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An evolutionary trend has been postulated through the analysis of hydrochemical data of a crystalline
rock aquifer system in the Densu Basin, Southern Ghana. Hydrochemcial data from 63 groundwater
samples, taken from two main groundwater outlets (Boreholes and hand dug wells) were used to
postulate an evolutionary theory for the basin. Sequential factor and hierarchical cluster analysis were
used to disintegrate the data into three factors and five clusters (spatial associations). These were used to
characterize the controls on groundwater hydrochemistry and its evolution in the terrain. The dissolution
of soluble salts and cation exchange processes are the dominant processes controlling groundwater
hydrochemistry in the terrain. The trend of evolution of this set of processes follows the pattern of
groundwater flow predicted by a calibrated transient groundwater model in the area. The data suggest
that anthropogenic activities represent the second most important process in the hydrochemistry. Sili-
cate mineral weathering is the third most important set of processes. Groundwater associations resulting
from Q-mode hierarchical cluster analysis indicate an evolutionary pattern consistent with the general
groundwater flow pattern in the basin. These key findings are at variance with results of previous in-
vestigations and indicate that when carefully done, groundwater hydrochemical data can be very useful

for conceptualizing groundwater flow in basins.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Groundwater hydrochemical data has several utilities in general
basin-wide hydrogeological studies. In addition to providing in-
dications on the main processes influencing the general quality,
analyses of hydrochemical datasets have been useful in developing
preliminary models of regional groundwater flow geometry and are
thus crucial in developing conceptual models of groundwater flow
at both the local and regional scales. Studies of Garrels and
Mackenzie (1967), Toth (1984) and Ophori and Toth (1989) sug-
gest that certain aspects of groundwater quality may be related to
the hydraulic regime. In line with this fact, Cloutier et al. (2008)
applied multivariate statistical techniques to hydrochemical data
and revealed trends of variation that are consistent with the hy-
draulic theory. Other recent examples are contained in Petrides
et al. (2006), Kebede et al. (2008), Zhu et al. (2008), Banoeng-
Yakubo et al. (2009), Yidana et al. (2012) among others. In all the
above researches, clear links were established between the
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groundwater flow regime and hydrochemical variations at the local
to regional scales and provided preliminary information for un-
derstanding general groundwater evolutionary patterns.

Perhaps the commonest conventional approach to hydro-
chemical data treatment and analysis to reveal such latent char-
acteristics is the application of advanced statistical techniques,
which has been copiously used to assist in establishing such
regional trends. These analyses lead to other key aspects of the
hydrogeology including the determination and ranking of the main
sources of variation in the hydrochemistry and the spatial patterns
of distribution of such factors (e.g. Mahlknecht et al., 2004; Cloutier
et al,, 2008; Viero et al., 2009; Yidana et al.,, 2012). Two main
multivariate statistical techniques have been commonly used in
these applications: factor analysis and hierarchical cluster analysis.
Although advanced statistical techniques do not establish cause
and effect relationships, they provide information from which such
relationships can be established. The joint application of multi-
variate statistical techniques, conventional graphical methods (e.g.
McNeil et al., 2005), and mass balance modelling (e.g. Ortega-
Guerrero, 2003; Andre et al.,, 2005) in hydrological data analysis
has been copiously documented in the literature and has assisted in
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the understanding of flow systems (e.g. Cloutier et al., 2008), and
the relative impacts of anthropogenic and natural sources of vari-
ation of water quality (e.g. Yidana et al., 2012).

In the Densu Basin, Ghana, groundwater constitutes the most
valuable resource for meeting domestic, industrial, and irrigation
needs. In recent years, the pressure on the resource has been rising
due to increasing population density, growing needs in mechanized
agricultural practices, rapid urbanization amongst others
(Adomako, 2011). These pressures on the resource are bound to
impact on aspects of its quality in addition to the quantity. Addi-
tionally, the interaction between groundwater and the aquifer
materials through which it moves, undoubtedly changes ground-
water hydrochemistry (Acheampong, 1996) and may have impli-
cations for its suitability for various uses. It is therefore important
to provide an assessment of the relative contributions of natural
rock or mineral weathering and other processes on the quality of
groundwater for use in the basin. Moreover, a regional assessment
of hydrogeology will require information on the general pattern of
groundwater flow and evolutionary trends of groundwater quality.
Such trends are essential aspects of a decision support system
which safeguards the integrity of the resource and also highlight
areas of possible concern in terms of resource quality and potability.

