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Abstract: Watershed pollution by natural and anthropogenic activities remains a global challenge
that requires careful and prompt attention. So, identifying possible pollution sources and studying
the hydrochemistry of water resources would positively affect human health, especially in resource-
limited communities and their economy. Water samples were collected during the rainy season
in the North (R-NO) and Adamawa (R-AD) Region communities of Cameroon and assessed for
physicochemical parameters using standard methods. The data were analysed using multivariate
statistical and hydrochemical methods. Principal component analysis (PCA) retained seven and six
principal components explaining 77.65% (R-NO) and 72.24% (R-AD) of the total variance, respectively.
The drinking water sources assessed were highly, moderately, and lightly contaminated with turbidity,
PO4

3−, Al3+, Fe2+, Mn2+, NH4
+, NO3

−, NO2
−, and electrical conductivity (EC) from surface runoff

and soil erosion sources. PCA and factor analysis (PCA/FA) revealed two main groups, distinguished
by natural and anthropogenic sources, responsible for water quality variations. Hierarchical cluster
analysis (HCA) grouped sampling sites into three clusters: low, moderate, and high pollution
areas in the R-NO and unpolluted, low, and moderate pollution areas in the R-AD. The order of
dominant cations was Mg2+ > Ca2+ > K+ and HCO3

− > Cl− > SO4
2− for anions. Based on Piper

diagram classification, watersheds studied were predominated by the Mg-Ca-HCO3 water type in
85% (R-NO) and 79% (R-AD) of water samples. The chemical composition of shallow and deep
water was dominantly controlled by the dissolution of silicates and carbonate, reverse ion exchange,
and precipitation of calcite. These results reveal that diffuse pollution predominantly impacted the
study sites during the rainy season, and this should be the focus of policymakers when planning
and implementing measures to protect drinking water sources, human health, and reduce water
treatment costs.

Keywords: drinking water quality; northern Cameroon watersheds; diffuse pollution; multivariate
analysis; hydrochemical methods; silicates dissolution

1. Introduction

Source water contamination poses a public health risk and increases the cost of
drinking water treatment. In 2012, among the estimated 842,000 global deaths from
diarrheal disease, 43% were children under five years, and 502,000 deaths were caused by
inadequate drinking water [1]. The United Nations recognises that water is at the core of
socio-economic development and that non-discriminatory access to safe drinking water
for the population contributes to combating poverty [2], as stipulated in the Sustainable
Development Goals (SDGs) [1]. However, authorities (governmental and local) do not
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pay special attention to improving water management in rural areas [3], especially those
located in developing countries.

In Cameroon, for example, as in many other developing countries, the water sector
is not considered in the social and economic development strategy [4]. Despite abundant
and diverse water resources, Cameroon’s northern regions are semi-arid and less watered,
depending mainly on groundwater [5]. This region of the country is also characterised by
high poverty rates, with 56% of the population living below the poor line [6]. According to
the United Nations Development Programme (UNDP) in 2006, populations living in north-
ern Cameroon were exacerbated by poverty during periods of rain due to the numerous
damages it causes, including water pollution [7]. Heavy rains coupled with excessive dry
surfaces have long caused overflooding in the Lagdo Dam and River Benue (the second-
largest river of Cameroon) for more than 60 years, usually leading to floods that extend
into Nigeria [8]. These floods negatively impact small watersheds, existing infrastructure,
and water quality downstream, resulting in irrigation and drinking water sources failing to
comply with existing standards [9]. According to Waarde [10], municipalities can manage
smaller watershed areas in the Sanaga River (the first-largest river of Cameroon) as part
of the village water supply system. Therefore, stakeholders have been invited to urgently
establish a repository for technical resources on source water protection in these areas and
other low-income areas in Cameroon [11].

To improve drinking water quality, there is an urgent need to adopt a precautionary
approach to protect water sources [11]. Identifying water pollution sources, natural or
anthropogenic, is also essential, as these affect water parameters [12]. Although scientists
usually generate large data volumes from constant water sampling and analysis, improper
statistical analysis of these results usually leads to the non-implementation of findings.
Therefore, hydrochemical and multivariate statistical methods are two research approaches
that provide helpful information for implementing such solutions. Multivariate statistical
methods mainly include principal component analysis (PCA), factor analysis (FA), and hier-
archical clustering analysis (HCA). The combination of PCA/FA is a dimension-reduction
technique that provides quantitative and qualitative information by the most significant
factors, with a simpler representation of the data and about potential pollution sources,
respectively [13,14]. Aljahdali and Alhassan [15] used HCA to establish a clear relationship
between stations with similar characteristics. It is essential for regions with limited water re-
sources to use global hydrochemistry to provide appropriate information for their effective
management [16]. Hydrochemistry helps to simultaneously evaluate the hydrogeochemical
processes responsible for temporal and spatial changes in groundwater chemistry [17,18].
It has been shown that physicochemical parameters (e.g., temperature, pH, and turbidity)
are essential for surface water quality assessment, while hydrochemical parameters (major
cations and anions) are important for groundwater quality assessment [19].

Although water quality has been assessed in watersheds located in southern Cameroon
using either multivariable statistical methods or hydrochemical methods or both [20–23],
studies in northern Cameroon have been limited to evaluating the status of water resources.
Environmental issues, such as source water protection, still lack technical solutions. This is
partly because a systematic search for preventative solutions to drinking water pollution
issues has not yet been addressed in the northern Cameroon watersheds, specifically the
portion of the R-NO and R-AD. Moreover, no hydrochemical studies have been conducted
in this study area.

Therefore, the current study focused on ground and surface water resources of the
Benue, Mayo-Rey, Faro-et-Déo, Djérem, and Mbéré small watersheds. The study sought to:
(1) identify the potential water pollution sources and the factors responsible for it; (2) clas-
sify the water resources according to the level of pollution; (3) describe the hydrochemical
characteristics of shallow, deep, and surface water resources; (4) identify the hydrogeo-
chemical processes which control groundwater quality in the study area. The findings of
this study provide useful information that could aid the design and implementation of
water resource management strategies to protect drinking water resources.
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2. Materials and Methods
2.1. Site Description

The study area consists of the first-largest river (Sanaga basin, 133,000 km2) [23] and
the second-largest river (Benue basin, 75,000 km2) in Cameroon, subdivided into the five
watersheds. It is in the R-NO and R-AD, which share Mayo-Rey and Faro-et-Déo basins.
These basins, together with the Benue basin in the R-NO, are found between latitudes
7◦60′–8◦53′ N and longitudes 13◦21′–15◦29′ E◦ (Figure 1). Meanwhile, in the R-AD, added
to the Djérem and Mbéré, the basins extend between latitudes 6◦30′–7◦58′ N and longitudes
12◦60′–14◦29′ E◦ (Figure 1). Moreover, the southern Lake Chad watershed merges with the
Mbéré basin at the Cameroon–Central African Republic border, 314 km from the source [24].

Figure 1. Study area with seventy-four sampling water points within five watersheds.

2.2. Geographical Setting

The studied watersheds are drained from the Adamawa mountains range in West
Africa, stretching from south-eastern Nigeria through north-central Cameroon, with alti-
tudes between 255 m and 909 m in the northern Adamawa Plateau and between 1000 m and
1166 m in the core of the Adamawa Plateau. The rainy season extends from mid-May to
the start of September, with annual rainfall between 650–1000 mm and an annual average
temperature of 28.9 ◦C in the R-NO [25]. However, this season extends from April to
October, with annual precipitation between 1500 and 1800 mm and an annual average
temperature of 22.06 ◦C in the R-AD [25]. Different landscapes gradually rise from the
Benue plain near Garoua (altitude 180 m) towards the foot of the Adamawa cliffs in the
south (altitude 600 m) [26].

In the Sanaga River, including the Djérem watershed (main tributaries in the R-AD), be-
tween 1945–2006 hydrologic year, the specific flow rate in inter-year was 14.24 L/s/km2 [24].
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The volume of water flowing into the southern basin of Lake Chad (Mayo-Rey) is esti-
mated at 3.51 km3, and in the northern Niger basin, the most watered stations are those of
Poli (1.489.1 mm/year) and Tcholliré (1.308.2 mm/year), with the annual volume flow of
8.91 km3 in the Benue station [24].

2.3. Pedological, Geological and Hydrogeological Settings

Ferruginous soils predominate in the Benue basin, while in the Sanaga basin, these
soils have intrusions of ferrallitic soils covering basaltic, granitic, and sedimentary rocks [27].
Ferrallitic soils found in R-AD have highly porose fine structures (50 to 60%), with very
high surface permeability (under forest: 100 to 1000 mm/h) and a rapidly decreasing depth
reaching 10 mm/h [27].

The watersheds studied are dominated by Precambrian basement. The basement
rocks of the Ngaoundere plateau are crosscut and partially covered by numerous types of
Oligocene to Pleistocene volcanic rocks with alkaline to peralkaline affinities [27]. Granitic
and metamorphic rocks underlie the Mbéré basin (in the Meiganga area). These consist
of primary minerals, such as banded amphibolite formed of quartz-feldspar layers al-
ternating with amphibole-rich layers and pyroxene-amphibole-biotite granite formed of
quartz, plagioclase, K-feldspar, biotite, hornblende, pyroxene, and accessory minerals, such
as sphene, zircon, and apatite [28]. Mayo-Rey basin is made up of 9.1% of sedimentary
formations, 21.3% of volcanic formations, and 69.6% Precambrian formations, represented
by granites (majority) and migmatites (minority) [24]. The Benue basin, precisely from
Touboro subdivision to Poli through Tcholliré, is dominated by a basement of rocks such
as Post-Pan-African cover (sedimentary rock) and Pan-African granitoids, Pan-African
orthogneisses, biotite, and biotite-hornblende gneisses [29]. Moreover, Nomo et al. [30]
underlined that Tcholliré batholith is divided into metamorphic rocks (mica schists, amphi-
bolite, orthogneisses, and migmatites) and magmatic rocks forming plutons of Tcholliré
batholith including diorites, granodiorites, biotite-amphibole granites, muscovite granites,
and leucogranites. Dolomite is the dominant carbonate (over calcite) at the western and
upstream of the study area (southeastern Nigeria) [31].

