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Abstract

Groundwater resources continue to be an important source of water supply for communities
in developing countries. However, rapid population growth and urbanization, challenges the
potential of groundwater to serve and meet the needs of growing populace. Various
techniques have been developed over the last decade to assess groundwater vulnerability due
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changes in climate and prevailing natural environmental conditions. The difficulty in most of
these methods has been intensive data requirements. This paper developed an innovative
method called f-hydra index using three key parameters — flow accumulation (derived from
Digital Elevation Model), landcover map and hydraulic conductivity. The results of the
index were successfully evaluated with widely used index — DRASTIC (for the Densu River
Basin of Ghana, West Africa. The comparison of f-hydra to DRASTIC shows highly
correlated areas in mapping vulnerable regions in the study area. The f-hydra index proves a
noble way to assess groundwater vulnerability to pollution in data scarce regions. Authors
envisaged the testing of the model in many other regions to ascertain it’s replicability
globally.
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1. Introduction

Over the years, water has proven to be a very important human resource and thus vital for the
sustenance of life. In many economies, water is mostly used for domestic, industrial,
recreational, agricultural as well as cultural purposes. With the dwindling amount of available
surface water due to population growth, agriculture, urbanization and industrialization, a
higher percentage of the populace has resorted to the use of groundwater as supplement and
has become the major source of water for most activities. Although most people have thought
of groundwater as being clean due its location, climate change and industrialization among
other factors (Villholth, 2010, Audretsch & Thurik, 2000) have increasingly made them
susceptible to pollution especially in developing countries (Anornu et al., 2012). Several
studies have outlined the health as well as environmental risks that are associated with this
kind of pollution (Lee et al., 2010; T&nqvist et al., 2011; Karim 2000; Emmanuel et al.,
2009). This means that, groundwater has increasingly become vulnerable but this has
however not stopped the rising demand for it.

Groundwater contamination can be defined as the pollution of groundwater by substances
mainly of human origin leading to the degradation of the matrix (Fried, 1975). These
contaminants are usually from urban areas, agricultural and industrial activities, waste
disposal sites as well as saline or polluted water that get into the groundwater due to
over-exploitation. Oil spills and landfill leakages can also pollute the groundwater aquifer.
Some of these substances get soaked within the groundwater whiles those that do not dissolve
get pooled there and serve as long-term sources of contamination (USEPA, 1996). Whereas
surface water contamination is easier to identify, monitor and remediate, groundwater
contamination is difficult to. The geology of an area and anthropogenic activities being
undertaken within an area, mostly defines how susceptible the aquifers would be to
contamination (Anornu et al., 2012; Lobo-Ferreira 1999; Foster and Chilton, 2003). Other
factors such as the groundwater flow velocity and the hydrodynamic dispersion
characteristics of the aquifer determine its susceptibility to pollution (Seiler et al., 1999;
Glaser, 1998).

Groundwater vulnerability maps employ the use of Geographical Information System (GIS)
to identify aquifers that may be vulnerable to contamination and to help in decision-making.
Some of the methods employed in groundwater vulnerability maps include EPIK (Doerfliger
and Zwahlen, 1998), “German method”, ISI (Civita and De Regibus, 1995), GOD (Foster,
1987), SINTACTS (Civita, 1994), Pl (Goldscheider et al., 2000), DRASTIC (Aller et al.,
1987) and the AVI method (Van Stempvoort et al., 1992). Almost all of these methods tend to
focus on the vertical movement of contaminants within a matrix, ignoring the horizontal
movement. Gogu et al., (2003) suggests that the best way of assessing aquifer vulnerability
is to take into consideration an appropriate scale, data on the geology, hydrogeology,
hydrology, soil, topography, climate as well as land-use. Among the aforementioned methods,
the DRASTIC method has gained popularity in most research works typically because it is
user-friendly, accepted widely based on GIS approach and makes use of all the parameters
mentioned above (Panagopoulos et al., 2006; Yang et al., 2012, Merchant 1994). However, a
limitation to its use is the high number of parameters that are employed which some are
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difficult to obtain or measure. Furthermore, in most developing countries as in Ghana,
groundwater data are scarce and difficult to access. According to Van Stempvoort et al.
(1992), the selection of the various parameters used in DRASTIC are usually complex and
the assigning of weights to the various parameters are arbitrary, reducing the authenticity of
the method in some cases. However, since the method seems to be the commonest, further
improvements ought to be done to it.

