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Abstract: The population of the city of Manga and the surrounding area is supplied with drinking water by 
boreholes exploiting the fractured rock aquifer. However, these boreholes are often managed without considering the 
impact of natural geogenic and anthropogenic sources of toxic chemicals, which can threaten groundwater quality. 
Major ion geochemistry, water quality index calculations have been used to understand the hydrogeochemical 
processes controlling water quality. To carry out this study, 94 water samples from wells were collected and 
analyzed. Physicochemical parameters indicate neutral and soft waters due to low mineralization. The dominant ions 
are Ca²⁺, Mg²⁺, and HCO₃⁻. Most of the analyzed samples are considered excellent according to the WQI. Analysis 
using bivariate diagrams revealed that the main factors affecting solute acquisition in groundwater are silicate 
weathering, mineral dissolution and precipitation, ion exchange, and evapotranspiration. This study enabled us to 
assess the hydrochemical quality of the water and gain a better understanding of the physico-chemical processes 
controlling the mineralization of groundwater in the study area. It will therefore be a decision-making tool for 
sustainable water management. 
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1. Introduction 

Anthropogenic and natural factors such as the nature of 
geochemical reactions, salt solubility, rock weathering, 
groundwater flow, evaporation-induced crystallization, 
and the contribution of atmospheric precipitation  
govern the geochemical signatures of groundwater 
[1,2,3,4,5] [6,7,8,9]. Atmospheric gases such as CO2, SO2, 
and NOx cause rainwater to become acidic. Once the 
rainwater interacts with the regolith, microbial-mediated 
redox processes further modify its chemistry. These 
processes influence both the carbon content of 
groundwater and the distribution of its major ions and 
trace elements [10,11]. 

The extended residence time of groundwater in aquifers, 
coupled with seasonal variations in precipitation and 
evapotranspiration, results in ongoing changes to its 
chemical composition through interactions with the 
surrounding rocks [12,13,14,15,16,17]. 

Additionally, deforestation, human activities, and their 
spatial distribution can also affect groundwater chemistry 

[18,19,20]. This has led researchers to use 
hydrogeochemistry to assess the lithological contributions 
to groundwater chemistry on a global scale [21,22,23]. 
The study area is essentially underlain by crystalline 
basement rocks, composed of volcano-sedimentary, 
plutonic rocks represented by granitoïds. These rocks are 
made up of various minerals whose alteration would 
release several chemical elements into solution. 

Recently, numerous boreholes have been drilled in rural 
and peri-urban areas of Manga city to supply drinking water. 
However, these boreholes are often managed without 
considering the impact of natural geogenic and 
anthropogenic sources of toxic chemicals, which can 
threaten groundwater quality. To effectively monitor and 
address these pollution sources and to develop a sustainable 
and integrated groundwater management plan, it is crucial 
to understand the current status of the chemical constituents 
that influence groundwater quality [24,25]. 

Typically, the concentrations of various quality 
parameters in water intended for human consumption are 
compared with the standards set by the WHO. Parameters 
exceeding these WHO limits are considered potentially 
harmful to both the ecosystem and human health. 
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Although this method offers insight into water quality, it 
does not provide information on spatial or temporal trends 
in overall water quality [26]. 

The WQI is also used to assess water potability. This 
method, utilized by [27,28,29], provides a more 
comprehensive evaluation of water quality for 
consumption purposes. This numerical approach 
consolidates a wide range of groundwater quality 
parameters into a single value, generating a score that 
describes the condition of groundwater quality over a 
specific spatial and temporal scale [30,31].  

To our knowledge, no geochemical characterization 
study using the WQI has been conducted in the city of 
Manga and its surroundings. As part of the drinking water 
supply plan for the city of Manga, a number of high-flow 
boreholes need to be drilled. Given the various 
anthropogenic activities associated with natural 
hydrochemical processes, water quality could be affected. 
Hydrogeochemical analyses were used to test this 
hypothesis and achieve the study's objectives. The results 
will help water resource managers monitor the quality of 
groundwater in the city of Manga and its surroundings. 

2. Study Area 

2.1. Environmental Setting 
The study was conducted in the watershed draining the 

city of Manga and its surrounding area, the capital of the 
Zoundwéogo province (Central-South region) in Burkina 
Faso (Figure 1) 

 

Figure 1. Geographical location of the groundwater sampling sites and 
land occupation map showing major regional watercourses in study area 

The municipality falls within the Sudanian and Sahelian 
type climatic zone, characterized by annual rainfall 
ranging between 600 and 900 mm, with a rainy season 
lasting 4 to 5 months from May to October [32] and a very 
long dry season of 7 to 8 months. Precipitation is irregular 
both spatially and temporally, with an annual average of 
800 mm. Minimum temperatures range between 21°C and 
22°C, while maximum temperatures range between 30°C 
and 35°C. Hydrologically, the municipality of Manga is 
part of the Nakambé watershed, one of the major basins in 
the country. 

The majority of the population in the municipality is 

engaged primarily in agriculture and livestock farming, 
with agricultural production heavily dependent on climatic 
variability. These climatic uncertainties, along with 
ongoing degradation of soils, vegetation cover, and water 
resources, limit agricultural yields. Cultivated lands 
require fertilizers, and most farmers use pesticides, 
organic fertilizers, and chemical fertilizers to boost yields. 
Additionally, population pressure and rampant 
urbanization are making soils impervious and limiting 
groundwater recharge. These factors are likely to impact 
groundwater quality. 

2.2. Geological and Hydrogeological Settings 
The study area is primarily underlain by crystalline 

basement rocks, composed of volcanic-sedimentary and 
plutonic rocks represented by granites, tonalites, and quartz 
diorites, as well as late magmatic phenomena marked by the 
emplacement of dolerite dykes [32,33] (Figure 2). 

 

Figure 2. Simplified geological map of the study area 

These geological formations form altered and fractured 
aquifers [34]. The recent model of basement aquifers, 
proposed by several authors [35,36,37] distinguishes three 
(03) "layers" from bottom to top based on hydrogeological 
properties: (1) the top of the fractured basement, where 
fractures are tectonic in origin, generally sub-vertical, and 
act as major drains at depth; (2) an intermediate layer (the 
fractured zone). This is particularly developed in granite 
formations, where it can reach thicknesses of several tens 
of meters. This zone is characterized by primarily 
horizontal fractures; (3) finally, the upper layer, which 
corresponds to the weathered part of the rock. Depending 
on the depth and degree of weathering, two compartments 
are distinguished: the upper, the alloterites, and the lower, 
the isaloterites. The alloterites generally have relatively 
low permeability due to their high clay content but possess 
high capacitive function. 
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These geological formations contain disseminated and 
vein-type sulfur minerals, which generally constitute gold 
metallotectics. Oxidation of these sulfur minerals through 
chemical weathering or exposure to air during gold extraction 
can generate acidic leachate, rich in SO4

2, promoting rock 
dissolution and the mobility of trace elements in the 
environment, potentially reaching groundwater. 

