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ABSTRACT

Groundwater in the last five decades has become the primary resource of freshwater for almost
all arid and semi-arid regions as well as most developing countries. Within the semi-arid
Atankwidi basin of Ghana, groundwater from shallow aquifers has been the main source of
potable water for the past two decades. The unreliablity of surface water resources for irrigation
had resulted in the identification of some shallow groundwaters as a viable alternative in terms
of quantity to support upscaling of irrigation farming. To ensure sustainable utilization of
groundwater to meet domestic and irrigation demands within the area, this study seeks to
provide comprehensive appraisal on the hydrogeochemical evolution, quality for potability and
irrigation, risks to human health and potential contamination of shallow groundwater aquifers
within the Atankwidi basin of Ghana. Hydrochemical models and a statistical approach-
principal component analysis (PCA) were employed to identify possible sources and processes
controlling groundwater. Water quality index was utilized to evaluate the overall potability
whilst chlorine index, salinity index, permeability index, sodium aborption ration, residual
sodium bicarbonate, percent sodium and magnesium hardness were evaluated to assess the
groundwater suitability for irrigation. Hazard quotients (HQ), hazard index (HI) and cancer risk
(CR) of heavy metals were estimated to assess carcinogenic and non-carcinogenic risk to human
health. DRASTIC index combined with ArcGIS tools were utilized to assess the risk of shallow
aquifers to contamination. All parameters fell within acceptable limits for drinking water except
in 15%, 19%, 19%, 35%, 15% and 46% of groundwater where fluoride (F), conductivity (EC),
total hardness, lead, arsenic and zinc respectively, exceeded their limits for potability.
Groundwater facies were Ca-Na-Mg-HCO3; Na-Ca-Mg-HCO; Na-Ca-HCOj3; and Ca-Na-HCOs,
The major source of chemical evolution in shallow GW within the Atankwidi basin could be
water-rock interaction whilst the mechanism (chemical process) of chemical mobilisation could
mainly be from the weathering of silicate minerals with acid as the prime agent, resulting in the
release of major ions (Na, Ca, K, and HCO3) with minor contribution from cationic exchange
reaction resukting in the consumption of Na at favourable sites (clay surfaces). PCA revealed
Ca and HCOs originating from a possible common source (anorthite) appear to control the
general salinity of groundwater. K and F originated from the microcline and hornblende
contained in the Bongo granitoids. About 97% of groundwater had good or better drinking
water quality (WQI< 100) whilst 3% had poor water quality (WQI = 100-200). Hling-py for adults
and children were 1.136 and 4.4407 respectively, indicating the existence of potential risk to
non-carcinogenic effects. Estimated CR of Pb and As for adults and children were all greater
than 1E-06 (i.e. CRuaguits-po=3.4E-05; CRaduits-as = 9.3E-05; CRehildren-pb = 1.3E04; CRechitdren-
ro=4.6E-04). These imply that both adults and children were potentially at risk to carcinogenic
effects due to Pb and As. Risks of exposures in children were thrice that of adults. Groundwater
was generally suitable for irrigation, especially for moderate salt-tolerant crops. Analysis of the
DRASTIC model showed that on the average, about 18 %, 49 % and 33 % areas within the
basin had, respectively, low, moderate and high risks to contamination. The spatial distribution
of lead, arsenic, zinc and iron, which are common traces in agro-chemicals, revealed that
elevated levels of heavy metals were found within the high-risk areas and viceversa.
Groundwater is generally suitable for domestic and irrigational use in terms of quality.
However, the presence of elevated levels of harmful trace metals in moderate to high vulnerable
areas in the area when farming is at subsistent levels requires that pragmatic policies be put in
place to minimize potential contamination and preserve the groundwater quality during the
upscaling of irrigational farming.
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CHAPTER ONE: GENERAL INTRODUCTION

1.1 Background

Freshwater in the form of surface and groundwater, which constitutes approximately

2.7 % of earth’s hydrosphere (Driscoll, 1986), is an indispensable natural resource to
the sustenance of all life forms as well the ecosystem. In its natural clean form,
freshwater in suitable quality and quantity is an essential part of natural food chain to
all forms of lives when directly consumed. Further, freshwater has positively remained
a significant contributor or factor to the advancement or improvement in the
socioeconomic development for human in areas of hydropower generations,
transportation, health, mining, manufacturing, textile, publishing, agricultural
(irrigation, poultry, livestock etc.). Freshwater also remains essential to sustenance of

microbes and their derivatives within the eco-system (Appelo and Postma, 2005).

Quite earlier in human life until the beginning of 20" century, surface water resources
were heavily depended on for various purposes. In recent times, surface water resources
had lost their major significance due to massive pollution emanating from continuous
expansion of industrialization and hi-tech irrigation activities that utilizes large
quantities of agro-chemicals with their attendant implications to waste generation and
disposals in myriad of forms. These had made most surface waters resources where
available, either unsuitable to utilize naturally, or very expensive to treat. Furthermore,
the relative availability or distribution of surface water resources around the globe can
be very varied and unreliable in terms of quantity and quality (Srivastava et al., 2011).

