wa-
tercourse to the hills of Djebel Argoub EI Mangouch and of
El Matria, and the northern part covering the area from this
watercourse to the hills of Djebel Jebil and Sidi Gassem.
Sidi Smail plain is among the most substantial agricultural
areas in northwestern Tunisia with almost 80% of its overall
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area is exploited for agriculture. The fertility of soil and the
availability of adequate water resources has supported the
cultivation of cereals, fodder crops, olive trees, legumes,
and vegetables in the plain, occupying approximately 65%,
15%, 10%, 7%, and 3% of the cultivated area, respectively
(Atlas Gouvernorat de Béja, 2016). Two main types of fer-
tilizers are commonly used in the plain to enhance the crop
growth and yield: ammonium nitrate as a nitrogen-based
fertilizer and diammonium phosphate (DAP N-P 20-3) as
a phosphorus-based fertilizer. The recommended fertiliza-
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Fig. 3. Geological map of the study area.

tion rates are 250 kg/ha/year of diammonium phosphate
and 550 kg/ha/year of ammonium nitrate (Ayed-Khaled
et al., 2017). However, most farmers apply fertilizer quan-
tities that exceed these rates mostly during the prolonged
dry periods. Based on the official crop calendars, ammo-
nium nitrate is often applied in three splits: 15t January, 15
February and 15t March (corresponding to the beginning of
the growing season and as top-dressing), whereas diam-
monium phosphate (DAP N-P 20-3) fertilizers are applied
once at the planting stage (November-October). These tim-
ings may influence directly nitrogen availability and its
transformations in soils, contributing to increased nitrate
concentrations, particularly in wet periods.

According to the National Sanitation Office (ONAS) of
Béja, Tunisia, the sanitary sewer network is only partially
developed in Sidi Smail plain, and household wastewater
is predominantly discharged into individual septic tanks.
As a result, wastewater management remains limited, and
treated effluents are not reused for irrigation. Leakage
from septic tanks and uncontrolled infiltration of domestic
wastewater may locally increase groundwater salinity and
nitrate concentrations.

Sidi Smail plain corresponds to a Quaternary depres-
sion limited by the Diapiric zone and the Nappe zone to
the south and north, respectively (Hamed et al., 2017). The
sedimentary series of the Cenozoic and Mesozoic strata
underline its stratigraphy (Moussaoui et al., 2023). The
Mesozoic series comprise a Triassic salt deposits outcrop
in Djebel Matria, Touila, Lengua, and Guerouaou (Fig. 3).
These deposits, originating likely from diapiric structure,
consist of evaporate and carbonate minerals (Hamed et al.,
2017). Most geological structures existing in the southern
part of the plain comprise discontinuous sections of dolo-
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stones, sands, and clays. Marl, limestone, and sandstone
of the Valanginian and Barremian—Aptian strata are the
main sediments of the lower cretaceous. These sediments
are followed by greyish limestone and marl of the upper
Cretaceous strata, which are overlain by the Turonian—
Coniacian carbonates with several microfaune associations.
These deposits are covered by Santonian marls and then by
the Abiod formation with clear limestone beds and marls
of Campanian—Maestrichtian (Moussaoui et al., 2023).
Marls of Paleocene, Nummulitic limestone of Eocene,
and sandy formations of Oligocene compose the Cenozoic
series. These strata are followed by thick Miocene marl,
which contains a few shale intercalations. The upper Plio-
Quaternary series represented by alluvial deposits in the

3

. 7
T old |
—d

,

J
ol

'."J.

