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ABSTRACT

Bhungroo, a floodwater harvesting Aquifer Storage and Recovery technology, piloted in
Northern Ghana for dry season irrigation, was assessed to determine its environmental and
technical performance. The study evaluated the recharge, storage and recovery potentials of
three Bhungroos, and their impacts on groundwater resources. Due to the limited time available
for data collection, a multi-method approach was used. Water quality samples from rainwater,
community boreholes, monitoring wells, Bhungroos and floodwater were characterized to
determine the effect of Bhungroo artificial recharge on groundwater systems and irrigation
water quality. Pump tests coupled with continuous water level monitoring were undertaken to
determine aquifer storage characteristics and behaviour. Bhungroo aquifer recharge was
estimated using chloride mass balance, water table fluctuation and infiltration rate methods,
while end-member mixing analyses was used to estimate Bhungroo recovery potential. The
sustainability of the Bhungroos were determined from sustainable yields and potential irrigable
area. The findings indicated that artificial recharge had significantly changed Bhungroo
groundwater from a shallow fresh water and deep groundwater character type of Ca-Mg-HCOs
(67 %), Na-HCOs (31 %) and Ca-Mg-SOs-Cl (6 %) with minimum anthropogenic influence
towards floodwater character of Ca-Mg-HCOs (72 %) and Ca-Mg-SOs-Cl (28 %) with a
relatively higher anthropogenic impact. Microbiological differences between Bhungroos and
surrounding groundwater systems, however, were found not be wholly attributed to the
influences from floodwater recharge since E. coli had previously been observed in surrounding
groundwater systems prior to Bhungroo operations. Generally, changes in Bhungroo
groundwater character did not affect its suitability for dry season irrigation since all indicators
showed no hazard; except for SAR, EC and bicarbonate which showed a slight to moderate
effect of sodium hazard on soil water infiltration. Bhungroo recharge and recovery

performances were found to be limited by available well/aquifer storage characteristics and



behaviour. Hence, Bhungroos with transmissivities of 8.4 — 13.1 m#/d, storativity of 0.0011
and specific capacities of 14.7 - 37.4 m?/d increased mean annual recharge between 8 — 13 %
but recovered between 0.17 — 0.41 for dry season irrigation due to the effect of well collapse
and clogging. Thus, the loss of recharge proportion between 0.22 — 0.46 for Bhungroos with
sustainable yields between 0.7 - 1.5 I/s implied a maximum of 14,000 m? (1.4 ha) of vegetable
farm could be irrigated. However, considering the high costs of the Bhungroo technologies vis-
a-vis the low potential irrigable area, it is recommended that the economics of the Bhungroo
Irrigation Technology in Ghana should be carefully evaluated before upscaling to ensure

sustainability.
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CHAPTER ONE

1. Introduction

1.1 Background

Flooding is a phenomenon triggered by excess rainfall leading to waterlogging and overflowing
of drains/channels causing widespread damage. Floods occur naturally, influenced by geology,
geomorphology, relief, soil, and vegetation conditions (Parker, 2000; Tehrany et al., 2015). But
land use change, dam failures or landslides can aggravate floods as well as the impact of it.
Floods can be as a result of fast or slow meteorological and hydrological processes producing
highly unpredictable flash floods or easier predictable slow-developing floods, also called
riverine floods (European Union, 2003). Globally, flooding causes deaths, diseases and
destruction of property, which is reportedly increasing in intensity as a result of climate change
(Milly et al., 2002; Demski et al., 2017). However, floods in agricultural landscapes lead to the
loss of incomes, hunger and poverty. Particularly, for sub-Saharan Africa where vulnerabilities
are high due to the absence of flood management technologies (like dams and levees), rural

populations are at risk of losing their annual income.

Flooding is an annual recurring phenomenon in Ghana and has significant repercussions on
livelihoods. Particularly, the Northern parts of Ghana are prone to flooding due to the relative
flat terrain (Barry et al. 2005; Balana et al., 2015; Owusu et al., 2017a). Donkoh and Awuni
(2011) estimates a total of 4,000 km? to be annually flooded as a result of overtopping of the
main rivers, with even larger areas flooded due to localized floodings. Flooding in this
environment is therefore a naturally recurring phenomena, which local communities have

learned to live with. However, during extreme events, the National Disaster Management



Organization (NADMO) and other governmental agencies have been instrumental in
organizing rescue operations and giving relief items. For example, the 2007 Northern floods
affected 332,600 persons and caused the death of 56 people. Some 35,000 houses, 1,500 km of
road and 1,000 ha of crops were destroyed (NADMO, 2008). Farmers were greatly affected as
crops were destroyed in the middle of the growing season. The costs were largely borne by the
local communities, although the Government of Canada through the Canadian High
Commission assisted the flood victims with an amount of CAN $ 910,000 (UNCT Ghana,
2007). Managing the perennial or recurrent nature of floods in Ghana remains a challenge since
the current approach is unproductive; and therefore calls for a more sustainable one geared at
minimizing the impacts of floods while utilizing the availability of excess water to support the

livelihoods of rural communities.

Despite widespread wet season flooding in many parts of Northern Ghana, water availability
and accessibility in the dry season remains a challenge. High evapotranspiration drives high
irrigation requirement, leaving many farmers unemployed due to inaccessibility of sufficient
water resources to practice dry season irrigation. During this period, many households become
food insecure, increasing vulnerability to nutritional deficiencies especially among children
(Armah et al., 2010; UNICEF, 2015). In this regard, two scenarios define the seasonal water
dynamics in Northern Ghana: abundance of water in the wet season and water scarcity in the
dry season. To address these issues, the Naireeta Services together with the Conservation
Alliance International (CA), a non-governmental organization, and with funding from the
Consultative Group on International Agricultural Research (CGIAR) research program (Water
Land and Ecosystems) introduced an Aquifer Storage and Recovery (ASR) technology from
India called Bhungroo Irrigation Technology (BIT) into Northern Ghana (Owusu et al., 2017a).
Additional funding was sourced from the United States Agency for International Development

(USAID) Feed the Future initiative to evaluate the performance of the BIT in Northern Ghana.



A Bhungroo, which means ‘straw’ or ‘hollow pipe’ in Guijarati, is typically installed in
floodprone areas where floodwater is collected through an infiltration bed and channeled into
the underlying aquifer through a borehole piped system (Biplab, 2013). The pipe or borehole
is also used to extract stored water from the aquifer during the dry season for irrigation.
Structurally, a Bhungroo consists of a 3 m deep infiltration bed, a borehole (top 3 m is equipped

with a screen pipe) and a recovery system (pump) (Figure 1-1).
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Figure 1-1. Schematic diagram of Bhungroo Irrigation Technology (Source: Owusu et al.,
2017a)

The Bhungroo Irrigation Technology (BIT) has been tagged as a cost effective, decentralized
water logging challenge solving technology capable of solving excess water in monsoon and
no water in summer (Biplab, 2013). A Bhungroo can free five (5) acres of waterlogged land
and has the capability to irrigate 8-12 ha (Biplab, 2013). The technology has also been
recognized by the World Bank, hence, earned the World Bank India Development Market place
2007 award for water logging challenge solving technology (Biplab, 2013). The technology

could be used for the next 20 years at near zero maintenance cost offering the possibility of



dual season farming (Biplab, 2013). This translates into increasing family income by 150 %
through increased farm productivity (CA, 2015) or increased annual family income from US
$200 - 1,000 within nine months (Biplab, 2013). Currently, it cost US $24,000 to construct a
BIT but has a net return of US $5,000 - 10,000 per year. Injected water (4,000 - 40,000 m?)
into the Bhungroo can be stored for 3 to 12 months (Biplab, 2013). Through several
partnerships with Naireeta Services, Bhungroo currently benefits farmers in Bangladesh,
Burma/Myanmar, Cambodia, Laos, Pakistan, Sri Lanka, Vietnam, Togo, Zimbabwe and

Madagascar (Christoff & Sommer, 2018; Trupti & Biplab, 2017).