The discontinuity of aquifers and the distance from 
groundwater sources are responsible for the drying up of 
traditional wells during the dry season, especially those 
not near watercourses. Consequently, water supply relies 
on boreholes, typically using manual pumps in rural areas. 
In principle, these structures should be less vulnerable, but 
due to population pressure and increased use of chemicals, 
the search for water points is conducted along fractures, 
which are the preferred recharge zones of the aquifer. 
While these recharge zones are crucial for the availability 
and sustainability of the water resource, they are also 
sources of anthropogenic pollutants due to the transport of 
microorganisms, pesticides, chemical fertilizer effluents, 
and heavy metals. 

3. Material and Methods 

3.1. Sample Collection and Analysis 
To carry out this study, 94 groundwater samples were 

taken from boreholes tapping fractured crystalline aquifers 
in the watershed draining the city of Manga. To ensure 
that the borehole samples were indeed representative of 
groundwater and not of water that had been in the 
boreholes for some time, we put the boreholes into 
production for a few minutes (10-15 minutes) before the 
samples were taken. To avoid the effects of 
microorganism activity on groundwater chemistry, each 
sample was pumped through a 0.2 μm filter capsule into 
two sets of pre-conditioned polyethylene bottles. One set 
was acidified (pH < 2) with ultra-pure HNO3 to keep the 
ions in solution and was then used for the analysis of 
major cations and trace elements, while the concentrations 
of major anions were determined in a set of non-acidified 
samples. The physico-chemical parameters such as pH, 
temperature, electrical conductivity (EC) and turbidity 
were measured in field under minimum atmospheric 
contact, using a calibrated meter. 

Once the samples were received at the Geochemistry 
Laboratory of the BUMIGEB in Ouagadougou, the 
concentrations of Ca²⁺ and Mg²⁺ were measured by 
titration using 0.05 N EDTA and 0.01 N EDTA, 
respectively. The concentrations of HCO₃- and Cl- were 
determined by titration with H₂SO₄ and AgNO₃, 
respectively. Sodium and K⁺ concentrations were 
measured using flame photometry (APHA 1995), while F⁻, 
SO₄²⁻, NO₃⁻, and PO₄³⁻ concentrations were determined 
by UV-Vis spectrophotometry. Total hardness (TH) was 
assessed by the EDTA complexometric titration method 
(WHO 1999). Total iron (FeT) concentrations in the 
groundwater samples were measured using an atomic 
absorption spectrometer (AA 7000, Perkin Elmer 2380). 
The analytical accuracy was cross-checked by calculating 
IBE as follows (Eq. 1): 

 ( )IBE % 100
−

=
+

∑ ∑
∑ ∑

Cations Anions
x

Cations Anions
 (1) 

In general, the value of IBE should be less than ± 5%, 
and certainly less than ± 10% [38]. In this study, all 
samples were IBE values less than ± 10%. In this study, 
samples with IBE exceeding ± 10% were excluded from 
the dataset. Approximately 70% of the samples had IBE 
values within the ± 10% range, indicating that charge 
imbalances would not significantly affect the results. The 
remaining dataset was sufficiently large for geostatistical 
modelling of groundwater quality. 

3.2. Water Quality Index 
The WQI for each sample was computed using the 

WHO standard guidelines for drinking water (WHO 2011). 
The WQI was based on twelve parameters: pH, TDS, TH, 
Ca²⁺, Mg²⁺, Na⁺, K⁺, HCO₃⁻, Cl⁻, SO₄²⁻, NO₃⁻, and F⁻. 
Each parameter was assigned a weight (wi) from 1 to 5, 
according to its potential impact on human health. NO₃⁻, 
F⁻, SO₄²⁻, and TDS were given the highest weights, while 
HCO₃⁻, Ca²⁺, Mg²⁺, Na⁺, and Cl⁻ received the lowest 
weights (Table 1).  

Table 1. Weight, relative weight and the WHO’s standards used to 
calculate groundwater quality index 

Parameters Unit Who (Si) Weight (wi) Relative weight (Wi) 
pH mg/L 8.5 4 0.114 

TDS mg/L 600.0 4 0.114 
TH mg/L 500 2 0.057 
Ca2+ mg/L 75 2 0.057 
Mg2+ mg/L 50 2 0.057 
Na+ mg/L 200 2 0.057 
K+ mg/L 12 2 0.057 

HCO3
- mg/L 120 1 0.029 

Cl- mg/L 250 3 0.086 
SO4

2- mg/L 250 4 0.114 
F- mg/L 1.5 4 0.114 

NO3
- mg/L 10 5 0.143 

   35 1.00 
 
The relative weights (Wi) for each parameter were 

calculated as described in Equation 2. 

 n
i 1

wiWi
wi=

=
∑

 (2) 

where Wi is the relative weight, wi is the weight of each 
parameter and n is the number of the parameters. The 
quality rating scale (qi) was also computed by dividing the 
concentration of each parameter (Ci) by its corresponding 
WHO guideline value (Si) for drinking water (Eq. 3): 

 x100=
Ciqi
Si

 (3) 

Before computing WQI, a sub-index (SIi) of each 
parameter was calculated as follows (Eq. 4–5): 

 x=SIi qi Wi  (4) 

 = ∑WQI SIi  (5) 

 



142 American Journal of Water Resources  

The calculated WQI values group groundwater into five 
different classes [39,40]: (1) excellent water (WQI < 50); 
(2) good water (WQI = 50-100); (3) poor water (WQI = 

100-200); (4) very poor water (WQI = 200-300); and (5) 
water unsuitable for human consumption (WQI > 300) 
(Table 2). 