L 5]
Tk

Legend
@ Observation point Altitude {(m)
m Flow direction 702
== |soppieze (a.m.s.l.) -
B water body p— 104
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top and conglomeratic levels from the bottom cover a major
part of the plain. Sidi Smail plain shows many faults, essen-
tially NE-SW, NW-SE and N-S directions (Ayed-Khaled
et al., 2017). The Triassic series provides a tectonic contact
that extends through the Cretaceous as well as the Neogene
strata (Fig. 3). The groundwater system in the plain com-
prises a multilayered aquifer formed by two principal units:
a shallow Quaternary aquifer and a deeper Mio-Pliocene
aquifer. These aquifers are hydraulically separated by an
approximately 20-meter-thick clay layer. The Quaternary
aquifer is composed of sandstones, conglomerates, and
sands, and exhibits two predominant groundwater flow
directions (Fig. 4a). In the northern sector of the plain, the
shallow groundwater flows from northwest to southeast,
whereas in the southern sector, the flow direction shifts
from southwest to east, ultimately discharging into the
Medjerda river and the Sidi Salem Dam. The Pliocene aqui-
fer, located at depths ranging from 50 to 120 meters below
ground surface, consists predominantly of gravels, sands,
and clayey intercalations, forming a confined aquifer sys-
tem, with groundwater flow direction from the northeast-
ern and northwestern to the eastern part of the plain (Fig.
4b). Owing to the coarse texture of the aquifer materials
and the discontinuous nature of the clay layers, vertical
hydraulic connectivity between the two aquifers is likely.
Accordingly, these two aquifers are considered as a single
hydrological system with an average saturated thickness of
approximately 80 meters. Hydraulic conductivity within
the aquifer system shows spatial variability, ranging from
5.3 x 107* m/s in the northern and southern margins of the
plain to 3.5 x 10* m/s in its central zone. The Quaternary
aquifer is exploited by 446 wells, with a total annual ab-
straction of about 2.13 Mm?® in 2020 (DGRE, 2020a). The
deep Pliocene aquifer is tapped by 46 boreholes, which col-
lectively extract about 1.02 Mm?® per year (DGRE, 2020b).
Both aquifers are used mainly for irrigation, while domes-
tic water supply accounts for only a small proportion of
the total abstraction (less than 5%) (DGRE, 2020b). The
long-term evolution of groundwater use reveals a marked
intensification of abstraction in both aquifers over the past
two decades (Fig. 5). In the Quaternary aquifer, pumping
volumes increased from 1.14 Mm?® in 2000 to 2.13 Mm?® in
2020, accompanied by a substantial rise in the number of
wells (from 289 to 446). Abstraction from the Pliocene aqui-
fer increased from 0.40 Mm?3 in 2000 to 1.02 Mm? in 2020,
reflecting an increasing dependence on deeper ground-
water resources. Historical records of piezometric levels
and groundwater mineralization (TDS) in the Quaternary
aquifer, measured in four monitoring wells (GW1, GW2,
Welll02, and Welll103) collected from the Water Resources
Department of the Regional Commissariat for Agricultural
Development of Béja (Tunisia) show that the piezometric
levels increased in these wells during the period 2001—
2013, despite the continuous rise in the number of wells in
the plain (Fig. 6). This rise in groundwater levels contrasts
with what would normally be expected under intensified
pumping. This pattern can be explained by the enhanced
groundwater recharge during wetter hydrological years.
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Piezometric levels of the shallow groundwater showed a
noticeable decline between 2013 and 2019 (1.67 m in well
GW2, 1.97 m in well 103, and 0.78 m in well GW1), indicat-
ing increasing stress on the aquifer system and/or decreas-
ing groundwater recharge. Groundwater mineralization in-
creased by 851 mg/L in the well GW2 and 3,171 mg/L in the
well GW1, while it decreased by 189 mg/L in the well102
during the period 2001-2023 (Fig. 7).
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MATERIAL AND METHODS

A total of 57 groundwater samples were collected in au-
tumn (October 2021) and summer (August 2022) to assess
the influence of seasonal climatic variations on ground-
water quality and hydrochemistry. August corresponds to
the core of the dry summer season, when temperatures and
evaporative demand reach their maximum and agricultural
pumping may be at its peak. In contrast, October represents
autumn, which is the transitioning season toward the cooler
and wetter winter season, characterized by decreasing tem-
peratures, the first effective rainfall events, and the ces-
sation of irrigation. Although October does not represent
the fully developed wet season, long-term climatic trends
(2001-2019) indicated that it is consistently distinct from
the summer dry period in terms of temperature, rainfall,
and hydrological conditions. Therefore, the two sampling
periods capture significantly different seasonal states, al-
lowing for an effective assessment of the influence of cli-
matic variations on groundwater quality and hydrochem-
istry. The study period (October 2021 and August 2022) is
representative of the multi-year period in terms of tempera-
ture and precipitation. Groundwater samples were taken
from monitoring wells capturing the shallow Quaternary
aquifer (well depths: 6—50 m, and groundwater-table depth:
2-23 m below the ground level) and from boreholes in the
deep Pliocene aquifer (at depths: 50—125 m, and static lev-
els at 21-49 m below the ground level). Besides, four water
samples were collected from the Medjerda river (SW1) and
its tributary the Torch (SW2) in order to capture their hy-
draulic connection with the groundwater aquifer system.
Portable meter (pH/mV meter-HI8424, WTW Cond 3310)
was used in situ to determine the water samples pH and
the electrical conductivity (EC). The water samples were
stored in 1L-capacity polyethylene bottles, which were al-
ready cleaned twice with distilled water and rinsed with the
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sampled water. In the laboratory, each water sample was
filtered with a 0.45 pm pore filter paper and stored at 4°C
until carrying out the chemical analysis. The total dissolved
solid (TDS) of water samples was determined using the
gravimetric method (APHA, 1992). The concentrations of
Mg?*, Na*, Ca®", K, CI', SO,*, NO5", NO,", and NH," were
measured using Metrohm chromatography technique. The
concentration of bicarbonate (HCO;") was determined by
volumetric titration 0.1 M using nitric acid H,SO,. Table 1
presents the statistical summaries of the physicochemi-
cal properties of groundwater in Sidi Smail plain. Piper,
geochemical plots, correlation matrix and saturation index
(SI) were used to explore the groundwater chemistry and
investigate the groundwater mineralization mechanisms.
The PHREEQC (version 2) code was used to calculate the
saturation index (Parkhurst and Appelo, 1999). The Water
quality index (WQI) model and the USSL and Wilcox dia-
grams were used to assess the groundwater suitability for
drinking and irrigation purposes.

