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Abstract

The use of groundwater for drinking water supply to the population is increas-
ingly practiced in the rice cultivation area of Maga. However, there is a lack of
knowledge about the hydrochemical characteristics of this water due to a lack
of quality control. This study aims to contribute to the understanding of min-
eralization processes in order to establish the hydrochemical profile of the wa-
ter in the area. The methodological approach consisted of collecting fifteen wa-
ter samples from wells and boreholes during six campaigns for physicochemi-
cal analysis, and studying them through methods of interpreting hydrochemi-
cal data. The analysis results show that these waters are moderately mineral-
ized. The water facies are mainly of the bicarbonate sodium and potassium
type, as well as the bicarbonate calcium and magnesium type. Calculation of
saturation indices demonstrates that evaporite minerals show lower degrees of
saturation than carbonate minerals, with gypsum, anhydrite, and halite being
in a highly undersaturated state. The mineralization of groundwater originates
from the dissolution of surrounding rocks on the one hand, and anthropogenic
activities involving exchanges between alkalis (Na* and K*) in the aquifer and
alkaline earth (Ca** and Mg”"), resulting in the fixation of alkaline earth and
the dissolution of alkalis.
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1. Introduction

Water is essential for life and holds great importance for countless human activi-
ties. Unfortunately, water resources are highly vulnerable to degradation and se-
riously threatened by human activities. Irrational use of fertilizers and pesticides
in agricultural areas, coupled with a lack of environmental awareness among the
population, leads to an imbalance in the ecosystem and generates pollutants that
can affect the physicochemical quality of water. In addition to this anthropogenic
phenomenon, natural mineralization occurs due to the dissolution of mineral el-
ements contained in the rock over prolonged contact with water (Doumtoudjinod;ji
et al., 2024; Compaore et al., 2020; Mulliss et al., 1997). In urban areas, the exist-
ence of good-quality drinking water supply networks allows the population to
avoid diseases related to consuming contaminated water. However, rural popula-
tions sometimes have to rely on well and borehole water, or even surface water,
for consumption (Dhin Etia et al., 2022; Djuissi Tekam et al., 2019; Nanfack et al.,
2014; Wirmvem et al., 2013). However, relying on these different water resources
of questionable quality exposes the population to health risks (Traoré et al., 2016).

The water supply for rice fields in the Maga area is done through gravity irriga-
tion using water from an artificial lake. This lake is fed by the Mayos Tsanaga and
Boula to the west, and by the Mayo Gerléo and the intake at Djafga on the Logone
River to the southwest. The flow of water in a flat area carries clay and silt particles
that reach aquatic environments through runoff along slopes or erosion of banks.
These particles may carry adsorbed molecules that can be diffuse pollutants,
which, through infiltration, can end up in the groundwater and thus alter water
chemistry (Oumar et al., 2017; Nouzha et al., 2016; El Blidi et al., 2006). However,
the CBLT/BGR projects have highlighted the importance of numerous wetland
areas in the Lake Chad Basin and their contribution to the renewal of groundwater
resources in the basin, including the Maga rice fields (Seeber, 2013; Vassolo &
Daira, 2012). By examining research conducted in countries with high rice culti-
vation potential located in arid and semi-arid zones like Morocco (Laaouan et al.,
2016; El Oumlouki et al., 2014; Ambharref et al., 2007), Senegal (Sall & Vanclooster,
2009) and even Cameroon (Ahmadou et al., 2016), it has been shown that agricul-
tural practices have an influence on the physicochemical quality of water in these
areas.

The objective of this study is to contribute to the understanding of the hydro-
chemical characteristics of groundwater in the rice cultivation area of Maga and
determine the processes responsible for the mineralization of groundwater in the

area.
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2. Materials and Methods
2.1. Study Area

The rice cultivation area of Maga is located in the Far North Region of Cameroon,
in the Mayo-Danay department. This area covers an area of 2000 km? and is situ-
ated between 10°32'57" and 11°58'00" latitude North, and between 14°34' and
15°10'13" longitude East. The climate here is Sahelian-Sudanese, with a long dry
season starting in early October and ending in early May, and a short rainy season
from June to September characterized by heavy rainfall episodes. The rainfall varies
between 530 and 630 mm/year, with peaks in August and September. The average
temperature is 28°C, and the annual evapotranspiration is 1800 mm (Ngatcha et
al., 2007). The morphological aspect is dominated by a floodplain that is part of
an extensive geomorphological unit that extends to Nigeria, Niger, and Chad
(Sighomnou, 2003).
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Figure 1. Hydrogeology of the Far North of Cameroon (modified after Detay, 1987).
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2.2. Geological and Hydrogeological Framework