In Ghana, different locations including the three Northern regions, Afram and Accra Plains
have been identified as suitable for the construction of Bhungroo based on recorded incidence
of flooding/waterlogging and drought (CA, 2015). Owusu et al. 2017b, however, has developed
further a more detailed suitability map for Northern Ghana based on equally-weighted surface
and subsurface characteristics (Figure 1-2). The current study therefore assesses the
performance of three Bhungroos constructed in the Upper East and North East regions since

2015.
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Figure 1-2. Suitability map for Bhungroo Irrigation Technology in Northern Ghana (Source:
Owusu et al. 2017b)

1.2 Problem statement

Rainy season in Northern Ghana lasts for about six (6) months, during which period rural
communities predominantly practice rainfed farming (Rademacher-Schulz, et al., 2014).
Subsequently, at the peak of the rainy season, fertile lands are flooded, reducing the area
available for cultivation. On the other hand, dry conditions during the other six months are
characterized by high evapotranspiration rates (Obuobie, 2008; William et al., 2016), hence,
require substantial water resources for dry season agriculture.

The introduction of the aquifer storage and recovery system (Bhungroo) in Northern Ghana
was to drain flooded agricultural lands to reduce the impact of flooding as well as infiltrate
floodwater into underground storage for dry season irrigation. The Bhungroo system has been
reported to have worked well to the benefit of farmer across different climatic, geological and

geographical environments. In India, for instance, the system is able to free 2 ha of land to



irrigate 8-12 ha, inject about 4,000 - 40,000 m? into storage for 3 to 12 months and increase
family income by 150 % (Biplap, 2013). This notwithstanding, very little information is
available on the assessment of the Bhungroo in terms of recharge, storage or recovery apart
from Inida. The operations of the Bhungroo as an ASR however brings to the fore related issues
on the possibility of Bhungroo operations affecting groundwater. A study of 204 ASRs
however concluded that problems associated with ASRs leading to its abandonment include
well clogging, metals mobilization, low percentage recovery and poor water quality of
recovered water (Bloetscher et al., 2014). There is however very little information regarding
the performance of the Bhungroo in this regard. Thus, generally, empirical data on the
performance of the Bhungroo apart from India in terms of quality and quantity is scanty. Hence,
there was the need to assess the performance of the Bhungroo in terms of its influences on
groundwater quality and quantity during recharge, storage and recovery. Particularly, in the
context of a unique geographical, geological and hydrological environments with different
floodwater characteristics, different design (with an infiltration system and minimum depth of

18 m) which somewhat different from what is common in India.

1.3 Justification for study

For more than 40 years, the purpose of ASR implementation has been varied, from drinking
water supply through water storage to irrigation water supply; and so has led to the proliferation
of several engineering designs to fit intended use. Experiences gained over the years in terms
of hydrogeological studies, construction and implementation among others have contributed to
a wealth of knowledge in the discipline (Bloetscher et al., 2014; Dillon et al., 2019). This
notwithstanding, each system presents a unique opportunity to apply existing knowledge in
ASR science to achieve purpose. This study therefore is intended to apply such knowledge in
assessing the Bhungroo technology, while on the other hand, contributing to knowledge based

on the uniqueness of the technology in the Ghanaian environment.



In the past, investments have been made into increasing food security through the introduction
of agricultural technologies but some have ended in system failures. For instance, the World
Bank funded Village Infrastructural Project implemented in the Northern Regions of Ghana,
which was estimated to cost about US $30 million did not reap its full benefits, mainly due to
inadequate technical knowledge for proper operation and maintenance (Namara, 2010).
Currently, the average cost of a mechanized borehole for irrigation in Ghana is estimated at US
$12,426 (Torbaghan & Burrow, 2019) while a Bhungroo costs US $24,000! to construct
(personal communication from the Research Coordinator, Marloes Mul). The higher capital
investment into the Bhungroo compared to the usual irrigation borehole makes the Bhungroo
about twice more costly to construct. It is therefore imperative that a thorough performance
assessment of the technology is done on a smaller scale before upscaling, so as to ensure value
for money or a good return on investment.

Narratives on the need for Sustainable Development Goals (SDGs) indicate that 815 million
people go hungry and 795 million people are estimated to be chronically undernourished as of
2014, due to among other things climate change (FAO et al., 2017). The demand for food and
food security is pressing now than ever; especially for sub-Saharan African and particularly
Northern Ghana where drought and floods significantly affect agricultural activities. Hence,
efforts at applying agricultural technologies even on a local scale to increase food production
and contribute towards achieving the Sustainable Development Goals (SDG) need to be
supported. SDG 2 emphasizes the need to promote agricultural intensification using
agricultural technologies to end hunger. This notwithstanding, the application of such
technologies has to be sustainable in order not to jeopardize the ecosystem. For instance,

applying technologies like the Bhungroo could potentially cause changes in groundwater

! The breakdown of components making the BIT include: filter bed, mechanized borehole (diesel generator or
solar panel), overhead tank, booster pump, distribution pipes and sprinkler/drip system.
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quality and quantity (Bouwer, 2002; Herczeg et al. 2004; Owusu et al. 2017a). Hence, the need

to assess the technology in order to minimize potential risks while ensuring sustainability.

The assessment of the water quality issues associated with the Bhungroo operations would
enhance the understanding, description, and quantification of the source water for recharge,
storage and recovery. The compilation and evaluation of water quality data would enhance the
development of a monitoring program to collect additional data over time so as to use the data
in modeling for predicting potential water quality problems for a specific, proposed recharge

project.

1.4 Objectives
The main objective of the study is to assess the environmental and technical performance of
the Bhungroo technology in addressing dry season communal irrigation farming. Specific

objectives are to:

1. Determine the effects of Bhungroo artificial recharge, storage and recovery on
groundwater characteristics

2. Assess the contribution of Bhungroo to groundwater recharge

3. Assess the performance of Bhungroo in aquifer storage and recovery

4. Determine the sustainability of the Bhungroo in addressing dry season irrigation

farming.

1.5 Scope and Limitations

The research covered the North East and Upper East regions of Ghana where weathered and
fractured aquifers have been located in consolidated sedimentary and crystalline basement
rocks. Additionally, these areas have been known to experience flooding and long periods of
drought. Generalizations of findings are therefore more appropriate to similar hydrogeological

and climatic environments.



Again, though the Bhungroos were constructed in 2015, 2016 is considered as base year for
analyses since field data collection started in that year. The use of secondary data in the
analyses, however, was to fill gaps in the field (primary) data collected which included

groundwater, floodwater and rainwater quality measurements.

This study only focused on the environmental and technical performances, and not the
economic viability of Bhungroo operations, since enough primary or secondary economic data
such as farmer incomes and expenditures, cost of farm inputs among others were not considered

within the time frame of the study.

Inadequate data collection at the beginning of Bhungroo installation, and the irregular
collection of data during monitoring resulted in the loss of very important information

regarding recharge, storage and recovery.

The collapse or drastic reduction in the borehole depth of the Bhungroo wells before April

2016, meant the full potential of the Bhungroo could not be accessed.



CHAPTER TWO

2. Literature Review

The first three sections of this chapter describes groundwater occurrence, exploitation and
quality in Ghana, while the next two sections followed with a description of irrigation
governance and typology of irrigation systems in Ghana. The principles and concepts
governing the performance of Aquifer Storage and Recovery Systems are discussed in

subsequent sections, with examples of systems in other countries.

2.1 Groundwater occurrence in Ghana

Groundwater occurs in all geological formations in Ghana. The sedimentary and non-
sedimentary formations cover about 43 % and 57 % respectively of the land area of Ghana
(Mensah, 2010). The sedimentary rocks, belonging to the Voltaian system, are located mainly
in the Volta basin and the central parts of the coastal areas. Occurrence of groundwater is
controlled principally by local geology and other factors, such as topography and climate
(Yidana et al., 2012; Obuobie et al., 2013). The non-sedimentary rocks mainly belonging to
the Birimian super group are associated with Precambrian (Paleoproterozoic) cratonic
supracrustal and intrusive rocks, generally trending North East - South West (Kortatsi, 1994;

Obuobie et al. 2012).