The water quality index (WQI) was selected in this
study to evaluate the groundwater quality in Sidi Smail
plain considering the relative implication of different phys-
icochemical parameters (TDS, Cl,, SO,%, HCOy, F, etc.)
on the groundwater geochemistry. The WQI of groundwa-
ter in the autumn transition and the dry summer seasons
was calculated following two steps (Tyagi et al., 2013). In
the first step, a weight (w) was attributed to each selected
physicochemical parameter between 1 and 5, based on its
influence on the groundwater quality (Table 2). Then, the
relative weight (WR) was calculated as follows:

w
(1
2.0y,
The second step corresponds to the calculation of a
quality characterization index (Qi) by dividing the mea-
sured concentration (Ci) of each chemical parameter by its

WR =

Table 1. Statistical summary of hydrochemical parameters of the groundwater and surface water samples. Abbreviations: BDL:
below the detection limits, SD: standard deviation.

Groundwater Surface water Groundwater Surface water
Units October 2021 (n = 28) (October 2021) August 2022 (n =29) (August 2022)
Min Max Mean S.D S1 S2 Min Max Mean S.D S1 S2
T °C 19.3 26.5 22.8 1.92 23.5 21.3 - - - — — —
pH - 6.3 7.8 7.1 0.33 6.6 7.4 7.11 7.63 7.36 0.11 7.54 7.62
EC uS/cm 853 6,920 | 2,985 1,624 4,290 831 1,066 7,700 3,194 1,446 4,390 874
TDS mg/L 640 5,157 | 2,224 | 1,210 2,695 646 775 5,698 2,381 1,070 3,105 920
HCO;5 mg/L 121.9 347.7 | 270.2 49.5 292 303 236 354 288 30.49 253 276
Cl mg/L 105.8 1,697 | 560.1 | 379.1 954 92.4 135 2,249 677 451 981 89
SOy mg/L 35.29 1,460 | 282.2 | 296.6 577.1 35 49 1,200 309 254 649 55
NO,- mg/L BDL 13.38 2.4 3.73 0 0 - - - - 0 0
NO5- mg/L 3.54 396.1 953 73.8 31.2 354 6.6 357 87.41 66.94 26.8 53.6
F- mg/L 0.3 1.9 0.8 0.49 0.57 0 0.56 3.06 1.37 0.62 2.25 0.45
Br mg/L BDL 3 0.9 0.76 1.1 0 BDL 3.31 1.62 0.77 0 0.56
Ca," mg/L 83.0 581.4 | 2164 | 106.9 213 109.4 23 525 236 101 192 110
Mg," mg/L 14.1 176.9 55.4 34.8 31.9 11.9 15 245 65.24 45.43 72 13
Na* mg/L 72.5 1,079 | 267.91 217 579.2 57.2 97 733 288 156 726 73
K* mg/L 0.11 17.7 3.6 3.72 15.2 1.1 0.33 12.21 2.83 2.89 6.35 1.2
NH,* mg/L BDL 5.3 0.3 1.01 0 0 - - - - 0 0
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corresponding standard (Cqys) according the World Health
Organization limits (WHO, 2022).

C.:
0;= (ﬁ) x 100 )

Finally, the WQI was calculated by adding the SI for
each physico-chemical parameter in each groundwater
sample:

IQE=%SI 3

where SI was calculated as follows:

SI=WR x Qi @)

The ArcGIS 10.3 software was used to develop the spa-
tial distribution maps for TDS, concentrations of Na*, Ca®*,
CI', SO4*, and NOj5", and WQI in Sidi Smail plain.

The quality of irrigation water influences the crop yield
and physical properties of the soil. The sodium adsorption
ratio (SAR), the sodium percentage (%Na), and the United
States Salinity Laboratory (USSL) the Wilcox diagrams
were used to evaluate the groundwater quality for irrigation
purpose in Sidi Smail plain. The USSL diagram classifies
the groundwater quality for irrigation using SAR and EC
values. These parameters were computed using the follow-
ing equations (Yildiz and Karakus, 2020):

SAR = T (5)
\ 2
_ Na+K
%Na = Ca+Mg+Na+K x100 (6)

where all the concentrations are expressed in meq/L

RESULTS AND DISCUSSION
pH of groundwater

The groundwater pH in Sidi Smail plain ranged from 6.26
to 7.83 in autumn 2021 (average: 7.05) and from 7.11 to 7.63
in summer 2022 (average: 7.36), indicating a slightly acidic
to slightly alkaline character in the autumn and slightly al-
kaline in the summer. In both seasons, the pH values mostly
fell within the acceptable range for drinking water (6.5-8.5),
as recommended by the WHO (2022), except in the autumn
for two wells (GW10 and GW19) and two boreholes (GW13
and GW15). The slightly acidic conditions observed during
this season in wells GW10 and GW19 may be attributed
to rainwater infiltration, which reacts with CO. from root
respiration and organic matter decomposition to form weak
carbonic acid (Liu et al., 2025). This process increases the H"
concentration, thereby lowering pH. Additionally, the exces-
sive use of fertilizers in agricultural activities may contribute
to acidification in these wells. In the deeper Mio-Pliocene
aquifer, the slightly acidic pH in boreholes GW13 and GW15
is likely due to the presence of sandy gravel deposits with
low buffering capacity. In certain zones lacking carbonate
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Table 2. Relative weight of physico-chemical parameters used

to compute the WQI.