In most arid and semi-arid areas, surface water resources are very unreliable due
scarcity whilst elsewhere in most developing countries with majority of settlements
being rural, surface waters may not be available due to proximity. In certain locations
both surface and groundwater resources in may exist in abundance whilst other parts

may face scarcity (Musah et al., 2015).

Groundwater resource as a component of freshwater in recent times has become
essential natural and primary resource for water delivery and also vital for agriculture
as it contributes significantly to the production of irrigated crops, especially in semiarid
and arid regions as well as developing countries around the globe (Wang et al., 2001).



The over-reliance on groundwater in semi-arid and arid areas stems from the fact that
such regions are characterized by little (mostly erratic) and in certain situations no
rainfall through the year, and high evapotranspiration coupled with ease of
contamination from mainly anthropogenic activities. These had rendered surficial
waters very unreliable in terms of both quantity and quality for long-term utilization as
a natural resource to support human life and the maintenance of the ecosystem (Wang
et al., 2001; Srivastava et al., 2011).

Conversely, groundwater is ubiquitous and generally of better quality, compared to
surface water resources (Ghosh et al., 2000). Groundwater therefore offers a more
reliable alternative and sustainable source of water for domestic, agricultural, industrial
and sometimes recreational purposes as concluded by a myriad of studies (Ghosh et al.,
2000; Appelo and Postma, 2005; Dapaa-Siakwan and Gyau-Boakye, 2000; Srivastava
et al., 2011; Pelig-Ba, 2000; Martin, 2005; Adomako, 2010 and Musah et al., 2015).
The superiority in the natural groundwater quality may stem from the fact that geologic
formation can naturally attenuate many water contaminants through the soil cover
(overburden) and may result in an effective protection of underlying groundwater.
Higher dependence on groundwater for water supply therefore requires stronger

resource protection, especially in areas where alternative sources are not available.

Despite the existence of all the positives in terms of quality, quantity and availability
vis-a-vis surface waters, groundwater resource is not perpetually insulated from adverse
effects such contamination and dry-ups and therefore requires protection from potential
contamination and over-exploitation (Lindstrém, 2005). Thus, groundwater, even
though is considered to be better than surface water in terms of quality and quantity in
arid and semi-arid regions, it could be vulnerable (at risk) as an essential natural
resource to man and the ecosystem. This risk or vulnerability may be in multiple folds,
namely; risk to aquifer contamination, sustainability and risk to human health over
lifetime consumption. Studies had revealed that certain natural and anthropogenic
processes could alter negatively the quantity and quality of groundwater in storage
(Ghosh et al., 2000; Wang et al., 2001; Foster et al., 2002; Appelo and Postma, 2005;
Srivastava et al., 2011.). Thus, groundwater, even though better than surface water in
terms of quality and quantity in arid and semi-arid regions, it could be at risk

(vulnerable) as an essential natural resource to man and the ecosystem.



According to Appelo and Postma (2005), natural processes that may contribute to
groundwater contamination include but not limited to dissolution of salts during
waterrock/soil interactions; seawater intrusion, high evapotranspiration as well as
certain biological processes. Common anthropogenic activities may include over-
extraction of groundwater, leachates from municipal and urban wastewater sources
from landfills, domestic and petrochemical facilities; industrial wastes coming from
manufacturing, pharmaceutical, mine effluents as well as agricultural activities. Risk
(vulnerability) assessment provides a basis for initiating protective measures for
groundwater resources as basic step in preventing groundwater pollution, potential
exposures to health risks associated with groundwater consumption and ensuring

sustainability of the resource (Foster et al., 2002).

1.2 Problem Statement

The Atankwidi basin is a transboundary sub-basin of the White Volta Basin of West
Africa, which is located between the northeastern part of Ghana and southern part of
Burkina Faso. The area, which used to be predominantly rural in nature about three
decades ago, is rapidly urbanizing with several peri-urban centers (GSS, 2010). This
has resulted in more than a quadrupled rise in water demand to meet both domestic and
agricultural (van der Berg, 2008). Inhabitants within as well as those in close proximity
to the basin, located in the Upper East regin (UER) of Ghana is considered to be among
the poorest and also, the second least with respect to food security in Ghana. A key
factor contributing to these undesirable socio-econmic statuses of the area is insufficient
water to support local agricultural activities over longer periods. Farming, which is the
major occupation of the inhabitants, is at subsistent level, rainfall-dependent and yields
low crop production. Surficial water resources (rivers, streams, and small reservoirs)
are insufficient and unreliable for irrigational farming in the long dry season due to the
existence of very high evapotranpiration (Barry et al., 2010). To improve the situation,
several studies focused on improving food insecurity stature of the inhabitants (Ofosu
et al., 2014; Barry et al., 2010; van der Berg, 2008) revealed the existence of large
tracks of fertile lands within the Atankwidi basin, 80 % of which remain uncultivated

due to insufficient surface water for irrigation.



