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Abstract: The Maknessy plain in central Tunisia is one of the most important agricultural basins in
Tunisia. Given the semi-arid climate conditions, the irrigation of cultivated crops relies principally
on the abstraction from groundwater resources. The assessment of the quality of the used water for
agricultural purposes is crucial for safe production. Thus, the objective of this work is to assess the
physicochemical quality of the irrigation water resources in this catchment area using a combined
chemical, isotopic, and statistical approach. The waters analyzed are represented by two types of
groundwater, mainly calcium hyper chloride and calcium sulfate. A multivariate statistical analysis
(PCA and HCA) and a geochemical approach have been applied to study water quality as a function
of chemical parameters, showing that the EC and TDS are the parameters influencing water quality.
The stable isotopic compositions of the sampled waters range from —7.53 to —4.90% vs. VSMOW and
from —53.6 to —32.2% vs. VSMOW for 5'80 and §H; they show the exchange between groundwater
and rock and the evaporation effect. The isotopic data form three groups such as recent water, pa-
leowater, and mixing water indicate the evaporation effect and interaction of the groundwater, and
confirm that this aquifer has been recharged by current rainwater. So, these aquifers were recharged
by precipitation derived from a mixture of cloud masses from the Atlantic Ocean and the Mediter-
ranean Sea. The findings of this research are of important relevance for effective water resources
management in this agro-based region. Indeed, the increased exploitation of these resources will in-
duce a continuous reduction in the available resources and progressive degradation of the used water
quality that may adversely impact the safe agricultural production and the economic resilience of the
local population.

Keywords: HCA; PCA; hydrogeochemistry; groundwater quality evaluation; isotopic tracers;
Maknessy basin

1. Introduction

Groundwater is the principal resource used continuously for agricultural purposes, in-
dustrial development, and domestic consumption, especially in arid and semi-arid regions,
namely the southern Mediterranean basin, where the scarce and the nonperennial surface
waters lead to increasing use of groundwater resources [1-3]. This continuous exploitation
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has induced severe environmental issues constraining optimal natural resources exploita-
tion for sustainable development [2]. In addition to the availability of fresh water resources,
the suitability of the used quality for domestic consumption and agricultural needs have a
relevant influence, challenging the sustainability of the exploitation and the environmen-
tal conservation of agricultural land [4]. Thus, several studies have been conducted, us-
ing chemical, isotopic, hydrogeological, geophysical, and statistical approaches [5-8] to
evaluate the quality of the groundwater resources and the suitability of these resources for
special purposes in different agro-based regions in India, China, Yemen, Iran, Iraq, Tunisia,
and Algeria [1,3,5,9-14]. These studies have largely discussed the ecological impacts of the
excessive exploitation of groundwater resources, especially in the North African and Mid-
dle Eastern regions (MENA). In Tunisia, the environmental issues related to the abusive
exploitation of groundwater resources to meet the agricultural requirements have been
largely discussed. Previous geochemical and isotopic research indicated that groundwa-
ter depletion, aquifer decompression, and progressive quality degradation are increasingly
reported in different agricultural regions in Tunisia [6,15].

The Maknessy basin, located in central Tunisia, is an agro-based region characterized
by an arid to semi-arid climate. Groundwater is continually decreasing, and groundwa-
ter is almost depleted as a result of increasing water demand, such as population growth,
over-exploitation, climate change, industrial activities, and the intensification of agricul-
ture since agricultural activity in this region is intensive and the high demand for water
coincides with the dry period of the Mediterranean climate [15]. These have resulted not
only in reduced water availability but also in deteriorating water quality [16,17]. Indeed,
the degradation of groundwater quality and salinization of soils are the main threats to
the sustainable use of natural resources [18-20]. However, the sustainability of agricul-
tural production is, furthermore, threatened by the emerging salinization issues of fertile
lands, inducing progressive abandonment of several managed perimeters. Groundwater
and soil efficient management are therefore highly required for this region to maintain
the productivity of agriculture and consequently to secure the livelihood of the local pop-
ulation. In this study, we use hydrochemical studies of groundwater to determine the
processes that govern the chemistry and quality of groundwater [21-25], and the study of
environmental isotopes of oxygen (5'0) and hydrogen (5*H), which are excellent tracers
for determining the origin of groundwater and are widely used to study groundwater sup-
ply, migration routes, and mixing of water from different sources [15,19]. Additionally,
the different isotopic compositions of hydrogen and oxygen from different water sources
and the stable isotopic ratios of hydrogen and oxygen (§'%0 and §2H) are excellent ways
to determine the way to recharge and discharge groundwater [15]. The objectives of this
study cover various water issues in The Maknessy basin related to groundwater flow mi-
gration, mixing and potential recharge areas, water suitability assessment for particular
uses, and mineralization processes and mechanisms via geochemical modeling, statistical
analysis, and isotopic characterization.

2. Study Area

The study area, the Maknessy basin (Central Tunisia), part of the Sidi Bouzid Gover-
norate, is located in the southeastern part of the central basin, which belongs to the south of
the Mediterranean basin. It covers a geographical area of approximately 1235 km? and con-
sists of a large syncline basin with Mio-Plio-Quaternary (MPQ) filling by anticline reliefs
with Cretaceous cores [26]. It is bounded to the north by the Meloussi and Majoura ranges,
to the east by the Jebal Jebbeus and Jebs ranges, to the south by Jebal Bouhedma, and to
the west by Jebal El Goussa (Figure 1). The study area is characterized by an arid Mediter-
ranean climate [27,28] with erratic annual precipitation of about 200 mm. However, evap-
otranspiration is about 1500 mm/year [29]. In this region, intensive agricultural activities
depend mainly on the extraction of underground resources, and it is faced with quantita-
tive and qualitative constraints like any region subjected to an arid climate [2,30,31]. The
groundwater resources of the studied watershed are found in three major reservoirs: a wa-
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ter table formed by Quaternary detritic deposits and a deep aquifer constitute two levels,
the lower Zebbag Formation and the upper Zebbag Formation [16,26].
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Figure 1. Location and geological map of the study area [32].