This study undertakes a regional assessment of the hydro-
chemistry and groundwater evolutionary trends in the Densu Ba-
sin, Ghana, using a suite of multivariate statistical techniques and
conventional graphical methodology. In addition to highlighting
the general groundwater flow pattern and spatial hydrochemical
facies, this study alleges the main sources of variation in the
groundwater quality in the area. It also highlights the spatial vari-
ations in the main factors responsible for the hydrochemical evo-
lution of groundwater in the basin. Such studies are very rare in the
sub-region especially in the study area. Whereas the general
regional hydrochemical facies trends highlight an evolutionary
trend consistent with the flow geometry, the factor intensity maps
underscore the relative impacts of the various sources of variation
in the hydrochemistry and are pioneering in the general hydro-
chemistry of the basin. Although the application of multivariate
statistical methods to hydrochemical data is not new, the utility of
such methods in a sequential fashion to predict and conceptualize
the groundwater flow geometry is novel and can be applied in other
areas to achieve similar results. Adomako et al. (2011) conducted
hydrochemical evaluation of the basin using similar techniques.
However, the evolutionary trend predicted by their analysis
focused on hydrochemical facies and their and their relationships
with each other. However, no clear groundwater flow pattern was
clearly predicted from their study. In this current study, factor score
maps have been generated and compared with a groundwater
potentiometric map for the entire basin. The clear agreement be-
tween the main processes controlling groundwater hydrochemistry
and the general flow pattern in this current study indicates that
when properly done, analysis of hydrochemical data can clearly
predict groundwater flow geometry and assist in basin-wide con-
ceptual groundwater modelling. This is absent in the analysis of
Adomako et al. (2011).

2. The study area

The Densu River Basin (Fig. 1) has a drainage area of approxi-
mately 2564 km?, and is characterized by an undulating topog-
raphy (Adomako et al, 2011). The Densu River system is
predominantly recharged by inflows from the Atewa-Atwiredu hills
in the East Akim District of the Eastern Region of Ghana, and flows
down south (WRC, 2012) into the sea. It is boarded to the east and
north by the Odaw and Volta Basins, respectively. In the northwest
and west of the Densu Basin are Birim, Ayensu and Okrudu basins

respectively (WRC, 2012). The major rainy season occurs from
April/May to July, reaching its peak in June when the maritime
instability causes a surge of the moist south-westerly air stream
resulting in the intensification of the monsoon rain (Junner and
Hirst, 1946). The minor rainy season in the area occurs between
September and November (Adomako et al., 2011). On the basis of
several years of monitored data, the average total annual rainfall
ranges from 1700 mm in the wet interior to 800 mm in the dry
equatorial zone near the coast (Adomako et al., 2011). The mean
annual temperature is 27 °C, with March/April being the hottest
(32 °C) and August is the coolest (23 °C). The maximum and min-
imum relative humidity values vary from 89% to 93% and 41-72%,
respectively (Water Resources Commission, 2012).

The Densu Basin is underlain predominantly by the basin type
granitoids (Cape Coast Granites) which underlie over 90% of the
area (Junner and Hirst, 1946). Rocks of the Birimian metavolcanics
and sediments underlie the northwestern parts of the terrain, while
quartzites, schists and phyllites of the Togo Structural unit underlie
the southeastern parts, constituting about 6% of the total landmass
of the basin. The hydrogeological conditions of rocks of the basin
are based on the occurrence and pervasiveness of secondary
structural entities in the forms of joints and weathered zones which
create ingresses for groundwater recharge, flow, and storage.
Therefore, the hydrogeological properties do not present continu-
ously uniform characteristics. Analysis of borehole data in the basin
suggests that borehole depths vary from 9.1 m to 103.0 m in the
granites, 23.0—40.0 m in the Birimian and 28.0 m—97.0 m in the
Togo Structural Unit (Adomako et al., 2011). The weathered zone
varies in thickness from 1.0 m to 32.0 m, 5.0 m—27.0 m and
3.0 m—36.0 m in the granites, Birimian and Togo rocks, respectively
(Adomako et al., 2011). The data suggests that static water level is in
the range of 0.1—13.5 m, 0.8—16.9 m, and 1.1-17.9 m respectively in
the granites, Birimian and Togo rocks. Borehole yields are highly
variable and lie in the range of 0.1 m> h~! - 30.0 m® h~! with mean
value of 2.0 m® h™! in the granites. In the Togo unit and Birimian
formations borehole yields are within 0.6 m> h~'- 6.0 m> h~! and
0.7 m3 h~' - 9.0 m3 h~! with the mean values of 2.8 m*> h~! and
3.7 m? h™! respectively (Adomako et al., 2011).

3. Methodology
3.1. Field observations and sampling

The sampling campaign was undertaken between December
2014 and January 2015 during which groundwater outlets in the
basin were sampled, following standard sampling protocols as
suggested in Appelo and Postma (2005). A total of 63 groundwater
outlets were sampled; 57 samples from boreholes, 6 from hand dug
wells. Prior to sampling, all the groundwater outlets were suffi-
ciently purged to ensure that representative samples were taken.
Samples were subsequently filtered through 0.45 um membranes
and collected in 500 mL acid washed, well rinsed polyethylene
bottles. Samples for major cations were filtered and acidified with
nitric acid (HNOs); samples for analysis of anions were filtered but
were not acidified. At each site, four samples were collected and
properly labelled as ‘cations’, ‘anions’, ‘silica’, ‘Dissolved Oxygen
(DO). Samples for DO were preserved through the addition of
Manganese (II) Sulfate. The EC, Total Dissolved Solids, TDS, Tem-
perature, and pH were measured onsite with the help of a portable
pH-EC meter. All samples were preserved in ice chests within
which temperatures had been reduced to 4 °C to discourage re-
actions and bacterial action whilst samples were in transit to the
laboratory.

