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Abstract: The relationship between agricultural activities, soil characteristics, and groundwater
quality is critical, particularly in rural areas where groundwater directly supplies local people. In this
paper, three agricultural sandy soils were sampled and analyzed for physicochemical parameters
such as pH, water content, bulk density, electrical conductivity (EC), organic matter (OM), cation
exchange capacity (CEC), and soil grain size distribution. Major and trace elements were analyzed
by inductively coupled plasma-optical emission spectrometry (ICP/OES) to determine their concen-
trations in the fine fraction (FF) of the soils. Afterward, the elemental composition of the soils was
identified by X-ray powder diffraction (XRD) and quantified by X-ray fluorescence (XRF). The surface
soil characteristics were determined by the Brunauer–Emmett–Teller (BET) method, whereas the
thermal decomposition of the soils was carried out using thermogravimetric analysis and differential
scanning calorimetric (TGA-DSC) measurements. The morphological characteristics were obtained
by scanning electron microscopy (SEM). Afterward, column-leaching experiments were conducted to
investigate the soil’s retention capacity of nitrate (NO−

3). Parallelly, a chemical and physical study of
olive pomace biomass slag (OPBS) residue was carried out in order to explore its potential use as a soil
additive and improver in the R’mel area. The OPBS was characterized by physicochemical analysis,
assessed for heavy metals toxicity, and characterized using (XRD, XRF, SEM, and BET) techniques.
The results show that the R’mel soils were slightly acidic to alkaline in nature. The soils had a sandy
texture with low clay and silt percentage (<5% of the total fraction), low OM content, and weak CEC.
The column experiments demonstrated that the R’mel irrigated soils have a higher tendency to release
large amounts of nitrate due to their texture and a higher degree of mineralization which allows
water to drain quickly. The OPBS chemical characterization indicates a higher alkaline pH (12.1),
higher water content (7.18%), and higher unburned carbon portion (19.97%). The trace elements
were present in low concentrations in OPBS. Macronutrients in OPBS showed composition rich in
Ca, K, and Mg which represent 10.59, 8.24, and 1.56%, respectively. Those nutrients were quite low
in soil samples. Both XRD and XRF characterization have shown a quasi-dominance of SiO2 in soil
samples revealing that quartz was the main crystalline phase dominating the R’mel soils. Oppositely,
OPBS showed a reduced SiO2 percentage of 26,29% while K, Ca, and P were present in significant
amounts. These results were confirmed by XRF analysis of OPBS reporting the presence of dolomite
(CaMg, (CO3)2), fairchildite (K2Ca (CO3)2), and free lime (CaO). Finally, the comparison between the
surface characteristic of OPBS and soils by BET and SEM indicated that OPBS has a higher surface
area and pore volume compared to soils. In this context, this study suggests a potential utilization
of OPBS in order to (1) increase soil fertility by the input of organic carbon and macronutrients in
soil; (2) increase the water-holding capacity of soil; (3) increase soil CEC; (4) stabilize trace elements;
(5) enhance the soil adsorption capacity and porosity.
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1. Introduction

Soil is one of the most essential elements in life. Its functions are crucial to the ecosys-
tem because it is considered a storehouse of carbon and a food supplier. In addition, healthy
soils are a prerequisite for ensuring the ecological ecosystem functions worldwide [1,2].
Moreover, the soil has a primordial role in limiting the intrusion of pollutants in ground-
water by acting as a filter [3]. In several irrigated areas, worrying signs of deterioration
in water and soil quality have been reported. Agricultural practices directly impact the
soil’s physical, chemical, and biological properties [4,5]. The alteration of soil properties
has resulted in many environmental problems, such as soil degradation, salinization, wa-
terlogging [6], deforestation and erosion [7], and groundwater contamination. The terms of
agriculture conservation must be respected by ensuring the recycling of nutrients, avoiding
environmental losses, and reducing the emission of greenhouse gases, whether at the re-
gional or national scale [8]. Nitrogen is an essential macronutrient for healthy plant growth
and high-yield production. Nevertheless, the massive use of nitrogenous fertilizers has
led to some environmental problems, such as nitrate leaching [9,10]. After N application,
crops assimilate their nitrogen needs by absorbing nitrate and ammonium accessible in
the soil. The surplus of nitrate exceeds the plants’ demand and soil denitrification capac-
ity [11] and leaches out of the root zone as one of the most common forms of groundwater
contamination [12,13]. The leaching of nitrate from the soil is a major problem threatening
surface and groundwater quality and therefore human health [14,15]. The nitrate form
(NO3

−) of nitrogen is highly soluble, easily mobile within the soil, and poorly adsorbed by
the soil particles. Recent literature shows increasing global concern about the impact of
nitrate leaching with regard to the environment, especially in agricultural ecosystems [10].
The nitrate background is determined not to exceed 10 mg/L, and values exceeding this
concentration indicate anthropogenic pollution [16]. The factors influencing the leaching of
nitrate from the soil are numerous. Still, the most important remains the nature of the soil
(the content of clay, silt, and organic matter), the irrigation and precipitation rates, the dose
of fertilizers, and the temperature.

The soil texture is the most important determining factor influencing the vertical
movement of contaminants through the soil. In coarse-textured sandy soils, the voids
between soil particles are large in volume, allowing water to flow quickly through the
unsaturated zone and reach groundwater. Huang and Hartemink [17] reported that sandy
soils often have high hydraulic conductivity, gas permeability, and specific heat, but low
field capacity, permanent wilting point, organic carbon, and cation exchangeable capacity.
Therefore, filtration or natural water treatment takes a minimal amount of time. On the
contrary, in fine-textured soils such as clays, the movement of water and contaminants
through the soil is prolonged, which gives the clay minerals the time to adsorb pollutants
and allows bacteria and other microorganisms to degrade contaminants before reaching
the groundwater. Furthermore, the groundwater level can vary considerably from season
to season, depending mainly on the infiltration rates. Consequently, the percentage of clay
could be a deterministic factor affecting groundwater, especially in agricultural areas.