The study area (Maga) is located in the Logone-Chari floodplain, which consists
of recent and old Quaternary formations from the Lake Chad Basin. The thickness
of these formations generally varies between 50 and 70 m (Schneider & Wollff,
1992; Biscaldi, 1970). These sedimentary formations have a large extension and
cover the central plain up to Lake Chad (Figure 1).

The Logone-Chari floodplain is composed of yayrés, which are territories prone
to flooding by the Logone River and where water stagnated for five to seven
months before the construction of the artificial lake and the SEMRY rice fields in
Maga in 1979 (Ngatcha et al., 2007). In this area, the dominant soils are vertisols
and hydromorphic black clays (Brabant & Gavaud, 1985). During the dry season,
hydromorphic soils exhibit desiccation cracks that become waterlogged at the be-
ginning of the rainy season. This waterlogging causes the soil to swell, the closure
of these cracks, and a decrease in surface permeability. Previous studies on the
analysis of the sources of water mineralization in the area by studying resistivity
have shown a decrease in resistivity when moving from Logone to the west.

These studies have also highlighted some irregularities, such as the values of
2000 Q-cm™ to 3000 Q-cm™ in the southwest of Guirvidig, indicating a supply
from surface waters. However, the low resistivities obtained between Pouss and
Mazera indicate low infiltration of surface waters due to impermeable clayey soils
(Seignobos & Moukouri, 2000). The majority of the waters belong to a calcareous

carbonate facies, with a possible enrichment in sodium.

2.3. Sampling and Analytical Methods

In order to study the mineralization of groundwater, sampling was carried out
during 06 campaigns from October 2017 to June 2019, resulting in a total of 90
samples. A network of 15 points was established to ensure good coverage of the
variability of groundwater quality in the area. The selection of sampling points
took into account parameters such as the depth of the groundwater level and the
location of the point relative to the lithology. For all water samples, pH, tempera-
ture, TDS, and EC were measured in situ using a multiparameter probe (Hanna
HI 98130). For chemical analysis, the samples were transported and stored in the
laboratory according to standard methods of the WHO (2011). The main ions
were analysed using the following methods: volumetry for calcium (Ca**), mag-
nesium (Mg**), bicarbonates ( HCO; ) and chlorides (CI"); spectrophotometry for
sulfates (SO?~) and nitrates ( NO; ); flame photometry for sodium (Na*) and po-
tassium (K*) ions. These analyses followed the recommended methods by Rodier
(2009) and WHO (2011).

The obtained results of physicochemical analysis were processed using hydro-
chemical data interpretation methods. The Piper diagram (Piper, 1953) was used
to determine the water typology, binary diagrams were used to understand the
origin and processes of groundwater mineralization, and the Chadha diagram

(Chadha, 1999) was used to identify various processes involved in groundwater
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mineralization.

3. Results and Interpretation

3.1. Hydro Chemical Characterization of Groundwater

The results of physicochemical analysis of groundwater during the observation
period are recorded in Table 1.

The average (Aver) temperature of groundwater ranges between 29°C and
30°C. The lowest temperature recorded was 27°C in February 2019, while the
highest was 34.1°C in February 2018. The pH values throughout the campaigns
varied from 6.44 in October 2017 to 8.33 in October 2018. Generally, pH values
near 8 were obtained in the Pouss area, while values closer to 6 were observed in
the Guirvidig area. The spatial distribution of electrical conductivities varied on
average between 110 uS/cm and 1260 pS/cm. The highest EC values were observed
in October, which corresponds to the period of high-water levels in the study area.

