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ABSTRACT: In the Hautes Plaines region of Sétf (northeastern Algetia), preserving
groundwater quality is a major challenge for the drinking water supply. This study aims to
assess the physicochemical quality and analyze the spatiotemporal dynamics of water from
wells and boreholes in three agricultural municipalities: Mezloug (S1), Guellal (S2), and
Bir Haddada (S3). A total of 90 samples were collected during two seasonal campaigns—
one in winter and one in summer—between 2017 and 2018. Sixteen physicochemical
parameters were analyzed using the Rodier method and compared to JORA and WHO
standards. Descriptive statistics and principal component analysis (PCA) were performed.
The results revealed high mineralization, with electrical conductivity (EC) values ranging
from 4.33 to 8,460 pS/cm and TDS concentrations ranging from 518 to 5,500 mg/L.
Stations S1 and S2 exhibited high hardness, with maximum values of 4,800 mg/L at
station S1, as well as high concentrations of calcium (569.20 mg/L), chlorides (1481.93
mg/L), and sulfates (485 mg/L at station S1). Nitrate contamination was of particular
concetn at station S1, with a maximum of 88.55 mg/L of NO3~, exceeding the limit of 50
mg/L, while nitrite concentrations sometimes teached 0.60 mg/L. These variations result
from the interaction between natural hydrogeochemical processes and diffuse
anthropogenic inputs associated with agricultural activities, hence the need for monitoring

and more rational management of natural resources

Access to safe drinking water is a basic human need and a fundamental right for all people on Earth (Abascal et al., 2022;
Derdour et al., 2023). Freshwater accounts for only 2.5% of all the water on Earth, and neatly 30.1% of this small amount is
stored as groundwater (Abascal et al., 2022). Globally, approximately 50% of drinking water and neatly 40% of irrigation water
come from these underground aquifers (Abascal et al., 2022); in semi-arid regions, these groundwater resources play a crucial
role in meeting domestic, agticultural, and industrial needs (Nadjai et al., 2024), often constituting the only available source of
water to alleviate chronic shortages (Nadjai et al., 2024; Derdour et al., 2023).
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Preserving the quality of groundwater resources, as the use of degraded water poses serious health risks to humans (Nadjai et
al., 2024); the qualitative assessment of the resource is based on the analysis of its physical, chemical, and biological
characteristics (Derdour et al., 2023); the fundamental physical properties are characterized by temperature, pH, electrical
conductivity (EC), and total dissolved solids (TDS) content (Nadjai et al., 2024). Chemically, the resource is defined by the
concentrations of its major cations (Ca?*, Mg?*, Na*, K*) and major anions (Cl~, SO4>~, HCO3~, NO3") (Nadjai et al., 2024).

The natural hydrochemical composition of groundwater is intrinsically determined by the geology and mineralogical
composition of aquifers, as well as by the interactions between water and rock and by the residence time of the water in the
subsurface (Abascal et al., 2022; Derdour et al., 2023). These phenomena govern the dissolution and sequential precipitation of
key minerals such as calcite, dolomite, halite, gypsum, and anhydrite (Selmane et al., 2023; Derdour et al., 2023). Furthermore,
under arid climatic conditions, intense evaporation acts as a predominant hydrological factor, causing a natural increase in water
mineralization—an effect that is all the more pronounced when the water table is shallow (Nadjai et al., 2024; Medjani et al.,
2021). In addition to these natural factors, human activities are exerting increasing pressures that degrade groundwater quality
(Abascal et al,, 2022); these anthropogenic pressures manifest themselves notably through intensive agriculture, via the
widespread use of chemical fertilizers and pesticides to increase crop yields (Rawat et al., 2022). Other sources of degradation
include leaks from septic tanks, leaching from municipal solid waste landfills, and the infiltration of untreated domestic or
industrial wastewater (Abascal et al., 2022; Nadjai et al., 2024; Mora et al., 2022); nitrate (NO3") is the most ubiquitous and
mobile anthropogenic pollutant in aquifers; its ingestion through drinking water poses a serious health threat, as it can cause
methemoglobinemia in newborns (Abascal et al., 2022; Mora et al., 2022).

In Algeria, In Algeria, human and agro-economic dependence on groundwater resources is extremely high (Derdour et al.,
2023); unfortunately, Algerian aquifers are facing severe spatiotemporal degradation due to overexploitation and diffuse
pollution (Nadjai et al., 2024); (Selmane et al., 2023), assessments conducted across the country—whether in the Moyen-Chellif
Plain (Nadjai et al., 2024), the Maadher Plain in Hodna (Selmane et al., 2023), the Ain Sefra basin (Derdour et al., 2023), the
Mougheul region (Mebarki et al., 2021), or the shallow aquifers of Ouargla (Medjani et al., 2021), all indicate recurring
exceedances of water quality standards. These studies report critical concentrations of nitrates, sulfates, calcium, and chlorides
that regulatly exceed the regulatory limits set by the WHO for drinking water (Selmane et al., 2023; Nadjai et al., 2024); (Mebarki
etal,, 2021) or the shallow aquifers of Ouargla (Medjani et al., 2021) all indicate recurring exceedances of water quality standards.
(Mebarki et al., 2021). In northeastern Algeria, the Setif region is characterized by intense agricultural activity, where the water
supply depends heavily on groundwater, as evidenced by the plains in the eastern part of the region, such as the Bazer Sakhra
area (Bounab et al., 2022), this local context raises serious hydrochemical issues, as the intensive use of water from wells and
boreholes compromises its suitability for human consumption and irrigation due to the increasing infiltration of agricultural
and urban effluents (Bounab et al., 2022).

