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Abstract: The quality of groundwater resources in the Pra Basin (Ghana) is threatened by ongoing
river pollution from illegal mining. To date, there are very limited data and literature on the
hydrochemical characteristics of the basin. For the first time, we provide regional hydrochemical
data on surface water and groundwater to gain insight into the geochemical processes and quality
for drinking and irrigation purposes. We collected 90 samples from surface water (rivers) and
groundwater (boreholes) and analysed them for their chemical parameters. We performed a water
quality assessment using conventional water quality rating indices for drinking water and irrigation.
Cluster and factor analysis were performed on the hydrochemical data to learn the chemical variations
in the hydrochemical data. Bivariate ion plots were used to interpret the plausible geochemical
processes controlling the composition of dissolved ions in surface water and groundwater. The water
quality assessment using Water Quality Index (WQI) revealed that 74% of surface water and 20%
of groundwater samples are of poor drinking quality and, therefore, cannot be used for drinking
purposes. For irrigation, surface water and groundwater are of good quality based on Sodium
Adsorption Ratio (SAR), Wilcox diagram and United States Salinity (USSL) indices. However, Mn
and Fe (total) concentrations observed in most surface water samples are above the acceptable limit
for irrigation and therefore require treatment to avoid soil acidification and loss of availability of
vital soil nutrients. Manganese and iron (total) are identified as the main contaminants affecting the
basin’s water quality. The hierarchical cluster analysis highlights the heterogeneity in the regional
hydrochemical data, which showed three distinct spatial associations based on elevation differences.
Groundwater composition chemically evolves from a Ca–HCO3 to a Na–HCO3 and finally to a Na–Cl
water type along the flow regime from the recharge to the discharge zone. The bivariate ion plot and
the factor analysis underscore silicate weathering, carbonate dissolution and ion exchange as the
most likely geochemical processes driving the hydrochemical evolution of the Pra Basin groundwater.
Going forward, geochemical models should be implemented to elucidate the dominant reaction
pathways driving the evolution of groundwater chemistry in the Pra Basin.

Keywords: water quality; cluster analysis; mining; hydrochemical evolution; silicate weathering

1. Introduction

One of the components of the United Nations sustainable development goals is ensur-
ing access to quality water and improved sanitation for all [1]. This has become necessary
due to the increasing pollution of large surface water bodies and the complex nature of
some aquifers around the world [2–5]. The problem of unregulated anthropogenic activi-
ties, such as poor agricultural practices, illegal mining and indiscriminate sewage disposal
are major causes of water pollution, especially in many parts of Africa. According to the
United Nations, more than 80% of human waste is discharged into rivers untreated, and
more than 40% of the world’s population is affected by water scarcity [1]. The situation is
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worst in many developing countries, such as Ghana. One of the river basins affected by
these activities is the Pra Basin in Ghana. Over the past decade, large river networks that
provide water to over four million people have been adversely affected by illegal mining
activities [6–11]. This new development has increased dependence on groundwater as the
only available alternative source of water supply. Specific uses of the groundwater in the
basin include drinking, industrial, animal watering and mechanized irrigation systems
that require good quality for their applications. Therefore, determining the geochemical
processes that control the evolution of groundwater and its quality is essential [12–14] to
ensure sustainable water resource management in the basin.

Groundwater is protected from contamination by anthropogenic pollutants due to the
filtering capacity of the overburden material and is therefore usually preferred to surface
water [15]. However, the quality may deteriorate depending on the local environmental
conditions [16–18]. Several factors contribute to changes in groundwater hydrochemistry,
including climate, precipitation, mineralogy of the underlying geology with which the
water interacts, aquifer properties and topography. These factors contribute to the spa-
tial and temporal changes in the water composition. Understanding the hydrochemical
characteristics of groundwater thus provides insight into the mechanisms and geochemical
processes that drive groundwater chemical evolution.

In the study area, research on the hydrochemical characterization of surface water and
groundwater is very sparse and the few ones that exist [19–21] are poorly coordinated to
provide a regional overview for better planning and management of the aquifers in the
basin. The complexity characterizing the underlying geology and the enormous land-use
changes make it very difficult to understand the processes that determine the quality of
surface water and groundwater in a regional setting.

Several researchers have used various conventional approaches to assess the quality
of water resources for drinking [22–24] and irrigation [21,25] purposes. The Water Quality
Index (WQI) has been used extensively in various geological terrains to study surface water
and groundwater quality for drinking [26,27]. Others have been employed to study irriga-
tion water quality, including the USSL, %Na and Wilcox diagram [21,25,28]. In the Pra Basin,
Loh et al. [21] used the WQI, %Na, Wilcox and the United States Salinity Level diagram to
assess groundwater quality in the Lake Bosumtwi area of the Pra Basin and concluded that
the groundwater is of good quality for drinking and irrigation and demonstrated the utility
of these approaches in studying water quality in the terrain.

In the present study, major ions and trace metals are used to provide knowledge about
spatial variation in surface water and groundwater quality and geochemical processes in
the Pra Basin of Ghana. We deduce the important geochemical processes that govern the
evolution of groundwater composition in the basin. Here we employed classical methods,
including WQI, %Na, USSL and Wilcox diagram, to assess the water quality for drinking
and irrigation. Hierarchical cluster analysis (HCA) was used to establish spatial associations
within the hydrochemical dataset. Factor analysis was used to reduce the dimensionality
of the data to identify the plausible factors driving groundwater chemical evolution.

2. Materials and Methods
2.1. Location and Physical Setting

The study area (Figure 1A) is in the Pra Basin in Ghana (Figure 1B,C). It is one of the
basins with an established management board set up by the Water Resources Commission
(WRC). The study area lies between the Universal Transverse Mercator (UTM) coordinates
30 N 795,477m E, 30 N 624,441m E and 30 N 553,263m N, 30 N 744,975m N. The catch-
ment area consists of the Birim and the main Pra rivers. It covers a total area of about
10,703 km2 [29]. The rivers are perennial and cross several towns and serve as the main
source of water supply for many communities and industries within the basin. However,
recent activities, including illegal mining, have rendered many of these rivers undrinkable,
making the groundwater resource the most reliable for water supply [6–11].
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The main economic activities in the study area are mining and agriculture. It is estimated
that over 60% of the people are engaged in agriculture [29], with cocoa cultivation being
the predominant agricultural activity in the region. Large-scale mining activities have been
conducted since the 1950s, however, illegal mining has recently increased throughout the
basin in search of economic minerals such as gold, bauxite, diamonds, manganese and iron.
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Figure 1. The location of the main Pra Basin in Ghana and the international boundaries (A), the study
area representing the Birim and the Lower Pra catchments of the Pra Basin (B), the digital elevation
model (DEM) of the study area and the river networks, including some notable districts (C).