The concentrations of Ca?* ranged from 0 to 61 mg/L. These extreme values
were obtained during the same campaign in October 2017, which also had the
highest average concentration (12 mg/L) and the highest standard deviation
(19.63 mg/L) among all the campaigns. However, the concentration of Mg?* in the
area varied from 3 to 28 mg/L over the six campaigns. The highest average con-
centration was observed in June 2019 with a value of 15.27 mg/L. The variation in
concentrations during this campaign was remarkable, with the highest standard
deviation (7.11) and a coefficient of variation of 0.47. Higher values were found in
the Guirvidig area. Additionally, the concentrations of Na* throughout the cam-
paigns ranged from 8 mg/L to 285 mg/L, with average concentrations ranging from
72.59 to 94.88 mg/L. The standard deviation and coefficient of variation were high,
at 70.01 mg/L and 0.89, respectively. The lowest concentrations were observed dur-
ing the dry season campaigns (February). The concentrations of K* were relatively
low, with an average value ranging from 0.41 to 2.93 mg/L, a moderate standard
deviation of 0.25, and a high coefficient of variation of approximately 1.54. The
minimum and maximum values were 0.1 and 12.2 mg/L, respectively.

The concentrations of Cl~ varied between 0 and 43 mg/L, with average concen-
trations ranging from 1.73 to 4.68 mg/L. The distribution of chloride concentra-
tions was highly variable, as indicated by the standard deviation (ranging from 3.95
to 10.93) and coefficient of variation (ranging from 2.06 to 3.24). On the other hand,
NO; concentrations ranged from 1 mg/L to 93.7 mg/L, with average concentra-
tions ranging from 9.01 to 20.31 mg/L. The contribution of each sampling point to
mineralization varied, as evidenced by standard deviations ranging from 7.0 to 21.35
and coefficients of variation ranging from 0.50 to 1.66 over the six campaigns. The
values of sO?~ ranged from 0 to 57 mg/L, with average concentrations ranging
from 1.13 to 6.67 mg/L. The highest values were recorded during the October cam-
paigns, which correspond to the high-water period, while the lowest concentra-
tions were observed during the February campaigns, which represent the low-wa-

ter period. Finally, the HCO; concentrations in groundwater ranged from 53
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mg/L to 702.32 mg/L, with averages ranging from 233.30 to 355.90 mg/L. The
concentrations varied considerably, with high standard deviations ranging from
120.72 to 171.33 and coefficients of variation ranging from 0.46 to 0.68.

Table 1. Variation of physicochemical parameters of groundwater.

October-17 February-18 June-18
Parameters
Min Max Aver o CV Min Max Aver o CV Min Max Aver o CvV
T°C 28.7 319 3020 098 0.03 276 34.1 3091 1.65 0.05 281 314 29.67 1.07 0.04
pH 6.44 8.16 7.25 0.56 0.08 6.7 8.3 7.47 0.46 0.06 6.8 824 7.48 0.43 0.06
EC 140 970 481.33 278.92 0.58 110 750 363.33 193.30 0.53 110 850 383.33 223.79 0.58

TDS (mg/L) 70 490 240.00 141.07 0.59 50 380 181.67 98.45 0.54 50 430 191.00 112.89 0.59
Ca’ (mg/L) 0 61 12.00 19.63 1.64 0 38 4.73 932 197 1 34 7.73 10.84 1.40
Mg* (mg/L) 3 18 8.67 495 0.57 3 26 9.93 536 0.54 7 24 1293 433 0.34
Na* (mg/L) 8.33 218.1 7259 64.57 0.89 2429 164.82 77.38 39.81 0.51 27.46 238.04 94.88 59.61 0.63

K* (mg/L) 2 122 293 2.58 0.88 1.9 58 238 097 041 2.1 2.8 239 025 0.11
Cl~ (mg/L) 0 22 1.73 561 324 0.2 16.1 192 395 2.06 0 32 338 796 235
NO; (mg/L) 1.8 759 10.99 1828 1.66 3 313 901 740 0.82 2 36.6 12.13 9.68 0.80
SO¥ (mg/L) 1 57 6.67 15.67 2.35 0 4 1.13 099 0.87 0 9 1.47 2.17 1.48

HCO; (mg/L) 53.64 546.56 253.48 171.33 0.68 101.28 702.32 300.64 168.57 0.56 136.64 694.96 355.9 164.42 0.46