3. Geological and Tectonic Setting

Lithostratigraphic outcrops in the study area have a stratigraphic series from the Tri-
assic to the Quaternary (Figure 2). A few scattered Triassic outcrops are present in the east-
ern closure of the basin (north—south axis). The Triassic outcrops at the NW-SE alignment,
especially at the Jebel Jebbeus, are represented by evaporative sediments with Germanic
facies consisting essentially of gypsum, gypsum clay, and dark grey dolomite [33,34]. The
Maknessy basin is dominated by Cretaceous outcrops, Lower Cretaceous deposits form
the core of the Bouhedma structure, and is marked by the presence of Greso-Dolomitic se-
ries, fluvial sands, mixed carbonate deposits, clayey, marno-carbonates and evaporatitics,
fine sands, and dolomitic bars. The Late Cretaceous series are widespread within the field
of study; they is represented by the middle and upper limbs of the Zebbag Formation, as
well as the Annaba and Bireno Formations and the Aleg clay Formation, and the limestone
levels of the Abiod/“Berda” Formation characterize the third term [27,35]. The deposits of
Mio-Pliocene are rarely found in the Maknassy basin; they are most often intersected by
drilling. This series takes the form of a clayey facies with the Segui Formation outcropping
along the eastern southern flank of Boudouaou [36]. The deposits of the Quaternary are
essentially silts, accumulation glacis, limestone crusts, and gypseous crusts. They cover
the agricultural plains on large extensions within the field of study.
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Figure 2. Lithostratigraphic log of the study area showing the potential of each formation to act as
an aquifer [36].

The Maknessy basin is controlled by a set of major transverse faults parallel to the
bending directions which are responsible for its current geometry [36] (Figure 1). The
western end of the Bouhedma anticline is affected by the major El Mech fault, with an av-
erage direction N120 [34,36]. In addition, the Majoura—Meloussi megastructure is affected
by a multi-kilometer inverse fault with a series of faults marking the southern flank of this
fold. In the center, the Maknessy syncline is broken by a system of normal faults sealed
by MPQ filling [34]. Indeed, the end of the Maknessy basin is affected by an N-5S fault
network leading to the closure of the basin following uplift movements that caused the
Triassic outcropping at this level [36].

4. Hydrogeological Setting

The hydrogeological characterization of this mega syncline structure outlines the ex-
istence of at least four potential aquifer levels, of which the fractured karst limestones of
the Upper Cretaceous and sandstone of the Lower Cretaceous are the most productive [36]
(Figure 3). These hydrogeological entities are, top to bottom, (i) the MPQ aquifer, repre-
sented as very heterogeneous, consisting of silico clastic formations (sands and sandstone)
with alternating clays. The MPQ is the shallow water table of the Maknessy plain. Thus, it
is heavily exploited by more than 500 surface wells in the agricultural sector. This level is
characterized by a pumping flow of 10 to 23 L/s [29,34]. (ii) The Cenomano-Turonian reser-
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voir is represented by two deep aquifer levels heavily exploited in the Maknessy region.
Upper Zebbag (karst carbonate deposits) is the most exploited level in most of the Mak-
nessy basin. It is a karstic dolomitic formation, sometimes allowing excellent catchments
with specific flows reaching 21 L/s. The Zebbag lower to carbonate dominance is captured
by several boreholes in the Maknessy plain, mainly in the central part. The good test re-
vealed excellent hydrogeological characteristics and a flow rate of about 90 L/s [34-36].
(iii) The Lower Cretaceous is characterized by its carbonate, sandstone, and sandy facies
and, in particular, the Boudinar Formation, which showed excellent hydrogeological char-
acteristics, especially at the Kharrouba 2 drilling. This drilling yielded an artesian flow of
51 L/s [34-36].
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Figure 3. Conceptual model of the aquifer system for the Maknessy basin (modified from [17]).

In addition, several cold springs emerge at the outcrops of the Lower Cretaceous, the
most important of which is the Ain Djemel (a flow rate of about 8 L/s) which seems to orig-
inate from a dolomite bank. The Haddage thermal spring, in the form of several griffins,
emerges with a temperature of about 37 °C and a natural flow rate of about 5 L/s [34].



Hydrology 2023, 10, 32

6 of 22

5. Materials and Methods
5.1. Sampling and Analytical Procedure

In this study, sixty-one groundwater samples were collected from the study area in
February 2022. The depths of the wells ranged from 15 to 560 m across the study area. Be-
fore sampling, the wells were pumped for 10 min to obtain representative stable chemical
conditions (pH, EC, and temperature) measured in the field by a conductiviometer. The
water temperature and the electrical conductivity (EC) of each sample were measured in
the field with a 20 °C conductivity meter, and the pH was measured on the spot using
a pH meter. Concentrations of Mg?*, Na*, K*, Ca?*, CI~, HCO3~, NO;~, and SO4>~ in
groundwater samples were analyzed in the Soil and Water Physicochemical Laboratory of
the Regional Commission for Agricultural Development (RCAD) Sidi Bouzid and the Hy-
drogeology and Geochemistry Laboratory of the Company of Phosphate of Gafsa (CPG).
The levels of Mg2+, Cl~, HCO;~, and Ca%" were determined by titration. Concentrations
of other chemical species (SO4%~, Na*, K*, and NO3; ™) were measured by flame atomic ab-
sorption spectrophotometry. The accuracy of the chemical analyses was tested by taking
the relationship between cation totals (Na*, K*, Ca?*, and Mg?*) and anions (C1~, NO;~,
HCO;~, and SO427) for each analysis of the complete water sample using the ion load
balance equation, as the percentage of error values < 6% was obtained. All ionic concentra-
tions are expressed in milli-equivalents per liter (meq/L):