Geographical coordinates of every sampled location were taken
using global positioning system (GPS). A water sample location map
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Fig. 1. A map of the Densu Basin showing the geology and sampled locations.
was generated from the GPS location recorded (Fig. 1). Postma, 2005).
3.2. Laboratory analysis Cations — " Anions
1y anay CBE — = 2 « 100% 1)

All the samples were taken to the analytical laboratory of the
Ghana Atomic Energy Commission (GAEC) in Kwabenya, Accra for
analysis. Major ions such as Sodium (Na*) and Potassium (K*) were
analyzed in the laboratory using the flame photometer (Sherwood
model 420 with detection limit of 0.001). Calcium (Ca**) and
Magnesium (Mg>*) were analyzed using the AA240FS Fast
Sequential Atomic Absorption Spectrometer. The ICS-90 Ion Chro-
matograph (DIONEX ICS-90) was used for the analysis of Chloride
(C17), Fluoride (F~), Nitrate (NO3), and Sulfate (SO ). Phosphate
(PO3™) was determined by the ascorbic acid method using the ul-
traviolet spectrophotometer (UV-1201). Silica analysis was also
carried out using Spectrophotometric Silicamolybdate Method at
the Council for Scientific and Industrial Research (CSIR) while the
Dissolved Oxygen (DO) was measured using the Winkler method,
at the GAEC Environmental Chemistry Laboratory in Accra, Ghana.

3.3. Multivariate statistical modeling

The hydrochemical data from the laboratory analysis of the
samples were subjected to internal consistency tests. The Chemical
Balance Error, CBE (Equation (1)) was applied for that test. It is
conventional practice to use charges (cation and anion balance) in
water samples as a measure of internal consistency. Normally, the
cations and anions should exactly balance, and under ideal condi-
tions where the analysis recovers most of the parameters, the
cations and anions should not differ by more than 5% (Appelo and

> Cations + )" Anions

Where all concentrations of cations and anions are in meq/L.

In addition to the CBE, concentrations of specific ions in com-
parison with the total dissolved ion content, the consistency be-
tween parameters (pH, EC, TDS) measured in the field and those
measured in the laboratory were all used to assist in determining
internal consistency of the hydrochemical data. For instance, for
each sample, the TDS content was checked by adding up the con-
centrations of the major ions. These values were compared to the
TDS values measured in the field with portable equipment. These
parameters all suggest that the data is largely internally consistent
and could be used for further processing.

Multivariate statistical techniques were applied to the datasets
after they had been log-transformed to meet or approximate the
requirements of normal distribution for optimal results in multi-
variate statistical analysis. Factor analysis was applied to the log-
transformed dataset to reveal the latent characteristics inherent
in them. Factor analysis, with principal components as the extrac-
tion procedure, was applied to the log-transformed datasets of all
the parameters. In the extraction process of the principal compo-
nents (PCs), parameter communalities were used to limit the
number of variables that are significant contributors to the final
factor model. The criterion was based on variables with commu-
nalities equal to or greater than 0.5 so that variables with com-
munalities <0.5 were dropped out of the process as they would
have been regarded as redundant variables. In the determination of
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the most appropriate number of factors in the eventual model, the
Kaiser (1960) criterion was used. This criterion ensures that factors
with eigenvalues lower than 1.0 are sieved out because a worthy
factor should able to account for the variance of at least one variable
in the entire analysis. The PCs were rotated using varimax rotation.
The variables which made it to the final model were used to
generate a full factor model comprising 9 PCs. Q-mode HCA was
then performed on the factor scores of the 9 factors resulting from
this process. The significance of this procedure lies in the fact that
redundant variables do not form part of the process of determining
the spatial pattern of variability in the causative factors of the
general hydrochemistry. In performing the Q-mode HCA, Squared
Euclidean Distances were used as the measure of similarity/
dissimilarity whereas the Ward's linkage was used to link up initial
clusters. All the statistical analyses were performed in the IBM
Statistical Package for Social Scientists, IBM SPSS, version 20 (IBM,
http://www-01.ibm.com/software/analytics/spss/).

4. Results and discussions
4.1. General hydrochemistry and parameter concentration ranges

The concentration ranges of the various parameters analyzed
from the samples are presented in Fig. 2. The pH of groundwater in
the basin ranges from 5.54 to 7.87 with a mean and standard de-
viation of 6.83 and 0.53 pH units respectively. The pH data appears
to be largely homogeneous, displaying little variability over the
domain of the study area. Less than 25% of the samples present pH
values lower than 6.5 but higher than 6.0 (Fig. 2a) while over 75%
are well within the WHO (1996, 2004) standard for drinking water.
The range of variation in the pH is also consistent with observations
within similar lithologies in other parts of the country, especially
within the granitoids (e.g. Yidana, 2011). Adomako (2011) suggests
that slightly acidic waters in the basin could be due to excessive use
of ammonia and manure as fertilizers from farming activities in the
study area. The TDS values range between 460 mg/L and 2800 mg/L
with a mean of 1100 mg/L. More than 50% of groundwater samples
in the area appear to present TDS values above 1000 mg/L but
below 1500 mg/L. These observed TDS values may arise from a
combination of factors including mineral weathering and anthro-
pogenic activities.