Aquifers underlie almost all areas in the country but with high variations in yields. In the latest
hydrogeological zonation, which is an improvement over previous works, Banoeng-Yakubo et
al. (2010) determined five main hydrogeological provinces distinguished by their well yields,
lithology, and groundwater quality. These consists of the Birimian Province, the Crystalline
Basement Granitoid Complex Province, the Voltaian Province, the Pan African Province, and

Coastal Sedimentary Province. The most prolific aquifers in the country are identified among
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the fractured and weathered zones within the non-sedimentary rocks. Aquifers of these rock
formations also offer groundwater of the best quality for most uses in the country. However,
yields of aquifers seldom go beyond 8 m%/h (Kortatsi, 1994; Dapaah-Siakwan & Gyau-Boakye,

2000; USAID, 2011).

2.2 Groundwater Exploitation

The first record of groundwater exploitation dates back to when the first artesian well was
successfully drilled in the 12th Century (Osiakwan, 2002). However, records of a more formal
groundwater development programme could be traced to the 19th Century under the Gold
Coast Survey Department, where due to intermittent droughts, population growth and
congestion of larger communities, hand dug wells were developed to supply water to the urban
and rural areas. Later in 1915, mention is made of a modern well located in Accra (Gyau-
Boakye & Dapaah-Siakwan, 1999). Several boreholes sited in the country have been the
collective efforts of government agencies, local and international donors, non-governmental
organizations and individuals. Current data on the number of groundwater abstraction systems
comprising boreholes, hand dug wells and dugouts in Ghana is still unavailable, though it was
estimated to be more than 60,000 in 2004 (Agyekum, 2004). Groundwater development and
distribution have not been evenly spread across the country due to uneven demand for
domestic, irrigation and livestock. Thus, several boreholes have been sited in Northern Ghana
with aquifers located between 3 and 60 m deep (HAP, 2006; USAID, 2011). Consequently,
there have been concerns related to over exploitation in some parts of Northern Ghana (Anim-
Gyampo et al., 2012) since aquifers are usually not extensive, restricted and occur in patches

(Dapaah-Siakwan & Gyau-Boakye, 2000; Darko, 2015).

Groundwater for rural and urban water supply in Ghana has been largely towards agriculture,
domestic and industry use. It is estimated that over 95 % of groundwater use is for domestic

purposes (Gyau-Boakye et al., 2008) and about 50 % of the total number of borehole and hand
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dug wells are used solely for drinking and domestic water supply (Kortatsi, 1994). Overall,
around 41 % of households in Ghana depend on groundwater for their water supply (GSS-
GLSS 5, 2008) — this is generally much higher in rural areas (59 %) than urban areas (16 %).
Less than 5 % of groundwater in Ghana is used for irrigation and watering of livestock and
poultry (Laube et al., 2008; GSS, 2008; Agodzo et al., 2003). Increase groundwater
consumption and subsequent agricultural production has often been limited by costs associated
with the adoption of advanced groundwater irrigation technologies. For instance, in the
Atankwidi-Anyare catchment area of the Upper East Region, farmers using buckets for
irrigation cultivate an average farm size of 600 m? (0.06 ha), whereas those using pumps

cultivate an average farm size of 2,000 m2 (0.2 ha) (Laube et al., 2008).

Groundwater exploitation for irrigation in Ghana utilizes both shallow and deep aquifers. While
shallow aquifers are often used in smallholder farms due to lower cost of construction, deep
aquifers are used for large commercial or sponsored irrigation (borehole) schemes (Namara et
al., 2011). The cost of mechanized boreholes in Ghana ranges from of about US $3,350 —
21,261 (Torbaghan & Burrow, 2019). Borehole irrigation systems such as the 1,500 wells
within the Keta strip sponsored by the Agricultural Sector Investment Program (ASIP)
(Namara et al., 2011) and the provision of 40 treadle pumps for farmers sponsored by the Food
and Agriculture Organization through the Special Program for Food Security (SPFS), continue
to support agricultural productivity (Adeoti et al., 2007). This notwithstanding, there has not
been any major expansion of borehole-based irrigation systems in Ghana due to inadequacy of
groundwater yield, cost of development, maintenance of the system, high construction and

energy cost for water abstraction among others (Namara et al., 2010; Obuobie & Barry, 2010).

2.3 Groundwater quality
Groundwater quality refers to the physical, chemical and biological state of water beneath the

surface of the earth. Groundwater quality can be influenced by groundwater chemistry,
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groundwater-rock interactions, local geology, and residence time in the aquifer among others.
Hence, groundwater quality varies widely on spatial and temporal scales. In the development
of ASR systems, the presence of chemical and microbial contaminants in the recharge water
that could impair the use of the recovered water for its intended use at the time of operation or
after project life is of utmost concern. The potential of contaminants introduced into an aquifer
building up in the aquifer is also of concern. Hence, groundwater quality is among the most

important parameters considered in groundwater monitoring and sustainability.

Assessing groundwater quality is generally based on a comparison of measured groundwater
quality indicators against guideline values that usually relate to the potential use of the water
(DSITI, 2017). Thus, the common indicators used to assess water quality relate to health of
ecosystems, safety of human contact and drinking water. Indicators are selected based on,
understanding, description and quantification of prevailing field conditions. Data collected
from all indicators contribute to the compilation and evaluation of existing water quality data
in addressing current and future water quality issues through monitoring, modelling and
prediction. Due to the water-rock interactions, chemical, mineralogical and lithological data
about the aquifer is useful in interpreting groundwater quality data. Physical groundwater
quality indicators include temperature, pH, dissolved oxygen, conductivity and turbidity.
Chemical groundwater indicators include nitrate, nitrites, ammonia, phosphates, chlorides,
fluorides, bicarbonates, carbonates, arsenic, sodium, potassium, magnesium, manganese and
iron. However, chemical constituents in groundwater can be categorized as major and minor.
Major cations in groundwater are usually sodium (Na*), potassium (K*), calcium (Ca?*),
magnesium (Mg?") and the major anions are chloride (CI), bicarbonate (HCO3Y), sulphate
(SO4%) and nitrate (NO3"). Minor constituents (occur in minor amounts) include: iron (Fe; taste,
staining), boron (B; toxicity to plants), fluoride (F; health risk), aluminium (Al; health risk),

nitrate (NOgz"; health risk). Biological constituents include bacteria (e.g. Salmonella, Yesinia,
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Campylobacter and Mycobacterium), viruses (e.g. Adenoviruses, Papovaviruses and Hepatitis
A), protozoa and helminth (e.g. Gardia, Crptosporidium, Entamoeba Histolytica and
Shistosoma) (WHO, 1996). However, indicators of microbiological contamination are general
(process) microbial, faecal, index organism and model organism indicators. According to
Strauss et al. (2001), using faecal indicator organisms particularly Escherichia coli (or
thermotolerant coliform organisms) as the basis for microbiological contamination or
pollution, is to make prudent use of scarce resources by using a simple test. Thus, unlike other
indicators which may not give reliable detection limits, E. coli is universally present in large
numbers in the faeces of humans and warm-blooded animals and so readily detected by simple
methods. Again, they do not grow in natural waters but persist in water and can be removed by

simple water treatment processes (WHO, 1996).

2.3.1 Groundwater quality in Ghana
Groundwater found in non-sedimentary rocks are generally soft with low total dissolved solids

(TDS) (Mensah, 2010). Groundwater pH averages about 6.5 and is slightly acidic in the granitic
terrain (Anku et al., 2009). In some instances, high iron and manganese concentrations give
colour to the water when exposed to the atmosphere. Similarly, groundwater quality in the
sedimentary formation is largely good for human consumption. Nonetheless, saline waters with
TDS concentrations of 1,000 - 1,500 mg/l have been observed in the central portion of the

Volta basin (Kortatsi, 1994; Barry et al. 2005).

