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Abstract: The crystalline basement aquifer of the Pra Basin in Ghana is essential to the water supply
systems of the region. This region is experiencing the ongoing pollution of major river networks
from illegal mining activities. Water management is difficult due to the limited knowledge of hy-
drochemical controls on the groundwater. This study investigates its evolution based on analyses
from a previous groundwater sampling campaign and mineralogical investigation of outcrops. The
dominant reactions driving the average groundwater composition were identified by means of a
combinatorial inverse modelling approach under the hypothesis of local thermodynamical equilib-
rium. The weathering of silicate minerals, including albite, anorthite, plagioclase, K-feldspar, and
chalcedony, explains the observed median groundwater composition in the transition and discharge
zones. Additional site-specific hypotheses were needed to match the observed composition of the
main recharge area, including equilibration with carbon dioxide, kaolinite, and hematite in the soil
and unsaturated zones, respectively, and the degradation of organic matter controlling the sulfate/sul-
fide content, thus pointing towards kinetic effects during water–rock interactions in this zone. Even
though an averaged water composition was used, the inverse models can “bridge” the knowledge
gap on the large basin scale to come up with quite distinct “best” mineral assemblages that explain
observed field conditions. This study provides a conceptual framework of the hydrogeochemical
evolution for managing groundwater resources in the Pra Basin and presents modelling techniques
that can be applied to similar regions with comparable levels of heterogeneity in water chemistry and
limited knowledge of aquifer mineralogy. The combinatorial inverse model approach offers enhanced
flexibility by systematically generating all plausible combinations of mineral assemblages from a
given pool of mineral phases, thereby allowing for a comprehensive exploration of the reactions
driving the chemical evolution of the groundwater.

Keywords: combinatorial inverse modelling; thermodynamic equilibrium concept; water–rock
interactions; PHREEQC; RedModRphree

1. Introduction

The Pra Basin is one of Ghana’s basins with high economic importance. Mineral
resources, including gold, bauxite, iron, manganese, diamonds etc., mainly occur there.
Several activities, such as large and small-scale plantations, fishing, and illegal mining, are
pervasive. These economic activities alter the vegetation and have negatively impacted
the water resources [1–7], especially surface waters. This situation has put much stress on
the groundwater resource that the people rely upon for their water supply. However, the
groundwater quality and geochemical controls on the regional scale are not well studied.

For this reason, Manu et al. [1] carried out a regional field study to assess the quality
and characterized the hydrogeochemical properties of the groundwater. The main findings
of their study, based on classical interpretations using bivariate ion plots and statistical
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analysis, include the following: (1) the groundwater is generally of excellent quality for
drinking and irrigation, (2) three spatial associations exist, which define the flow regime in
the basin based on elevation differences, (3) the composition of the groundwater evolves
along the hypothetical flow path from Ca−HCO3 to Na−HCO3 and finally to Na–Cl water
types, (4) the water–rock interaction is the mechanism that controls the dissolved ion
concentrations, and (5) silicate weathering, carbonate dissolution, and ion exchange are
plausible chemical processes governing the groundwater composition. In a related study,
Loh et al. [8] used the stable isotopes data in the Lake Bosumtwi area and highlighted
that (1) the groundwater originates from precipitation, and (2) the infiltrating water in
the unsaturated zone is affected by evaporation before reaching the saturated zone. Their
findings are akin to the previous studies conducted at the local scale at different locations in
the Pra Basin [9–11]. The research results presented so far have mainly offered qualitative
interpretations without focusing on the quantitative aspects of the chemical reaction pro-
cesses. As a result, there is a lack of accurate information about the dissolved or precipitated
minerals responsible for the chemical development of the groundwater. Furthermore, the
lack of a functional conceptual model for reaction pathways hampers our understanding
of how groundwater chemical composition changes along its flow path. To fill these gaps,
this study uses geochemical models to provide a more comprehensive understanding of
the key hydrochemical reactions driving the groundwater evolution.

Geochemical models are essential for analyzing chemical reactions in natural geologi-
cal systems such as rocks, minerals, and fluids. These models are based on the principles of
thermodynamics, kinetics, mass balance, and fluid dynamics, and they help to quantify
geochemical processes, including dissolution, precipitation, sorption, and ion exchange,
which control groundwater chemical evolution [12,13]. Approaches used to study these
processes include inverse and forward modelling. Classical inverse geochemical modelling
utilizes mass balance to quantify the amounts of reactions of predetermined phases to
account for chemical changes observed between two end-member solutions [14]. This ap-
proach involves defining the known chemical composition of the initial and final solutions
and specifying the reacting mineral phases; the model determines the set of mole trans-
fers for the mineral phases that explain the evolution of the final water composition [15],
irrespective of thermodynamical constraints. Conversely, forward modelling applies local
thermodynamic equilibrium to an initial solution in contact with a determined mineral
assemblage to predict the final solution and, thus, the amounts of reacting phases needed
to reach a local equilibrium [15].

Several software packages, including PHREEQC [16], Geochemist Workbench [17],
TOUGHREACT [18] etc., are available to implement geochemical models. Among these
codes, PHREEQC [16] is one of the most widely used codes to perform geochemical
simulations. Its popularity is attributed to factors such as the availability of the source
code, its widespread usage among users, and its extensive documentation. Recently,
De Lucia and Kühn [19] proposed a geochemical and reactive transport modelling package
(RedModRphree) that leverages the R programming interface to establish PHREEQC
geochemical simulations. The power of the RedModRphree lies in its flexibility to program
algorithms associated with geochemical models, including error and sensitivity analysis,
parameter calibration and optimization, statistical modelling, and thermodynamic database
manipulation [19].