2.2. Geology

The study area consists of two major rock formations, the Birimian Supergroup and the
Cape Coast granitoid complex (Figure 2). The Birimian underlies the northern area, and the
Cape Coast granitoid mostly the southern area. There is also the Tarkwain Formation, which
is found in a few areas on the eastern and western edges of the study area. The Birimian
consists mainly of meta-sediments and includes phyllite, shale and greywacke. On top of
the Birimian lies the Tarkwain Formation, which consists of sandstones, conglomerates and
argillites. The Cape Coast granitoid is massive and outcrops predominantly in Ghana’s
southern parts [30,31]. The Cape Coast type granite comprises quartz, gneiss, foliated
biotite and horn–blende–quartz–diorite gneiss [32].
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Figure 2. Geological map of the study area showing the predominant rock types and the sampling
locations. The Birimian Supergroup consist of meta-sediments, mainly phyllite, schists and greywacke.
The Tarkwain Group consist of sandstones, conglomerates and argillites, the Cape Coast granitoid of
quartz and dioritic gneiss and the Dyke is made of dolerite.

2.3. Surface Water and Groundwater Sampling

A total of 90 water samples were taken from rivers (n = 34) and boreholes (n = 56) in the
study area. The sampling wells were selected taking into account geology, accessibility and
spatial distribution (Figure 2). The sampling was carried out in March 2020. The sampling
campaign coincided with the start of the major rainy season, which begins in mid-March
and early April. Temperatures during the sampling period ranged from 27 to 30 °C, with
a mean of 28 °C. Prior to sampling, the boreholes were first flushed for a minimum of
15 min to remove stagnant water and ensured representative water from the aquifer was
reached. A detailed description about materials and sampling procedure are elaborated
in Manu et al. [33].

2.4. Instrumentation and Measurements

The concentrations of cations (Na+, K+, Ca2+ and Mg2+) and trace metals (Si, Ba, Mn
and Fe) were measured by Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES). The anion concentrations (Cl−, HCO−

3 , SO2−
4 , NO−

3 ) were measured by ion
chromatography (ICS 3000, Thermo Fisher Scientific, Waltham, MA, USA) using an AS11
HC column and a conductivity detector. The analytical precision of the ICP-OES and
IC was ±5%. Parameters including pH, dissolved oxygen (DO), electrical conductivity
(EC) and temperature, were determined in the field using the WTW profiline 3320 series
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multi-parameter measuring device. Alkalinity (as HCO−
3 )measurements were carried out

onsite via HACH digital Titrator Model 16900.
To ensure the reliability of the measurements, duplicate samples of some of the rivers

and boreholes were collected, and measurements were conducted to cross-check their
corresponding measured samples. The final measurements were subjected to an internal
consistency test using percentage charge balance error (CBE). In this study, a CBE < ±3%
was achieved and considered sufficient.

2.5. Computation of Water Quality Indices

The sodium adsorption ratio (SAR) and the water quality index (WQI) were calculated
from the hydrochemical data to assess the quality of the water for irrigation and drinking
purposes. A total of 11 chemical parameters including Na+, K+, Ca2+, Mg2+, Cl−, HCO−

3 ,
SO2−

4 , NO−
3 , Ba, Mn and Fe (total) were used to calculate the WQI of the water samples. The

computation of the WQI involved four steps [34]. In the first step, all chemical parameters
were assigned weights (wi) according to their negative impact on human health with
reference to the WHO guideline protocol for drinking water [35]. In step two, the relative
weight (Wi = wi/ ∑ wi) of each parameter was calculated. The WHO standard for the
parameters in drinking water [35], their assigned weights and calculated relative weights
are presented in Table 1. Step 3 involved calculating the quality rating scale (qi), as shown
in Equation (1):

qi =
Ci

Si
× 100 (1)

where qi, Ci and Si are the quality rating value, the concentration of each parameter and
the WHO standard values of each parameter, respectively. Finally, the WQI was computed
using Equation (2):

WQI = ∑ Wi × qi (2)

The WQI classification scheme by Sahu and Sikdar [34] was used to interpret the
threshold values acceptable for drinking purposes. The drinking water classification
scheme includes excellent water (WQI < 50), good water (WQI between 50 and 100), poor
water (WQI between 100 and 200), very poor water (WQI between 200 and 300) and not
unsuitable for drinking (WQI > 300).

Table 1. List of parameters used to calculate the WQI, their standard drinking water reference
values [35], for drinking water, assigned weights (wi) and relative weights (Wi).

Parameter Standard [35] Weight (wi) Relative Weight (Wi)

pH 7.5 4 0.138
Na+ 200 2 0.069
Ca2+ 200 2 0.069
Mg2+ 150 2 0.069
Cl− 250 3 0.103

SO2−
4 250 3 0.103

NO−
3 10 5 0.172

Mn 0.1 3 0.103
Fe 0.3 3 0.103
Ba 1.3 2 0.069

Total 29 1.0
Note(s): All concentrations are in mg/L except pH.

The SAR was calculated using the equation proposed by Allison and Richards [36]
and Hem [37] which is contained in Equation (3):

SAR =
Na+√

Ca2++Mg2+

2

(3)
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Ion concentration in meq/L was adopted for the calculation.
The Wilcox plot was generated by plotting EC vs. %Na+. The %Na+ was calculated

using Equation (4):

%Na+ =
Na+ + K+

Ca2+ + Mg2+ + Na+ + K+
× 100 (4)

All ion concentrations are expressed in meq/L.
The USSL diagram was created by plotting the EC against the SAR. The interpretation

of irrigation quality from the USSL was based on four classifications, categorized as low,
medium, high and very high salinity levels. Water samples falling within the low and
medium salinity areas in the plot are considered excellent to good for irrigation.

The chloro–alkali indices were used to study the occurrence of cation exchange in
groundwater. Schoeller [38] proposed two chloro–alkali indices, CAI-I and CAI-II, to
assess the presence of such processes in groundwater. The two indices are calculated using
Equations (5) and (6), respectively:

CAI − I =
Cl− − (Na+ + K+)

Cl−
(5)

CAI − II =
Cl− − (Na+ + K+)

CO2−
3 + SO2−

4 + HCO−
3 + NO−

3
(6)

All ion concentrations are taken in meq/L. The chloro–alkali indices < 0 indicate the
occurrence of cation exchange and >0 emphasize reverse ion exchange.