Hydrologically, the Benue basin is constituted mainly of quaternary alluvial deposits;
its tributaries are made up mainly of gravel, sand, silt, and clay [32]. This is characteristic
either of poor hydraulic conductivity or a lack of water flow. The studied watersheds
rely on shallow aquifers (alterites) and deeper fractured aquifers [33], with thickness
ranging between 30 and 80 m [34]. The water table is not far from the soil surface in the
shallow aquifers (between 10 and 20 m). As such, groundwater is stored in weathering
layers of the ground [34]. These sub-surface water bodies (wells) used to be polluted by
chemical and bacteriological parameters because of their connection with wastes facilities
and other anthropogenic activities (livestock, agriculture) [35,36]. The borehole waters
from discontinuous fissured aquifers of the basement (usually >20 m deep) are generally
of good quality [23], especially in the R-AD, where there are fissured aquifers, and local
aquifers with hydraulic conductivity varying between 0.012 and 1.677 m/day have been
detected [37].

2.4. Ground and Surface Water Collection and Analysis

Sample collection was conducted during the moderate-wet period (towards the end
of the rainy season) between September–October 2017 from five watersheds distributed in
the portion of two regions of northern Cameroon (Figure 1). Deep groundwater (DGW)
(R-NO = 24; R-AD = 19) and shallow groundwater (SGW) samples (R-NO = 10; R-AD = 14)
were collected. Moreover, surface water (SW) samples (R-NO = 6; R-AD = 1) were collected.
Samples were collected following the European guide for sampling water resources [38]
into polyethylene bottles for physicochemical analysis. To preserve samples after collection,
samples for cations analysis were acidified using acid (HNO3) at a pH less than 2.0 to avoid
iron precipitation, as recommended [39]. Samples for anions analysis were not acidified but
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filtered to remove organic matter and some bacteria, which could participate in reactions
such as sulphate reduction [39].

Unfiltered samples were used to measure temperature (T), pH, and electrical conduc-
tivity (EC) in situ using an electronic thermometer (E5473 Ama-digit ad 30th, Amarell,
Kreuzwertheim, Germany), a HI-98100 Checker® Plus pH Tester pH meter (HANNA In-
struments Deutschland GmbH, Vöhringen, Germany), and a HI-8733 Portable Multi-range
Conductivity Meter (HANNA Instruments Inc., Woonsocket, RI, USA), respectively. The
estimations of total dissolved solids (TDS) were based on EC through the relationship TDS
(mg/L) = k × EC (µS/cm), where k is a constant of proportionality. Subsequently, the
samples were transported to the laboratory, and major chemical constituents (Ca2+, Mg2+,
K+, Cl−, SO4

2−, and HCO3
− (from the measure of alkalinity)) were analysed. Furthermore,

NH4
+, NO3

−, NO2
−, PO4

3−, Fe2+, Mn2+, Al3+, F−, total hardness (TH), and turbidity were
also analysed in the laboratory, where Ca2+, Mg2+, TH, and total alkalinity (TAC) were
measured by volumetric titration methods described in the APHA manual [40]. Except for
turbidity, measured in unfiltered samples using a Hach 2100N turbidimeter (Hach Com-
pany, Loveland, CO, USA), the remaining parameters were analysed using a Photometer
7500 Bluetooth® (Palintest, Beijing, China). All samples were analysed in triplicates.

2.5. Multivariate Statistical Analyses

Multivariate statistical methods were implemented using SPSS (Statistical Package
for the Social Sciences) software, version 16.0 (IBM, Armonk, NY, USA). To refine the
representations, factor analysis and hierarchical clustering analysis (HCA) were performed
in RStudio version 3.4.0 64. Data were first centred and reduced, since the units of mea-
surement were different. Principal component analysis (PCA)/factor analysis (FA) was
also used in this study to provide information on the most meaningful parameters, which
described the whole dataset, rendering data reduction with minimum loss of original
information [41]. Kaiser’s criterion (eigenvalues > 1) was used to explain the total variation
(%) and extract significant principal components (PCs) that accounted for a proportion of
variance > 10% from twenty original parameters. These PCs were subjected to varimax
rotation generating factors (FA) to reduce the contribution of variables with minor signif-
icance. The FA allowed increased visibility on the most influential parameters on water
quality and defined the correlation between variables and sample points in their spatial
distribution, grouped according to similar environmental characteristics. Moreover, HCA
is commonly applied in many research fields for statistical data analysis and exploratory
datamining [41]. HCA was computed for water quality assessment in this study to classify
the waters sampled according to the pollution levels, as previously described [42]. Ward’s
algorithm was used as a linkage method with square Euclidean distances to measure
similar observations [43].

2.6. Reliability Checking of Chemical Data and Hydrochemical Analyses

The reliability of chemical analysis (concentrations expressed in meq/L) was checked
for accuracy by calculating the percent charge balance error (%CBE) [44] (Formula (6); see
Supplementary Table S1). Water analysis of laboratories considers a charge-balance error
of less than 5% (%E ≤ ±5%) to be good or acceptable [45], conforming to the reliability of
the analytical result. However, sometimes up to 10% (%E ≤ ±10%) is acceptable in diluted
water (such as rainwater) and salt water, due to some errors during measurement [46,47].
The relative errors (%CBE) were calculated by the Aquachem software (version 2014.2) de-
veloped by Schlumberger, and samples N2, N5, N11, N16, N17, N27, A5, A7, A11, and A21
(%E ≤ ±5%) and samples N4, N20, N35, N39, A4, and A10 (%E ≤ ±10%) were all accept-
able. However, conclusions cannot be drawn for samples with poor charge-balance errors
without conducting a hydrochemical study that provides information on the chemical
composition of the water samples. Therefore, all data were used for hydrochemical analysis.

Hydrochemistry can provide an excellent indicator to identify the sources of ground-
water chemistry from different aquifers [48]. Therefore, the source of solutes was studied



Water 2021, 13, 3055 6 of 30

by determining relationships between ion ratios and determining the main hydrogeo-
chemical processes of various ions in groundwater [49]. Hydrochemical calculations and
representations of significant ion relationships were plotted using Microsoft Excel version
2016; all the plots highlighting the water chemistry were generated by Aquachem software
(version 2014.2). The hydrochemical formula and the criteria for categorising water are
presented in the Supplementary Materials (see Supplementary Table S1).

3. Results
3.1. Multivariate Analyses
3.1.1. Principal Component Analysis/Factor Analysis (PCA/FA)

The detailed results of the physicochemical parameters are presented in the Supple-
mentary Materials (see Supplementary Table S2). The varimax rotated factor loadings
of principal components (PCs) of the water points’ physicochemical properties within
watersheds are presented in Table 1 (R-NO) and Table 2 (R-AD), indicating the effect of
physicochemical parameters on the quality of water resources in the study area. Varimax
rotated method, together with Kaiser normalization, was used to retain the critical factors
for further interpretations. Each new variable presents an association of water quality
parameters influenced by the same environmental factors.

Table 1. Loading for varimax rotated factor matrix of sept-factors explaining 77.65% of the total variance.

Parameters CP1 CP2 CP3 CP4 CP5 CP6 CP7

TH 0.845 0.203 0.109 0.297 0.220 0.108
Mg2+ 0.824 0.232 0.171

pH 0.777 −0.182 −0.227 −0.212 0.161 −0.198
TAC 0.655 0.528 0.170 0.157
Ca2+ 0.651 0.496 0.217 0.326 0.243 0.137

NH4
+ −0.480 −0.294 −0.103 0.384 0.290 0.441

Turb. 1 −0.881 0.120
Mn2+ −0.217 −0.750 −0.181 0.108

F− 0.172 0.585 0.178 0.162 −0.193 0.327
NO3

− 0.108 0.956
NO2

− 0.111 0.955
K+ −0.130 −0.112 0.711 0.343 −0.172 −0.122
SDT 0.359 0.280 0.798 0.209
CE 0.359 0.281 0.798 0.209

Al3+ 0.208 0.140 −0.155 −0.580 0.447 −0.238 −0.115
Cl− 0.102 0.821 0.122

SO4
2− 0.281 0.700 0.193

T −0.105 0.808
PO4

3− −0.216 −0.187 −0.266 −0.709 0.177
Fe2+ −0.883

Eigenvalues 3.542 2.590 2.494 2.197 1.906 1.484 1.317
Explained variance % 17.709 12.951 12.471 10.984 9.531 7.420 6.583

Cumulative % of variance 17.709 30.659 43.130 54.114 63.646 71.066 77.649
1 Turb. = Turbidity. Values less than ±0.10 were eliminated. Bold values indicate strong and moderate loadings.
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Table 2. Loading for varimax rotated factor matrix of six-factors explaining 72.24% of the total variance.

Parameters CP1 CP2 CP3 CP4 CP5 CP6

NO3
− 0.830 −0.401 −0.104 −0.179

NO2
− 0.830 −0.405 −0.171

K+ 0.788 0.194 −0.153 0.298 −0.116
Cl− 0.779 0.108 0.140

Ca2+ 0.649 0.347 0.278 −0.171 −0.244
TAC 0.101 0.783 0.219 −0.150 −0.181

Mg2+ 0.560 0.732 0.112
TH 0.656 0.705

Mn2+ 0.579 −0.617 0.110 −0.179 0.176
PO4

3− 0.277 −0.469 −0.307 −0.186 0.432
SDT −0.114 −0.198 0.918 0.102 −0.194 0.103
CE −0.121 −0.198 0.913 0.108 −0.208
F− 0.445 0.593
pH 0.430 −0.158 −0.724

NH4
+ 0.421 −0.308 0.113 0.479 0.355 −0.211

SO4
2− 0.220 0.380 −0.231 0.444 0.310

T 0.141 0.700
Al3+ −0.258 0.204 −0.211 0.388 −0.220

Turb 1 −0.175 0.418 0.146 0.690
Fe2+ −0.155 0.361 −0.407 −0.441

Eigenvalues 3.921 3.730 2.302 1.778 1.414 1.304
Explained variance % 19.603 18.648 11.509 8.891 7.071 6.519

Cumulative % of variance 19.603 38.251 49.760 58.652 65.722 72.242
1 Turb. = Turbidity. Values less than ±0.10 were eliminated. Bold values indicate strong and moderate loadings.

