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Abstract

Groundwater quality in semi-arid Mediterranean aquifers reflects the joint action of geogenic mineralization and
anthropogenic contamination, yet few studies statistically separate the two. This study addresses that gap in the
shallow alluvial aquifer of Tébessa (NE Algeria) using a multi-temporal dataset (2005-2018) from wells,
boreholes, springs, and surface water. Measured electrical conductivity ranged from 442 to 9120 pS cm™,
whereas nitrate concentrations varied between 1.52 and 117.97 mg L', with several groundwater samples
exceeding the WHO drinking-water guideline of 50 mg L.

Because raw hydrochemical variables were non-normally distributed, logarithmic transformation was applied
before Principal Component and Hierarchical Cluster Analyses. This step proved decisive: nitrate consistently
separated from mineralization-related variables (TDS, CI-, Na*, SO+*") only after transformation, confirming its
anthropogenic origin. Carbonate and evaporite dissolution govern natural mineralization, whereas nitrate
enrichment is principally associated with agricultural return flow and wastewater infiltration affecting shallow
recharge zones. GIS mapping further identifies the recharge zones most exposed to contamination.

This log-transformation-based framework offers a replicable diagnostic pathway for distinguishing natural
evolution from pollution in comparable semi-arid aquifers.

Keywords: Groundwater vulnerability; Nitrate contamination; Log-transformation; PCA; HCA; GIS; Recharge
zones; Tébessa basin; Algeria
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1. Introduction

Water security in semi-arid Mediterranean environments rests heavily on groundwater, precisely
because surface-water availability is erratic. Rainfall arrives irregularly, evaporation is intense, and
domestic and agricultural demand keeps climbing — a combination that leaves shallow aquifers
exposed. Their limited depth and close hydraulic connection to the surface mean that whatever
happens above ground is quickly transmitted below it (Scanlon et al., 2012; FAO, 2020, Bendekkoum,
M., 2025)

Across the southern Mediterranean circumference, including North Africa, this exposure is
intensifying. Climatic variability, recurrent drought, demographic growth, and the steady expansion
of irrigated land are together reducing natural recharge while increasing the flux of dissolved
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contaminants toward aquifer systems. Nitrate occupies a special place among these contaminants:
unlike many geogenic species, it travels easily through the unsaturated zone, resists degradation, and
is almost always traceable to human activity — nitrogen fertilization, irrigation drainage, or poorly
managed sewage. Because rural communities frequently depend on untreated groundwater for
drinking, nitrate loading is as much a public-health issue as an environmental one (Ward et al., 2018;
World Health Organization, 2017, 2023).

Tébessa, on Algeria's northeastern border, embodies these pressures concretely. Its population and
agriculture rely on a shallow alluvial aquifer fed by fractured carbonate recharge zones. Limited
natural recharge, combined with sustained groundwater abstraction, leaves this system structurally
vulnerable to surface-derived contamination (Coleman et al., 2013; Abidi Saad et al., 2024a; Abidi Saad
et al., 2024b, Bendekkoum, M., 2025).

A substantial body of prior work on northeastern Algerian aquifers has already established that
groundwater chemistry there results from interplay of natural water-rock interaction and human land
use. What most of that literature has not done, though, is connect hydrochemical characterization
directly to the spatial geometry of recharge — that is, to show where the aquifer is being recharged
and whether those same zones are the ones absorbing nitrate loading (Marjoua et al., 1997; Fakir et al.,
2001; EI Moujabber et al., 2006; Ben Hamouda et al., 2009; Kouzana et al., 2009; Mondal et al., 2010;
Malana & Khosa, 2011; Belghiti et al., 2013; Yu et al., 2013; Kim et al., 2014; Kumar, 2014, Bendekkoum,
M., 2025). Bridging hydrochemistry, multivariate statistics, and spatial recharge mapping into a single
diagnostic exercise remains comparatively rare, even though each piece individually is well
established in the groundwater-vulnerability literature (Aghzar, 2002; Wakida & Lerner, 2005; Rivett
et al., 2008).

This is precisely the gap the present study targets. We integrate hydro-chemical characterization with
multivariate statistics (PCA, HCA) and GIS-based spatial analysis into one coherent framework,
applied to the Tébessa shallow aquifer, with four connected aims: (i) to trace how groundwater
quality shifts across space and across four sampling campaigns; (ii) to isolate the natural versus
human-driven controls on water chemistry; (iii) to test whether nitrate distribution aligns with — or
diverges from — the aquifer's hydrogeological vulnerability; and (iv) to translate these findings into
management recommendations suited to semi-arid conditions.