In this study, we utilized geochemical simulations to investigate the chemical evo-
lution of groundwater in the highly heterogeneous geochemical environment of the Pra
Basin. Our modelling approach started by defining a conceptual reaction path model based
on the findings from the previous works enumerated above. Three conceptual flow paths
were adopted following the results of Manu et al. [1] and Loh et al. [8]. A combinatorial
inverse modelling technique (Section 2.7.1) was employed as an exploratory approach
to identify plausible mineral assemblages whose thermodynamical equilibriums could
explain the observed composition of groundwater along the flow regime. Unlike classical
inverse modelling, which relies solely on mass balance, this technique operates under the



Minerals 2023, 13, 899 3 of 19

assumption of local thermodynamic equilibrium. The best matching mineral assemblages
were further calibrated using conceptualized reaction path models that were depicted to
include, e.g., the influence of unsaturated zone. Based on the model results, a potential
hydrogeochemical evolution model was obtained that identifies the driving hydrochemical
processes along the groundwater flow in the Pra Basin. The developed conceptual frame-
work serves as a foundation for further investigation and analysis of the hydrogeochemical
dynamics in the basin.

2. Materials and Methods
2.1. Study Area

The study area consists of the two sub-basins including the Birim and the Lower
Pra of the main Pra Basin, located in the southern parts of Ghana. The geographical
location, physical setting, climate and major economic activities in the basin are described
in Manu et al. [1].

2.2. Geological Setting

The study area is dominated by two rock formations (Figure 1): the Birimian Su-
pergroup and the Cape Coast granitoid [20]. The Tarkwain Rock Formation occupies
smaller portions and is mostly found on the eastern and western edges of the study domain.
The Birimian rocks predominantly underlie the northern portions and the Cape Coast
granitoid south of the basin. A detailed study of the mineral and rock composition of
the Birimian, Tarkwain, and Cape Coast granitoid rock formations has been copiously
discussed in the literature [21–23]. The Birimian metasediments consist of phyllite, schists,
greywacke, weakly metamorphosed tuffs, feldspathic sandstones, and Mn- and Si-rich
chemical sediments [22,24,25]. The phyllites have been found to contain pyrite and finely
divided carbonaceous matter [26]. Available data suggest that the phyllite and meta-
greywackes contain significant amounts of calcite (over 15% in some cases) in the Birimian
metasediments [27]. High biotite and plagioclase minerals have also been reported in
the Birimian rocks [27]. The Tarkwaian rocks consist of sandstones, conglomerates, and
argillites, which constitute a clastic sequence of arenaceous and argillaceous sediments [22].
Most of the southern parts of Ghana are underlain by the Cape Coast granitoid [22,28]. The
pegmatites of the Cape Coast granites occur as dykes with feldspars, quartz, and micas
as the dominant mineral composition [22]. The Cape Coast type granitoid also comprises
granitic to quartz dioritic gneiss, which changes from medium-grained, foliated biotite
quartz diorite gneiss to horn-blended quartz–diorite gneiss [29].

2.3. Hydrogeologic Conditions

The study area falls within the Crystalline Basement Granitoid Complex and the Bir-
imian Province in Ghana. In general, the rocks are inherently impermeable; however, sec-
ondary porosity results from fractures and faults that control groundwater movement [26].
The hydrogeological units consist primarily of a saprolite overlain by duricrust, saprock,
and underlying bedrock. The saprolite is deeply weathered and consists of clay or silt. The
saprock is oxidized and forms the transition zone between the saprolite and the bedrock.
Groundwater occurs in two distinct hydrogeological units comprising the overburden and
the bedrock. The bedrock consists of granitoid and Birimian rocks, which vary in thickness
and fracture intensity [26].

2.4. Field Work

Fieldwork was undertaken to sample rocks for mineralogical studies. Figure 1 shows
the geological map of the study area with the outcrop locations. A total of seven rep-
resentative samples were collected comprising four from the Birimian Supergroup and
three from the Cape Coast granitoid formation. The description of the measurements and
the mineralogical composition identified by the petrographic thin section analyses are
described in Manu et al. [30].
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Figure 1. Geological map showing the dominant rock formations and the sampling locations. The
Birimian rocks are composed of metasediments, while the Cape Coast granitoid is composed of
granite, and the Dyke is made of dolerite (modified after Manu et al. [1]).

2.5. Modelling Input Data Sources

The data used for the geochemical modelling include major ion chemical compositions
from rainwater and groundwater samples, as well as mineralogical information determined
by thin section petrography analysis. Three sets of information were required for model
setup: (1) the initial solution—in our case, we used chemical data from the rainwater, (2) the
final solution, which is the groundwater composition, and (3) the mineralogical information.

In this study, the hydrochemical data of the rainwater (Table 1) in close vicinity to
the Pra Basin were taken from Akoto et al. [31] and used as the initial solution. Chemical
parameters such as pH, Na+, K+, Ca2+, Mg2+, HCO−

3 , Cl−, and SO2−
4 were used for the

starting aqueous components in our modelling. In their study, Loh et al. [8] estimated the
evaporation rate of rainwater before groundwater recharge to be between 54% and 60%. In
view of this, the initial solution was simulated by evaporating rainwater until the chloride
concentration measured in the groundwater was reached. In that way, chloride was used
as a conservative tracer unaffected by the chemical reaction processes. This assumption
is reasonable, as there is no evidence of halite in the underlying geology to dissolve and
alter the Cl− concentration of the infiltrating water. The final chemical composition of
the evaporated rainwater was then used as the initial solution for the combinatorial and
reaction path modelling.
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Table 1. Hydrochemical data from rainwater and groundwater used for the modelling. The rainwater
(RW) and groundwater (comprising northern, central, and southern) data were adopted from Akoto
and Adiyiah [32] and Manu et al. [30]. ND denotes not determined.

.