Table 2. Univariate statistical summary of physico-chemical Parameters of the groundwater samples 

Parameter Unit N Min Max Mean Median Std. D Skewness Kurtois 
pH  94 6.20 8.00 7.32 7.40 0.39 -0.83 6.20 
IS  94 6.20 8.00 7.32 7.40 0.39 -0.83 0.70 

pCO2 atm 94 0.00 0.01 0.01 0.01 0.00 0.33 -0.41 
TDS mg/L 94 0.00 2.10 0.04 0.01 0.22 9.63 93.18 
EC μS/cm 94 109.02 745.89 296.06 279.80 115.89 0.89 1.42 
TH mg/L 94 158.00 1081.00 429.07 405.50 167.95 0.89 1.42 
Ca2+ mg/L 94 44.00 324.00 187.96 180.00 70.32 0.15 -0.64 
Mg2+ mg/L 94 18.44 96.19 48.42 46.49 17.30 0.56 -0.02 
Na+ mg/L 94 0.00 57.78 16.40 13.33 13.31 1.22 0.91 
K+ mg/L 94 2.30 11.96 8.00 8.93 2.24 -0.67 -0.79 

HCO3
- mg/L 94 1.98 11.56 5.32 4.79 2.14 0.95 0.56 

Cl- mg/L 94 85.40 463.60 238.49 229.36 86.42 0.33 -0.32 
SO4

2- mg/L 94 0.00 7.49 1.07 0.00 1.81 1.93 3.36 
NO3

- mg/L 94 0.00 76.58 12.58 9.79 12.53 1.92 6.29 
F- mg/L 94 0.00 10.94 1.27 0.00 2.61 2.11 3.50 

PO4
3- mg/L 94 0.00 0.71 0.08 0.06 0.08 5.14 35.57 

FeT mg/L 94 0.00 1.77 0.09 0.05 0.20 6.53 50.27 
WQI mg/L 94 0.00 16.55 0.62 0.26 1.79 7.80 68.22 

Std. D: Standard deviation 
 

3.3. Hydrogeochemical Modelling 
Hydrogeochemical modelling is a crucial analytical tool 

for identifying the primary geochemical reactions that 
control groundwater chemistry. To identify the main 
geochemical reactions controlling groundwater chemistry, 
hydrogeochemical modelling is an important analytical 
tool that can be utilized [41]. In this study, Visual 
MINTEQ (version 4) was used to calculate the values of 
the saturation index (SI), ionic strength (IS), and partial 
pressure of CO2 (pCO2). 

4. Results and Discussion 

4.1. Groundwater Constituents 

4.1.1. Physico-chemical Parameters 
The Table 2 presents the results of the measurements of 

physico-chemical parameters in the groundwater samples. 
Among these parameters, pH plays a central role in 
regulating the biogeochemical processes that take place in 
groundwater [42,43]. Although a high pH cannot have a 
direct impact on human health, it can profoundly affect the 
taste of drinking water. The pH of the groundwater 
sampled ranged from 6.20 to 8 with an average ± standard 
deviation of 7.32 ± 0.39, which indicating the neutral 
nature of the groundwater. This also suggests that 
dissolved carbonates were mainly in the form of HCO3

-. 
The EC concentration ranged from 158 to 1081 μS/cm 
with an average of 429.07 ± 167.95 μS/cm. The overall 
low mineralisation rates can be attributed to the low 
content of evaporite minerals in the local geological 
formations as high groundwater mineralisation generally 
occurs in evaporites formations [44]. Groundwater is 
considered fresh water when TDS ranges from 0 to 

1000mg/L. Total dissolved solids were low and ranged 
from 109.02 to 745.89 mg/L (average =296.06 ± 115.89 
mg/L), indicating that the groundwater is fresh due to the 
dilution effects of recharge rainwater on the groundwater, 
or limited mineral dissolution [45]. 

4.1.2. Groundwater Recharge Areas  
Groundwater mineralization can vary across different 

locations, influenced by soil composition and the 
residence time of resources, regardless of the underlying 
geology. The Saturation Index (SI) reflects these 
variations: positive values indicate that the water is 
supersaturated with respect to the mineral phase, negative 
values signify undersaturation, and a value of zero 
represents equilibrium [28]. The IS of the groundwater 
sampled ranged from 0.002 to 0.012 with an average ± 
standard deviation of 0.006 ± 0.0021, which indicating the 
saturated nature of the groundwater.  

The groundwaters which have a low ionic strength (i.e., 
<0.005) are indicative a high rate of inflow of freshwater 
into the aquifer (i.e., recharge areas), whereas, high ionic 
strength groundwaters indicate less inflow of freshwater, 
and the areas are considerate to be discharge areas [46].  

Sometimes the pCO2 can be used to determine recharge 
zones, residence time and, more importantly, water-rock 
interactions [47,48]. The modelled log pCO2 values were 
relatively higher than atmospheric log pCO2 (-3.75) and 
ranged from 0.0014 and 2.09 (Figure 3), suggesting that 
the aquifer system is open to the soil CO2. Many 
boreholes have high log pCO2 values (∼ -1.5) and are 
considered to be in a closed system which is characterised 
by a long residence time favouring the prolongment of 
water-rock interactions [27,28]. We can therefore 
conclude that the majority of drilling water is concentrated 
in the mixing zone and in the open system. Consequently, 
understanding the sources and mechanisms of 
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groundwater recharge in this semi-arid climate zone is 
essential for regional water resource management. 

 
Figure 3. Bivariate plot between logpCO2 and ionic strength of the 
groundwater samples illustrating mostly a short residence time of the 
groundwater 

4.1.3. Groundwater Cation Content 
The ions Ca2+ and Mg2+ were the dominant cations in 

the samples and were followed by Na+ and K+. The order 
of abundance is: Ca2+ > Mg2+> Na+ > K+. Calcium 
concentrations varied from 18.44 to 96.19 mg/L (average 
= 48.42 ± 17.30 mg/L), whereas, those of Mg2+ ranged 
from <1 to 57.78mg/L (average = 16.40 ± 13.31 mg/L) 
reflecting weathering of silicate minerals and calcite 
dissolution. As a result, TH, that is mainly regulated by 
Ca2+ and Mg2+ concentration, varied from 44 to 324 mg 
CaCO3/L with an average value of 187.96 ± 70.30 
CaCO3/L under WHO reference value (500 mg CaCO3/L) 
for drinking water. Around 45% and 12% of the sample 
were classified as being “hard” and “very hard” waters, 
respectively [49]. The groundwater with TH greater than 
80mg CaCO3/L (∼92%) are unsuitable for domestic uses 
because they coagulate soap lather [50]. Also, long term 
consumption of hard waters could trigger cardiovascular 
diseases and prenatal mortality [51].  
Sodium concentrations ranged from 2.30 to 11.96 mg/L 
(average = 8mg/L). Because of its low mobility during 
chemical alterations K+ concentrations in groundwater are 
relatively low compared with Na+ concentrations [52], and 
ranged from 1.98 to about 11.96 mg/L (average = 5.32 ± 
2.14 mg/L). 

