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Abstract 
 
Groundwater resources play a crucial role in the domestic and industrial water delivery system in Ghana. 
Hydrochemical and multivariate statistical techniques were used to investigate groundwater flow and geo-
chemical evolution in the Densu River Basin aquifer system in Ghana. The hydrochemical and multivariate 
statistical techniques are mutually supportive and extracted information was analysed together with envi-
ronmental isotope data. The results reveal three spatial groundwater bodies with defined hydrochemical fa-
cies, residence times, stable isotopic signals and hydrochemical evolution. The zones are designated as group 
one in the northern portion, group two in the transmission zone and group three as discharge in the southern 
portion of the catchment. Some of the stable isotope data of the groundwater do not lie close to the local me-
teoric water line (LMWL) on the δD-δ18O plot and thus indicate that the meteoric water recharging the 
groundwater system has undergone some degree of evaporation. 
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1. Introduction 
 
Groundwater is one of the most important resources in 
Ghana. In many rural and urban communities in the 
Densu River basin, water supplies for domestic, irriga-
tion and industrial uses are primarily dependent on ex-
isting groundwater resources. However, groundwater 
potential is under serious treat, due to increasing popula-
tion density, mechanized agricultural practices, rapid 
urbanization, as well as domestic and industrial usage. 
Groundwater provision is time and again unsuccessful 
because of poor groundwater productivity of wells, dry-
ing of wells after prolonged draught or sometimes due to 
poor quality. The latter is hampered by lack of under-
standing the groundwater systems. However, groundwa-
ter resources in the Densu River basin have been fairly 
assessed and some data on the geology, borehole yield, 
static water levels and water quality analysis are avail-
able [1]. A large amount of hydrogeological and hydro-
chemical data have been generated through drilling ac-
tivities in the basin. Nonetheless, due to lack of harmo-
nized database, not much has been done to understand 

the hydrogeological and the hydrochemistry of the aqui-
fers as a means of understanding the chemical evolution 
of groundwater system in the basin. 

The changes in chemical composition of meteoric wa-
ter recharging the aquifer will depend on factors such as 
soil-water interaction, residence time, congruent and 
incongruent dissolution of mineral assemblages, sea-
water intrusions and anthropogenic impacts. These fac-
tors would give rise to different water chemistry and 
hence different aquifer characteristics [2-5]. Additionally, 
in groundwater catchments where barrier boundaries and 
inputs are well defined, interpretation of the environ-
mental isotopes record of precipitation, surface water and 
groundwater, coupled with available information on hy-
drochemical characteristics of groundwater will provide 
a detailed picture of the groundwater system [6,7]. 

Therefore, in other to understand the geochemical 
characteristics of the groundwater system, and its flow 
regime, multivariate statistical tools have been used 
widely to study the sources of the variation in the hy-
drochemistry of groundwater systems in recent studies. 
Arguably, one of the most powerful tools that have 
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gained widespread acceptance in geo-environmental re-
search community is multivariate statistical hydroche- 
mical modelling. Precisely, factor and cluster analysis 
are the most widely used tools in geochemical studies to 
understand trends in data variation. Excellent examples 
of the application of factor analysis to solve hydro-
chemical problems are contained in [8-10]. Additionally, 
multivariate techniques have been used to resolve hy-
drological factors such as aquifer boundaries, groundwa-
ter flow paths and geochemical parameters e.g. [11,12]. 
It has also been used to identify geochemical controls on 
the composition of water [13], and separate anomalies 
such as anthropogenic impacts from background concen-
trations e.g. [14,15]. The specific objectives of this work 
are: 1) to understand the geochemistry and flow mecha-
nisms of groundwater in the catchment, and 2) to char-
acterize the isotopic (δ18O, δD) compositions of ground-
water. 
 