Sodium (Na™) appears to be the most abundant cation in the
study area (Fig. 2b) but the data suggests that in much of the area
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Na' concentration is lower than the WHO (1996, 2004) recom-
mended maximum limit of 200 mg/L for domestic purposes. The
distribution suggests a high degree of dispersion in the data of the
Na™' ion compared to the other cations in the area. The apparently
high degree of dispersion in the Na™ ion concentration may suggest
a variety of geogenic and anthropogenic sources, which will
certainly vary in the space of the domain. The K* ion displays a
similar trend of variability, which is quite higher than that observed
for the alkaline earth elements analysed in this study (Ca?*, Mg?™").
This may suggest that the possible sources of variation in the
concentrations of the alkali elements (Na*, K*) are quite variable
compared to Ca>*and Mg?" in the terrain. The dominance of Na*
over Ca*"and Mg?* may also be related to ion exchange processes
in the saturated and unsaturated zones. Sorption sites generally
have preference for the ions with relatively higher charge density
and as such the alkaline earth elements are often preferred to alkali
elements (Fetter, 1990). The observed concentration ranges may
therefore be partly related to the evolutionary trend of ground-
water through the unsaturated zone and its transitioning along
flow lines in the domain. The preference of Ca*" and Mg?* as
against Na™ by sorption sites may have led to the selective ex-
change of Na* for Ca®" and Mg?*, leading to the relative high
abundance of the former over the latter in solution in groundwater.
This evolutionary trend is supported by the Chebotarev (1955)
sequence as exemplified in Ophori and Toth (1989).

The HCO3 ion appears to be the most abundant anion in the
study area. It also presents an apparent homogeneity in its data
distribution compared to the other anions. This indicates that the
processes leading to the loading of this ion in groundwater in the
area are not as variable as the other hydrochemical parameters.
This is because the relatively low variance suggested by the rela-
tively smaller box indicates similarity among the HCO3 data from
the various sampled locations. The dominance of the HCO3 ion also
suggests that groundwater in the area is generally young to inter-
mediate groundwater types. This is consistent with the Chebotarev
(1955) sequence which suggests the preponderance of HCO3 ion in
recharge-dominated areas. Chloride and SO~ present the most
variable datasets and may have resulted from significant anthro-
pogenic contributions. Generally in the groundwater evolutionary
sequence, discharge areas are dominated by SO7~ and Cl~ anions
(Ophori and Toth, 1989). The data ranges presented by the anions
suggest concentrations which are largely within acceptable ranges
for most domestic purposes in the terrain.
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Fig. 2. Box-and-Whisker plots showing the summaries of the main parameters used for this study.
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4.2. Sources of variation and the reactive mineralogy of the terrain

The final factor model generated from the hydrochemcial
datasets is presented in Table 1. It consists of three factors, which
account for 77.5% of the total variance in the hydrochemistry. It is
also obvious in Table 1, that the model does not contain Ca%*, Mg?™,
and K*. This is because after a series of successive runs, these ions
consistently presented low communalities and therefore were not
considered significant enough contributors to the factor model.
They were therefore dropped out of the final analyses. Factor 1 has
significant positive loadings for EC and all the major ions. It is also
clear from Table 1 that factor 1 alone accounts for over 48% of the
total variance in the hydrochemistry and thus represents a signif-
icant set of processes controlling groundwater hydrochemistry.
Unfortunately, there is a poor negative correlation between factor 1
and silica, suggesting that the process or set of processes encap-
sulated in factor 1, does not have a bearing on the concentrations of
silica in the terrain. Thus, silicate mineral weathering may not be
the most important geochemical process controlling hydro-
chemical data variation in the Densu Basin, although the underly-
ing geological conditions favour the dominance of silicate minerals.
However, all the major parameters correlate positively with factor
1, suggesting the dissolution of other relatively more soluble min-
erals in the saturated and unsaturated zones. Although NO3 pre-
sents a low correlation under this factor, the negative correlation is
indicative of processes in the unsaturated zone which have an
adverse impact on the concentration of NOs3. It appears from the
entire factor model that HCO3 and NO3 consistently correlate
negatively with each other, indicating probable organic matter
oxidation to inorganic carbon in the unsaturated zone using NO3 as
the main oxidizing agent. This may indicate that unsaturated zone
processes, including the dissolution and leaching of ions by infil-
trating rainwater through the unsaturated zone, are the most
important processes controlling groundwater hydrochemistry in
the area. The observed dominance of Na* over Ca** and Mg?* in
the terrain may be associated with ion exchange processes in the
unsaturated zone during the infiltration and percolation of rain-
water into the saturated zone. Salifu et al. (2013) made a similar
observation in parts of northern Ghana when they undertook
analysis of the geochemistry of porewater in comparison with
groundwater. The positive correlation of F~ with factor 1 suggests
that such unsaturated zone processes are significant in influencing
the concentration of this ion in the saturated zone.