4.1.4. Groundwater Anion Content 
The anion HCO3

- was the most dominant anion in 
groundwater, with concentrations varied from 65.88 to 
610 mg/L (average 142.33 ± 58.71 mg/L. The order of 
abundance is:  HCO3

- >SO4
2- > NO3

- > PO4
3-> F-. The high 

HCO3
- concentrations in groundwater can be attributed to 

CO2 inputs from precipitation, as well as to the dissolution 
of carbonates in the soil and the weathering of primary 
silicate minerals [53]. The high CO2 pressure caused by 
the mineralisation of organic matter may be a driving 
force behind the high HCO3

- concentrations in some 
groundwater samples. Groundwater mineralisation (i.e. 
EC) is strongly correlated with HCO3

- concentrations 
(Figure 4). Consequently, the EC of groundwater samples 

can be used as an indicator to assess the extent of 
interactions between water and rock. 

 
Figure 4. Scatter plot indicating a linear trend between EC and HCO3

- 

Sulphate concentrations varied from <1 to 76.58 mg/L 
(average = 12.58 ± 12.53 mg/L), contributing to TZ- 
concentrations. In natural waters with sufficient salinity, 
SO4

2- concentrations generally range from 2 to 80 mg/L [54]. 
All the samples therefore have SO4

2- concentrations within 
the natural range for fresh groundwater. However, the high 
standard deviation and high skewness observed reflect 
extensive spatial variation and possible anthropogenic or 
localised weathering contributions of sulphide minerals to 
SO4

2- concentrations in groundwater [55]. 
NO3

- concentrations in excess of WHO standards were 
not found in boreholes. Although the abundance of NO3

- 

in groundwater is mainly linked to various anthropogenic 
sources [56,57] non-anthropogenic processes such as 
enrichment by evaporation, nitrogen fixation by organisms 
or water-rock interactions have also been identified as 
potential sources of NO3

- concentrations in groundwater in 
semi-arid environments [58,59,60].  

Chloride is generally present in low concentrations in 
rock-forming minerals, and its concentration in 
groundwater is mainly attributed to atmospheric inputs or 
seawater [61]. Cl- concentrations varied from <1 to 7.49 
mg/L. All the samples had chloride concentrations well 
below the WHO standard. 

Phosphate was only detected in 85 samples (i.e., 
90.42%) with concentrations varying from <1 to 1.77 
mg/L (average =0.09 ± 0.20 mg/L).  

Fluoride concentrations above 0.7 mg/l in drinking 
water are considered beneficial to human health, as they 
protect against dental caries. However, excessive 
concentrations of F- in groundwater can lead to tooth 
discolouration and skeletal fluorosis [62]. Fluoride 
concentrations in water samples groundwater samples 
ranged from 0 to 0.71 mg/L (average = 0.08 ± 0.08 mg/L). 
This suggests that the risk of exposure to disease caused 
by high fluoride levels is very low. 

Total iron concentrations varying from <1 to 15.16 
mg/L (average =0.62 ± 1.79 mg/L). A total of 42 samples 
were concentration greater than 0.3mg/L. Increased iron 
content in water has adverse effects on municipal uses, 
industrial machinery, agriculture and human health. 
Compared with adults, children and newborns are more 
sensitive to the effects of the contaminant [63]. 
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4.2. Overall Groundwater 
The calculated WQI ranges from 17.95 to 51.06 

(average = 32.7635.37 ± 7.53). According to the results, 
the quality of the groundwater sampled ranged from 
"excellent" (WQI=1-25) to "unfit" for consumption 
(WQI>150). Based on the calculated WQI, 90.42%, 
8.51% and 1.06% of the groundwater samples had a 
WQI below 25, above 25 and above 50, respectively. It 
is interesting to note that most groundwater samples 
were of excellent quality.  

4.3. Groundwater Hydrochemical Evolution 
Chemical weathering of bedrock is one of the main 

processes controlling the geochemical cycle of the main 
ions in the aquifer system [64]. Therefore, understanding 
the geochemistry and quality of groundwater requires a 
thorough interpretation of major ions such as K+, Na+, 
Mg2+, Ca2+, SO4

2-, HCO3
-, NO3

- and Cl-. These ions can be 
used to classify groundwater types, mixing, evaporation 
and chemical weathering. According to the bivariate 
mixing plots of Ca/Na versus HCO3/Na and Ca/Na versus 
Mg/Na [65,66], carbonate dissolution is the main 
lithogenic contributor to Ca2+ and Mg2+ loadings in the 
groundwater system, followed by silicate weathering 
(Figure 5a, b). 

 

 
Figure 5. a bivariate plot of Ca/Na vs HCO3/Na, b Ca/Na versus Mg/Na 
of the groundwater samples, showing the effect of water–rock influence 
on the groundwater chemistry 

A ratio of less than 1 indicates the dissolution of 
dolomite, while a ratio greater than 1 indicates the 
dissolution of calcite [67,68]. Of the 94 wells, 80 have 
Ca/Mg ratios greater than 1 (Figure 6a), suggesting a 
predominant contribution of calcite to the abundance of 
Ca²⁺ and Mg²⁺ in the water chemistry of the wells. 
Chemical weathering and dissolution of minerals in the 
aquifer are generally triggered by carbonic acid (H₂CO₃-) 
derived from atmospheric or biological CO₂ inputs. 

The dominance of (Ca2+ + Mg2+) over (HCO3
- + SO4

2-) 
on the scatter plot of (HCO3

- + SO4
2-) vs (Ca2+ + Mg2+) 

(Figure 6b) clearly pointed out the existence of few 
dominant feldspar mineral weathering and ion exchange, 
whereas samples plotted close to the 1:1 equiline indicated 
dissolution of calcite, dolomite and gypsum [69,70]. 