2.6. Cluster Analysis of the Groundwater Hydrochemical Data

The groundwater hydrochemical data were subjected to multivariate statistical analy-
sis to learn about the spatial associations and factors controlling groundwater chemistry.
The data were logarithmically transformed and standardized to their respective z-scores
to ensure that all hydrochemical data met the requirements of normal distribution. Factor
analysis with the principal component as the extraction criterion was applied to the trans-
formed data (z-scores) to reduce the data in order to establish the relationship between the
variables. To optimize the variations between the variables, we used the varimax rotation
method to ensure that the data are uncorrelated. The Kaiser Criterion [39] was applied to
remove components that do not provide unique processes in the hydrochemistry. Factors
that loaded communalities < 0.5 were excluded from the analysis and the process repeated.
The reason for this is that variables that load communalities < 0.5 do not show much
influence among generated principal components and, therefore contribute only marginally
to the factor model [40].

The hierarchical cluster analysis (HCA) was used to partition the hydrochemical data
based on their spatial correlation. Here all the standardized (z-score) hydrochemical param-
eters including pH, Na+, K+, Ca2+, Mg2+, Cl−, HCO−

3 , SO2−
4 , NO−

3 , Ba, Mn and Fe (total)
were included in the HCA. The Statistical Package for Social Science, IBM SPSS Statistics
v20 [41] was used for all the statistical analysis. The Squared Euclidean Distance was
chosen as the similarity/dissimilarity determinant to partition the data into their respective
groupings and subsequently regrouped using the Ward’s agglomeration method [42,43].
Determining the number of clusters in the HCA analysis is a semi-objective process and
requires knowledge of the underlying geological, hydrogeological and prevailing environ-
mental conditions [26,40]. The output of the number of clusters depends on the position of
the critical linkage distance on the dendrogram. It is always a good practice to choose an
appropriate linkage distance so as not to generate too many or too few groupings in order
not to complicate interpretation or to omit certain important hydrochemical processes. In
our case, a linkage distance of 3.5 was chosen and resulted in three clusters. The samples
under each cluster and their positions were then plotted and used as the basis to understand
the groundwater chemical evolution along the flow regime.
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3. Results

Overall, the hydrochemical data of the surface water and groundwater samples show
large variations across the entire dataset. During the field campaign, we found that most
of the surface water samples were turbid with a brownish color mainly due to the impact
of illegal mining. All wells sampled are public wells that are active and serve as the main
water supply for the communities in the catchment area, however, the quality of the samples
is not checked regularly. Information on the historical drill hole logs including the quality
report and drill depths for some of the wells is not available. The hydrochemical data and
details about the field and laboratory measurements can be found in Manu et al. [33].

3.1. Surface Water Chemistry

Figure 3a shows the variation in the major ions and trace metal composition of
the surface water samples. As can be seen, the order of cation and anion abundance
is Na+ > Ca2+ > K+ > Mg2+ and HCO−

3 > Cl− > SO2−
4 > NO−

3 , respectively. We have
observed that the cations show relatively less variability than the anions. The largest
variability in the hydrochemical data is associated with NO−

3 and SO2−
4 . The pH of sur-

face water is generally mildly acidic to alkaline with a mean and standard deviation of
7.3 and ±0.3, respectively. The electrical conductivity ranges from 18 to 607 µS/cm with a
mean and standard deviation of 157 µS/cm and ±101 µS/cm, respectively. The tempera-
ture is less variable and ranges from 28 to 32 °C with a mean and standard deviation of
28.5 °C and ±1.4 °C, respectively. The dissolved oxygen (DO) ranges between 0.3 mg/L
and 2.1 mg/L with a mean and a standard deviation of 1.5 mg/L and ±0.5 mg/L, respec-
tively. For trace metals, Fe (total) concentration was relatively higher than that of the Mn.
The highest Fe (total) concentration occurs in the southern areas, while the northern areas
have high Mn concentrations.
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Figure 3. The box-and-whisker plots show the relative abundance of major ions, trace metals and
silica in surface water (a) and groundwater (b). The horizontal solid line and the x symbol on the
box-and-whisker plot represent the average and the median concentrations, respectively. Outliers are
defined by points that fall more than 1.5*IQR above the third quartile or below the first quartile. All
the ion concentrations are measured in mg/L except pH.
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3.2. Groundwater Chemistry

Figure 3b shows the statistical summary of groundwater chemical composition. The
pH of the groundwater is generally acidic to neutral and shows homogeneity in its data
set. The order of cation abundance is Na+ > Ca2+ > Mg2+ > K+ while that of the anions
is HCO−

3 > Cl− > NO−
3 > SO2−

4 . Among the major ions, NO−
3 and SO2−

4 show the greatest
variability in their concentrations. For the trace metals, the Mn concentration is relatively
higher than that of Fe (total), with both parameters exhibiting large variations. We observed
a significant number of the groundwater samples with measured Fe (total) concentrations
below the detection limit. The dissolved oxygen ranges from 0.4 to 2.8 mg/L with a
mean and standard deviation of 1.2 mg/L and ±0.5 mg/L, respectively. As for the physical
parameters, the temperature ranges from 27 to 31 °C with an average and standard deviation
of 28.5 °C and ±1.2 °C, respectively. The electrical conductivity ranges from 33 to 795 µS/cm
with a mean and standard deviation of 239.0 µS/cm and ±164 µS/cm, respectively. The
highest EC values are associated with the samples in the southern areas, while the northern
areas are characteristically low.

3.3. Calculation of Surface Water Quality Indices for Drinking and Irrigation

Figure 4a shows the spatial distribution of the calculated surface water quality index
(WQI). As can be seen, 25 out of 34, representing 74% of the surface water samples, had
WQI > 100 and are classified as poor to unsuitable for drinking. Surface water samples
from the northern area are influenced by Mn, while Fe (total) influences samples in the
central and southern areas. Our analyses show that all major ion concentrations are well
within the WHO standard limits for drinking water. However, we find that the Fe (total)
concentration in 27 out of 34 samples exceeds the WHO limit of 0.3 mg/L Fe (total) in
drinking water, while the Mn concentration in 15 out of 35 samples exceeds the acceptable
limit of 0.1 mg/L. The surface water quality is significantly influenced by the high Mn and
Fe (total) contents in the surface water samples.