Despite the urgency of this situation, there remains a major scientific gap regarding the implementation of continuous,
integrated spatiotemporal hydrochemical monitoring in Algeria’s semi-arid climate (Derdour et al., 2023; Rawat et al., 2022).
Existing hydrogeological studies often remain fragmented and lack consistency, particularly with regard to the rigorous
monitoring of seasonal variations in total mineralization and the transport of agticultural pollutants (Derdour et al., 2023; Rawat
et al., 2022); the absence of a unified local database and precise conceptual models hinders policymakers’ ability to develop
sustainable resource protection plans (Nadjai et al., 2024); (Derdour et al., 2023; Rawat et al., 2022).

To address this gap, the main objective of this study is to assess the physicochemical quality of well and borehole water in the
Sétif region; more specifically, it aims to characterize the spatial variations and seasonal fluctuations (winter and summer) of
physical parameters and key chemical components (T, pH, conductivity, TDS, turbidity, dissolved oxygen, total hardness, major
cations and anions, and nitrogen compounds). The collected data will be compared with WHO recommendations and Algerian
JORA standards to determine the suitability of these waters for human consumption, thereby providing a decision-support

framework for the sustainable management of regional water resources.
2. MATERIALS AND METHODS
2.1 Study area and sampling strategy

The geographical setting of the Setif region served as the basis for this study. Located in the high plains of eastern Algeria, it is
a region with significant agricultural activity, particularly in the areas of cereal farming and livestock raising. Sétif is located in a
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semi-arid bioclimatic zone with a predominantly continental climate, characterized by hot, dry summers. The locations selected
for our study stretch along the territory from Mezloug to Sersoub Bir Hadada, where water quality was tested in wells and
boreholes: Mezloug (station S1), Guellal (station S2), and Bir Haddada (station S3).

A total of 90 water samples were collected from the three stations during the 2017-2018 period. The sampling strategy consisted
of two seasonal campaigns: a winter/rainy season campaign (September through December) and a summer/dry season
campaign (April through August).
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Figure 1. Location of the study sites and hydrographic in the Mezloug, Guellal and Bir Haddada regions, northeastern
Algeria

2.2 Sample Collection and preparation

Water samples were collected at least 30 cm below the watet’s surface to avoid surface contamination. The samples were
collected in 1-liter polyethylene bottles that had been cleaned and rinsed beforehand. Immediately after collection, the bottles
wete sealed tightly, placed in an insulated cooler at 4 °C, and then transported to the laboratory, where they were filtered

through a nitrocellulose membrane with a pore size of 0.45 pm, in accordance with standard procedures.
2.3 Physico-chemical analyses

The assessment of water quality is based on the analysis of 18 physicochemical and organoleptic parameters, measured in
accordance with the methods of Rodier (2009) and compared to the standards of the World Health Organization (WHO, 2014)
and Algerian regulations (JORA, 2014).

2.4 Analytical Methods

Temperature (°C) and hydrogen ion concentration (pH) were measured using a HANNA 211 pH meter/thermometert.
Electrical conductivity (EC, exptessed in uS/cm at 20 °C) was measured in situ using an LF 538WTW conductivity metet.
Turbidity (expressed in NTU) was determined in the laboratory using a HANNA 14 turbidimeter. Color was assessed by visual
inspection, odot by smell, and taste by tasting at the time of sampling. Dissolved oxygen (DO, mg/L), total dissolved solids
(ITDS, mg/L), salinity (SAL, %), and redox potential (ORP, mV) wete determined using a probe/ multiparameter kit (Aqua
Read AP 2000 version 1.04-4.54, Doc No. 10401 00870, AQUAREAD Ltd.). Calcium (Ca?*) and total hardness (TH):
determined by complexometric titration with EDTA in the presence of specific color indicators. Magnesium (Mg?*): calculated

as the difference between total hardness (TH) and the calcium (Ca?*) concentration.

