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Abstract: Despite efforts to protect the hydrosystems from increasing pollution, nitrate (NO3
−)

remains a major groundwater pollutant worldwide, and determining its origin is still crucial and
challenging. To disentangle the origins and fate of high NO3

− (>900 mg/L) in the Sidi Bouzid North
basin (Tunisia), a numerical groundwater flow model (MODFLOW-2005) and an advective particle
tracking (MODPATH) have been combined with geostatistical analyses on groundwater quality and
hydrogeological characterization. Correlations between chemical elements and Principal Component
Analysis (PCA) suggested that groundwater quality was primarily controlled by evaporite dissolution
and subsequently driven by processes like dedolomitization and ion exchange. PCA indicated
that NO3

− origin is linked to anthropic (unconfined aquifer) and geogenic (semi-confined aquifer)
sources. To suggest the geogenic origin of NO3

− in the semi-confined aquifer, the multi-aquifer
groundwater flow system and the forward and backward particle tracking was simulated. The
observed and calculated hydraulic heads displayed a good correlation (R2 of 0.93). The residence
time of groundwater with high NO3

− concentrations was more significant than the timespan during
which chemical fertilizers were used, and urban settlements expansion began. This confirmed the
natural origin of NO3

− associated with pre-Triassic embankment landscapes and located on domed
geomorphic surfaces with a gypsum, phosphate, or clay cover.

Keywords: groundwater hydrochemistry; principal component analysis; multi-aquifer system; flow
model; contaminant sources

1. Introduction

Groundwater is the main source of water supply worldwide, especially in arid and
semi-arid regions, where it also plays a key role for their proper economic and social
development [1,2]. Groundwater suitable for human consumption or crop irrigation must
contain mineral salts in a well-balanced quantity. However, groundwater is most often sub-
ject to natural and/or anthropogenic constraints affecting its quality degradation. Globally,
the main issue related to groundwater quality degradation is nutrients and/or chemical
enrichment from a chemical such as nitrate (NO3

−), which is recognized as the main water
pollutant [3,4]. There are several sources of NO3

− in groundwater, and anthropogenic
activities are indeed the main ones. Diffuse agricultural pollution due to the development
of intensive practices, new methods of cultivation and breeding characterized by a massive
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spreading of effluents and fertilizers, and urban and industrial discharges contribute to
groundwater pollution and quality degradation [5–8]. Bioavailable nitrogen (N) deposition
at the land surface constitutes a natural origin of NO3

− [9,10]. The main source of N
resides in the atmosphere in the molecular form (N2), representing approximately 78%
of the atmospheric composition [11]. Another natural source of NO3

−, is represented by
the accumulations of NO3

− rich salts which have also been found in regions with an arid
climate and/or deserts, such as the Death Valley of the Mojave Desert, southern Califor-
nia [12]. Regardless of the NO3

−’s origin, this ion has harmfully affected groundwater
quality, biodiversity, and ecosystem functioning worldwide [13,14].

The Sidi Bouzid basin (Central Tunisia, North Africa) is an example of a semi-arid
area that is characterized by an aquifer system with high concentrations of NO3

−, which
often exceed the standard of the World Health Organization for drinking water of 10 mg-
N/L [15,16]. Previous research on this aquifer system has already focused on groundwater
quality [13], groundwater vulnerability to NO3

− pollution [17,18], and on the health risk as-
sessment of NO3

− in groundwater [9]. Additionally, some studies have used stable isotopes
to assess groundwater recharge [19]. Nevertheless, none of the aforementioned studies
focused on the origin of NO3

− in groundwater. Numerous methods have been proposed to
identify the NO3

− sources around the world, including: (i) geophysical approaches [20],
(ii) statistical techniques [21], (iii) and via stable isotopes [22–25]. Petelet-Giraud et al. [20]
used detailed geological and geophysical profiles, such as electric tomography, to improve
a local structural model. The authors in this case studied the heterogeneity of the hy-
drogeological system, where some compartments were disconnected from the general
groundwater flow and explained the presence of young and old groundwater via NO3

−

concentrations and environmental tracers. Kendall and Aravena [26] defined the use of
the stable N and O isotopes of NO3

− molecules as tracers to evaluate the sources and
processes that affect NO3

− in groundwater. Widory et al. [27] investigated the viability
of an isotopic multi-tracer approach (δ15N, δ11B, 87Sr/86Sr) to determine the source(s) of
NO3

− pollution in groundwater in the Arguenon watershed (France). Xuan et al. [25] in
southern China also applied N isotope analyses to identify the source and transformations
of NO3