For irrigation purposes, the water quality indices SAR, USSL and the Wilcox diagram
show good to excellent surface water quality. Figure 4b shows the spatial distribution of
the calculated SAR, which is broadly within the acceptable limit of SAR < 10 for irrigation
water. We see from Figure 5a that 32 out of 34 samples fall into the C1 S1 (low salinity,
low sodicity) category of irrigation water. Only three samples fall into the C2 S1 category
(medium salinity, low sodicity). Based on the Wilcox classification (Figure 5b), we find all
surface water samples in the excellent to good irrigation water category.

3.4. Calculation of Groundwater Quality Indices for Drinking and Irrigation

Figure 6a shows the spatial distribution of the WQI used to assess the drinking water
quality of the groundwater. As can be seen, a total of 44 out of 56 groundwater samples
had a WQI < 100 and fall into the category of good to excellent drinking water. However,
twelve samples showed a WQI > 100 and fall into the poor to unsuitable category. Eleven
of the samples classified as poor to unsuitable are located in the northern areas of the basin.
We find that all major ion concentrations including Na+, K+, Ca2+, Mg2+, Cl−, HCO−

3 ,
SO2−

4 and NO−
3 are well within the limits of the WHO drinking water guidelines [35],

with the exception of eight samples where NO−
3 exceeded the acceptable limit of 50 mg/L

nitrate in drinking water. For trace metals, the Fe (total) concentration in most groundwater
samples (50 out of 56) is within the WHO acceptable drinking limit of 0.3 mg/L, while
6 samples were above it. The Mn concentration in twenty samples exceeded the WHO
value of 0.4 mg/L Mn in drinking water. All samples with the high Mn concentration are
located in the northern parts of the basin.
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Figure 4. Surface water spatial distribution maps of (a) Water Quality Index (WQI) and (b) Sodium
Adsorption Ratio (SAR) for the assessment of water quality for drinking and irrigation purposes
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Figure 5. Irrigation water classification diagrams showing surface water and groundwater quality
acceptable for irrigation (a) USSL classification [36] and (b) Wilcox classification [44].

For irrigation quality assesment, the SAR, USSL and Wilcox diagram show that all
groundwater samples fall into the good to excellent irrigation water category. The spatial
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distribution of the calculated SAR is shown in Figure 6b. We see that all groundwater
samples have a SAR > 10 and above in the good to excellent irrigation water category.
Figure 5a shows the distribution of the samples in the USSL diagram. Almost all the
groundwater samples are within the the C1 S1 (low salinity—low sodicity) and C2 S2
(medium salinity—low sodicity) categories of irrigation water. Three samples plot within
the C3 S1 area representing a high salinity—low sodicity water. Figure 5b shows the
distribution of the groundwater samples on the Wilcox plot and highlights that all the
samples fall in the category of excellent to good quality irrigation water with an electrical
conductivity less than 1000 µS/cm.
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Figure 6. Groundwater spatial distribution maps of (a) Water Quality Index (WQI) and (b) Sodium
Adsorption Ratio (SAR) for the assessment of water quality for drinking and irrigation purposes.

3.5. Hierarchical Cluster Analysis (HCA) of the Groundwater Hydrochemical Data

HCA performed on the groundwater chemical data revealed three clusters that do not
show a clear pattern (Figure 7A), underscoring that the hydrochemical environment is het-
erogeneous at the basin scale. Here we see that the water compositions are variable across
the two major lithologies. The spatial association in hydrochemistry is not identifiable
based on the underlying geology.

However, HCA provides three distinct spatial associations, taking into account el-
evation (Figure 7B), consistent with general groundwater flow under the influence of
topography. Based on elevation, we see that the northern zone samples are at higher
elevations, the central zone is at intermediate, and the southern zone is at lower elevations.
These three zonations were defined to facilitate the interpretation of the hydrochemical
dataset, which is variable at the basin scale.
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Figure 7. Hierarchical cluster analysis (HCA) of the hydrochemical dataset. (A) Taking into account
only hydrochemical data, three clusters are identified with no apparent geographical proximity,
highlighting large variability across the basin. (B) Considering elevation for the HCA, three spatially
distinct clusters appear, dividing the basin into three zones: northern, central and southern. The
elevation is highest in the northern zone and decreases towards the southern zone.

3.6. Groundwater Chemical Variation within the Three Defined Zones

Groundwater chemistry exhibits large variability in chemical composition, with the
largest variability observed in samples from the southern zone of the area. Figure 8a,b
shows the box-and-whisker plot of the physical and chemical parameters in the groundwa-
ter for the three zones, respectively. The northern zone has the widest spread and variability
in pH with an estimated standard deviation of ±0.74. The southern zone recorded the
highest variability in the electrical conductivity with an estimated standard deviation
of ±196 µS/cm. From Figure 8a, the groundwater of the northern and southern zones
has the widest spread in dissolved oxygen (DO) and exhibits mixed reducing conditions.
The central zone has the lowest deviation in DO and exhibits oxic conditions in most
groundwater samples.

Our results indicate that Na+, Ca2+ and HCO−
3 are the abundant ions in groundwater.

The order of cation occurrence in the northern zone is Ca2+ > Na+ > Mg2+ > K+, the cen-
tral zone is Na+ > Ca2+ > Mg2+ > K+ and the southern zone is Na+ > Ca2+ > Mg2+ > K+

(Figure 8b). For anions (Figure 9), the order of abundance is HCO−
3 > NO−

3 > Cl− > SO2−
4

(northern zone), HCO−
3 > Cl− > NO−

3 > SO2−
4 (central zone) and Cl− > HCO−

3 > NO−
3 > SO2−

4
(southern zone). In the northern zone, Ca2+ and Na+ account for about 80% of the total
cation concentrations, while HCO−

3 accounts for 65% of the total anion concentrations. In
the central zone, Ca2+ and Na+ contribute about 80% of the total cations, with HCO−

3 and
Cl− account for 57% and 24% of the total anions. In the southern zone, Na+ contributes
about 50% while Ca2+ accounts for 30% of the cations. Anions in the southern zone consist
of 37% HCO−

3 , 32% Cl− and 20% NO−
3 . All three zones show very low concentrations of

K+ and SO2−
4 .
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Figure 8. Box-and-whisker plots displaying the variations in the (a) physical parameters and silica
content, and (b) major cations in the groundwater. The interpretation of the box-and-whisker plots
follows the legend presented in Figure 3. The horizontal solid line and the x symbol on the box-and-
whisker plot represents the average and the median concentrations, respectively. Outliers are defined
by points that fall more than 1.5*IQR above the third quartile or below the first quartile. NZ, CZ and
SZ denote the northern zone, central zone and southern zone, respectively. All chemical parameters
are measured in mg/L except for pH and EC µS/cm.