Chlorides (CI"): Determined by titration using the Mohr method with a silver nitrate (AgNO3) standard solution in a neutral
medium, in the presence of potassium chromate. Bicarbonates (HCO3™): Determined by titration with sulfuric acid (total
alkalinity, TAC). Nitrates (NO3"), nitrites (NO3 "), sulfates (SO4>"), orthophosphates (PO4>7), : Determined using the methods
recommended by Rodier (2009).
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2.5 Statistical Analysis

The collected data were subjected to descriptive statistical analysis (means, standard deviations, minimum and maximum values)
using XLSTAT software. To summarize the spatio-temporal variability and identify the main factors influencing mineralization
and water pollution, a principal component analysis (PCA) was performed using SPSS software (version 26.0) based on the
physicochemical data matrices.

3. RESULTS AND DISCUSSION
3.1 Physical properties and oxidation state
Spatio-temporal variation in temperature (T °C)

The results show that these temperatutes generally range from 10.1 °C to 25.50 °C, the calculated average values are 18.69 °C
(£0.76) at station S1, 18.72 °C (£0.72) at station S2, and 19.27 °C (£0.79) at station S3.

Spatio-temporal variation in hydrogen ion concentration (pH)

pH measurements range from 6.50 to 9.32, indicating water that is neutral to distinctly alkaline. Station S1 recorded the highest
average value at 8.82 (+0.13) (min 6.55; max 9.32), followed by station S2 at 8.02 (£0.10) (min 6.98; max 8.99) and station S3
at 7.66 (£0.12) (min 6.50; max 8.99).

Spatio-temporal variation in turbidity

Average turbidity remains low at stations S1 (0.78 N'TU) and S2 (0.63 N'TU), but reaches 2.72 NTU at station S3. Whilst the
vast majority of samples remain below the maximum permissible limit of 5 NTU set by WHO, pronounced seasonal peaks
were recorded during the winter period, rising to 6.90 NTU at station S2 and as high as 33.40 NTU at station S3.

Spatio-temporal variation in dissolved oxygen (DO)

Dissolved oxygen concentrations generally fluctuate between 2.28 mg/L and 12.03 mg/L. Station S1 has an average of 8.76
mg/L (£0.22) (7.32 to 12.03 mg/L), station S2 recotds 8.47 mg/L (£0.19) (6.94 to 11.36 mg/L) and station S3 recorded 7.12
mg/L (£0.31) (2.28 to 11.05 mg/L).
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Figure 2. Physical parameters and oxidation state
3.2 Total mineralisation and salt content
Spatio-temporal variation in electrical conductivity (EC)

Electrical conductivity shows a very wide range of variation, ranging from 4.33 to 8,460.00 uS/cm. The average value is 1,334.29
uS/cm (£145.05) at station S1 (81.50 to 3,716.00 uS/cm), 2,251.54 uS/cm (£285.51) at station S2 (4.33 to 8,460.00 uS/cm)
and 1,920.77 uS/cm (£158.01) at station S3 (399.00 to 4,021.00 pS/cm).

Spatio-temporal variation in total dissolved solids (TDS)

The total dissolved solids content ranges from 518.00 mg/L to 5,500.00 mg/L, with average concentrations of 1,271.93
mg/L (£88.98) for S1 (718.00 to 2,613.00 mg/L), 1,293.00 mg/L (+162.79) for S2 (707.00 to 5,500.00 mg/L) and 805.57
mg/L (+41.18) for S3 (518.00 to 1,422.00 mg/L).

Spatio-temporal variation in total hardness (TH)

The total hardness values show marked spatial vatiation: station S1 recotrded an average of 1,195.30 mg/L (£165.02) (340.00
to 4,800.00 mg/L), station S2 an average of 437.27 mg/L (£40.40) (260.00 to 1,295.00 mg/L), and station S3 an average of
200.47 mg/L (£20.97) (42.10 to 505.00 mg/L).

Spatio-temporal variation in salinity (SAL)

The overall salinity ranges from 0.22 g/L to 4.69 g/L. The average is 0.91 g/L (£0.14) at S1 (max 4.69 g/L), 0.69 g/L (£0.04)
at 82 (0.22 to 1.11 g/L) and 1.07 g/L (£0.09) at S3 (0.52 to 2.20 g/L).
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Figure 3. Overall mineralization and salinity load
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3.3 Ionic facies, major cations and anions
Spatio-temporal variation in calcium (Ca2")

Calcium concentrations range from 48.90 mg/L to 569.20 mg/L, with station averages of 202.12 mg/L at S1 (86.20 to 569.20
mg/TL), 192.50 mg/L at S2 (48.90 to 428.85 mg/L) and 156.41 mg/L at S3 (72.57 to 272.10 mg/L).

Spatio-temporal variation in magnesium (Mg?")

Magnesium concentrations range from 41.50 mg/L to 273.22 mg/L. The average is 132.09 mg/L at S1 (70.38 to 267.30 mg/L),
132.29 mg/L at S2 (53.46 to 273.22 mg/L) and 100.39 mg/L at S3 (41.50 to 171.00 mg/L).