What distinguishes this work methodologically is the deliberate use of logarithmic transformation as a
diagnostic device rather than a mere normalization step. Because groundwater chemical variables are
almost never normally distributed, working with raw data risks letting a handful of extreme samples
dominate the statistical structure and obscure the true relationships among variables. By
systematically testing normality, transforming the dataset logarithmically, and only then running PCA
and HCA, we obtain a cleaner separation between the geogenic mineralization signal and the
anthropogenic nitrate signal — a separation that the raw-data analysis does not deliver with the same
clarity. Coupling that statistical gain with GIS mapping of recharge pathways lets us pinpoint, rather
than merely describe, the sectors where geology and agriculture jointly maximize contamination risk.
We see this pairing — log-transformed multivariate discrimination plus recharge-zone mapping — as
a transferable diagnostic pathway for other vulnerable semi-arid Mediterranean aquifers, and as the
main original contribution of this study.

2. Study Framework and Analytical Procedures

2.1. Study area
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The study area sits astride Algeria's northeastern border with Tunisia, occupying the central portion of the
Tébessa-Morsott graben. It spans roughly 140 km? between 35°10" and 35°30" N and 7°50" and 8°20" E, within
the wider Medjerda-Méllégue catchment. Tébessa city, the region's administrative and demographic center, sits
near the plain's eastern edge at an elevation close to 820 m (Figure 1).

A semi-arid Mediterranean regime dominates locally, marked by irregular rainfall, high summer evaporation,
and recurring seasonal water deficits (Seghir, 2008; Seghir, 2014; Abidi Saad et al., 2014a; Abidi Saad et al.,
2024b;Bendekkoum, M.,2025)

Long-term rainfall averages around 397 mm/year, concentrated in short wet spells; the remaining, longer dry
periods drive evapotranspiration losses that consume roughly 91.5% of annual precipitation, leaving only a small
fraction to feed aquifer recharge (Bendekkoum, 2017; Seghir, 2008; Bendekkoum, M.,2025). Combined with
sustained groundwater withdrawal for irrigation and domestic use, this weak recharge regime leaves the shallow
aquifer structurally exposed: pollutants originating at the surface, particularly from agriculture, can reach
groundwater with little natural attenuation.

The low recharge potential, combined with increasing groundwater abstraction for irrigation and domestic
supply, makes the shallow aquifer particularly sensitive to contamination. Under these conditions, pollutants
originating from agricultural activities and surface sources can rapidly affect groundwater quality [Bendekkoum,
M., 2025]

48000.0 440000 -‘IODDE:JD ki

| i A i
Ed
> : :
FACTbIS
oy “aF2-a
KLIAERPEPY T T
SRy T ALGERIA
H s - & 350000 400000 450000
3 4 bis Z . N. N f
1 L 0
e no3 Contine cene -, [N
= 2 | R ( H
«  Borehols I ower Cretaceous [ ] Quaternary { g' 'g
hydrographe I middie Cretaceous I Triassic wil B b
| Villafranchian [ upper Cretacecus / Watersheds
| I continatal miocene [l Lower Eocene | g_ _g
410000 420000 430000 440000 & 350000 400000 450000 g
IR 2 s : UTM.WGS1984 TEBESSA

Figure 1. Geographical setting of the study area [Bendekkoum, M.,2025]

2.2. Geological and Hydrogeological Framework

The Tébessa-Morsott basin is a tectonic graben shaped by successive deformation phases from the Mesozoic
through the Quaternary, bounded by carbonate ranges and dissected by fault systems that steer groundwater
movement. To the north, the Tébessa Boulhaf-Dyr high is framed by the Djebel Dyr and Djebel Guenifida
escarpments; to the south, the Dj.Doukane, Dj.Mistiri, Dj.Tazent, and Dj.Bouziane massifs complete the
enclosure the northern peaks exceeding 1,400 m near Kef Ahmed, the southern ones surpassing 1,600 m at
Djebel Doukane, both sharply carved by erosion.

These surrounding reliefs consist mainly of fractured Cretaceous-Eocene limestones and dolomites. Their
fracture-and-karst networks make them the aquifer's principal recharge conduits, channeling infiltrated rainfall
toward the central depression (Durozoy, 1949) (Figure 2). That depression itself is filled with Mio-Pliocene to
Quaternary alluvium — an uneven mix of gravel, sand, silt, and clay — whose heterogeneity governs how water
is stored, how easily it moves, and how contaminants migrate once they enter the system. The Kebir-Chabro-
Ksob wadi, draining the watershed along a gentle southeast-northwest slope, is the plain's principal surface
conduit.