Parameter Coms Cw WR
Salinity 1,000 5 0.15
Chlorides 200 3 0.1
Sulfates 250 2 0.06
Bicarbonates 250 1 0.03
Fluorides 1.5 5 1.15
Calcium 200 3 0.1
Magnesium 150 3 0.1
Sodium 200 3 0.1
Potassium 30 3 0.1
Nitrates 50 5 1.15

Total Cw =33 YXWR=1

minerals, inorganic acidification can occur (Serrano ef al.,
2016). Conversely, about 86% of groundwater samples (n =
24) exhibited in the autumn slightly alkaline conditions, pri-
marily due to the presence of COs*~ and HCO:™ ions. This al-
kalinity can be explained by carbonate dissolution processes
and potentially high concentrations of major ions.

Groundwater electrical conductivity and mineralization

The groundwater electrical conductivity (EC) indicated
substantial spatiotemporal variability in Sidi Smail plain,
ranging from 853 to 6,920 puS/cm in the autumn (average:
2,985 puS/cm; n = 28) and from 1,066 to 7,700 puS/cm in the
summer (average: 3,194 pS/cm; n = 29). The lower range
of groundwater EC values recorded in the autumn can be
attributed to the repeated irrigation during the hot and dry
summer season to compensate the large evaporative de-
mand. The percolation of excess irrigation water may dilute
the groundwater and thus decrease its mineralization and sa-
linity (EC). Groundwater mineralization in Sidi Smail plain
varied from 640 to 5,157 mg/L in the autumn (average: 2,225
mg/L; n = 28), and from 775 to 5,698 mg/L in the summer
(average of 2,381 mg/L; n = 29). These TDS average values
exceed the mineralization of the water samples collected
from the Torch wadi in the autumn (TDS = 646 mg/L) and
the summer (TDS= 920 mg/L) but they were lower than the
TDS values of water samples taken from the Medjerda river
in the autumn (TDS = 2,695 mg/L) and the summer (3,105
mg/L). The Medjerda River mainly functions as a drainage
channel, but local conditions allow partial infiltration into
the aquifer. This contributes to slightly increased groundwa-
ter mineralization near the river, while the likely infiltration
of fresh water from the Torch wadi dilutes groundwater in
the northern sector, lowering EC and TDS values (Fig. 6a, b).

The results indicated that the surface and groundwater
mineralization increased in the summer as consequence of
the increase in the evaporative demand. The spatial distri-
bution of the groundwater mineralization shows that the
minimum TDS values during the autumn and the summer
seasons were observed in the northern sector of the plain.
The rainfall recharge and the fresh water seepage through
faults intersecting the Ypresian karstic formations located
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in this sector play a key role in the groundwater dilution.
These fault systems may serve as preferential flow path-
ways, enhancing recharge and groundwater movement.
The highest groundwater TDS values in the autumn were
measured in southern sector of the plain at the foothills of
Djebel Argoub El Mangouch. These results are attributed
to the dissolution of Triassic evaporites deposits, corrobo-
rating findings by Ayadi et al. (2018), who reported large
mineralization of groundwater near Triassic outcrops in
the Teboursouk region in northwestern Tunisia. Additional,
high mineralization levels were observed in the wells GW20
and GW25, which are located in the central sector of the
plain, likely due to salt leaching from soils exacerbated by
irrigation with saline water and intense rainfall events. The
wells GW2 and GW9, which are situated near the Medjerda
river, were particularly vulnerable to brackish and saline
water intrusion from the riverbed. Based on the WHO
guideline value of 1,000 mg/L for drinking water (WHO,
2022), groundwater from about 89% of monitoring wells
and boreholes in the autumn (n = 25) and 93% of monitored
wells and boreholes in the summer (n = 27) is unsuitable for
human consumption due to excessive mineralization. Fresh
water samples (TDS < 1,000 mg/L) were identified in three
monitoring wells and boreholes in the autumn and only two
monitoring wells and boreholes in the summer.

Concentrations of Na* and CI

The chloride and the sodium are the major ions in the
groundwater in the autumn and the summer seasons. The
concentration of Na™ varied from 72.5 to 1,079 mg/L in the
autumn (average: 268 mg/L) and from 97 to 733 mg/L in the
summer (average: 288 mg/L). Sodium content in about 53%
of groundwater samples (n = 15) in the autumn and in 62%
of groundwater samples (62%, n = 18) in the summer are
above the threshold limit value of 200 mg/L (WHO, 2022).
This cation in the groundwater can arise from dissolution
of Triassic evaporites deposits as well as ion exchange re-
actions. Chloride concentration ranged from 106 to 1,697
mg/L in the autumn (average: 560 mg/L) and from 135 to
2,249 mg/L in the summer (average: 677 mg/L). The con-
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centration of Cl" exceeds the WHO (2022) threshold limit of
250 mg/L in about 82% groundwater samples (n =23) in the
autumn and 89% groundwater samples (n =26) in the sum-
mer. The occurrence of this anion in the groundwater could
result from the dissolution of Triassic evaporites, the use of
chemical fertilizers and livestock manure in agriculture, and
the return flow from irrigation. The average concentrations
of Na” and CI" ions showed slight increase in summer, likely
due to return flow from irrigation, which enhance the halite
dissolution in the unsaturated zone of soil. The Na" versus
CI” scatter plot reveals that about 28% of groundwater sam-
ples (n =8) in the autumn and 17% of groundwater samples
(n=15) in the summer align closely with the 1:1 bisector line,
suggesting that the dissolution of halite minerals is a dom-
inant source of these ions (Fig. 7a). In contrast, about 72%
of groundwater samples (n =20) in the autumn and 86% of
groundwater samples (n = 25) in summer exhibit an excess
of chloride, which may be attributed to anthropogenic inputs.
These include the application of potassium chloride (KCI)
fertilizers in agriculture, chloride leaching from livestock
manure, and likely infiltration from septic tanks (Katz et al.,
2011). Chloride shows strong positive correlations with TDS
in autumn and summer seasons indicating that the ground-
water mineralization is influenced by this anion (Fig. 7b).