The Ca2+ vs. SO4
2- scatter plot (Figure 6c) had been 

used to identify the sources Ca2+ and SO4
2- in groundwater 

[71]. If the ions Ca2+ and SO4
2- originated from gypsum 

weathering, the molar ratio of Ca2+ to SO4
2- would be 1:1 

according to the following reaction (Eq. 7): 

 2 2
4 2 4 2CaSO . 2H O  Ca  SO 2H O+ −↔ + +  (7) 

On the other hand, in this study there is no determined 
relationship between Ca2+ and SO4

2- concentrations, 
implying that these two ions do not originate from the 
dissolution of gypsum. The slight excess of SO4

2- over 
Ca2+ on the Ca2+ vs SO4

2- graph can be attributed to the 
ion exchange process, while the excess of Ca2+ is mainly 
linked to the dissolution of calcite, dolomite and aragonite. 
Oxidation of sulphide minerals could also be a source of 
SO4

2- loadings in groundwater. 
The weathering of calcite, dolomite, pyroxene and 

amphibole could be the source of Ca2+ and HCO3
- in 

groundwater. The scatter plot of Ca2+ versus HCO3
- shows 

that some samples are represented above the 1:1 
equilibrium, indicating that Ca2+ concentrations are higher 
than those of HCO3

- and that anortite and dolomite 
alteration isn’t taking place in these samples (Figure 6d). 
In contrast, few groundwater samples were plotted along 
the 1:1 equilibrium, suggesting that the main source of 
Ca2+ and HCO3

- in these samples is calcite weathering. 
In addition, the Ca2+ + Mg2+ vs. Na+ scatter plot was 

used to assess the extent of the ion exchange process. On 
the basis of this diagram, groundwater samples are 
projected above (i.e. reverse ion exchange; Eq. 8) and 
below 1:1 equilibrium (i.e. direct exchange; Eq.9), 
suggesting that both direct and reverse ion exchange take 
place in the groundwater system. Nevertheless, direct 
exchange dominates in view of the number of samples 
below 1:1 equilibrium (Figure 6e): 

 2
2Ca  2NaX  2Na  CaX+ ++ → +  (8) 

 2
22Na  CaX  Ca  2NaX+ ++ → +  (9) 

Thus, through direct ion exchange, Ca2+ and Mg2+ are 
released into the groundwater and Na+ or K+ are retained 
by the aquifer materials. On the other hand, Ca2+ and Mg2+ 
are adsorbed onto the aquifer matrix and Na+ or K+ are 
released into the groundwater by reverse ion exchange 
[72,73]. It can be concluded that under the neutral pH 
conditions of the groundwater studied, reverse ion 
exchange takes place on the aquifer matrix. Ion exchange, 
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evapotranspiration, calcite and aragonite dissolution and 
silicate weathering are the main geochemical processes 
controlling groundwater chemistry. Additionally, the study 
area includes an urban center, the city of Manga. This 
makes it vulnerable to changes in groundwater quality. 

  

 

 

 

 
Figure 6. Scatter plots showing relationships between major ions in the 
groundwater samples 

4.4. Saturation Indices 
Around 31 and 48 % of the samples were 

supersaturated (SI > 0) with respect to aragonite and 
calcite, respectively. This indicates partial 
sequestration/precipitation of Ca2+ and release of Na+ in 
the groundwater system. Values of ISd (ISdolomite) ranged 
from -18.27 to 1.48 (average = -0.79 ± 2.14) with around 
20% of samples supersaturated relative to dolomite, 
reflecting additional Ca2+ sequestration. The 
undersaturated groundwater samples with respect to 
calcite, aragonite and dolomite may be related to 
insufficient mineral sources or a short contact time of the 
groundwater with the aquifer, which may be influenced by 
infiltrated rainwater. With lSg (ISgypsum) values ranging 
from -9.11 to 1.58 (-2.73 ± 0.99; Table 3). Except one 
sample, all samples were undersaturated with respect to 
gypsum (SIg < 0), reflecting the absence of gypsum in 
crystalline bedrocks.  

Saturation index values for the fluorite mineral (CaF2) 
ranged from -14.71 to -1.37 (average = -3.81 ± 1.36). All 
samples (100%) were highly undersaturated with respect 
to CaF2, indicating of continuous dissolution of CaF2 in 
the groundwater system. An increase in pCO2 due to 
atmospheric inputs or microbial respiration reduces the pH 
of the groundwater. This leads to hydrolysis of the 
aluminosilicate minerals, resulting in the production of 
HCO3

-. 
The subsequent precipitation of CaCO3 reduces HCO3

- 
concentrations, thereby promoting the dissolution of CaF2 
and F- enrichment, as shown in Eq. 10: 

 2 3 3 2 2CaF  2HCO  CaCO  2F H O CO− − −+ → + + + (10)  

Similarly, a decrease in pCO2 during degassing results 
in an increase in pH and HCO3

- concentrations [74]. This 
can lead to an exchange of anions between F- and OH and 
the dissolution of CaF2, thus increasing F- concentrations 
in groundwater. Evapotranspiration and reverse cation 
exchange could also reduce Ca2+ concentrations in 
groundwater, thus preventing CaF2 precipitation. 

On the other hand, supersaturation and the possible 
precipitation of FCO3-apatite and hydroxyapatite (Table 3) 
in some groundwater samples are likely to limit F- 
concentrations in groundwater. 
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Table 3. Summary of saturation indices of selected mineral phases in the groundwater 

Mineral phase Chemical formula N Min Max Mean Median Std.D Skewness Kurtosis 
Anhydrite CaSO4 83 -8.94 -1.97 -3.04 -2.92 0.82 -4.81 32.78 
Aragonite CaCO3 93 -2.07 0.66 -0.26 -0.16 0.54 -1.28 1.94 

Calcite CaCO3 94 -8.94 0.80 -0.21 -0.01 1.06 -6.29 50.60 
Dolomite CaMg (CO3)2 89 -18.27 1.76 -0.79 -0.42 2.14 -6.35 51.01 
Fluorite CaF2 92 -14.71 -1.38 -3.82 -3.59 1.37 -5.66 44.44 
Gypsum CaSO4.2H2O 81 -9.11 1.59 -2.74 -2.65 0.99 -2.47 25.09 

FCO3-Apatite Ca10 (PO4)5(CO3)F 81 -108.80 16.20 4.60 6.48 13.32 -7.90 67.62 
Hydroxyapatite Ca10 (PO4)6(OH)2 84 -43.67 6.88 -0.22 0.57 5.34 -6.68 53.81 

 

5. Conclusion 

Groundwater sampling in boreholes for various 
chemical parameters, along with the assessment of water 
quality index values, has been conducted to evaluate the 
quality of groundwater for consumption in the aquifers 
beneath Manga city and its surrounding area. The primary 
hydrochemical processes influencing groundwater 
chemistry appear to be the alteration of silicates and 
carbonates, evapotranspiration, and ion exchange. A 
strong correlation between total iron and sodium 
concentrations suggests that their presence in the 
groundwater system mainly stems from natural geogenic 
processes, including chemical weathering and desorption 
in alkaline pH conditions. Most of the analyzed boreholes 
showed chemical parameters below WHO standards. 
Notably, over 90% of the groundwater samples were 
classified as excellent quality, with a water quality index 
below 25. Given this context, it is essential to monitor 
groundwater closely, as it is primarily in an open system 
where surface pollutants could infiltrate due to recharge. 