120
121
122
123
124
125

126

127

128

129
130
131
132

133
134
135
136
137
138
139

140

141
142
143

144
145
146

The aquifer itself is an unconfined shallow system hosted in these alluvial deposits, shallowest near the drainage
network and deepening toward the basin margins, with flow following the same southeast-northwest trend
imposed by regional structure. Recharge arrives mainly as lateral inflow from the surrounding fractured
carbonates, supplemented occasionally by direct infiltration from the wadi during high-flow events. It is this
combination active recharge pathways, permeable alluvium, and a shallow water table that renders the aquifer
particularly susceptible to nitrate infiltration from the surface [Bendekkoum, M., 2025]
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Figure 2. Geological and piezometric map (May, 2021) of the study area [Bendekkoum, M.,2025]
2.3. Water Sample Collection

Sampling targeted the full range of water types present in the basin — shallow wells, boreholes, springs, and
wadi stations — so as to capture hydrogeological contrasts across the plain. Four campaigns (May 2005,
November 2005, May 2006, and 2018) allowed both seasonal and multi-year hydrochemical shifts to be tracked,
with sites chosen according to their hydrogeological setting, groundwater depth, and use.

Boreholes were purged of stagnant water before sampling to ensure the aliquot represented actual aquifer
conditions; well and spring samples followed standard collection procedures. All samples were filtered through
0.45 um membranes prior to laboratory transfer. Field campaigns used calibrated instruments to record pH,
temperature, conductivity, and alkalinity on site, while major cations (Ca**, Mg*", Na*, K*) were quantified by
ICP-OES and major anions (CI-, SO+>-, HCOs~, NOs") by ion chromatography in the laboratory. Calibration
standards, duplicate runs, and ionic-balance checks (samples exceeding £5% error were discarded) safeguarded
analytical reliability.

2.4. Statistical and spatial analysis

Before multivariate analysis, the distribution of hydro-chemical variables was evaluated using normality tests.
Because groundwater chemical parameters commonly exhibit asymmetric distributions caused by multiple
interacting processes, logarithmic transformation was applied when necessary to improve statistical performance.

To separate natural geochemical drivers from anthropogenic ones and pinpoint the dominant controls on water
chemistry, Principal Component Analysis was employed; sampling points were subsequently grouped by
chemical resemblance using Hierarchical Cluster Analysis.
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GIS-based spatial analysis was used to map the distribution of major chemical parameters and nitrate
concentrations and to identify sectors where recharge conditions, aquifer characteristics, and human activities
combine to increase groundwater vulnerability.

3. Results and discussion

3.1. 3.1 Evolution of Hydro-chemical Facies

Several interacting factors — recharge dynamics, lithology, residence time, and human pressures — jointly
shape the hydro-chemical signature observed across the Tébessa-Morsott basin. The comparison between surface
water, shallow wells, and boreholes highlights a clear spatial variability in groundwater evolution within the
aquifer system (Table 1).

Across the sampled network, pH values cluster tightly between 7.01 and 8.33 — a near-neutral to mildly alkaline
signature consistent with a system dominated by carbonate buffering; calcite and dolomite dissolution keep pH
stable regardless of sampling point.

Electrical conductivity tells a different, more heterogeneous story, ranging from 442 to 9120 puS/cm. Surface
water remains comparatively fresh (average 456.66 uS/cm), boreholes occupy an intermediate position (average
1067.62 uS/cm), while shallow wells show markedly elevated mineralization (average 2414.11 uS/cm) — a
gradient suggesting that shallow groundwater undergoes far more intense mineral enrichment than water tapped
at depth. Prolonged water-rock contact, dissolution of soluble evaporitic minerals, and evaporative concentration
under the region's semi-arid climate together explain the elevated conductivity observed locally; the Triassic
evaporitic formations flanking the basin supply much of the dissolved sulfate and chloride responsible for this
pattern.

Total dissolved solids follow the same gradient — low in surface water, climbing to 7968 mg/L in shallow
groundwater — reinforcing the picture of a shallow aquifer where limited recharge and slow turnover allow
dissolved constituents to accumulate.