This hypothesis appears to be supported by a Gibbs (1970) di-
agram produced from the hydrochemical dataset of the main cat-
ions and TDS in the study area. Fig. 4 illustrates the position of the

Table 1
Factor model for the study area.
Component
1 2 3
pH 0.272 0.829 0.162
EC 0.952 -0.167 -0.057
Na* 0.821 0.133 -0.206
HCO3 0.732 -0.473 -0.052
Norw 0.790 0.014 -0.179
Cl- 0.874 -0.009 0.098
NO3 -0.388 0.771 -0.197
F~ 0.674 -0.028 -0.463
Sio, -0.127 0.010 0.925
Eigenvalue 4406 1.491 1.080
% Variance Explained 48.954 16.566 11.995

The bold texts represent high factor loadings (that is, loadings higher than or equal
to the absolute value of 0.5).

data, suggesting the dominance of a geogenic sources in the vari-
ation in the hydrochemistry. It is also obvious from Fig. 3, that some
of the samples plot within the evaporation/seawater dominated
areas, indicating the impact of evaporative enrichment of the
various ions in the unsaturated zone. In addition, most of the
samples within the geogenic region of Fig. 3 plot close to the
boundary with the region dominated by evaporation processes. The
underlying geology is dominated by rocks rich in silicate minerals.
Drever (1988, Drever and Marion, 1998) and Appelo and Postma
(2005) suggest that silicate mineral weathering is a slow process
requiring several years to register significant impacts on the
hydrochemistry of groundwater. In addition, the factor model does
not appear to support silicate mineral weathering as the main
source of significant variation in groundwater hydrochemistry. The
dissolution of soluble salts such as chlorides, sulphates, carbonates
and other minerals in the unsaturated zone by rainwater in transit,
and cation exchange processes may be the dominant process sug-
gested by the factor model. Factor 1 is therefore a mixed factor
comprising two main geogenic processes: dissolution of soluble
minerals in the unsaturated zone and cation exchange.

An evaluation of the role of ion exchange processes in modu-
lating the relative concentrations of the alkali and alkaline earth
elements, especially in the unsaturated zone, was evaluated using a
biplot of Ca + Mg-SO4-HCO3 against Na-Cl in meq/L. As suggested
by Jalali (2007) and Yidana and Yidana (2010), these indices
respectively refer to the sum of alkaline earth and alkali elements
originating from a source other than their respective sulfates, car-
bonates and chlorides. If an inverse relationship is achieved in such
a plot and a slope of —1 is attained with most of the data plotting
close to the origin, cation exchange is suggested. Fig. 4a provides
such a plot for data in the study area, and appears to affirm the
importance of cation exchange processes in the hydrochemistry of
groundwater. The indication is that Ca’>" and Mg?* are being
preferentially adsorbed onto cation exchange sites which in turn
release Na™ ion into the groundwater system. This accounts for the
relatively higher concentration of Na* when compared to Ca** and
Mg?* in the groundwater system. The impact of cation exchange on
the hydrochemistry of groundwater in the basin is corroborated by
the biplots for Ca-HCO3; and Mg-HCO3 in Fig. 4b. A plot of Ca**
against HCO3 presents an opportunity to determine whether the
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groundwater in the area. The main sources of Ca%* and HCO3 in
groundwater are the dissolution carbonate minerals and incon-
gruent silicate mineral weathering. The dissolution of calcite for
instance leads to the generation of Ca** and HCO3 in the ratio of
1:2. Thus, if calcite is the main source of these two ions, a linear plot
will have all the data along the 1:2 line. If the data falls on the HCO3
side of the line, it suggests cation exchange activity whereby Ca®™ is
preferentially adsorbed onto exchange sites, leading to a reduction
in the concentration of the same ion in solution in water. As indi-
cated in Fig. 4b, the data suggests cation exchange activity, and
corroborates the indications of Fig. 4a and the interpretation of
factor 1. This is closely supported by Fig. 4c which has a plot of Na*
against Cl™.

A factor score map for factor 1 (Fig. 5a) shows a clear distinction
between the northern and southern parts of the terrain. High factor
scores are associated with the southern parts, with the lowest
scores in the northern and middle sections of the domain. The
factor scores do not appear to be consistent with the underlying
geology, suggesting that the contribution of the host, silicate min-
eral rich geology is not the main source of variation in the hydro-
chemistry. The apparent increase in the impacts of factor 1 from the
northern to southern parts of the terrain may be attributed to a
general evolution from the northern high topographical elevation,
recharge areas to the low lying, southern parts which are charac-
teristically groundwater discharge areas where the general flow is
towards the sea. Fig. 5b is a groundwater potentiometric map of the
study area. It is a modified form of the figure generated by Yidana
et al. (2014) from the calibration of a transient model over the
terrain. It is obvious in this figure that there's a general north-south
groundwater flow pattern in the basin. The hydrochemical evolu-
tion suggested by the factor score pattern of distribution therefore

appears to be consistent with the general groundwater flow
pattern. It is consistent with the theory of soluble mineral disso-
lution as the impact of this factor increases from the presume
recharge areas (high hydraulic potential areas) to recharge areas
(low hydraulic potential zones).

Factor 2 has high positive loadings for NO3 and pH, and appears
to indicate the effects of manure and other fertilizers used on farms
in the area. Factor 2 is therefore an indication of anthropogenic
processes, representing the set of anthropogenic activities which
contribute to the NO3 content of groundwater in the basin. This is
because NO3 is a nutrient resulting mainly from anthropogenic
activities. Agriculture is the main economic activity in the basin and
manure and other NO3 containing substances are used to enhance
crop yield. The impacts of factor 2 (Fig. 5¢) appear to be isolated,
and highest in areas where farming activities appear to be more
intense with the use of fertilizers and manures on farms. There are
also obvious high scores in the southern, relatively highly popu-
lated areas where the influence of domestic waste and sewerage
may be the main source of the high NO3.