The Densu River Basin located in Ghana is one of the main river basins in the country (Fig 1).
It serves the domestic, agricultural as well as industrial needs of most people living within the
basin and other parts of the country. The Weija reservoir located in this basin is the second
largest in the country and serves as an important source of drinking water to about 2.5 million
people (Asante et al., 2005; GB&F, 2011). Due to rapid population growth, poor sanitation
conditions, the use of dangerous chemicals for fishing as well as industrialization in
communities situated in the basin, the quality of both the surface and groundwater from the
river have been threatened. The scarcity of groundwater historical data and the cost
associated with acquiring it calls for the need to develop an aquifer vulnerability index that
would employ the use of less and readily available data.

Therefore, the objective of the research was to assess the vulnerability of the River Densu
Basin to groundwater pollution using the newly developed f-hydra index. The results
obtained from the f-hydra index were evaluated with the widely used DRASTIC method to
ascertain its reliability.
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Figure 1. Densu River Basin

2. Materials and Methods
2.1 DRASTIC Basic Approach

The DRASTIC vulnerability index map was designed based on the method outlined by Aller
et al., (1987). Data sources, parameters considered and weightings are as indicated in Table 1.

DRASTICIndeXZDRDW +RRRW +ARAN +SRSW +TRTW +IRIW+CRCW (1)

Where R, rating and W, weight

R (Luo et al,2011) (2)
T HZ—(H-d)?

Where
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K, is the hydraulic conductivity

R, is recharge rate

d, is the valley depth

H, is the aquifer thickness

W, is the length of effective groundwater drainage.
2.2 F-Hydra Index

The f-hydra index was developed with three parameters namely, flow accumulation (fa),
hydraulic conductivity and landcover. Flow accumulation is an operation within the
Integrated Land Water Information System (ILWIS) software that performs a cumulative
count of the number of the pixels that naturally drain into an outlet. In principle, the fa is used
to describe the drainage pattern of a terrain. In order to derive the fa map, a flow direction (fd)
is first created. This operation determines the natural flow direction of a pixel based on the
D-8 flow algorithm. In ILWIS, a digital elevation model (DEM) is used for the computation
of the fd. In this paper, the fd was derived from SRTM DEM. The derived fd map was
automatically used to derive the fa for the study area. The fa was considered as a critical input
for information about the various “ponding zones” within the study area. Ponding zones refer
to the areas susceptible to high potential availability of groundwater recharge from
precipitation. This implies in principle, a highly concentrated ponded zone, means a higher
contribution to groundwater potential recharge. Figure 2 (1-4) illustrates the procedure for
deriving the flow accumulation using a DEM.
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Figure 2. Procedure for deriving the flow accumulation map

Hydraulic conductivity (K) on the other hand, is a function of the recharge rate, valley depth,
aquifer thickness and the length of effective groundwater drainage and as such, a ‘K’ map is a
representation of the aforementioned parameters (Anornu et al, 2012). K, is a fundamental
requirement in the determination of the quantum of the groundwater drag.

Landcover map is also a function of geology, soil type, formation type and slope. The flow
accumulation, the hydraulic conductivity and landcover maps were then processed using
ILWIS. Weights were then assigned to each of the parameters based on Table 1 and Table 2.
The weighting for the parameters were determined using practical relevance of each of the
parameters to contribute to groundwater vulnerability.

The f-hydra index was thus developed based on Equation 3.
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f— hydra = fa *Wfa + hydcond *Whyd + ICWIc

3)
Where
fa Flow accumulation map
I, Land cover map
hvd: s Hydraulic conductivity
W Weighting of flow accumulation
Whya Weighting based on property of spatial hydraulic conductivity
Wi Weighting based on property of landcover characteristics
2.3 Data Sources
Table 1. Data sources used for DRASTIC indices
Parameter Data type DRASTIC
weights

Depth of water Pumping test data 5
Net recharge Tropical Applications of Meteorology 4

using SATellite data (TAMSAT) rainfall data &

annual Evapotranspiration (ET) estimation
Aquifer media Geological map, Ghana 3
Soil media Soil map, Ghana 2
Slope Shuttle Radar Topography Mission (SRTM) 90m 1

DEM
Impact of vadose Well logs, geological map, Ghana 5
zone
Hydraulic Algorithm developed by (Luo and Pederson, 2012, 3
conductivity Luo et al., 2011), see equation (2)

8 www.macrothink.org/jee



ISSN 2157-6092

\\ Macrothink Journal of Environment and Ecology
A InStitute " 2014, Vol. 5, No. 1

Table 2. Data sources used for f-hydra indices

Parameter Data type Weights (%)
Flow Accumulation Derived from 90m SRTM DEM 30
Hydraulic conductivity Algorithm developed by [1, 2], see equation (2) 40
Landcover map http://www.iscgm.org 30