The imoportance of groundwater the sustenance of livelihood (domestic and irrigation)
necessitated comprehensive groundwater studies within Atankwidi basin of Ghana.
Previous studies had focused on the effect of climate change on small-scale farmers,
sustainable irrigation development and its socio-economic importance, potential
upscaling of irrigational farming using groundwater, groundwater recharge, and others
(van der Berg 2008; Barry et al., 2010; Namara, 2011; Obuobie, 2014; Ofosu et al.,
2014). Martin (2005) estimated groundwater recharge within the Atankwidi basin and
concluded that values ranged between 2.5 % and 4 %. Van der Berg (2008) studied on
the use of dug-outs and hand-dug wells for dry-season irrigation within the basin and
concluded they were unsustainable over a period beyond 2 months after cessation of
rains and recommended studies on deeper well (boreholes). Obuobie (2014) estimated
groundwater abstraction rate within the Atankwidi basin as at 2010 to be approximately
549,000 m?® for a population of 45,841, translating into approximately 11.976 m® per
person per year. Barry et al. (2010) studied the shallow aquifers within the basin and
concluded that groundwater in storage within the basin was enough to support both
domestic and upscaling of small-sized farming into large-scale irrigation over long

periods.

Outstanding studies of great significance but yet to be carried out include but not limited
to groundwater aquifer risk (vulnerability) assessment to potential contamination,
hydrogeochemical evolution, water quality appraisal for domestic and agricultural
usage, aquifer definition, sustainability and evaluation of fate, contaminant transport,
and modeling. The impending upscaling of irrigational farming require much larger
quantities of groundwater abstraction over time and the massive expected application
of agro-chemicals in the up-scaled irrigational farming may potentially result in a
possible alteration in the groundwater with potential effects on human health and the
ecosystem. The sustainability of groundwater quality in shallow aquifers within the
Atankwid basin of Ghana may therefore be at risk of contamination. It is therefore
important to establish the fundamentals of groundwater quality in the area, which may
include but not limited to its sources of chemical composition, processes controlling
chemical mobilization, suitability for drinking and agricultural (irrigation) use and the

potential resilience (risk) to contamination.



1.3 Aim and Objectives

The aim of this study is to identify the mechanisms of chemical evolution, suitability

for domestic and agricultural purposes and assess the potential risk to contamination of

shallow groundwater aquifers within the Atankwidi basin of Ghana.

The specific objectives carried out to achieve the above aim include;

Assess the hydrogeochemistry of groundwater within the shallow aquifers.
Identify the possible sources (evolution) of major cations, anions as well as the
mechanism(s) controlling groundwater chemistry from recharge towards
discharge points.

Assess the quality of shallow groundwater with respect to potability (including
health risk to humans) and irrigation.

Evaluate the risk/vulnerability of shallow aquifers to potential contamination

1.4 Research Questions

Questions answered in order to achieve the specific objectives included;

What major and minor chemical constituents make up the groundwater in the
area?

Are the chemical constituents originating from geogenic sources, evaporation
or precipitation?

Is the quality of groundwater from shallow aquifers suitable as drinking water?
Are there any potential health risk (s) associated with consuming the
groundwater over lifetime by inhabitants?

If yes, what are some of the possible diseases likey to affect inhabitants over
lifetime f groundwater consumption?

Based on quality, is groundwater suitable for use as irrigational water?

If yes, what type of crops can be cultivated using this groundwater?

How vulnerable are groundwaters in shallow aquifers to potential contamination

from a future up scaling of irrigational farming?

1.5 Research Approach and Materials

The following approaches to answer the above questions include:

Sampling and analysis of the physico-chemical parameters of groundwater from
existing boreholes that tap shallow aquifers.



» Extensive literature review on data availability, hydrogeochemistry,
assessments, and risk/vulnerability and groundwater development in Ghana as
well as within areas in close proximity to the Atankwidi basin of Ghana

« Water Quality Index (WQI), Piper trilinear diagram on the hydrochemical data
and relevant geochemical models including the application of Gibbs plot,
chloro-alkaline indices (CAIls) were generated

» Estimated chlorinity, salinity, permeability indices sodium adsorption ratio,
residual bicarbonate and magnesium hardness to assess irigational water
suitability.

» Estimated HQ, HI and CR of analyzed heavy metals were evaluated

* Combined overlay and index method (DRASTIC) with GIS to the intrinsic
vulnerability model for the shallow aquifers in the basin. Subsequently alidated

the model using heavy metals that occur as traces in agro-chemicals.