Table 2 shows the results of selected correlation coefficients between the hydrochemical
parameters in the groundwater and highlights relationships between them. They were
tested at a significance level of p < 0.05 with r > 0.7 and r < 0.5 indicating strong and
weak correlations [27,45], respectively. In the northern zone groundwater samples, there is
a strong positive correlation between pH and HCO−

3 , EC and Ca2+, EC and HCO−
3 , Ca2+

and HCO−
3 and Na+ and Cl−. In the central zone, there is a strong correlation between pH

and SiO4, pH and Ca2+, EC and Ca2+, Ca2+ and Cl−, and Na+ and Mg2+. The southern
zone also shows a strong positive correlation between pH and HCO−

3 , EC and Ca2+, EC
and Na+, EC and Cl−, Ca2+ and Cl− and Na+ and Cl−. These correlations show that
several factors combine in the evolution of hydrochemical parameters in the groundwater
and provide a potential source for them. Within these relationships, Ca2+, Na+, Cl− and
HCO−

3 contribute significantly to the EC in groundwater.

Table 2. Correlation coefficients between the hydrochemical parameters in the groundwater, high-
lighting the relationships between them. They were tested at a significance level of p < 0.05 with
r > 0.7 and r < 0.5 indicating stronger and weaker correlations [27,45], respectively. Only the
correlations with r-values > 0.7 are considered significant and presented here.

Zone pH-
HCO−

3

pH-
SiO4

pH-
Ca2+

EC-
Ca2+

EC-
Na+

EC-
Cl−

EC-
HCO−

3

Ca2+-
HCO−

3

Ca2+-
Cl−

Na+-
Cl−

Na+-
Mg2+

Northern 0.70 - - 0.93 - - 0.87 0.87 - 0.88 -
Central - 0.80 0.75 0.96 - - - - 0.76 - 0.73
Southern 0.79 - - 0.92 0.72 0.88 - - 0.76 0.84 -
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Figure 9. Box- and-whisker plots highlighting the variations in the major anions (HCO−
3 , Cl−, SO2−

4
and NO−

3 ) in groundwater for the three identified zones. The horizontal solid line and the x symbol
on the box-and-whisker plot represents the average and the median concentrations, respectively.
Outliers are defined by points that fall more than 1.5*IQR above the third quartile or below the first
quartile. NZ, CZ and SZ denote the northern zone, central zone and southern zone, respectively. All
chemical parameters are measured in mg/L.

3.7. Groundwater Types

The hydrochemical plot using the trilinear Piper diagram [46] shows variable water
composition throughout the study area. A qualitative examination of the Piper diagram
(Figure 10) shows that the samples from the southern zone are the most widespread and
have the most diverse water composition. In the northern zone, 21 out of 25 samples are
of Ca-HCO3 water type, while 4 samples have mixed water compositions. Looking at the
central zone, 8 out of 13 samples show a mixed water type dominated by Na-HCO3. The
southern zone exhibits a Na–Cl-dominant composition.

We observe from Figure 10 that in the northern zone, the alkaline earth metals (Ca2+

and Mg2+) exceed the alkalis (Na+ and K+) while in the central zone the alkalis dominate
the alkaline earth metals. The southern zone shows the dominance of the alkalis over the
alkaline earth metals.
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Figure 10. Piper diagram presenting the dominant ion species in the groundwater.

3.8. Mineral Weathering Processes

Figure 11 shows the results from the Gibbs diagram and underlines that the interaction
between water and rock is the main mechanism driving the hydrochemistry in the study
area. The plot of Na+/(Ca2+ + Na+) and Cl−/(Cl− + HCO−

3 ) ratios expressed as meq/L vs.
TDS (mg/L) show that most of the samples plot in the rock dominance region, indicating
the anion and cation composition of groundwater is derived from weathering processes.

We observe that the groundwater chemistry is driven by a higher Na+/(Ca2+ + Na+)
ratio as a significant number of the points fall on the right side of the plot. The points
distribution in the Cl−/(Cl− + HCO−

3 ) vs. TDS shows an increase in Cl− relative to HCO−
3

along the flow regime from the north to the south of the basin.
Figure 12 shows the binary ion plots of the hydrochemical data and highlights the

potential geochemical processes driving groundwater chemistry, including silicate weath-
ering and cation exchange processes. The Na+ vs. Cl− plot (Figure 12a) shows that 19
of 24 samples from the northern zone, all 13 samples from the central zone and 14 of
19 samples from the southern zone plot in the silicate mineral weathering area. From
the chloro–alkaline indices plot (Figure 12b), we found that almost all the groundwater
samples except seven have negative choloro–alkaline indices values, which are dominantly
distributed in the ion exchange area. We observed that one sample from the northern and
four from the southern zone are plotted in the reverse ion exchange region. The HCO−

3 vs.
Ca2+ plot (Figure 12c) shows the majority of the samples below the 1:1 line, emphasizing
the excess of HCO−

3 over Ca2+.
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Figure 11. Gibbs diagram [47] for groundwater samples used to determine the main controls of water
chemistry highlight rock weathering as the main mechanism controlling groundwater chemistry in
the Pra Basin.

Figure 12. Bi-variate ion plots showing the most probable geochemical processes, including silicate
weathering (a), and ion exchange (b,c) in the groundwater system.
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3.9. Factor Analysis

Four factor models were generated, including each of the three zones (northern, central
and southern) and the combined dataset with factor scores showing significant correlations
explaining the variation in the groundwater chemical composition. In the northern zone,
two factors accounted for 78% of the total variation in the dataset as presented in Table 3.
Factor 1 explained 40% of the variance and loaded positively with pH, Ca2+, HCO−

3 and
SiO4, while Factor 2 loaded significantly with Na+, Cl− and SO2−

4 and explained about
37% of the total variation (Table 3). Here, Ca2+, HCO−

3 and pH have the highest factor
scores and thus have the relatively strongest influence among other parameters.

Table 3. Scores generated from the factor analysis explaining significant relationships between the hy-
drochemical parameters. The dash symbols (-) indicate that the parameter loaded a communality less
than 0.5 and was deemed statistically insignificant and thus was not considered for the factor analysis.

