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Surface water resources play a crucial role in the domestic water delivery system in Ghana.
Inaddition, sustainable food production is based on the quality and quantity of water resources
available for irrigation purposes to supplement rain-fed agricultural activities. The objective
of this research was to determine the main controls on the hydrochemistry of surface water
resources in southern Ghana and assess the quality of water from these basins for irrigation
purposes. R-mode factor and cluster analyses were applied to six hundred and twenty-five
(625) data points from six river basins after the data was log transformed and standardized
for homogeneity. The surface water chemistry in the south is controlled by the chemistry of
rainfall, fertilizers from agricultural activities in the area, as well as the weathering of
carbonate minerals. Silicate mineral weathering from the underlying sediments and rocks
appears to play a minor role in the hydrochemistry at the regional level. In addition, an
assessment of the irrigation quality of water from these basins suggests that the basins are
largely low sodium-low to medium salinity basins, delivering water of acceptable quality for
irrigation.
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INTRODUCTION

In Ghana, the problems associated with rural and urban water delivery are enormous. The current
state of performance of the water sector is rooted in the economic reforms which begun in the
1980sunder the economic recovery program (ERP), the structural adjustment program (SAP)(1983-
1993) and the program of action for the first medium term development plan (1997 to 2000) of
Ghana, Vision 2020 (NDPC, 1998). Following the International Drinking Water Decade, it
became necessary to introduce reforms in the drinking water supply sector in order to accelerate
coverage of communities with safe drinking water. A new policy was put in place to ensure that the
supply of water to rural communities was demand driven and community managed. Between 1996
and 1998, the government of Ghana as part of the Water Sector Rehabilitation Project, spent an
average of US$1.95 million per annum while donor contribution went up to US$34.2 million in
1998 (Gyau-Boakye and Ampomah, 2003).

Most urban communities in the country depend on tap water from the river basins in the area.
Where rural communities are close enough to urban centers, they also tap into the extensions of
the urban water delivery system. In recent times, it has become abundantly clear that the sustainable
socioeconomic development of the country is tied to the management of surface and groundwater
resources for various uses in households, industry, irrigation and other purposes. The agricultural
sector contributes significantly to the economy. Often times, this enterprise is rain fed and with
the irregularity of rainfall patterns in recent times, reliance on rain fed agriculture can not support
sustainable socioeconomic development of the nation. There is therefore a growing interest in
developing the irrigation industry to support year round agricultural activities. This calls for an in-
depth evaluation of the available surface and groundwater resources to support this enterprise. The
management of surface and groundwater resources to meet growing needs begins with an analysis
of the main controls on the quality of these surface water basins.

This paper evaluates the sources of variation in the hydrochemistry of seven river basins in
southern Ghana using advanced statistical analysis, and assesses its quality for irrigation using
salinity and sodicity plots.

SURFACE WATERSYSTEMS IN GHANA

Ghana is drained by three main river systems: the Volta, Southwestern and Coastal River
Systems. They cover respectively 70%, 22% and 8% of the total drainage area. The Volta system
is made of the Red, Black and White and the Oti River. The Southwestern Rivers comprise the Bia,
Tano, Ankobra and Pra rivers, while the coastal river system is made of the Ochi-Amissah, Ochi-
Nakwa, Ayensu, Densu and Tordzie/Aka rivers. The mean annual runoff from Ghana alone is 39.4
billion cubic meters, with the Volta, Southwestern and Coastal systems contributing 64.7,29.2 and
6.1 percent respectively. This amount of runoff is enough to support most domestic and irrigation
uses in the country if it is adequately managed. This research is focused on the Birim, Ankobra,
Tano, Amisa, Pra, Ayensu and Densu basins. Figure 1 is a hydrological map of Ghana showing the
locations of the river basins under discussion in this research. Also indicated is the underlying
geology of the region of influence of these river basins.