E= [} (cations — anions) / } _ (anions + cations) ] x 100 (1)

Groundwater sampling locations in the study area (Figure 4) were mapped using
kriging interpolation from the ArcGIS 10.2 software. This software is also used for ni-
trate and salinity to assess the distribution of their concentrations in the shallow Maknessy
basin aquifer.
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Figure 4. Map of groundwater sampling.



Hydrology 2023, 10, 32

7 of 22

5.2. Graphical Methods

The Piper diagram [37] is commonly used for representations of hydrochemical types.
Recently, it has been used in numerous studies [9,17,26,27,38,39] to analyze the main hy-
drogeochemical types controlled by anions and cations. It was established using diagram
software for Piper, as the hydrochemical data of the aquifer are plotted on a Piper map,
and it was also used to represent the chemical composition of a set of water samples. The
Gibbs diagram [40] shows the main processes controlling groundwater chemistry. This
diagram is widely used in groundwater studies to establish the relationship between wa-
ter and aquifer characteristics to understand and distinguish the mechanisms that control
water chemistry [39,41,42].

5.3. Multivariate Statistical Analysis

The statistical methods were used to interpret the obtained physicochemical propri-
eties. This technique is a useful tool for obtaining important information about the hydro-
chemistry dataset in the groundwater system [42]. It is used to independently quantify
and classify different types of groundwater samples and to determine the correlation be-
tween chemical parameters and groundwater samples. The statistical analysis software
used in this article is XLSTAT (version 2022) for Windows to evaluate the analytical data
using multivariate statistical techniques, that is to say, PCA (principal component analysis)
techniques, HCA (hierarchical upward classification), and the analyzed dataset including
all data, as well as stable (5'%0) oxygen isotopes and deuterium (§*H) data that are ana-
lyzed by mass spectrometry in the laboratory of the Gabes Institute of Water Science and
Technology (ISSTEG).

Multivariate statistical analysis is used to independently quantify and classify differ-
ent types of groundwater samples. A PCA can be used to simplify data and determine the
relationships between variables and samples. Additionally, the analysis of the main com-
ponents is evaluated the aggregation or similarity of the data and determines the source of
the differences between the parameters. In the PCA, the main components of groundwa-
ter data are extracted. Applying the maximum variance method for maximum component
rotation to reduce size, Varimax rotations with Kaiser normalizations were used to maxi-
mize total variance of factor coefficients; this better explains the possible sources of influ-
ence on the water system [9] extract the main influences and identifies factors that can be
explained by water or the chemistry of artificial processes. HCA is a statistical aggregation
technique widely used in hydrochemistry to examine chemical water quality data and is
commonly used to classify water samples into groups based on chemical parameters. This
is illustrated by a tree illustrating connection distances and differences between groups.
The same PCA variables were also statistically modeled by the HCA technique to measure
the similarity of groundwater samples to the corresponding physicochemical parameters,
and to display the most distinct groups of hydrochemicals [6,7,43,44].

6. Results and Discussions
6.1. Groundwater Parameters

The results of the geochemical analysis in Table 1 confirm that all water samples have
reached the ion balance (Error <6%). Table 2 provides a statistical summary of hydrochem-
ical groundwater data to show chemical characteristics. The pH range from 7.1 to 8.53 in-
dicates that the nature of groundwater is generally alkaline. The EC values range from
1.27 uS/cm to 20.30 uS/cm. The TDS spatial distribution map shows values ranging from
0.88 to 10.21 g/l with an average value of 2.58 g/L (Figure 5). The highest salinity values in
the northern part of the basin are practically at Mellousi Jebal and in the Leban Wadi. In
addition, the increase in salinity in the northeastern part of the region is explained by the
overexploitation of MPQ aquifers such that the high demand for water coincides with the
dry period of the Mediterranean climate. Additionally, the high use of water in everything
inirrigation, such area agricultural activity, is intense. Salts and other dissolved substances
begin to accumulate when water is absorbed by plants and evaporates on the surface. This
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indicates that the natural solubility of the aquifer is the main reason for the higher salin-
ity [45]. This solubility may be due to biochemical factors or anthropogenic processes after
irregular precipitation and high evaporation, so that the high demand for water coincides
with the dry period of the Mediterranean climate [15]; also, extensive exploitation of water
on everything in the agricultural field leads to the lowering of the water table level [16,17].
The variogram model with salinity is used to avoid the need for sensitivity analysis, as well
as to characterize the quantity and quality of groundwater (Figure 6). The concentrations
of Ca?*, Mg?*, and SO42~ ranged from 4 to 24.8 meq/L; 1.2 to 39.2 meq/L and from 4.58
to 35.07 meq/L, respectively, and the Cl~ value ranged from 4 to 80 meq/l. The average
bicarbonate value (HCO3;7) is 4.33 meq/L and ranges from 2.4 to 9.2 meq/L. The disso-
lution of carbonate minerals, such as calcite and dolomite, can contribute to bicarbonate
in groundwater.