1.6 Justification of the Study

The Atankwidi basin of Ghana is arguably one of the strategic basins of northeastern
Ghana. It covers parts of four districts in the UER of Ghana. It hosts the main
groundwater aquifers for the supply of potable water to Kasena-Nankana Municipality
and surrounding towns and villages including Paga, Sirigu, Kandiga, Mayoro, Doba,
Nayagnia, and Sumbrungu. The area serve as a major hub for tertiary education in UER
of Ghana, hosting the Navrongo campus of the University for Development Studies
(UDS), Bolgatanga Technical University (BTU), St. John Bosco College of education,
Nursing and Midwifery Training School in addition to about ten senior high schools
(SHSs). All these institutions and communities depend virtually on groundwater for
sustenance. The basin is best known for the cultivation of various cereals such as millet,
sorghum, rice and all kinds of vegetables (e.g. tomatoes, pepper, spring onions, carrots
etc.) especially during the dry season thee consumption of most parts of Ghana even
though cultivation is still at the subsistence level. Large tracks of arable lands exist to

support large-scale irrigation farming using groundwater from the shallow aquifers.

Currently groundwater abstractions rates are increasing through mechanization to meet
the rapidly urbanizing centres and fast-growing population. Despite these positives on
the resource, very little or no comprehensive study to ascertain the possible source of



chemical constitution and chemical processes altering water chemistry. Furthermore,
no detailed study had been carried out assess the overall drinking water quality of
groundwater and the potential health implications of its consumption by human over
lifetime. Sustainable quantities of groundwater from the shallow aquifers exist and
reasonably evaluated (Barry et al., 2010). However, its suitability as irrigational water
in terms of quality and type of crops to be cultivated had not been evaluated. The risks
(vulnerability) to contamination of aquifers based on the intrinsic geological properties
had also not been evaluated to ascertain areas whose groundwaters are likely to be easily
contaminated from the possible utilization of massive agro-chemicals such as
weedicides, chemical fertilizers, fungicides and all kinds of pesticides during the
anticipated up-scaling of irrigational farming during the prolonged dry periods. These
studies are essential to ensure the potability, improved guality of crop production and
prevention of potential health risks to humans over lifetime through proper planning

and management of groundwater resource within the Atankwidi basin of Ghana.

1.7 Structure of this thesis

There are eight (8) chapters contained in this thesis. Three of these chapters are in the

form of manuscripts, which had been published as a peer-reviewed articles:

Chapter 1: General Introduction

This chapter deals with the general introduction comprising of background of the study,
problem statement, aim and objectives, research questions, research approach and
justification. It tries to bring to the fore, the positives of groundwater resources in
relation to those of surface waters, which is increasingly making it a preferred option
as water supply source around the globe and in particular within the SSA of which the
current study area is an integral part. It also discusses the general factors that potentially
affect the sustainability of groundwater quality and the attendant implications for both

human and the ecosystem, especially in the study area.

Chapter 2: Literature Review

This chapter highlights the significance of freshwaters (groundwater and surface water)

to man and the entire ecosystem on earth. It focuses on advantages of groundwater



sources over those of surface waters, the occurrences, development, utilization, quality
for potability, risks to contamination, risks to human health and suitability as
irrigational waters and for crop production in most developing countries as well as arid
and semi-arid countries around the globe and especially, within the study area. The
concluding part reveals some of the significant studies on water resources in relation to
the up scaling of irrigational farming. It also highlights outstanding areas that require

future studies

Chapter 3: Background to study area

This chapter highlights the geographical settings of Atankwidi basin of Ghana. These
include details on the climate, vegetation, geology, soil, hydrogeology, demography

and the general socio-economic activities of inhabitants.

Chapter 4: Hydrogeochemical evolution and quality assessment of groundwater
within the Atankwidi basin: The case of northeastern Ghana

This chapter presents the results of chemical analysis of sampled groundwater in the
field and the laboratory. This chapter focuses on the identification of water-types,
possible sources of chemical evolution and the processes or mechanisms of chemical
mobilisation of groundwater from areas of recharge towards discharge points using

appropriate hydrogeochemical models.

Chapter 5: Quality appraisal and health risk assessment of groundwaters in

shallow aquifers within the Atankwidi basin of northeastern Ghana.

This chapter presents an assessment of the suitability of groundwater for potability and
irrigation purposes. It further highlights the potential health risks to humans through
dermal and ingestion pathways.



Chapter 6: Risk assessment of shallow groundwater aquifers within the

Atankwidi basin of Ghana.

This chapter presents evaluation of the intrinsic vulnerability of shallow groundwater
aquifers within the Atankwidi basin of Ghana by evaluating the seven hydrogeological
parameters (DRASTIC) in combination with GIS software. It futher presents the
assessment of the potential risk to contamination of groundwater using trace metals

from agrochemicals as potential contaminant sources from agricultural fields.

Chapter 7: General discussion

This chapter highlights the findings of this study and their significance in relations to

other research works elsewhere.