− in groundwater in a mixed land use watershed, but the studies of the isotopes
are limited to knowing an area punctually. However, most of the previous studies did
not explicitly model the retention time within the aquifer and possible different sources
of NO3

− except for small field sites [28–30]. One of the few exceptions is the study of
Koh et al. [31] that modelled an aquifer system characterized by complex hydrogeology
and mixing of groundwater with different ages via environmental tracers, but a single
source of NO3

− from fertilizers was employed. To the best of authors’ knowledge, no
environmental studies have evaluated NO3

− origins (anthropogenic versus geogenic) in an
aquifer system in a semi-arid region using a combined approach of geostatistical analysis
on hydrochemical data and numerical flow and advective modeling. Here, two popular
codes, MODFLOW-2005 v.11 [32] and MODPATH v.7 [33], have been used for the Sidi
Bouzid North basin in central Tunisia. The objectives of this study are: (1) to evaluate
the spatial distribution of NO3

− in the aquifer system of the Sidi Bouzid basin; and (2) to
identify possible NO3

− sources in groundwater.

2. Study Area
2.1. Geography and Climate

The study area, situated between longitudes 9◦10′00” E to 9◦45′00” E and latitudes
34◦55′00” N to 35◦20′00” N, constitutes the Sidi Bouzid North basin located in central
Tunisia. It covers an area of approximately 1508 Km2 (Figure 1) and extends from Jebel
Rakhmet, Jebel Hamra, and Jebel Mghila in the West to the North-South axis (NOSA) in
the East, and from the Zawiya-Roua chain in the North to Jebel Kebar in the South. To the
Southwest, it is limited by the Jebel Al Hfay. The study area is made of three sub-basins:
(i) the Southern part: Sidi Bouzid, (ii) the Western part: Awled Asker, and (iii) the Eastern
part: Oued El Hjal. The overall elevation of the area ranges between 238 m and 640 m
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above sea level (a.s.l.). This area belongs to a semi-arid Mediterranean climate with a mean
annual precipitation of 223 mm and an average yearly temperature of 19 ◦C [34]. The
average annual evapotranspiration is 180 mm.

Water 2022, 14, x FOR PEER REVIEW 3 of 20 
 

 

Tunisia. It covers an area of approximately 1508 Km2 (Figure 1) and extends from Jebel 
Rakhmet, Jebel Hamra, and Jebel Mghila in the West to the North-South axis (NOSA) in 
the East, and from the Zawiya-Roua chain in the North to Jebel Kebar in the South. To the 
Southwest, it is limited by the Jebel Al Hfay. The study area is made of three sub-basins: 
(i) the Southern part: Sidi Bouzid, (ii) the Western part: Awled Asker, and (iii) the Eastern 
part: Oued El Hjal. The overall elevation of the area ranges between 238 m and 640 m 
above sea level (a.s.l.). This area belongs to a semi-arid Mediterranean climate with a mean 
annual precipitation of 223 mm and an average yearly temperature of 19 °C [34]. The 
average annual evapotranspiration is 180 mm.  

 
Figure 1. Location of the study area: Sidi Bouzid basin. 

2.2. Geology 
The exposed geological units in the study area include: (i) Mesozoic (Triassic, 

Jurassic, and Cretaceous) and (ii) Cenozoic (Paleogene, Neogene, and Quaternary) aged 
rocks. The oldest rocks are Triassic and Jurassic in age and outcrop on raised structures 
bordering the study area. The Triassic strata consist of diapiric intrusions of a complex 
combination of gypsum, clays, and dolomites. Jurassic aged rocks are calcareous-
dolomitic deposits of the Nara Formation. The Cretaceous aged rocks begin with clay and 
sandstone deposits and continue with a series of limestones, dolomites, clays, and gypsums 
(Figure 2). The Paleogene rocks in the study area include a succession of gypsum, marl, 
phosphate, and limestone [35,36]. The Neogene is characterized by a variety of continental 
and lagoon facies with red clayey silts, small calcareous concretions, and gypsum. Finally, 
the Quaternary strata constituting diversified fluvial deposits of sandy clays, silts, 
gypsum crust, sandy silts, and sands are distributed throughout the study area. 

Figure 1. Location of the study area: Sidi Bouzid basin.