Table 1. Mean physico-chemical parameters measured for groundwater across the study zone

Parameter pH Sal. g/ Cond. TDS Ca* Mg** Na* K* HCOs" NOs~
pS/em mg/1
Springs (avg) 7.80 0 456.66 203 75.48 7.33 9.12 0.82 316.76 23.03
Wells (avg) 7.42 1.12 2414.11  2087.91 172.78 107.62 482.42 2.17 361.47 38.67
Boreholes 7.47 0.33 1067.62 675.65 93.38 26.77 182.55 0.5 312.01 28.87
(avg)
WHO >6.5<9.5 - <400 1500 100 50 150 12 - 50
Standard

3.2. Nitrate contamination and anthropogenic impact

Nitrate concentrations swing widely — from 1.52 to 117.97 mg/LL — with a meaningful fraction of samples
breaching the WHO's 50 mg/L guideline in specific sectors of the aquifer (World Health Organization, 2017,
2023). Surface water carries comparatively modest nitrate loads (16.37-27.45 mg/L); shallow wells, by contrast,
register the highest values in the dataset, while borehole water generally — though not universally — shows
lower concentrations (Figure 3).

This shallow-versus-deep contrast is itself diagnostic of how nitrate travels through the system. Shallow wells sit
close to surface recharge pathways and benefit from little natural filtration, so contamination reaches them
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quickly; deeper groundwater, having percolated through more aquifer material over longer residence times,
shows attenuated — though not absent — signals (Rivett et al., 2008).

Spatially, nitrate loading tracks agricultural land use and shallow-water-table zones rather than appearing at
random. Excess nitrogen fertilization, irrigation return flow, and untreated wastewater infiltration stand out as
the principal sources, amplified in the Tébessa plain by the coincidence of intensive cultivation and a shallow,
poorly protected water table (Rouabhia et al., 2010; Baazi Houria et al., 2020). That said, human activity alone
does not fully explain the pattern: permeable alluvium, shallow water tables, and active recharge pathways are
hydrogeological preconditions that determine how readily surface-derived nitrate actually reaches the aquifer,
independent of land-use intensity (Strebel et al., 1989; Wakida & Lerner, 2005).

However, nitrate distribution cannot be explained only by human activities. Hydrogeological factors strongly
control contaminant migration. Areas characterized by permeable alluvial deposits, shallow water tables, and
active recharge pathways present higher vulnerability because pollutants can rapidly reach groundwater before
significant attenuation occurs.
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Figure 3.Spatial distribution of nitrate concentrations, highlighting sectors vulnerable to surface-derived
contamination [ Bendekkoum; M.2025]

3.3. Major ions distribution and geochemical processes
Chloride (CI") and Sodium (Na*)

Chloride shows marked enrichment in both the western and eastern sectors of the basin, near Ain Chabro and
Bekkaria respectively. Because chloride behaves conservatively — it neither precipitates nor is readily taken up
biologically — its spatial pattern is a reliable tracer of solute origin. Here, that pattern points to a mixed origin:
evaporitic mineral dissolution contributes a natural baseline, while agricultural return flow and wastewater
infiltration add an anthropogenic increment in more intensively farmed sectors. The parallel between chloride
enrichment and elevated conductivity suggests that both mineral dissolution and evaporative concentration
jointly drive the basin's salinization under semi-arid conditions (Figure 4).

Nitrate and chloride enrichment are thus both linked, at least partly, to rigorous agriculture: extreme nitrogen
fertilization and unrestrained irrigation applies are known to damage groundwater quality through diffuse nitrate
and chloride contamination elsewhere in comparable settings, posing a genuine public-health risk where rural
communities depend on untreated groundwater (World Bank, 1995; Collin, 2004, Bendekkoum, M., 2025).
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Sodium (Figure 5) mirrors chloride closely enough to imply a shared evaporitic origin, though cation exchange
within clay-rich alluvial sediments — which releases Na* while retaining Ca*" and Mg?" — likely modifies
concentrations further along the flow path. Sodium enrichment therefore reflects a layered process: initial
mineral dissolution, progressive chemical evolution along groundwater flow, and secondary ion-exchange
effects.
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Figure 4: Spatial distribution of chloride concentrations|[ Bendekkoum; M.2025]
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Figure 5: Spatial distribution of sodium concentrations[ Bendekkoum; M.2025]
Sulfate (SO+)

Sulfate distribution is strongly controlled by geological conditions. The highest concentrations occur near areas
influenced by Triassic evaporitic formations, especially gypsum-bearing units (Figure 6).