The seven river basins are underlain by Precambrian igneous and metamorphic rocks which are
typically referred to as the basement complex. These include a series of isoclinally folded
metamorphosed sediments intercalated with metamorphosed tuff and lava. This series of
metasediments is intruded by batholithic masses of granite and gneisses. The argillaceous
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Figure 1. Areliefand drainage map of Ghana showing the locations ofall the river basins sampled for this

research (Dapaah-Siakwan and Gyau-Boakye, 2000).
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sediments were metamorphosed to schist, slate, and phyllites with interbedded greywacke
(Dapaah-Siakwan and Gyau-Boakye, 2000). Other rock units found in the area are sandstones,
quartzites, shale and conglomerate, resting unconformably on and derived from the metasediments
and batholithic masses of rock discussed above. These are readily weatherable materials which
have the potential to influence the hydrochemistry of rivers flowing on them.

The Densu River, the Pra River, the Ankobra River, and the Tano River all of which play
important roles in the economy of Ghana, form what is known as the Akan Lowlands. The Densu
River Basin, location of the important urban centers of Koforidua and Nsawam in the eastern
lowlands, has an undulating topography. Many of the hills here have craggy summits, which give
a striking appearance to the landscape. The upper section of the Pra River Basin, to the west of the
Densu, is relatively flat; the topography of its lower reaches, however, resembles that of the Densu
Basin and is arich cocoa and food-producing region. The valley of the Birim River, one of the main
tributaries of the Pra, is the country's most important diamond-producing area.

The Ankobra River Basin and the middle and lower basins of the Tano River to the west of the
lowlands form the largest subdivision of the Akan Lowlands. Here annual rainfall between 1,500
and 2,150 millimeters help assure a dense forest cover. In addition to timber, the area is rich in
minerals. The middle and lower Tano basins have been intensely explored for oil and natural gas
since the mid-1980s. The lower basins of the Pra, Birim, Densu, and Ankobra rivers are also sites
for palm tree cultivation.

The hydrochemistry of surface water resources is influenced by many factors including
precipitation, underlying geology, organic matter decay and anthropogenic factors such as
agricultural activities and mining. The degree of influence of each of the above factors depends on
the location, the climate and season. The natural changes in the chemistry of a mass of water as it
flows down a river, apart from the effects of mixing, are usually generally relatively small
compared to changes that take place in the soil zone (Drever, 1988). This is because the residence
time of water in a river is relatively short and because there is relatively little contact between the
water and the solid phase. Such changes as usually occur are caused by biological processes and
affect primarily the nutrients (nitrogen, phosphorus, and potassium), silica and certain trace
elements (Drever, 1988).

LITERATURE REVIEW

Multivariate statistical tools have been used widely to study the sources of the variation in the
hydrochemistry of surface and groundwater systems in recent times. Arguably, one of the most
powerful tools that have gained widespread acceptance in the geo-environmental research
community is multivariate statistical hydrochemical modeling. Precisely, factor and cluster
analysis are the most widely applied tools in geochemical studies to decipher trends in data
variation. Excellent examples of the application of factor analysis to solve hydrochemical
problems are contained in Dalton and Upchurch (1978), Usunoff and Guzman-Guzman (1989),
Briz-Kishore and Murali (1992), Grande et al. (1996), Huizar et al. (1998), Ceron et al. (1999),
Suk and Lee (1999) and Sanchez-Martos et al. (2001). Multivariate techniques have been used to
resolve hydrological factors such as aquifer boundaries, groundwater flow paths and hydrochemical
parameters (e.g. Razack and Dazy, 1990; Join et al., 1997; Ochsenkuehn et al., 1997; Liedholz and
Schafmeister, 1998; Wang et al., 2001 and Locsey and Cox, 2003), identify geochemical controls
on the composition of water (Adams et al., 2001; Alberto et al., 2001) and separate anomalies such
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as anthropogenic impacts from background concentrations (Hernandez et al., 1991; Birke and
Raush, 1993; Helena et al., 2000; Pereira et al., 2003). Multivariate statistical methods can be used
in much the same way as a trilinear diagram, but with the advantage of being able to include
additional ions to the major and also non-chemical data (van Tonder and Hodgson, 1986). If the
variables measured for each groundwater sample include those variables that can be expected to
differentiate groundwater by source, then multivariate data analysis can be used to formulate and
test hypotheses of possible segregation among groundwater sources or mixing between aquifers
(Steinhorst and Williams, 1985).