Northern Zone (n = 24) pH Na+ K+ Ca2+ Mg2+ HCO−
3 Cl− SO2−

4 SiO4 % of Variance Cumulative %

Fact 1 0.958 0.155 0.006 0.845 - 0.904 0.051 0.427 0.776 40.773 40.773
Fact 2 0.011 0.901 0.799 0.453 - −0.021 0.938 0.666 0.189 37.702 78.475

Central Zone (n = 13) pH Na+ K+ Ca2+ Mg2+ HCO−
3 Cl− SO2−

4 SiO4 % of Variance Cumulative %

Fact 1 0.922 −0.126 −0.009 0.719 0.188 0.767 0.025 −0.336 0.897 34.773 34.773
Fact 2 −0.247 0.839 0.166 0.575 0.818 −0.285 0.874 0.711 −0.043 33.589 68.362
Fact 3 0.052 0.36 0.952 −0.318 −0.318 −0.453 0.226 0.423 0.226 17.518 85.880

Southern Zone (n = 19) pH Na+ K+ Ca2+ Mg2+ HCO−
3 Cl− SO2−

4 SiO4 % of Variance Cumulative %

Fact 1 −0.13 0.899 0.785 - 0.896 0.033 0.926 0.760 - 52.57 52.57
Fact 2 0.947 −0.048 0.248 - 0.231 0.932 −0.116 0.120 - 27.30 79.87

Combined (n = 56) pH Na+ K+ Ca2+ Mg2+ HCO−
3 Cl− SO2−

4 SiO4 % of Variance Cumulative %

Fact 1 −0.060 0.898 0.789 0.445 - −0.164 0.932 0.770 0.294 40.043 40.043
Fact 2 0.927 0.141 0.084 0.805 - 0.902 0.018 0.185 0.710 36.054 76.097

The central zone produced three factor scores, explaining about 86% of the variance
in the hydrochemical data. The extracted factor model is presented in Table 3. Out of this
Factor 1 and Factor 2 explained 35% and 34% of the variation, while Factor 3 explained
17% of the variation (Table 3). There is no clear identification of dominant process(es)
influencing groundwater chemistry in the central zone.

In the southern zone, two factors scores explained approximately 80% of the total
variance in the hydrochemistry (Table 3). Factor 1 explained about 53% of the total vari-
ance and was positively loaded with Na+, K+, Mg2+, Cl− and SO2−

4 , with Na+ and Cl−

providing the highest factor scores (Table 3). Factor 2 explained 27% and loaded positively
with pH and HCO−

3 .
Between the individual factor models, the northern zone is characterized by the

dominance of Ca2+, HCO−
3 and pH, the southern zone is dominated by Na+ and Cl−

according to the factor scores. There is no dominant factor to explain the hydrochemical
variation in the central zone. The central zone showed no dominance of ionic species
and presented the highest number of factor models highlighting the influence of different
processes on the hydrochemistry.

The factor analysis performed on the combined dataset resulted in two factor models
accounting for 76% of the total variance in the hydrochemical dataset. Factor 1 loaded
positively with Na+, K+, Cl− and SO2−

4 (Table 3) and explained 40% of the variation.
Factor 2 explained 36% of the variance and loaded positively with pH, Ca2+, HCO−

3 and
S4+. The correlations between the parameters indicate different processes that control the
hydrochemistry of the groundwater. The factor model of the combined data set presented
the lowest cumulative percentage of variation and brings to bare the heterogeneity in the
basin scale data set.
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4. Discussion
4.1. Sampling and Measurements

A total of 90 water samples from surface water (n = 34) and groundwater (n = 56)
were successfully analyzed for their chemical parameters. This is the first time such a
comprehensive regional-scale hydrochemical study has been conducted in the Pra Basin
before and after the ban on illegal mining activities. In general, common practice assumes
that the cations and anions, which are the main chemical constituents in groundwater,
must fall within the range of at least ±5% of each other [48,49]. In this study, the charge
balance error (CBE) performed on the chemical data showed that most of the samples fell
below ±3%, reflecting good data quality. On the basis of the internal consistency check,
the presented hydrochemical data of the surface water and groundwater is considered
representative of the field conditions and thus can be used for further analysis.

4.2. Assessment of Surface Water Quality for Drinking and Irrigation

The surface water in the Pra Basin is of poor quality for drinking, supposedly due to
the illegal mining activities in the area. Our analysis shows that Mn and Fe (total) are the
two pollutants affecting surface water quality. To our knowledge, the high concentrations of
Mn and Fe (total) might be facilitated by illegal mining involving underground excavation,
digging and washing in the rivers in search of mineral resources. In the study area, the
saprolite and the duricrust overlying the bedrock contain minerals of pyrite, iron oxides
and Mn-rich sediments [50]. When exposed to water, these minerals dissolve, releasing Mn
and Fe (total) into the water and increasing their concentration in surface water.

Our results agree broadly with the results of Bessah et al. [51] who studied the surface
water quality of the Pra Basin. In their study, the authors sampled surface water from
25 rivers in the Pra Basin and showed that 80% of the samples had Fe (total) concentrations
above the WHO standard in drinking water. They found high concentrations of Cu, Hg, As
and Fe (total), above the acceptable levels for drinking water. The presence of mercury in
the surface waters of the Pra Basin has been attributed to illegal mining activities where
the use of mercury to extract gold is common. Darko et al. [52] also reported turbidity in
some nearby rivers ranging from 12 to 4645 NTU, which is above the acceptable limits of
5 NTU in surface water bodies [52]. Their study also found Fe (total) concentrations as high
as 30 mg/L with a mean of 7.7 mg/L, above the WHO standard of 0.1 mg/L for drinking
water. The high turbidity and excessive levels of Fe (total) and Hg in the surface water are
likely caused by the illegal mining activities pervasive in the Pra Basin.

Irrigation quality indices such as SAR, USSL and the Wilcox diagram classify the
surface water as suitable for irrigation. The calculated indices for irrigation were based on
the ions including Na+, K+, Ca2+ and Mg2+ as these are known to have negative effects on
soil and also on plants when present in excess. We observed very low levels of Na+, which
is good for soil maintenance. Excess sodium in the water affects the hydraulic conductivity
of the soil and is an important factor when considering water for irrigation. Generally,
water with a SAR < 10 is considered excellent for irrigation [37]. Based on this criterion, the
surface waters can be interpreted as suitable for irrigation. This is confirmed by the USSL
and Wilcox plots based on the sodium and electrical conductivity of the water.