Sulfate distribution correlates spatially with the Triassic evaporitic outcrops — gypsum-bearing units near the
mountains Dj. Djebissa and Dj. Belkefif in the east to the west respectively— pointing to gypsum and anhydrite
dissolution as the dominant geogenic control. Agricultural amendments and evaporative concentration can
locally intensify sulfate levels, particularly in shallow groundwater, but the primary driver remains geological
rather than anthropogenic[ Bendekkoum; M.2025] .
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Figure 6: Spatial distribution of sulfate concentrations|[ Bendekkoum; M.2025]

Taken together, the spatial maps of NOs-, Cl, SO+*, and Na' reveal a basin whose chemistry is shaped
simultaneously by geology, hydrogeological setting, climate, and human land use. Where multiple vulnerability
factors — permeable lithology, shallow water table, proximity to evaporitic outcrops — match, the risk of nitrate
reaching the groundwater rises accordingly (Strebel et al., 1989; Demarets et al., 1995; Robert et al., 1994,
Bendekkoum, M., 2025)

Deep boreholes and springs generally retain a calcium-bicarbonate signature indicative of better-preserved
quality, whereas shallow wells and wadi water show the clearest pollution signals. In the northwestern,
downstream sectors, unprocessed urban wastewater and agro-industrial overflow — both rich in nitrogen
complexes — compound the agricultural contribution to nitrate loading, while prolonged drought further limits
the dilution and renewal capacity of the aquifer [Bendekkoum, M., 2025]

Ultimately, the basin's hydrochemical profile confirms that natural geological inputs and human-driven
contamination act jointly, with the shallow alluvial aquifer bearing the brunt of both because it is simultaneously
the most actively recharged and the most exposed compartment of the system.

3.4. Multivariate statistical analysis and identification of groundwater controlling processes
3.4.1. Normality Test and Data Transformation

Before any multivariate treatment, we screened each hydrochemical variable for normality. Groundwater
parameters routinely fail this test because several overlapping processes — geogenic and anthropogenic alike —
shape their distributions simultaneously; ignoring that fact and running PCA directly on raw data risks letting a
few extreme samples dictate the entire factorial structure.

Normality-test outcomes appear in Tables 2 through 4, while the corresponding P-P and Q-Q diagrams —
covering TDS, sulfate, and nitrate — are grouped in Figures 7 to 9.

Table 2. Normality test results for TDS.

Test Raw data Log-transformed Interpretation
Shapiro-Wilk <0.0001 0.039 Improved
Anderson-Darling <0.0001 0.190 Improved
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259
260
Test
Shapiro-Wilk
Anderson-Darling
Lilliefors
Jarque-Bera
261
262

Test
Shapiro-Wilk
Anderson-Darling
Lilliefors

Jarque-Bera

<0.0001 0.590
<0.0001 0.025

Table 3. Normality test results for NOs".

Raw data Log-transformed
<0.0001 <0.0001
<0.0001 < 0.0001
<0.0001 < 0.0001
<0.0001 <0.0001

Table 4. Normality test results for SO+*".

Raw data

<0.0001
<0.0001
<0.0001
<0.0001

Log-transformed

0.125
0.049
0.118
0.268

Improved

Improved

Interpretation
Persistent non-normality
Persistent non-normality
Persistent non-normality

Persistent non-normality

Interpretation
Improved
Improved
Improved

Improved

263 We therefore applied a logarithmic transformation systematically, and then re-tested normality using four
264  independent tests (Shapiro-Wilk, Anderson-Darling, Lilliefors, Jarque-Bera) applied in parallel to guard against
265 any single test's blind spots. TDS and SO+* responded well: p-values rose substantially after transformation, and
266 Q-Q/P-P plots aligned much more closely with a normal distribution. Nitrate behaved differently — normality
267  remained rejected even after transformation — which we interpret not as a statistical failure but as a signal in

268 itself: NOs~ concentrations are governed by localized, irregular anthropogenic inputs (specific fields, specific

269 wastewater sources) rather than by the smoother, basin-wide geogenic processes that govern TDS or sulfate
270 (Figure 7a,8a,9a) and (Figure 7b, 8b;9b)
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This asymmetry — most variables normalizing under log-transformation, nitrate resisting it — is precisely what
justifies adopting log-transformed data for the PCA and HCA that follow.
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Beyond the p-values, the practical benefit is visible in the factorial plane itself: with raw data, three samples