3. Results and Discussion

The weighted parameters — flow accumulation, landcover and hydraulic conductivity are
provided in Figure 2. Using Equation 3, the resultant vulnerability map was computed
based on the weighted maps.The results of the final vulnerability map for the study areas
using both DRASTIC and f-hydra methods are provided in Figure 3. The two methods
yielded similar results (See Table 3). Although the DRASTIC has been identified as a method
that is easy to be interpret (Panagopoulos et al, 2006), the method makes use of several
parameters which are often difficult to obtain or measure. For example, it is always very
difficult to obtain pumping test data from drilled wells. Pumping test data is vital in the case
of DRASTIC method to determine the Depth of Water and Impact of the Vadose zone.
Another important indicator required by the DRASTIC is net recharge and aquifer media. For
small catchments, obtaining such information is often impractical. The basic purpose of
groundwater vulnerability indices is to identify areas in the study area that are potentially
risky in terms of the aquifer resource availability and usage.

The f-hydra method relies on core factors that are vital for providing information about
groundwater vulnerability. The flow accumulation map that is generated from the DEM take
into account the natural drainage pattern as well as the possible percolation and ponding areas
in the study area. The landcover map shows the various activities on the land surface that
may have impact on the groundwater resources. These maps combined with the hydraulic
conductivities of the area (i.e. hydraulic conductivity is a function of soil type, soil viscosity,
geology and slope), provides an optimum solution for assessing the vulnerability state of the
groundwater in the study area. From the f-hydra, fa map was used as an important measure
because it shows the drainage pattern of the area and indicates in this particular case, an
innovative parameter for determining groundwater vulnerability. The accumulation of water
within the basin is relatively low as shown in the flow accumulation map (Figure 2).
According to the f-hydra index, about 68.49% of the total area of Densu is highly vulnerable
to pollution with the remaining 29.59% and 1.92% having moderate and low susceptibility
respectively. The DRASTIC index for the same area estimated about 71.52% of the area was
highly vulnerable whiles moderate and low susceptibility percentages were around 26.71%
and 1.77% respectively. These differences in percentages can be argued off as very small and
may be used as estimation for the other. Statistically, the percentage of pixels assigned to the
various classes in the DRASTIC index was not so different from that assigned to the f-hydra
index (Table 3). Therefore, the index developed proved to be viable for vulnerability mapping

9 www.macrothink.org/jee



A ISSN 2157-6092
Institute™ 2014, Vol. 5, No. 1

within the Densu River basin. Both indices showed that, more than 50% of the aquifers
within the basin will be highly susceptible to contaminant pollution once they occur.
Although the f-hydra method has been simplified for vulnerability assessment in data scarce
regions, the results obtained is an indication that the index can be used successfully in these
areas because the results obtained did not differ greatly from that of the DRASTIC (i.e. the R?
of the mapped areas of DRASTIC and f-hydra has a high value of 0.9957).

A\ MacrOthlnk Journal of Environment and Ecology

The f-hydra as in the case of DRASTIC has its technical limitations as it does not consider
the horizontal flow of contaminants and variability in the hydraulic conductivity of aquifers
at different soil layers. In this case, it may also not predict pollution in the subsurface to a
greater degree since movement of pollutants within the subsurface areas were not considered.

Notwithstanding these limitations, the f-hydra provides an innovative and faster reference
guide for assessing groundwater vulnerability, especially in regions where it is not possible to
obtain all the 7 parameters required by DRASTIC. However, more vigorous test of the index
is required for small and large watersheds for more reliable estimates.
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Figure 2. Assigned weights to parameters for f-hydra
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Figure 3. Aquifer vulnerability of the Densu River basin using DRASTIC (left) and f-hydra
(right)

Table 3. DRASTIC and f-hydra classification matrix

Classification DRASTIC, % Area Coverage f-hydra, % Area Coverage

Low 1.77 1.92
Medium 26.71 29.59
High 71.52 68.49

4. Conclusion

Groundwater vulnerability mapping is important to provide information to decision makers
towards the planning, prioritising and designing monitoring programmes. There are many
methods to assess groundwater vulnerability. The most popular among them is the DRASTIC
method. The challenge with this method however is the data requirements which makes it
unsuitable for data scarce regions. In this paper, the f-hydra was developed and proved
measurable to the capabilities of the DRASTIC. The mapped areas of low, moderate and high
vulnerability show close correlation between the newly developed method, f-hydra and
DRASTIC. Therefore, the f-hydra index thus proves an innovative and good index to help
managers in data scarce regions to conduct vulnerability mapping. The index is in its early
stages of development and might not readily give an estimate of the actual vulnerability of
aquifers in different regions. However, the authors believe that it provides a good estimate of
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the susceptibility of aquifers to pollution and thus can help authorities in decision making and
planning especially in regions that may find it difficult to obtain all the inputs required by
other methods. Future improvement of the index is thus envisaged and recommended.
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