Prameter Units RW
Median Range

Northern Central Southern Northern Central Southern

pH - 4.7 6.5 6.1 6.0 5.9–7.0 5.6–6.4 5.3–6.4
Temp °C ND 28.1 28.4 29 26.0–29.0 28.1–29.6 27.8–31.0
Na+ mg/L 0.4 11.9 17.1 44.3 3.1–32.4 9.2–21.8 16.4–67.4
K+ mg/L 0.7 0.7 3.7 6.1 0.3–8.2 0.4–6.3 1.2–16.3
Ca2+ mg/L 0.8 26.4 7.2 14.8 12.6–51.5 2.1–13.5 3.1 -66.0
Mg2+ mg/L 0.3 6.4 2.5 7.2 1.6–12.8 0.9–4.6 1.5–29.4
HCO−

3 mg/L 6.7 108.5 3.7 28.0 37.8–191.0 29.3–67.1 5.0–134.0
Cl− mg/L 4.5 8.4 12.7 58.1 2.4–49.0 6.0–21.5 17.5–196.7
SO2−

4 mg/L 11.1 1.1 1.6 8.6 0.4–66.0 0.1–4.3 1.6–99.4
Fe(total) mg/L ND 0.2 0.01 0.02 0.008–0.8 0.001–0.2 0.006–0.09
SiO2 mg/L ND 23.9 23.4 17.5 7.2–33.7 13.6–37.3 11.8–29.7

The hydrochemical data of the groundwater from Manu et al. [1] were adopted in the
present study. The median ion concentrations shown in Table 1 of the samples were taken
to represent each of the three zones (Figure 2) along the flow path from the recharge to the
discharge zone. The rationale for using the median as the final representative composition
was to minimize the error introduced by outliers and the natural variability in the water
samples [33]. The chemical parameters of groundwater considered for the modelling
included pH, Na+, K+, Ca2+, Mg2+, HCO−

3 , Cl−, SO2−
4 , Fe, and SiO2.
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Figure 2. Three demarcated zones from the previous study by Manu et al. [1] show the spatial distri-
bution of groundwater sampling sites. The northern zone is characterized by high elevations, while
the southern zone has low elevations. The groundwater flow is assumed to mimic the topography.
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The mineral phases were selected from a petrographic study performed on outcrop
samples by Manu et al. [30]. Photomicrographs showing the mineralogical and textural
features of the rock samples are presented in Figure 3. The mineralogical composition
of the Birimian rocks underlying the northern zone consists of biotite, chlorite, quartz,
sericite, minor K-feldspar, and calcite (Figure 3B1–B3). Iron oxides are visible in hand
specimens. Biotite has significantly altered to chlorite, whiles the K-feldspar has altered
into sericite. The granitoid is locate principally over the southern zone and comprises
quartz, plagioclase, K-feldspar, muscovite, and biotite with accessory chlorite and sericite
(Figure 3G1–G3). In our study, the presence of albite was confirmed through XRD analysis,
while plagioclase was identified through thin section analysis. Additionally, we assumed
the presence of anorthite, the calcium end-member of plagioclase, in the system. The
mineral phases considered for combinatorial inverse modelling along the three flow paths
included primary albite, anorthite, plagioclase, phlogopite, K-mica, K-feldspar, Fe(OH)3,
and calcite, as well as secondary kaolinite, Ca-montmorillonite, chlorite (14A), quartz,
pyrite, and chalcedony. Here, the primary and secondary minerals were considered as
reactants and products, respectively.

G1 G2 G3

B1 B2 B3

Figure 3. Thin sections of rock outcrops (adopted from Manu et al. [30]). The first row shows the
mineralogy of the Birimian metasediments (B1,B2,B3), including quartz (Qz), biotite (Bt), K-feldspar
(Ksp), sericite (Ser), chlorite (Chl), and calcite (Cal). The second row shows the mineral composition
of the granitoid (G1,G2,G3) comprising quartz (Qz), K-feldspar (Ksp), plagioclase (Pl), muscovite
(Ms), and biotite (Bt).

2.6. Geochemical Code and Thermodynamic Data

In this study, the geochemical modelling code PHREEQC [16], was chosen for the
numerical simulations, with the phreeqc.dat as the selected database. The underlyingrea-
sons for choosing PHREEQC are threefold: (1) code availability, (2) wider user coverage,
and (3) adequate documentation.

Minerals such as plagioclase, biotite, and muscovite were originally not included in
the phreeqc.dat database. Biotite or “black mica” was introduced in the model as the Mg
end-member phlogopite, adopted from the thermodem thermodynamic database [34]. Mus-
covite or “white mica”, was introduced as K-mica. For the plagioclase, a fixed stoichiometry
of 0.38 Ca/0.62 Na was assumed. Its equilibrium constant was estimated by weight av-
eraging the equilibrium constants of the two end-members, anorthite and albite, using
their definitions in phreeqc.dat. The chemical equations, along with the thermodynamic
equilibrium constants of the added phases in the phreeqc.dat database, are presented in
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Table A1 (Appendix A). The RedModRphree package [19] was used to set up and perform
the combinatorial screening and the calibration of the reaction path models described in the
next section. For more detailed information about the RedModRphree setup, see De Lucia
and Kühn [19].

2.7. Geochemical Modelling
2.7.1. Combinatorial Inverse Modelling Approach

A multi-step inverse modelling approach was devised to successively integrate field
observations into models and then to calibrate the latter with known geochemical con-
straints. Notably, in a preliminary combinatorial inverse approach, all possible mineral
assemblages drawn from a pool of potential minerals were screened under local thermo-
dynamic equilibrium conditions aimed at identifying the mineral assemblage that would
best explain the changes in composition along the flow path of the groundwater. This was
a different goal than with classical inverse geochemical models, which consist rather in
computing the amount of mole transfer from a predetermined mineral assemblage [35].

Three hypothetical flow paths were defined based on the cluster analysis conducted
by Manu et al. [1]. Flowpath I includes rainwater as the starting point and the northern
zone groundwater as the final solution. Flowpath II represents two end-member solutions,
the northern and central zones, while Flowpath III represents the water transfer from the
central and to the southern zones. The median ion concentrations of the groundwater
samples within the three zones postulated by Manu et al. [1] were retained as representative
and used as target concentrations to rank all computed equilibrium models.

The modelling procedure begins with the definition of the starting solution, which
represents evaporated rainwater and has chemical concentrations stated in mol/kgw. The
temperature is assumed to be 25 °C, which corresponds to the average temperature of
groundwater samples collected in the study region. Certain components, such as iron and
silica, were not originally present in the rainfall composition and were labelled as NA (not
applicable) to guarantee consistency between the target groundwater concentrations and
the predicted results.