Oct-18 Févr-19
Parameters
Min Max Aver o CV  Min Max Aver o CV Min Max Aver (] Cv
T°C 27.6 319 2957 1.19 0.04 27 31.5 2925 1.33 0.05 289 319 30.19 093 0.03
pH 6.62 833 730 047 0.06 6.69 8.01 7.31 0.40 0.05 6.8 799 737 038 0.05
CE 150 1260 408.00 297.47 0.73 110 850 378.00 230.01 0.61 110 780 379.33 221.92 0.59

TDS (mg/L) 80 630 205.33 148.03 0.72 50 420 190.67 114.80 0.60 50 390 188.00 109.95 0.58
Ca? (mg/L) 0 13 240 3.04 127 1 14 2.67 329 123 1 56 9.20 15.00 1.63
Mg** (mg/L) 3 14 8.47 323 0.38 3 23 1047 530 0.51 8 28 1527 7.1 047
Na* (mg/L) 23 285 88.60 70.51 0.80 15 186 78.43 50.78 0.65 12.7 201 7498 52.61 0.70
K* (mg/L) 0.2 1 041 022 052 0.1 4 0.71 1.09 1.54 1.3 3.8 219 082 037
Cl~ (mg/L) 0.3 43 4.68 1093 2.34 0 32 2.77  8.12 294 0 20 1.69 5.08 3.01
NO; (mg/L) 1 555 9.05 1341 148 24 68.1 1573 1647 1.05 47 937 2081 2135 1.03
SO¥ (mg/L) 0 15 233 3.85 1.65 0 8 1.47 185 1.26 0 15 2.13 3.68 1.73

HCO; (mg/L)107.12 556.76 255.95 149.18 0.58 87.84 465.76 233.30 120.72 0.52 92.72 575.84 261.97 146.96 0.56
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Figure 2. Piper diagram.
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3.2. Identification of the Main Hydro Chemical Facies

The data on major ions plotted on the Piper diagram (Piper, 1953) generally show
that the groundwater in the Maga irrigated rice perimeter is mainly of the bicar-
bonate-sodium and potassium, and bicarbonate-calcium and magnesium types
(Figure 2). The first facies are characteristic of the waters of the cultivated areas
of the irrigated perimeter of Maga East and West, and the second facies are dom-
inant in the Pouss areas. The diagram indicates a dominance of weak acids for
both water facies, with a dominance of alkaline earth metals in the bicarbonate-
calcium and magnesium facies (Figure 2(a), Figure 2(c), Figure 2(e), Figure
2(f)), and a dominance of alkalis over alkaline earth metals in the bicarbonate-
sodium and potassium facies (Figures 2(a)-(f)). Consequently, the waters in the
cultivated area of the irrigated perimeter are enriched in sodium and potassium
concerning cations, while bicarbonates remain the dominant anion.

The creation of a graphical representation of facies based on the quantities of
reacting ions is important for confirming the presence of different facies charac-
terizing groundwater. Given the dominance of bicarbonate, sodium, and magne-
sium ions, two diagrams (Figure 3) using the ratios Na*/Mg* - CI"/HCO; and
Na*/Ca** - CI'/HCO; have been constructed. Both diagrams show the concen-
tration of ion ratios in three poles with a predominance of the Bicarbonate Sodium
facies, indicating the previously determined facies that characterize the aquifer.
This result will lead to studying the source of mineralization by considering the

overall average of all analyses.
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Figure 3. Distribution of chemical facies.

3.3. Study of the Origin of Water Chemistry and Mineralization of
Groundwater

The dissolved chemical species in water and their relationships with each other
can reveal the origin of mineralization and the processes that have contributed to
the mineral composition of the analyzed water (Aboubaker et al., 2013; Diaw et
al., 2012; Kuldip-Singh et al., 2011; Jalali, 2009; Gupta et al., 2008).
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3.3.1. Saturation Indices of Mineral Phases

Saturation indices (SI) of minerals are used to evaluate mineralization because the
water chemistry is controlled by the equilibrium of solid phases (Appelo &
Postma, 1993). SI was calculated using PHREEQC V.2 (Parkhurst & Appelo,
1999), which can be accessed through the free version of the software Diagrammes
(Simler, 2007). The software was utilized to calculate the SI of the following water
minerals: calcite (CaCOs), dolomite CaMg (COs),, aragonite (CaCOs), anhydrite
(CaS0y), gypsum (CaSOs, 2H,0), and halite (NaCl).