The third factor (Factor 3) has high positive loading with silica,
indicating that silicate mineral weathering is the third most
important process controlling groundwater hydrochemistry. This is
due to the fact that the main silicate minerals in the area are largely
low temperature feldspars which are resistant to chemical weath-
ering within the regular groundwater temperatures. Longer resi-
dence times are required for silicate mineral weathering to provide
enhanced contribution to groundwater hydrochemistry (Drever,
1988) in the terrain. The spatial distribution of factor scores for
factor 3 (Fig. 5d) indicates that factor 3 is not a significant process in
the hydrochemistry of groundwater in the area as the predicted
factor scores are generally low. The implication is that silicate
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Fig. 5. a. Factor score distribution map for factor 1 (component 1) in the study area. b A groundwater potentiometric map for the Densu Basin (modified from Yidana et al., 2014).
c.Factor score distribution map for factor 2 (component 2) in the study area. d.Factor score distribution map for factor 3 (component 3) in the study area.

mineral weathering has not been a pervasive process which in-
fluences groundwater hydrochemistry in the area. The isolated
areas of high scores are within the granitoid areas, which generally
provide indications of some level of contribution of the silicate
mineral weathering.

4.3. Spatial groundwater types in the study area

The Q-mode HCA resulted in five main clusters, representing
five major spatial groundwater facies in the area. Fig. 6 presents the
dendrogram from the Q-mode HCA illustrating the five clusters. In
cluster analysis, the choice of the number of clusters in the

dendrogram to represent the spatial associations is a semi-
objective process. It's usually based on the linkage distance and
the researcher's semi-objective impression of how many spatial
associations are deemed appropriate. A line (imaginary) is drawn
across the dendrogram at a particular linkage distance to determine
the number of unique clusters or groups. There are no rules gov-
erning the position of this line (‘phenon line’). One can move the
phenon line up or down the dendrogram to decrease or increase
the number of clusters/groups. In this research, the phenon line
was drawn across the dendrogram at a critical linkage distance of
17. Fig. 7 presents the statistical summaries of the parameters
within each of the groups. It is obvious that the groups are
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distinguished on the basis of their positions in the general
groundwater flow regime. Group 5 members have the highest
average elevation, and are also characterized by the lowest mea-
sures of almost all the physico-chemical parameters.

Group 5 therefore represents the freshest groundwater types in
the area. In addition, as these group members are located in the

highest elevations (182 m above mean sea level), they represent
recharge areas in the groundwater flow regime. Both the high el-
evations and the observed low average concentrations of the
physico-chemical parameters are consistent with the characteris-
tics of groundwater recharge areas in the flow regime. Conversely,
Group 3 presents samples from boreholes with the highest
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concentrations of most of the physico-chemical parameters (Fig. 7).
These are also areas of the lowest elevations, consistent with
discharge areas in the general groundwater flow regime. Group 4
follows next after Group 5, presenting generally groundwater with
some of the lowest concentrations most of the physico-chemical
parameters. The average elevation of Group 4 members is 145 m,
which is the next highest elevation after Group 5. It is also obvious
from Fig. 8 that Group 5 members are Mg-HCO3 water types, which
transition into Mg-Cl groundwater types in Group 3. Groups 1, 2,
and 4 are Na-HCO3 water types characteristic of intermediate water
types in the groundwater flow regime. The spatial pattern of dis-
tribution of the samples that form part of the various groups (Fig. 8)
indicates that majority of the members of Groups 4 and 5 (generally
recharge type groundwater) are clustered in the relatively topo-
graphically higher northern parts of the terrain, which happen to be
areas of the lowest scores of factor 1 (Fig. 5a). On the other hand,
Groups 1, 2, and 3 generally plot towards the low lying southern
parts of the terrain where there is a general tendency of flow to-
wards the Gulf of Guinea in the south (Fig. 5b). The results of the
cluster analysis therefore adequately predict the expected
groundwater flow pattern in the terrain. This prediction is perfectly
in line with the general groundwater flow pattern produced from
the calibration of a transient state groundwater flow model in the
area (Yidana et al., 2014). This amply suggests that careful appli-
cation of multivariate statistical techniques to hydrochemical

datasets is an asset in the initial conceptualization of the general
groundwater flow pattern in a terrain.