Chapter 8: Conclusions and Recommendations

This chapter summarizes the major findings from the four manuscripts produced
representing each specific objective required to achieve the aim of this study.
Recommendations aimed at achieving the improvement and sustainability of current

and future groundwater management.

CHAPTER TWO: LITERATURE REVIEW

2.1 Groundwater and significance to development

Freshwater (surface and groundwater), which constitutes about 2.7 % of the earth’s
hydrosphere (Freeze and Cherry, 2005) continue to play pivotal roles in the
maintenance of man and the ecosystem since creation. According to Obuobie (2008),
every human society anywhere on the planet earth refer to water as life because all
aspects of life depend on it since it is a necessary input for many sectors of the global
economy. In many parts of developing regions like sub-Saharan Africa and Asia, the
availability and access to freshwater significantly control the patterns of economic
growth and social development Such pivotal economic and social significance of
freshwater may include but not limited to potable water supply, improved sanitation,
agriculture, industry, urban development, hydropower generation, inland fisheries,
transportation and recreation (Odada, 2006). These activities provide employment and

generate revenue that sustains many economies of the world. Besides its economic



value, freshwater plays an important role in addressing issues of health, poverty and
hunger as recognized within the framework of the United Nations sustainable

development goals (SDGs) and preceding millennium development goals (MDGS).

Quite earlier in human life until the beginning of 20" century, surface water resources
were the preferred freshwater for utilization by man various purposes. Progressively,
surface waters resources are fast losing its major significance to man especially due to
such factors as relative availability in terms of distribution; unreliability in terms of
quantity and quality and generally high cost of production with respect to different
service levels. The relative availability or distribution of surface water resources around
the globe can also be very varied and non-ubiquitous (Wang et al., 2001). In certain
locations, surface water resources may exist in abundance whilst in other parts scarcity
may occur. Surface waters are very vulnerable to potential contamination, especially
from anthropogenic activities, which include both solid and liquid waste from domestic
industrial and agricultural sources. Thus, most surface waters resources, even when
available either may be unsuitable to utilize naturally or may require expensive
treatment. The challenges of availability and quality associated with surface water
resources is found to be rather compounded in most semi-arid and arid regions
especially, the middle east, Saharan and sub-Saharan Africa and parts of Asia. These
areas characteristically, experience very unfavorable climatic conditions such as low
precipitation, very high evapotranspiration and pollution that do not favor the reliability

of surficial water resources (Wang et al., 2001).

Conversely, groundwater resource as a component of freshwater in recent times is
increasingly becoming preferred and essential natural and primary resource for water
delivery, and also vital for agriculture as it contributes significantly to crop production,
and domestic water supply (Wang et al., 2001). Compared to surface water resources,
groundwater is ubiquitous and generally of better quality. It offers a more reliable
alternative and sustainable source of water for domestic, agricultural, industrial and
sometimes recreational purposes as concluded by a myriad of studies (Ghosh et al.,
2000; Appelo and Postma, 2005; Dapaa-Siakwan and Gyau-Boakye, 2000; Srivastava
etal., 2011; Pelig-B, 2000; Martin, 2005; Adomako, 2010 and Musah et al., 2015). The
superiority in the natural groundwater quality may stem from the fact that geologic
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formation can naturally attenuate many water contaminants through the soil cover
(overburden) and may result in an effective protection of underlying groundwater.

However, rapid population growth due to urbanization in most water-stressed regions,
(i.e. semi-arid and arid) as well as most developing countries is exerting growing

pressure on groundwater resource.

2.2 Groundwater development for agriculture in Ghana

A brief review of history on groundwater development for irrigations purpose in Ghana
reveal that even though the use of groundwater for irrigation is rather on low key in
Ghana currently, the practice had been in existence well over a century ago (Barry et
al., 2010). Application of groundwater for irrigation in Ghana dates back to a little over
a century ago. According to Kyei-Baffour and Ofori (2006), since early 1880s,
groundwater had been utilized for irrigation on a small-scale basis in the Keta area on
lands above flood level between the lagoon and the sandbar separating it from the sea
(Kyei-Baffour and Ofori, 2006). Agodzo and Bobobee (1994) established some
evidence of the existence of shallow tube-well irrigation in the southeastern part of
Ghana in the 1930s. During this period, colonial agricultural services in the northern
part of the country also promoted the practice of small-scale irrigation, specifically
around Pungu and Telania. Local farmers dug and lined small wells from which very
shallow waters had been utilised for the cultivation of a wide variety of vegetables
during the dry season. This approached still being utilized today in the study area has
been passed on through different generations (Barry et al., 2010).