The soil characteristics could be determined using several characterization techniques.
Simultaneous use of thermogravimetric analysis (TGA) and differential scanning calorime-
try (DSC) in combination or association with XRD and other chemical analyses could be
used for the quantitative determination of a particular mineral or the estimation of the
total mineralogical composition [18]. Indeed, the knowledge of soil characteristics using
different techniques (SEM, XRF, XRD, BET, TGA/DSC) allows the determination of the
soil texture and its influence on the mobility, adsorption, and leaching rates of pollutants.
The study of soil characteristics in agricultural areas could help decision-makers and scien-
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tists in understanding the processes that might reduce groundwater pollution. Parallelly,
proposing low-cost solutions for soil remediation and optimization might be beneficial to
the environment, especially in sandy soils. Many approaches and strategies are already in
place to address soil pollution issues. Soil remediation techniques and their applicability
(e.g., in situ or ex situ) differ according to the type of contamination, the method of treat-
ment (physical, chemical, or bioremediation), and the cost-effectiveness of treatment [19].
Nanomaterial is a novel technology that is quickly evolving and expanding its domains of
application in all areas of research [20,21]. Yaqoob et al. [22] noted that nanoparticles have
become the most appealing and widely employed materials for a wide range of applica-
tions including agriculture and wastewater treatment. Nowadays, nanotechnology has the
potential to offer solutions for agricultural challenges such as boosting nutrient utilization
efficiency, mitigating heavy metal toxicity, and efficiently improving soil fertility [23,24].
Alessandrino et al. [25] investigated the ability of graphene to reduce the concentration
of nitrate in sandy soils and concluded that, unlike other soil improvers, graphene can
stimulate the denitrification process in soil. The use of biochar in reducing soil contamina-
tion has been extensively studied during the last years [26–29]. Due to their higher cation
exchange capacity, complexation, precipitation, physisorption, and electrostatic interaction,
alkaline substances such as cement, lime, fly ash, steel slag, and blast furnace slag are
excellent stabilizers for soil contaminants [30,31]. Das et al. [32] highlighted the importance
of reusing steel slag (steel processing by-products) to increase crop productivity and soil
fertility, reduce greenhouse gas emissions, and stabilize heavy metals in contaminated soils.
Liyun et al. [33] reported that steel slag is efficient for nitrate removal and might be used
to decrease nitrate leaching from the soil. The fast growth of biomass power plants has
resulted in massive amounts of ashes and slags [34]. The application of biomass ash and
slag to agricultural soils is now largely recognized as the most efficient way for recycling
these residues [35].

The groundwater resources in the Loukkos region are well known for their low
quality resulting mainly from intensive farming activities. The sandy nature of the soil, the
intensive use of fertilizers, and the shallow aquifer make the R’mel groundwater sensitive
to physicochemical contamination. This vulnerability becomes more problematic as long as
the area provides water intended for human consumption. According to Tanji et al. [36],
in the same study area, 25 groundnut farmers used extensively six nitrogenous fertilizers
with an average of 350 Kg/ha. Such excessive nitrogenous applications are unacceptable
since the majority of these effluents would immediately infiltrate groundwater. Moreover,
previous studies have reported the contamination of public drinking wells by higher
concentrations of nitrate and pesticide residues in this region [37–39]. Contrariwise, no
studies aim to explain the influence of soil properties on groundwater contamination by
nitrate in this perimeter.

In this study, agricultural sandy soils were analyzed for physicochemical parameters
and characterized in order to investigate the influence of soil properties and intensive
farming on nitrate leaching and to determine the nitrate-retention capacity in sandy soils
through column experiments. In addition, the authors proposed the potential utilization of
biomass slag (BS) formed during the combustion of olive pomace as a soil additive and
improver. To explore the physical and chemical properties of this residual material, the
olive pomace biomass slag (OPBS) was evaluated for physicochemical parameters and
heavy metal toxicity and characterized using different techniques (ICP/OES, XRD, XRF,
BET, and SEM).

2. Materials and Methods
2.1. Presentation of the Study Area

The Loukkos perimeter is located in the northwest of Morocco between Rabat, the
capital, and Tangier. The Loukkos perimeter covers an area of 256,000 Ha, with a large-scale
irrigated part of 27,000 Ha. It includes the alluvial plains, located at different altitudes,
the plateaus, and the roughly tortuous hills. The study area can be classified as the
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Mediterranean climate, characterized by a sub-humid and temperate winter and by a hot
and dry summer.

The surface water resources of the region are dominated by the Lokkous River, the
most important river in the area. The hydrological regime of the Lokkous is pluvial
and characterized by a strong inter-annual irregularity. A strong irregularity marks the
seasonal distribution of the inputs during January and February. The villages and urban
centers Ksar el Kébir and Larache are experiencing rapid growth caused by the success
of the development of irrigated areas. This growth has generated an increase in various
industries. However, the socio-economic infrastructure is not developing quickly due
to inadequate planning and financial and human resources. This lack has generated
negative repercussions on the environment of the region. It has led to the spread of
unsanitary housing, especially in the surrounding rural areas, which poses health and
environmental problems.

2.2. The R’mel Groundwater

The R’mel aquifer, located south of Larache city along the Atlantic coast, constitutes
an essential groundwater tank. It varies originally and seasonally from good chemical
quality to very poor quality. The R’mel aquifer is shallow in the south, where the level is
roughly 5 m below the ground. The water table in the north and the littoral zone varies
between 15 and 20 m. It is used to supply drinking, industrial, and irrigation water. The
drinking water supply is done by individual, artesian, or surface wells. The R’mel aquifer
is experiencing intensive pumping to supply drinking water to the rural inhabitants and
for the irrigation of agricultural lands. The R’mel aquifer is mainly fed by precipitation
and irrigation water. The phenomenon of the water table upwelling, observed at the
level of the R’mel plateau, is mainly due to the over-irrigation and the lack of a suitable
drainage system.