Groundwater hydrochemistry is principally controlled by the silicate mineral weathering and
cation exchange activity (Banoeng-Yakubo et al. 2010). These processes are pervasive
throughout the country. Thus, chemical character of groundwater reflects the nature of the soil
and rock media through which it passes enroute to the groundwater zone of saturation (Foster
et al. 2000), and the residence time (MacDonald et al., 2002). Thus, the type and extent of

chemical contamination of the groundwater is largely dependent on the geochemistry of the
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soil through which the water flows prior to reaching the Aquifers (Zhang et al., 2011). For
instance, high fluoride concentrations in some parts of northern Ghana have been attributed
principally to the dissolution of mineral fluorite in a type of granite locally known as the Bongo
granite (HAP, 2006). Similarly, the report that 30% of all boreholes in Ghana have iron problem
(Ayibotele, 1985), is partly attributed to the high iron proportion in bedrock of aquifers

(Smedley et al., 1995).

Apart from natural factors influencing water quality, human activities such as domestic,
industrial and agricultural practices impact negatively on groundwater resources. For instance,
the high nitrate concentrations found in shallow groundwater have been attributed to
anthropogenic sources including contamination from poorly sited and constructed sanitary
facilities, surface runoff contamination of structurally defected wells and faecal contamination
from poorly managed animal husbandries (Kortatsi, 1994; Duodu, 2014). Generally, cases of
microbiological, chemical, agrochemical or industrial waste pollution (nitrate) of groundwater
is not wide spread but few cases have been reported in isolated areas (Water Resource and
Research Institute [WRRI], 1990; Ntow, 2001; Banoeng-Yakubo et al. 2010). Therefore
groundwater quality is generally considered good for domestic and agricultural use in all

aquifers in Ghana (Kortatsi, 1994: 2006: Darko et al, 2003; Amankona, 2010).

2.4 Groundwater irrigation governance

The use of water resources brings together very complex relationships among various actors in
the management of the resource. In Ghana, key institutions such as the Water Directorate of
the Ministry of Sanitation and Water Resources, Water Resources Commission (WRC),
Council for Scientific and Industrial Research-Water Research Institute (CSIR-WRI), Ghana
Water Company Limited (GWCL), Hydrological Services Department (HSD), Community
Water and Sanitation Agency (CWSA) and the Environmental Protection Agency are

responsible for the management of both surface and groundwater resources (Opoku-Ankomah
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et al., 2006; Obuobie et al., 2013). However, transboundary water resources are managed by
countries which share the common resource. For instance, the Volta River Basin is managed
by representatives of countries including Ghana, Benin, Togo, Cote d’Ivoire, Mali and Burkina

Faso, under the Volta Basin Authority (Ampomah et al., 2008).

2.4.1 Institutional framework
Key agencies responsible for irrigation development include Ghana Irrigation Development

Authority (GIDA), the District Assemblies, Environmental Protection Agency and Water
Resources Commission (WRC) (Figure 2-1). GIDA, the lead agency, is responsibility for
developing the country’s water resources for irrigated farming, livestock watering and

aquaculture (MOFA, 2011). Other responsibilities include (MOFA, 2011):

e Promote access to safer groundwater or safer irrigation practices where only marginal-
quality water is available

e Promote good agricultural practice on all irrigation schemes

e Promote effective collaborations with appropriate agencies to ensure environmental
compliance

e Promote effective research collaborations with other agencies and dissemination of
information on safe irrigation practices for irrigated urban and peri-urban agriculture

e Assist District Assemblies in preparing responsive gender sensitive and pro-poor
development plans to meet agricultural and water use related demands

e Encourage irrigation technology development and transfer

e Set national irrigation service delivery, design standards and operational guidelines
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Figure 2-1: Actors and Institutions in the Irrigation sub-sector (Source: Ministry of Food and

Agriculture [MOFA], 2011)

They also work in collaboration with the Department of Cooperatives, the private sector, field

based Non-governmental Organizations (NGOs), and farmer associations. Over the years,

GIDA had focused on the development of surface water especially dams for large scale

irrigation. Hence, lack enough capacity for groundwater development. For instance the climate

change adaptation report and Ghana’s third national communication report to the United

Nations Framework Convention for Climate Change (UNFCCC) emphasized lack of GIDA’s

capacity in identifying and harnessing the potential of groundwater for large scale irrigation

during the 2010 extreme events in Northern Ghana (Government of Ghana [GoG], 2015).
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2.4.2 Regulatory framework
Until recently, irrigation development and expansion in Ghana has been without any clear cut

policy guide. Development has been dictated and affected by ad-hoc government agricultural
strategies and programmes (MOFA, 2011). The launching of the National Irrigation Policy in
2010 was the beginning of streamlining irrigation activities in Ghana. The policy led by GIDA

sets out to address:

1. Low agricultural productivity and slow rates of growth
2. Constrained socio-economic engagement with land and water resources
3. Environmental degradation associated with irrigated production

4. Lack of irrigation support services

Unfortunately, the policy is also silent on groundwater development for irrigation in Ghana
and so has no design standards or guidelines for say borehole irrigation development. While
awaiting a promulgation of this regulation, irrigation borehole developers could rely on
standards or codes of practice, within Ghana and elsewhere. For instance, South Africa code
of practice for Aquifer Storage and Recovery could be a good regulatory reference material for
irrigation borehole development (SA EPA, 2004). Except for yield determination and specifics
in terms of borehole development, regulations from the Community Water and Sanitation
Agency (CWSA), under the Ministry of Sanitation and Water Resources (MSWR), provide
some general guidelines on the processes for siting water supply boreholes to augment other
documents on borehole irrigation development (MSWR, 2010). Though these codes of practice
or guidelines may not be enough to meet the requirements for the development of an Aquifer
Storage and Recovery system, it will serve as reference information for industry practitioners

S0 as to improve practice.
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2.4.3 Legal framework
Irrigation Development Authority (GIDA) established by Supreme Military Council Decree 85

performs its functions under Irrigation Development Authority Decree 1977 (S.M.C.D. 85) in
the formulation and execution of plans and programmes for the development of irrigation, land
use planning among others. Irrigation Development Authority Regulations 1987 (L.I. 1350)
defines roles of project management, representation in the management of various Technical

Departments and Farmers’ Associations.

The Water Resources Commission derives its powers from Water Resources Commission Act
1996 (Act 552). WRC regulates Ghana’s water resources and coordinates all related
government policies. Acts 552 recognizes the President or anyone so authorized by him as
holding all water resources in trust as there is no private ownership of water in Ghana. Thus,
the trustee may grant rights for water use. Water Use Regulations 2001 (L.I. 1692) issued by
the WRC stipulates the procedures to obtain water use permits (application, investigation,
decision, objections, Environmental Impact Assessment requirements etc.) and modalities of
administrative fees as well as raw water charges. In December 2001, however, parliament
adopted some exemptions for water users to obtain permit. This include: where water
abstracted is by manual means or by mechanical means, where abstraction level does not
exceed 5 I/s, where subsistence water use for land areas not exceeding 1 hectare and where
subsistence aquaculture water use not exceeding 1 hectare (Water Resources Commission

2003).

Local Governance Act 2016 (Act 936) empowers the District Assemblies with the
responsibility to among other things develop, improve and manage the environment in the
district. For instance, where substantial injury to the environment, amenity, public health or the
economy is caused by a nuisance or is likely to result from the action or inaction of a person, a

district planning authority may serve notice in the prescribed form on, and requiring that person
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to abate the nuisance within the time specified in the notice (Local Government Service, 2015).
The districts assemblies and local authorities also assist the Water Resources Commission in
giving water rights on behalf of the Water Resources Commission (Opoku-Agyemang, 2005).
However, the Assembly is required to update the WRC on all water use rights approved

(Opoku-Agyemang, 2005).