The calculations showed that carbonate minerals have different degrees of sat-
uration. The saturation index of dolomite ranges from —3.31 to —0.34, while the
intervals for calcite vary from —2.19 to —0.27, and aragonite SI ranges from —2.34
to—0.41 (Figure 4). Assuming equilibrium occurs within the range of —0.5 to +0.5,
the results indicate that dolomite, calcite, and aragonite are in an undersaturated
state. Evaporite minerals exhibit lower degrees of saturation than carbonate min-
erals (Figure 4). Gypsum records indices ranging from —5.17 to —3.11, followed
by anhydrite with an index ranging from —5.39 to —3.33, and finally halite with
indices ranging from —9.64 to —6.85. All these minerals are in a highly undersat-
urated state (Dindane et al., 2003).

FO1
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P05
P06

—0— Anhydrite

) g s
4 o P, Calcite
6 —0— Dolomite

-8 —0—Gypsum
-10 Halite
-12

Figure 4. Variation of mineral saturation index.

3.3.2. Relationships between Total Mineralization and Major Ions

The study of correlations through binary graphs between the concentrations of
major elements (Ca**, Mg*, Na*, K", Cl, sO?", HCO;,and NO; ) and the total
dissolved solids (TDS) (Figure 5) helps identify the origin of mineralization in the
sampled water.

Observing Figure 5 highlights the contribution of each major element to the
total mineralization of water. The results of chemical analysis of groundwater pro-
jected onto the binary diagrams have revealed a significant relationship between
sodium and bicarbonates in water mineralization, with respective correlation co-
efficients of r = 0.73 and r = 0.88. It also appears that magnesium ions (r = 0.61)
have a moderate influence on the mineral content of these groundwater samples.
Calcium, potassium, chlorides, nitrates, and sulfates show only a weak relation-
ship with mineralization (r = 0.40, r = 0.47, r = 0.35, r = 0.33, and r = 0.23).
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Figure 5. Correlation of major chemical elements with total mineralization.

3.3.3. Binary Relationships between Major Elements

Dissolved chemical species and their relationships with each other can reveal the
origin of solutes and the processes that have generated the chemical composition
of water (Touhari, 2015). The interrelation is studied through the analysis of bi-

nary diagrams, which allow the identification of the source of dissolved salts in
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water. Considering that the studied water facies are bicarbonate sodium to potas-
sium, bicarbonate magnesium, and then calcic, diagrams Na* + K* and Ca* +
Mg* based on HCO; appear most relevant.

1) Na*/Cl" ratio

The Cl~ and Na* ions present in groundwater can have various origins. Their
presence can be natural, either linked to the dissolution of halite present in the
surrounding geological formations, or due to inputs from meteoric precipitation,
particularly enriched in Cl~ and Na* from seawater. However, these ions can also
have anthropogenic origins. The binary diagram (Figure 6(a)) representing the
evolution of Na* as a function of Cl~ shows an excess of Na* content for almost all
samples, indicating the existence of another source for sodium ions other than the
dissolution of halite. The analytical data in Figure 6(a) deviating from the slope
of 1 indicate that a significant fraction of sodium is associated with an anion other
than chloride.

10 10
s (a) &3 (b)
a 2 1
E o
°
w5 ! £ o1 o o
2 T
& ..q
0 © 0.01
000 020 040 060 080  1.00 0.001 0.1 10
CI (még/L) Na*/Cl"

Figure 6. Determining the source of sodium.

2) Ca**/HCco; and Mg**/HCO; Ratio

The study of the relationship between the dissolved concentrations of Ca*,
Mg, and HCO; (Figure 7) in water allows for the identification of the main
reactions involved in the dissolution of these ions, as described by the following

equations [40]:

CaCO, +H,CO, — Ca** +2HCO; (1)
CaMg(CO,), +2H,CO, —> Ca®" +Mg?>* +4HCO; (2)
CaMg(CO,), +2H,CO, —> CaCO, + Mg®" +2HCO; (3)