In the region of R’mel, the sandy-textured plateaus have an excessively low water-
retention capacity and limited fertility. As a result, the R’mel region has become more
exposed to pollution by several pollutants deriving from the expansive use of inorganic
fertilizers and pesticides. Because of the excessive groundwater pumping, the problem of
seawater intrusion is another growing concern in the region. Legislative and regulatory
dispositions on soil and their protection within the irrigated areas are few and scattered.
A large part of R’mel lands has been developed for crops under rotations and sprinkler
irrigation. The aspect of crop rotation in the R’mel region has resulted in maximum use of
the soil and water. Hmamou and Bounakaya [40] pointed out that water resources in the
R’mel region have become insufficient to meet irrigation and other needs on agricultural
land. Added to this is farmers’ lack of understanding regarding the excessive spread of
fertilizers and pesticides in the R’mel area.

2.3. Sample Collection and Preparation

Soil samples were collected from the R’mel agricultural area within the Loukkos
perimeter located in the northwest of Morocco between the city of Tangier and Rabat. The
samples were taken from three agricultural fields cultivated for potatoes and strawberries.
The three chosen cities were recently fertilized. The sampling was carried out manually
using a shovel at a level between 0 and 30 cm from the surface of the fields. For each
of the three sites, a quantity in the order of 5–8 kg was taken. The samples were dried,
sieved to 2 mm, and preserved immediately at a temperature below 4 ◦C in polyethylene
plastic bags.

2.4. Soil Sample Analysis

Soil samples were dried at room temperature and then sieved using a vertical siev-
ing machine to separate and sort grain-size fractions. The pH was measured following
METHOD 9045D. Loss on ignition (LOI) analysis was used to determine the organic matter
content (%OM) of the three soil samples. The colorimetric molybdenum blue method
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was used to determine the available phosphorus in soil samples as orthophosphate after
digestion by HNO3-HCL 1:3 (v/v). The cation exchange capacity (CEC) is related to the
soil’s clay and organic matter content. This measurement makes it possible to know the
total quantity of exchangeable cations (K+, Ca2+, Mg2+, Na+, H+, etc.) tending to retain
the nutrients and phytosanitary products available to plants. The CEC of the soils was
determined using the Metson method [41], which is based on the extraction of cations by
1N ammonium acetate at pH 7.0.

Major elements such as Ca, Fe, K, Mg, and Na, and heavy metals such as, Cd, Co,
Cr, Cu, Mn, Mo, Ni, Pb, Se, Ti, and Zn were determined in the fine fraction of the soil
(<63 µm fraction) using inductively coupled plasma–optical emission spectroscopy (ICP-
OES, Agilent 5100, Tokyo, Japan). Analysis was performed after acid digestion (HNO3-HCL
1:3 (v/v)) using a DigiPREP blocks digestion and heating system (SCP Science, Montreal,
QC, Canada). The concentrations of heavy metals were expressed on a dry mass basis
(mg/kg). Given that the sampled soils were characterized by a coarse texture mainly
dominated by sand particles, trace elements and macronutrients were analyzed on the
fraction below 63 µm. From another point of view, the objective of analyzing the fine
fraction of the soil despite its low percentage is to give an idea about the role of the silty
and clayey fraction in the retention of heavy metals in sandy soils.

2.5. Olive Pomace Biomass Slag (OPBS)

During biomass combustion, two types of waste are generated: bottom ash or slag
and fly ash. Biomass slag comprises the coarser fraction of ash produced on the grate in
the primary combustion chamber. The residual ash forms molten aggregates that are not
transported out of the burner grate and/or furnace, thus forming slag [42]. The presence
of alkali metals in biomass decreases the melting point of ash, allowing for faster slag
formation [43]. The biomass slag is often mixed with mineral impurities contained in
biomass fuel, such as sand, stones, and mud, or with bedding material in fluidized bed
combustion plants. These impurities can be mineral, especially in fixed-bed combustion
plants, and give rise to slag formation (due to a lowering of the melting point) and the
presence of sintered ash particles in the bottom ash. In this study, biomass slag residue was
sampled from a biomass-fired power plant for the combustion of olive pomace (Figure 1).
The raw biomass slag residue was air dried at room temperature, crashed manually, and
then sieved at 2 mm mesh size. The pH of the OPBS was measured following the 9045D
method using a Thermo Orion pH meter (Waltham, MA USA) equipped with a low-sodium-
error electrode. For trace-element determination in the OPBS, the sample was digested by
HNO3-HCL 1:3 (v/v) using a DigiPREP blocks digestion and heating system. The leached
trace elements were analyzed by direct injection in (ICP/OES). The moisture content or
humidity percentage in the OPBS was calculated by measuring the loss in weight after
drying the sample at 105 ◦C for 24 h. The unburned carbon fraction in the collected Biomass
Slag was quantified by the loss on ignition (LOI) method.

2.6. Soil and Olive Pomace Biomass Slag (OPBS) Characterization

Various characterization techniques were used in this study in order to compare
the physical and chemical properties of soil samples and OPBS. The Brunauer–Emmett–
Teller (BET) analysis was used to determine the adsorption characteristics such as N
adsorption–desorption curves, specific surface area, and porosity of the soils and (OPBS)
under N2 adsorption at 77 K using the Micromeritics Tristar II 3020 Surface Area Analyzer
(Micromeritics Instr. Corps., Norcross, GA, USA). Scanning electron microscopy (SEM)
was employed to determine the morphology of the soil samples and OPBS using a (SEM,
Hitachi, Tokyo, Japan, S-4800). At the same time, an x-ray fluorescence spectrometer
(XRF, PANalytical Axios FAST simultaneous WDXRF, Malvern PANalytical Ltd., Almelo,
The Netherlands) was used to determine the mineral composition of the fine-soil fraction
(<63 µm fraction) and OPBS. The crystalline phases of the soil’s complete fraction and OPBS
were determined by X-ray diffraction (XRD) using an X-ray diffractometer PANalytical
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X’Pert Pro (Malvern PANalytical Ltd., Almelo, The Netherlands). Thermo-gravimetric
and differential calorimetric scanning TGA/DCS analysis of the soil’s fine and complete
fractions was carried out using an SDT Q600 V20.9 Build 20 (TA Instruments, Newcastle,
DE, USA).
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2.7. Column Study