METHODOLOGY

The data used for this study include concentrations of the major ions: sodium (Na*), potassium
(K"), calcium (Ca**), magnesium (Mg?"), chloride (CI'), bicarbonate (HCO,"), sulfate (SO,*) and
nitrate (NO;"), as well as silica (S10,), electrical conductivity (EC), and pH. This data was compiled
by workers of the Water Resources Research Institute (WRRI) of the Center for Scientific and
Industrial Research (CSIR) of Ghana. Electrical conductivity and pH were measured directly in the
field. The concentrations of the major ions and silica were determined in an approved laboratory
in Accra after samples were collected at vantage locations along the river basins into plastic bottles
and acidified to discourage bacterial action.

A total of six hundred and twenty five (625) data points were used for this study. The data was
first tested for normal distribution since this is a requirement for optimal multivariate statistical
analysis. The normal distribution criterion was not met for all the parameters. They were therefore
log — transformed and then standardized to their respective z-scores. Standardization was achieved
by using Equation 1.

xX—Xx

z= (1)
S
where x and x respectively stand for the concentration and mean concentration of each parameter,

and s is the standard deviation of each parameter.

Data standardization is preferred in cluster analysis since it gives equal weight to each variable
in the multivariate analysis. Otherwise, the Euclidean distances calculated will be influenced most
strongly by the variable that has the greatest magnitude (Giiler et al., 2002).

R-mode hierarchical cluster analysis (HCA) was then applied to the standard z-scores using
squared Euclidean distance as a similarity (dissimilarity) measure and the Ward’s linkage
algorithm. The Statistical Package for Social Sciences (SPSS) (SPSS Inc., 2001) software package
was used for both the R-mode HCA and factor analysis. A combination of squared Euclidean
distance and the Ward’s linkage algorithm produces optimal results in R-mode cluster analysis. R-
mode cluster analysis places a set of variables into distinct groups on the basis of their similarity
or dissimilarity with each other in the field.

R-mode factor analysis with principal components and varimax rotation was then applied to the
z-scores of the chemical parameters. The Kaiser criterion (Kaiser, 1960) was used to limit the
number of factors (principal components) to those with an eigenvector sum of at least 1.00. Four
factors were obtained after the first analysis with Kaiser Criterion and varimax rotation. However,
upon close inspection, the last two factors did not constitute unique sources of variance from the
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geochemical point of view. Therefore the analysis was repeated with only three factors with
varimax rotation. The contribution of each of the three factors to the variation in the geochemistry
of each of the river basins was evaluated by taking the sum of the products of the loading of each
variable under each factor.

RESULTS AND DISCUSSIONS

The results of the R-mode HCA is illustrated with the dendrogram in Figure 2. The dendrogram
shows three distinct associations: the Na*, CI" and Ca®*, which probably represents the effects of
precipitation; the K*, Mg?* and SiO, group which probably accounts for the effects of nutrients
and the weathering of K-feldspar and mica from the underlying sediments; and the SO,* and HCO,"
group which also represents the effect of vegetation or organic matter on the surface water
hydrochemistry.

The factor analysis resulted in three principal components representing three main sources of
variation in the hydrochemistry at the regional level. These three components account for 67% of
the variance in the hydrochemical data. Table 1 summarizes the results. Component 1 which has
high loadings for Na*, EC, K" and CI" is indicative of the effects of precipitation. Sodium and
potassium are probably derived from their chloride salts derived from the atmosphere and the
underlying sediments. The EC appears to vary in concert with sodium and potassium, suggesting
that the sources of these ions are the main control on the general ionic enrichment of the surface
water basins. Appelo and Postma (1993) suggest that Na*, K™ and CI can also be enriched in natural
waters due to the weathering of granites and magmatic rocks through which the water flows. In the
weathering of igneous rocks, albite and potassium feldspars are usually the main sources of Na*
and K ions respectively. The weathering of albite and K-feldspars leads to enrichment of SiO, as
well. Ifthese silicate minerals were the main sources of Na* and K* ions, one would have expected
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Figure2. A dendrogram showing the results ofthe R-mode HCA on water chemistry data of surface water
basins insouthern Ghana.
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water basins in southern Ghana.