(AC2, P1, P1) sit as clear outliers, pulling the rest of the point cloud into a single crowded sector and obscuring

genuine structure. Once log-transformed, the same samples distribute evenly across the plane, letting the

underlying hydrochemical relationships emerge clearly. We regard this transformation step — applied

deliberately and validated through multiple normality tests rather than assumed — as a central methodological

contribution of this work, since it is what ultimately allows nitrate's independent, anthropogenic behavior to be

statistically isolated from the basin's natural mineralization trend (Figures 10a, 10b).
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Figure 10.a: correlation circles of samples in the first factorial plane for untransformed data[Bendekkoum, M.,
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Figure 10.b: distribution of samples in the first factorial plane with a log transformation [Bendekkoum, M.,
2025]

3.4.2. Principal Component Analysis

Running PCA on the raw dataset already hinted at two distinct processes: TDS correlated broadly with nearly
every chemical parameter, while nitrate aligned specifically with sodium and chloride. The log-transformed
analysis sharpened this picture considerably — TDS remained tied to almost all major ions, but nitrate now
showed no meaningful direct relationship with the rest of the ionic assemblage [Bendekkoum, M., 2025]. That
shift is, in our reading, the clearest statistical evidence available in this dataset for nitrate's anthropogenic origin:
once the noise from a handful of extreme raw values is removed, nitrate simply does not travel with the geogenic
mineralization signal.

Table 5. Correlation matrix of chemical variables computed from the non-transformed dataset [Bendekkoum,
M., 2025]

Variables Ca Mg Na K SO« NOs3 Cl HCO; TDS
(mg/1 (mg/l  (mg/l) (mg/l (mg/1 (mg/1 (mg/l) (mg/l)  (mg/l)
Ca | 0,646 0321 0,153 0664 0058 0403 0222 0,622
(mg/)
(rgg/l 0,646 1 0,608 -0032 0837 0,111 0557 0417 0.823
Na 0321 0608 1 -0,049 0539 0,621 00943 0406 0911
(mg/l)
(n'fg/l 0,153  -0,032 -0,049 1  -0,092 0,170 0,102 -0,079 0,013
(ilog‘;l 0,664 0837 0539 -0,092 1 0,001 0447 0223 0773
(ﬁfg’jl 0,058 0,111 0621 0,170 0,001 1 0659 0184 0471
cl 0403 0557 0943 0102 0447 0659 1 0355 0,887
(mg/l)
*('rfg?: 0222 0417 0406 -0,079 0223 0,184 0355 1 0499
TDS 0,622 0823 0911 0013 0773 0471 0887 0499 1
(mg/l)

The PCA results indicate that groundwater chemistry is governed by multiple processes rather than by a single
contamination source. The extracted components reflect the combined contribution of mineral dissolution,
groundwater-rock interaction, salinity evolution, and surface-derived inputs.
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Table 6. Correlation matrix of chemical variables computed from log-transformed data [Bendekkoum, M., 2025]

Variables Ca Mg Na K SO4 NOs3 Cl HCOs3 TD
(mg/1 (mg/l) (mg/l) (mg/1 (mg/l) (mg/l)  (mg/) (mg/l) (mg/l)
(ﬁg/l 1 0,643 0423 0366 0568 018 0455 0,107 0,635
(rl\r/llgg/l 0,643 1 0,770 0,146 0818 0,194 0568 0,162 0,847
Na 0423 0,770 1 0078 0846 0105 0767 0,170 0,895
(mg/l)
(nlfg/l 0366 0146 0078 1 0,123 0,190 0270 0046 0,136
(fn‘;jl 0,568 0818 0846 0,123 1 0017 0675 -0,003 0833
(Tn‘;jl 0,186 0,194 0105 0,190 -0017 1 0080 0,147 0,199
Cl 0455 0568 0767 0270 0,675 0080 1 0,087 0711
(mg/)
f(lnclg‘ﬁ 0.107 0162 0,170 0,046 -0,003 0.147 0087 1 0334
TDS = 6635 0847 0895 0136 0833 0199 0711 0334 1
(mg/l)

Table 7: Correlations between variables and
extracted factors (F1-F4).

F1 F2 F3 F4

Ca 0712 0262 -0254  -0.067
(mg/l
Mg 0,896 -0,038 0042 0,123
(mg/1
Na 0,905 -0218 0,123 0,057
(mg/1)
K 0265 0,625 -0,560 -0,384
(mg/l
S04 0.897 -0292 -0,108 0,038
(mg/l
NOs 0,198 0714 0147 0,640
(mg/l
cl 0,800 -0,083 -0,127  -0,097
(mg/1)
HCOs 0221 0395 0764  -0,455
(mg/1
TDS 0,956 -0,021 0,190 0,004

The PCA performed on log-transformed data provides meaningful insight into the processes governing
groundwater chemistry. The correlation circles for the F1/F2 and F1/F3 axes are shown in Figure 11
[Bendekkoum, M., 2025].