In order to assess the soil retention capacity of NO3
− in the R’mel area, a study of

nitrate leaching via vertical columns was carried out. A total of six columns were used in
this study. The glass columns used for this study had a length of 35 cm and a diameter
of 5 cm. The soil profiles were brought to the field conditions by controlling the apparent
density of the soil by adding the necessary amounts of water to promote the vertical
movement of solute. Generally, sandy soils are characterized by their high permeability
allowing the effluent to infiltrate by gravity and do not necessarily need a force to be
drained. All the experiments consisted of the addition of 100 mL constant daily volume of
N-NO3

−. In the first experiment, soils 1, 2, and 3 were filled in columns, namely C1, C2,
and C3, conditioned with ultrapure water (T0), and an initial concentration of 51.60 mg/L
N-NO3

− was added on a daily basis for 17 days. In the second experiment, the columns
labeled C4, C5, and C6 were filled with soils 1, 2, and 3, respectively. Before initiating the
experiment, the three columns were flushed several times with ultrapure water in order to
remove the excess nitrogen already contained in the samples. Afterward, the three columns
were loaded with an increasing concentration of N-NO3

− ranging from 0 to 102.83 mg/L.
Figure 2 shows the initially loaded concentrations for experiments 1 and 2. The collected
solutions were analyzed every day for TN and expressed as N-NO3

−. Figure 3 shows the
column setup for the nitrate-leaching experiments of the R’mel soils.
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2.8. Measurements and Data Analysis

The total nitrogen (TN) measurements were conducted by catalytic combustion at
720 ◦C using a Shimadzu TOC–VCSH analyzer, according to the manufacturer’s instruc-
tions, with a 5.0% coefficient of variation. A total of six columns were prepared, and
82 samples were measured for TN. NH4

− and NO2
− were considered negligible in this

study because of their weak concentrations in the R’mel groundwater [39]. The higher
N-NO3

− concentrations reported in the study area were mainly due to the shallow depth
of the water table and the aerated conditions allowing the continued oxygenation of the
soil and groundwater. According to Zarabi and Jalali [44], N-NO3

− is the predominant
form in N leachate solution due to its high solubility and lower affinity to be adsorbed by
soil sites. The following conversion equation was used to express nitrate concentration in
the leached solution.

Nitrate − NO3

(mg
L

)
= 4.4268 × Nitrate − N

(mg
L

)
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3. Results
3.1. Soil Physicochemical Characterization

The results of the physicochemical properties of the soil are shown in Table 1. The
granulometric classification made it possible to classify the three types of soil according to
their particle size into three groups: sand, silt, and clay. The grain-size distribution showed
that the soils have a sandy texture (>95% of sand) with low silt and clay content. This
granulometric classification highlights the infertility of the R’mel soils, which leads farmers
to intensify the use of inorganic fertilizers and manures in order to increase soil fertility.
In consequence, the intensive irrigation rates applied to crops and soils have caused the
leaching of these amendments towards groundwater due to the soil’s low capacity to
adsorb fertilizers.

Table 1. Physicochemical analysis of soil samples.

Parameter S01 S02 S03 Mean

pH 7.27 8.75 6.33 7.55
EC (mS/Cm) 0.26 0.23 0.32 0.27
OM % CF 2.81 2.36 1.57 2.25
OM % FF 9.11 7.5 7.65 8.09
CEC (meq/100 g) 9.28 9.11 8.18 8.86
Bulk density 1.28 1.34 1.32 1.31
Sand % 95.84 95.87 95.42 95.71
Silt % 1.18 2.47 2.33 1.99
Clay % 2.98 2.36 1.66 2.33
PO3

4− (g·Kg−1) * 1.26 2.04 0.81 1.37
Ca (g·Kg−1) * 7.5 13.37 5.24 8.7
Fe (g·Kg−1) * 43.76 47.41 46.19 45.79
K (g·Kg−1) * 3.48 3.158 2.05 2.9
Mg (g·Kg−1) * 4.58 4.86 3.42 4.29
Mn (g·Kg−1) * 1.62 1.35 1.53 1.5
Na (g·Kg−1) * 0.33 0.27 0.18 0.26
As (mg·Kg−1) * 62.3 53.3 58 57.9
Cd (mg·Kg−1) * 6.8 2.64 1.48 3.6
Co (mg·Kg−1) * 22.1 20.3 32.6 25
Cr (mg·Kg−1) * 123.5 125.4 89.6 112.8
Cu (mg·Kg−1) * 108.1 38.9 17.1 54.7
Mo (mg·Kg−1) * 2.84 0.82 0.97 1.5
Ni (mg·Kg−1) * 52.4 36.6 48.6 45.9
Pb (mg·Kg−1) * 37.3 23.1 27.6 29.4
Zn (mg·Kg−1) * 224.7 162.14 114.25 167

* analyzed in the fine fraction (FF) of soil.

These results were also confirmed by analyzing the organic matter available in the
three soils. Indeed, analyses of the organic matter in the complete fraction, CF, of the soil
showed that the R’mel soils were characterized by a low OM content of 2.8, 2.36, and 1.57%
for the samples S01, S02, and S03, respectively. On the contrary, the fine fraction, FF, which
represents the fraction under 63 µm mainly composed of silt and clay, has a higher OM
content. Soil 1 was characterized by the highest OM rate of 9.11%, whereas percentages
of 7.5 and 7.65% were measured in S02 and S03, respectively. The pH of the R’mel soils
varied between 6.33 and 8.7, with a mean value of 7.55. The soil S02 was alkaline in nature
with the highest pH value of 8.75; soil S03 was slightly acidic with a pH value of 6.33,
whereas soil S01 had a neutral pH value of 7.57. The measured cation exchange capacity
(CEC) showed values of 9.28, 9.11, and 8.18 meq/100 g for the samples S01, S02, and S03
with a mean value of 8.86 meq/100 g of soil. This value confirms the low percentage of
soil organic matter and clay in the R’mel soil. The electrical conductivity, EC, of the soil
indicated the salinity of the sampled soils and ranged between 0.23 and 0.32 mS/Cm, thus
indicating a low EC. Phosphorus in soils is almost entirely in the form of orthophosphate,
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with total P concentrations typically ranging from 500 to 800 mg/kg dry soil [45]. The
presence of orthophosphate in the soil is closely related to organic matter and clay minerals.
The analysis of PO3−