2.3 Irrigation potential of Ghana and the role of groundwater

According to previous studies on irrigation development in Ghana, the estimated
irrigation potential of Ghana is approximately 1.9 million hectares (Mha), of which only
about 2 % have been realized (Agodzo and Bobobee, 1994; Kyei-Baffour and Ofori,
2006). In normal sense, irrigational planning and development in Ghana had been
largely based on the application surface water resources, but in most parts of the
semiarid extreme northern parts of Ghana, especially in the UER, most surface water

resources are unavailable for a greater part of the year.
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The rapid population growth rate of about 2.7 % being experienced coupled with rapid
urbanization in UER of Ghana in the past two decades had necessitated tremendous
demand for increased food production and improved accessed to potable water. This
had steadily led to stress on existing surficial water resources, compounding an already
precarious issue of unreliable surface water resources emanating from the existence of
unfavorable climatic conditions such as increasing mean annual temperatures, extreme
evapotranspiration, and intense precipitation over short duration leading to rapid
flooding. This situation had adversely affected agricultural productivity of the active
labor force, over 66 % of which are involved in farming. These had led to very low crop
productivity and rendered the inhabitants to be amongst the poorest in terms of
economic status and in food security (Barry et al., 2010). The unavailability of
sufficient surface waters and survival instincts had forced most farmers to resort to
dugouts in river or streambeds and in areas of close proximity to stream channels to

abstract water to irrigate farms (van der Berg, 2008).

In recent times however, few farmers had tried to utilize groundwater through the
construction of boreholes and hand-dug wells to undertake dry-season irrigational
farming with marked successes in improved crop production. Several studies towards
improving crop productivity and livelihood of inhabitants within the basin including
but not limited to agricultural, socio-economic, climatic land-use as well as
hydrogeological and hydrological had been conducted within the basin in the last two
decades (Liebe, 2002; Martin, 2005, Martin and van der Giessen, 2006; van der berg,
2008, Obuobie, 2008; Barry et al., 2010; Ofosu et al., 2014). Ofosu et al. (2014)
identified the existence of large tracks of fertile lands to support large-scale irrigational
farming. These studies had focused on sustainability of groundwater in terms of

quantity but not on quality.

2.4 Hydrogeochemical Studies in Ghana

The interaction between groundwater and its environment is considered the major
source of its chemical evolution and mechanisms that control the chemical mobilisation
in groundwater in any part of the earth. Fundamental to these occurrences are the
waterrock and soil-water interaction emanating from the geologic units within which

groundwater exist as well as the hydrological dynamics controlling groundwater flow.
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Some major contributors of hydrogeochemical studies on global scale include but not
limited to Piper (1944), Gibbs (1974), Freeze and Cherry (1979), Claasen (1982),
Barcelona et al. (1985), Hounslow (1995), Apambire et al. (1997), Jankowski and
Acworth (1997); Subba Rao (2006), and Edmunds and Smedley (1996).

Within the neo-Proterozoic recrystallized Voltaian sedimentary supergroup,
groundwater studies by Acheampong and Hess (1998) established an understanding of
the geochemical evolution of shallow groundwater system in the southern parts of the
basin whilst Pelig-Ba (2000) studied the hydrocemistry of the basement complex and
the voltaian sediments of northern region of Ghana. Yidana (2010) characterized the
hydrochemistry of groundwater within the middle belt of the basin. Musah et al. (2015)
carried out the hydrogeochemical and isotopic studies on groundwaters within the
middle Voltaian whilst Salifu et al. (2012) used multivariate statistical methods to
evaluate the hydrochemistry and fluoride concentrations in groundwater in the northern
section of the Voltaian supergroup. In the Upper-East region, Apambire et al. (1997)
studied the groundwater geochemistry and distribution of fluoride in Bolgatanga and
Bongo Districts. Martin (2005) assessed groundwater recharges rates within the
Atankwidi basin; van der Berg (2008) studied the existing irrigation practices and future
irrigation potential in the Atankwidi basin of Ghana and concluded groundwater could
be a viable source of irrigational water. Obuobie (2008) estimated groundwater
recharge within the Atankwidi basin in the context of climate change. Barry et al.
(2010) quantitatively estimated groundwater stored in shallow aquifers within the
Atankwidi basin and revealed that sufficient quantities to support large-scale

irrigational farming exist.

2.5 Missing gap in groundwater studies within the Atankwidi basin of Ghana

Outstanding research works of great significance to effective groundwater resource
management include but not limited to
« Sources and mechanism (chemical processes) of chemical mobilisation of
groundwater within the Atankwidi basin of Ghana is unavailable.
 Little or no comprehensive knowledge on groundwater quality and its suitability

for domestic and irrigation purposes is available.
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» Potential health risks associated with domestic utilisation of groundwater is
unavailable.

* Risk of shallow groundwater aquifers to contamination from surface sources
(vulnerability) has not been evaluated.