The simulation used the phreeqc.dat database, which was adjusted to include miner-
als such as phlogopite and plagioclase, as well as organic matter. Target concentrations,
representing the groundwater elemental composition in the northern, central, and the
southern zones, were specified in order to compare the modelled results with the observed
concentrations. The primary and secondary minerals were defined to dissolve or precipitate
when present in the groundwater solution.

The simulation was programmed to generate all potential combinations of 3 to
8 mineral phases drawn from predetermined pools of primary and secondary minerals.
Each resulting mineral assemblage was then considered at equilibrium with the initial
water, and the final total elemental concentrations of the modelled solutions were ranked
by their discrepancy to the target solution. We assumed that any mineral combination
resulting in a model solution would be plausible for explaining the observed composition.

In this study, a pool of 14 mineral phases comprising primary albite, anorthite, plagio-
clase, phlogopite, K-feldspar, K-mica, Fe(OH)3, and calcite, as well as secondary kaolinite,
Ca-montmorillonite, chlorite, quartz, pyrite, and chalcedony, were used as the reactants and
products for the combinatorial inverse modelling. Pyrite was not included along Flowpath
III, as there was no evidence of its presence in the granitoid formation.

Given the large pool of mineral phases, several thousand models were generated.
Here, a maximum allowable threshold reactivity of 0.5 mol/kgw was applied to eliminate
models where two competing mineral phases or proxies for the same element were present
in the system. The reason for this is that, in the case of a complete dissolution of a mineral
phase leading to the precipitation of large amounts of a stable phase, physically unrealistic
results would be obtained.

The ensemble of computed equilibrium models was compared to the observed concen-
tration range of the aqueous groundwater components, and models that did not fall within
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the observed concentration ranges were removed. Due to the ill-posed nature of inverse
models, there can be multiple solutions that fit the observed data. Therefore, we utilized
the relative root mean square error (RRMSE) (Equation (1)) of all the aqueous components
of the equilibrium models with respect to the target concentrations in order to rank the
matches obtained.

RRMSE =

√√√√ 1
n

n

∑
i=1

(
yi − ŷi

yi

)2
, (1)

where i represents the respective ions, yi represents the observed aqueous concentrations,
ŷi represents the simulated aqueous components, and n is the total number of elements to
be matched.

Finally, the contingencies for each mineral phase contained in the 50 best-matching
models were calculated. The rationale for the frequency calculations is that, when a mineral
phase is present in many high-ranked models, the probability of identifying a reactive
mineral phase is greater than the minerals not represented in the same ensemble.

2.7.2. Calibration Based on Reaction Path Scheme

Based on the combinatorial inverse modelling results, the mineral assemblages iden-
tified as most probable were further calibrated according to the conceptual reaction path
model shown in Figure 4. The reaction path modelling was implemented through a five-step
approach, as discussed in the following.

So
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carbon dioxide
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Figure 4. Conceptual reaction path models considering the rainwater origin of the groundwater. The
northern zone is assumed to be the recharge area at high elevations. Vertical flow in the central and
southern zones is assumed to have no significant impact on groundwater chemical evolution.

In step (a), the rainwater composition was subjected to evaporation using the Cl−

concentration in the northern zone groundwater as the target concentration. The final
solution after evaporation was saved and used as the starting solution for the reaction
path modelling.
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Step (b) involved the equilibration of the evaporated solution with CO2 in the topsoil.
Here, we performed a trial and error calibration by adjusting the partial pressure of CO2
until a reasonable match with the HCO−

3 in the observed concentration was achieved. This
approach was deemed necessary due to the lack of soil measurements for carbon dioxide
(CO2) in the current investigation.

In step (c), the solution from step (b) was equilibrated with kaolinite and hematite.
The saprolite is deeply weathered and consists of clay and silty clay. The uppermost
part comprises red laterite clay and duricrust dominated by cemented iron oxides and
silica nodules. In an ideal scenario, the release of Al and Fe into the solution is primarily
attributed to primary silicate and Fe-containing minerals. However, to simplify the model,
we utilised secondary minerals, namely kaolinite and hematite, to estimate the equilibrium
quantities of Al and Fe in the solution. The redox potential of the water in the unsaturated
zone was then optimized in order to control the Fe concentration. We used the trial-and-
error method to optimize the redox (pe) of the infiltrating water in the unsaturated zone.
This method was used because no redox potential (pe) measurements were carried out
in the current study. The numerical values determined by manual calibration offered a
preliminary estimate of the prevailing redox conditions in the groundwater system.

In step (d), we integrated the organic matter degradation reaction into the batch model
to control the sulphate/sulphide content in the groundwater. Based on the hypothesis
that organic matter present in the groundwater system under anaerobic conditions is
responsible for the lower SO2−

4 concentrations, we also assumed that iron oxides present
in the metasediments underwent further reactions with H2S, which is formed during the
decomposition of the organic matter. These reactions result in the formation of iron sulfide
minerals, particularly pyrite, as observed in our study. To represent the organic matter, we
used the hypothetical compound CH2O, as suggested by Pitkaenen et al. [36]. Since the
organic matter content in the soil was not measured, we adjusted the CH2O values until
the observed sulphate content in the groundwater was matched.

In step (e), the solution from step (d) was equilibrated with the determined aquifer
mineralogy in the three zones identified by combinatorial inverse modelling.

3. Results
3.1. Mineral Assemblages Identified from the Combinatorial Inverse Modelling

Given the large pool of mineral phases, 12,805 unique models each were generated
for Flowpath I and II, and 7007 models were generated for Flowpath III. However, by
implementing a threshold reactivity of 0.5 mol/kgw, only 11,788 models for Flowpath I,
11,785 models for Flowpath II, and 6370 models for Flowpath III converged to a physically
meaningful solution.