4 in the soil’s fine fraction showed a concentration ranging from 0.81 to
2.04 g/Kg, which indicates that despite the dominance of sandy texture, the clayey fraction
tends to adsorb higher amounts of orthophosphate ions. Nutrient availability in soils is
affected by many interconnected variables; examples include parental rock composition,
particle size, humus and water content, pH, aeration, temperature, root surface area, and
fungal growth [46]. The lack of nutrients in sandy soils is frequently resulting in decreased
water-holding capacity, soil pH, cation exchange capacity, and soil organic matter [47]. The
concentrations of nutrients in the fine fraction of the R’mel soils were in the following
order: Fe > Ca > Mg > K> Mn > Na, with values ranging from 46.19 to 47.41, 5.24 to 13.37,
3.42 to 4.86, 2.05 to 3,48, 1.35 to 1.62, and 0.18 to 0.33 g/Kg, respectively. The lack of OM
in the R’mel soils probably influences the plants’ nutrient availability since the dominant
texture is coarse. The higher Ca2+ content (13.37 g/kg) recorded in Soil 2 indicates that
calcium cation influences the pH of the soil. This relatively higher alkalinity in Soil 2 could
be originating from the application of free lime (CaO) to increase soil pH for optimal plant
growth in this area known for its low alkalinity. The concentrations of these nutrients in the
fine fraction of the R’mel soil indicate that their presence is barely at the level recommended
for agricultural soils. Furthermore, this fraction accounts for less than 5% of the total soil
fraction, although the remaining fraction is notably coarse particles with low CEC and low
water- and organic-matter-holding capacity, and therefore poor in nutrients.

During their assimilation, certain trace elements, such as Cu, Zn, Ni, Fe, Co, Se, and
Ba, are essential for the functioning of plants [48]. They intervene in processes such as
photosynthesis, biosynthesis of proteins, amino and nucleic acids, and chlorophyll, as
well as the production of substances made by plants that make them competitive in their
environment [49]. However, soil pollution by heavy metals is one of the world’s major
environmental problems [50]. The accumulation of heavy metals in soil could originate
from geogenic or/and anthropogenic sources. Several studies have shown that agricultural
practices could be a source of heavy metal accumulation in agricultural fields. Several
studies [51–53] reported that the applications of fertilizers and pesticides were responsible
for the accumulation of Cr, Cd, Cu, Zn, Ni, Mn, and Pb in agricultural fields.

Table 1 represents the concentrations of trace elements analyzed in the fine fraction
of the R’mel soils. The heavy metals were well absorbed by the FF of the soil, which was
evident from the As, Cr, Cu, and Ni contents surpassing the allowable limits set at 20 ppm,
0.8 ppm, 30 ppm, and 35 ppm, respectively. Zn concentrations varied between 114 and
224 mg/kg in the soil samples. Zn is generally present in soils at background concentrations
of 10–100 mg Zn kg−1 [54]. Arsenic is a ubiquitous element that can be found in every
Earth compartment; arsenic derives naturally from geogenic rocks and/or can originate
from anthropogenic activities such as the use of fertilizers and pesticides. R’mel drinking
water was already reported as being contaminated by arsenic. This contamination has
been attributed to both geogenic and anthropogenic sources [39]. From these results, it
is possible to mention the crucial role of the fine fraction (clays and silts) in the retention
of pollutants and also to shed light on the impact of low organic matter on the release of
pollutants towards groundwater. By comparing the amount of clay in the three samples, it
was consistent that Soil 1 had retained a higher concentration of trace elements than Soils
2 and 3; this higher concentration is closely related to the higher amount of OM and clay
contained in the soil which is manifested by the relatively higher adsorption capacity of
trace elements. Despite this finding, the R’mel soils contain negligible amounts of silt and
clay and consist largely of coarse particles, which affects the leaching of trace elements and
other agricultural pollutants.

3.2. Column-Leaching Experiments

The nitrate-leaching concentrations recorded during experiment 1 are shown in
Figure 4a. The first day of leaching was marked by elevated leaching rates of 96.70, 116.82,
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and 184.82 mg/L for C1, C2, and C3, respectively. The measured concentration indicated
that leaching exceeded the initially loaded concentrations and imply that nitrogen was
already present in the soil samples from field fertigation activities. It was also evident that
Soil 3 had a higher nitrogen content. On the second day, there was an evident decrease
in NO3

− concentration in C3 (77.52 mg/L), whereas NO3
− concentration in C1 and C2

decreased slightly to 91.25 and 94.2 mg/L, respectively. Except for day one, the daily
measured NO3

− concentration in C3 was lower than in C1 and C2 until day five, when con-
centrations were comparable at 70.61, 68.66, and 67.55 mg/L in C1, C2, and C3, respectively.
The observed leachate concentrations dropped consistently until day eight, indicating that
NO3

− loading was roughly close to the leachate concentration in Soil 3 (55.73 mg/L). The
NO3

− leaching in C1 and C2 was close to the initial loaded concentration from D11 of the
experiment. Afterward, the NO3

− concentrations decreased slightly in the three columns
and ranged between 56.08 and 49.47, 56.79 and 46.97, and 50.13 and 47.79 mg/L in C1, C2,
and C3, respectively. The results of this experiment show that after fertigation of the raw
soils with 51,56 mg/L of NO3

−, the soils need more time to eliminate the NO3
− excess

already contained in the soil. The last days of the experiment showed that the loaded con-
centration of NO3

− was moderately equal to the leached concentration. This experiment
highlighted that after 17 days from the application of a constant NO3

− concentration, the
leaching rates do not decrease in the collected leachate. On the contrary, the raw sampled
soils contribute, in turn, to the enrichment of NO3

− in leachate. Nitrate-permissible level
in groundwater was determined to not exceed 50 mg/L. This experiment showed that an
excess of fertigation/irrigation rates in the R’mel area could cause the contamination of
local groundwater by nitrate.
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Experiment 2, illustrated in Figure 4b, shows the effect of increased nitrate doses on
leaching rates from the three sandy soils. Nitrate leaching on the first day was higher
than the initially applied concentration of 0 mg/L (only water), reaching 15.1, 17.3, and
28.0 mg/L in columns C4, C5, and C6, respectively. These results indicate that although
the soil columns were diluted several times with water to remove excess nitrate present in
the soil, the three columns still contain nitrate, indicating residual or secondary leaching
from soil samples. The following application (day two) shows that the measured NO3-
concentration in C4, C5, and C6 decreased while the initially applied NO3

− increased
from 0 to 11.21 mg/L. After day three, all the measured concentrations in leachates were
lower than the initially applied concentration until the end of the experiment. The leaching
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curve increased slightly from day three to day eight for an increasing loaded concentration
ranging from 30.85 to 71.98 mg/L. These results show that the maximum adsorption
capacity of the soils was reached between days three and eight. Meanwhile, a rapid
increase in NO3

− leaching was observed in the three columns on day nine, potentially
indicating that the soils started to progressively lose their ability to adsorb nitrate.