2.2. Geology

The exposed geological units in the study area include: (i) Mesozoic (Triassic, Jurassic,
and Cretaceous) and (ii) Cenozoic (Paleogene, Neogene, and Quaternary) aged rocks. The
oldest rocks are Triassic and Jurassic in age and outcrop on raised structures bordering the
study area. The Triassic strata consist of diapiric intrusions of a complex combination of
gypsum, clays, and dolomites. Jurassic aged rocks are calcareous-dolomitic deposits of
the Nara Formation. The Cretaceous aged rocks begin with clay and sandstone deposits
and continue with a series of limestones, dolomites, clays, and gypsums (Figure 2). The
Paleogene rocks in the study area include a succession of gypsum, marl, phosphate, and
limestone [35,36]. The Neogene is characterized by a variety of continental and lagoon facies
with red clayey silts, small calcareous concretions, and gypsum. Finally, the Quaternary
strata constituting diversified fluvial deposits of sandy clays, silts, gypsum crust, sandy
silts, and sands are distributed throughout the study area.
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2.3. Hydrogeology

The conceptual model of the Sidi Bouzid basin has been schematized and presented
in Figure 3. The Sidi Bouzid basin is a detrital Mio-Plio-Quaternary complex hosting two
aquifers. The borehole cross-section represents the superposition of three layers. The first
layer, widely distributed throughout the study area, constitutes the shallow reservoir (with
an average thickness of 40 m) made of sand with gravel and clayey intercalations. The
second layer is an impermeable and sometimes semi-permeable aquitard with an average
thickness of 45 m, while the third layer is the deeper aquifer with an average thickness
of 25 m. Groundwater is recharged through atmospheric precipitation, supplemented
by lateral runoff and irrigation return flow. Groundwater discharge occurs by lateral
outflow, evapotranspiration, evaporation areas, and artificial extraction (for domestic
and agricultural use). The groundwater flows from the mountainous boundary area to
the northeast of the study area. Finally, it discharges to the evaporation area (Negada
and Al Akarich) and El Hjal Wadi, for both aquifers shallow and deep [38]. Lastly, the
communication between the aquifers is only downstream of the basin. The hydrodynamics
of the water are influenced by the aquifer geometry and the tectonic structures. The
groundwater flow converges from Miocene outcrops in two directions: (i) the main direction
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is from West to East, while (ii) the secondary flow is from NW to SE. The groundwater
overexploitation is intense in the central and downstream parts, and it has experienced a
constant increase during the last years [36].
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3. Materials and Methods
3.1. Groundwater Flow Simulation
Governing Equations and Groundwater Model Selection

The worldwide popular groundwater flow numerical model MODFLOW-2005 v.11, based
on Darcy’s law and mass conservation concept has been used in this study. MODFLOW-2005
employs a three-dimensional simulation of groundwater flow circulation in porous media,
for both aquifers, shallow and deep, which is represented by the mathematically following
equation [32]:

∂

∂x

[
Kx

∂h
∂x

]
+

∂

∂y

[
Ky

∂h
∂y

]
+

∂

∂y

[
Kz

∂h
∂z

]
−w = Ss

∂h
∂t

(1)

where Kx, Ky, and Kz are the hydraulic conductivity values along the x, y, and z coordinate
axes, which are assumed to be parallel to the major hydraulic conductivity axes, w is the
volumetric flow per unit volume and represents the sources (negative values) and/or the
sinks (positive values) of water per unit time, h is the hydraulic head, Ss is the specific
storage of the porous material if the aquifer is confined or specific yield if the aquifer is
unconfined, and t is the time.

Following the groundwater flow field calculated by MODFLOW-2005, an advective
particle tracking numerical code MODPATH v.7 was employed to define the direction of
solute particles’ migration and their retention time within the aquifers system.

3.2. Data Collection and Processing

In this study, a two-step approach was employed: (i) the first step aimed at identifying
the relationship between NO3

− and other chemical elements in groundwater, and (ii)
the second step aimed at identifying the different NO3

− origins developing a numerical
model to simulate the groundwater flow and particle circulation (Figure 4). This approach
was used to test two hypotheses to explain NO3

− accumulation in groundwater. The
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first hypothesis describes a “top-down” mechanism where NO3
− is thought to be of

anthropogenic origin and infiltrated from the surface through stratified layers of sand and
sandstone. In this hypothesis, the particles (nitrates in our case) reach the groundwater
and migrate inside it according to the existing flow in a transient state. It is determined by
the circulation time of the particles from surface to groundwater. The second hypothesis
is a “bottom-up-laterally” mechanism where NO3

− is deposited onto a stable soil surface
through aerosol deposition and has concentrated in the subsoil over time. In this hypothesis,
it is considered that the nitrates are of natural origin (linked to sedimentation) and are
found in the subsurface. This mechanism has been used to explain NO3

− reservoirs found
in arid and semi-arid areas [39].
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− origin in

groundwater.