Table 1. Geochemical data of groundwater in the Maknessy basin.

EC TDS Na* K* Ca* Mg* ClI- HCO3;~ SO~ NO,;-
T psem o PP (meq/D) (mgrry ~ Frror%
1 225 44 3.1 8.1 14.7 0.5 128 204 26 44 14.7 32 2.8
2 21 10.3 7.2 8.1 27.1 0.8 232 392 64 44 26.3 48 2.7
3 219 5.5 38 8.2 17.5 0.5 12 26.4 30 4 17.4 50 3.8
4 217 9.1 6.4 8.2 26.2 0.8 212 348 48 48 35.1 61 3.3
5 232 7.7 5.4 8.2 224 1.0 18.8 26 50 4 19.5 57 43
6 225 146 102 7.7 37.5 32 248 228 80 32 13.5 67 5.1
7 232 5.9 4.1 8.3 16.9 1.1 5.6 38.4 20 5.6 30.3 60 43
8 239 3.9 2.8 8.4 139 1.2 10 148 125 5.2 18. 61 42
9 246 35 24 8.3 13.5 0.4 11.8 9.2 12 5.2 13.8 55 45
10 244 32 2.2 8.5 13.8 0.4 6 16.4 14 4 15.7 53 2.8
1 23 23 1.3 8.5 9.2 0.4 6.4 11.2 10 48 10.6 62 14
12 249 1.6 1.1 8.5 5.6 0.3 6.8 8.4 8 5.2 8.2 55 25
13 239 2.9 2.1 8.5 12.9 0.3 7.2 9.8 10 5.6 114 64 3.8
14 234 1.6 1.1 8.5 6.8 0.2 48 48 6 4 7.2 56 43
15 233 2.1 14 8.4 7.6 0.2 5.6 124 8 48 11 52 24
16 241 1.7 1.2 8.5 8 0.2 4 7.2 4 48 8.2 53 4.2
17 233 17 1.1 8.5 7.8 0.2 4 8.6 6 5.6 8.2 72 2.3
18 236 35 24 8.4 15.2 0.7 5.6 12.2 14 3.6 12.4 79 3.6
19 231 8.7 6.1 8.3 28.8 1.8 138 232 54 4 15.2 59 4.7
20 241 2.6 1.8 8.5 11.2 0.4 5.6 11.6 14 48 9.03 59 0.2
21 456 49 34 8.3 19.6 1.4 9.6 8.8 28 24 10.5 41 2.5
22 261 2.6 1.8 8.2 7.9 0.2 9.6 12.8 10 52 1204 42 4.4
23 228 24 1.7 8.3 8.5 0.2 7.6 12.8 12 4 10.75 4.3 4.1
24 229 5.3 37 8.2 12,5 0.3 104 228 24 44 12.6 51.6 4.8
25 229 5 35 8.2 14.2 0.3 184 216 18 3.2 27.9 25.8 48
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Table 1. Cont.
EC TDS Na* K* Ca?* Mg?* Cl- HCO;~ SO42- NO;—
T°C (uS/em)  (g/L) pH (meq/L) (mg/L) Error %

26 22.8 5.6 3.9 8.2 14.9 0.3 16.8 22.8 26 3.6 20.2 35.4 42
27 23 3.3 2.3 8.3 10.8 0.2 10.8 6.8 12 24 12.8 25.8 1.8
28 23.2 44 3.1 8 11.9 0.2 12 19.8 21 4 14.9 21.6 43
29 225 2.8 2 8.3 9.4 0.34 8.4 12.8 14 44 9.6 23.4 4.1
30 23 5.4 3.8 8.1 16.2 1 8.8 29.2 32 3.2 16.2 19.8 3.3
31 22.4 5 3.5 8.1 14.6 0.9 12 18 28 4.4 9.1 10 44
32 24.2 3.4 2.3 8.3 12.7 0.4 9.6 12.4 18 4 9.2 10 5.7
33 22.6 29 2.1 8.3 9.7 0.3 9.6 11 14 4.8 8.7 39.6 43
34 24.5 2.8 1.9 8.3 9.1 0.3 8.2 11.8 14 3.6 9.1 3.9 49
35 22.1 22 1.6 8.4 6,8 0.2 7.4 8.8 12 3.6 5.1 21.6 4.7
36 23.8 22 1.5 8.2 7.6 0.1 9.8 1.2 8 3.2 5.8 17.7 3.9
37 23.2 1.9 1.3 7.9 6.8 0.2 52 7.8 9 4 53 19.8 3.6
38 224 5.9 4.1 8.1 15.1 0.4 11.2 25.4 22 3.6 21.3 41.4 4.6
39 23.6 4.1 2.8 8.2 12.1 0.2 13.6 16.8 16 4 17.2 45.6 53
40 23.4 2.1 1.5 8.3 6 0.2 8.4 9.2 8 4.6 8.6 29.7 4.6
41 244 2.3 1.6 79 7.5 0.2 9.2 12.4 8 44 13.3 25.8 5.8
42 235 22 1.5 7.6 74 0.2 8 9.6 8 44 10.8 15.6 3.5
43 22 2 1.4 7.5 6.3 0.2 8.8 7.8 8 4 9.3 23.4 3.3
44 249 22 1.5 7.4 6.9 0.2 10.6 9.2 10 3.6 10.5 17.7 49
45 25.1 2 1.4 7.4 6.4 0.2 72 10 8 4 9.7 33.6 3.2
46 23.6 2 1.4 7.4 6.5 0.2 8.4 10 8 44 10.4 29.7 3.7
47 245 22 1.5 7.3 7.2 0.2 11.2 6.4 8 4 10.7 11.7 44
48 224 22 1.5 7.4 7.16 0.2 7.6 10.2 8 4 10.8 19.8 42
49 23.8 2.1 1.5 7.3 6,9 0.2 9.2 9 10 4.8 10.9 23.4 1.3
50 239 22 1.5 7.4 71 0.2 8.2 10.2 8 4.8 10.3 21.6 45
51 26.4 2.8 1.9 7.3 9.5 0.3 11.2 11.2 12 44 12.9 27.6 4