The linear correlation between Ca> and HCO; allows for the classification of
water points into two distinct groups. The first group, characterized by points lo-
cated above the slope of 1, indicates an excess of Ca** compared to HCO; , sug-
gesting the dissolution of gypsum with an ion exchange effect. The second group
consists of points below the slope of 1, indicating a deficit of Ca** compared to
HCO; - This could be explained by the secondary precipitation of calcite and do-
lomite and/or base exchange (Na* for Ca** and Mg** for Na*) on the clay minerals

of the aquifer, followed by carbonate dissolution.
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3) [(Na+ +K* )— Cl'} Vs [(Ca2+ +Mg* )— (SOi' +HCO; )} ratio

To determine the dominant geochemical processes in groundwater, researchers
have used various diagrams. One of these diagrams is the study of the relationship
between [(Na'+K')-Cl"| and [(Ca™ +Mg™)~(SO} +HCO; )] , which
provides a clearer understanding of cation exchange processes by focusing solely
on the reactions that may occur between clay minerals and the solution, while
excluding ions potentially derived from other dissolution reactions of carbonate
and evaporitic minerals (Farid et al., 2015; Kraiem et al., 2015; Garcia et al., 2001).
Plotting the data obtained from water analyses on this diagram (Figure 8) shows
that the samples are located in zones 3 and 4, where the difference between cations

(Ca’ and Mg*) and anions (HCO; and SO? ) is negative.

(4]
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Figure 8. Correlation diagram between [(Na+ +K)— C]f] Vs

[(ca™ +Mg*) - (SOF +HCO;) |-

4. Discussion

The study of the physical parameters of water in the Maga rice-growing zone

shows that the temperature varies little, with average values ranging from 29°C to
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30°C throughout the seasons. This indicates a weak influence of ambient temper-
ature on groundwater. The small variation in temperature also leads to a slight
variation in pH, which remains within the standard range for drinking water
(WHO, 2011).

The total mineralization of water, evaluated through measurements of electrical
conductivity and total dissolved solids (TDS), indicates that the water is suitable
for human consumption, with TDS values ranging from 50 to 630 mg/L on aver-
age (WHO, 2011). However, the values of electrical conductivity (EC), which
range from 110 uS/cm to 1260 uS/cm on average, indicate that the groundwater is
slightly to highly mineralized.

From a chemical perspective, ions play various roles in water mineralization.
Calcium ions (Ca?*) are more concentrated in the western part of the area, follow-
ing the direction of water flow. This indicates an accumulation of these ions due
to both ion accumulation and the time of contact between water and rock. Mag-
nesium ions (Mg?**) behave similarly to calcium ions, increasing in concentration
along the direction of water flow. The high values of Mg*" in the Guirvidig area
can be explained by the quality of the soils, which consist of clay rich in montmo-
rillonite, a clay family with a high content of Mg*, Ca**, and K* ions. Sodium ions
(Na*) show a variable distribution from one point to another. The obtained stand-
ard deviation (70.01) and coefficient of variation (0.89) demonstrate the diverse
sources of these ions in the water of the area. However, the overall trend of sodium
concentrations follows the movement of groundwater. Sodium is present in the
water through mineralization by contact with clay, where one Ca’* ion is fixed
after the release of two Na* ions. The presence of Na* in the water is usually asso-
ciated with chloride pollution (Nouzha et al., 2016), as there is often a linear cor-
relation between these two elements, as observed in this study. Indeed, the excess
sodium in the study area, characterized by a ratio (Na/Cl) > 1, is linked to the
alteration of silicates, as shown by the work of Meybeck (1987) and Stallard and
Edmond (1983). However, the increase in Na* concentrations accompanying low
CI” concentrations is due to the base exchange phenomenon, as the surrounding
formations can release Na* ions after fixing Ca*". The presence of potassium ions
(K*) in the water is mainly the result of the alteration of potassium-rich clays and
the dissolution of chemical fertilizers (NPK) extensively used in agriculture in the
area.

Anions contribute to water mineralization to varying degrees. Chloride ions
(CI') and nitrate ions ( NO; ) are moderately present, as well as sulfate ions
(s0?"). Bicarbonate ions (HCO; ) have a major contribution to the enrichment
of ions in water. The high values of HCO; depend on the presence of carbonate
minerals in the soil and aquifer, the CO, content in the air and soil in the catch-
ment basin, as well as agricultural activities. The HCO; concentrations in
groundwater not influenced by anthropogenic factors typically range from 50
mg/L to 400 mg/L, with median values around 302 mg/L (Nouayti et al., 2015).