In the R-NO, seven factors with Eigenvalues >1 explained 77.65% of the total variance
of the dataset. PC1 had a maximum variance and explained 17.71% of the total variance,
which is highly and positively loaded on TH, Mg2+, and pH, and moderately and positively
loaded on TAC and Ca2+. High and moderate loading of these variables shows that this
factor is strongly related to magnesium hardness sources from rock–water interaction,
specifically more the dissolution of silicate (ferromagnesian minerals) than the dissolution
of carbonate. PC2 explained 12.95% of the total variance and contained strong negative
loading of turbidity and Mn2+. In addition, PC2 had moderate positive loading of F−

and HCO3
−. This factor represents an increase in the amount of suspended solids influ-

enced by the erosion of primary manganese silicate deposits rather than the dissolution of
fluoride-bearing silicate minerals. Moreover, this factor, which contributes to soil erosion,
contributes to diffuse pollution. PC3 explains about 12.47% of the total variance and is
highly and positively loaded on NO3

−, NO2
− and K+. This factor is initially related to the

oxidation of nitrite to nitrate and, after that, the formation of potassium nitrate (KNO3),
which is less soluble in water, avoiding water quality deterioration. PC4 explains about
10.98% of the total variance and represents strong positive loading of EC and TDS and
moderate negative loading of Al3+. PC4 indicates mineralisation from mineral dissolution,
rather than incomplete hydrolysis of tropical ferruginous soils. PC5 explains about 9.53%
of the total variance and contains strong positive loading of Cl− and SO4

2−, indicating
natural inputs due to their very low concentration. CP6 explains about 7.47% of the total
variance and has strong positive loading of temperature (T) and strong negative loading of
PO4

3−. This factor shows the opposite influence between water temperature and PO4
3−

values. PC7 explains about 6.58% of the total variance and has a strong negative charge
on Fe2+. This factor indicates a source other than mineral weathering, which is probably a
surface input such as soil erosion.

In the R-AD, six factors with Eigenvalues >1 explained 72.24% of the total variance
of the dataset. First component PC1 explained 19.60% of the total variance and had a
strong positive loading of NO3

−, NO2
−, K+, and Cl− and moderate positive loading of

Ca2+, Mg2+, TH, and Mn2+. PC1 represents a low concentration of nutrients influenced by
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natural factors such as the vegetation and hydrogeology of this area. PC2 explained 18.65%
of the total variance and was highly and positively loaded on TAC, Mg2+, and TH and
moderate negative loading of Mn2+. This factor represents carbonate magnesium hardness
from carbonate minerals influenced by soil erosion containing primary manganese silicates
deposits. PC3 explained about 11.51% of the total variance and had strong positive loading
of EC and TDS and moderate positive charge of F−, indicating medium mineralisation
influenced by low F− ions content from fluoride-bearing minerals. The remaining factors
(from CP4 to CP6) explained about 8.89%, 7.07%, and 6.52% of the total variance and had
strong negative loading of pH, moderate positive loading of temperature (T), and moderate
positive loading of turbidity. CP4 is a sign of a reducing environment. CP5 and CP6 are
related to geographical settings favourable to low chemical elements concentrations due to
climate and great hydrology potential as a water tower, leading to high dilution.

Following FA, the overlay of the variable/individual graphs revealed that their scatter
plots did not belong to the same space (Figures 2a and 3a). These bi-plots come from the
first two components, which explained about 39% (R-NO) and 37.7% (R-AD) of the total
variance in the dataset. Figure 2a shows the bi-plot of 20 variables and 40 individuals
during the rainy season in the R-NO. The water samples most represented and dispersed
on axis one in decreasing order were N37 > N19 > N28 > N6 > N12 > N24 > N33 > N38 > N3
> N21 > N34 > N39 > N29 > N9 (Figure 2c), characterised by a high value of the variables
in the same order Ca > TH > TAC > EC > TDS > Mg2+ > Al3+ > F− (Figure 2b). Except for
surface water N12 influenced by runoff, the convergence of the water points to axis one
may be interpreted by their similar geology. On the other hand, the water points that tend
to be dispersed towards axis two are N3 > N19 > N37 > N27 > N40 > N34 > N4 > N26 >
N39 > N17 (Figure 2e), characterised by a high value of the variables pH > K+ > NO2

−

> Mn2+ > SO4
2− > Cl− > TDS > EC (Figure 2d). This suggests that the nature of the rock

highly influenced N3. Moreover, the water points represented in axis three are N37 > N34
> N40 > N13 > N19 > N12 > N7 > N27 > N23 > N14 > N18, characterised by a high value
of the variables above the average: SO4

2− > K+> NO3
− > NO2

− > Turb > Cl− > Fe2+ (see
Supplementary Figure S1), showing interactions between surface water and groundwater.

Figure 3a shows the bi-plot of 20 variables and 34 individuals during the rainy season
in the R-AD. Despite the clustering pattern, the small water samples seem dispersed
towards axis one or axis two. The water samples most represented and dispersed on
axis one in decreasing order were A20 > A32 > A33 > A31 > A23 > A3 > A9 > A7 > A26
(Figure 3c), characterised by a high value of the variables Cl− > K+ > TH > NO3

− > Mg2+ >
Ca2+ > Mn2+ > Al3+ (Figure 3b). The individuals were close because the water points that
they represented belonged to the same geological environment (basement zone). Moreover,
they came from the same supply source (SGW), except for individuals A32, A23, A7, and
A26 (DGW). The water points are dispersed towards axis two and their contributions
were in decrease order A23 > A20 > A16 > A27 > A31 > A19 >A32 > A33 (Figure 3e),
characterised by a high value of the variables TAC > Al3+ > Mg2+ >TH > NO3

− > NH4
+

> pH > F− > NO2
− > Mn2+ (Figure 3d), indicating the presence of high alkaline rocks.

These water samples were similar regarding their geological environment (basement zone).
Moreover, the water points represented in axis three are A7 > A23 > A19, characterised by
a high value of variables above the average: SDT > CE > F− (see Supplementary Figure S2),
which suggests moderate mineralisation, mainly in sample A7.
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Figure 2. Bi−plot for the general variation of variables and individuals (a) and their respective contributions (b–e) within
watersheds studied in the R-NO.

Figure 3. Cont.
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Figure 3. Bi−plot for the general variation of variables and individuals (a) and their respective contributions (b–e) within
watersheds studied in the R-AD.

3.1.2. Hierarchical Clustering Analysis (HCA)

The HCA was carried out using surface water and groundwater samples from several
classes, based on similarities within a class and dissimilarities between different classes.
The results of HCA showed that 40 and 34 water points in the R-NO and the R-AD,
respectively, were classified into three types of cluster groups (Figure 4a,b).

Figure 4. Dendrogram of hierarchical cluster analysis based on water points within watersheds in the R-NO (a) and in
R-AD (b).

The R-NO is divided into two main groups, A and B. Cluster A is subdivided into two
sub-groups, A-1 and A-2, which have similar characteristics. A-1 and A-2 were composed
of the groundwaters and surface water (N34, N12, N6, N29, N33, N27, N2, N15, N18, N5,
N35, N36, N16, N32, N4, N31, N1, N30, N7, N14, N9, and N10) (Figure 4a). These water
points were spread over three watersheds areas (Mayo-Rey, Benue, and Faro-et-Déo). This
group corresponds to high polluted waters, characterised mainly by high turbidity (N34,
N12, N6, N29, N33, N15, N4, N31, N7, N14, N9, and N10) and Al3+ (only N6) values
exceeding the Cameroon drinking water standard (CDWS) and World Health Organization
(WHO) regulations (see Supplementary Table S2).
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Cluster B in the R-NO is divided into two sub-clusters, B-1 and B-2, with different
characteristics. Group B-1 includes N37, N3, and N19 (Figure 4a), a small hierarchical group
located in the positive direction of axes one and two (Figure 2a). This group presents natural
groundwater mineralisation, considering the low contents of the majority of correlated
variables NO2

−, Mn2+, K+, Cl−, and SO4
2− (see Supplementary Table S2), which oppose a

slightly basic pH, suggesting a reducing environment. Group B-1 is characterised mainly
by high EC values in samples N37, N3, and N19 that did not meet the CDWS standards
(see Supplementary Table S2). Thus, this group represents low polluted waters.

Sub-group B-2 comprises water samples N40, N13, N8, N23, N24, N38, N21, N17,
N20, N25, N22, N26, N28, N11, and N39, all of which belonged to the Benue watershed.
The water points located in the negative direction along axis three (see Supplementary
Figure S1) were all boreholes (N13, N21, N17, N20, N25, N22, N26), characterised by K+

and NO3
−. Only N13 had a NO3

− value (67.2 mg/L) exceeding the CDWS and WHO
norms (see Supplementary Table S2). On the other hand, the water points (N40, N8, N23,
N24, N38, N28, N11, and N39) of the positive direction of axes 3 and 1 (see Supplementary
Figure S1) and their proximity to each other is due to the parameters SO4

2−, NO2
−, Cl−,

turbidity, and Fe2+. Samples N23 and N8 were excessively turbid, while N40, N8, N23, N24,
N38, N21, N20, N25, N22, N26, N28, N11, and N39 had excess Fe2+. This group represents
moderately polluted waters.

In the R-AD, cluster C is subdivided into two sub-groups, C-1 and C-2, which are
represented with similar characteristics, and it is constituted of water points A7 (isolated),
A8, A22, A28, A19, A2, A6, A17, A14, A26, A4, A15, A9, A11, A13, A29, A5, A34, A10,
A18 (grouped), A21, A1, A27, A30, A12, A24, A3, and A25 (grouped). Their coordinates
were close to axis one and located in the negative direction of this axis, except A19, A1,
A27, A30, and A3 (Figure 4b). Only A8 (16.1 NTU), among all samples, had a turbidity
value exceeding CDWS (see Supplementary Table S2). Similarly, A18, A9, A29, A17, A34,
A7, A22, and A28 had an excess of Fe2+. Therefore, all water points were divided into
three R-NO watersheds (Mayo-Rey, Faro-et-Déo, and Djérem). This group corresponds to
moderate polluted waters, characterised by low participation of Fe2+, PO4

3−, and turbidity.
Cluster D is divided into sub-groups D-1 and D-2, which represent different charac-

teristics. The sub-group D-1 consisted of A23 (Djérem watershed), A31, and A33 (Mbéré
watersheds). These three samples contained the highest Mg2+ values, exceeding the CDWS
(see Supplementary Table S2). In addition, they are characterised by high TAC, Mg2+, and
pH, which might originate from the dissolution of magnesium-rich minerals. Group D-1
represents unpolluted waters.