Combinatorial inverse modelling provided sets of potential model solutions that fell
within the range of the observed aqueous compositions of the groundwater. The RRMSE
values obtained for the 50 best-matching simulations ranged from 2.769 to 2.783 with a mean
of 2.777 for Flowpath I, from 0.433 to 0.472 with a mean of 0.458 for Flowpath II, and from
0.329 to 0.395 with a mean of 0.365 for Flowpath III. Based on the RRMSE values, Flowpath I,
which comprises the evolution from precipitation to the northern zone groundwater, had
the highest RRMSE values exhibiting larger deviations from the median concentrations. In
the case of Flowpath I, the inverse equilibrium calculation could not produce a model that
matched all the measured aqueous components in the groundwater (northern zone). In
general, Ca2+, Mg2+, HCO−

3 , Cl−, SO2−
4 , and SiO2 showed fairly good matches between

the modelled and the median concentrations adopted in our simulation. Ions including
Na+, K+, and Fe(total) showed significant variations from the median concentrations,
although several models were within the measured compositional range. Figure 5A depicts
the mineral frequency distribution of the best-matching 50 equilibrium models. The most
frequently occurring minerals included Fe(OH)3, chalcedony, plagioclase, pyrite, chlorite,
and albite. The best-matched equilibrium simulation yielded three dominant mineral
reactions: the dissolution of albite and Fe(OH)3 and the precipitation of chalcedony. It
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is important to highlight that this mineral assemblage is considered among the potential
combinations in the various equilibrium models for further calibration using the reaction
path models.
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Figure 5. Frequency distribution of the 50 best inverse equilibrium models. For the northern zone
(Flowpath I), no model matched all the aqueous components; however, the best simulations are
shown in (A). Simulations matching all the measured aqueous components in the groundwater
and mineral reactions for the overall best-matched for the central (Flowpath II) and southern zones
(Flowpath III) are shown in (B,C), respectively. The minerals with a higher number of occurrences
underscore the likelihood of a reactive mineral phase. Negative and positive mole transfers indicate
mineral dissolution and precipitation, respectively.

For Flowpath II, the inverse equilibrium calculations yielded 188 simulations that
matched the observed aqueous components. The mineral frequency distribution of the
top 50 matching models is presented in (Figure 5B). The prevalent minerals found to be in
equilibrium with the waters in the central zone were chalcedony, Fe(OH)3, chlorite, pyrite,
albite, and anorthite. The overall best equilibrium simulation revealed four dominant
mineral reactions: the dissolution of albite and Fe(OH)3 and the precipitation of plagioclase
and chalcedony.

Regarding Flowpath III, the inverse equilibrium calculation produced 180 simula-
tions that matched the observed aqueous components. The mineral frequency analysis
(Figure 5C) performed on the top 50 matching models within the range of measured aque-
ous compositions revealed that chalcedony, chlorite, anorthite, and plagioclase were the
most common minerals likely to be in equilibrium with the groundwater in the southern



Minerals 2023, 13, 899 11 of 19

zone. These mineral assemblages aligned with the predicted minerals in the overall best-
matched solution. The overall best equilibrium model showed three dominant minerals:
anorthite, chalcedony, and chlorite. Notably, anorthite was observed to dissolve, while
chalcedony and chlorite precipitated as the system approached equilibrium.

3.2. Reaction Path Modelling

Reaction path modelling was applied to mimic the flow path of the water from
the recharge area (northern zone) to the discharge zone (southern zone), thus getting
into contact with the mineral assemblages deduced from the inverse equilibrium models.
Figure 6a–c compare the observed and modelled concentrations of aqueous components
resulting from subsurface reactions with aquifer materials in the three zones. Generally, all
modelled concentrations fell within the range of the observed values. We found that the
chemical evolution of the groundwater in the Pra Basin is driven by silicate weathering
(albite, anorthite, plagioclase, chalcedony, and chlorite) and that the subsurface reaction
path is sufficient to quantify groundwater composition along the flow regime from the
recharge (northern zone) to the discharge area (southern zone).
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Figure 6. Comparison of the predicted aqueous groundwater components (red circles) from the
reaction pathway calibration model and the range of observed composition (box plot) for the northern
zone (a), central zone (b), and southern zone (c).

Figure 6a presents the modelled groundwater results for the northern zone based on
the equilibration of the final calibrated rainwater with the mineral assemblage determined
from the combinatorial inverse model along Flowpath I. The modelled concentrations of
all aqueous components were within the interquartile range of the observed composition,
except for Mg2+, which showed significant deviations from the median. Notably, in our
combinatorial inverse modelling, none of the equilibrium simulations matched all the
observed aqueous components. Further calibration was required to model the northern
zone groundwater, including considerations for rainwater evaporation, the equilibration
of CO2 in the soil zone, the equilibration of kaolinite and hematite, as well as redox
optimization, in the unsaturated zone, and the degradation of organic matter. The rainwater
underwent an evaporation rate of 47%, which doubled all ion concentrations until the
chloride (Cl−) concentration in the groundwater of the northern zone was reached. A
partial pressure of 10−1.7 atm for CO2 was considered significant in causing an increase
in the HCO−

3 concentration of the water infiltrating the soil zone. Since no measurements
were available for Fe and SiO2 in the rainwater, the equilibration of hematite and kaolinite
provided initial concentrations of 4.89 × 10−13 mol/kgw for Fe and 2.19 × 10−4 mol/kgw
for SiO2, respectively, for the modelled groundwater. The redox potential (pe) was adjusted
until a value of 3.5 was sufficient to produce a Fe concentration of 3.38 × 10−7 mol/kgw
that matched the observed northern zone groundwater composition. This value represents
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a plausible estimation of the redox state of the unsaturated zone process in the groundwater
system in the northern parts of the area. Organic matter degradation results indicated that
an estimated amount of 4.0 × 10−4 moles was sufficient to produce a SO2−

4 concentration in
the range of the observed groundwater composition in the northern zone (recharge area).

Figure 6b shows the results of the modelled groundwater composition for the central
zone (Flowpath II) compared with the observed compositional ranges. Among the simu-
lated aqueous components, pH, Na+, HCO−

3 , Cl−, SO2−
4 , Fe, and SiO2 were closest to the

observed median composition. In contrast, K+, Ca2+, and Mg2+ showed relatively low
values relative to the median. Changes in the redox conditions did not show any significant
effect on the simulated water composition.