Temperature, pH, and electrical conductivity (EC) were measured in the field using
a HI 99301 multiparameter analyzer. A total of 103 water samples were collected from
38 shallow wells and 65 deep wells to describe the physicochemical characteristics of
groundwater in 2019. The samples were collected in sterilized bottles after purging at
least 3 volumes from the well casing. Water samples were delivered to the Laboratory of
Physico-chemical Analyses of Soil and Water of the Regional Commissariat of Agricultural
Development of Sidi Bouzid for major ions analysis. NO3

− concentrations were also
measured directly in the field using a portable NO3

− meter (LAQUAtwin B-743) after two-
point calibration. The reliability of the results of the chemical analyzes was determined by
the calculation of the ionic balance (IB% = (∑ cations−∑ anions)/(∑ cations+∑ anions)).
The analysis is declared acceptable if −6 ≤ BI ≤ 6%.

The data used to develop the conceptual and numerical models of the groundwater
flow circulation (piezometric and exploitation histories since 1990 and the hydrodynamic
data of the aquifer) were collected from the Regional Commissariat for Agricultural Devel-
opment (CRDA). Groundwater was exploited by 6970 wells for the shallow aquifer and
195 boreholes for the deep aquifer in 2020. The observation wells used are 53 and 39 wells
for the phreatic and deep aquifer, respectively.

ArcGIS v.10.5 was used to prepare input data maps. The DEM to define the vadose
zone thickness and ground elevation was obtained from STRM, while the digital geologic
map and borehole cross-section were used to determine the distribution of rock and vadose
zone types.

The statistical analysis was carried out by using SPSS v21.0. The Principal Component
Analysis (PCA) with varimax rotation was conducted to assess the strength of relationships
between variables (NO3

− and other major ions) in the study area. Processing MODFLOW-
2005 v11.0 [40] and MODPATH v.7 was used to simulate groundwater flow modeling and
particle tracking, respectively.
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4. Results and Discussion
4.1. Hydrochemical Characteristics
4.1.1. NO3

− Concentrations in Groundwater

Figure 5, generated using distribution of NO3
− concentrations in groundwater through

Kriging interpolation technique, shows that the lowest NO3
− concentrations are in the

western area of the Sidi Bouzid North basin and in the Awled Asker sub-basin. While
towards the East of the study area, NO3

− concentrations become very high, often exceeding
300 mg/L in both the shallow (Figure 6a) and deep (Figure 6b) aquifers. In the south, NO3

−

concentrations vary from 30 mg/L to 120 mg/L. The highest levels of NO3
− are around

930 mg/L and are recorded in the Oued El Hjal sub-basin. This differentiation of spatial
concentration distributions of nitrate is due to the hydrodynamic functioning of the aquifer
system which is also influenced by lithostratigraphic variations.

Water 2022, 14, x FOR PEER REVIEW 7 of 20 
 

 

of relationships between variables (NO3− and other major ions) in the study area. 
Processing MODFLOW-2005 v11.0 [40] and MODPATH v.7 was used to simulate 
groundwater flow modeling and particle tracking, respectively. 

4. Results and Discussion 
4.1. Hydrochemical Characteristics 
4.1.1. NO3− Concentrations in Groundwater 

Figure 5, generated using distribution of NO3− concentrations in groundwater 
through Kriging interpolation technique, shows that the lowest NO3− concentrations are 
in the western area of the Sidi Bouzid North basin and in the Awled Asker sub-basin. 
While towards the East of the study area, NO3− concentrations become very high, often 
exceeding 300 mg/L in both the shallow (Figure 6a) and deep (Figure 6b) aquifers. In the 
south, NO3− concentrations vary from 30 mg/L to 120 mg/L. The highest levels of NO3− are 
around 930 mg/L and are recorded in the Oued El Hjal sub-basin. This differentiation of 
spatial concentration distributions of nitrate is due to the hydrodynamic functioning of 
the aquifer system which is also influenced by lithostratigraphic variations. 

 
Figure 5. Spatial distribution of NO3− concentrations in groundwater: (a) shallow aquifer and (b) 
deep aquifer. 
Figure 5. Spatial distribution of NO3

− concentrations in groundwater: (a) shallow aquifer and (b)
deep aquifer.