The sub-group D-2 constituted water points A16, A32 (negative direction of axis one),
and A20 (positive direction of axis three) (see Supplementary Figure S2). Water sample
A20 (Djérem watersheds) was characterised by CE, TDS, and F−, probably meaning weak
mineralisation from fluorite-bearing mineral deposits. Water samples A16 and A32, located
in the Djérem and Mbéré watersheds, were characterised by low PO4

3− and turbidity
content, but high Al3+. This sub-group represents low polluted waters.

3.2. Hydrochemical Analyses
3.2.1. Physicochemical Characteristics for Drinking Suitability

In this study, physicochemical characteristics included pH, total hardness (TH) as
CaCO3, total dissolved solids (TDS), total alkalinity (TAC) as CaCO3, Langelier saturation
index (LSI), and Ryznar stability index (RSI) (Tables 3 and 4 ). TDS results indicated that
most samples, except shallow groundwaters (N3 and N19) and deep groundwater (N37),
were permissible for drinking, in accordance with the low water pollution previously
shown by HCA. The alkalinity (CaCO3) of most water samples revealed that the water
samples were favourable for domestic and agricultural use, except for samples N14, A9,
A13, A14, A15, A16, A19, A20, A22, A26, and A29. The values of LSI > 0 and RSI < 6
(Tables 3 and 4) showed that water sampled within watersheds was supersaturated and
tended to precipitate CaCO3, except the undefined (nd) water samples A1 and A22. Super-
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saturated water implied that pH > pHs, ranging between 6.99–8.09 (R-NO) and 6.83–8.64
(R-AD), showing slightly acidic and slightly alkaline water. In the same way, the sampled
water varied from moderately hard (N32, A4, A9, A10, A11, A26) to hard (N7, N34, A2, A5,
A7, A15, A16, A17, A25) and very hard for the remaining samples (59/74; 79.73%).

3.2.2. Hydrochemical Characteristics

Box-whisker was represented to identify the predominant cations and anions. The
major ion concentrations in meq/L of DGW, SGW, and SW within watersheds in the
R-NO and R-AD were in the following order for cations Mg2+ >Ca2+ > K+ and for anions
HCO3

− > Cl− > SO4
2− (Figure 5).

Table 3. Chemical characteristics of drinking water resources in the R-NO portion of northern watersheds.

S(N) Captured
Aquifers Watersheds Station

ID pH TDS TH TAC pHs LSI RSI Water Types

N1 Basement Mayo-Rey DGW 7.13 12.80 468.02 304.92 −2.01 9.14 −11.15 Mg-Ca-HCO3
N2 Basement Mayo-Rey SGW 7.11 19.20 252.41 254.10 −1.82 8.93 −10.75 Mg-Ca-HCO3
N3 Basement Mayo-Rey SGW 7.37 665.60 738.84 203.28 −0.61 7.98 −8.59 Mg-Ca-HCO3
N4 IS Mayo-Rey SGW 6.99 25.60 234.01 177.87 −1.23 8.22 −9.44 Mg-Ca-HCO3
N5 IS Mayo-Rey DGW 7.20 12.80 217.97 203.28 −1.79 8.99 −10.79 Mg-Ca-HCO3
N6 Basement Benue SGW 7.45 12.80 300.53 127.05 −1.37 8.82 −10.18 Mg-Ca-HCO3
N7 Basement Benue SGW 7.13 12.80 167.49 203.28 −1.57 8.70 −10.27 Mg-Ca-HCO3
N8 Basement Benue SGW 7.38 12.80 1266.29 177.87 −1.81 8.90 −11.00 Mg-HCO3
N9 Basement Benue SGW 7.34 6.40 234.01 101.64 −1.57 9.19 −10.45 Mg-Ca-HCO3
N10 Basement Benue SW 7.70 6.40 351.02 127.05 −1.85 9.55 −11.40 Mg-Ca-HCO3
N11 Basement Benue DGW 7.47 6.40 803.00 660.66 −2.98 10.45 −13.44 Mg-Ca-HCO3
N12 IS Benue SW 7.53 6.40 250.05 127.05 −1.35 8.88 −10.22 Mg-HCO3
N13 IS Benue DGW 7.70 12.80 621.83 355.74 −2.61 10.31 −12.91 Mg-Ca-HCO3
N14 Basement Benue SGW 7.68 12.8 300.53 76.23 −1.18 8.86 −10.04 Mg-Ca-HCO3
N15 Basement Benue DGW 7.52 6.40 734.11 152.46 −2.07 9.59 −11.65 Mg-Ca-HCO3
N16 IS Benue DGW 7.63 128.00 234.01 228.69 −0.71 8.34 −9.04 Mg-HCO3
N17 IS Benue DGW 8.09 480.00 568.99 482.79 −0.90 8.99 −9.90 Mg-Ca-HCO3
N18 IS Benue SGW 7.08 12.80 334.98 203.28 −1.95 9.03 −10.98 Mg-Ca-HCO3
N19 IS Benue SGW 7.03 787.20 1004.93 355.74 −0.84 7.87 −8.71 Mg-Ca-HCO3
N20 Basement Benue DGW 7.85 422.40 669.95 559.02 −1.11 8.96 −10.07 Mg-Ca-HCO3
N21 Basement Benue DGW 7.88 416.00 803.00 457.38 −1.10 8.98 −10.08 Mg-Ca-HCO3
N22 Basement Benue DGW 7.80 352.00 669.95 431.97 −1.09 8.89 −9.98 Mg-Ca-HCO3
N23 Basement Benue SW 7.93 64.00 1000.20 127.05 −1.02 8.95 −9.97 Mg-HCO3
N24 Basement Benue DGW 7.85 512.00 1020.97 584.43 −1.19 9.04 −10.24 Mg-Ca-HCO3
N25 Basement Benue DGW 7.74 358.40 685.99 431.97 −1.01 8.75 −9.77 Mg-Ca-HCO3
N26 Basement Benue DGW 7.86 6.40 718.07 431.97 −2.62 10.48 −13.11 Mg-Ca-HCO3
N27 Basement Benue DGW 7.87 19.20 217.97 203.28 −1.60 9.47 −11.08 Mg-Ca-HCO3
N28 Basement Benue DGW 7.58 486.40 887.92 574.27 −1.21 8.79 −10.00 Mg-Ca-HCO3
N29 Basement Benue DGW 7.44 76.80 234.01 127.05 −0.60 8.04 −8.64 Mg-Ca-HCO3
N30 Basement Benue SW 7.44 51.20 234.01 127.05 −0.72 8.16 −8.89 Mg-Ca-HCO3
N31 Basement Benue DGW 7.24 172.80 217.97 127.05 −0.42 7.66 −8.07 Mg-Ca-HCO3
N32 Basement Benue SW 7.43 76.80 100.97 152.46 −0.72 8.15 −8.88 Mg-Ca-HCO3-Cl
N33 Basement Faro-et-Déo DGW 7.27 6.40 234.01 152.46 −1.83 9.10 −10.92 Mg-Ca-HCO3
N34 Basement Faro-et-Déo DGW 7.04 6.40 167.49 127.05 −1.71 8.75 −10.46 Mg-Ca-Cl-HCO3
N35 Basement Benue DGW 7.27 38.40 318.94 254.10 −1.65 8.92 −10.57 Mg-Ca-HCO3
N36 Basement Benue SW 7.49 32.00 601.07 177.87 −1.54 9.03 −10.56 Mg-Ca-HCO3
N37 Basement Benue DGW 7.36 697.60 954.44 431.97 −0.92 8.28 −9.20 Mg-Ca-HCO3
N38 Basement Benue DGW 7.78 403.20 1020.97 584.43 −1.28 9.06 −10.34 Mg-Ca-HCO3
N39 Basement Benue DGW 8.01 12.80 871.88 686.07 −2.88 10.89 −13.77 Mg-Ca-HCO3
N40 Basement Benue DGW 8.07 6.40 770.92 431.97 −2.89 10.96 −13.86 Mg-Ca-HCO3

S(A) = samples in the R-AD, IS = intergranular sedimentary, SW = surface water, SGW = shallow groundwater, DGW = deep groundwater,
nd = not defined.
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Table 4. Chemical characteristics of drinking water resources in the R-AD portion of northern watersheds.

S(A) Captured
Aquifers Watersheds Station

ID pH TDS TH TAC pHs LSI RSI Water Types

A1 Volcanic Mayo-Rey SGW 8.64 0.00 334.98 203.28 nd nd nd Mg-Ca-HCO3
A2 Basement Mayo-Rey DGW 6.83 12.80 167.49 101.64 −1.17 8.00 −9.16 Mg-Ca-HCO3
A3 Basement Mayo-Rey SGW 6.90 12.80 402.38 101.64 −1.83 8.73 −10.56 Mg-Ca-HCO3
A4 Volcanic Faro-et-Déo DGW 8.27 9.60 100.97 101.64 −1.32 9.59 −10.90 Mg-Ca-HCO3
A5 Basement Djérem DGW 8.21 6.40 167.49 152.46 −1.68 9.89 −11.57 Mg-Ca-HCO3
A6 Basement Djérem DGW 7.87 6.40 234.01 101.64 −1.52 9.39 −10.91 Mg-Ca-HCO3
A7 Basement Djérem DGW 7.82 83.20 167.49 177.87 −0.65 8.47 −9.12 Mg-Ca-HCO3
A8 Basement Djérem DGW 7.48 6.40 234.01 111.6 −1.49 8.97 −10.46 Mg-Ca-HCO3
A9 Basement Djérem SGW 7.54 6.40 117.01 76.23 −1.08 8.62 −9.69 Mg-Ca-HCO3