Figure 6c presents the modelled groundwater composition of the southern zone com-
pared with the observed aqueous concentrations. The simulated aqueous concentrations
were within the observed compositional range. All aqueous components, except K+, Ca2+,
Mg2+, and Cl−, showed minimal deviation from the median composition.

4. Discussion

The petrographic investigations on the outcrops showed the mineral composition of
the rocks in the study area. Our simulation results indicate that the identified minerals are
consistent with the general mineralogy of the Birimian metasedimentary rocks [22,25,37]
and the Cape Coast granitoid [22,28]. In particular, our analysis indicates the alteration
of primary minerals, such as biotite and K-feldspar, into secondary chlorite and sericite,
which is consistent with previous studies [22,25]. The metasedimentary rocks were also
found to contain some minor traces of calcite, which were believed to have formed from
the metamorphism of the sediments. This is broadly consistent with observations by
Yidana et al. [27], thus suggesting that the phyllite and metagreywacke associated with the
metasediments contain about 15% or more calcite.

Our modelling results enabled the identification of plausible minerals and a likely
reaction path model that controls the chemical evolution of the groundwater. To the best
knowledge of the authors, this is the first time an attempt has been made to provide specific
minerals that influence the chemistry of the groundwater rather than use the generaliza-
tions derived from the classical interpretations of the hydrochemical data that suggest
silicate mineral weathering as the dominant mineral reaction in the study area [1,9,11].
In this study, we found that the mineral phases predicted by our modelling were con-
sistent with petrographic analyses. However, we did notice a discrepancy between our
modelling results and observations for the recharge zone (Flowpath I from rainwater to
the northern zone). With our inverse equilibrium model, we found no possible matching
solution, thereby indicating that the mineral reactions may not be in equilibrium and that
kinetic processes may be responsible for the observed discrepancy. Nevertheless, within
the simulated results, we could deduce the probable mineralogy consistent with the petro-
graphic results of the outcrop samples. The overall best-matched modelled results showed
the equilibration of albite, Fe(OH)3 and chalcedony in this zone. On the other hand, the
central and the discharge zone (the other two Flowpaths II and III) resulted in distinct
solutions that explain the observed water composition. This suggests that the reactions
are predominantly controlled by thermodynamics in these zones. Our model outlines
that, among the best-matched simulations, a frequency count can infer the most likely
minerals that equilibrate with the groundwater. Groundwater migrating from the northern
zone is likely to equilibrate with albite, plagioclase, Fe(OH)3, and chalcedony to produce
the groundwater chemical composition of the central zone (Flowpath II). These predicted
minerals are consistent with field data indicating the presence of primary albite and plagio-
clase in the rock formation. Similar results have been reported by Adiaffi et al. [38]. Water
flowing from the central to the southern zone (Flowpath III) is equilibrated with anorthite,
chalcedony, and chlorite.

Concerning our assumptions, and in particular those of thermodynamic equilibrium,
we have to recognize that the northern recharge zone (Flowpath I) requires additional hy-
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potheses and degrees of freedom in order for the calibration to agree with the observations.
We argue that the formation water residence time in the rock was probably not long enough
to reach equilibrium and that the reactions are kinetically controlled. Given this additional
hypothesis, it was necessary to assess the influence of the infiltration processes in the soil
and the unsaturated zone before the water entered the aquifer to interact with the rocks.
We propose here that the excess HCO−

3 may arise from the reaction between CO2 in the soil
zone and the decomposition of organic matter, which could also account for the decrease in
SO2−

4 concentration. In principle, the CO2 generated through the respiration of plant roots
in the soil zone reacts with water (H2O) to generate a weak carbonic acid that dissociates
and releases H+ into the solution [39,40]. The presence of H+ combines with the CO2−

3
complex to form HCO−

3 . In our study, adding this step resulted in a significant increase in
HCO−

3 from 2.07 × 10−4 mol/kw to 6.86 × 10−4 mol/kgw, which is well in line with the
observed concentration. Regarding the additional SiO2, the equilibration of the water with
kaolinite in the unsaturated zone accounted for this deviation. Adiaffi et al. [38] observed
the same in the southeast of Ivory Coast in the subregion.

The reduction in sulfate concentration in the groundwater, relative to rainwater, is
primarily driven by the degradation of organic matter. The initial solution (rainwater)
used in our study shows a high sulfate content and lower pH, which was attributed to
the evaporation and oxidation of sulfur dioxide (SO2) emissions from nearby industries.
Remarkably, the sulfate content in the groundwater was found to be about ten orders of
magnitude lower than that of the rainwater. During our fieldwork, we also noted a foul
smell of rotten eggs in three borehole samples within the northern zone, which indicated
the presence of hydrogen sulfide (H2S). The amount of H2S remaining in the solution
depends strongly on the amount of Fe (II) in the groundwater solution [35]. Appelo and
Postma [35] emphasized that H2S can undergo additional reactions with Fe-oxide surfaces,
thereby leading to the formation of iron sulfide minerals, such as pyrite, which aligns with
our models predicting pyrite as a secondary mineral. These findings suggest that reactions
in the soil and the unsaturated zones play a significant role in chemical evolution of the
groundwater prior to recharge. We demonstrated that it is possible to calibrate the mineral
assemblages using a reaction path model while taking extra hypotheses into account in
the event that the presented combinatorial inverse model technique does not produce a
reasonable outcome.

The weathering of silicate minerals controls the enrichment of major cations, including
Na+, K+, Ca2+, Mg2+, and the anionic HCO−

3 in the groundwater system, with carbonate
dissolution playing a subordinate role. Petrographic analysis of the outcrops indicated the
predominance of silicate minerals, including plagioclase (albite and anorthite), muscovite
(as K-mica), K-feldspar, and biotite (as phlogopite), which was further supported by
our inverse equilibrium simulations, which revealed their dominant contribution to the
groundwater system. With this in mind, the water–rock interactions along the flow path
will likely result from the reactions involving these minerals in the presence of water.
Manu et al. [1] and Tay et al. [9] used a combined interpretation of ion plots and principal
component analysis and showed that groundwater evolution in the Pra Basin is driven by
the weathering of silicate minerals.