Environmental Protection Agency (EPA) plays regulatory and enforcement roles backed by
Environmental Protection Agency Act, 1994 (Act 490). EPA, therefore performs its functions
through Environmental Assessment Regulations 1999 (L.l. 1652). This LI stipulates the
procedures, under EPA Act 490, for acquiring Environmental Permits and conducting
Environmental Impact Assessments. Hence, dealings in the domains of agriculture, drainage
and irrigation, construction, water supply among others which have or are likely to have
adverse effects on the environment of public health are investigated under these regulations

(Fuest et al., 2005).

The Office of the Administrator of Stool Land Act 1994 (Act 481) empowers the office to
manage revenue drawn from stool lands under the overall control of the Lands Commission.
According to State Lands Act 1962 (Act 125), the President has the power to acquire land for
the public interest by activating the compulsory acquisition process or the state can acquire
lands by powers of eminent domain with no compensation unless required to do so by a Court

ruling.

2.5 Typology of Groundwater irrigation systems in Ghana

Irrigation systems in Ghana are classified as Conventional and Emerging. The conventional
systems are mainly introduced and developed by the Government of Ghana and non-
governmental organizations (NGOs), or are developed by communities or individuals over a

number of years. These includes: public surface irrigation systems, small reservoir-based
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communal irrigation systems, domestic wastewater and storm water irrigation, recession
agriculture or residual moisture irrigation and traditional shallow groundwater irrigation
(Namara et al., 2010; Ofosu, 2011). The traditional shallow groundwater irrigation which is of
interest (because it deals with groundwater usage) is practiced across Ghana particularly in the
Volta region along the Keta strip and in the Northern Regions. This system has well been used
for over 200 years but has transformed into other emerging groundwater systems due to the
introduction of electric, diesel, petrol, solar and wind-powered engines (Namara et al., 2010;

Ofosu, 2011).

The Emerging Irrigation Systems are those initiated and developed by private entrepreneurs
and farmers, either autonomously or with little support from the government and/or NGOs.
They also include groundwater irrigation systems, river lift irrigation system, public-private
partnership-based commercial irrigation system, lowland/inland valley rice water capture
system and small reservoirs/dugout-based private irrigation systems. Unlike the traditional
shallow groundwater irrigation these systems have emerged but have not been widely used due
to constraints such as drilling technology, costs of development and lack of energy. This
notwithstanding, sub-typologies including seasonal shallow-well systems, permanent shallow-
well systems, shallow-tube well systems and communal borehole systems are becoming
dominant in specific agro-ecological socioeconomic and institutional setting (Namara et al.,

2010).

2.6 Managed Aquifer Recharge (MAR) Systems

For the past 60 years the world has witnessed unparalleled groundwater extraction, over
exploitation as well as development of new technologies for water treatment that together drive
the advancement in intentional groundwater replenishment called Managed Aquifer Recharge

(MAR) (Dillon et al. 2019). MAR technologies operate using different methods to maintain,
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enhance and secure groundwater systems under stress (Dillon et al., 2009 and 2019). Table 2-1

presents the different MAR methods.

Table 2-1. Variety of methods used in Managed Aquifer Recharge technologies

Type of MAR Method and Use

Well and borehole recharge: Useful in brackish or
Aquifer Storage and Recovery (ASR)
freshwater aquifers for water storage.

Well and borehole recharge: Useful in achieving
Aquifer Storage, Transfer and Recovery (ASTR)
additional water treatment in the aquifer.

Spreading method: Useful in diverting surface water
Infiltration ponds sources, through an unsaturated zone, into underlying

unconfined aquifer

Spreading method: Useful in allowing infiltration
Infiltration galleries from buried perforated pipes, through unsaturated

zone into unconfined aquifer

Spreading method: useful in treating wastewater
Soil aquifer treatment (SAT) effluent or stormwater through the unsaturated zone

into unconfined aquifer

In-channel modification: To enhance storage in
Percolation tanks or recharge weirs unconfined aquifers from dams built in ephemeral

streams

Runoff harvesting: To enhance water storage in
Rainwater harvesting for aquifer storage
unconfined aquifers

In-channel maodification: To enhance recharge
Recharge releases
(infiltration) into underlying aquifers
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Type of MAR

Method and Use

Dry wells

Well and borehole recharge: To infiltrate high quality

water into the unconfined aquifer at depth

Bank filtration

Induced bank infiltration: To induce infiltration from

the surface water body

Dune filtration

Induced bank infiltration: Useful for improving water

quality and balancing supply with demand

Underground dams

In-channel modification: To retain flood flows in

saturated alluvium for stock and domestic use

Sand dams

In-channel modification: To enhance the creation of

an aquifer to meet dry season water demand

Source: Dillon et al. (2009) and IGRAC (2016)

2.6.1 Aquifer Storage and Recovery (ASR)
ASR, sometimes referred to as artificial recharge (AR) or aquifer recharge and recovery (ARR),

began around the 1960s in United States (Pyne, 2005). Typically, water is injected into an

aquifer, stored and recovered for disinfection and use. In the process, injected water displaces

ambient ground water and creating a ‘‘bubble’’ or a *‘bottle brush’’ or “upside-down Christmas

tree” owing to aquifer heterogeneity (Missimer et al., 2002; Vacher et al., 2006). As of 2016

there were over 500 ASR wells operating in the United States, spread among at least 25 of the

52 States (Dillon et al. 2019). ASR technology has been applied in several countries including

Australia, South Africa and Netherlands, however, there is no available record of its use in

Ghana. Hence, the Bhungroo ASR system seems to be the first of its kind undertaken specially

for agricultural use in Ghana.
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2.6.2 ASR Concepts and Terminologies
Aquifer recharge is the addition of water to groundwater storage either through a natural or

artificial process. Thus, recharge is defined as water that moves from the land surface or the
unsaturated zone into the saturated zone (Meinzer, 1923; Heath, 1983). Aquifer storage,
however, refers to the subsurface, reservoir or water bearing rock (confined, unconfined or
semiconfined) receiving recharge water and recovery or abstraction refers to the pumped water
from storage (Gale et al., 2002).

Different concepts in the fields of hydrology, hydrogeology, geochemistry and sustainability
are relied on to explain the processes involved in aquifer recharge, storage and recovery.
Generally, the analyses of ASR relies on the law of conservation of mass and Darcy’s law to
estimate the water balance and quantify the flow of water from source to recovery (Kovalevsky
et al. (2004). Kovalevsky et al. (2004) further explains that the water balance equation is used
to describe the flow of water in and out of a system. This follows the law of conservation of
mass which states that mass can neither be created nor destroyed but transformed from one
form to the other. Thus, typically the water balance equation is represented as:

Inflow = outflow + change of storage.

Darcy’s law also explains the movement of groundwater through a porous medium and states
that the rate of discharge (Q) is proportional to the gradient in hydraulic head (I) and the
hydraulic conductivity (K) (Darcy, 1856). i.e.

Q =KIA

Q is discharge (L3/T), K is hydraulic conductivity (permeability) (L/T),

I is hydraulic gradient, A is cross-sectional area through which flow occurs (L2)

The macroscopic characteristics of the aquifer material in relation to the transmission behavior
of water in the aquifer explains the hydraulic properties (hydraulic conductivity, transmissivity,
storativity and specific yield) of the aquifer/recharge well. The zone of mixed water which

interfaces the injected/recharged water and native groundwater called the buffer zone is a
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function of the recovery efficiency i.e. the percentage of recharged water recovered (Maliva
and Missimer, 2010).

Other important concepts often used to explain the aquifer/rock-water interactions or the
geochemistry of the ASR system relates to the hydrochemical properties of groundwater,
mixing ratios, sediment transport, cation exchange, sorption and the water quality. For instance,
hydrochemical analysis exposes the water quality by measuring the concentration of
parameters and comparing them with the drinking, industrial and irrigation water standards and
helps in understanding the change in quality due to rock—water interaction or any type of
anthropogenic influence (Kelley 1940; Wilcox 1948).