» Fate and transport mechanisms of potential contaminants

2.6 Risk of groundwater to contamination

Groundwater is a major resource for the sustenance of a large portion of human
settlement across the globe. According to Mygatt (2006), approximately two billion of
humans living in rural, peri-urban and urban centers depend on groundwater as source
of potable water. The demand for the resource has become rather critical resource in
most arid and semi-arid regions where surface waters are considerably unreliable due
to quantity and quality challenges. Apart from its unavailability in most towns and
villages in arid and semi-arid regions including those of the sub-Saharan Africa, surface
waters are also extremely vulnerable to contamination due to certain natural processes
as well as certain anthropogenic factors including rapid population growth and
improper waste management practices. Thus, despite the existence of the positives of
in terms of quality, quantity and availability vis-a-vis surface waters, groundwater
resource is not perpetually insulated from contamination and dry-ups. This means that
groundwater can also be potentially vulnerable or at risk in respect to both quality
(Lindstrom, 2005). This risk or vulnerability may be in multiple folds, namely; risk to
aquifer contamination, sustainability and risk to human health over life-time
consumption. Studies have revealed that certain natural and anthropogenic processes
can alter negatively the quantity and quality of groundwater in storage (Ghosh et al.,
2000; Wang et al., 2001; Foster et al., 2002 Appelo and Postma, 2005; Srivastava et
al., 2011).

According to Appelo and Postma (2005), natural processes that can increase the risk of
groundwater contamination may include but not limited to hydrogeochemical processes
such as dissolution of salts during water-rock and soil-water interactions, sea-water
intrusion, high evapotranspiration and certain biological processes. Anthropogenic
activities may include over-extraction of groundwater, leachates from municipal and

urban wastewater sources from landfills, domestic and petrochemical facilities;
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industrial wastes coming from manufacturing and pharmaceutical, mine effluents, as
well as agricultural activities (i.e. application of fertilizers, weedicides, pesticides
manures etc.). Risk (vulnerability) assessment provides a basis for initiating protective
measures for groundwater resources as basic step in preventing groundwater pollution,
potential exposures to health risks associated with groundwater consumption and

ensuring sustainability of the resource (Foster et al., 2002).

2.7 General concepts of vulnerability/risk assessment of groundwater

The term vulnerability as used in hydrogeological studies was first used in the late 1960s
by the French Hydrogeologist J. Margat, and since then the concept had widely been
used severally (Haertle, 1983; Aller et al.,, 1987; Foster and Hirata, 1988 etc.).
Currently, the term commonly used all over the world. A common definition of
groundwater vulnerability has not been agreed upon and various definitions of
vulnerability have been proposed. Most of them are quite similar. According to
Refsgaard et al. (1999), one often-used definition is “Groundwater vulnerability is the
tendency of or likelihood for, contaminants to reach a specific position in the
groundwater system after introduction at some location above the uppermost aquifer”.
The basic premise underlying the concept of aquifer contamination vulnerability is the
variation of groundwater recharge mechanisms and the natural attenuation capacity of
soil and subsoil profiles. Thus, instead of applying universal controls over potentially
contaminating land uses and effluent discharges, it is more cost effective to vary the
type and level of control according to this attenuation capacity (Foster et al., 2002).

2.8 The purpose of vulnerability assessments

Vulnerability assessment is a general planning and decision-making tool. The objective
of vulnerability assessment is to direct regulatory, monitoring, educational and policy
development efforts to those areas where they are most needed for the protection of
groundwater quality. Often the purpose of groundwater vulnerability assessment is to
differentiate between areas that need protection from potential contaminating activities,
and areas where such activities would constitute a minor threat to the groundwater.
Vulnerability assessments can be included within the traditional efforts for groundwater
protection. Hence, they are meant to be included within a protection strategy and not
constitute a single tool (Lindstrém, 2005; Foster et al., 2002).
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Varied opinions on the significance of groundwater vulnerability studies abound. One
school of thought is that the hydrogeological conditions are too complex to be
encapsulated by any vulnerability tool. Others have also questioned possibility of
presenting a single, integrated vulnerability index or if it is necessary to work with
specific vulnerabilities for individual contaminants. Scientifically, it is generally
preferred that it is more consistent to evaluate vulnerability to contamination by each
contaminant or group of contaminants. However, the implication would be an atlas of
maps for any given area, which would be difficult to use in most applications (Foster et
al., 2002). Moreover, there will normally not be adequate data and/or sufficient human

resources to achieve this ideal.

The NRC (1993) outlined three “laws” of groundwater vulnerability that should be
spelled out explicitly with every vulnerability assessment:
. All groundwater is to some degree vulnerable;
. Uncertainty is inherent in all vulnerability assessments; and
. In the more complex systems of vulnerability assessment, there is a risk
that the obvious may be obscured and the subtle may become indistinguishable.
The latter point refers to the danger, especially when using complex vulnerability
assessment tools, which in light of the final vulnerability ranking one may lose sight
of the data used for the analysis and of the assumptions underlying vulnerability
assessment schemes. However, in spite of these reservations, vulnerability
assessments are often recommended as an initial step in groundwater protection
(Lindstrém, 2005; Vrba and Zaporozec, 1994).