Concentrations of Ca?*, Mg?*, SO,2 and HCO;

The concentration of Ca®" varied from 83 to 581 mg/L
in the autumn (average: 216 mg/L) and from 23 to 525 mg/L
in the summer (average: 236 mg/L). Calcium content in
about 46% of groundwater samples (n =13) in the autumn
and 58% of groundwater samples (n =17) in the summer are
above the threshold limit value of 200 mg/L (WHO, 2022).
This cation in the groundwater can arise from dissolution
of Triassic evaporites deposits as well as ion exchange reac-
tions (Askri et al., 2022. The concentration of SO4> varied
from 35 to 1,460 mg/L in the autumn (average: 282 mg/L)
with 46% of groundwater samples (n =13) had concentra-
tion above the threshold limit of 200 mg/L (WHO), and
varied from 49 to 1,200 mg/L in the summer (average: 309
mg/L) with about 55% of groundwater samples (n = 16) had

Table 3. Pearson correlation matrix of the groundwater samples (wet season).

pH TDS EC Ca®* Mg?* K* Na* Cr SO | HCOy | NOy F Br
pH 1
TDS 0.217 1
EC 0.191 0.833 1
Ca** 0.298 0.518 0.635 1
Mg?* 0.346 0.476 0.581 0.941 1
K* -0.020 | 0.593 0.632 0.286 0.281 1
Na* 0.042 0.720 0.850 0.319 0.317 0.827 1
Crr 0.152 0.715 0.939 0.575 0.556 0.739 0.919 1
SO 0.219 0.497 0.424 0.758 0.773 0.434 0.340 0.370 1
HCO5 0.348 0.354 0.312 0.178 0.181 0.161 0.319 0.309 0.085 1
NO;y -0.029 | 0.297 0.425 0.297 0.250 -0.191 0.169 0.335 -0.182 0.031 1
F 0.207 0.535 0.606 0.251 0.353 0.451 0.672 0.622 0.241 0.428 0.308 1
Br 0.038 -0.057 0.208 0.286 0.195 0.014 0.092 0.301 -0.191 0.251 0.412 0.080 1
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concentration above this limit. The concentration of Ca®"
and SO,*> decreased in both seasons from the south to the
north of the plain in the flow direction (Fig. 8c—f). About
18% of groundwater samples (n = 5) in the autumn fall
along the bisector line in the Ca%" vs. SO, scatter diagram,
suggesting that these ions are derived from dissolution of

a) Spatial distribution map of TDS (wet season); (b) dry season; (c) Spatial distribution map of Calcium (wet season); (d) dry season; (e) Spatial

gypsum and anhydrite (Fig. 9¢). About 79% of groundwater
samples (n = 22) are placed above the bisector line, indi-
cating excess of Ca®" likely due to reverse ionic exchange
and/or silicate dissolution processes. A single ground-
water sample in the autumn falls below the bisector line
highlighting Ca®" depletion likely due to ionic exchange
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between the groundwater and the matrix of clay mineral
(Alzahrani et al., 2025). The concentration of Mg?* varied
from 14 to 177 mg/L in the autumn (average: 55 mg/L) and
from 15 to 245 mg/L in the summer (average: 62.24 mg/L).
The highest concentrations of this cation were observed in
the last season. Magnesium in the groundwater may orig-
inate from the dissolution of magnesium-bearing minerals
such as magnesite (MgCOs) and certain clay minerals, as
well as from the application of magnesium-containing fer-
tilizers. The strong correlations observed between Ca?* and
Mg?* (r = 0.94) in the autumn and (r = 0.57) in the summer
suggest that these ions are predominantly derived from
the dissolution of rock-forming minerals such as dolomite
and magnesium calcite (Tables 3 and 4). Additionally, the
significant correlation between Mg?* and SO+*" (r = 0.77) in
the autumn and (r = 0.64) in the summer indicates a com-
mon geochemical origin, likely associated with the disso-
lution of dolomite and other magnesium-bearing minerals.

The concentration of HCO;” varied from 122 to 348 mg/L
in the autumn (average: 270 mg/L) and from 236 to 354 mg/L
in the summer (average: 288 mg/L). The weak correlations
between HCOs™ and Ca?* (r = 0.178), and between HCOs™ and
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Mg?" (r = 0.181) in the autumn suggest that these ions are
primarily derived from processes other than the weathering
of carbonate minerals such as calcite and dolomite (Sampath
et al., 2022).

The wide spatial variability observed in groundwater EC,
TDS, and concentration of several major ions suggest that
the hydrochemistry of the aquifer in Sidi Smail plain is gov-
erned by multiple geochemical processes, including mineral
dissolution, soil salt leaching, and ion exchange reactions.