Spatio-temporal variation in chlorides (Cl—)

Chloride concentrations show very matked variations, ranging from 28.40 mg/L to 1,481.93 mg/L. Monitoring station S1
recorded the highest average value (489.76 mg/L) with a peak of 1,481.93 mg/L, indicating a marked detetioration beyond the
JORA tegulatory threshold (500 mg/L). Stations S2 (42.60 to 519.30 mg/L) and S3 (28.40 to 493.50 mg/L) remain broadly

compliant.
Spatio-temporal variation in bicarbonates (HCO3")

Bicarbonate concentrations range from 4.00 mg/L to 744.00 mg/L (expressed as CaCO3). The ranges recorded are 8.00-744.00
mg/L at §1, 5.10-537.00 mg/L at S2 and 4.00-346.00 mg/L at S3, with higher peaks in wintet.

Spatio-temporal variation in sulfate ion (SO4>7)

The sulfate ion (SO427) concentrations recorded in the first series show high values ranging from 71.82 mg/L to 485.00 mg/L,
with an average of 296.18 mg/L. The second seties had an average concentration of 146.00 mg/L (with extreme values of 39.60
mg/L and 359.00 mg/L), while the third seties show motre modetate levels, characterized by an average of 64.73 mg/L (ranging
from 12.50 mg/L to 234.60 mg/L).
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Figure 4. Ionic facies, major cations and anions
3.4. Nutrients and human-induced pollution
Spatio-temporal variation in nitrates (NO3z")

Nitrate concentrations range from 0.22 mg/L to 88.55 mg/L. Monitoring point S1 is cleatly affected by nitrate pollution, with
a maximum concentration of 88.55 mg/L, exceeding the drinking water standard of 50 mg/L set by the WHO and JORA. By
contrast, stations S2 (0.22 to 38.90 mg/L) and S3 (0.89 to 37.50 mg/L) remain fully compliant.

Spatio-temporal variation in nitrites (NO2")

Nittite concentrations remain vety low overall, ranging from 0.00 mg/L to 0.60 mg/L. Monitoring points S2 (0.00 to 0.19
mg/L) and S3 (0.00 to 0.18 mg/L) are fully compliant with the regulatory limit of 0.2 mg/L. Station S1 is the only one to show
occasional exceedances reaching 0.60 mg/L.

Spatio-temporal variation in orthophosphates (PO4*")

Otrthophosphate concentrations are moderate and consistently below the envitonmental quality threshold of 5 mg/L. They
range from 0.10 to 1.80 mg/L at S1, from 0.03 to 1.82 mg/L at S2 (absolute maximum) and from 0.01 to 0.60 mg/L at S3.
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Figure 5. Nutrients and anthropogenic pollution
3.5. Seasonal and spatial dynamics from upstream to downstream

Seasonal comparison of Ca?*, Mg?" and NOj3~ ions (WIN versus SUM)

Concentrations of calcium (Ca?*) and magnesium (Mg?") remained at high levels throughout both seasons, confirming a stable
chemical profile. In contrast, nitrate (NOg3") reached its highest peaks during the winter campaign (WIN) at station S1 (> 50
mg/L).

Seasonal comparison of turbidity and salinity (WIN versus SUM)

Turbidity tends to rise during the winter period (WIN), particularly at stations S3 (33.40 NTU) and S2 (6.90 NTU). This
phenomenon is caused by particulate matter carried by surface runoff and the rapid infiltration of rainfall. Salinity follows the
dynamics of solutes (0.22 to 4.69 g/L),

Upstream-downstream spatio-temporal dynamics (WIN, SUM, SE-WIN, SE-SUM)

The overall spatio-temporal analysis highlights a gradual change in mineralisation along the flow lines, from upstream to
downstream (SE), in line with the seasonal cycle (WIN/SUM). Downstream (SE-WIN and SE-SUM), the majority of dissolved
solutes and electrical conductivity are higher than at upstream sites. Furthermore, winter sampling campaigns (WIN and SE-

WIN) frequently show higher concentrations of major ions (Cl~, SO4*", HCO3") than in summer.
Seasonal comparison of total mineralisation, TDS, EC, TH and CI” (WIN versus SUM)

A comparison of the mineralisation parameters (TDS, CE, TH and CI”) confirms that values were higher during the winter
campaign (WIN) than during the summer campaign (SUM).

200.00 .
180.00 Lw
160.00 L#b
140.00 140
120.00 -
100.00 i
80.00 -
60.00 '
40.00 .
20.00 . W
0.00 . b
Ca2 Mg2 N03 [
Tarh A4l
Ewinter ®summer P ——
A. Comparison of ion concentrations (Ca?*, Mg?*, B. Comparison of turbidity and salinity between winter
NO3") between winter (WIN) and summer (SUM) (WIN) and summer (SUM)
1491

Natural Resources for Human Health (NRFHH)
https://nrfhh.com



Natural Resources for
Human Health

elSSN: 2583-1194

W m

=M

0

m

om

™

-
m

Sampter S wEier

C

il "l “
2 Mg NO

sSE-nieter  wSE-mmmer

PO&

Al 5042

CaC03

nl
oD

C. Comparison of the physicochemical parameters of
water samples from WIN, SUM, SE-WIN, and SE-SUM

2500.00

2000.00

1500.00

1000.00

500.00

0.00

D. Comparison of total dissolved solids (TDS), electrical
conductivity (EC), total hardness (TH), and chloride

(CI") concentrations between summer (SUM) and winter

(WIN)

“ II T
TDS CE TH Cl

Esummer M winter

Figure 6. Seasonal (WIN and SUM) and spatial (downstream) dynamics

3.6. Correlation Analysis of Groundwater Parameters

A Pearson correlation matrix was computed to evaluate the linear relationships among the various physicochemical
parameters of groundwater. The key associations between these variables are highlighted in the tablel. below.