Component
1 2 3
pH .079 .788 .228
Na .934 -.036 -.018
EC 702 172 570
Ca .362 .038 .707
K 785 .066 .250
Mg -124 658 .300
Cl .901 .066 103
HCO3 .080 111 .801
Sio2 .293 732 -.362
NO3 .310 -.698 -.337
S04 -.161 -.460 12

Si0, to be correlated with them under the same component in the factor analysis. A plot of Na*
against Cl" is presented in Figure 3. The distribution of the scatter points indicates that whereas
much of the sodium in the basins could be attributed to sodium chloride, there are probably other
sources of the sodium cation in the system. More points occur in the scatter in the Figure 3 plot
above the equiline than points below it, which suggests that chloride cannot account for all the
sodium in the basins. The weathering of albite from the underlying sediments and rocks probably
plays a secondary role in the enrichment of the Na* content of the basins. In Figure 4, a plot of the
total cations, TC against Na + K shows that some points in the scatter plot above the Na+K =0.33TC
line, which suggests that silicate mineral weathering might be playing some role in the generation
of the total cation base of the basins. Figure 5 supports this point, suggesting that in addition to
silicate mineral weathering from the underlying geology, carbonate mineral weathering also plays
a role in the hydrochemistry of the basins.

Magnesium, and SiO,, (which are probable results of the weathering of micas in the underlying
geology), show high absolute loadings under component 2. In addition, component 2 shows high
loadings for NO,” and SO,*" which represent the effects of nitrate and sulfate fertilizers from
agricultural activities in the neighborhood of the basins. There is extensive cocoa farming in the
southern sector of the country and farmers do use nitrate and sulfate fertilizers extensively. The
second component is therefore a mixed factor representing the effects of mineral weathering and
agricultural activities. Component 3 is characterized by high loadings for Ca?* and HCO;" which
represent the dissolution of calcite from the underlying sediments. Figure 5 supports this fact as
discussed above.

Surface water from these basins was also assessed for its suitability for irrigation purposes in
the surrounding communities. The assessment was based on the combined effects of the sodium
content compared to the total concentration of calcium and magnesium, and the salinity as
measured by the electrical conductivity of the water. Sodium Adsorption Ratio, SAR, defined by
Equation 2 is an index used to measure the sodium strength of irrigation waters.

m +
SAR = %) (2)
mca2+ + mMg2+

where m, is the concentration of species i in mmol/l.
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Figure 3. A plotofNa(meq/L)against Cl(meq/L) for the surface water basins in southern Ghana.
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Figure 4. A scatter plot for total cations and the sum of Na* and K™ inmeq/L.
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Figure 6 is a plot of sodicity measured by the SAR against salinity as EC of the water from all
the six river basins. Figure 6 is used to assess the irrigation quality of surface water from all the
river basins under evaluation. This classification scheme is after the United States Salinity
Laboratory, USSL (1954). It is obvious that more than 90% of the data plots within the low sodicity
and low to medium salinity fields of the semi-log plot. The implication is that surface waters from
these basins are generally of low sodium content and low to medium salinity. Excess sodium in
waters produces the undesirable effects of changing soil properties and reducing soil permeability
(Kelly, 1951). Sodium replacing adsorbed calcium and magnesium is a hazard as it can lead to
significant damage to the soil structure. Waters of high sodium content and low calcium and
magnesium concentrations can reduce the permeability of agricultural soils and reduce productivity
on those soils. According to the USSL (1954) categorization scheme, water of low sodicity and
low to medium salinity is generally of acceptable irrigation quality.

CONCLUSION

Data on the chemical parameters of surface water from some basins in southern Ghana was
evaluated using multivariate statistical methods to determine the most significant processes that
affect the hydrochemistry. This study finds that precipitation, agricultural activities and carbonate
mineral weathering are the three most significant processes that determine surface water
chemistry in the southern section of the country. The weathering of feldspars and micas from the
underlying geology appears to play a minor role in regulating the chemistry of water in these
surface water basins. This may largely be due to low residence times. The concentrations of the
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Figure 6. A plotof SAR against EC on a semilog axis (after USSL 1954).
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major ions are generally within acceptable limits for most purposes. The sodium content and the
EC were used to determine the suitability of water from these basins for irrigation activities in the
area. On the basis of the USSL categorization system, this study finds that surface water from the
six basins in southern Ghana is generally of acceptable quality for irrigation purposes. Most of the
samples used in this study plot within the low sodicity, low to medium salinity fields.
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