The analysis of Figure 5 reveals diverse correlations between chemical elements
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and TDS, indicating various sources of mineralization that will be further corrob-
orated by the study of saturation indices, which will show the equilibrium state
between water and different minerals present in the solution (Yidana et al., 2008).
Previous studies by Ngounou (1993) showed that bicarbonate ions (HCO; ) had
the predominant role in water mineralization among anions. They were mainly
obtained in the aerated soil layers where silicate alteration reactions occur. On the
other hand, sulfate ions (s0* ), chloride ions (CI°), and nitrate ions ( NO; )
showed no dependency on bicarbonates, suggesting that their solubility is not
linked to the process of alteration of aluminosilicate minerals but could come
from meteoric and anthropogenic inputs. Regarding cations, calcium ions (Ca*")
were the main alkaline earth cations and were represented in surface-level waters.
However, in deep waters, sodium ions (Na*) were the predominant alkali element.
In summary, alkali-rich waters are more mineralized than waters dominated by
alkaline earth elements.

However, the observations from the two binary diagrams (Figure 7(a) and Fig-
ure 7(b)) show that the ionic behavior is the same with the variation in calcium
(Ca?*) and magnesium (Mg**) concentrations, which are not correlated with bi-
carbonates ( HCO; ). This behavior indicates that the contribution of calcite and
dolomite dissolution to water mineralization is weak and not the sole source of
these elements. When examining the relationship between magnesium ions
(Mg**) and bicarbonates ( HCO; ), it is noticeable that most samples are located
above the 1:1 line. This positioning above the 1:1 line may result from dolomiti-
zation, where magnesium ions are released into water while calcium ions are pre-
cipitated. The fact that the dolomitization process is more involved in water en-
richment is also supported by the proximity of various samples to the 1:1 line.

The results from Figure 8 indicate that all groundwater samples in the aquifer
system of the study area define a straight line (R* = 0.89), indicating that the cati-
ons Na*, Ca®, Mg**, and K* participate in cation exchange reactions. This figure
highlights base exchange interactions with clay minerals that affect the ground-
water during surface water infiltration and their residence in the aquifer. In the
absence of such reactions, all sample points should be located close to the origin
point (Mclean et al., 2000), which is not the case here. The samples situated in
zones 3 and 4, with a negative difference between cations (Ca** and Mg*") and
anions (HCO, and SO? ), indicate that the base exchange process dominates,
as shown in Figure 6(b). In these zones (3 and 4), there is a release of alkaline ions
(Na* and K*) and the retention of alkaline earth elements (Ca?* and Mg?*) in the

clays.

5. Conclusion

The results of the physicochemical analysis of the water show that these waters are
moderately mineralized with variable electrical conductivity (EC) values. On av-
erage, these values range from 110 pS/cm to 1260 puS/cm. The pH of the water in
Maga is slightly neutral overall, indicating that the alkalinity is mainly controlled
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by bicarbonates. The classification of water types using the Piper diagram shows
that, almost all samples are of the sodium and potassium bicarbonate type, as well
as the calcium and magnesium bicarbonate type. The calculation of water satura-
tion indices shows that carbonate minerals have varying degrees of saturation,
with dolomite, calcite, and aragonite being under saturated. However, evaporite
minerals show lower degrees of saturation compared to carbonate minerals. Gyp-
sum, anhydrite, and halite are highly undersaturated. The alteration of silicate
minerals combined with base exchange processes allows for an understanding of
the mineralization acquisition processes in groundwater, resulting from the dis-
solution of surrounding rocks, as well as anthropogenic activities. There is an ex-
change between the alkalis (Na* and K*) in the aquifer and the alkaline earth ele-
ments (Ca** and Mg**), leading to the fixation of alkaline earth elements and the
solubilisation of alkalis. These processes can be illustrated by projecting the
groundwater points onto the Chadha diagram. However, an isotopic study of the
waters in the area is necessary in order to highlight the presence of chemical ele-
ments resulting from fertilization in the waters for a better understanding of the

mineralization process.
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