The principle of environmental sustainability is another very important principle employed
in the establishment and the operations of ASR. This is to ensure the wise use of limited
groundwater resources to meet present needs without compromising the future generation to
meet their own needs. Thus, issues such as groundwater overexpoitation, pollution, depletion,
safe yield and sustainable yield are covered. The concept of Integrated Water Resources
Management apart from requiring the careful monitoring of the water table elevation to avoid
groundwater overexploitation (Rushton, 1994) also ensures that decision making on
groundwater resources bring together all stakeholders (WRC, 2012).

The terminologies below are used to explain ASR concepts: Aquifers, regolith, confined
aquifers, porosity, hydraulic conductivity, transmissivity, recovery efficiency, specific capacity
and buffer zone.

A. Aquifers

An aquifer is a saturated bed, geologic formation, or group of formations from which
significant amounts of groundwater can be pumped for domestic, municipal, or agricultural
uses.

B. Regolith
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It is a geologic term used to describe the loose and discontinuous blanket of decayed rock debris
overlying solid bedrock. The term “soil” is sometimes used for this unconsolidated material,
but soil is only the very uppermost part of the regolith, where the physical and chemical
weatherings are the most active. Herein, the regolith includes the soil layer and the underlying
loose material.

C. Phreatic water (Groundwater)

This is defined as water that enters freely into wells under both confined and unconfined
conditions

D. Confined Aquifers

When a borehole is drilled through an overlying imperious layer into a water bearing formation
and into another impervious basal bed, the aquifer is called a confined aquifer.

E. Porosity

The porosity of a sediment or rock formation is defined as the fraction of the material’s volume
that is not occupied by solids.

F. Hydraulic Conductivity

The property of a water bearing formation that relates to its pipeline or conduit function is
called hydraulic conductivity (k) and is defined as the ability of a porous medium to transmit
water.

G. Transmissivity

The transmissivity of an aquifer is defined as the hydraulic conductivity times the thickness of
the aquifer: transmissivity = hydraulic conductivity x aquifer thickness Residence time

The residence time and flow path are determined by factors like aquifer thickness, permeability,

porosity and amount of recharge.
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H. Recovery efficiency

The percentage of recharged water recovered. It is a function of the hydraulic properties of the
storage aquifer, native water chemistry, and buffer zone establishment

I. Specific capacity

The pumping flow rate per unit change in water level at the well. The units used in this report
are gallons per minute per foot. Specific capacity during recharge is less than in recovery

J. Buffer zone

A zone of mixed water at the interface of the injected, or recharge, water and native
groundwater. In most instances, the native groundwater is of lower quality than the recharge
water and therefore undesirable for recovery. The volume of recharge water in the zone is
called the buffer volume. More water is recharged than recovered during early aquifer storage

and recovery operations to establish this zone.

2.6.3 Design of ASR
The viability of an ASR is dependent on the underlying geology of an area, topography,

presence and nature of aquifers, local hydrology, land use, ambient groundwater quality and
anticipated uses of the recovered water (Dillon et al. 2009; Karamouz et al., 2010). These
factors also occasion the differences in ASR design. ASRs can differ with respect to the entire
chain of system design, treatment processes and method of injection among others (Table 2-2).
For instance, a comparison between Bhungroo and other ASR systems show that the former
operates under gravity with no pretreatment whereas the latter requires pretreatment before
injection of recharge water under pressure. It is however noted that clogging remains a general
issue confronting ASRs irrespective of the design (Bouwer et al. 2008).

Though it could not be inferred from Table 2-2, Murray (2008) observes that two main physical
characteristics determine whether or not an aquifer is suitable for accepting storing and

recovering artificially recharged water. These are the aquifer’s hydraulic conductivity and its
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storage capacity (Murray, 2008). A third significant factor is the aquifer’s hydraulic gradient
and the natural geological barriers to flow. These relate mostly to the recovery of the recharged
water (Murray, 2008). Aquifers which have high hydraulic conductivity and which have high
storage capacity are more suitable for receiving extra recharge water than those which have
low conductivity and capacity (Dillon et al. 2019). Highly permeable aquifers, however, are
not always ideal for artificial recharge if high quality water is stored in a saline aquifer, as this
may result in undesirably high blending ratios (Dillon et al. 2009). Aquifers with high hydraulic
conductivity and high hydraulic gradient may also be problematic, as water will flow rapidly
away from the point of recharge and may be difficult to recover. This problem is greatest in
fractured aquifers and can be averted either by placing recovery boreholes down-gradient of
the recharge facility, or by reversing the hydraulic gradient during pumping so that water flows
back towards the initial point of recharge.

Table 2-2. ASR Designs in India, Australia and USA

Parameters Bhungroo ASR
India-Gujarat India- USA- Australia USA-
Florida Florida
Obijective Agriculture Agriculture | Domestic | Landscape Domestic
irrigation
Population/Area served | 8-12 ha NA NA NA NA
Source of Recharge Floodwater, Run | Floodwater, | Surface Stormwater River
off from fields Run off | runoff runoff
from fields
Pre-treatment Not required Not Required | Required Required
required
Recharge rate 220mm/year NA NA 62500m?3/years 3800m?%/day
(270 days)
Type of recharge Gravity Gravity Injection | Injection (under | Injection
(under pressure) (under
pressure) pressure)
Adquifer storage 4000-40000m? NA 54000m* | NA NA
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Parameters Bhungroo ASR
Residence Time 90 days NA 3 days NA 9 months
Aquifer type Limestone, NA NA Limestone, NA
alluvial, unconfined
semiconfined
Borehole depth NA Upto50m | NA NA NA
Recovery rate NA 2590md/day | NA NA 3800m®/day
Recovery Efficiency 60 % NA 512 % N/A
(36 days)
Issues Clogging of wells | NA NA clogging NA
Benefits NA High NA NA NA
suspended
loads
(>2000
mg/l)
removed
Source Hollander et al. | Malik et al. | Reese Pavelic et al. | Eckman et
(2009) (2002) (2002) (2006) al. (2004)

Although all type of aquifers i.e. unconfined, semi-confined and confined, are possible to use

with ASR well, unconfined aquifers are less suited (Pyne, 2005; Dillon et al. 2019).

ASR is designed to meet these requirements (Pyne, 2005; Bloetscher et al., 2014; Dillon et al.,

2019):

e Protect or improve groundwater quality

e Ensure that the required water quality is recovered

e Protect aquifers from damage either through recharge or recovery

e Auvoid problems such as clogging or excessive extraction of aquifer sediments

e Ensure design is consistent with environmental flow requirements and catchment

management strategy.

Additional design requirements may include source water diversion, treatment, conveyance,

and injection to the subsurface through one or more wells, with subsequent pumping to recover
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stored water (Figure 2-2). The injection (artificial recharge), storage, and recovery process

forms one cycle of ASR (Figure 2-2).
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Figure 2-3. A typical ASR system cycle (Southwest Hydrology, 2008)

2.6.4 ASR performance assessment
ASRs go through thorough framework for assessing the feasibility of the system before full

operations begin (Figure 2-4). Depending on design and use, all ASR systems are required to
meet some performance standards to be regarded as feasible. An understanding of the local
hydrogeology is primary to determining the technical feasibility of ASR projects (Gale, 2005;

Murray, 2008; Dillon et al. 2009).
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Figure 2-4. A framework for assessing the feasibility of aquifer storage and recovery (Source:
Arshad et al., 2014).