Abbreviations 

BUMIGEB: Bureau des Mines et de Géologie du 
Burkina 

EDTA: Ethylenediaminetetraacetic Acid 
IBE: Ionic Balance Error 
SI: Saturation indices 
UV: Ultraviolet  
WHO: World Health Organization 
WQI: Water Quality Index 

ACKNOWLEDGEMENTS 

The authors would like to thank all those who 
contributed in any way to the success of this work. 

 
https://orcid.org/0009-0009-1859-4234 

References 
[1] J. Chen, H. Qian, and H.-D. Wu, ‘Nitrogen contamination in 

groundwater in an agricultural region along the New Silk Road, 
northwest China: distribution and factors controlling its fate’, 
Environmental Science and Pollution Research, vol. 24, pp. 
13154–13167, 2017. 

[2] C. Grimaldi, ‘Grimaldi C. Hydrochimie de petits bassins versants 

Apports à la connaissance du fonctionnement géochimique du sol 
et de la qualité de l’eau des cours d’eau,’ in: UMR INRA-
Agrocampus « Sol Agronomie Spatialisation » Rennes, Université 
de Rennes 1, 2004. 

[3] S. G. Johnston, E. D. Burton, T. Aaso, and G. Tuckerman, ‘Sulfur, 
iron and carbon cycling following hydrological restoration of acidic 
freshwater wetlands’, Chemical Geology, vol. 371, pp. 9–26, 2014. 

[4] W. Liu and J. B. Sha, ‘Failure mode transition of Nb phase from 
cleavage to dimple/tear in Nb-16Si-based alloys prepared via 
spark plasma sintering’, Materials & Design, vol. 111, pp. 301–
311, Dec. 2016. 

[5] C. Neukum and R. Azzam, ‘Impact of climate change on 
groundwater recharge in a small catchment in the Black Forest, 
Germany’, Hydrogeology Journal, vol. 20, pp. 547–560, 2012. 

[6] R. R. Pant et al., ‘Spatiotemporal variations of hydrogeochemistry 
and its controlling factors in the Gandaki River Basin, Central 
Himalaya Nepal’, Science of The Total Environment, vol. 622–623, 
pp. 770–782, May 2018. 

[7] L. Zhang et al., ‘Probabilistic risk assessment of Chinese residents’ 
exposure to fluoride in improved drinking water in endemic fluorosis 
areas’, Environmental Pollution, vol. 222, pp. 118–125, 2017. 

[8] L. Zong-Jie, L. Zong-Xing, S. Ling-Ling, M. Jin-Zhu, and S. 
Yong, ‘Environment significance and hydrochemical 
characteristics of supra-permafrost water in the source region of 
the Yangtze River’, Science of The Total Environment, vol. 644, 
pp. 1141–1151, Dec. 2018. 

[9] L. Zong-Jie, S. Ling-Ling, and M. Jin-Zhu, ‘Hydrochemical 
characteristics and environmental significance in different ablation 
period in Hulugou River Basin in Qilian Mountain’, Environ 
Earth Sci, vol. 76, no. 17, p. 606, Sep. 2017. 

[10] K. W. Mandernack, L. Lynch, H. R. Krouse, and M. D. Morgan, 
‘Sulfur cycling in wetland peat of the New Jersey Pinelands and 
its effect on stream water chemistry’, Geochimica et 
Cosmochimica Acta, vol. 64, pp. 3949–3964, 2000. 

[11] G. L. Macpherson, ‘CO2 distribution in groundwater and the 
impact of groundwater extraction on the global C cycle’, Chemical 
Geology, vol. 264, pp. 328–336, 2009. 

[12] J. I. Drever, The Geochemistry of Natural Waters: Surface and 
Groundwater Environments. Prentice Hall, 1997. [Online]. 
Available: https://books.google.bf/books?id=mbYPAQAAIAAJ. 

[13] H. P. Broers and B. van der Grift, ‘Regional monitoring of 
temporal changes in groundwater quality’, Journal of Hydrology, 
vol. 296, no. 1, pp. 192–220, 2004. 

[14] M. Jalali and Z. V. Khanlari, ‘Major ion chemistry of 
groundwaters in the Damagh area, Hamadan, western Iran’, 
Environmental Geology, vol. 54, no. 1, pp. 87–93, Mar. 2008. 

[15] J. Perrin, S. Ahmed, and D. Hunkeler, ‘The effects of geological 
heterogeneities and piezometric fluctuations on groundwater flow 
and chemistry in a hard-rock aquifer, southern India’, 
Hydrogeology Journal, vol. 19, pp. 1189–1201, 2011. 

[16] C. Millogo, C. Bakouan, and S. Sawadogo, ‘Caractérisation 
physico-chimique des eaux de surface et des altérites du bassin 
versant du lac Bam, Centre Nord du Burkina Faso’, Afrique 
Science, vol. 5, no. 17, pp. 137–150, 2020. 

[17] C. Millogo, C. Bakouan, A. Sako, and S. Nakolendoussé, 
‘Hydrogeochemical Characterization and Multivariate Analysis of 
Groundwater in Pala, Burkina Faso: Implications for Sustainable 
Water Management’, Int. Res. J. Pure Appl. Chem., vol. 25, no. 5, 
pp. 17–34, Aug. 2024. 

[18] G. B. Bonan, ‘Effects of Land Use on the Climate of the United 
States’, Climatic Change, vol. 37, no. 3, pp. 449–486, Nov. 1997. 

[19] R. A. Pielke et al., ‘Interactions between the atmosphere and 

 



 American Journal of Water Resources 147 

terrestrial ecosystems: influence on weather and climate’, Global 
Change Biology, vol. 4, 1998, [Online]. Available: 
https://api.semanticscholar.org/CorpusID:85591113. 

[20] A. J. Pitman, G. T. Narisma, R. A. Pielke, and N. J. Holbrook, 
‘Impact of land cover change on the climate of southwest Western 
Australia’, J. Geophys. Res., vol. 109, no. D18, p. 2003JD004347, 
Sep. 2004. 

[21] R. F. Stallard and J. M. Edmond, ‘Geochemistry of the Amazon: 2. 
The influence of geology and weathering environment on the 
dissolved load’, Journal of Geophysical Research, vol. 88, pp. 
9671–9688, 1983. 

[22] A. K. Singh, B. Raj, A. K. Tiwari, and M. K. Mahato, ‘Evaluation 
of hydrogeochemical processes and groundwater quality in the 
Jhansi district of Bundelkhand region, India’, Environmental 
Earth Sciences, vol. 70, pp. 1225–1247, 2013. 