2. Materials and Methods 
 
2.1. Study Area 
 
2.1.1. Location 
The Densu River Basin is located in the southwestern 
side of Ghana. The Basin is characterized by undulating 
topography. Many of the hills here are craggy summits, 
which give a striking appearance to the landscape. The 
Densu River Basin lies between latitude 5˚30'N - 6˚20'N 
and longitude 0˚10'W - 0˚35'W (Figure 1). The Densu 
River Basin is coastal river catchments in the southern 
Ghana, and a typical rural community like all other rural 
settlements in Ghana. The Basin has a catchment area of 
2,564 km2 and spans 10 district assemblies and three 
regions of Ghana, namely Eastern, Greater- Accra and 
Central. There are about 200 settlements in the basin 
with a population density ranging from 150 to 200 per 
square kilometre, which is above the national average of 
77 persons per square kilometre [16]. The river takes its 
source from the Atewa Range near Kibi in the East Akim 
Metropolitan Assembly, in the Eastern Region of Ghana 
and flows for 116 km from this source at an elevation of 
about 760 m (2,500 ft.) above sea level. The main tribu-
taries of the river include Mame, Kuia, Adeiso, Dobro 
and Nsaki rivers. The river shares its catchment bound-
ary with the Odaw and Volta basins to the east and north 
respectively, the Birim basin in the northwest and the 
Ayensu and Okrudu in the west. The river then enters the 
Gulf of Guinea through the tidal lagoon at Botianor, west 
of Accra. 
 
2.1.2. Climate 
The study area lies between two distinct climatic zones; 

the dry equatorial climate of the SE coastal plains, and 
the wet semi-equatorial climate further north from the 
coast. Both climatic zones are characterised by two rain-
fall seasons with different intensities [17]. The major 
rainy season extends from April/May to July and attains 
a 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. The minor sea-
son occurs between September and November when 
several disturbance lines give rise to local thunder activi-
ties, especially in the upper and middle belts which are 
covered with moist semi-deciduous forest. The total an-
nual rainfall ranges from 1700 mm in the wet interior to 
800 mm in the dry equatorial zone near the coast.  

The climate of the study area is also characterised by 
prevailing high temperatures usually uniformly high thr- 
oughout the year. The mean annual temperature is re-
ported as 27˚C, with March/April being the hottest (32˚C) 
and August the coolest (23˚C). The maximum and mi- 
nimum relative humidity values vary from 89% to 93% 
and 41 to 72% respectively. 
 
2.1.3. Geological Setting 
The Densu River Basin is underlain mainly by the Pro-
terozoic basin-type granitoid (the so-called Cape Coast 
batholiths), granite with associate gneiss. This geological 
formation covers a larger part of the basin (90%) as 
shown in Figure 1. The other formations are the 
Birimian formation, which occurs at the watershed of the 
river in the northwest, covering approximately 4% of the 
basin. The Togo Formation (6%) underlies the south-
eastern portion and the area south of Weija to the estuary 
portion of the basin. The Cape Coast granite Complex 
comprises heterogeneous group of rocks occupying most 
of the northwestern corner of the Akwapim North and 
part of Akwapim South districts. The bulk of the Cape 
Coast granite is composed of quartz, muscovite, ortho-
clase and albite. The granite changes from fine to me-
dium grained, foliated biotite quartz diorite gneiss to 
horn- blende–quartz diorite gneiss. These gneissic rocks 
are intruded by both acidic and basic igneous rocks, 
which include white and pink Pegmatite, aplites, grano-
diorite and peridotite. 

Traditionally, [18,19] subdivided the Birimian Super-
group into two parts, the Lower Birimian, consisting 
mainly of dacitic/rhyodacitic volcaniclastics, greywackes, 
phyllites, argillites and chemical sediments [20], and the 
Upper Birimian, mainly made up of tholeiitic basalts 
with intercalated volcaniclastics, pyroclastic lava, and 
hypabyssal basic intrusive. Most of the rocks have been 
metamorphosed into calcareous chlorite schists and am-
phibolites (greenstones). Rocks belonging to the Birimian 
formation are sandstones, tuffs, grit, quartzites and some     
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Figure 1. Map showing the sampling points in the study area. 
 
breccia. The rocks of the Togo Series are highly folded 
and jointed, and form the chain of hills known as the 
Akwapim-Togo Ranges, which extend from the coast 
near Accra to the Togo border. The Togo Series consists 
of sandstone, quartzite and quartz schist, shale, phyllite 
and some talc mica schist.  
 
2.1.4. Hydrogeology 
The basement rocks underlying about 90% of the Densu 
River Basin have very little intergranular pore-space and 
are thus characterised by little or negligible primary po-
rosity and permeability. Also, because of their limited 
transmissivity, crystalline basement aquifer exhibit com- 
paratively low yields [21-24]. The two main features 
controlling groundwater occurrence in the basin are the 
secondary formed fractured and weathered zones respec-
tively. The Birimian formation to the northwestern por-

tion of the basin are generally well folded and deeply 
weathered, hence groundwater occurrence in this forma-
tion is very high. The granites in the basin are less frac-
tured and weathered, hence groundwater occurrence are 
moderately low. The granitic aquifers thus formed are 
usually phreatic to semi-confined in character, structur-
ally dependent and may be discontinuous in occurrence. 
However, in the northern portion of the granitic forma-
tion relatively high productive wells exist. The Togo 
series in the Southeastern portion of the basin is highly 
folded, jointed and fractured. The contact zone between 
the granites and the Togo formation provides a favour-
able condition for groundwater accumulation.  