Table 1. Pearson Correlation Matrix Among the Physicochemical Parameters of Groundwater.
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The values shown correspond to Pearson’s correlation coefficients (r). * Significant correlation at p < 0.05; ** significant
correlation at p < 0.01.

The correlation matrix reveals several significant relationships between the physico-chemical parameters of groundwater. The
strongest correlation is observed between Ca?* and Mg?* (r = 0.932), indicating that the concentrations of these two ions are
closely linked. Positive correlations are also observed between Ca?* and SO42™ (r = 0.554), PO4*™ (r = 0.655) and CaCO3 (r =
0.631), as well as between Mg?" and PO4>” (r = 0.635).

Temperature shows several negative correlations, notably with Ca?* (r = -0.856), Mg?" (r = -0.825) and CI™ (r = -0.581).
Furthermore, the nutrients show positive relationships amongst themselves, notably between NO3™ and NO,™ (r = 0.460) and
between SO42” and PO4*™ (r = 0.577). Overall, these correlations highlight significant relationships between the major ions and
certain chemical parameters, which may reflect common processes of mineralisation and the geochemical evolution of
groundwater.

3.7. Discussion

This temporal distribution reflects the direct influence of ambient microclimatic conditions on a shallow unconfined aquifer.
From a regulatory standpoint, all stations comply with the guideline value of 25 °C recommended by the WHO and JORA for
human consumption, with the exception of a very minor deviation of 0.5 °C observed in the summer at station S3. These results
are consistent with observations made by Aouiti et al. (2021) in Tunisia (10.3 to 24.8 °C), Benmoussa et al. (2020) in the Saoura
region (maximum temperatures of 26.5 °C), Mebarki et al. (2021) in Mougheul (24 to 25 °C), and by Selmane et al. (2022a,
2023b) in the Maadher Plain (14.80 to 15.80 °C). However, there is a clear discrepancy with the temperatures recorded by
Hakimi et al. (2021) in the Continental Intercalary (25 to 56 °C), by Rahmani & Chibane (2022) in Hammam Charef (40 °C),
and by Hamma et al. (2024) at Ain Ouatka (46 °C); this discrepancy can be explained by the very deep and confined nature of

the reservoirs, as well as by water circulation driven by geothermal or hydrothermal gradients.
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A high degree of seasonal stability is maintained between the winter and summer sampling campaigns. This alkaline trend stems
directly from the dissolution of the carbonate and dolomite rocks comprising the aquifer matrix in a semi-arid climate. The data
closely align with the ranges observed by Abdelbaki et al. (2022) at Igli (7.02 to 8.83), Mansouri et al. (2022) at Ouargla (average
of 8.00), Ismail et al. (2023) in Egypt (7.74 to 8.60), as well as by other authors in the region (6.7 to 8.5). Conversely, the more
acidic pH values reported by Wang et al. (2024) in the Sha River basin (average of 6.71) reflect processes of organic matter

oxidation and recharge by non-alkaline surface water.

The baseline values demonstrate the role of physical purification and mechanical filtration provided by the porous soil-reservoir
matrix. The winter exceedances observed at shallow wells can be explained by direct surface runoff, rapid rainwater infiltration
and the resuspension of sediments during floods or pumping operations. These fluctuations differ from the data reported by
Rahmani & Chibane (2022) and Mebarki et al. (2021), where deep sandstone catchments exhibit negligible and constant
turbidity.

The measured concentrations are consistently higher during the winter than in the summer. This pattern is governed by the
thermodynamic law of inversion between temperature and gas solubility, coupled with increased biological consumption during
warmer periods. This behaviour is directly consistent with the work of Medjani et al. (2021) in Ouargla (up to 7.7 mg/L in
winter compared with 0.5-4.5 mg/L in summer). In contrast, the local reducing conditions and the stagnation observed at times
at station S3 (minimum of 2.28 mg/L) stand in contrast to the constantly re-aerated environments observed in certain fast-

flowing alluvial basins.