The results of the reaction path modelling indicate that the chemical behaviour of Na+

along the flow path is mainly controlled by albite weathering. This finding is supported by
the predicted mineral assemblages from the combinatorial inverse modelling, which indi-
cate albite dissolution in the north and central zones. In the case of Ca2+, our model results
indicate that the dissolution of anorthite mainly controls its occurrence in the groundwater.
The alteration of biotite into chlorite, as observed in the thin section analysis and further
confirmed by the combinatorial inverse model along Flowpath III (southern zone), along
with the consistent occurrence of chlorite in the 50 best-matched equilibrium models, play
a crucial role in determining the fate of dissolved potassium. Magnesium appears to be
the most challenging element in the system, which showed the greatest variation from
the median concentration despite being within the reported compositional range. The
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dissolution of primary biotite (as phlogopite) identified by the petrographic analysis is the
most likely source that could explain the release of Mg2+ into the groundwater. However,
just a handful of our equilibrium models predicted its occurrence, thus implying that
additional processes, such as cation exchange, may contribute to the chemical behaviour of
the Mg2+ in the aquifer system.

In relation to dissolved Fe, our equilibrium models consistently suggested the presence
of Fe(OH)3 as a chemically relevant mineral controlling the behaviour of Fe in the system.
This is evident from its frequent occurrence among the overall best-matched simulations.
On the other hand, chloride and sulfate exhibited conservative behaviour along the flow
path from the recharge to the discharge point, which can be attributed to the absence of
halite or sulfate-containing minerals in the area. While sulfate could potentially be released
from pyrite oxidation, our equilibrium models predicted pyrite as a secondary mineral,
thus aligning with the field observations.

In contrast, the influence of carbonate mineral dissolution on groundwater chemistry
was minimal, as demonstrated by our models. Although calcite is present in the terrain,
based on our petrographic analysis, it rarely occurred in our simulated results, thus sug-
gesting that it is a secondary mineral in the groundwater system. Our results are consistent
with previous studies [1,9,11,41,42] and provide a strong conclusion that the weathering of
silicate minerals is the primary factor driving groundwater chemistry in the Pra Basin.

The water chemistry in the Pra Basin is heterogeneous. A recent cluster analysis per-
formed by Manu et al. [1] revealed that the hydrochemical variation was indistinguishable
based on geology, which led to the division into three clusters based on elevation differences.
Hence, this makes understanding the factors controlling hydrochemistry quite difficult.
To address this challenge, we had to work with an average description, and we assumed
the median concentrations of the clusters as representations of the chemical composition.
Our modelling results show that some aqueous components, such as K+, Ca2+, and Mg2+,
differed significantly from the target median ion composition. Despite these significant
deviations from the median composition, all the simulated aqueous components fell within
the range of the observed compositional values. This suggests that, even based on an
averaged heterogeneous water composition and scarce information about the mineralogy,
distinct and concise reaction paths can be determined.

By leveraging aquatic chemistry, we have been able to bridge the knowledge gap
and produce plausible predictions of mineralogy controlling the chemical evolution of
the groundwater on a large basin scale. Even though an averaged water composition
was used, the inverse models could come up with distinct “best” mineral assemblages
reflecting the underlying geology. Our models produced plausible mineral assemblages,
which varied across different zones of the flow path. However, we must acknowledge that
we only collected a few outcrop samples at random locations in the terrain, which limited
our knowledge of the minerals in the area. Therefore, we inferred the secondary minerals
based on our understanding of possible weathering products of primary minerals, such as
plagioclase, albite, and K-feldspar, without requiring detailed analysis. This allowed us to
constrain the mineral phases in our model setup and predict their likely formation, which
aligned with the observed composition. Overall, we conclude that knowing about aquatic
chemistry is more critical than accurate knowledge of mineralogy, because it is easier to
sample and measure.

A conceptual hydrogeochemical model for the Pra Basin was constructed based on
the results of the combinatorial inverse and reaction path models (Figure 7). It shows the
principal assumption that the groundwater flows from a higher elevation in the northern
zone through the centre of the basin to a lower elevation in the southern zone, which follows
the topography. Rainwater is the main source of groundwater recharge, and its chemistry
is affected by industrial activities in the area. The acidity of the rainwater is potentially
controlled by SO2 from fossil fuel combustion, which oxidizes and precipitates as dilute
sulfuric acid. The chemistry of the rainwater is altered by evaporation, thus leading
to changes in ion concentration and a subsequent decrease in the pH. Organic matter
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degradation is the primary mechanism driving sulfate/sulfide content in the groundwater.
We assumed that, as water infiltrates the unsaturated zone, the equilibration of secondary
hematite and kaolinite represents the “limiting concentration” for the unknown sources
of Fe and Al. Groundwater chemistry changes along the subsurface flow path from the
recharge to the discharge zones due to water–rock interactions. The influence of the
vertical flow along the flow path has a negligible impact on the chemical composition of
the groundwater. The groundwater in the northern, central, and southern zones could
be reproduced under local thermodynamic equilibrium conditions. In the northern zone
(recharge area), the dissolution of albite and Fe(OH)3, along with the precipitation of
chalcedony, are the most likely reactions affecting the dissolved ions. Similarly, the most
probable reactions in the central zone are the dissolution of albite and Fe(OH)3, as well
as the precipitation of plagioclase and chalcedony. In the southern zone, which serves as
the discharge area, anorthite has been observed to dissolve, while chalcedony and chlorite
precipitate. These reaction patterns highlight the key processes occurring in each zone to
maintain the chemical balance of the groundwater system.
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Figure 7. Conceptual model of hydrogeochemical evolution and groundwater flow path in the
crystalline basement aquifer system of the Pra Basin in Ghana. Groundwater is assumed to flow from
the northeast to the south of the basin.

Model Limitations

The use of average groundwater compositions to represent different zones along a
flow regime and thermodynamic equilibrium assumptions to generate realistic mineral
assemblages may have drawbacks. Because the hydrochemical data in this study exhibits
a high degree of variability, employing the average water composition may oversimplify
the variability in each of the three zones. As a result, if the water composition range is too
wide, there may be significant differences between the simulated and observed values.