The depth of the borehole varies from 9.1 to 103.0 m 
in the granites, 23.0 to 40.0 m in the Birimian and 28.0 to 
97.0 m in the Togo series [25]. The thickness of the 
mean weathered zone ranges from 1.0 and 32.0 m, 5.0 
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and 27.0 m and 3.0 and 36.0 m in the granites, Birimian 
and Togo series respectively. The static water level also 
ranges from 0.1 and 13.5 m, 0.8 and 16.9 m and 1.1 and 
17.9 m in the granites, Birimian and Togo series respec-
tively. Borehole yields are highly variable and lie in the 
range of 0.1 - 30.0 m3·h–1 with mean value of 2.0 m3·h–1 
in the granite. In the Togo and the Birimian borehole 
yields are within 0.6 - 6.0 m3·h–1 and 0.7 - 9.0 m3·h–1 
with the mean values of 2.8 m3·h–1 and 3.7 m3·h–1 respec-
tively. The analytical results of groundwater chemistry 
and groundwater level data from the Basin show that 
groundwater is being recharged in the northern portion 
and flows to the southern portion of the basin. This is 
because the groundwater in the northern portion is char-
acterized by low physio-chemical and chemical parame-
ters, and these values increases along the flow line. 
Borehole yields in the basin however, vary from location 
to location; the water potential in the wells also varies 
from well to well [25].  
 
2.1.5. Field Investigations 
A total of 51 groundwater water samples were taken 
from the aquifers across the catchment during the period 
of August 2006, February and May-June 2007. The sam-
ples were collected from wells (Figure 1) at depth rang-
ing between 24 and 65 m. Standard procedures with re-
gard to well purging were followed for collection of the 
groundwater samples. The geographical location of all 
sampling sites was recorded using a hand-held global 
positioning system (GPS). 

Alkalinity and physical parameters such as Electrical 
conductivity (EC), Total Dissolved Solids (TDS), tem-
perature and pH of the samples were measured in the 
field using Hatch field titration kit and portable EC and 
pH meters. For groundwater samples, boreholes were 
purged until stable readings for the physical parameters 
were obtained. Samples were subsequently filtered 
through 0.45 um membranes and collected in acid- 
washed, well rinsed polyethylene bottles. Filtered and 
acidified (1% v/v HNO3) sampled were used for major 
cations, while filtered unacidified sampled were used for 
anion analysis. Unfiltered groundwater samples were 
collected in 30 ml glass bottles and tightly sealed for 
stable isotope analysis. Other samples were collected in 1 
litre polyethylene bottles and preserved for tritium 
analys
 
2.1.6. Laboratory Analyses 
Chemical and isotopic analysis of the water samples 
were performed at the Institute of Groundwater Ecology, 
German Research Center for Environmental Health (Ne- 
uherberg/Germany). Major cations (Ca2+, Mg2+, Na+, and 
K+) and anions (Cl–, , and ) were analyzed 

using a Dionex DX 100 ion chromatograph equipped 
with a CS 12 and an AS14A-SC Ion Pac columns and an 
AS-40 auto-sampler. The accuracy of the duplicate 
analyses was estimated from the ionic balance error [26], 
which was within ±5% (3σ) for all samples. 

2
4SO 

3NO

Stable isotopes of oxygen and hydrogen were deter-
mined using isotope mass spectrometry. The water sam-
ples for oxygen isotopic analyses were prepared by con-
ventional H2O - CO2 equilibration [27] where 5ml of 
each sample was equilibrated with CO2 gas at 25 ± 0.1˚C 
for 24 hours. The CO2 gas was then extracted and cryo-
genically purified in a vacuum line. For deuterium 
analysis, Cr at 850˚C was used to produce hydrogen gas 
[28]. Both δ18O and δ2H values were determined relative 
to internal standards that were calibrated using Vi-
enna-Standard Mean Ocean Water (V-SMOW). The data 
were normalized following [29] as follows:  
δ = [(RS/RV-SMOW) – 1] × 1000; where RS represents 

either the 18O/16O or the 2H/1H ratio of the sample, and 
RV-SMOW is 18O/16O or the 2H/1H ratio of the V-SMOW. 
The analytical reproducibility is ±0.1% and ±1.0% for 
the oxygen and deuterium, respectively.  
 