52 24 2.4 1.6 7.3 74 0.2 10 11.4 10 4 12.3 23.4 4.1
53 24 22 1.5 7.3 7.3 0.2 7.8 11.8 9 44 11.6 7.8 3.8
54 24 1.23 0.9 7.4 71 0.2 8.2 9.8 8 3.6 11.7 7.8 3.9
55 21 3.1 22 7.5 8.2 0.2 15.2 13.2 12 44 17.4 15.6 3.9
56 23.7 3.8 27 72 7.7 0.27 22.8 16.8 10 4 29.2 1.8 4.7
57 24 3.7 2.6 7.4 12.4 0.5 10 16.8 16 4.8 19 27.6 0.6
58 25 4 2.8 7.4 7 0.2 9.1 9 11 4.7 10.8 23.2 3

59 23 1.2 0.8 7.1 3.5 0.2 4 8.4 6 5.6 4.5 61.6 3.2
60 45 53 3.7 7.4 19.2 1.2 15.4 10.2 35 4 11.4 11.7 4.6
61 20 24 1.7 7.4 18 1.5 17.6 14.4 27 9.2 17.3 23.4 2.2
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Table 2. Descriptive statistics for the physicochemical properties of the groundwater samples.

Parameter Minimum Maximum Mean S.D

T 20.00 45.60 24.10 4.09

EC 1.27 20.30 4.00 3.19

TDS 0.88 10.21 2.58 1.68

pH 7.10 8.53 7.99 0.45

Na* 3.54 37.52 11.83 6.45

K* 0.02 3.28 0.50 0.52

Ca? 4.00 24.80 10.44 478

Mg?* 1.20 39.20 14.39 7.90

Cl— 4.00 80.00 17.64 14.84

NO3~ 0.03 1.31 0.58 0.33

S0,4%~ 458 35.07 13.43 6.22

HCO;3;~ 2.40 9.20 433 0.94

S.D. standard deviation. The table lists ion concentrations in meq/L, TDS concentrations in mg/L, T (°C), and
EC (uS/cm).
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Figure 5. Spatial distribution map of groundwater salinity in the Maknessy Basin.
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Figure 6. The variogram model for the salinity.

6.2. Hydrogeochemical Facies

The projection of the water analysis on the Piper diagram (Figure 7) shows the chemi-
cal composition of the water [46]. There is mainly two types of groundwater: calcium hyper
chloride and calcium sulfate. Tests of key elements show that mineralization is regulated
by calcium and magnesium for cations and by sulfate for anions
(SO4%2~ + Cl~ + NO3~ —Ca?* + Mg?").

10 Ca ° ° CI+NO3 2

Legend:
@ Drilling A well () Hydrothermal spring

Figure 7. Piper diagram of the groundwater.

According to the Gibbs diagrams, the relationship between the TDS and C17/ (C1™ +
HCO3 ™) and Na*/(Na* + Ca®") (Figure 8) shows three sets of samples taken in the middle
of the graph; this indicates that the main factor influencing groundwater chemistry is the
interaction of rock water. It can be observed that any sample moving toward the predom-
inance of precipitation may be affected by the chemical alteration of rock minerals [47].
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Figure 8. Gibbs plots showing the mechanism that controls the groundwater chemistry in the study
area. (a)- TDS and Na*/(Na* + Ca?") and (b)- TDS and Cl~/ (Cl~ + HCO3 ™).

6.3. Major Ion Ratios and Relationships

The relationship between salinity and major element content shows that mineraliza-
tion is regulated by sodium (Na*) as the correlation coefficient R? = 0.93 and magnesium
(Mg2+) R? = 0.76 for cations and sulfate (SO4%7), knowing that R%= 0.57 for anions. The
correlation between calcium (Ca®*) and sulfate (SO427) reflects a Ca®* deficit compared to
S042~, which is confirmed by a correlation coefficient, R? =0.31. This correlation indicates
the dissolution of gypsum and calcium deficiency expressed as Ca?*/SO,2~; the ratio is re-
lated to the participation of this ion in basic exchange processes with clay minerals during
groundwater flow and shows a net excess of calcium (Figure 9a). Thus, the sulphated fa-
cies of these waters may be related to the dissolution and/or leaching of abundant gypsum
in the soils and geological formations of the Maknessy plains. In addition, the Na*/Cl™~
ratio correlation is positive, such that R? = 0.93 (Figure 9b), which was calculated to distin-
guish the alteration of sodium carbonate and also used for the interaction of water rocks,
which is generally very low in carbonate alteration. The dissolution of the halite controls
the chemistry of Na* and Cl™. In fact, the reverse cation exchange process is confirmed by
the trace of (Na* + K*—Cl~) against [((Ca®* + Mg?*)-(HCO3~ + SO427)] (Figure 9¢). The
Na*/Cl~ versus the TDS curve (Figure 9d) was established to recognize groundwater asso-
ciated with ion exchange and silicate weathering. The ratio (Ca?* Mg?*)/HCO;~ shows an
excess of (Ca?* + Mg?*) (Figure 9e). Silicate modification can also be deduced by tracing the
relationship between (Na* + K*) and total cations (TC) (Figure 9f). Sodium and potassium
(Na" + K*) showed a good correlation with total cations (TC), especially at higher concen-
trations, suggesting a role of silicate alteration in solute acquisition. The exchange of ions
between groundwater and its host environment during the residence or displacement pro-
cess is an important determinant of water composition. Chloroalkaline indices (CAI) were
used to understand the ion exchange between the groundwater and its host environment.
The chloro-alkaline indices are expressed by the following equations:

CAI-l < CI- — (Na" +K")/Cl~ )

CAI-Il & ClI- — (Na' +K")/S042~ "+ HCO3~ +NO3 ™~ (3)
NaCl(halite) <> Na* +Cl~ (4)
CaS04-2H,0 gy psumy <> Ca** + 504>~ +2H,0 (5)
CaCO3calcite) + H2O + CO, < Ca®" +2HCO5 ™~ (6)

CaMg(CO3)xdolomite) + 2H20 +2C0O, < Ca®* + Mg** + 4HCO; ™~ 7)
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vs. (Ca®* + Mg?*); and (f) TC vs. (Na* + K*) for the groundwater in the study area.

6.4. Nitrate Contamination

Nitrate is one of the most common chemical pollutants in shallow aquifers in the
world. This poses a serious problem and threat to groundwater supplies. Agriculture
can also have a major impact on groundwater quality. Nitrate contamination of surface
waters is of concern because it can negatively impact water supplies and ecosystems [6,48].
Nitrate is used to describe urban and agricultural lands where nitrate concentrations in
groundwater are high [19] because, in modern agriculture, farmers use pesticides and her-

bicides to increase their yield [30].

The Maknessy region is characterized by intensive agriculture where the concentra-
tion of nitrate in the soil is linked to human waste practices. Excessive levels of nitrate in
drinking water may indicate the presence of other types of contaminants, which can cause
health problems. From dead plants, crop residues, and livestock waste, organic matter
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is supplied to the soil and aquatic environment [49]. In oxygenated soils and aquatic en-
vironments, bacteria transform ammonia into nitrite (NO, ™) and nitrate (NO3 ™) during
nitrification (Figure 3). Nitrate concentrations were measured in sixty-one water samples
collected in January and February 2022. The highest nitrate value in all groundwater sam-
ples is 79 mg/L on irrigated agricultural land, and the groundwater was observed in the
northern part of the study area. The presence of nitrates in water in this part is mainly due
to human activities. The use of fertilizers and synthetic manure, combined with intensive
agriculture and livestock farming, promotes the appearance of nitrates in water. Since this
area is considered an agricultural area, there is a large distribution of crops that require
high doses of fertilizer, which leaves excess fertilizer in the soil for long periods of time.
The latter explains that nitrate comes from fertilizers and from the bacterial transformation
of soil organic nitrogen into an inorganic form (mineralization) after temporary grassland
tillage. This is because nitrogen is constantly transported through the soil throughout the
nitrogen cycle, as nitrate is the predominant form of nitrogen in cropland [2,3,11]. It is
soluble in water and easily penetrates the soil to the water table [30,49]. Under hot and
dry conditions, nitrate concentrations also increase through evaporation [50]. Therefore,
nitrate concentration is an important indicator of groundwater quality. In addition, due
to the low mitigation of pollutant loads in soil and water matrices, nitrate is one of the
important parameters that can be easily tracked and used to assess the risk of pollution
(Figure 10).
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Figure 10. Spatial distribution map for nitrate analysis.

6.5. Multivariate Statistical Techniques
6.5.1. Correlation Coefficient Matrix
The matrix of correlation coefficients is often used to establish a relationship between

two variables. It is also the first step toward statistical modeling using major component
analysis (PCA). The Pearson correlation matrix for analytical parameters for groundwater
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samples is pH, T, EC, and TDS, as well as chemical parameters, including Ca?*, Mg?*, Na*,
K*, HCO;~, Cl—, SO42~, and NO;~, which are presented in Table 3.

Table 3. Pearson’s correlation coefficient matrix for physicochemical parameters in the Mak-
nessy basin.

T EC TDS pH Na* K* Ca? Mg** Cl- NO;~  SO42~ HCO3-
T 1
EC —0.045 1
TDS —0.006 0.684 1
pH —0.061  —0.001 0.136 1
Na* —0.102 0.621 0.935 0.228 1
K* —0.206 0.533 0.784 0.087 0.870 1
Ca?* —0.033 0.525 0.744 —0.187 0.654 0.515 1
Mg?* —-0.227 0.494 0.764 0.180 0.701 0.452 0.549 1
cl- —0.045 0.654 0.953 0.114 0.951 0.818 0.734 0.712 1
NO; ™~ —0.085 0.175 0.304 0.510 0.380 0.311 —0.088 0.261 0.260 1
S042~ —0.154 0.369 0.577 0.008 0.530 0.284 0.660 0.804 0.461 0.137 1
HCO3~ -0256  —0.192 -0212  —0.079  —0.086 0.015 —0.084 0.007 —0.130 0.232 0.046 1

Table 3 presents the positive and negative correlation parameters. It observed that
the correlations between the EC and TDS and other hydrogeochemical parameters were
significantly positive, and it was found that Ca?* and HCO3~ were negatively correlated
with pH. As indicated, the TDS is strongly correlated with Na* (0.93), K* (0.78), Ca?* (0.74),
Cl~ (0.95), and Mg?* (0.76). So, a value above 0.7 indicates a high correlation, and a value
below 0.7 indicates a moderate correlation. We find important temperate correlations be-
tween anions and cations highlighted between C1~ and Na* (0.95), CI~ and K" (0.81), C1~
and Ca?* (0.73), C1~ and Mg?* (0.71), SO42~ and Na* (0.53), SO4?~ and K* (0.28) and SO4%~,
and Ca?* (0.66). These results indicate that the majority of chlorides are due to the disso-
lution of the evaporitic sediments (NaCl and KCI) but are significantly low with other
minerals. Indeed, a high correlation between Cl~ and Ca?" is due to the leaching of evapo-
ration levels and dissolution of gypsum and halite, increasing the contents of calcium and
chlorides and exchanges of strongly mineralized bases.