The first extracted component groups conductivity, TDS, Na*, Cl~, and SO+** — a mineralization axis reflecting
evaporite dissolution and the progressive chemical evolution of groundwater along its flow path, with the Na*-
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CI” pairing pointing specifically to a shared evaporitic source (though irrigation return flow may contribute in
shallow sectors) (Chernet et al., 2001).

The relationship between Na* and Cl~ suggests a common origin related to evaporitic mineral dissolution. This
interpretation aligns with the presence of Triassic evaporitic formations around the basin. However, the
contribution of agricultural return flows cannot be excluded, especially in shallow groundwater sectors where
irrigation practices influence chemical composition.

The association of sulfate with mineralization parameters reflects the influence of gypsum and anhydrite
dissolution. The spatial coincidence between sulfate-rich waters and evaporitic formations supports a dominant
geogenic control rather than a purely anthropogenic origin.

The second component isolates nitrate together with variables typical of shallow, surface-connected groundwater
— a signature we read as the statistical fingerprint of agricultural and wastewater-driven contamination,
operating independently of the basin's natural salinity evolution (Soro et al., 2019; Zerhouni et al., 2018).

This two-component structure is more than a statistical curiosity: it demonstrates that groundwater degradation
in the Tébessa aquifer proceeds through two superimposed but distinguishable mechanisms — natural
geochemical evolution tied to rock-water interaction, and anthropogenic contamination concentrated in the
shallow, vulnerable portions of the system (Ziani et al., 2016).
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Figure 11. Variable correlation circles plotted along the F1/F2, F1/F3 factorial axes.
3.4.3. Spatial Distribution of Samples and PCA Projection

The distribution graphs of the individuals are clearly visible with the logarithmically transformed data (Figure
12). The most distant water points, which presented extreme values, have become closer to the other points and
are now easier to compare with the others [Bendekkoum, M., 2025]

This projection of water samples onto the factorial planes (Figures 12, 13) reveals a clear spatial and chemical
differentiation among groundwater points. Samples located along the positive side of F1 correspond to highly
mineralized waters, often associated with shallow wells and areas influenced by evaporitic formations and
agricultural return flows. In contrast, samples plotting toward the negative side of F1 represent low-mineralized
waters, generally derived from deeper boreholes and springs.

The comparison between PCA results obtained from raw and log-transformed data demonstrates that logarithmic

transformation significantly improves the structure and interpretability of the data cloud, allowing for a clearer
separation of hydrochemical facies and pollution sources.
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Figure 12. diagram of distribution of water points

The distribution of samples within the factorial space allows the identification of four hydrochemically distinct
groups, each representing groundwater influenced by specific geological and hydrogeological conditions (Figure
13).

Group 1 comprises groundwater collected from the Ain Chabro sector, situated in the western part of the basin
(FRS, FKL3, FAC2, FJ2-3 and P1). These samples exhibit comparable hydrochemical characteristics, reflecting
similar recharge conditions and groundwater evolution.

Group 2 includes groundwater from the Bekkaria area in the eastern sector of the basin (FZ1BIS, FW2, FW2BIS
and FQ5-6). The chemical similarity observed within this cluster suggests that these sampling points are
controlled by common lithological conditions and groundwater flow pathways.

Group 3 groups groundwater collected from the Ain Chabro—-Hammamet zone (FAC1, FQRS, FM2-3, FEGI,
FYS4-5, P2 and P5F2-3). Although located within the same alluvial aquifer, these samples represent an
intermediate stage of hydrochemical evolution, influenced by both recharge processes and progressive
mineralization during groundwater circulation.

Group 4 consists exclusively of surface-water samples, represented by the Youkous Spring and the Youkous
River, which remain clearly separated from groundwater because of their distinct hydrological and hydro-
chemical characteristics.