2.2. Multivariate Analysis 
 
Multivariate analysis of the water quality data sets were 
performed using Cluster analysis (CA), Factor Analysis 
(FA) and Discriminant Analysis (DA) using Statistical 
Package for Social Sciences (SPSS 16.0) software pack-
age for windows. 
 
2.2.1 Cluster Analysis 
CA has been used by several researchers to classify a set 
of observed hydrochemical data within two or more mu-
tually exclusive groups based on the combination of in-
terval variables [10,30,31]. The Ward method [32] of 
hierarchical clustering is used for the factor scores. The 
Ward method applies clustering in such a way as to 
minimize the increment of the error sum of squares 
(IESS). The value of error sum of squares (ESS) for the 
i-th cluster is given by

 2

1 1

in p

i ijk ik
j k

ESS x x
 

   

where, ijkx  is the coordinate of the observation on the p 
variables for nj, objects in the i-th cluster ikx  is the co-
ordinate for the centroid in the i-th cluster, j is the num-
ber of samples, k is the number of variables. The total 
ESS for the total number of clusters g then can be ob-  

tained by summing ESSi for i = 1 to g: .  
1

g

i
i

ESS ESS


 
When two clusters U and V are combined to form a new 
cluster, the IESS can be computed by 
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where, ux  and vx  are the vectors for the centroid in 
the u-th cluster and in the v-th cluster, and u  and  
are the numbers of objects in U and V, respectively. 

n vn

There are two modes of investigations namely R and 
Q-modes respectively. The R-mode is used to investigate 
the group associations or the affinity between the various 
variables in order to investigate their sources and proc-
esses with which they are associated [33]. The data set 
was further analyzed in Q-mode in order to identify 
similarities between cases. The similarity coefficient 
used was the simple distance defined in Euclidean space 
[34] and the clustering was performed by the average 
linkage (between-groups) method. The output results 
(water groups in the form of dendrogram) from the Hier-
archical Cluster Analysis (HCA) are interpreted. Data 
treatment procedures and detailed explanation of the 
HCA clustering technique used by this study can be 
found in [30]. 

HCA was used to classify groundwater chemistry into 
logical groups that may be interpreted in terms of aquifer 
types, subsurface residence times and anthropogenic in-
put on groundwater chemistry [13,35,36]. These tech-
niques provides a good opportunity to identify relatively 
distinct paths for hydrochemical modeling and to under-
stand geochemical evolution for a given aquifer system.  
 
2.2.2. Factor Analysis 
Factor analysis is a technique that purports to explain 
observed relations among several variates in terms of 
simpler relations that provide insight into the underlying 
structure of the variates. The factor analysis has also 
been used extensively in many geochemical studies to 
better understand the group associations or the affinity 
between the various variables that has been revealed by 
the cluster [8,34,37,38]. The simpler relations that are 
expressed in terms of a new set of variables are called 
factors. 

In factor analysis, the observable random vector x, 
with p components, has mean µ and covariance matrix Σ. 
The factor model postulates that x is linearly dependent 
upon a few unobservable random variables F1, F2, F3, 

, Fn, called common factors, and p additional sources 
of variation ε1, ε2, , εp, called errors or sometimes, 
specific factors. The factor analysis model is represented 
in matrix notion. 




LF      

where, the matrix L is the matrix of factor loadings, the 
coefficient lij of L is called the loading of the i-th vari-
able on the j-th factor, and F is the column vector com-

ponents F1, F2, F3, , Fm. When independence assump-
tions about the random vectors F and ε are used, the rela-
tion (Equation (5.13)) constitutes the orthogonal factor 
model.  



To perform factor analysis, the first step is to compute 
a correlation matrix. This involves finding the correlation 
coefficient, which is a measure of interaction for all pairs 
of constituents. The second step in factor analysis is to 
estimate the factor loadings. The final step is to obtain 
easy interpretation of factors by factor rotation.  

In this study, the principal component method is used 
as the parameter estimation method to transform a set of 
observed interdependent variables into an orthogonal set 
of variables called principal components. The first com-
ponent accounts for as much as possible of the variances 
of the observed variates. The second principal compo-
nent accounts for as much as possible of residual vari-
ance not accounted for by the first principal component. 
The third principal component also accounts for residual 
variance not accounted for by the second component.  