[23] A. Kundu and S. K. Nag, ‘Assessment of groundwater quality in 
Kashipur Block, Purulia district, West Bengal’, Applied Water 
Science, vol. 8, pp. 1–18, 2018. 

[24] K. W. F. Howard, ‘Sustainable cities and the groundwater 
governance challenge’, Environ Earth Sci, vol. 73, no. 6, pp. 
2543–2554, Mar. 2015. 

[25] M. R. Khan et al., ‘Megacity pumping and preferential flow 
threaten groundwater quality’, Nature Communications, vol. 7, 
2016, [Online]. Available: https:// api.semanticscholar.org/ 
CorpusID:12331258. 

[26] P. Debels, R. Figueroa, R. Urrutia, R. Barra, and X. Niell, 
‘Evaluation of Water Quality in the Chillán River (Central Chile) 
Using Physicochemical Parameters and a Modified Water Quality 
Index’, Environ Monit Assess, vol. 110, no. 1–3, pp. 301–322, 
Nov. 2005. 

[27] M. V. Prasanna et al., ‘Identification of the geochemical processes 
in coastal groundwater using hydrogeochemical and isotopic data: 
A Case study of the Gadilam river basin in southern India’, 2008. 
[Online]. Available: https:// api.semanticscholar.org/ CorpusID: 
134483767. 

[28] S. Chidambaram et al., ‘Significance of pCO2 values in 
determining carbonate chemistry in groundwater of Pondicherry 
region, India’, Front. Earth Sci., vol. 5, no. 2, pp. 197–206, 2011. 

[29] A. Sako and S. Kafando, ‘Hydrogeochemical and spatial 
assessment of groundwater quality from basement aquifers in the 
Central Plateau Region of Burkina Faso, West Africa’, Environ 
Earth Sci, vol. 80, no. 9, p. 358, May 2021. 

[30] W. Ocampo-Duque, M. Schuhmacher, and J. L. Domingo, ‘A 
neural-fuzzy approach to classify the ecological status in surface 
waters’, Environmental Pollution, vol. 148, no. 2, pp. 634–641, Jul. 
2007. 

[31] H. Boyacıoğlu, ‘Development of a water quality index based on 
a European classification scheme’, Water SA, vol. 33, pp. 101–
106, 2009. 

[32] N. Kagambega and C. Castaing, ‘Notice explicative de la Carte 
géologique du Burkina Faso à 1/200 000 ; Feuille NC-30-XXIII 
Pô’, BRGM, Orléans – France, N° 7.ACP.BK.074, 2003. 

[33] V. Sattran and U. Wenmenga, Géologie du Burkina/Geology of 
Burkina, Czech Geological Survey. Prague, 2002. 

[34] B. Dewandel, P. Lachassagne, R. Wyns, J. C. Maréchal, and N. S. 
Krishnamurthy, ‘A generalized 3-D geological and 
hydrogeological conceptual model of granite aquifers controlled 
by single or multiphase weathering’, Journal of Hydrology, vol. 
330, no. 1–2, pp. 260–284, Oct. 2006. 

[35] R. G. Taylor and K. W. F. Howard, ‘A tectono-geomorphic model 
of the hydrogeology of deeply weathered crystalline rock: 
Evidence from Uganda’, Hydrogeology Journal, vol. 8, pp. 279–
294, 2000. 

[36] P. Lachassagne and R. J. Berkowitz, ‘Aquifères de socle. 
Nouveaux concepts. Application à la prospection et la gestion de 
la ressource en eau’, BRGM, no. 2, pp. 32–37, 2005. 

[37] S. Ouandaogo-Yameogo, B. Blavoux, J. Nikiema, and A. N. 
Savadogo, ‘Caractérisation du fonctionnement des aquifères de socle 
dans la région de Ouagadougou à partir d’une étude de la qualité 
chimique des eaux’, rseau, vol. 26, no. 3, pp. 173–191, Oct. 2013. 

[38] P. A. Domenico and F. W. Schwartz, ‘Physical and Chemical 
Hydrogeology.’ Wiley, 1990. 

[39] C. R. Ramakrishnaiah, C. Sadashivaiah, and G. Ranganna, 
‘Assessment of Water Quality Index for the Groundwater in 
Tumkur Taluk, Karnataka State, India’, Journal of Chemistry, vol. 
6, no. 2, pp. 523–530, Jan. 2009. 

[40] M. Ketata-Rokbani, M. Gueddari, and R. Bouhlila, ‘Use of 
Geographical Information System and Water Quality Index to 
Assess Groundwater Quality in El Khairat Deep Aquifer (Enfidha, 
Tunisian Sahel)’, 2011. [Online]. Available: https:// 
api.semanticscholar.org /CorpusID: 91176792. 

[41] M. Coetsiers and K. Walraevens, ‘Chemical characterization of 
the Neogene Aquifer, Belgium’, Hydrogeol J, vol. 14, no. 8, pp. 
1556–1568, Nov. 2006. 

[42] D. A. Lipson et al., ‘Water-table height and microtopography 
control biogeochemical cycling in an Arctic coastal tundra 
ecosystem’, Biogeosciences, vol. 9, pp. 577–591, 2011. 

[43] M. O. Rivett, J. W. N. Smith, S. R. Buss, and P. Morgan, ‘Nitrate 
occurrence and attenuation in the major aquifers of England and 
Wales’, Quarterly Journal of Engineering Geology and 
Hydrogeology, vol. 40, no. 4, pp. 335–352, 2007 

[44] E. Petelet-Giraud, P. Négrel, L. Gourcy, C. Schmidt, and M. 
Schirmer, ‘Geochemical and isotopic constraints on groundwater-
surface water interactions in a highly anthropized site. The 
Wolfen/Bitterfeld megasite (Mulde subcatchment, Germany).’, 
Environmental pollution, vol. 148 3, pp. 707–17, 2007. 

[45] R. A. Freeze and J. A. Cherry, Groundwater. Englewood Cliffs, 
N.J: Prentice-Hall, 1979. 

[46] J. D. Hem, ‘Calculation and Use of Ion Activity’, p. 25, 1961. 
[47] S. Madasamy et al., ‘Geochemical characterization of 

groundwater and water quality assessment for sustainable 
management of hard rock aquifer in South India’, 2021. [Online]. 
Available: https://api.semanticscholar.org/CorpusID: 236626035 

[48] C. Thivya et al., ‘A study on the significance of lithology in 
groundwater quality of Madurai district, Tamil Nadu (India)’, 
Environment, Development and Sustainability, vol. 15, pp. 1365–
1387, 2013. 