Regarding the trace metals (Fe (total) and Mn), our results indicate that surface water
may require some treatment before being used for irrigation. In general, irrigation water
with Fe (total) and Mn concentrations less than 5 mg/L and 0.2 mg/L [53], respectively,
is considered acceptable for irrigation. Excessive levels of these trace metals have been
reported as a possible cause of clogging and rusting of irrigation systems [54]. In general,
Fe is not toxic to plants. However, extreme levels can lead to soil acidification and depletion
of essential plant nutrients such as phosphorus and molybdenum [53,54]. Manganese, on
the other hand, is toxic to some plants in acid soils [53], and its presence must be controlled
depending on the type of plants to be irrigated. In this study, 24% of Fe (total) and 47% of
Mn concentrations in surface water are above their respective limits in irrigation water and,
therefore may require treatment to reduce concentrations to acceptable levels before use.
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4.3. Assessment of Groundwater Quality for Drinking and Irrigation

Our analysis shows that groundwater quality in the central and southern zones is
excellent for drinking, while the northern zone is of poor quality, affected by Mn and Fe.
Samples from the central and southern zones are largely from the Cape Coast granitoid
aquifers. The granitoid generally consists of silicates. Due to the slow rate of weathering
of silicate minerals, the amount of dissolved ions is very low and within WHO guidelines
for drinking water. All major ionic concentrations are within the desirable limits of WHO
guideline levels in drinking water. In our analysis, we find that without including trace
metals, such as Fe (total) and Mn, in the WQI calculations, all samples fall in the good
to excellent category, consistent with a comparison based on WHO guideline values for
each major ions. However, considering Mn and Fe (total) in the WQI analysis, we find that
13 samples, all located in the northern zone, are of poor quality and cannot be used for
drinking. To the best of our knowledge, the sources of Mn and Fe (total) are likely from the
rock and leaching from polluted surface waters. The rocks beneath the northern zone are
mostly meta-sediments containing pyrite, iron oxides and Mn-rich minerals [50]. As water
interacts with the rocks in the aquifer, more ions, including Mn and Fe (total), are released
into the solution. On the other hand, due to the high Mn and Fe (total) contents in surface
waters, it is also likely that they were transported from the surface into the aquifer in areas
where the hydraulic connection between groundwater and surface water exists.

Our analysis based on the SAR, USSL and the Wilcox irrigation schemes show that
groundwater is of excellent quality for irrigation. In general, crystalline bedrock aquifers
produce excellent water quality for crop irrigation [21,55–60]. The quality of the water used
for irrigation depends on the concentration of ions leaching into the groundwater from
the underlying geological material. Such ions include Na+, K+, Ca2+, Mg2+, HCO−

3 , Cl−,
SO2−

4 and NO−
3 . In this study, the major ion concentrations of the groundwater is generally

low and this can be attributed to the slow weathering of the crystalline rocks.
With regard to trace metals (Mn and Fe (total)), the groundwater of the northern zone

has relatively higher concentrations of Mn and Fe (total) than those of the central and
southern zones. In view of this, water extracted from the northern zone aquifers may
require some treatment prior to use. However, the groundwater in the central and southern
zones could be used without treatment.

4.4. Mechanism Controlling Groundwater Chemistry

Theoretically, three mechanisms controlling the dissolved ions in groundwater can be
derived from the Gibbs diagram, depending on rock dominance, precipitation dominance
and evaporation dominance. It is evident that most groundwater samples are plotted in
the rock-dominance region (Figure 11), suggesting that rock weathering is an important
mechanism controlling groundwater chemistry in the study area. According to Banks
and Frengstad [61], the ratio of Na+/(Na+ + Ca2+) in silicate-dominated environments
can exceed 0.9, which is the maximum limit in the Gibbs diagram. In such cases, the
groundwater chemistry is driven by a high Na+/(Na+ + Ca2+) ratio and the points on
the Gibbs diagram shifts to the right outside of the boomerang. Our results support this
hypothesis, as some of our groundwater samples show a Na+/(Na+ + Ca2+) ratio greater
than 0.9, underscoring that silicate weathering is an important process driving ground
water chemistry in the area, consistent with several studies that identified the weathering
of silicates as a dominant geochemical process in similar rock environments [15,19,58].

4.5. Chemical Processes Driving Groundwater Evolution

Bivariate ion plots in Figure 12 show that groundwater chemistry is mainly controlled
by silicate weathering, carbonate dissolution and ion exchange reactions. From Figure 12a
we see that there is an excess of Na+ relative to Cl−, indicating an additional source of the
Na+ in the solution. Meybeck [62] reported that a Na+/Cl− ratio greater than 1 emphasises
silicate weathering as a source of Na+. Again, the excess Na+ in the solution likely comes
from ion exchange where the Ca2+ in the solution is exchanged for Na+ from the aquifer
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matrix. Freeze and Cherry [63] and Appelo and Postma [49] underscored that that if
Na+ is released mainly by silicate weathering, HCO−

3 will be the most abundant anion in
groundwater, which is generally the case in the northern and central zones, however in the
southern zone Cl− is the most dominant anion interpreted to originate from the dissolution
of marine aerosols from the sea.

From Figure 12b,c, we learn that ion exchange and carbonate dissolution do occur
in the groundwater system of the Pra Basin. Schoeller [38] proposed two indices which
are used to determine the occurrence of ion exchange in a natural water system. He
observed that when ion exchange occurs, the indices will be negative, indicating Na+-Ca2+

ion exchange, and when positive, indicate the reverse. Based on the Chloro-Alkaline
Indices plot, we found that the majority of the samples show a negative value, indicating
a Na+-Ca2+ exchange. Here Na+ in the aquifer matrix exchanges with Ca2+ in solution,
leading to a depletion of Ca2+. A similar trend was observed in the Ca2+ vs. HCO−

3 plot as
most samples are plotted on the HCO−

3 side. These two plots show that Ca2+ is exchanged
with Na+ in our groundwater system, suggesting that cation exchange affects the chemical
composition of groundwater in the area. In addition to ion exchange, the points plotted
along the 1:1 line in Figure 12c indicate a common source for Ca2+ and HCO−

3 that can be
attributed to carbonate dissolution. The influence of carbonate dissolution plays a role in
the hydrochemical evolution of the groundwater in the northern and central zones of the
basin where calcite is found in the rocks [50].

4.6. Statistical Analysis Explaining the Causes of Spatial Variability in Groundwater Composition

Our analysis based on the HCA shows that hydrochemical variation in groundwater
is determined by elevation, while factor scores revealed silicate weathering and carbonate
dissolution as the plausible geochemical processes driving groundwater chemistry in the
Pra Basin. Three spatially distinct chemical associations were identified from the HCA
based on sample locations at either higher, intermediate, or lower elevations. Under natural
conditions, groundwater is expected to flow from higher to lower elevations. For this
reason, the higher elevation (northern zone) and the lower elevation (southern zone) are
interpreted as recharge and discharge zones, respectively. The central zone, marked by an
intermediate elevation, is interpreted as a transition zone along the flow path. From this,
the groundwater in the study area is most likely to flow in the direction from the northern
zone through the central and finally to the southern zone.