Arshad et al. (2014) used a seven component approach in assessing the feasibility of aquifer

storage and recovery systems. This approach mainly considers regulatory, economics, social,
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technical and environmental issues in its assessment framework. Hydrologic assessment,
assessment of engineering methods and hydrogeological investigation, form the technical
aspects of the framework dealing with the efficiency or functionality of the physical
components of the system. On the other hand, environmental risk in the framework assessed
the functionality of the system to mitigate against groundwater pollution. Similar documents
such as the Draft Managed Aquifer Recharge Guidelines also provides a stepwise approach to
determining the feasibility of an ASR (EPHC/NRMMC/NHMRC, 2008; Dillon & Arshad,

2016):

e Stage 1 considers the economic, social and environmental factors in project selection

e Stage 2 involves investigations into site specific conditions,

e Stage 3 involves commissioning trials

e Stage 4 is operations.
The elements for assessing ASR performance at Stage 3 which is also critical for the
determination of Bhungroo performance include: the adequacy and suitability of source water
for recharge, suitability of aquifer for storage and recovery, suitability and sufficiency of
recovered water to meet demand and sufficient land to harvest and treat water

(EPHC/NRMMC/NHMRC, 2008; Dillon et al., 2009).

2.6.4.1 Technical performance assessment of ASRs

A. Recharge system

The recharge performance of ASR is influenced by the availability of excess surface water and
the efficiency of the recharge system to convey water underground (Bouwer, 2002; Maliva &
Missimer, 2010). However, the quality of available excess surface water also influences
recharge performance of the system. For instance, poor quality surface water reduces the

recharge performance of ASR wells due to debris plugging well screens (Pyne, 1995; Barry et
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al., 2010; Bloestcher et al., 2014). Further, the nature or type of recharge system also influences
the efficiency of recharge, since it limits the volumes of water conveyed underground (Bouwer,
2002; Bloestcher et al., 2014). For instance, the use of injection systems where recharge water
is under pressure contributes larger volumes of water to storage than natural infiltration systems
under gravity (Barry et al., 2010; Bloestcher et al., 2014). For artificial systems, such as the
Bhungroo, infiltration rate and recharge volumes are a function of the filter bed/basin, hence,
increasing the infiltration area, increases the infiltration rate and the recharge volume (Owusu
et al., 2017a). Consequently, variations in recharge volumes which reflect in water level
changes make the latter a useful indicator in assessing the recharge performance of ASR wells
(Pavelic et al., 2008; Dillon et al., 2009; Pavelic et al., 2012).

Typically, overall ASR recharge performance is evaluated using recharge methods such as
water table fluctuation, tracer techniques, water budget, Darcy’s law, empirical methods and
groundwater models among others (Bouwer, 2002; Dillon et al., 2009; Dillion et al., 2018).
The most appropriate choice depends on available data, local geographic and topographic
conditions, spatial and temporal scale required and reliability of results obtained by different
methods (Islam et al., 2015). This notwithstanding, the most widely used method is the water
table fluctuation method (Allison et al., 1990; Healy & Cook., 2002; Obuobie, 2008).

B. Storage system

The storage performance of an ASR depends on hydraulic properties of the storage zone aquifer
and the confining strata, the interaction of stored water with ambient groundwater and aquifer
rock or sediment, aquifer storage size, permeability and connections with other aquifers
(Bouwer, 2002; Maliva et al., 2006; Dillon et al., 2009; Bouwer et al., 2009). Aquifer
heterogeneity and fluid-rock or fluid-sediment interactions also impact ASR storage
performance (Maliva et al., 2005; Ward et al., 2009; Zuurbier et al., 2013). In evaluating the

importance of various hydrogeologic factors on ASR system performance, Maliva et al. (2006)

33



observed that salinity of the ambient water and dispersivity of the storage zone aquifer had a
great impact on recovery efficiency. Maliva et al. (2006) argues that as salinity increases, lesser
amounts of mixing of ambient and stored water may occur before the stored water exceeds a
water quality threshold. Higher salinities also result in greater convective movement of stored
water in response to density gradients. The presence of high-transmissivity flow zones within
the storage zone aquifer can result in excessive mixing and migration of stored water (Pavelic
et al. 2002; Dillon et al., 2009; Ward et al., 2007 and 2009; Zuurbier et al., 2013). Where the
storage zone contains water quality that has total dissolved solids (TDS) exceeding about 5,000
mg/l, the density difference between the stored water and the surrounding ambient groundwater
can reduce recovery efficiency, particularly during extended storage periods (Maliva et al.

2006; Dillon et al., 2009).

Water level changes are indicative of changes in the physical storage of the aquifer (Bouwer,
2002; Obuobie, 2008). Hence, the amount of storage achieved is a function of the increase in
head (Ah) above static water level. No net storage occurs if the water level returns to the pre-
recharge static level. The problem with recharging ASR systems, therefore, is about achieving

a useful storage (Maliva & Missimer, 2010; Dillion et al., 2009).

C. Recovery system

Recovery is a very important function which often defines the performance of an ASR system
(Zuurbier et al., 2013; Ringleb et al., 2016). It is generally defined as the ratio of the amount
of water stored that can be recovered without further treatment to the total amount of water
recharged (Kimbler et al., 1975; Maliva et al. 2006; Dillon et al., 2009; Ringleb et al., 2016).
It is not uncommon to have reduced efficiency because of mixing of original (ambient) ground
and surface (recharge) water (Eastwood & Stanfield, 2001; Lowry & Anderson, 2006). Primary

mechanisms that can influence the efficiency of ASR systems are those that can introduce or
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enhance mixing in the subsurface including density-gradient driven convection, dispersion and
diffusion, heterogeneity of the aquifers and rate-limited mass transfer (Lu et al., 2011;
Bloetscher et al., 2014). Additional factors such as salinity, aquifer thickness, hydraulic
conductivity, hydraulic gradient, aquifer anisotropy, and hydrodynamic dispersion also
influence aquifer recovery performance (Ward et al., 2007 & 2008; Maliva et al., 2005 & 2006).
The first ASR cycle at a new site provides an opportunity to gather enough data on recovery
efficiency and ASR performance. Initial cycle recovery water quality results for several ASR
sites show very little mixing with surrounding water, however, mixing increases with
subsequent cycles (Bouwer et al., 2009; Maliva & Missimer, 2010). This is because the residual
water not recovered in one cycle becomes a transition or buffer zone of marginal quality
surrounding the stored water in the next cycle (Bouwer et al., 2009; Barry et al. 2010). Frequent
recovery increases the recovery efficiency of wells and vice versa since potential well clogging
is reduced (Bloestcher et al., 2014). Wells which are not frequently recovered result in a 10-20
% loss in efficiency each year, rendering the wells unusable within 3-5 years (Bouwer et al.,

2009).

2.6.4.2 Environmental performance assessment of ASRs

By design, the implementation of ASR implies that aquifers are vulnerable to the introduction
of non-native waters resulting in leaching and mobilization of metals, such as As, Fe, Mn,
among others due to differences in the oxidation-reduction potential of injected and receiving
waters (Arthur et al., 2002; Vanderzalm et al., 2014; Dillion et al., 2018;). However, the
treatment of water, near for example drinking standards, prior to recharge does not necessarily
protect the aquifer from contamination due to the possible formation of chloroform in
recovered water after chlorination (Dillion et al. 2009). Thus, aquifer interactions with
recharged water could result in ineffective contaminant removal or the introduction of new

contaminants (Dillon et al., 2009, Maliva & Missimer, 2010; Dillon et al. 2019). Other
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processes hampering aquifer performance include well clogging due to chemical precipitation
reactions, increased turbidity and microbial growth, virus survival and transport, organic and
inorganic colloidal transport (Bouwer et al., 2009; Barry et al. 2010; Dillon et al., 2019). For
instance, infiltration water depth less than 3 m promote algae growth, clogging the voids of the
soil, reducing infiltration and increasing the maintenance cost of the infiltration basin or filter
bed (Hamdan & Jaber, 2001; Bouwer et al., 2009; Maliva & Missimer, 2010). This
notwithstanding, aquifer interactions with recharged water could also result in pathogen
inactivation, and biodegradation of some organic contaminants during the residence time of
recharged water in the soil and/or aquifer within an attenuation zone (Maliva & Missimer,

2010; Dillon et al. 2019).