A10 Basement Djérem SGW 7.55 6.40 117.01 91.48 −1.18 8.73 −9.92 Mg-Ca-HCO3
A11 Basement Djérem SGW 7.69 6.40 100.97 91.48 −1.47 9.16 −10.63 Mg-Ca-HCO3
A12 Basement Djérem SGW 8.28 6.40 334.98 152.46 −2.00 10.28 −12.27 Mg-Ca-HCO3
A13 Basement Djérem DGW 8.24 6.40 234.01 50.82 −1.24 9.48 −10.72 Mg-Ca-HCO3
A14 Basement Djérem SGW 8.23 3.20 167.49 76.23 −1.69 9.92 −11.61 Mg-Ca-HCO3
A15 Basement Djérem SGW 8.26 6.40 167.69 66.07 −1.32 9.58 −10.89 Mg-Ca-HCO3
A16 Basement Djérem SGW 8.24 6.40 167.49 66.07 −1.32 9.56 −10.88 Mg-Ca-HCO3-Cl
A17 Basement Djérem SW 8.25 6.40 167.69 127.05 −1.62 9.87 −11.50 Mg-Ca-HCO3
A18 Basement Djérem DGW 7.59 6.40 234.01 101.64 −1.54 9.13 −10.67 Mg-Ca-HCO3
A19 Basement Djérem SGW 7.64 28.80 234.01 50.82 −0.58 8.22 −8.80 Mg-Ca-HCO3
A20 Basement Djérem SGW 7.42 6.40 468.02 50.82 −1.54 8.96 −10.51 Mg-Ca
A21 Basement Djérem DGW 8.18 6.40 234.01 193.12 −1.88 10.06 −11.93 Mg-Ca-HCO3
A22 Basement Djérem DGW 8.16 0.00 217.97 76.23 nd nd nd Mg-Ca-HCO3
A23 Basement Djérem DGW 8.30 3.20 867.16 228.69 −2.49 10.79 −13.27 Mg-HCO3
A24 Basement Djérem DGW 8.27 6.40 284.49 218.53 −2.03 10.30 −12.33 Mg-Ca-HCO3
A25 Basement Djérem DGW 8.26 6.40 167.69 101.64 −1.51 9.77 −11.29 Mg-Ca-HCO3
A26 Basement Djérem DGW 8.24 6.40 117.01 76.23 −1.09 9.33 −10.42 Mg-Ca-HCO3
A27 Basement Djérem DGW 8.38 6.40 468.02 330.33 −2.34 10.72 −13.05 Mg-Ca-HCO3
A28 Basement Djérem DGW 8.25 6.40 234.01 101.64 −1.52 9.77 −11.29 Mg-Ca-HCO3
A29 Basement Djérem DGW 8.27 6.40 250.05 76.23 −1.08 9.35 −10.43 Mg-HCO3
A30 Basement Djérem DGW 8.25 6.40 446.88 152.46 −1.69 9.94 −11.63 Mg-HCO3
A31 Basement Mbéré SGW 8.30 6.40 667.59 203.28 −2.11 10.41 −12.51 Mg-Ca-HCO3
A32 Basement Mbéré DGW 8.29 6.40 346.87 91.48 −1.76 10.05 −11.82 Mg-Ca-HCO3-Cl
A33 Basement Mbéré SGW 8.37 6.40 601.07 203.28 −2.12 10.49 −12.61 Mg-Ca-HCO3-Cl
A34 Basement Mbéré SGW 8.28 6.40 284.49 142.30 −1.84 10.12 −11.96 Mg-Ca-HCO3

S(A) = samples in the R-AD, SW = surface water, SGW = shallow groundwater, DGW = deep groundwater, nd = not defined.

The meq/L of the relative concentrations of major ions were plotted on Piper diagrams
(Figure 6). In this hydrologic setting, stable chemical compositions described more than
50% of Mg2+ and HCO3

−. The ground and surface water samples (DGW, SGW, and
SW) were classified into four groups of hydrochemical facies. Most samples were mainly
Mg-Ca-HCO3 type (R-NO = 85% and R-AD = 79.41%), followed by minor types, Mg-HCO3
(10% in the R-NO and 8.82% in the R-AD), Mg-Ca-HCO3-Cl (2.5% in the R-NO and 8.82%
in the R-AD), Mg-Ca-Cl-HCO3 (2.5% in the R-NO, N34), and Mg-Ca (2.94% in the R-AD,
A20). These hydrochemical results suggest that water–rock interaction is not the only
phenomenon from the dissolution processes that determines groundwater and surface
water chemical composition.

Moreover, an extended Durov plot was used to better explain the hydrochemical
structure of groundwater in the study area (Figure 7a,b). These plots show that there was
grouping in the chemical composition of all the water resources, particularly in the R-NO.
There was medium and small dispersion in the chemical composition of DGW and SGW,
respectively. The cations were grouped in the Mg2+ side and anions in the HCO3

− side
in all water resources, due to their high concentrations. This corroborates with the result
revealed by the box-whisker and Piper diagrams on the predominant cations and anions.
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Figure 5. Box-whisker of DGW, SGW and SW in the R-NO (a−c) and R-AD (d−f) portion of northern watersheds.

Figure 6. Piper diagram showing hydrochemical facies of groundwaters (DGW, SGW) and surface water (SW) within the
Benue, a part of the Mayo-Rey and Faro-et-Déo watersheds in the R-NO (a) and Djérem, Mbéré, and another part of the
Mayo-Rey and Faro-et-Déo in the R-AD (b).
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Figure 7. Extended Durov plots of the analysed samples in the R-NO (a) and R-AD (b) portion of northern watersheds.

3.2.3. Hydrogeochemical Processes

In this study, one of the two diagrams proposed by Gibbs was plotted to represent
groundwater samples in the watersheds of the R-NO and R-AD (Figure 8a,b, respectively).
TDS vs. (Cl−/ Cl− + HCO3

−) ranged between 10 and 100 mg/L, indicating that 14 ground-
water samples (N29, N35, N4, N27, N2, N39, N7, N18, N14, N13, N8, N6, N5, and N1)
existed in the precipitation zone, while 13 (N16, N31, N22, N25, N38, N21, N20, N17,
N28, N24, N3, N37, and N19) were classified as under the rock–water interaction. The
remaining groundwater samples within the R-AD watersheds (values between 0 and
10 mg/L) had no specific mechanism controlling groundwater chemistry. Therefore, only
samples A19 and A7 were located between 10 and 100 mg/L and were classified under
precipitation dominance.

Figure 8. Gibbs diagrams for the major ion composition of the groundwater in the R-NO (a) and R-AD (b) parts of
northern watersheds.

Based on the hydrochemical data, the major ions’ relationship was plotted to explain
the mechanism controlling the local groundwater in the R-NO (Figure 9a–h) and R-AD
(Figure 10a–h).
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Figure 9. Relationships between major ion concentrations of groundwater samples collected in the R-NO portion of northern
watersheds to discriminate hydrochemical processes. (a) (Ca2++ Mg2+) vs. HCO3

−, (b) Ca2++ Mg2+ vs. HCO3
− + SO4

2−,
(c) Mg2+ vs. Ca2+, (d) Mg2+ vs. HCO3

−, (e) Ca2+ vs. HCO3
−, (f) K+ vs. HCO3

−, (g) K+/Cl− vs. Cl−, (h) Ca2+/ Ca2++
SO4

2− vs. pH.
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Figure 10. Relationships between major ion concentrations of groundwater samples collected in the R-AD portion of
northern watersheds to discriminate hydrochemical processes. (a) (Ca2+ + Mg2+) vs. HCO3

−, (b) Ca2+ + Mg2+ vs. HCO3
− +

SO4
2−, (c) Mg2+ vs. Ca2+, (d) Mg2+ vs. HCO3

−, (e) Ca2+ vs. HCO3
−, (f) K+ vs. HCO3

−, (g) K+/Cl− vs. Cl−, (h) Ca2+/ Ca2+

+ SO4
2− vs. pH.
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4. Discussion
4.1. Multivariate Statistical Analysis

The linear correlation coefficients between each initial variable and the selected factor
are generated in Tables 1 and 2. The strong and moderate terms applied to the load factor
reflect absolute load values > 0.75 and between 0.75–0.50, respectively [50]. Therefore, the
selected factors could represent potential sources of pollution, which also correspond to
the main factors influencing water quality. Seven (R-NO) and six (R-AD) components
explained, respectively, 77.65% and 72.24% of the total variance of the dataset and enabled
the critical environmental factors that impacted water quality to be identified. Water
quality within watersheds in the R-NO was affected by silicate (mainly) and carbon-
ate minerals dissolution and soils erosion. In contrast, in the R-AD, they were affected
by rock–water/soil–water interactions, cation exchange capacity (CEC) in soils, silicates
weathering, carbonate dissolution, and geographical setting.

In the R-NO, axis one was mainly defined by Ca2+, TH, HCO3
−, EC, TDS, Mg2+, Al3+,

and F− (27.7%), reflecting water–rock interaction, mainly silicates dissolution and their
weathering. Furthermore, it was also observed that the sampling points that contributed
most (N37 and N19) were widely distant from others (Figure 2a). This suggests that these
areas were protected, and groundwaters were only influenced by carbonate dissolution.
Similarly, Che et al. [51] attributed high HCO3

−, Ca2+, Mg2+, and TDS contents (27.011%
contribution rate) in groundwater of the Wan River Valley plain area to strong carbonate
dissolution. Axis two was determined by the participation of the variables pH, K+, NO2

−,
Mn2+, SO4

2−, and Cl− with an 11.3% contribution rate. Among these parameters, only pH
contributed negatively to axis two. pH fluctuations could influence microbial life, favouring
the oxidoreduction of some elements, such as sulphur [52]. In a dynamic milieu such as
water, many ions interact, causing reduction reactions in the soil and underground, thus
the generally low concentration of K+, NO2

−, Mn2+, SO4
2−, and Cl−. It could be assumed

that NO3
− was reduced to NO2

−. Moreover, MnO4
− reacted with K+ to form potassium

permanganate (KMnO4), which was further reduced to Mn2+. Moreover, low Cl− could
have originated from natural mineral deposits such as biotite, while low SO4

2− could also
be due to the oxidation of pyrite mineral. The sampling points that contributed most to axis
two (N3, N19, and N37) are almost identical for axis one. Therefore, 39% of the information
extracted from the Dim1 × Dim2 (Figure 2a) reflects soil and rock minerals dissolution.
A similar result was reported in Egypt during the assessment of surface water quality
in the Northern Nile Delta [53]. However, axis three was defined by SO4

2−, K+, NO3
−,

NO2
−, turbidity, Cl−, and Fe2+, and its contribution rate was 8.9%. This axis reflects the

natural and anthropogenic influence (livestock activities). N37 had the highest contribution
on axis three, showing the reduction of iron-bearing rocks, especially pyrite, due to the
uranium deposit above this sampling point (in Poli). In contrast, K+ and NO3

− located in
the negative direction (see Supplementary Figure S1) shows anthropogenic sources, such
as animal waste. Thus, the medium content of iron-bearing minerals and anthropogenic
inputs participated in the medium deterioration of water.