Chemically, the groundwater composition in the three defined zones changes from
Ca-HCO3 to a mixed water type dominated by Na–HCO3 and a dominant Na–Cl water
along the flow regime from the recharge to the discharge zone, respectively. In principle,
the chemical composition of groundwater in the recharge zone is dominated by Ca–HCO3,
which represents waters that have not interacted much with the rocks and are only in
the early stages of evolution [58,64]. The prevalence of HCO−

3 in the northern zone is
partially influenced by the CO2 of the soil zone and the highly CO2-charged rainwater.
Here the dominance of the Ca2+ could be attributed to the dissolution of carbonate, which
is identified in the Birimian rocks underlying the northern zone [33,50]. The latter probably
contributes to the HCO−

3 in the water composition of the northern zone. Factor analysis
performed on the northern zone water samples revealed two factors, with Factor 1 explain-
ing 40% of the overall variance in hydrochemistry. Factor 1 shows a positive correlation for
pH, Ca2+, HCO−

3 and SiO2, which we interpret as a consequence of silicate weathering and
carbonate dissolution. This is consistent with the general mineralogical composition of the
rocks in the area which have been found to contain silicates (albite, K-feldspar, muscovite
and biotite) and carbonate minerals (calcite) [50,65]. The high positive correlation between
Ca2+ and HCO−

3 indicates the dominance of these ions in groundwater and confirms the
Ca–HCO3 water type preserved in the northern zone.

In the transition zone, which is characterised by intermediate elevations, the chemical
composition of the groundwater changes from the Ca–HCO3 water type to the mixed
(predominantly Na–HCO3) water type. The softening of the water composition in the
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central zone is likely caused by cation exchange where Ca2+ in the water exchanges with
the Na+ from the aquifer material. The cation exchange reaction process releases more
Na+ into the groundwater, making it the most abundant cation in the central zone. Other
minor water compositions, including Na–Cl, Ca–Cl, Mg–Cl and Ca–HCO3, underscore that
a mixture of different water compositions from different flow paths is likely to cause the
mixed water types observed in this zone. This is corroborated by the factor analysis which
revealed three factor models without a dominant process, suggesting that mixed water
compositions control groundwater chemistry in the central zone. This is consistent with
the general conclusion that the chemical composition of groundwater in the transition zone
along the groundwater flow regime is a mixture of different water compositions [64].

In the southern zone, the water composition changes from Na–HCO3 dominant to
a Na–Cl water. The Na–Cl water in the southern zone is most likely derived from two
sources. The first source will be the general evolution of anions along the groundwater
flow path as described by Chebotarev [64]. According to Chebotarev [64], when water
moves through rocks, its chemical composition changes, and the longer the residence time,
the more chemically evolved the water becomes. In his theory, the author underlined that
along the flow path, HCO−

3 anions dominating the shallow and recharging areas give way
to SO2−

4 and finally to Cl−, while Ca2+ is displaced by Na+. On the other hand, due to
the proximity of the southern zone to the sea, it is likely that aerosols from the sea also
contribute significantly to the composition of the Na–Cl water. This is confirmed by the
factor model (Factor 1) generated for the southern zone, which showed a strong positive
correlation with Na+, Cl− and SO2−

4 , suggesting a common source which is most likely
from marine aerosols consistent with the findings of Tay et al. [19]. The mineralogical
composition of of the rocks in the study area does not support the possible influence of
halite and sulfate minerals, as there is no petrographic evidence in the underlying rocks. In
view of this, we could assume that the marine aerosol contribution is likely to influence the
hydrochemistry of the southern zone groundwater composition.

5. Conclusions

Understanding the geochemical processes that control the chemical composition of
surface water and groundwater is crucial for the development of appropriate water man-
agement strategies. In this current study, 90 water samples from rivers and boreholes
were analyzed for their chemical parameters, including major ions and trace metals. The
hydrochemical data provide the baseline information and was used to assess the quality
and infer geochemical processes that control the hydrochemistry of the water resources in
the Pra Basin.

Among the two water sources, groundwater is considered good for drinking and
irrigation, except for the northern zone, which may require Mn and Fe (total) treatment.
Our analysis shows that surface water has poor quality and cannot be used as drinking
water in its current state without treatment. The sources of these trace metals could be
traced from the underlying geology through water–rock interactions and the illegal mining
activities through underground excavations facilitating the dissolution of Mn- and Fe-rich
minerals contained in the subsurface materials. Based on the SAR, USSL and the Wilcox
indices, all the surface water samples are rated excellent for irrigation. However, the high
concentrations of Mn and Fe (total) observed in most of the surface water samples may
require treatment to avoid soil acidification and loss of essential soil nutrients. Here we
conclude that using only the major ionic composition is not sufficient to determine the
drinking and irrigation water quality of surface water and groundwater, and therefore trace
metals, such as Mn and Fe (total), as well as toxic metals (mercury, arsenic and cyanide)
associated with illegal mining and bacteriological contaminants should be considered for
the general water quality assessment.

Water–rock interactions control the chemical composition of groundwater. A combined
interpretation of ion ratio plots and statistical analysis underlines that groundwater chemi-
cal composition changes with elevation with silicate weathering, carbonate dissolution and
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cation exchange as plausible geochemical processes driving the Pra Basin hydrochemistry.
Based on the HCA, three distinct chemical associations are recognized, distinguishable by
elevation. From this, we could deduce that ground water in the Pra Basin most likely flows
in the direction from higher (northern zone) to lower elevations (southern zone). Along the
flow regime, the groundwater composition changes from Ca-HCO3 (northern zone) to a
mixed water type dominated by Na-HCO3 and finally to Na-Cl. The statistical relationship
between Na+ and Cl− derived from factor analysis indicated a potential influence from
marine aerosols since the underlying geology shows no evidence of halite deposits in
the area.

This research is part of an ongoing study aimed at conceptualizing the hydrogeo-
chemical conditions in the Pra Basin to aid in water resource management following the
pervasive illegal mining activities in and around the study area. As a next step, we plan to
implement geochemical models, including inverse and reaction path models, to elucidate
the geochemical processes that drive groundwater chemical evolution. In doing so, the
reactions of the water with the host rocks can be examined and quantified to understand
the chemical behaviour of the dissolved ions in the groundwater system.
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