6.5.2. Principal Component Analysis: PCA

Based on a set of water quality parameters, namely pH, EC, TDS, T, Na*, K%, Ca?,
Mg2+, Cl—, SO42~, NO3—, and HCO;3~, we performed statistical analyses using the main
technology (factor analysis), based on the principal component analyses (PCA) and a hier-
archical upward classification (HCA) of chemical data. Positive PCA values indicate that
water samples are significantly affected by the loading parameters of a particular com-
ponent, while negative values indicate that water quality is virtually unaffected. Table 4
shows the PCA component matrix and the rotation component matrix. The first two fac-
tors account for approximately 62% of the total variance (47.98% for PC1 and 14.15% for
PC2) (Table 4). PC1 includes EC, TDS, Na*, K*, C1~, Ca?*, Mg?*, and HCO;~. It mainly
controls ionic chemistry and represents the natural hydrochemical evolution of ground-
water through geological interactions of groundwater. Table 4 shows that PC1 is roughly
attributed to mineralization by a good correlation with the TDS and key elements. This
may be due to the dissolution of rocks and minerals in the aquifer by chemical alteration [9].
Cl™ is obtained from precipitation, the dissolution of impurities, and the evaporation of lig-
uids, as well as industrial wastewater, household waste, and fertilizers [9]. PC2 contains
some important chemical elements; thus, that PC2 is correlated with pH, NO3; ™~ and mod-
erately with Ca?* and HCO3~ due to the dissolution of carbonates and especially nitrate
contamination (0.82).
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Table 4. Varimax-rotated component loadings.

Parameters PC1 PC2
T 0.013 —0.315
EC 0.728 —0.085
TDS 0.973 0.029
pH 0.096 0.751
Na* (meq/L) 0.950 0.141
K* (megq/L) 0.797 0.075
Ca?* (meq/L) 0.801 —0.345
Mg?* (megq/L) 0.803 0.187
Cl~ (meq/L) 0.951 0.013
NO; ~ (meq/L) 0.271 0.829
S042~ (meq/L) 0.673 0.003
HCO3~ (meq/L) —0.133 0.400
Variance% 47.980 14.153
Cumulative % 47.980 62.133

6.5.3. Hierarchical Cluster Analysis: HCA

The HCA and PCA were applied from the groundwater dataset, which creates clus-
ters. Group 1 is composed of pH, Mg?*, SO4%~, Na*, Ca?*, and T. Group 2 comprises the
TDS, K*, NO;~, EC, and HCO3 ™. These two groups correspond almost to the results of
the PCA. These results are expressed in dendrograms (Figure 11a,b). This technique has
been applied to hydrochemical data [9]. The first group is related to the influence of fertil-
ization on the EC, TDS, water, NO;~, and K" (Figure 11a). The second group shows the
dissolution of rocks and minerals in the aquifer by chemical alteration (Figure 11b), the
latter being confirmed by the TDS (R? = 0.973), EC (R? = 0.728), K* (R? =0.797), and NO;3 ~
(R? = 0.829) groups. It examines all structures affected by precipitation in the soil, includ-
ing the acquisition of ions by the decomposition of rocks by the hydrolysis of minerals and
mineralization processes influenced by anthropogenic activities [26].
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Figure 11. (a) A dendrogram of the HCA for physicochemical parameters and (b) a dendrogram of
the HCA for groundwater samples.

6.6. Environmental Isotopes

In the conventional diagram is 5§'80/82H for groundwater samples (Figure 12); all
samples analyzed were located below the regional meteor water line (RMWL) and de-
fined on the basis of samples of monthly precipitation samples taken at the Sfax station
(RMWL: 8°H = 8 580 + 13.5 [43]) and the global meteorological waterline (GMWL:
§*H = 8 880 + 10 [51]). The global meteorological water line (GMWL) is an average of
several local weather lines, each of which is influenced by geographic and climatic factors.
The interception of the GMWL is called excess deuterium (d-excess = 5°H — 8 580 [52]).
The value of this parameter was obtained during evaporation and did not change signif-
icantly in subsequent cloud history. It is, therefore, a valuable indicator of the region of
origin of water vapor [53]. The d-excess values analyzed varied between 1.93 and 11.19%o,
as excess values close to 10% indicate waters of Atlantic origin, and values close to 14 are
detected in rainwater falling on the western Mediterranean. This is believed to be due to
particular climatic and environmental conditions that cause air instability over the Atlantic
Ocean and the Mediterranean Sea, resulting in a strong exchange between moisture and the
surface of the sea. This study provided twenty samples from the study area (the Maknessy
basin). These samples are taken from different parts of the aquifer. The stable isotopic
compositions of the groundwater samples analyzed, which ranged from —7.52% vs. VS-
MOW to —4.89% vs. VSMOW (5'80) and —53.6% vs. VSMOW to —32.2% vs. VSMOW
(6°H). The individual data points are listed in Table 5, and this variation is controlled by the
parameters of local climatic conditions, including the source of the water vapor mass, re-
evaporation and seasonality during precipitation, and monthly precipitation [54,55]. Most
of the samples are located near the global weather line, indicating that the groundwater
is of atmospheric origin [51], and some samples placed to the left of the GMWL show
5180 enrichment and that the groundwater is the most dilute, confirming that the alluvial
groundwater of the Maknessy basin comes from the current storm water.
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Figure 12. Diagram 5?H / §!80 of the analyzed groundwater samples.