5. Summary and conclusions

This study has demonstrated the utility of advanced multivar-
iate applications in adequately predicting the general groundwater
flow pattern and evolutionary trend as part of basin-wide hydro-
geological investigations. Hierarchical cluster analysis has been
successfully used, in conjunction with factor analysis, to adequately
predict groundwater evolution and its flow pattern in the Densu
Basin. The predicted flow pattern is in tandem with groundwater
flow pattern predicted by a calibrated groundwater flow model
over the terrain. This exemplifies the predictive capacity of factor
analysis and HCA, and demonstrates their joint utility in the initial
conceptualization of groundwater flow pattern prior to numerical
modelling. In the specific case of the Densu Basin, the application of
these techniques to hydrochemical data suggests the dominance of
three factors in the hydrochemistry: unsaturated zone processes
including the oxidation of organic carbon to inorganic carbon as
well as the dissolution of soluble salts; the impacts of anthropo-
genic activities including agricultural chemicals and domestic
waste disposal; and silicate mineral weathering. Factor score maps
suggest a probable evolutionary theory whereby groundwater
transitions from relatively low salinity, Mg-HCO3; groundwater
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types in the northern, high elevation areas, to high salinity, Mg-Cl
water types in the low lying areas, as it flows seaward. The anal-
ysis suggests that unlike other parts of the country where silicate
mineral weathering is a dominant process in the hydrochemistry of
groundwater, the process ranks third in the Densu Basin. Spatial
groundwater associations developed through hierarchical clus-
tering are aligned in a fashion akin to the evolutionary trend pre-
dicted by the factor scores. The implication of this current
investigation suggests that the unsaturated zone plays a very sig-
nificant role in both recharge and groundwater hydrochemistry in
the terrain. Contamination of unsaturated zone material through
the disposal of hazardous material on the surface will certainly
impact the quality of groundwater in the domain in the long term.
The comparatively lower impact of silicate mineral weathering is
consistent with an assertion of low residence times of groundwater
in the terrain.

Acknowledgement

The research in this contribution did not benefit from any
funding from any organization. It was the result of the contribu-
tions of the authors listed.

References

Acheampong, S.Y., 1996. Geochemical Evolution of the Shallow Groundwater Sys-
tem in the Southern Voltaian Sedimentary Basin of Ghana. PhD dissertation.
University of Nevada, Reno, USA.

Adomako, D., 2011. Hydrogeochemical evolution and groundwater flow in the
Densu River Basin, Ghana. ]. Water Resour. Prot. 03 (07), 548—561.

Adomako, D., Osae, S., Akiti, T.T., Faye, S., Maloszewski, P., 2011. Geochemical and
isotopic studies of groundwater conditions in the Densu River Basin of Ghana.
Environ. Earth Sci. 62, 1071-1084.

Andre, L., Franceschi, M., Pouchan, P, Atteia, O., 2005. Using geochemical data and
modelling to enhance the understanding of groundwater flow in a regional
deep aquifer, Aquitaine Basin, Southwest of France. ]. Hydrol. 305, 40—62.

Appelo, C.A]J., Postma, D., 2005. Geochemistry, Groundwater and Pollution, second
ed. AA. Balkema, Leiden, The Netherlands, p. 649.

Banoeng-Yakubo, B., Yidana, S.M., Nti, E., 2009. An evaluation of the genesis and
suitability of groundwater for irrigation in the Volta Region, Ghana. Environ.
Geol. 57 (5), 1005—1010.

Chebotarev, LI, 1955. Metamorphism of natural waters in the crust of weathering.
Geochim. Cosmochim. Acta 8 (22—28), 137—170.

Cloutier, V., Lefebvre, R., Therrien, R., Savard, M.M., 2008. Multivariate statistical
analysis of geochemical data as indicative of the hydrogeochemical evolution of
groundwater in a sedimentary rock aquifer system. ]. Hydrol. 353 (3—4),
294-313.

Drever, ].I., 1988. The Geochemistry of Natural Waters, second ed. Prentice Hall, New
Jersey.

Drever, J.I, Marion, G.M.,, 1998. The geochemistry of natural waters: surface and
groundwater environments. J. Environ. Qual. 27 (1), 245—-245.

Fetter, CW., 1990. Applied Hydrogeology. CBS Publishers & Distributors, New Delhi,
India.

Garrels, RM., Mackenzie, ET., 1967. Origin of the chemical composition of some
springs and lakes. In: Equilibrium Concepts in Natural-water Chemistry.

Advances in Chemistry Series, vol. 67. American Chemical Society, pp. 222—242.

Gibbs, R.J., 1970. Mechanisms controlling World water chemistry. Science 170,
1088—-1090.

Jalali, M., 2007. Salinization of groundwater in arid and semi-arid zones: an
example from Tajarak, western Iran. Environ. Geol. 52 (6), 1133—1149.

Junner, N.R,, Hirst, T., 1946. The Geology and Hydrogeology of the Volta Basin. Gold
Coast Geological Survey, Memoir, vol. 8. Accra, the Gold Coast.

Kaiser, H.F,, 1960. The application of electronic computers to factor analysis. Educ.
Psychol. Meas. 20, 141-151.

Kebede, S., Travi, Y., Asrat, A., Alemayehu, T., Ayenew, T., Tessema, Z., 2008.
.Groundwater origin and flow along selected transects in Ethiopian rift volcanic
aquifers. Hydrogeology 16, 55—73.

Mahlknecht, J., Steinich, B., De Le6n, L.N., 2004. Groundwater chemistry and mass
transfers in the Independence aquifer, central Mexico, by using multivariate
statistics and mass-balance models. Environ. Geol. 45 (6), 781—795.

McNeil, V.H., Cox, M.E., Preda, M., 2005. Assessment of chemical water types and
their spatial variation using multi-stage cluster analysis, Queensland, Australia.
J. Hydrol. 310 (1), 181-200.

Ophori, D.U,, Toth, J., 1989. Patterns of ground-water chemistry, Ross Creek Basin,
Alberta, Canada. Groundwater 27 (1), 20—26.