In addition, since some reactions are likely to be kinetically controlled, the model
assumption based on thermodynamic equilibrium may not accurately reflect the true
natural state. This could alter the predicted mineral assemblages by affecting mineral
dissolution and precipitation rates.
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It is important to mention that the modelling approach used in this study considered
pure phases from a stoichiometric perspective. However, this can result in discrepancies
for certain elements, particularly in the case of clay minerals such as chlorite.

Another drawback of our model is the absence of cation exchange, which can have
a considerable impact on the amounts of Na+, K+, Ca2+, and Mg2+ in the simulated
groundwater. We found significant differences in the concentrations of K+, Ca2+, and
Mg2+ in the final simulated groundwater solution, especially in the southern zone. These
disparities may be linked to the influence of cation exchange, which likely controls the
amount of these minerals in the aquifer system.

5. Conclusions

The present study successfully implemented sequential geochemical numerical simu-
lations to understand the chemical evolution of groundwater in a heterogeneous basin-scale
environment. A combinatorial inverse modelling approach was employed to determine
the most likely mineral assemblage in equilibrium. The mineral assemblages were fur-
ther calibrated through reaction path modelling to elucidate the changes in groundwater
composition along the flow path. Our findings allow for the following conclusions:

1. The plausible mineral assemblages that best explain the chemical composition of
the groundwater in the Pra Basin have been identified. These mineral assemblages,
including albite, chalcedony, and Fe(OH)3 for the northern zone, albite, chalcedony,
Fe(OH)3, and plagioclase for the central zone, and anorthite, chalcedony, and chlorite
for the southern zone, were found as plausible mineral assemblages governing the
dissolved ions in the groundwater, and these assemblages align with petrographic
information from outcrops.

2. Groundwater chemistry is governed by silicate mineral weathering, with the disso-
lution of carbonate minerals playing a subordinate role. Based on the results of the
combinatorial inverse modelling, it is clear that the majority of the mineral phases
commonly found in the models are silicates, including primary albite, anorthite, pla-
gioclase, phlogopite, K-mica, and K-feldspar, as well as secondary chlorite, kaolinite,
chalcedony, and quartz. Our model results rarely predicted the occurrence of calcite
in the 50 best-matched solutions, thus suggesting that carbonate minerals have less
impact on the basin’s groundwater composition.

3. The degradation of organic matter primarily controls the reduction in sulfate in
the groundwater. This is supported by the observed foul smell of rotten eggs in
some of the sampled wells, which indicated the presence of hydrogen sulfide (H2S).
Additionally, our modelling results indicate the formation of pyrite, which occurs
when H2S produced from organic matter degradation reacts with the dissolved Fe(II)
in the groundwater.

4. The simulation results revealed that accurate knowledge of aquifer mineralogy is less
important than aquatic chemistry, which fortunately is easier to sample and measure.
Average water compositions are sufficient to successfully “bridge” the knowledge
gap on the large basin scale to come up with distinct “best” mineral assemblages. By
leveraging aquatic chemistry, we were able to produce plausible predictions of the
mineralogy on a large basin scale with limited knowledge of the mineral compositions
obtained from the petrographic analysis of some outcrops in the study area.

5. Equilibrium-based thermodynamic concepts of water–rock interactions were used
to quantify the observed hydrochemical variations. However, we acknowledge that
the northern zone (Flowpath I), which is assumed to be the recharge area, required
additional hypotheses to match the observed composition, thus pointing towards
kinetic effects during water–rock interactions. The results of our models emphasized
the equilibration of the initial rainwater with the partial pressure of CO2 (10−1.7 atm),
followed by the subsequent equilibration of the resulting solution with kaolinite,
hematite, and redox optimization (pe = 3.5). Additionally, the calibrated model
accounted for the reaction with 4.0 × 10−4 moles of organic matter.
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6. A combined interpretation of the combinatorial inverse and reaction path models
allowed for the successful development of a conceptual framework of the hydrochem-
ical evolution for the Pra Basin. Based on our models, the main source of groundwater
recharge in the Pra Basin is rainwater that has undergone some degree of evaporation.
Our hypothesis of geochemical equilibrium among specific mineral assemblages ex-
plains the chemical evolution of groundwater from the point of recharge to the point
of discharge. Our modelling results indicate that specific reactions play a crucial role
in controlling the groundwater evolution in different zones of the basin. In the north-
ern zone, the equilibration of albite, Fe(OH)3, and chalcedony is highlighted as the
primary reaction influencing the groundwater chemistry. The equilibration involving
albite, Fe(OH)3, plagioclase, and chalcedony is identified as an important factor for
the central zone. In the southern zone, the equilibrium of anorthite, chalcedony, and
chlorite is significant for understanding the groundwater composition.

Overall, our study provides a concept of the chemical evolution of groundwater in
a basin-scale environment. Our findings have implications for the groundwater resource
management in the Pra Basin, and our numerical modelling workflow can be applied in
similar regions with large heterogeneity in water chemistry and limited knowledge of
aquifer mineralogy.
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Appendix A

Below is the list of mineral phases, their governing equations, and the thermodynamic
equilibrium constants used in the combinatorial inverse and reaction path modelling. The
data were adopted from the phreeqc.dat thermodynamic database. The fixed stoichiome-
try plagioclase equation and equilibrium constant was derived by weighted averaging of
the sodium plagioclase (albite) and the calcium plagioclase (anorthite) using the observed
geochemical data from the available outcrops.

 https://doi.org/10.5880/GFZ.3.4.2023.002
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Table A1. List of additional phases included in the phreeqc.dat database for the simulations.

Mineral Chemical Equation log10K25

Phlogopite KMg3(AlSi3)O10(OH)2 + 10 H+ = 1 Al+3 + 1 K+ + 3 Mg+2 + 3 H4SiO4 41.08
Plagioclase Na0.62Ca0.38Al1.38Si2.62O8 + 8H2O = 0.62Na+ + 0.38Ca+2 + 1.38Al(OH)−4 + 2.62H4SiO4 −18.65
Organic matter CH2O + H2O = 4 e− + 4 H+ + CO2 4.80
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