Although all groundwater samples originate from the same alluvial aquifer, their distribution within the factorial
space demonstrates that hydro-chemical variability is controlled not only by lithological composition but also by
groundwater residence time, recharge mechanisms, groundwater depth, and the intensity of human activities.
This observation confirms that chemically distinct groundwater bodies may develop within a single
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Figure 13. Groups of water points according to their distribution on the F1/F2 axis[Bendekkoum,M,2025]

3.4.4. Hierarchical Cluster Analysis

Sampling sites were subsequently grouped by chemical resemblance using Hierarchical Cluster Analysis,
complemented by a discriminant analysis separating points by type (borehole, well, spring, wadi); this
classification is consistent with, and reinforces, the PCA structure described above (Figure 14)

Four hydrochemically distinct groups emerge. One is defined by high salinity and elevated Na*, CI-, SO+*", and
TDS — a signature of strong geogenic control amplified by evaporation, typical of low-to-moderately
mineralized springs and deeper groundwater with shorter exposure to surface contamination. A second groups
shallow, nitrate-rich samples where both salinity indicators and nitrate coexist, pointing to sectors where
evaporitic dissolution and anthropogenic input act together. A third represents low-mineralized bicarbonate
waters typical of active recharge areas. A fourth, where present, captures intermediate conditions arising from
mixing between recently recharged and more chemically evolved groundwater — reflecting the dynamic, non-
static nature of flow within the alluvial basin (Seghir, Carrillo-Rivera, & Djaafri, 2024).
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Figure 14. Dendrogram grouping groundwater and surface-water samples by chemical resemblance (P = well; F
= borehole; S = spring; O = wadi)

HCA therefore corroborates the spatial heterogeneity already suggested by the hydrochemical and PCA analyses:
groundwater quality in the Tébessa aquifer varies systematically with depth, recharge conditions, geological
setting, and the intensity of human pressure (Chernet, Travi, & Valles, 2001).

3.5. GIS-based spatial analysis and groundwater vulnerability interpretation

The spatial distribution maps of nitrate and major ions add a further layer of evidence on the aquifer's
vulnerability. Nitrate loading is not randomly distributed; it concentrates in sectors combining agricultural
activity with shallow groundwater conditions — precisely where contaminant sources and favorable infiltration
conditions overlap.

The western and eastern sectors, showing elevated chloride and sulfate, corroborate the geological control
exercised by the surrounding evaporitic formations. Importantly, the zones of highest nitrate do not always
coincide with the most mineralized waters — confirming that two distinct processes are at work: lithology-
driven natural salinization on one hand, and surface-activity-driven nitrate contamination on the other.

Recharge arecas adjoining the fractured carbonate uplands play an ambivalent role: they sustain the aquifer
through natural infiltration and lateral inflow, yet where they intersect agricultural land, they equally serve as
preferential pathways for contaminant transport (Albinet & Margat, 1970; Amharref & Bernoussi, 2007;
Ambharref et al., 2007). Groundwater vulnerability in this basin therefore results from the combined effect of
aquifer permeability, depth to water table, recharge intensity, geology, and land use — which argues for
extending protection measures beyond currently contaminated zones to the recharge areas that feed them.

4.Conclusion

This study set out to determine not just *whether* the Tébessa alluvial aquifer is affected by both natural and
human processes — that much was already suspected — but *how to separate the two statistically and locate
them spatially*. The answer, we argue, lies in treating logarithmic transformation as a deliberate diagnostic step
rather than a routine formality: once applied, it reveals that nitrate behaves independently of the basin's geogenic
mineralization axis (dominated by carbonate and evaporite dissolution), a separation that raw-data analysis does
not achieve with comparable clarity.

Hydrochemically, Ca, Mg, Na,Cl, and SO4 enrichment trace back to water-rock interface and evaporite
dissolution, while nitrate follows a distinct pathway rooted in shallow groundwater exposed to agricultural return
flow and wastewater infiltration. PCA formalizes this split into two components — one geogenic, one
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anthropogenic — and HCA corroborates it by grouping sampling points into hydrochemically coherent clusters
tied to depth, recharge conditions, and land use. GIS mapping then locates precisely where this vulnerability
peaks: permeable alluvial sectors with shallow water tables lying beneath cultivated land.

We consider the combination of these three elements — validated log-transformation, PCA/HCA-based source
discrimination, and GIS-based recharge mapping — to constitute a transferable diagnostic framework, applicable
beyond Tébessa to other semi-arid Mediterranean alluvial aquifers facing the same entangled geogenic-
anthropogenic pressures (Scanlon et al., 2012; FAO, 2020). Practically, the results argue for extending
groundwater protection efforts beyond the currently contaminated zones to include the recharge areas
themselves, since these are the pathways through which future contamination will arrive.
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