Ortega-Guerrero, A., 2003. Origin and geochemical evolution of groundwater in a
closed-basin clayey aquitard, Northern Mexico. J. Hydrol. 284, 26—44.

Petrides, B., Cartwright, 1., Weaver, T.R., 2006. The evolution of groundwater in the
Tyrrell catchment, south-central Murray Basin, Victoria, Australia. Hydrogeol-
ogy 14, 1522—-1543.

Salifu, M., Yidana, S.M,, Osae, S., Armah, Y.S., 2013. The influence of the unsaturated
zone on the high fluoride contents in groundwater in the middle voltaian
aquifers-the Gushegu District, northern Region of Ghana. . Hydrogeol. Hydrol.
Eng. 2 (2),1-7.

Toth, ]., 1984. The role of regional gravity flow in the chemical and thermal evo-
lution of groundwater. In: Proc. First Canadian/American Conference on Hy-
drogeology, Banff, Alberta.

Viero, A.P,, Roisenberg, C., Roisenberg, A., Vigo, A., 2009. The origin of fluoride in the
granitic aquifer of Porto Alegre, Southern Brazil. Environ. Geol. 56 (8),
1707—-1719.

Water Resources Commission, WRC, 2012. Stakeholder Engagement on the National
Water Policy, Wa. Presentation 18/04/2012.

World Health Organisation, WHO, 1996. Water quality monitoring - a practical
guide to the design and implementation of freshwater quality studies and
monitoring programmes. Mil. Operations Res. 2 (4), 348.

World Health Organization, WHO, 2004. Recommendation. Guidelines for Drinking
Water Quality, third ed., vol. 1. World Health Organization, Geneva.

Yidana, S.M., 2011. Hydrochemical characterization of aquifers using sequential
multivariate analysis and Geographical Information Systems in a tropical
setting. J. Environ. Eng. 137 (4), 258—273. https://doi.org/10.1061/(ASCE)
EE.1943-7870.0000329.

Yidana, S.M., Banoeng-Yakubo, B., Sakyi, P.A., 2012. Identifying key processes in the
hydrochemistry of a basin through the combined use of factor and regression
models. J. Earth Syst. Sci. 121 (2), 491-507.

Yidana, S.M., Alfa, B., Banoeng-Yakubo, B., Addai, M.O., 2014. Simulation of
Groundwater flow in a crystalline rock aquifer system in Southern Ghana — an
evaluation of the effects of increased groundwater abstraction on the aquifers
using a transient groundwater flow model. Hydrol. Process. https://doi.org/
10.1002/hyp.9644.

Yidana, S.M,, Yidana, A., 2010. Assessing groundwater quality using water quality
index and multivariate statistical analysis — the Voltaian basin, Ghana.
J. Environ. Earth Sci. 59 (7), 1461—1473. https://doi.org/10.1007/s12665-009-
0132-3.

Zhu, G.E, Su, Y.H., Feng, Q., 2008. The hydrochemical characteristics and evolution
of groundwater and surface water in the Heihe River Basin, Northwest China.
Hydrogeol. ]. 16, 167—218.


http://refhub.elsevier.com/S1464-343X(17)30416-8/sref1
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref1
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref1
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref2
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref2
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref2
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref3
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref3
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref3
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref3
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref4
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref4
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref4
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref4
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref5
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref5
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref6
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref6
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref6
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref6
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref30
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref30
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref30
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref30
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref8
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref8
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref8
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref8
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref8
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref8
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref9
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref9
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref10
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref10
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref10
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref11
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref11
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref11
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref12
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref12
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref12
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref12
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref13
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref13
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref13
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref14
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref14
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref14
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref15
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref15
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref16
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref16
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref16
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref31
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref31
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref31
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref31
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref18
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref18
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref18
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref18
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref18
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref19
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref19
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref19
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref19
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref32
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref32
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref32
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref20
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref20
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref20
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref33
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref33
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref33
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref33
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref21
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref21
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref21
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref21
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref21
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref34
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref34
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref34
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref22
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref22
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref22
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref22
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref23
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref23
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref24
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref24
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref24
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref25
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref25
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000329
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000329
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref27
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref27
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref27
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref27
https://doi.org/10.1002/hyp.9644
https://doi.org/10.1002/hyp.9644
https://doi.org/10.1007/s12665-009-0132-3
https://doi.org/10.1007/s12665-009-0132-3
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref29
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref29
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref29
http://refhub.elsevier.com/S1464-343X(17)30416-8/sref29

	Evolutionary analysis of groundwater flow: Application of multivariate statistical analysis to hydrochemical data in the De ...
	1. Introduction
	2. The study area
	3. Methodology
	3.1. Field observations and sampling
	3.2. Laboratory analysis
	3.3. Multivariate statistical modeling

	4. Results and discussions
	4.1. General hydrochemistry and parameter concentration ranges
	4.2. Sources of variation and the reactive mineralogy of the terrain
	4.3. Spatial groundwater types in the study area

	5. Summary and conclusions
	Acknowledgement
	References