4.1.2. Comparison Nitrate with Other Ions

The relationship between the nitrate concentration and chemical elements was investi-
gated for geochemical characterization of groundwater and to trace the origin of NO3

−.
Cl− and Na+ in groundwater are often linked to halite dissolution (NaCl). The evolution of
Na+ has been studied as a function of Cl−, which is considered a stable and conservative
tracer of evaporites [41]. The graph in Figure 6a shows that several samples line up on
the slope line 1:1, indicating coexistence of the two ions and possible NaCl dissolution.
Other samples, especially from the deep aquifer of the Oued El Hjal sub-basin, have an
excess of Cl− compared to Na+, this can also be explained by the dissolution of halite, but
with subsequent sorption of Na+ via cation exchange. The role of carbonate and evaporite
dissolution on groundwater composition was investigated through the scatter plots of
(Ca2+ + Mg2+) versus (HCO3

− + SO4
2−) as shown in Figure 6b. Most water samples are

located near and below the slope line 1:1 on the side of HCO3
− + SO4

2−, indicating no
preferential dissolution of evaporitic or carbonate rocks as major hydrochemical process of
the entire aquifer system of the study area. One exception is the deep aquifer of Oued El
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Hjal sub-basin, in which the excess of Ca2+ and Mg2+ could be due to cation exchange with
Na+, as previously postulated.
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The predominance of SO4
2− over HCO3

− and the lack of a strong link between the
species Ca2+, HCO3

−, and SO4
2− indicate that other processes control the water chemistry,

such as dedolomitization, which involves dissolution reactions with carbonate minerals and
gypsum. Dedolomitization is often caused by gypsum-to-anhydrite conversion [42] accom-
panied by the dissolution of dolomite and the precipitation of calcite (CaMg(CO3)2 + Ca2+
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2CaCO3 + Mg2+). The dissolution of gypsum consequently increased the concentration
of Ca2+ by the same Ca2+/Mg2+ ratio. This ratio once greater than 0.5 thermodynamically
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causes dedolomitization [43]. All samples from the study area show a Ca2+/Mg2+ ratio
greater than 0.5, thus explaining that the dedolomitization process seems to mark the water
chemistry. The dissolution of dolomite consequently led to an increase in the concentration
of Mg2+ in groundwater. This process, which includes the dissolution of gypsum, is high-
lighted through the correlation (Ca2+ + Mg2+) vs. (SO4

2− + 0.5HCO3
−), where most of the

samples are organized along the straight line 1:1 (Figure 6c), except the ones pertaining to
the deep aquifer of the Oued El Hjal sub-basin, in which the excess of Ca2+ and Mg2+ could
be due to cation exchange with Na+ which takes place within and on colloid particles. The
overall reaction of the dedolomitization process can be written as follows:

CaMg(CO3)2(s) + CaSO4x2H2O(s) + H+ = CaCO3(s) + Ca2+ + Mg2+ + SO4
2− + HCO3

− + 2H2O (2)

To better discriminate all the cation exchange phenomena within the aquifers system, a
plot of Na+ vs. Mg2+ is shown (Figure 6d). Cation exchange takes place with the colloids of
organic matter and rich clay minerals present in the aquifer matrix, which release Na+ and
adsorb Ca2+ and Mg2+, leading to an increase in Na+ concentrations in groundwater. Here,
all samples show a slight abundance of Na+ with respect to Mg2+, except for the samples
from the deep aquifers of Oued El Hjal, in which excess of Mg2+ is released in groundwater
via dedolomitization which triggers Na+ adsorption. Finally, Figure 6e shows that the
sum of Ca2+ and Mg2+ correlates very poorly with HCO3

−, excluding simple dolomite
dissolution mechanism as the main driver of the observed patterns.

4.1.3. Principal Component Analysis

The PCA was applied to the chemical elements (the variables) of groundwater in
the study area for the three sub-basins, reducing the dimensions of the data to two main
components (F1 and F2) (Table 1), which are visualized graphically in Figure 7. The
correlations between the variables and the main axes show that the first two axes F1 and F2
express 69.6%, 69.6%, and 82.0% of the total variance for the sub-basins of Awled Asker,
Oued El Hjal, and Sidi Bouzid, respectively.

The NO3
− content in the Awled Asker and Oued El Hjal basins is found to be asso-

ciated with other dissolved species, which explains a common origin between them, and
thus a geogenic origin (Figure 7). While in the Sidi Bouzid, NO3

− content is associated
with HCO3

− that is often related to an increase in inorganic carbon due to heterotrophic
denitrification, thus suggesting fertilizer application is the source.