In general, the nitrate leaching in columns C4, C5, and C6 seems to increase with
respect to the applied doses of nitrate. However, experiment 2 demonstrated that after
removing nitrogen excess from the raw soils, it appears that nitrate leaching decreases in
the three columns. This indicates that R’mel soils have a low adsorption capacity which is
quickly affected by higher nitrogen applications.

By comparing the collected leachate with the measured added concentrations in
experiment 2, it is evident that, contrary to experiment 1, the NO3

− leaching did not exceed
the applied NO3

− concentration. This suggests that the elevated applied N fertilizer affects
the soil’s adsorption capacity in the R’mel area. In this context, the following sections
will be dedicated to discussing the main factors affecting the R’mel soil retention capacity
through various physical and chemical characterizations.

3.3. Soil Thermal Characterization

The adoption of a technique such as TGA-DSC could alleviate the problem of soil
decomposition and provide an accurate description of soil composition by comparing the
different temperature intervals of the soil. The simultaneous (TGA-DSC) measurements for
both the fine and complete fractions of the sampled soils are presented in Figure 5. The
observed effects of TGA variation include three intervals; the first ranges from 0 to 105 ◦C
and represents the loss of interstitial water from the samples intra-pores, the second interval
refers to the pyrolyze/oxidation of OM under a maximum temperature of 550 ◦C, whereas
the third interval represents the decomposition of CaCO3 at a temperature exceeding
550 ◦C. Soil 2 was characterized by higher derivative peaks (600 ◦C and 700 ◦C) in its FF
and CF; these results confirm the presence of CaCO3 in this soil. This will be also confirmed
by both XRD and XRF results (CaO and CaCO3), in addition to the soil’s higher calcium
content and pH. It is noteworthy that the higher mass losses are accompanied by the higher
peak of derivative mass loss, thus highlighting the significant changes in weight (inflection
points) and demonstrating the areas corresponding to the decomposition of the soil during
the heating process. Moreover, the points corresponding to changes in heat flow were
highlighted by higher derivative peaks. The TGA/DSC of the soil FF displays a clear peak
when compared with the CF. The mass loss of the FF was clearly higher than the CF which
is mainly due to higher water content, organic matter, and carbonates in the clayey fraction.
This difference between the TGA/DSC curves provided information on the parameters
influencing the soil retention capacity, such as the presence of fine particles, water-holding
capacity, and porosity.
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3.4. Olive Pomace Biomass Slag (OPBS) Analysis

The composition of OPBS was characterized as major (Table 2). The OPBS has a
very alkaline pH of 12.1. This higher pH is related to the presence of dissolved metals
as basic metal salts, oxides, and carbonates formed during the combustion of biomass.
Accordingly, OPBS could be used to increase the pH of acidic soils in the R’mel region.
The OPBS represents a moisture content of 7.18% calculated as dry mass. This moisture
content was much higher when compared to soil samples which did not exceed 1% of
the total mass based on the generated TGA curves. These findings demonstrate that the
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pore spaces between OPBS particles could hold more interstitial water than the R’mel
soils, implying that the application of OPBS to soil may boost soil water-retention capacity.
During biomass combustion, the organic carbon present in the slag corresponds to the
unburned fraction of the biomass. The OPBS contains 19.97% of total organic carbon (TOC)
that has not been burnt. Batra et al. [55] investigated the presence of unburned carbon in
bagasse fly ash sampled from bagasse cogeneration power plants in India and found more
than 25% of unburned carbon. The same authors reported that unburned carbon resulted in
disposal issues, provided challenges when employed in cement formulations, and would
thus be better suited for alternative uses. In this context, there is a distinct possibility to
apply the OPBS as a carbon-containing amendment to R’mel sandy soils recognized by
their lower organic carbon as demonstrated by thermogravimetric analysis. In addition
to the high carbon content, the major element compositions of OPBS showed significant
amounts of macronutrients which decrease in the sequence of Ca > K > Mg > Fe > Na.
The leaching of essential macronutrients is common in coarse-textured soils and reduces
nutrient availability to plants. By comparing the macronutrient level in OPBS with soil,
it is convincible to exploit the fertilizing capacity of this material to amend R’mel soils.
In addition, many farmers in the R’mel region use lime in order to control soil acidity
mainly resulting from irrigation and excessive nitrogen use. The cationic exchange capacity
(CEC) plays an important role in adsorbing and releasing nutrients needed by plants, as
well as assessing the potential harm of certain contaminants. As a result, the R’mel soils
have shown quite low CEC. The higher level of macronutrients contained in OPBS such as
calcium, potassium, and magnesium could be introduced to increase the soil CEC, and thus
macronutrient availability to the plants. OPBS, on the other hand, has the potential to limit
the excessive use of N fertilizers by not only giving essential nutrients but also preserving
their availability in the soil. Motesharezadeh and collaborators [56] concluded that the use
of lime in sandy soils increases the CEC and reduces the leaching of NO3

− and K.

Table 2. pH, moisture content, unburned carbon, and major elements in OPBS.