2.9 Approaches to risk/vulnerability assessment

The commonest known approach to evaluating or assessing the potential of
groundwater to contamination or pollution is establishing its vulnerability in terms of
quantity or quality. Whereas the vulnerability in terms of quantity refers to
sustainability studies, vulnerability studies had remained with largely with evaluating
potential to quality deterioration. There is no universal methodology for groundwater
vulnerability assessment, although a number of different approaches exist and are

usually grouped into three major categories:
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* Index and overlay methods,
* Methods employing process-based simulation models, and O
Statistical models.
Each category has advantages and limitations, and none is considered most appropriate

for all situations.

2.9.1 Index and over lay methods

Index and overlay methods are based on the assumption that a few major parameters
largely control groundwater vulnerability, and that these parameters are known and can
be evaluated. These methods generally require limited basic data, used in regional
studies, and usually cover extensive areas (Abdullahi, 2009). The groundwater
vulnerability evaluated is qualitative and relative. Scoring, integrating or classifying to
produce an index, rank or class of vulnerability, interprets the information. The simplest
overlay systems identify areas where parameters indicating high vulnerability coincide.
Typically, such systems include variables related to groundwater recharge rate, depth
to the groundwater table, and soil and aquifer properties. The most commonly used of
these methods, DRASTIC (Aller et al., 1987), uses a scoring system based on seven
hydrogeological characteristics of a region. Several other overlay and index systems for
groundwater vulnerability exist. Other examples of these methods are GOD (Foster,
2002), SINTACS (Civita, 1994) and EPIK (Doerfliger and Zwahlem, 1997). In general,
index and overlay methods rely on simple mathematical representations of expert
opinion and not on process representation. The advantage of these methods is that they
provide relatively simple algorithms or decision trees to integrate a large amount of
spatial information into maps of vulnerability classes or indexes. The methods are
particularly suitable for use with GIS. The disadvantages associated with
inverseoverlay methods include the fact that there is too much subjectivity in the results;
the lack of a physically based and precise definition is drawbacks, the results tend to be
subjective. If various methods are tested in one area, the resulting maps are often

different and sometimes contradictory (Vrba and Zaporozec, 1994).

2.9.2 Process-based models
Process-based simulation models (PBMs) are used for examining vulnerability from a

quantitative point of view and for establishing clearly identified reference criteria for
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quantification, comparison and validation purposes (Linstrom, 2005). PBMs use current
scientific understanding to incorporate the most important and relevant processes, using
the necessary equations for water flow and solute transport. The focus is on computing
travel times or concentrations of a contaminant in the unsaturated and groundwater
zones. Most modelling efforts aimed at predicting the consequences of a proposed
action and, thus, can be used for making land use planning decisions. The advantages
of process-based simulation models, compared to index and overlay methods in
groundwater vulnerability assessments include the fact that the results are quantitative
(in terms of travel times, leachate concentrations and critical loads). Models assist in
the understanding of complex natural systems, predict outcomes of high risk and high
cost environmental manipulations and set priorities (Caminiti, 2004). PBMs are also
useful for the analysis of groundwater problems, gain insight into the controlling
parameters in a vulnerability assessment, and to study processes in generic
hydrogeological settings. They offer different predictions involving contamination
hazards at specific sites (Anderson and Woessner, 1992). The disadvantages associated
with the use of PBMs include the fact that extensive data input are required and
therefore, in areas where accurate and abundant data are unavailable, the models may
not be applicable. High levels of expertise are required to implement them, which limit
their extensive application. PBMs may not very useful over large areas but rather small
basins (Refsgaard et al., 1999).

2.9.3 Statistical methods

Statistical methods (SMs) are the least common category of vulnerability assessment
methods found in the literature. SMs are used to quantify the vulnerability of
groundwater contamination by determining the relationship between observed
contamination, observed environmental conditions that may or may not characterize
vulnerability (e.g. unsaturated zone properties or recharge) and observed land uses that
are potential sources of contamination (e.g. fertilizer application and septic tank
occurrence). Once a model of this dependence or the relationship has been developed
with statistical analysis, the probability of contamination can be evaluated. Knowledge
of significant environmental conditions is required for the area in question. In statistical
methods (SM), the vulnerability is expressed as contamination probability. The higher
the contamination probability, the higher the vulnerability. The advantage of SMs is

that the statistical significance of the results can be explicitly calculated, thus allowing
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for the determination of the degree of uncertainty in the model. The disadvantage is that
SMs are difficult to develop and once established, can only be applied to regions that
have similar environmental conditions to the region for which the statistical model was
developed (Thapinta and Hudak, 2003).

2.10 Application of GIS in vulnerability/risk assessments

For all three categories of vulnerability assessment methods, i.e. index and overlay,
process-based simulation models and statistical methods, GIS technology may allow
for efficient data handling, analytical capability and display flexibility. For instance,
GIS has been used in groundwater vulnerability assessment to:

 integrate various data layers that are involved in the vulnerability assessment,
» support the analysis and modelling of spatial and physical relations