Many samples exceed the JORA eligibility threshold (2,800 uS/cm) and the WHO guideline value (1,500 pS/cm). This high
ionic charge results from the leaching of saline soils, the dissolution of halite and gypsum, and the concentration caused by the
re-infiltration of agricultural drainage water. These high values are consistent with those reported by Nadjai et al. (2024) (average
of 4,231 uS/cm), Abdelbaki et al. (2022) (up to 14,990 uS/cm) and Bencheikh et al. (2025) (7,180 pS/cm). They contrast with
the low conductivities recorded in rapidly recharged sandstone aquifers by Mebarki et al. (2021) (522—1,198 uS/cm) and Hakimi
et al. (2021) (340-960 pS/cm).

Stations S1 and S2 far exceed the threshold recommended by the WHO (600 to 1,000 mg/L); this excessive mineralisation is
indicative of extensive water rock interactions in the evaporites, combined with surface evaporation. These results fall within
the ranges reported by Abdelbaki et al. (2022) (average of 4,652.68 mg/L) and Nadjai et al. (2024) (average of ~2,500 mg/L),
but contrast with the fresh waters observed by Mebatki et al. (2021) (402 to 885 mg/L) and Wang et al. (2024) (average of 505
mg/L).

The water at stations S1 and S2 falls into the very hard to excessively hard category, whilst station S3 has moderately hard to
hard water. These concentrations are explained by the intense dissolution of limestone, dolomite and gypsum formations.
Comparable values ate reported by Selmane et al. (2023) (average of 1,203.64 mg/L) and Abdelbaki et al. (2022) (up to 3,960
mg/L), whilst Derdour et al. (2023) observed more moderate values (55.72 mg/L) in a predominantly sandstone environment.

This salt load highlights the vulnerability of shallow structures to evapotranspiration and fertiliser leaching. These levels are
consistent with the obsetvations of Aouiti et al. (2021) (0.7 to 6.5 g/L), Ismail et al. (2023) (0.78 to 6.18 g/L) and Bioud et al.
(2023), whilst deep confined reservoirs such as the Continental Intercalary (Hakimi et al., 2021) maintain very low salinity levels.

The frequent exceedances of the threshold recommended by the JORA and the WHO (200 mg/L) at stations S1 and S2 reflect
the extensive dissolution of limestone, dolomite and gypsum rocks. These results are consistent with the data from Selmane et
al. (2022a, 2023b) (108.22 to 601.20 mg/L), Abdelbaki et al. (2022) (46 to 820 mg/L) and Benmoussa et al. (2020) (up to 667
mg/L). They differ from the lower concentrations recorded by Mebarki et al. (2021) (42 to 77 mg/L) and Hakimi et al. (2021)
(average of 28 mg/L).

Several samples from stations S1 and S2 exceed the recommended range (100 to 150 mg/L). This enrichment results from the
weathering of dolomitic formations and cation exchange mechanisms on clay matrices. These values are consistent with those
reported by Nadjai et al. (2024) (up to 306 mg/L) and Selmane et al. (2022a, 2023b) (36.46 to 255.20 mg/L), but significantly
exceed the concentrations reported by Derdour et al. (2023) (average of 56.21 mg/L) and Mohammed et al. (2022) (14.6 to 54

mg/L).
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The excess of chlorides at S1 stems from the dissolution of halite (NaCl), the leaching of saline soils under high evaporation
rates, and anthropogenic discharges. These obsetvations are consistent with those of Nadjai et al. (2024) (111 to 2,400 mg/L),
Abdelbaki et al. (2022) (40 to 2,500 mg/L) and Hamma et al. (2024) (110 to 2,710 mg/1L), contrasting sharply with the very
low-salinity waters of Mougheul (Mebatki et al,, 2021: 13 to 30 mg/L). F. Spatio-temporal vatiation in sulphates (SO427)
Sulphate concentrations rise to 485.00 mg/L at station S1, with averages of 296.18 mg/L (S1), 359.00 mg/L (S2) and 234.60
mg/L (S3). Station S1 approaches or exceeds the WHO (250 mg/L) and JORA (400 mg/L) guideline thresholds. These high
concentrations can be explained by the dissolution of gypsum lenses and anhydrite contained within the rock formation,
combined with the retutn of irrigation water. These trends are corroborated by Nadjai et al. (2024) (up to 1,670 mg/L) and
Abdelbaki et al. (2022) (40 to 3,500 mg/L), whilst Rahmani & Chibane (2022) (average of 163.06 mg/L) and Hakimi et al.
(2021) (30 to 200 mg/L) report lower concentrations due to the absence of major gypsum formations.

This enrichment results from the weathering of calcareous-dolomitic formations by carbon dioxide dissolved in the soil. These
results ate in perfect agreement with the ranges reported by Nadjai et al. (2024) (46 to 860 mg/L), Benmoussa et al. (2020) (70
to 471 mg/L) and Abdelbaki et al. (2022) (37 to 366 mg/L).