In the R-AD, axis one was formed by Cl−, K+, TH, NO3
−, Mg2+, Ca2+, and Mn2+,

and its contribution rate was 21.1%. The nearest variables at axis one are Ca2+, Cl−, and
K+, reflecting a strong interaction between these ions, leading to CaCl2 and KCl forma-
tion. Meanwhile, TH and Mg2+ strongly correlated, contrasting the nearest parameters
of axis one with the nearest parameters of axis two in a positive direction, while NO3

−

and Mn2+ strongly correlated, opposing the parameters of axis one with the nearest pa-
rameters of axis two in a negative direction (Figure 3a). Sampling points more distant
and distributed (A20 > A32 > A33 > A31 > A23 > A3 > A9 > A7) showed natural and an-
thropogenic sources. Sample A20 had the highest Al3+ value, exceeding CDWS and WHO
norms (see Supplementary Table S2). Axis two reflected groundwater pollution affected
by water infiltration from the soil and was defined by TAC, Al3+, Mg2+, TH, NO3

−, NH4
+,

pH, F−, NO2
−, and Mn2+, and its contribution rate was 16.6%. The variables TAC and

pH (positive direction) depend on the nature of the rock, while variables Al3+, NH4
+, and
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NO2
− (negative direction) originated from the soil. Sampling points A23 > A20 > A16 >

A27 > A31 > A19 > A32 > A33 with decreasing scores were dispersed, indicating high alka-
line water samples, notably in A23, and the influence of aluminium-bearing soil mineral
on shallow groundwater. These results are understandable because, in the north-eastern
part of the R-AD, rocks such as alkali granite, gneiss, and amphibole–biotite granite are
made up of high alkali oxide values (K2O, Na2O, Fe2O3, MgO, CaO, but low abundance in
MnO) and Al2O3 [54]. Moreover, the concentration of Al3+ (A20, A19, A16, and A32) and
NH4

+ (A16) in groundwater exceeded the CDWS guidelines (see Supplementary Table S2).
This might mainly reflect bauxitic land in Minim-Martap and Ngaoundal, from which Al3+

(alkaline form of aluminium oxide) was moved easily because of dilution. Thus, 37.7%
of the information extracted from the Dim1 × Dim2 in the R-AD (Figure 3a) highlights a
precipitation phenomenon and weathering of soil minerals by carbon dioxide’s action in
shallow groundwater. However, axis three was defined by a little group of variables (EC,
TDS, and F−); its contribution rate was 11.8% (see Supplementary Figure S2). Axis three
reflects the mineralisation of water from the dissolution of fluorite-bearing minerals. The
correlation of these three parameters in the positive direction shows the natural influence
on groundwaters A7, A23, and A19, especially the protected deep groundwater A7 and
A23. Moreover, A19 shows that after the dissolution of fluorite-bearing mineral, Al3+, a
hydrolysis product of aluminium-bearing soil mineral, reacted with F− and aluminium
fluoride, forming precipitates. Thus, shallow groundwater A19 was recharged by sur-
face runoff transporting exogenous and endogenous solid particles, indicating non-point
sources of pollution.

Hierarchical clustering analysis (HCA), adopted using Ward’s procedure, generates
approximately identical grouped clusters [55]. Our study used cluster analysis to clas-
sify the pollution level of seventy-four water samples of northern Cameroon watersheds
(Figure 4). Except for river N23, all other surface waters and some groundwaters were the
most polluted water resources sampled in the R-NO (Figure 4a). The pollution extended
close to the Benue plain near Garoua (altitude 255 m) until Touboro district, toward the
north of the R-AD (altitude 909 m) in the order: N18 > N16 > N15 > N14 > N12 > N27 >
N34 > N36 > N33 > N32 > N35 > N31 > N29 > N30 > N4 > N5 > N10 > N7 > N6 > N9 >
N2 > N1. Given that dramatic erosion has previously occurred in the areas near the Benue
plain, most inhabitants have deserted, and the animals are constantly moving [26]. The
high participation of Al3+, turbidity, and NH4

+ corresponding to this group of samples,
appeared in the negative direction of axis one (Figure 2a). This might reflect soil erosion,
animal wastes, and traditionally constructed shallow pit latrines (point sources of pollu-
tion) and rain runoff (non-point sources of pollution). Ning et al. [56] reported that soil
erosion associated with diffuse pollution is considered a land degradation process in many
terrestrial environments. This fact corroborates with the land degradation combined with
high population growth and strong climate fluctuations showing environmental changes,
which have been found in the pedogenesis of the R-NO [57]. Rural and remote areas of
Cameroon also show both point and diffuse sources of pollution as the cause of chemi-
cal and microbial qualities of alternative water type sources such as springs, wells, and
streams [58]. Runoff from the Lagdo reservoir located upstream from the study area can be
due to flash floods that often occur in northern Cameroon. For instance, in 1999 and 2012,
the Lagdo Dam experienced serious floods, forcing water to be released from reservoir,
which in turn exacerbated the flooding downstream [59]. According to Cheo et al. [60], any
climate change with rising temperature in the northern Cameroon region would impact
water resources either positively or negatively. During the rainy season, rainfall increases,
and surface runoff could carry large amounts of debris (suspended solids and nutrients
such as NH4

+) from the Benue floodplain upstream to other basins (R-NO) downstream.
This group indicates possible non-point and point sources of pollution.

In the R-AD, the most affected group of water samples belonged to the Mayo-Rey,
Faro-et-Déo, Djérem, and Mbéré watersheds and were moderately polluted. The weak
participation of turbidity, Fe2+, and PO4

3−, associated to this group in the negative direc-
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tion of axis one (Figure 3a), is probably due to natural sources and surface runoff from
the Adamawa Plateau and precipitation. The watersheds in the R-AD (827 to 1166 m
altitude) are located upstream and in the core of the Adamawa Plateau area (1000 to 1400 m
altitude) [61]. As such, the level of water pollutants upstream of the Adamawa Plateau
(A8, A22, A28, A19, A17, A14, A15, A9, A11, A13, A29, A10, A18, A21, A27, A30, A12,
A24, A3, and A25) and inner (spring A34 and protected well A1) are moderate due to the
medium content of suspended particles transported from the R-NO joining north of the
R-AD. Only sample A8 exceeded the CDWS and WHO norms regarding turbidity (see
Supplementary Table S2). This was likely related to the particulate matter transported
by rain runoff in the R-NO from the Lagdo Reservoir in September. This can further be
explained by high discharges registered in August and September, where high-intensity
rainfalls influenced the release of water from the Lagdo Dam along the Benue River (a peak
recharge of 7140 cum/sec) in the R-NO [62]. The weak contribution of iron reflects its
consideration among poor mobile elements preferentially retained in the solid residue
of incongruent dissolution [63]. Then, in the core of the Adamawa Plateau, the different
groundwaters (boreholes A7, A2, A6, A26, A4, and A5) were unpolluted due to the pro-
tected water table. The high capacity of ions to be dilute and remain in the acceptable
limit comes from greatly the hydrologic potential of the R-AD, called “the water tower of
Cameroon” (150 to 300 km wide), which feeds three of the four major watersheds [64] and
recharges naturally in the deep protected aquifer. Moreover, the high porosity (50 to 60%)
with very high surface permeability of the soils in the R-AD, as presented in its pedology
setting, can support this result. This sufficiently justifies the moderate water pollution in
this part of the study area. A previous study conducted in the Adamawa Plateau (R-AD)
has shown that groundwater from captured and fractured aquifers were not only of good
quality [65]. Thus, water within the watersheds in this portion of the R-AD is mostly
affected by non-point source pollution, mainly runoff. This pollution source also shows
how the negative effect of climate conditions can indirectly affect water resources, health,
and economic development.

4.2. Hydrochemical Evaluation
4.2.1. Physicochemical Properties Related to Groundwater

The Langelier saturation index (LSI) indicates the degree of saturation of calcite
(CaCO3) in water and is calculated by pH, alkalinity, calcium concentration, total dissolved
solids, and water temperature [66], while with the Ryznar stability index (RSI) the result is
more accurate. In this study, both indices show that all water samples were supersaturated
in the R-NO and tended to precipitate CaCO3, the same as in the R-AD, except for samples
A1 and A22. The supersaturated water, with respect to the calcium carbonate, is explained
by the fact that the dissolved CO2 gas pressure of the waters is higher than that of the
atmosphere [67]. In Egypt, it was revealed that 98% of samples were in a supersaturated
condition, which indicates the precipitation of carbonate minerals [68]. Hard and scale
water obtained in the study area is likely the consequence of the leaching of the hard lands
encountered (mostly granitic). However, TDS results can already give a global view on
water type classification based on the European Union (EU), as proposed by Salem and
El-Sayed [69]. Thus, TDS less than 50 mg/L was registered in all samples in the R-AD
(except deep groundwater A7) and in 57.5% of the total samples in the R-NO, which are
attributed to the very low mineral concentration. At the same time, TDS between 50 and
500 mg/L was observed in samples A7, N16, N17, N20, N21, N22, N23, N25, N28, N29,
N30, N31, N32, and N38, which show low mineral concentrations. TDS between 500
and 1500 mg/L was observed only in the R-NO through the samples N3, N19, N24, and
N37, which suggests the presence of the intermediate mineral. Although TDS classified
most of the water as drinkable (freshwater), their hard and scale properties could have a
tremendous economic impact.
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4.2.2. Hydrochemical Characteristics of Groundwater and Surface Water

Research on hydrochemistry has been widely conducted worldwide to protect water
quality [70]. Box-whisker representation and the Piper diagram (Figures 5 and 6) iden-
tified, in the DGW, SGW, and SW, Mg2+ and HCO3

− as the dominant cation and anion,
respectively. The predominance of HCO3

− is in accordance with pH values, mostly slightly
alkaline in all sampled waters, reflecting the alkaline nature of the rocks in the study area.
Similarly, previous studies had reported the dominance of HCO3

−, consistent with most
natural waters along the Cameroon volcanic line (CVL) [71–73] in the Mbéré division in
the R-AD and its surroundings [74], as well as in many studies around the world. The
dominance of the cation Mg2+ is in line with the geology of the study area. Notably, ferro-
magnesian minerals were found in the Tcholliré subdivision (R-NO), the western part of
the Poli subdivision [75], the Touboro subdivision [54], and in the Adamawa Plateau (R-
AD) [27]. Similarly, in west Cameroon, Tchamako et al. [76] recorded that waters in the Mou
River watershed were dominated by magnesium (signature of olivines and pyroxenes from
basalts). Moreover, a higher Mg2+ concentration has been identified in some bottled waters
in Cameroon from the volcanic terrain and justified by the presence of magnesium-rich
minerals such as olivine and pyroxene [77].