Chemical water facies

The Piper diagram (1944) indicates that the groundwa-
ter in Sidi Smail plain in the autumn and the summer sea-
sons is classified into three hydro-chemical facies (Fig. 10):
— Mixed facies Ca-Mg-Cl,

— Na-Cl facies,
— Ca-Cl facies.

The prevalence of the mixed Ca-Mg-Cl facies may reflect
the dissolution of Triassic evaporites deposits. Regarding sur-
face waters, samples from the Medjerda river (SW1) display
a Na-Cl facies, while those from the Torch wadi (SW2) cor-
respond to a Ca-Mg-HCO:s facies. The presence of the Na-Cl
facies in both Medjerda river and five groundwater samples
in the autumn suggests that (i) surface and groundwater may
be influenced by similar hydrochemical processes, and (ii)
a hydraulic connection exists between the Medjerda River
and the Quaternary aquifer, indicating potential surface wa-
ter-groundwater interactions (Irvine ez al., 2024).

Geochemical modeling

The geochemical modeling results obtained using
PHREEQC (Table 5) indicated that all groundwater sam-
ples collected in the autumn exhibit undersaturation with
respect to halite, gypsum, and anhydrite, indicating ac-
tive dissolution of these evaporite minerals primarily from
Triassic salt deposits. This process contributes significantly
to the enrichment of Na*, CI, Ca?', and SO+> ions in the
groundwater, thereby increasing both electrical conduc-

Table 4. Pearson correlation matrix of the groundwater samples (dry season). Bold indicates significant correlation coefficient.

pH TDS EC Ca®* Mg?* K* Na® Crr SO, | HCO;y | NO5y F- Br
pH 1
TDS -0.044 1
EC -0.042 0.949 1
Ca?* 0.124 0.674 0.725 1
Mg?* 0.190 0.873 0.859 0.579 1
K* -0.235 0.056 0.065 0.007 -0.085
Na* -0.353 0.699 0.810 0.394 0.492 0.114 1
Cr -0.005 0.898 0.941 0.632 0.780 0.043 0.817 1
SO> -0.066 0.542 0.512 0.474 0.646 | 0.165 | 0.172 | 0.237 1
HCO5 -0.053 -0.059 0.027 -0.032 | 0.139 | -0.335 | 0.011 | -0.101 0.197 1
NOjy -0.350 0.320 0.358 0.151 -0.018 | 0.107 | 0.697 | 0.386 | -0.133 | -0.325 1
F -0.151 0.861 0.931 0.609 0.694 | 0.038 | 0912 | 0.915 0.330 -0.025 | 0.571 1
Br 0.328 0.761 0.772 0.696 0.785 | -0.134 | 0.478 0.843 0.167 -0.095 | 0.122 | 0.680 1
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tivity (EC) and total dissolved solids (TDS) concentra-
tions (Fig. 11a, b). In terms of carbonate mineral stability,
71% of the groundwater samples collected in the autumn
are supersaturated with respect to calcite, while the same
proportion of samples are undersaturated with respect to
dolomite. This indicates the likely precipitation of calcite
and aragonite, and concurrent dissolution of dolomite. The

observed slight increasing trend in the saturation indices
of calcite (SI-calcite) and dolomite (SI-dolomite) with in-
creasing TDS suggests that precipitation of these minerals
may occur under more saline conditions, accompanied by a
reduction in Ca*" and Mg?* concentrations. The preferential
precipitation of calcite may lead to a depletion of Ca** in
groundwater, potentially enhancing the dissolution of gyp-
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Table 5. Saturation indices of the groundwater samples.

Sample No Wet season ( October 2021) Dry season (August)
Anhydrite Gypsum Halite Calcite Dolomite | Anhydrite | Gypsum Halite Calcite Dolomite

GW1 -1.11 -0.89 -4.72 0.13 -0.13 -1.13 -0.91 -4.71 0.68 1
GW?2 -1.12 -0.89 -5.28 0.12 -0.06 -0.99 -0.77 -5.19 0.66 1
GW 3 -1.92 -1.7 -5.87 -0.03 -0.34 -1.85 -1.63 -5.76 0.42 0.52
GW 4 -1.5 -1.27 -4.99 0.01 -0.30 -1.39 -1.17 -4.97 0.39 0.41
GW 5 -1.44 -1.21 -6.36 0.02 -0.22 -1.28 -1.06 -6.21 0.46 0.64
GW 6 -1.19 -0.96 -5.38 0.21 -0.04 -1.15 -0.93 -5.29 0.44 0.39
GW 7 -1.08 -0.85 -5.52 0.10 -0.05 -1.04 -0.81 -5.45 0.41 0.54
GW 8 -1.24 -1.02 -5.94 0.17 0.14 -1.11 -0.89 -5.80 0.59 0.91
GW9 -1.48 -1.29 -5.14 0.33 0.49 -1.39 -1.22 -5.07 0.77 1.52
GW 10 -0.96 -0.74 -4.44 0.08 0

GW 11 -1.71 -1.49 -5.92 -0.03 -0.32 -1.68 -1.46 -5.84 0.43 0.45
GW 12 -1.5 -1.31 -6.02 -0.37 -0.85 -1.48 -1.25 -5.96 0.70 1.02
GW 13 -1.87 -1.68 -5.73 0.06 -0.07