Table 1. The contribution of the factorial axes in the total values and the attributed eigenvalues of
groundwater in the three sub-basins of the study area.

F1 F2

Oued El Hjal
Eigenvalue 5.227 1.737

Variance (%) 52.268 17.374
Cumulated variance (%) 52.268 69.642

Sidi Bouzid
Eigenvalue 7.151 1.051

Variance (%) 71.508 10.510
Cumulated variance (%) 71.508 82.018

Awled Asker
Eigenvalue 4.637 2.326

Variance (%) 46.369 23.263
Cumulated variance (%) 46.369 69.633
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4.2. Model Discretization and Calibration

The numerical model domain covers an area of 1508 km2 (43 km × 41 km). The
UTM global coordinate system has been used to create the model and the database. The
modeling grid consists of a cell dimension of 500 m × 500 m and 4 layers (Figure 8), the
shallow aquifer was subdivided into 2 layers to better represent the surface features, while
layer 3 represented the confining unit and layer 4 the deep aquifer. The grid cells are
designated as inactive outside the model domain and in the impermeable areas, and as
active inside the model domain. The regional Shuttle Radar Topography Mission (STRM)
Digital Elevation Model (DEM) with a spatial resolution of 20 m × 20 m cells was used
and interpolated over the model grid to reproduce the basin topography. The hydraulic
conductivity (K) of lithological units was obtained from pumping tests: 41 pumping tests
were performed in the shallow aquifer and 30 in the deep aquifer. The resulting mean K
values and the respective standard deviation were 5.35 × 10−4 ± 3.54 × 10−4 m/s for the
shallow aquifer and 1.44 × 10−3 ± 7.73 × 10−4 m/s for the deep aquifer. Thus, the deep
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aquifer is more permeable than the shallow one, and both are characterized by relatively
homogeneous K distributions. The confining unit was simulated with a K of 1.0× 10−9 m/s
to ensure sealing among the unconfined and confined aquifers to maintain the observed
heads differences among the aquifers. The vertical anisotropy was set equal to 1:10 in all
layers as suggested by the PM11 manual [40].
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Vertical exaggeration is 1:20.

The boundary conditions are presented by assumed or known supplies and/or
flows [33]. The lateral contribution from the nearby basins were determined based on
the hydraulic potentials and were simulated via the General Head Boundary package
(Figure 8), as well as the contribution of the Sidi Saad dam to the supply of the down-
stream part of the basin. To ensure a good connection with the aquifers, a very high value
(0.1 m2/s) of water supply from Sidi Saad dam was set up. The Well package was employed
to distribute an average pumping rate in more than 300 wells scattered throughout the
model domain in both aquifers. Groundwater drainage from the beds of wadis (El Fekka,
Sarigh Dhiba, Sbitla, and Jilma) was simulated with the Drain package (Figure 8), using
a conductance of 0.001 m2/s to allow a good drainage from the nearby cells and setting
the elevation of the drain 2 m below the topographic surface. Recharge was initially set to
43 mm/y (approximately 20% of precipitation) and multiplied by an altitude factor of 1.44
over 100 m. This factor was calculated comparing 12 meteorological stations ranging from
297 to 413 m a.s.l. to include the higher recharge from the mountain ranges that border the
basin. The Evapotranspiration package was used to simulate the evapotranspiration from
groundwater, using the mean value for the area from 1990 to 2010 [44] as maximum uptake
rate (630 mm/y) and an average extinction depth of 3 m. The horizontal flow barrier (HFB)
package was used to simulate the compressive faults, using a thickness of 1 m and an
equivalent K of 1.0 × 10−9 m/s (Figure 8).
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The model calibration was initially obtained manually by a trial-and-error approach,
then employing PEST for an automated calibration and sensitivity analysis [45]. The vertical
K were tied to the horizontal K parameters that were log transformed, and their minimum
and maximum values were set using the observed ones (see Supplementary Information of
K values in Table S3), while the recharge and evapotranspiration rates were calibrated as
relative parameters. The observations used in the model calibration include the observed
hydraulic heads in the 53 observation wells for the shallow aquifer and 38 observation wells
for the deep aquifer. Quantitatively, the model calibration performance was evaluated by
the criterion of the mean error (ME), the mean square error (MSE), and the determination
coefficient (R2).