Parameter pH Moisture % Unburned Carbon % Ca % Fe % K% Mg% Na%

OPBS 12.1 7.18 19.97 10.59 0.95 8.24 1.56 0.15

The combustion of biomass could result in the accumulation of trace elements in ashes
and slag residues. For example, Wang et al. 2014 [57] reported that woody biomass blended
in the fuels could generate large amounts of As, Cd, Cu, Cr, Pb, and Zn in fly ash and slag.
In this study, OPBS was analyzed to assess trace-element toxicity in order to insure a safe
utilization of this residue in soil (Table 3). The heavy metal content in OPBS decreases in
the order of Mn > Zn > Cr > Cu > Ni > Co > Mo > As > Pb > Cd. It can be seen that the
levels of heavy metals such as, Cd, Co, Pb, and Mo were quite low in the OPBS samples,
whereas Cu, Ni, Cr, Mn, and Zn occurred in background levels, and no element present
any potential risk of contamination. Moreover, the toxicity of the slags is not intrinsically
linked to their trace-element levels, but rather to their leaching. A previous similar study of
four biomass slags from a fired power plant showing approximately the same composition
of OPBS has demonstrated too low leaching amounts of trace elements [34]. The same
authors have concluded that the biomass slags did not represent any risk of contamination
related to their utilization. In another study, the fertilizer value of fly ash derived from
burning bark and wood chip was investigated by Numesniemi et al. [58], and the findings
revealed that the levels of hazardous elements (As, Cd, Cr, Cu, Hg, Pb, Ni, and Zn) were
low. In addition, the comparison between the level of trace elements in the clayey fraction
of the soil and OPBS revealed that the fine fraction contained higher trace elements than the
OPBS; these results indicate that the use of OPBS will not affect the levels of trace elements
in the soil. From another point of view, the OPBS, which has a similar composition to fly
ashes, could represent a great solution for the immobilization of heavy metals in the soil.
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Indeed, several studies reported the efficiency of fly-ash addition to soil on trace-element
immobilization [57–65].

Table 3. Trace element composition in OPBS.

Trace Element in (mg. Kg−1) As Cd Co Cr Cu Mn Mo Ni Pb Zn

OPBS 2.12 0.25 2.49 48.43 48.30 396.33 1.72 42.64 1.93 47.34

3.5. X-ray Fluorescence Analysis

The major oxides present in the soil’s FF, CF, and OPBS are presented in Table 4.
The percentage of oxides decreased in the sequence of SiO2 > Al2O 3 > Fe2O3 > CaO >
MgO > K2O > TiO2 > Na2O > P2O5 > SO3 in the three analyzed soils for both the fine
fraction (FF) and the complete fraction (CF) of the soils. The results showed that the
samples were predominately silicate soils rich in iron and aluminum. According to Chong
et al. [66], the high content of exchangeable Al and Fe ions is mainly due to the high
temperatures and heavy rains resulting in low soil pH, low nutrient availability, and low
organic matter content. A significant difference in SiO2 percentage was noted between
the FF and CF, confirming quartz particles’ predominance in the R’mel soils. In contrast,
the SiO2 percentage has decreased while other oxides have increased parallelly in the soil
clayey fraction. The mineral matrix present in the soil ranges between 83.3% and 89.62%
for the FF, whereas it ranges from 89.04 to 92.13% for the CF, indicating the higher rate of
soil cultivation in the R’mel area. Considering the heterogeneity of the situation in soils,
normally the denser and more friable/loose mineral fraction (less oxide/silica content) is
found in the FF of the soil representing higher OM, CEC, and specific surface area (SSA). On
the contrary, the less friable (or gangue) material is typically composed of oxides, often the
majority being silica. In addition, the higher percentage of mineral matrix signifies a more
dominant effect of hydrogen bonding on the adhesion of inorganic oxide particles. The size
distribution and mineralogy of the clayey and silty fractions associated with sand grains
are also responsible for variations in the physical properties of tropical sandy soils [67].
The XRF analysis of OPBS reveals a distinct composition dominated mainly by SiO2, CaO,
and K2O accounting for more than 66% of the total OPBS. Oxides such as CaO, K2O, MgO,
P2O5, and SO3 were present at negligible amounts in both soil fractions. In contrast, these
oxides were found in high concentrations in the OPBS. Consequently, the OPBS can provide
essential nutrients needed by crops when amended with OPBS. In addition, the higher
alkali oxides represent a great advantage due to the liming characteristics of this material.

Table 4. Chemical composition of the three soil samples and Olive Pomace Biomass Slag (OPBS).

Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 SO3 %Mineral Fraction

F.F 1 55.17 10.86 9.9 0.3 1.57 1.73 0.78 1.42 0.75 0.61 0.21 83.3
C.F 1 71.43 7.19 5.94 0.16 0.55 1.03 0.76 0.94 0.55 0.34 0.15 89.04
F.F 2 58.79 11.09 9.76 0.23 1.59 2.56 0.76 1.38 0.71 0.53 0.17 87.57
C.F 2 72.45 7.45 5.00 0.16 0.53 1.21 0.72 1.11 0.45 0.38 0.14 89.6
F.F 3 60.64 12.51 10.74 0.3 1.3 1.01 0.51 1.3 0.81 0.37 0.13 89.62
C.F 3 75.70 7.23 5.52 0.19 0.42 0.54 0.63 1.01 0.48 0.32 0.09 92.13
OPBS 26.29 3.26 1.07 0.05 3.52 22.38 0.56 17.63 0.12 2.75 1.41 79.04

(Note: F.F = Fine-soil fraction (<63 µm); C.F = complete-soil fraction; OPBS = Olive Pomace Biomass Slag).