GW 14 -1.88 -1.66 -5.82 0.02 -0.29 -1.79 -1.57 -5.66 0.52 0.70
GW 15 -1.15 -0.93 -5.87 0.10 -0.11 -1.07 -0.84 -5.88 0.44 0.54
GW 16 -1.89 -1.66 -5.95 0.04 -0.42 -1.81 -1.59 -5.85 0.38 0.31
GW 17 -2.02 -1.78 -6.31 -0.28 -0.99 -1.13 -0.93 -5.39 0.40 0.56
GW 18 -1.61 -1.37 -6.7 -0.52 -1.39
GW 19 -0.87 -0.64 -5.21 0.03 -0.16 -0.91 -0.69 -5.08 0.33 0.58
GW 20 -1.18 -0.95 -5.04 0.23 0.30 -1.13 -4.94 0.62 1.08
GW 21 -0.37 -0.15 -5.55 0.26 0.32 -0.53 -0.30 0.38 0.75
GW 22 -0.88 -0.65 -5.61 0.26 0.24 -0.73 -0.51 -5.47 0.79 1.33
GW 23 -1.58 -1.35 -5.5 0.09 0.15
GW 24 -1.25 -1.01 -54 0.07 -0.16
GW 25 -14 -1.17 -5.13 0.16 0.09 -1.42 -1.19 -4.94 0.64 1.14
GW 26 -2.06 -1.84 -6.59 -0.10 -0.73 -2.04 -1.81 -6.47 0.14 -0.26
GW 27 -1.02 -0.79 -5.88 0.03 -0.27
GW 28 -2.18 -1.95 -6.6 -0.08 -0.73 -1.80 -1.58 -6.40 0.44 0.40
GW 29 -1.72 -1.50 -5.93 0.48 0.52
GW 30 -1.62 -1.40 -5.34 0.79 1.31
GW 31 -0.95 -0.73 -5.03 0.54 0.88
GW 32 -2.08 -1.86 -5.42 -0.43 0.04
GW 33 -0.94 -0.72 -5.15 0.53 1
GW 34 -1.37 -1.15 -5.70 0.30 0.53
GW 35 -1.13 -0.90 -5.74 0.07 -0.15

sum and dolomite to reestablish ionic balance, particularly
for calcium (Rajmohan et al., 2022). Similar geochemical
processes have been documented in several studies con-
ducted in northern Tunisia (Slimani et al., 2024).

Concentrations of NO;,, NO, and NH,*

Nitrate (NOs") concentrations in the groundwater sam-
ples collected in Sidi Smail plain ranged widely from 3.5 to
396.1 mg/L in the autumn (average: 95 mg/L) and from 6.6
to 357 mg/L in the summer (average: 8§7.41 mg/L). About
75% of groundwater samples (n =21) in the first season and
75% of groundwater samples (n = 22) in the second one ex-
ceeded the World Health Organization (WHO, 2022) guide-
line value of 50 mg/L for nitrate, level that may pose poten-
tial health risks to both humans and livestock. These results
indicated that the groundwater in Sidi Smail plain is sever-
ally contaminated by nitrates. The highest nitrate concen-

trations are observed in the northeastern and northwestern
sectors of the plain, likely due to the intensive application
of nitrate-based fertilizers and/or leakage from aging sep-
tic tanks (Fig. 12a, b). These two sectors correspond to the
major agricultural lands, where the use of di-ammonium
phosphate (DAP N-P 203) and ammonium nitrate fertiliz-
ers and of livestock manure may increase the nitrate con-
centration and alter the groundwater quality. Furthermore,
the high nitrate concentrations recorded in October 2021
may be related to the timing of the fertilization, particu-
larly the DAP N-P 203 application, which is carried out in
October-November. The soil fertilization during this period
increases nitrogen availability in soils, whereas rainfall and
repeated irrigation facilitate its dissolution and leaching
into the shallow aquifers. In addition, the widespread use
of poorly maintained septic tanks in the region may further
contribute to elevated nitrate levels. The high coefficient of
variation for nitrate calculated as the ratio of standard de-
viation to the mean (0.78 during the season and 0.75 during
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the dry season), highlights the strong spatial variability of
nitrate concentration across the plain. This variability can
be attributed not only to differences in nitrate fertilizer
application rates but also to other factors such as water ta-
ble depth, cropping systems, soil texture, and groundwater
recharge rates (Askri et al., 2022). The interaction of these
environmental parameters generates complex spatial pat-
terns of nitrate contamination. Additionally, the geological
heterogeneity of the unsaturated zone influences the verti-
cal and lateral movement of nitrates. Although NO;™ levels
were generally high across the plain of Sidi Smail, ammo-
nium (NH4") and nitrite (NO2") were not detected in any of
the sampled wells during the wet and dry seasons and were
only observed in two boreholes (GW11 and GW12), both lo-
cated in the northern part of the plain. This pattern suggests
that nitrate is transported from the plant root zone to the
groundwater through the unsaturated soil profile with min-
imal biological transformation. The absence of significant
denitrification likely reflects a high-oxygen environment
and/or a deficiency in organic carbon, which is essential as

a reducing agent in the denitrification process. Tlili-Zrelli
et al. (2018) explained the absence of ammonium and nitrite
by the well-oxygenated groundwater.