The concentrations of sulfate ions (SO4*>7) measured in the analyzed water samples show significant variations from one
monitoring station to another or from one sampling campaign to another. This spatial and temporal distribution reflects the

heterogeneity of groundwater mineralization, which is likely influenced

The contamination at S1 results from the leaching of synthetic nitrogen fertilisers applied to surrounding crops, combined with
leaks from domestic wastewater and on-site sewage systems. Similar exceedances are reported by Selmane et al. (2022a, 2023b)
(average of 173.47 mg/L), Nadjai et al. (2024) (>80% exceedance), Bencheikh et al. (2025) and Brella et al. (2023). Conversely,
Abdelbaki et al. (2022) (average of 42.11 mg/L), Derdour et al. (2023) (average of 26.51 mg/L) and Hakimi et al. (2021) (< 1
mg/L) report low concentrations, which can be explained by areas with little agticultural activity ot effective hydrogeological

protection of confined aquifers.

The fact that 98 per cent of samples comply confirms the absence of widespread fresh nitrogen contamination. As the nitrite
ion is unstable, it oxidises rapidly to nitrate in aerated unconfined aquifers. The peaks recorded at S1 reflect a direct, very
localised gross anthropogenic input (septic tanks or slurry) injected near the well before complete nitrification has taken place.
These data validate the findings of Selmane et al. (2022a, 2023b) (0.0008 to 0.02 mg/L) and the reviews by Abascal et al. (2022).

These low concentrations indicate limited phosphate pollution. As highlighted by Abascal et al. (2022) and Wang et al. (2024),
surface-applied phosphates exhibit very limited mobility in the unsaturated zone due to their rapid fixation and adsorption onto
ferro-aluminium and clay complexes in the soil, limiting their transfer to the groundwater compared with nitrates.

This winter behaviour can be explained by the direct transport of nitrogen fertilisers and surface residues via rainwater
percolation. This winter dynamic is consistent with the findings of Nadjai et al. (2024), Selmane et al. (2022a, 2023b) and Abascal
et al. (2022).

Fluctuating in line with soil leaching in winter and concentration through evapotranspiration in summer. These variations are
consistent with observations made in semi-arid environments by Aouiti et al. (2021), Bioud et al. (2023) and Medjani et al.
(2021).

The downstream increase is explained by the prolonged residence time of the water, which favours the continuous dissolution
of the rock matrix, coupled with the accumulation of anthropogenic discharges along the catchment. The winter
overconcentrations result from intense soil leaching and the flushing of the unsaturated zone by rainfall recharge. These results
are in direct agreement with Nadjai et al. (2024), Brella et al. (2023) and Ismail et al. (2023). However, they contrast with the
observations of Aouiti et al. (2021) in Tunisia, where rainfall recharge produces a predominant dilution effect.

Winter rainfall percolating through the saline soil cover intensively solubilises evaporite minerals (halite, gypsum) and leaches
the salt load accumulated in the soils. These obsetvations ate supported by Nadjai et al. (2024) (EC of 4,153 uS/cm duting the
wet season compared with 4,231 uS/cm during the dry season), Selmane et al. (2022a, 2023b) and Bencheikh et al. (2025),
whilst deep sandstone aquifers (Mebarki et al., 2021; Hakimi et al., 2021) remain unaffected by these surface dynamics.
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Analysis of the Pearson correlation matrix presented in Table 1 enables the identification of the main geochemical mechanisms,
mineral dissolution processes and anthropogenic influences that may govern groundwater quality.

A very strong positive cotrelation was observed between calcium (Ca?*) and magnesium (Mg?") (r = 0.932, p < 0.01),
accompanied by positive cotrelations between Ca?* and CaCOj (r = 0.631) and with total hardness (TH). This interdependence
suggests a common geochemical origin linked to the simultaneous weathering and dissolution of carbonate rocks, notably
calcite and dolomite. This result is consistent with the work of Brindha et al., who report a highly significant positive correlation
between Ca?* and Mg?* (r = 0.81). It is also consistent with the study of the Qatar aquifer, where the parallel trends in calcium

and magnesium confirm a common hydrogeochemical control associated with mineral weathering processes.

The relationships between the major cations and anions show moderate to strong positive correlations between Ca?* and SO42~
(r = 0.554), Ca?* and CI” (r = 0.655), as well as between Mg?* and PO4> (r = 0.635), Mg?* and SO42™ (r = 0.564) and Mg?*
and ClI™ (r = 0.584). The associations between Ca?*, SO4%~ and CI™ may reflect the dissolution of evapotite minerals, notably
gypsum (CaSO4 2H,0) and halite (NaCl), during water—rock interaction. This result is consistent with the observations by
Kada et al. at Ain Azel, where Ca?* shows correlations with SO42™ (r = 0.67) and CI” (r = 0.64). It is also consistent with the
study from Qatar, which repotts correlations of r = 0.71 between Ca?* and Cl™ and r = 0.82 between Ca?* and SO4%7, confirming

the importance of the dissolution of sulphates and chlorides in the release of calcium.