Table 5. Isotopic data of the groundwater in the Maknessy basin (February 2021).

Samples 8180 % 8%H % d %
1 —5.31 —36.9 5.55
3 —7.52 —52.2 7.98
5 —4.99 —36.5 3.41
7 —5.65 —34.0 11.19
9 —5.02 -35.3 4.90
12 —5.30 —38.9 3.42
14 —7.06 —52.4 4.05
18 —7.26 —47.5 10.51
21 -5.77 —39.8 6.35
22 -5.28 =371 512
23 —7.62 —53.6 7.38
25 —4.90 -32.2 6.99
26 —6.32 —44.5 6.00
28 —5.76 —44.1 1.93
29 —5.28 -37.7 4.55
30 —5.35 -38.1 4.78
32 6.35 —47.1 3.66
35 —4.89 -32.7 6.42
37 —7.36 -51.7 713
40 —5.34 —34.0 8.71
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Diagram §'80/82H shows the clustering of the MPQ and Upper Cretaceous wells into
three groups, which trace mainly between the RMWL and GMWL; this indicates that these
aquifers have been recharged by precipitation derived from a mixture of Atlantic Ocean
and Mediterranean vapor masses [53]. The first group (A) of the groundwater of the MPQ
and Late Cretaceous, characterized by the most depleted ®O/2>H content, reveals an ancient
origin, probably related to recharge in cold paleoclimatic conditions [27,28].

Certainly, stable isotopic signatures of the paleowater in the Maknessy basin, as all
semi-arid regions of low latitude, are more likely to be controlled by the amount and inten-
sity of precipitation than by temperatures, as in high latitude temperate regions [27]. These
paleowaters are characterized by an excess of deuterium representing the lowest moisture
caused by primary evaporation [56,57]. The second group (B) consists of samples taken
from the deepest wells. The 80 and ?H data characterizing these samples show relatively
large differences. In diagram §'80/8?H, the points representing the groundwater of these
aquifers are located almost parallel to the GMWL toward the paleoclimatic waters, sug-
gesting a mixture of two different end elements or direct infiltration of precipitation recent
by faults or fractures [19,27]. Group (C) waters are characterized by richer stable isotope
contents, which could be explained by an evaporation effect (Figure 12). In these areas,
water splits largely to the surface and sub-surface (shallow) due to prolonged exposure
to the atmosphere (evaporation domain) [28,53,58,59]. Spring water is shifted to the right
of the GMWL line (Figure 12). It can be assumed that the heat source remains relatively
constant and that the heat flux is related only to the geothermal gradient and the thermal
conductivity of the ground crossed. Therefore, the distribution of underground temper-
ature can be considered to be closely related, in parallel with the hydrodynamics of the
aquifer system and the variation of the geothermal gradient which is mainly controlled by
deep accidents, either a major water level fault of the southern flank of Jebel Meloussi or
at the bottom of wadis Leban, which is heavily settled.

7. Conclusions and Recommendations

In the Maknessy region, groundwater is an essential source of drinking water and ir-
rigation. The Maknessy plain in central Tunisia is one of the most important agricultural
areas in the country. Geochemical phenomena and hydrogeochemical tools are used in
this study to clarify its general functioning and interaction with its environment. In addi-
tion, analyses of water samples from the studied aquifer show that total dissolved solids
(TDS) are generally high in hydrochemical studies of the waters of the Maknessy multilayer
system, which confirms the contact between the free and deep layers. Two categories of
groundwater were observed, namely calcium hyper chloride and calcium sulphate, in or-
der to analyze water quality according to chemical factors, such as multivariate PCA and
HCA statistics, with hydrochemical data. Statistical methods are used to independently
quantify and classify different types of groundwater samples through geological interac-
tions of the groundwater. In addition, these methods show the dissolution of rocks and
minerals in the aquifer by alteration and by important factors with less important correla-
tions between cations and anions, such as CI~ and Na*, CI~ and K*, CI~ and Mg?*, CI~ and
Ca?*, S04~ and Ca*, SO4%~, and Mg?*. Ton acquisition through rock decomposition by
the hydrolysis of minerals and mineralization processes was influenced by anthropogenic
activities. Excess salt content is one of the main concerns with water used for irrigation.
High salt concentrations in water or soil will negatively affect crop yields, leading to soil
degradation and groundwater pollution. In the study area, the salinity is high, reaching
10 mg/1 in the southern part of the basin because of over-exploitation in the agricultural
field and noise reduction. The combination of the main geochemical elements, stable iso-
topes (880 and §2H), was used to confirm the chemical processes and factors governing
the mineralization of sub-large variations in groundwater chemistry in some areas of the
aquifer. If very high salinity water is used (extreme conditions of a water shortage), the
soil must be applicable, drainage must be sufficient, there must be a surplus of water to
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provide a better filter, and crops must be well-selected (relatively resistant to salinity). The
use of chemicals must also be reduced and compensated by natural organic elements.
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