Although numerous rotation schemes have been pro-
posed, Kaiser’s scheme called varimax rotation is used in 
this study. Varimax rotation yields a set of loadings such 
that the variance of the squares of the loadings is the 
maximum. Factor scores are commonly obtained by two 
approaches: the weighted least squares method and the 
regression method. The regression method [39] was used 
in this study to compute factor scores. 
 
2.2.3. Discriminant Analysis 
Discriminant analysis is a multicomponent statistical 
technique that has been used in many geochemical stud-
ies [8,34,37,38,40] to classify groundwater into mutually 
exclusive and exhaustive groups on the basis of a set of 
independent variables. The linear combinations of the 
independent variables found by means of this technique 
will discriminate the groups in such a way that the mis-
classification error rates are minimized. The objective 
was achieved by maximizing the between-group variance 
to the within-group variance [41].  

To perform the discriminant analysis we need a quali-
tative dependent variable and a set of independent vari-
ables. The categorical-dependent variable is a grouping 
factor that allows each object to be placed in only one of 
the defined groups. In the linear discriminant equation; 

0 1 1 2 2 ,p pD B B X B X B X      

where, 1 2, , , pX X X
, ,

 are the values of the independent 
variables, and 0 1 2 , , pB B B B  are the coefficients es-
timated from the data. The obtained function allows dis-
criminating in the best way among the objects belonging 
to different groups; it therefore constitutes itself as a 
quality index, which integrates all the available informa-
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tion into a single variable [42].  
 
3. Results and Discussions 
 
The groundwater pH is acid to circum-neutral and ranges 
from 5.3 and 7.2 with a mean value of 6.4. The tempera-
tures are generally close to that of ambient temperature, 
25.1 to 31.3˚C, with a mean value of 27.8˚C. The aquifer 
water presents wide variations in the total dissolved sol-
ids (TDS) and the electrical conductivity (EC) values; 
they ranges from 46 to 3890 mg/l and 99 to 8580 μS/cm, 
respectively and mean values are 601 mg/l and 1288 μS/cm. 
The high TDS and EC values of the groundwater sam-
ples in the study area follows the flow direction, thus 
from high to relatively low topographic areas towards the 
coast.  
 
3.1. Statistical and Cluster Analysis 
 
The SPSS 16.0 for windows statistical tool was utilized 
to support the conventional hydrochemical techniques. 
Twelve hydrochemical variables (EC, TDS, and pH, 
Temperature, Na+, K+, Ca2+, Mg2+, Cl–, 3HCO , 3NO  
and ) were used in the statistical analyses. All the 

data were transformed to log base 10 values and subse-
quently standardized to their standard scores (z-cores) as 
outlined by [31]. For the R-mode, weighted pair-group 
method was applied and Euclidean distance was used as 
a measure of similarity. Before the analysis could be 
done, the data was normalised by generating a correla-
tion coefficient matrix. The cluster revealed two distinct 
groups or clusters, and different clusters and their mem-
bers were extracted as follows: cluster one includes EC, 
TDS, Na, SO4, Cl, Mg, Ca, and K, while cluster two in-
cludes pH, HCO3, temp, and NO3. Furthermore, each 
variable measured via different units was rescaled to a 
range of 0 - 1 in order to have equal weight for the hier-
archical cluster analysis (HCA). The result of the HCA 
of the hydrochemical classification is presented as a 
dendrogram in Figure 2. Based on the clusters, the 
groundwater samples in the study area were classified 
into three major groups. The mean water chemistry of 
the groups is given in Table 1, and their physical sig-
nificance of the results is tested by relating the statisti-
cally defined clusters with their geographical locations. 
The most distinguishing factor between major groups 
seems to be TDS with concentrations increasing in both 
cations and anions, except  in the following order:  2

4SO 
3NO

 

 

Figure 2. Dendrogram of HCA, including all water samples. The cluster analysis is based on parameters, Temp., TDS, EC, 
pH, Na+, K+, Mg2+, Ca2+, 3HCO , , Cl– and 2

4SO 
3NO . The water samples are linked into clusters on the x-axis and the 

linkage distance is plotted on the y-axis.  
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group 1, group 2 and group 3. 
 