Groundwater quality for drinking and irrigation uses

The water quality index (WQI) varied from 45 to 284 in
the autumn (average 135) and from 63 to 271 in the sum-
mer (average 139). These results indicated that the ground-
water quality was slightly deteriorated in the last season,
likely due the increase of the concentration of most major
ions. According to the WQI values reported in Table 6, the
groundwater samples collected in the autumn are classi-
fied as of excellent quality (3%), good quality (36%), poor
quality (47%), and very poor quality (14%). In the summer,
the groundwater was classified as good quality (37%), poor
quality (43%), and very poor quality (20%). These results
indicated that the percentage of poor quality, while the very
poor quality increased in summer. The spatial distribution
of the water quality index shows that the highest WQI val-
ues are found in the middle and the northwestern sectors
of the plain, which corresponds to the recharge areas, due
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Table 6. Classification of groundwater quality for drinking and
irrigation purposes.

. No. of groundwater samples
Parameter | Range Water quality
October 2021 | August 2022
>50 excellent 3% -
Wl 50-100 good 36% 38%
100-200 poor 47% 41%
200-300 very poor 14% 21%
<10 excellent 92% 94%
SAR 10-18 | good to doubtful 8% 6%
18-26 unsuitable — -
>75 excellent - -
%Na 25-75 good 96% 96%
<25 unsuitable 4% 4%

Table 7. Statistical summary of water quality parameters in
both seasons.

Wet season (October 2021) | Dry season (August 2022)

Parameter
Min Max Mean Min Max | Mean
SAR 1.71 14.92 4.16 1.19 10.04 | 4.06
%Na 17.32 70.52 41.07 24.16 | 63.46 | 41.03

to the presence of highly permeable deposits (Medjerda
alluvium and karstic formation) (Fig. 13a, b). The statistical
summary of the selected parameters for irrigation water
quality are presented (Table 7). The sodium adsorption ra-
tio (SAR) in the groundwater samples ranged from 1.71 to
14.92 in the autumn (average: 4.16) and from 1.91 to 10.04
in the summer (average: 4.06). The USSL diagram shows
that almost all the groundwater samples fall into the C3-SI
category during both seasons with low sodium adsorption
ratio and high salinity. In the southern sector of the plain,
characterized by a high EC values, the groundwater sam-
ples fall into C4-S2 to C4-S4 categories, with high salinity
and low-to-medium SAR values (Fig. 14). Therefore, these
waters can be used only for irrigation of salt-tolerant crops,
which limits their suitability for irrigation. The Na value
of groundwater samples varied from 17.32% to 70.52% in
the autumn (average 41.07) and from 24.16% to 63.46% in
summer (average 41.03). The Wilcox diagram indicates that
the majority of the groundwater samples in both seasons
are classified as doubtful to unsuitable (Fig. 15).

CONCLUSIONS

Seasonal and spatial variations of groundwater qual-
ity in the agricultural plain of Sidi Smail, northwestern
Tunisia, were investigated using data of physicochemical
characteristics collected in the autumn (October 2021) and
the summer (August 2022). The suitability of groundwater
for drinking purpose was evaluated using the Water Quality
Index (WQI), while for irrigation use was studied using
the SAR and %Na. Electrical conductivity (EC), total dis-
solved solids (TDS), along with concentrations major ions
displayed temporal and spatial variations, with elevated
levels observed in the southern sector of the plain during
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the dry summer season. Anthropogenic pressures, includ-
ing limited wastewater management, intensive groundwa-
ter abstraction, overuse of fertilizers in agriculture, com-
bined with geogenic processes and climatic factors, likely
drive the observed variations in groundwater quality. The
dissolution of Triassic evaporite and carbonate deposits ex-
posed in the foothills of Djebel Argoub, El Mangouch and
El Matria and the likely local infiltration of saline water
from the Medjerda River into the aquifer system increased
the groundwater mineralization in the southern and the
central sectors of the plain, respectively. The groundwater
recharge through fault systems intersecting the Ypresian
karst formations decreased its mineralization in the north-
ern sector of the plain. The hydrochemical facies, identified
through the Piper diagram, reveal three main water types:
mixed Ca-Mg-Cl, Na-Cl, and Ca-Cl. About 71% and 75%
of the groundwater samples exhibited during the autumn
and the summer seasons, respectively, concentrations of
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Fig. 14. USSL diagram of the groundwater samples in the different sea-
sons.
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nitrate above the World Health Organization (WHO, 2022)
guideline value of 50 mg/L. This may pose a substantial
public health risk. The water quality index indicates that
most groundwater samples (>50%) in the plain present
poor-to-very poor quality for drinking in both seasons.
These findings highlight the critical need for authorities
and decision-makers to adopt effective protection strate-
gies to safeguard groundwater resources and promote their
long-term sustainability. This study provides an initial in-
sight into seasonal contrasts but does not replace long-term
monitoring. Additional investigations are needed to under-
stand the underlying process governing the long-term sea-
sonal variations of the groundwater quality. A full sozolog-
ical analysis is recommended for future work to strengthen
groundwater contamination source attribution and quantify
anthropogenic vs. climatic contributions.
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