[49] C. N. Sawyer, P. L. McCarty, and G. F. Parkin, ‘Chemistry for 
environmental engineering and science’, 2002. [Online]. Available: 
https://api.semanticscholar.org/CorpusID: 109456116. 

[50] Y. Srinivasa Rao and D. K. Jugran, ‘Delineation of groundwater 
potential zones and zones of groundwater quality suitable for 
domestic purposes using remote sensing and GIS’, Hydrological 
Sciences Journal, vol. 48, no. 5, pp. 821–833, Oct. 2003. 

[51] H. A. Schroeder, ‘Relations between hardness of water and death 
rates from certain chronic and degenerative diseases in the United 
States.’, J Chronic Dis, vol. 12, pp. 586–591, Dec. 1960. 

[52] J. Wu et al., ‘Spatiotemporal variation of groundwater quality in 
an arid area experiencing long-term paper wastewater irrigation, 
northwest China’, Environmental Earth Sciences, vol. 76, no. 13, 
p. 460, Jul. 2017. 

[53] S. Rose, ‘Comparative major ion geochemistry of Piedmont 
streams in the Atlanta, Georgia region: possible effects of 
urbanization’, Environmental Geology, vol. 42, no. 1, pp. 102–113, 
May 2002. 

[54] K. M. Subrahmanyam and P. Yadaiah, ‘Assessment of the impact 
of industrial effluents on water quality in Patancheru and environs, 
Medak district, Andhra Pradesh, India’, Hydrogeology Journal, 
vol. 9, pp. 297–312, 2001. 

[55] E. K. Berner and R. A. Berner, ‘Global Water Cycle: 
Geochemistry and Environment’, 1987. [Online]. Available: 
https:// api.semanticscholar.org/CorpusID: 128967808. 

[56] C. A. J. Appelo and D. J. Postma, ‘Geochemistry, groundwater 
and pollution’, 1993. [Online]. Available: https:// 
api.semanticscholar.org/CorpusID: 140583539. 

[57] T. H. E. Heaton, ‘Sources of the nitrate in phreatic groundwater 
in the western Kalahari’, Journal of Hydrology, vol. 67, pp. 
249–259, 1984. 

[58] J. N. Aranibar, I. C. Anderson, S. Ringrose, and S. A. Macko, ‘Title: 
Importance of nitrogen fixation in soil crusts of southern African 
arid ecosystems: acetylene reduction and stable isotope studies’, 
Journal of Arid Environments, vol. 54, pp. 345–358, 2003. 

[59] T. H. E. Heaton, A. S. Talma, and J. C. Vogel, ‘Origin and history 
of nitrate in confined groundwater in the western Kalahari’, 
Journal of Hydrology, vol. 62, pp. 243–262, 1983. 

[60] J. M. Holloway and R. A. Dahlgren, ‘Nitrogen in rock: 
Occurrences and biogeochemical implications’, Global 
Biogeochemical Cycles, vol. 16, no. 4, Dec. 2002. 

[61] P. Li, J. Wu, and H. Qian, ‘Hydrochemical appraisal of groundwater 
quality for drinking and irrigation purposes and the major 
influencing factors: a case study in and around Hua County, China’, 
Arabian Journal of Geosciences, vol. 9, no. 1, p. 15, Dec. 2015. 

 



148 American Journal of Water Resources  

[62] WHO, ‘Guidelines for drinking-water quality’, 2011, Accessed: Aug. 
10, 2024. [Online]. Available: https://iris.who.int/handle/10665/44584. 

[63] J. Wu and Z. Sun, ‘Evaluation of Shallow Groundwater 
Contamination and Associated Human Health Risk in an Alluvial 
Plain Impacted by Agricultural and Industrial Activities, Mid-west 
China’, Expo Health, vol. 8, no. 3, pp. 311–329, Sep. 2016. 

[64] J. A. Barth, ‘Das Vorkommen der chemischen Elemente auf der 
Erde’, 1935. [Online]. Available: https:// api.semanticscholar.org/ 
CorpusID: 129103469. 

[65] J. Gaillardet, B. Dupré, P. Louvat, and C. J. Allègre, ‘Global 
silicate weathering and CO2 consumption rates deduced from the 
chemistry of large rivers’, Chemical Geology, vol. 159, no. 1, pp. 
3–30, 1999. 

[66] A. K. Tiwari, R. Ghione, M. De Maio, and M. Lavy, ‘Evaluation 
of hydrogeochemical processes and groundwater quality for 
suitability of drinking and irrigation purposes: a case study in the 
Aosta Valley region, Italy’, Arabian Journal of Geosciences, vol. 
10, no. 12, p. 264, Jun. 2017. 

[67] A. L. Mayo and M. D. Loucks, ‘Solute and isotopic geochemistry 
and ground water flow in the central Wasatch Range, Utah’, 
Journal of Hydrology, vol. 172, no. 1–4, pp. 31–59, Nov. 1995. 

[68] L. Belkhiri, L. Mouni, and A. Tiri, ‘Water–rock interaction and 
geochemistry of groundwater from the Ain Azel aquifer, Algeria’, 
Environ Geochem Health, vol. 34, no. 1, pp. 1–13, Feb. 2012. 

[69] T. E. Cerling, B. L. Pederson, and K. L. V. Damm, ‘Sodium-
calcium ion exchange in the weathering of shales: Implications for 
global weathering budgets’, Geology, vol. 17, pp. 552–554, 1989. 

[70] R. S. Fisher and I. William F. Mullican, ‘Hydrochemical 
Evolution of Sodium-Sulfate and Sodium-Chloride Groundwater 
Beneath the Northern Chihuahuan Desert, Trans-Pecos, Texas, 
USA’, Hydrogeology Journal, vol. 5, pp. 4–16, 1997. 

[71] R. Barzegar, A. A. Moghaddam, M. Najib, N. Kazemian, and J. F. 
Adamowski, ‘Characterization of hydrogeologic properties of the 
Tabriz plain multilayer aquifer system, NW Iran’, Arabian 
Journal of Geosciences, vol. 9, pp. 1–17, 2016. 

[72] C. A. J. Appelo and D. Postma, Geochemistry, groundwater and 
pollution, CRC Press. London, 2005. 

[73] L. P. Younger, Groundwater in the environment: an introduction, 
Blacwell Publishing. Oxford, 2007. 

[74] M. H. Ozler, ‘Hydrochemistry and salt-water intrusion in the Van 
aquifer, east Turkey’, Environmental Geology, vol. 43, no. 7, pp. 
759–775, Mar. 2003. 

 

 
© The Author(s) 2024. This article is an open access article distributed under the terms and conditions of the Creative Commons 
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

 