Temperature (I°C) shows very strong negative cortrelations with Ca?* (r = -0.856), Mg?" (r = -0.825), CI” (r = -0.581) and
dissolved oxygen (DO) (r = -0.572). pH, on the other hand, is positively correlated with SO4*™ (r = 0.663), CI” (r = 0.513) and
TH (r = 0.499). The relationship between temperature and mineralisation differs from that observed in the Oued Souf aquifer
by Barkat et al., where no predominant negative correlation with total mineralisation is reported; this may reflect conditions of
direct meteoric recharge and different thermal dynamics in a shallow aquifer. The relationship with pH is partly consistent with
the Ain Azel study, which reports a correlation of r = 0.63 between pH and bicarbonates, illustrating the neutralisation and
alkalisation effects during the dissolution of carbonates. However, it differs from the study conducted in areas affected by
electronic effluents, where the pH showed a complete lack of correlation (r < 0.40) with all ions due to highly heterogeneous

local chemical disturbances.

Nitrogen compounds show a positive correlation between NO3™ and NO3™ (r = 0.460), as well as between NO3™~ and SO4*~
(r = 0.464). Orthophosphates (PO4>7) are also strongly correlated with Ca?" (r = 0.655) and Mg?* (r = 0.635). The relationship
between NO3™ and SO4*” is consistent with studies carried out on the Oued-Souf Terminal Complex aquifer, where these two
elements are associated with the same principal component (PC1), reflecting a common anthropogenic origin linked to
agricultural fertilisation and the leaching of wastewater discharges. It is also consistent with the study by Barkat et al., which
shows that agricultural activities and urban drainage networks promote the simultaneous infiltration of nutrients and soluble
salts. The correlation between PO4>” and major cations is consistent with the study by Amina Hafsi et al. in the Skikda industrial

zone, where the application of compound fertilisers promotes the joint leaching of phosphates and soil minerals.

TDS and electrical conductivity (EC) show very weak or negligible correlations with individual divalent ions, particularly
between TDS and Ca?* (r = 0.037). This result differs markedly from that of Egbueri et al., where TDS showed very strong
linear correlations (r > 0.89) with all dissolved cations and anions. It also differs from the results from Ain Azel, where TDS
and EC showed a correlation of r = 0.96 with the major salts. This difference suggests that, in the study catchment, total

conductivity may result from complex polygenic contributions rather than from a single dominant salt.

Finally, OD shows significant positive cotrelations with Ca?* (r = 0.631), Mg?* (r = 0.624), PO4*™ (r = 0.635) and SO4* (r =
0.580). These relationships are consistent with the observations of Brindha et al., according to which the recharge of oxygenated
meteoric water stimulates the chemical weathering of silicate and carbonate minerals and maintains the solubility of divalent
ions. They are also consistent with the study by C. Jiang et al., which shows that the redox potential and the oxygenation state
of the aquifer directly control mineral dissolution reactions.

Overall, the correlation matrix highlights the simultaneous influence of carbonate and evaporitic weathering processes, the
physico-chemical conditions of the environment, and anthropogenic inputs in determining the composition of groundwater.
The associations between nutrients and certain major ions particularly highlight the potential contribution of agricultural and
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urban activities, whilst the weak correlations between TDS and EC with certain ions suggest that mineralisation is likely to be
controlled by multiple factors.

4. CONCLUSION

This study provides a detailed hydrochemical characterisation of groundwater from wells and boreholes in three agricultural
municipalities in the Hautes Plaines de Sétif: Mezloug, Guellal, and Bir Haddada. The results reveal that the groundwater is
highly mineralised overall, with several parameters exceeding the WHO guideline values and the JORA regulatory limits. This
is particulatly evident in the high levels of electrical conductivity, total dissolved solids (TDS), total hardness, and concentrations
of calcium, chlorides, and sulphates, as observed at stations S1 and S2. This high ionic load appears to be primarily linked to
water—rock interactions, particularly the dissolution of carbonate and evaporite formations. This is compounded by changes in
mineralisation from upstream to downstream, as well as the seasonal influence of soil leaching and rainfall recharge.

In terms of water quality, the ST monitoring point is characterised by worrying levels of nitrate contamination, with maximum
concentrations of 88.55 mg/L exceeding the WHO and JORA limits of 50 mg/L. This contamination is likely due to the diffuse
leaching of nitrogen fertilisers used in surrounding agricultural areas, as well as inputs from domestic wastewater and on-site
sewage treatment systems. In contrast, the nitrate concentrations recorded at stations S2 and S3 remain broadly in line with the
relevant standards. The occasional exceedance of nitrite levels observed at S1 also highlights the need for targeted monitoring
at this station.

Overall, the results highlight the high vulnerability of the studied groundwater bodies to natural and human-induced pressures
in this semi-arid context. The combination of natural geochemical processes, seasonal soil leaching, agricultural activities, and
domestic dischatges contributes to the degradation of the groundwater resource's quality. To ensure the sustainable
conservation of groundwater in the Sétif region, regular and continuous hydrochemical monitoring, the rationalisation of

nitrogen fertiliser use, and protective measures around abstraction facilities appear to be management priorities.
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