The model calibration was carried out by automatically tuning the K values and other
parameters like maximum evapotranspiration rate, recharge rate, and drain conductance,
reported in Table 2 with their composite sensitivities. The comparison between observed
and simulated head for both the shallow and the deep aquifers is shown in Figure 9. The
points are scattered along the 1:1 line, with no apparent pattern. However, there is a slight
underestimation in the calculated heads as suggested by the mean error (ME) that denotes
approximately −0.26 m of error, which is acceptable compared to the whole piezometric
range simulated here (more than 150 m) with the R2 being higher than 0.9 (Figure 9).
The relatively large MSE of calculated heads could have been due to local variability of
hydraulic conductivity here not considered to maintain the simplicity of the model as much
as possible.

Table 2. Calibrated parameters values and their composite sensitivity via PEST.

Parameter Value Composite Sensitivity

K layer 1 Shallow aquifer (m/s) 8.50 × 10−5 4705
K layer 2 Shallow aquifer (m/s) 1.00 × 10−3 364
K layer 4 Deep aquifer (m/s) 1.37 × 10−3 707
Recharge rate (mm/y) 38.7 134
Evapotranspiration rate (mm/y) 625 13
GHB Conductance (m2/s) 0.1 22
Drain Conductance (m2/s) 0.24 122
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Figure 9. Scatter diagram of the observed versus calculated head values (dots) for the simulated
aquifers system.

The most sensitive parameter was the K of the first layer which was mostly unsat-
urated, followed by the K value of the deep aquifer indicating that the most uncertain
parameters are the hydraulic conductivities of the aquifers.

For the shallow aquifer, the hydraulic head ranged between 350 and 260 m, and high
values were observed in the western part of the Awled Asker sub-basin (Figure 10a). The
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main flow direction goes from the Southwest and the West draining Mghila and Al Rakhmet
mountains to the discharge area in the evaporation areas and the El Hjal Wadi in the north
and the Centre-East of the study area.
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For the deep aquifer, the hydraulic head map (Figure 10b) shows values between
270 m and 210 m, thus potentially draining the shallow aquifer. The flow direction is mostly
from the West and Southwest towards Northeast. From the model, the flow converges
in the south of Lessouda mountain (here simulated as no flow boundary and the center
of the model). Then it is divided into two directions: (1) to the East of the study area
where discharge is in the evaporation area of Al Akarich and Negada, and (2) to the North
towards the El Hjal Wadi where the drainage takes place. This division of the flow in the
two directions imposes the assumption of the existence of the deep faults of Lessouda
Boudinar and Kassrine that act as horizontal flow barriers. Without using the HFB package,
it was not possible to reach an acceptable calibration due to groundwater heads that were
too low or too high with respect to the measured ones near faults.

In the Sidi Bouzid North basin, the groundwater budget, in the steady state condition,
shows a good balance between input and output flows with a percent error equal to 0.16%
and −0.35% for the shallow and deep aquifers, respectively (Table 3). The main input to the
shallow aquifer is the recharge through porous deposits, which is estimated at 2.78 m3/s
and constitutes 71.5% of the total inflow of the shallow aquifer and the 36% of the whole
aquifers system. The contribution of the GHB estimated by the model are: (1) for the
inputs, 1.106 m3/s and 3.59 m3/s for the shallow and deep aquifer, respectively; and (2)
for the outputs, 8.55 × 10−2 m3/s towards the Sidi Saad dam for the shallow aquifer and
0.80 m3/s for the deep aquifer towards the basin located in the north of the study area. For
the vertical groundwater leakage between the aquifers, the input from the shallow to the
deep aquifer is estimated at 0.300 m3/s. The main outflow of the aquifers system is divided
into exploitation by wells (1.01 m3/s from the shallow aquifer and 3.1 m3/s from the deep
aquifer), drainage towards the wadis, and evapotranspiration which is found only in the
shallow aquifer with estimated values of 2.34 m3/s and 0.157 m3/s, respectively. It can
be noticed that the actual overexploitation from wells is not sustainable by the recharge
occurring in the study area; in fact, a water table drawdown (approximately 20 m) has been
experienced by both the shallow and the deep aquifer in the last decades.

Table 3. Groundwater balance of the shallow and deep aquifers: GHB (Head Dependent flux Boundaries).