In the Piper diagram, major cations and anions are plotted in the two base ternary plots
as milliequivalent percentages before being projected onto the diamond field [78], which
shows the water chemistry type. Thus, the projection of the concentrations in meq/L of the
major elements on the Piper diagram (Figure 6a,b) and on the Durov diagram (Figure 7a,b)
revealed that the chemical facies was dominated by a Mg-Ca-HCO3 water type. This result
indicates the influence of a rock–water interaction, mainly the dissolution of minerals
containing Mg2+ and Ca2+ during groundwater recharge. After Mg2+, Ca2+, and HCO3

−

were released in the water, the hydrochemical facies were formed due to their high mobility
and the rock/soil type. According to Fantong et al. [63], alkalis and alkaline earth are more
mobile and enriched in the aqueous phase. In this study, the hydrochemical characteristics
of groundwater were similar to that of surface water, indicating the interaction between
groundwater and surface water, likely due to abundant perched aquifers in this area.
Similarly, Beatrice et al. [79] identified Mg-Ca-HCO3 among the two main water types
of groundwater in Edéa, at the outlet of the Sanaga basin (Cameroon). Gabr et al. [80]
found from Gibbs and Piper diagrams that the majority of groundwater in the city of
Dayrout, Upper Egypt fell within a water–rock interaction and belonged to the Mg-Ca-
HCO3 hydrogeochemical facies.

4.2.3. Hydrogeochemical Processes

Regarding the chemical composition, it appears that a large charge imbalance be-
tween reported cations and anions could be due to using multiple instruments (two) for
analyses of ions or/and the influence of dilute solutions such as rainwater. According to
Fritz et al. [45], the samples prone to charge-balances of >10% are those with low ionic
strength. This study applied a Durov plot, Gibbs plot, and ionic ratios to understand hydro-
geochemical processes that regulate water chemistry. A Gibbs plot was also initiated in the
framework of hydrogeochemical processes to evaluate the source of chemical constituents
in groundwater [81]. The common hydrogeochemical processes given by Gibbs were atmo-
spheric precipitation (TDS = 10–100 mg/L), rock–water interaction (TDS = 100–1000 mg/L),
and evaporation (TDS = 1000–10,000 mg/L) [82]. In this study, just one of the two diagrams
proposed by Gibbs (TDS vs. (Cl−/Cl− + HCO3

−)) was plotted (Figure 8a,b) to represent
groundwater samples in the watersheds of the R-NO and R-AD, respectively.

In the R-NO, between 0 and 10 mg/L, a few groundwater samples (N26, N15, N34,
N11, N40, N3, and N33) existed without a specific mechanism controlling groundwater
chemistry. Between 10 and 100 mg/L, 14 groundwater samples (N29, N35, N4, N27, N2,
N39, N7, N18, N14, N13, N8, N6, N5, and N1) existed in the precipitation zone, while
13 groundwater samples (N16, N31, N22, N25, N38, N21, N20, N17, N28, N24, N3, N37, and
N19) were classified under rock–water interaction. Meanwhile, between 0 and 10 mg/L,
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most groundwater samples within watersheds in the R-AD had no specific mechanism
controlling groundwater chemistry. Only samples A19 and A7 were located between 10
and 100 mg/L and were classified under the precipitation zone. Although the R-NO and
R-AD are semi-arid regions, no water points in the watersheds studied were influenced
by evaporation. Similarly, in the Benue River Basin (Cameroon side), groundwater is
recharged by monsoon rainwater from July to September via a permeable clayey sandy
lithology that favours hydraulic connectivity, preferentially flow pass mechanism, but
minimises evaporation [63]. Nevertheless, a second Gibbs diagram could specify other
phenomena which had a certain influence on the main ions in the water [83]. By default,
the ionic ratios give at the same time an ion source and highlight the hydrogeochemical
processes that control ion evolution in the watersheds studied.

The relationship between the major ions within the watersheds of the R-NO and R-AD
are represented in Figures 9 and 10, respectively.

The scatter plot of Ca2++ Mg2+ vs. HCO3
− (Figures 9a and 10a) explains the sources of

Ca2+ and Mg2+ in groundwater and provides a better understanding of the primary source
of the dissolved solids. The ratio (Ca2++ Mg2+)/ HCO3

− for most of the data fell above
the 1:1 trend line, indicating the predominance of alkaline earth metals (Ca2+ and Mg2+)
from silicates weathering and carbonate dissolution, such as dolomite (because of calcium
carbonate precipitation). This further reaffirms the role of silicate weathering as the main
mechanism for the appearance of dissolved salts in groundwater [84]. Similarly, Figure 10a
shows that the majority of the data points fell above the theoretical range of the 1:1 or 1:2
line, except A4 and A7, indicating a predominance of alkaline earth metals in the amphibole
and garnet gneisses belonging to the Paleoproterozoic basement [85]. The weathering of
silicate minerals is the main source of Ca2+ and Mg2+ in the groundwater of the R-AD.
Recently, in the phreatic aquifer of Odisha (India), Sahu et al. [86] obtained the ratio
(Ca2++ Mg2+)/HCO3

− > 0.5 for 98.2% of the groundwater samples, and they attributed the
origin of the solutes in groundwater to the predominance of silicate weathering processes,
to the detriment of carbonate dissolution. Abdelshafy et al. [68] found that most of the
water points placed in the Ca2+ and Mg2+ side, showing that the excess of calcium and
magnesium derived from other processes such as reverse ion exchange, because, if Ca2+ and
Mg2+ solely originated from carbonate and silicate weathering, these should be balanced by
the alkalinity alone. According to Narany et al. [87], the high (Ca2++ Mg2+)/ HCO3

− ratio
suggests that the excess of Ca2+ and Mg2+ has been balanced by Cl− and SO4

2−. Moreover,
it has been shown that (Ca2++ Mg2+)/HCO3

− > 0.5 implies that a reverse cation exchange
process took place [88]. In the study area, the (Ca2++ Mg2+)/ HCO3 ratio varied from 0.83 to
7.14 (R-NO) and 0.94 to 9.23 (R-AD), indicating that a reverse cation exchange process also
contributed to the release of Ca2+ and Mg2+ into groundwater. The reverse ion exchange
processes, which release Ca2+ and Mg2+ in the groundwater within the watersheds studied,
are shown in reactions one and two [89].

2Na2+ + Ca-Clay → 2Na-Clays + Ca2+ (1)

2Na2+ + Mg-Clay → 2Na-Clays + Mg2+ (2)

The Ca2++ Mg2+ vs. HCO3
− + SO4

2− plots were used to explore the possibility of an
ion exchange process. If normal ion exchange is prominent, the plotted points must shift
towards the HCO3

− + SO4
2− domain. However, if reverse ion exchange dominates, the

shift is towards the Ca2++ Mg2+ domain [90], due to increased Ca2+ and Mg2+ released
by rocks. A few groundwater samples (N5, N16, N2, and N7) fell along the 1:1 trend line
(Figure 9b), indicating the dissolution of dolomite and silicates minerals in the R-NO, as
represented in reactions three, and four to six (Table 5). Moreover, most of the samples,
which appeared above the 1:1 trend line (Figure 9b), indicate the influence of the reverse
cation exchange process [91]. During the reverse ion exchange process (reactions one
and two), Na+ cations are maintained in the soil, while Ca2+ and Mg2+ are released to
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groundwater [92]. Likewise, Figure 10b shows that all groundwater samples in the R-AD
shifted towards the Ca2++ Mg2+ zone, suggesting a reverse ion exchange process. The
dominance of alkaline earth metals (Ca2+ and Mg2+) over alkali metals (Na+ + K+) confirms
the different levels of hard water found in the study area. Similarly, in an arid environment
such as north-western Saudi Arabia, a reverse ion exchange process has been found to
control groundwater chemistry, and in all the sites, this phenomenon accounted for the
dominance of Ca2+ and Mg2+ over Na+ [93].

The Mg2+/Ca2+ ratio helps to understand the dissolution of the main minerals.
Figure 9c shows that all the groundwater samples were distributed above the 1:1 trend
line, while N5, N31, and N35 were the only samples above the 2:1 trend line. In the R-AD,
Mg2+/Ca2+ exceeded the 2:1 line for almost all samples (except A22, A4, A11, and A3)
and the 1:1 line (except A3) (Figure 10c), indicating carbonate and silicate minerals rich in
magnesium. Recently, high Mg has been identified in the Adamawa Plateau bordered to the
Adamawa and Mbéré–Djérem faults, mainly from orthopyroxene, olivine, spinel, and am-
phibole minerals [27]. Moreover, as categorised by Salem and El-Sayed, Mg2+/Ca2+ > 0.9
shows aquifers with silicate rocks rich in magnesium [69]. The ratio of Mg2+/Ca2+ varies
from 1.02 to 11.70 (R-NO) and 0.99 to 9.03 (R-AD), indicating the water–rock reaction
mainly dominated by the congruent dissolution of igneous rocks made up of magnesium-
rich minerals such as ferromagnesian. Similar results have been found in another recent
study in the Saraburi region (Thailand), where rocks were mainly composed of alkali
feldspar, amphibole, and biotite phenocrysts with a groundmass of calcic-plagioclase and
quartz [94].