3.6. XRD Analysis

The use of X-ray diffraction is a necessary tool for determining the different crystalline
phases contained in a soil sample. Figure 6 displays the XRD pattern of the three soils (S1,
S2, and S3) and Olive Pomace Biomass Slag (OPBS) samples. The soils were dominated
by silicon oxide (SiO2), with no other crystalline phase detected. Except for Soil 02, which
displayed a minor peak of CaCO3 as validated by TGA curves and XRF, which had a high
proportion of CaO oxide (2,56%) when compared to Soils 1 and 3. The strongest quartz
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peaks were found between 20.71◦ and 26.45◦ for both the soil and the OPBS samples. XRD
analysis of OPBS, on the other hand, revealed that the most prevalent crystalline phase
was calcite (CaCO3) and quartz (SiO2), along with other minerals such as dolomite (CaMg,
(CO3)2), fairchildite (K2Ca (CO3)2), and free lime (CaO). The results of XRD confirm that
higher percentages of SiO2, CaO, and K2O detected by XRF analysis were the main elemen-
tal composition of the crystalline phases of OPBS. In sandy soils, significant weathering
occurs at depth resulting in mineralogy where quartz is the dominant mineral in the sand
and silt fraction and forms a considerable proportion of the clay fraction. It is noted that
despite the prevalence of silica in the soil samples, other minerals were also detected by
XRF in FF at a considerable percentage, e.g., Al2O and Fe2O3; however, the XRD patterns
revealed only the quartz (SiO2) which is mainly due to the absence of clayey minerals such
montmorillonite, bentonite, kaolinite, etc. [67]. As a result, the application of OPBS as a soil
additive might influence the weathering of Si. Matichenkov et al. [68] reported that soil
properties such as P, Al, heavy-metal behavior, and adsorption capacity are governed by
soil silicon compounds.
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3.7. BET Characterization of the Soil Samples and Biomass Slag

In order to investigate the surface characteristics of soil and OPBS, the BET sur-
face area measurements were performed to provide information such as adsorption
isotherms, specific surface area, pore volumes, and pore diameter. The collected gas
adsorption/desorption isotherms of the samples are shown in Figure 7. The shape of
isotherms corresponds to type IV which represents a mesoporous surface in which capil-
lary condensation occurs. A hysteresis is generally observed between the adsorption and
desorption curves. According to the gas adsorption isotherms, the OPBS has an adsorption
volume of 33.05 (cm3/g STP) at the relative pressure (P/P0 = 0.99), whereas soil samples
have maximum adsorption capacities of 7.70, 7.34, and 6.80 (cm3/g STP) for S1, S2, and
S3, respectively. This result demonstrates the high adsorption capacity of OPBS when
compared with soil samples. The specific surface area represents the total area divided
by the mass unit (g) and refers to the gas adsorption rate into the available pores in low-
temperature conditions. The average pore diameter shows that OPBS has a higher pore
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diameter of 20.73 (nm) compared to soil samples. It is common for particles with smaller
pores to have a higher specific surface area, but the surface area of a given particle is also
determined by the number of pores in that particle, i.e., its porosity. Consequently, a particle
can have very small pores, but only in a limited number, resulting in a small specific surface
area as demonstrated for Soils 1, 2, and 3 (Table 5). All the samples were dominated by
mesopores as shown in the pore diameter distribution (Figure 7). However, the OPBS
adsorption in the function of pore volume was greater than in soil samples indicating the
higher number and volume of mesopores in OPBS compared to soil samples.
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Table 5. BET specific surface area (SSA) and pore volumes of soil samples.

Sample S1 S2 S3 Biomass Slag

BET surface area (m2/g) 4.56 4.18 3.74 9.37
Langmuir surface area (m2/g) 6.30 5.79 5.20 13.20
Total pore volume (cm3/g) 0.008868 0.008574 0.008034 0.031480
Pore diameter (nm) 11.9869 12.3592 12.5881 20.73

3.8. SEM Characterization

In order to explore the surface characteristics (texture, pore, and pore size) of soils
and OPBS, SEM analyses are presented in Figure 8. Micrographs (d, e, and f) indicate that
the soil samples had approximately the same size with a prismatic shape. The micrograph
scale indicates that soil particles were large in diameter and display low porosity surfaces
(micrographs d and e). Indeed, the absence of laminated and porous structures indicates
the presence of clayey minerals and confirms the dominance of quartz in the soil samples.
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However, tiny layers have covered the quartz mineral in minor portions in some spots
with a relatively low surface porosity (micrograph f). Unlike soil samples, the OPBS SEM
observations demonstrate a larger porous area (micrographs a and b). In addition, the
OPBS surface was characterized by a hollow surface with different pore size distributions
(micrograph c). The SEM micrograph confirmed that the R’mel agricultural soils had
principally a macrostructure composed mostly of larger SiO2 particles, as well as a reduced
pore volume (macropores). In contrast, SEM analysis revealed the abundance of pore
distribution on the OPBS surface. Finally, the OPBS morphological characteristics could
be useful to fill the voids between soil particles and thereby increase the surface area and
water-retention capacity of soil. Moreover, the available mesopore sites on the OPBS surface
could interact with the soil–water solution and adsorb different pollutants.
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4. Conclusions and Perspectives

The properties of three agricultural soils and olive pomace biomass slag (OPBS) were
examined in this study to explore the possible use of OPBS as a soil additive and improver.
The important findings are summarized in the following points:

(1) The R’mel soils were coarser in texture, with low clay, silt, and OM, low CEC, limited
adsorption sites, and poor nutrient availability. In contrast, the clayey fraction (FF)
exhibited significant water content, OM, CaCO3, and heavy-metal adsorption capacity
despite its low percentage in the soil (<5%).

(2) The column experiments demonstrated that the R’mel soils had a low water- and
NO3

− retention capacity. Higher leaching rates in percolates were measured, even
above the loaded quantities in experiment 1.

(3) The examination of OPBS showed that this residue is non-toxic, has a significant
amount of essential plant nutrients such as potassium and calcium, has a mod-
erately porous internal structure, includes organic carbon, and has a high water-
retention capacity.

(4) The spreading of OPBS in R’mel soils might be supported by its higher agronomic
value as a source of fertilizing elements necessary for plants (Ca, P, K, and C). OPBS
can also have a direct/indirect effect on soil properties by improving the physical and
chemical characteristics such as water-holding capacity, CEC, and adsorption capacity,
and could contribute to the immobilization of trace elements in the soils.

Monitoring the soil and water quality in the R’mel area is currently not subject to any
regulatory control. Moreover, very little data exists on the quality of groundwater and soil.
The nature of the soil and the extent of the water table at a shallow depth make these waters
sensitive to pollution by the surrounding agricultural activities. Therefore, it is certain that
if nothing changes in the current behavior of farmers in the short term, the R’mel zone will
be exposed to significant serious effects. This study intended to explain the main factors
affecting groundwater quality in this area as well as propose a low-cost solution allowing
the remediation and optimization of soil quality.
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