Shallow Aquifer Deep Aquifer

Flow in m3/s % m3/s %

GHB 1.106 28.5 3.59 92.0
Recharge 2.78 71.5 0 0

From Shallow aquifer 0 0 0.300 8.0

Flow out m3/s % m3/s %

Wells 1.01 25.7 3.10 79.4
Drains 2.34 60.3 0 0

Evapotranspiration 0.157 4.0 0 0
GHB 8.55×10−2 2.2 0.80 20.5

To Deep aquifer 0.300 8.7 0 0

Total 3.88 100 3.90 100

IN-OUT 6.39 × 10−3 −1.35 × 10−2

Percent error 0.16 −0.35

4.3. Particle Tracking Results

The results of MODPATH via forward particle transport highlighted that it was not
possible to bypass the thick aquitard between the shallow and deep aquifer since the
beginning of urban settlement growth and use of synthetic fertilizers since the early 1970s.
Moreover, it must be stressed that the choice of a steady state model is a conservative
option, since the overexploitation of the aquifer experienced a dramatic increase in the last
30 years.
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The simulation shown in Figure 10 backtracked particles from the NO3
− enriched

zones (see Figure 5 for location) towards their possible origin before the overexploitation of
the aquifer system for a period of 30 years (from 1990 to 2020). This approach allows the
interpretation of flow directions and travel times and possibly reconstructs the location of
the source zones. The flow paths of advective transport in the shallow aquifer differ from
those obtained in the deep aquifer. While the shallow aquifer has the NO3

− source zones
located near the contaminated zones and within agricultural areas, the source zone for the
deep aquifer is located approximately 10 to 15 m upgradient and southward to Oued El
Hjal sub-basin (between Jebel Lessouda and Jebel Faidh), where no agricultural fields are
present, since the small valley is a former Sabkha.

In the Sidi Bouzid basin, the NO3
− accumulations are associated with pre-Triassic

embankment landscapes and occur on domed geomorphic surfaces with a gypsum, phos-
phate or clay cover. The rough surfaces of surficial materials trap fine textured aeolian
sediments rich in organic matter, which are then washed under or over the sides of the
syncline during intense episodic rainfall events. For thousands of years, the eolian deposits
accumulated and raised a fine mosaic of an alluvial embankment to form a desert stone
pavement. These deposits stabilized over time, decreasing infiltration, increasing surface
runoff, and allowing soluble salts to accumulate below the surface. Heaton [40] suggested
that the high NO3

− concentrations in groundwater result from N fixation by cyanobacteria
and subsequent mineralization and nitrification of the organic matter over time. However,
the first hypothesis could not be confirmed with the available data. The hydrochemical data
and Figure 10 indicate that the NO3

− in the deep aquifer of Oued El Hjal is likely to have
come from natural sources and could not have been derived from anthropogenic sources.

As reported by Kaplan et al. [46], according to the logic of nature, the accumulation
of contaminants that comes from the surface takes place in the unconfined aquifer, which
is not the case of this study where the highest NO3

− concentrations were found in the
deep aquifer. Also, the examination of the land cover map shows that the areas with the
highest NO3

− concentrations coincide with bare land or olive trees that do not require
excessive use of N fertilizers. Thus, the above-mentioned features suggest that the first
hypothesis is far from being accepted. Nevertheless, new data on groundwater ages and
environmental tracers should be collected in future studies to independently confirm or
reject this conceptual model.

5. Conclusions

In this study, NO3
− origin in groundwater of the Mio-Plio-Quaternary aquifer of

Sidi Bouzid North basin was assessed. To evaluate the origin of extremely high NO3
−

concentrations in deep groundwater samples, hydrochemical investigations and ground-
water flow modeling were employed. Geostatistical analyses were used for hydrochemistry
assessment, and the correlation among solute species showed that groundwater is affected
by evaporite dissolution and water quality changes in the whole studied area. PCA showed
that NO3

− in most samples have origins associated with other chemical elements related to
evaporitic salts dissolution. Groundwater flow modeling highlighted that recharge was the
most important groundwater inflow into the aquifer system, while exploitation by wells is
the most important outflow. Moreover, the particle tracking simulation showed that leak-
age of NO3

− through the aquitard between the shallow unconfined aquifer and the deep
aquifer was negligible, which further suggested that the NO3

− origin in the deep aquifer is
geogenic. On the contrary, the NO3

− origin in the shallow aquifer is anthropogenic and
mainly due to fertilizers leaching.

The approach developed in this study can be a valuable decision support tool for
groundwater resource managers in the Sidi Bouzid North basin, and the approach can be
replicated in similar environmental settings. However, to make the implemented model
a more robust tool for integrated water resources management in the study area, future
simulations must be applied using transient state models based on several scenarios and
new data on groundwater age and origin must confirm the proposed conceptual model.
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