3.2. Factor Analysis 
 
The log-transformed data set was subjected to principal 
component analysis (PCA). The suitability of the data set 
for the analysis was assessed by Kaiser-Meyer-Oklin 
(KMO). The KMO value was 0.808, exceeding the rec-
ommended value of 0.6 [43]. Also, varimax rotation was 

performed to enhance group separation. The first three 
principal component extracted explain 80.86% of the 
variance in the data set. It is observed from Table 2 that 
variables load fairly on only one component, thereby 
revealing a simple structure. Ca2+, EC, TDS, K+, 2

4SO  , 
Na+, Mg2+ and Cl– are loaded in the first principal com-
ponent, pH and 3HCO , are loaded in the second com-
ponent, and temperature and 3  are loaded in the 
third component. The 12 constituents are treated as 11  

NO

 
Table 1. Mean parameter composition and their corresponding standard deviation for the three groups of groundwater in the 
study area defined by HCA. 

Groups 
Parameters 

Group 1 n = 14 Group 2 n = 21 Group 3 n = 16 

Temperature (˚C) 26.57 ± 0.74 28.21 ± 1.26 28.39 ± 0.84 

pH 5.88 ± 0.30 6.50 ± 0.40 6.60 ± 0.26 

Electrical conductivity (µS/cm) 348.50 ± 75.32 1219.02 ± 1739.44 2201.56 ± 1604.59 

Total Dissolved Solids (TDS) (mg/l) 159.04 ± 75.32 574.31 ± 793.14 1023.75 ± 732.37 

Ca2+ (mg/l) 24.44 ± 6.60 40.31 ± 20.55 57.53 ± 25.06 

Mg2+ (mg/l) 3.28 ± 1.51 36.98 ± 23.54 64.37 ± 15.85 

Na+ (mg/l) 16.25 ± 3.70 70.10 ± 39.48 84.44 ± 37.54 

K+ (mg/l) 3.60 ± 2.10 5.26 ± 3.83 6.60 ± 4.54 

3HCO  (mg/l) 65.42 ± 14.08 128.43 ± 49.90 210.33 ± 81.99 

2

4SO   (mg/l) 10.71 ± 5.80 65.11 ± 46.03 111.50 ± 81.99 

Cl– (mg/l) 18.68 ± 8.34 126.62 ± 111.67 223.68 ± 174.64 

3NO  (mg/l) 9.93 ± 12.92 10.40 ± 14.26 2.58 ± 3.53 

 
Table 2. Factor loading matrix for the data set after varimax rotation. 

Components 
Variable (log-transformed) 

1 2 3 

Temperature (˚C) 0.216 0.158 0.736 

pH 0.124 0.909 0.168 

Electrical conductivity (µS/cm) 0.899 0.217 0.159 

Total Dissolved Solids (TDS) (mg/l) 0.898 0.120 0.168 

Ca2+ (mg/l) 0.863 0.144 –0.049 

Mg2+ (mg/l) 0.742 0.528 –0.186 

Na+ (mg/l) 0.830 0.397 0.136 

K+ (mg/l) 0.768 0.055 0.111 

3HCO  (mg/l) 0.372 0.845 –0.121 

2

4SO   (mg/l) 0.854 0.310 0.233 

Cl– (mg/l) 0.928 0.141 –0.367 

3NO  (mg/l) –0.003 –0.106 0.614 
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observable quantity variables with which the covariance 
matrix is composed for the multivariate analysis. Table 3 
shows the eigen values representing factors, the eigen 
value, difference between factors, and the proportion of 
total sample variance explained by the factors. The cor-
relation matrix among the 12 physico-chemical variables 
of the groundwaters were presented in Table 4. A strong 
correlation was observed between EC and TDS, EC and 

, EC and Cl–, TDS and , TDS and Cl–, Na+ 
and , Na+ and Cl–, Na+ and ,  and Cl-. 

2
4SO  2

4SO 

NO2
4SO 

3

In Figures 3(a), (b) and (c), the major ion chemistry 
of groundwater in the study area for the various groups is 
summarized in three boxplots showing maximum, mini-
mum, median, and the 25th and 75th percentile. The figure 
shows a wide range in concentrations for both plots, re-
flecting different water bodies. Group three groundwater 
samples have mean elevated concentration of 189.05 and 
1009.50 mg/l for Cl- and TDS. This may suggest dissolu-
tion of soluble salts.  