Table 5. Dissolution of minerals, reactions, and ions ratio in the groundwater within watersheds of the R-NO and the R-AD.

Reactions Reaction Equations of Minerals Dissolution Ratio
a 3 CaMg(CO3)2 (dolomite) + 2H2O + 2CO2 7→ Ca2+ + Mg2+ + 4HCO−3 Ca:HCO3 = 1:2; Mg:HCO3 = 1:2

a 4 Ca0.4Mg0.9Fe0.2Si2O6 (Clinopyroxene) + 3.8CO2 + 2.4H2O 7→ 0.4Ca2+ + 0.9Mg2+

+ 2SiO2 + 3.8HCO−3 + 0.4H+ + 0.2Fe(OH)3

Ca:HCO3 = 0.4:1.9;
Mg:HCO3 = 0.9:1.9

b 5 (MgFe)2SiO4 (olivine) + 4CO2 + 2H2O 7→ 2Mg2+ + 2Fe2+ + SiO2 + 4HCO−3 Mg:HCO3 = 1:2

a 6 Ca2Mg4Si8O22(OH)2 (Amphibole) + 14CO2 + 22H2O 7→ 2Ca2+ + 4Mg2+ +
14HCO−3 + 8H4SiO4

Ca:HCO3 = 2:7; Mg:HCO3 = 4:7

c 7
2k(Mg2Fe)(AlSi3)O10(OH)2 (Biotite) + 4CO2 +

6H2O + 4CO2 + 6H2O 7→ Al2Si2O5(OH)4 + 2K+ + 4Mg2+ 2Fe2+ 4H4SiO4 +
8HCO−3

Mg:HCO3 = 2:4; K:HCO3 = 1:4

d 8 Mg0.9Fe0.2Si2O6 (Orthopyroxene) + 3.8CO2 + 2.4H2O 7→ 0.9Mg2+ + 2SiO2 +
3.8HCO−3 + 0.4H+ + 0.2Fe(OH)3

Mg:HCO3 = 0.9:1.9

e 9 MgAl2O4 (Spinel) + CO2 + 3/2H2O 7→Mg2+ + Al2O3 + 2HCO−3 Mg:HCO3 = 1:2
c 10 2CaAl2Si2O8 (anorthite) + 4CO2 + 6H2O 7→ 2Ca2+ + Si4O10Al4(OH)8 + 4HCO−3 Ca:HCO3 = 1:2

f 11
Ca10(PO4)6F2 (Fluorapatite) + 6CO2 + 6H2O 7→ 10Ca2+ + 6HPO2−

4 +
2F− + 6HCO−3

Ca:HCO3 = 5:3

a 12 2KAlSi3O8 (K-feldspar) + 9H2O + 2H2CO3 → Al2Si2O5(OH)4 + 2K+ + 2HCO−3
+ 4H4SiO4

K: HCO3 = 1:1

Note: a [95], b [96], c [97], d [98], e [27], f [99].

The plot of Mg2+ vs. HCO3
− was used to learn the sources of Mg2+ and HCO3

− in
groundwater. Assuming that Mg2+ and HCO3

− only originated from the dissolution of
dolomite and silicates such as clinopyroxene, olivine, amphibole, and biotite, based on
the chemical reactions (Equations (3), (4)–(7) in Table 5), the Mg2+/HCO3

− ratio in meq/L
would be dolomite (2:1 line), clinopyroxene (1.9:0.9 line), olivine (2:1 line), amphibole
(7:4 line), and biotite (4:4 line), respectively. Figure 9d shows the relation of Mg2+ and
HCO3

−, and samples N9, N6, N19, and N3 line almost along the 2:1 line and 1.9:0.9 line
suggests a source of dolomite, clinopyroxene, and olivine congruent dissolution. Most of
the samples fell between the 7:4 line and 1:2 line, suggesting that the main source of Mg2+

and HCO3
− was amphibole and biotite (incongruent) dissolution. Whereas in the R-AD,

reactions (3, 5–9) in Table 5 show the main processes that can release Mg2+ and HCO3
−.
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According to those reactions, the ratios between Mg2+ and HCO3
− from the dissolution

reactions are 2:1 (dolomite, olivine, and spinel), 7:4 (amphibole), 4:2 (biotite), and 0.9:1.9
(orthopyroxene). As shown in Figure 10d, except for samples A4, A11, A7, A5, A21, and
A24, most of the samples fell above the 4:2 and 2:1 line, indicating a source of dolomite,
olivine, biotite, and spinel dissolution.

The main processes that may release Ca2+ and HCO3
− during rainwater infiltration

(recharge of groundwater) in the study area are shown in reactions (3–4, 6,10–11) in Table 5.
Regarding these reactions, the ratios between Ca2+ and HCO3

− from the dissolution reac-
tions of carbonate and silicates are 1:2 (dolomite), 0.4:1.9 (clinopyroxene), 2:7 (amphibole),
1:2 (anorthite), and 5:3 (fluorapatite), respectively. Figure 9e (Ca2+ vs. HCO3

−) shows that,
except sample N3, all water samples were below the 1:1 line, in which more HCO3

− than
Ca2+ and dissolution of dolomite, clinopyroxene, amphibole, and anorthite happened. An
excess of HCO3

− is balanced by Mg2+. It is almost the same result in the R-AD, where,
except A3, A20, and A32 (indicating dissolution of fluorapatite), the remaining water
samples fell below the 1:1 line (Figure 10e). This suggests the dissolution of dolomite,
clinopyroxene, amphibole, and anorthite. Furthermore, the supersaturated water in the
calcite registered in the study area shows the loss of calcite by precipitation. Similarly,
Carol et al. [100] reported that the contribution of HCO3

− originated from CO2(gas) dis-
solution during rainwater infiltration, and carbonate dissolution sources produced Ca2+

defects with respect to HCO3
−.

Regarding chemical reactions 7 and 12 (Table 5), if K+ and HCO3
− were mainly

derived from the weathering of biotite and K-feldspar, the K+/HCO3
− ratios would be 1:4

(biotite) and 1:1 (K-feldspar), respectively. K+ vs. HCO3
− shows that all the samples fell

below the 1:1 trend line (Figure 9f), indicating higher HCO3
− than K+ concentrations, from

which the source is mainly biotite due to high temperature. Even in the K+ vs. HCO3
−

plot with data collected in the R-AD (Figure 10f), HCO3
− was mainly from biotite for all

groundwater. This result is in line with biotite minerals found in the Upper Benue valley
upstream of the study area [101] and in the Tcholliré subdivision (R-NO) [30].

Trends of K+/Cl− vs. Cl−(Figure 9g) revealed that 38% of groundwater samples
within the R-NO watersheds (N14, N7, N6, N19, N9, N2, N22, N4, N18, N5, N31, N20, and
N16) had a K+/Cl− ratio >0.2, suggesting weathering of K-feldspar. Meanwhile, within
the R-AD watersheds, the K+/Cl− ratio was >0.2 for samples A11, A29, A16, A24, A5, A15,
A19, A6, A20, A18, A7, A1, A23, A30, A10, A28, A27, A2, and A12 (Figure 10g), indicating
incongruent dissolution of K-feldspar (reaction 12 in Table 5), confirmed by the abundance
of kaolinite clay in the R-AD. Similar results have been found in two different arid areas
of China: in the northwestern part, Chang and Wang [102] attributed most water samples
with a K+/Cl− ratio >0.2 to weathering of K-feldspar, while according to Yang et al. [70],
weathering and dissolution of K-feldspar occurred in the southeastern part if the K+/Cl−

ratio >0.2.
Plot Ca2+/ Ca2++ SO4

2− vs. pH is plotted to represent dissolution of carbonate miner-
als [103]. In all portions of the study area, all the water samples fell in the zone showing
that Ca2+ may have originated from carbonate or silicate sources (Figures 9h and 10h).
This result corroborates the dissolution processes of carbonate and silicates, from which
Ca2+ is released (reactions 3–4, 6, 10–11 in Table 5). However, in other selected tropical
estuaries and coastal water of the Strait of Malacca, only 8% of total samples fell in the
same compartment [103].

5. Conclusions

PCA/FA showed that the possible pollution sources for the most polluted water
sources were natural sources such as iron-bearing minerals (R-NO), aluminium-rich soils
(R-AD), and surface runoff, with high contributions of Fe2+, Al3+, NH4

+, NO3
−, K+, EC,

and turbidity, outside of CDWS and WHO norms. Dissolution of silicates (mainly), soil
erosion, and oxidation reaction are identified as phenomena that influence water quality
in the R-NO, while water quality in the R-AD was influenced by phenomena such as
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soil–water/rock–water interactions, silicate weathering with cation exchange capacity
(CEC), and dissolution of carbonate and silicates. The key environmental factors that
impact water quality in the study area are mainly natural, with some anthropogenic in-
fluence. The HCA revealed three water clusters: low, moderate, and high pollution areas
in the R-NO, and as unpolluted areas, low, and moderate pollution areas in the R-AD.
The hydrochemical study showed that more than 50% of the total water collected had
very low mineral concentrations, was supersaturated, and tended to precipitate CaCO3.
Box-whisker gave the relative abundance of major ions of cations Mg2+ > Ca2+ > K+ and
anions HCO3

− > Cl− > SO4
2− in DGW, SGW, and SW. A Piper trilinear diagram classified

85% and 79% of water samples within the watersheds in the portion of the R-NO and R-AD,
respectively, and under dominant Mg-Ca-HCO3 type. Durov and Gibbs diagrams, as well
as major ion ratio relations, indicated that the main hydrochemical processes controlling
groundwater chemistry in the watersheds studied were the dissolution of silicates (clinopy-
roxene, olivine, amphibole, biotite, orthopyroxene, spinel, anorthite, and fluorapatite) and
carbonate (dolomite), precipitation of calcite, and reverse ion exchange. For the first time,
the present study provides the identification of water pollution sources and the responsible
factors for the pollution. Nevertheless, the findings can help environmental managers in
the social and economic development strategies framework in this study area. Particularly,
hydrochemical results can provide information to elaborate the protection of groundwater
resources, which is technical support relevant for the stakeholders of these municipalities.
However, many projects should be implemented in the study area to provide the necessary
data to enable decision-makers to address other critical water-related issues.
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