 2
4SO 

3.3. Discriminant Analysis 
 
Discriminant analysis was performed on the log-trans- 
formed data set to assess group validity for the ground-
water samples in the study area. The sample ID was used 
as a basis for the groups for the samples. Mahalanobis 
distance-derived properties were used for group mem-
bership. Linear discrimination analysis (LDA) with 
cross-validation correctly classified 96.1% of the cases. 
Figure 4 shows the groupings of the cases defined by the 
discriminant scores. Only two sampling points SSK-01 
and GAD-11 were predicted to group one and three re-
spectively, with their actual group being group two. In 
order to identify the variables that are most important in 
discriminating among the groups, step-wise discriminant 
analysis (SDA), with cross-validation were carried out 
with probabilities of F-to-enter-of 0.05 and F-to-remove 
of 0.10, 98.0% were classified by SDA. In all, a maxi-
mum number of 24 steps were employed. Temp., Ca2+,  

 
Table 3. Eigenvalues of factors extracted through PCA, difference between factors, and proportion of variance explained by 
factors. 

Factor 1 2 3 4 5 6 7 8 9 10 11 

Eigenvalues 7.029 1.466 1.207 0.728 0.540 0.304 0.270 0.212 0.108 0.099 0.036 

Difference 5.563 0.259 0.479 0.188 0.236 0.034 0.058 0.104 0.009 0.063 0.036 

Proportion 0.592 0.121 0.089 0.061 0.045 0.034 0.237 0.164 0.081 0.055 0.025 

Cumulative 0.592 0.713 0.801 0.862 0.908 0.942 0.964 0.984 0.992 0.997 1.000 

 
Table 4. Correlation matrix among 12 physico-chemical variables of groundwatera. 

 T pH Ec TDS Ca2+ Mg2+ Na+ K+ 
3HCO  2

4SO   Cl– 
3NO  

T 1.00            

pH 0.04 1.00           

Ec 0.37 –0.16 1.00          

TDS 0.37 –0.18 0.99 1.00         

Ca2+ 0.38 –0.18 0.40 0.40 1.00        

Mg2+ –0.21 0.12 0.24 0.23 0.05 1.00       

Na+ 0.05 0.08 0.40 0.40 0.13 0.30 1.00      

K+ 0.05 –0.16 0.38 0.38 0.28 –0.06 0.26 1.00     

3HCO  –0.15 0.41 –0.16 –0.17 –0.09 –0.02 0.22 –0.13 1.00    

2

4SO   0.33 –0.08 0.56 0.56 0.36 0.15 0.60 0.48 –0.13 1.00   

Cl– 0.21 –0.05 0.60 0.60 0.40 0.45 0.63 0.30 0.32 0.68 1.00  

3NO  0.29 0.11 0.48 0.48 0.13 0.06 0.65 0.14 0.09 0.48 0.44 1.00 

aFa   ctors greater than 11 not shown. 
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Figure 3. (a) Box plots of concentrations for major elements 
in groundwater samples from group one; (b) Box plots of 
concentrations for major elements in groundwater samples 
from group two; (c) Boxplots of concentrations for major 
elements in groundwater samples from groups one, two and 
three respectively. 

Mg2+, 3HCO , Cl– and 3  were identify as the most 
discriminating variables for grouping the groundwater 
samples in the study area. About 90% of groups one, two 
and three of the groundwater samples in the study area 
are from the northern, central and southern portions of 
the study area respectively. 

NO

 
3.4. Hydrochemical Facies 
 
The chemical composition of groundwater samples in the 
Densu River basin is shown in Figure 6. The majority of 
the groundwater samples in group one of the study area 
are characterized by low TDS and Ca-HCO3 water type 
(Figure 5). In most groundwater chemical evolution  
 

 

Figure 4. A plot of the first and second discriminant func-
tions, showing groupings of the groundwater samples in the 
study area. 
 

 

Figure 5. Piper plot of chemical data of groundwater sam-
les in the study area. p 
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Figure 6. Regression line between Oxygen-18 and deuterium for the LMWL, GWML and groundwater. 
 
model [44-46], this type is regarded as recharged water 
in areas where groundwater is at its early stage of geo-
chemical evolution. This may imply that the rapidly cir-
culating groundwater has not undergone pronounced 
mineral-water interactions. Groundwater from the re-
charge area is characterised by Mg2+/Ca2+ ratio less than 
one, and is in favour of this argument. Groups two and 
three in the study area are derived from mixture of dif-
ferent water types ranging from Ca/Na-Cl, Ca/Na-HCO3, 
and Na-Cl; this may be due to fractures contributing wa-
ter from different places which may not flow in a well 
defined flow lines. This process is likely in crystalline 
aquifer context such as the Densu region. As groundwa-
ter proceeds along the flow line, incongruent dissolution 
may continue whereby the impurities in the solid phase 
are progressively released and a purer mineral (in this 
case Mg2+) is produced.  

Therefore, some of the groundwater samples will be 
characterized by Mg-HCO3 water type. Most of the 
groundwater samples in groups two and three (Figure 7) 
show Na/Ca-HCO3 water type, which may imply that the 
recharge waters might have undergone incongruent dis-
solution of silicate minerals, mainly plagioclase accom-
panied by cation exchange. The high TDS and the en-
richment of Na+ ion along the flow line testify that the 
groundwater has undergone relatively pronounced degree 
of chemical evolution. Also, Mg2+/Ca2+ ratio greater than 
one for most of the groundwater samples in groups two 
and three confirm this process. This may imply long 
residence time of the groundwater samples in these 
groups. 

3.5. Isotope Composition of Groundwater 
 
The groundwater isotopic composition is an integrator of 
all recharge events; it will reflect the mixed isotopic sig-
nature roughly in proportion to the amount from flood 
recharge and ‘normal’ recharge respectively [47,48]. The 
stable isotope contents appear fairly constant in time and 
they fingerprint the existence of different recharge epi-
sodes, if controlling factors such as temperature, humid-
ity remain fairly stable. The isotopic content of ground-
water in the study area ranges from –1.4% and –3.6% 
and –3.48% and –16.46% for δ18O and δD, with a mean 
isotopic composition of –2.8% and –11.16% for δ18O and 
δD respectively. A mean δ18O isotopic composition of 
–2.8% was obtained by [49] for groundwater in the Ac-
cra plains of Ghana, which forms part of the study area. 
This may imply that the shallow aquifer system in the 
study area have not undergone significant degree of frac-
tionation.  

A regression of the groundwater data show them to lie 
on a gradient of 5.8, which slightly deviates from the 
gradient of 7.7 obtained for the Local Meteoric Water 
Line. This certainly indicates that the infiltrated rain-
water might have undergone some degree of fractiona-
tion both on land surface and in the unsaturated (vadose) 
zone before entering the groundwater reservoir (Figure 
6). In Figure 7, it is observed that groundwater samples 
with high chloride contents are relatively enriched. The 
probable cause may be congruent dissolution of dry 
chloride deposits in the soil zone, or mixing with sea-
water intrusion since, δD and δ18O isotopic composition 
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of seawater is zero. Similarly, in (Figure 8) there is a 
good correlation between δ18O content and 3NO  con-
centration in the groundwater samples. Few groundwater 
samples show elevated concentration of 3NO  indicat-
ing anthropogenic point sources. 
 
4. Conclusions 
 
The Hierarchial Cluster Analysis (HCA) has classified 
the groundwaters of the study area into three groups. The 
advantage of the method was that the groups were objec-
tive, and clear geo-hydrological patterns were recognized. 
The subgroups show different degrees of water-rock in-
teraction, residence time, as well as aquifer composition. 
The recharge zone, which is classified as group one sam-
ples are located in the northern portion of the basin. 

These aquifers are characterized by depleted δD and δ18O 
values with low TDS. The transmission and the dis-
charge zones are characterized by relatively enriched δD 
and δ18O values, coupled with high TDS. This grouping 
was supported by the step-wise discriminant analysis 
(SDA) as 98% of the groundwater samples were grouped. 
The factor analysis also reveals that the variables were 
loaded fairly only in one component, thereby revealing a 
simple structure.  

The dominant geochemical reactions in the basin are 
hydrolysis, incongruent dissolution, sulphate reduction as 
well as cation exchange. The recharge area is character-
ized by low TDS Ca-HCO3 → Ca-Mg-HCO3 water type 
to high TDS Na-HCO3→NaCl water type in the dis-
charge area, which is typical of groundwater flow me- 
chanism as in [50]. Additionally, different water types in 

 

 

Figure 7. Scatter plot of oxygen-18 and chloride content of groundwater in the study area. 
 

 

Figure 8. Scatter plot of oxygen-18 and nitrate content of groundwater in the study area.  
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the study area may be due to connected fractures in the 
weathered zone. Also, the Mg/Ca ratio in the groundwa-
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doi:10.1111/j.1745-6584.1999.tb01112.x ter samples increases along the flow line, as this may be 

used as an indicator of residence time and increasing 
maturity of groundwater. Generally, young groundwater 
will have low Mg concentrations as this was manifested 
in the groundwater samples in the study area. From the 
studies recharge to fractured aquifers by meteoric water 
may be through piston or preferential flow which has 
undergone some degree of fractionation. The aquifers 
seem to be connected as shown by the HCA and that the 
groundwater seems to flows from high topographic to 
lower topographic areas.  
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