For the past 60 years, water quality evaluations using a more exact localized information on
aquifer properties and source water quality (some of which are likely to require site-specific
investigations as proposed in the Draft MAR Guidelines) have been used in assessing the
environmental performance of ASR systems (EPHC/NRMMC/NHMRC, 2008). Specifically,
the use of pathogens (viruses, protozoa and bacteria), inorganic chemicals, salinity, sodicity,
nutrients (nitrogen, phosphorus, organic carbon), turbidity and particulates, and radionuclides
have been very useful indicators in assessing ASRs (Vanderzalm et al., 2014; Dillion et al.

2009; Dillion et al. 2018).
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CHAPTER THREE

3. Study Area

The chapter begins with a description of the demography, climate, geology and hydrogeology

followed by a detailed description of Bhungroo construction, characteristics and potential

socioeconomic impact in terms food security, health, employment and migration.

3.1 Brief description of project area

The study area is located in the Upper East and North East regions of Ghana within the White

Volta basin (Figure 3-1). The White Volta River Basin is a sub-basin of the Volta River Basin

in West Africa. It covers about 106,000 km?, and the major riparian countries are Burkina Faso

and Ghana (Obuobie, 2008).
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The three communities under study; Kpasenkpe (West Mamprusi Municipality), Jagsi (West
Mamprusi Municipality) and Weisi (Builsa South District) were located at 10° 18°50.985”N
longitude 0° 58°20.662 W, 10° 18°50.985”N longitude 0° 58°20.662 W and 10° 18°50.985”N
longitude 0° 58°20.662 W respectively. At the time of study, these were the communities with
installed Bhungroo boreholes. Thus, all communities with Bhungroos were selected. These
communities also have very similar demography and environmental setting. The land is
generally flat with a few undulating areas and slope less than 2 % (HAP, 2011; Owusu et al.,
2017b). The major land cover type in the study area is savannah (Mul et al., 2015). These are
grassland interspersed with shrubs and trees covering about 86 % of the basin (World
Resources Institute, 2003). Crop production is generally on subsistence basis where farmers
produce to feed their households and then sell the rest. Staples cultivated include yam, beans,
groundnuts, maize, millet, rice, sorghum, tomatoes, onions and pepper. Fuel wood is regarded
as a major source of domestic fuel, hence, deforestation or falling of trees for firewood is

contributing to changes in vegetation as well as threatening the climate.

3.2 Demography

The major occupation of the population is farming, with about 80 % of households into
agriculture (Ghana Statistical Service [GSS], 2010). This include more than 60 % of the
economically active persons above 15 years (GSS, 2010). Predominantly, farming is rainfed
with farm sizes usually less than three acres (Barry et al., 2005). Rainfed agriculture is highly
dependent on adequate and well distributed rainfall, however, erratic climatic conditions have
contributed to lower agricultural outputs. Apart from a few farmers practicing dry season
irrigation, dry season unemployment is high since there are virtually no ongoing farming
activities; driving the men and youth to seasonally migrate to urban centres. Sanitation in these

communities is poor since a high proportion of households (more than 80 %) defecate in the
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open/bush with public dump (open space) as the most widely used means of disposing solid

waste (refuse) (GSS, 2010). Household liquid waste is just disposed off into the street/outside.

3.3 Climate

Northern Ghana has a tropical climate characterized by low altitude and dry conditions driven
by three air masses: the Southwest Monsoon, the Northeast Trade Winds and the Equatorial
Easterly (Hess, 2011). As the moist Southwest Monsoon encounters the dry Tropical
Continental Air Mass, together they form the Inter Tropical Convergence Zone (ITCZ) (Gyau-
Boakye, 2001). The movement of the ITCZ is the driving force of the wet and dry seasons in

Ghana.

The annual average potential evapotranspiration is about 2500 mm/yr (Amisigo, 1996) with
actual evapotranspiration amounting to 70-90% of the total rainfall (Andreini et al., 2000;
Martin, 2005). For most part of the year, from 6 to 9 months, potential evapotranspiration

exceeds rainfall (HAP, 2011).

Average monthly temperatures vary betweem 36 - 27 °C from March to August (Oguntunde,
2004). Maximum daily temperatures from March to April vary from 32 - 44 °C; while minimum
daily temperatures from December to February can drop to its lowest at about 14 °C in January

(FAO, 1997).

3.3.1 Flooding within the Bhungroo catchment
Flooding is considered a major water management problem in the study area (WRC, 2008), but

it is the main source of water for Bhungroo recharge. Floods in the basin can be very
devastating, especially for the years 1994, 1999 and 2007 (Anayah & Kaluarachchi, 2009). In
September 2007 for instance, approximately 2,600 km? of lands nearer to the main White Volta
river and its tributaries became flooded, equivalent to some 5 % of the entire White VVolta Basin

area (WRC, 2008). Over 12,000 ha of farmlands were destroyed in the Upper East Region
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alone (WRC, 2008), reducing annual food production by 66% in the region (Biederlack and
River, 2009). There are price hikes with persistent food insecurity during such periods due to
high demand for the little food available.

Since most road networks are destroyed, transporting food supplies into the area or salvaging
the crops left on the farm become a challenge. Thus, the disproportionate impact of floods and
droughts reduce the resilience of many households resulting in outcomes such as the limited
access to sufficient and nutritious food (Biederlack and River, 2009).

Generally, flooding at the Bhungroo site is caused by runoff collected from several agricultural
fields accumulating in flat areas and valley bottoms. Flooding usually begins in June till ending
of September resulting in water logging from a couple of weeks to months. Flood water depths
at the Bhungroo sites range from 10 -50 cm (Owusu et al., 2017b).

Water logging at the Weisi site is affected primary by flooding from Weisi pond (100 m away
from Bhungroo) which is connected to the Sisili floodplains. Similarly, the Jagsi Bhungroo is
also affected by a river channel (50 m away from the Bhungroo) connected to the Duu River
(tributary to the White Volta River) flood plains. However, unlike the Jagsi and the Weisi

Bhungroo sites, flooding at the Kpasenkpe site is highly influenced by its location in a valley.

3.4 Geology and Hydrogeology

The Volta Basin is dominated by the Basement crystalline rocks of Precambrian age and the
Consolidated Sedimentary rocks of the Paleozoic age with the study area lying largely within
the later. Thus, Jagsi and Kpasenkpe are in the consolidated sedimentary formation commonly
categorized as the Voltaian system whereas Weisi is in the crystalline formation categorized as

Birimian system (Figure 7).

Basement crystalline rocks consist of granite-gneiss-greenstone rocks, anorogenic intrusions
and strongly deformed metamorphic rocks (Key, 1992). The crystalline formation of

Precambrian age consists of different categories such as the Tarkwan group, Buem formation,
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Birimian super group (with associated granitoid intrusion), Togo formation and Dahomeyan
formation. The Birimian system consists of metamorphosed volcanic and sedimentary rocks
divided into Lower Birimian and Upper Birimian (Junner 1940). Rock types in the Lower
Birimian sedimentary belt are greywackes with turbidite features, phyllites, slates, schists,
weakly metamorphosed tuffs and sandstones. The Upper Birimian is characterized by lava
flows and dyke rocks of basaltic and andesitic composition have mostly metamorphosed to
hornblende-actinolite schists, calcareous chlorite schists and amphibolites (Kesse, 1985).
Pillow structures, signifying subaqueous eruption of the original basaltic lavas, and felsic
volcanic rocks occur in this succession (Junner 1940; Kesse 1985). Stratigraphically,
Manganese-rich horizons have been observed at the lower level in the Upper Birimian and the
uppermost Lower Birimian. The granite and gneiss, which form part of the Birimian System
overly extensive and very well populated areas and are therefore very important in the rural

water delivery system (Junner 1940; Kesse 1985).

The other dominant geological formation in the Volta basin is the Palaeozoic consolidated
sedimentary formation known as the Voltaian system. This system consists mainly of
limestones, sandstones, mudstones, shales, sandy arkose and pebbly beds (MWH, 1998).
However, based on the lithology and field relationships, the Voltaian system can be grouped
as the upper, middle and lower Voltaian (Junner & Hirst, 1946). The Upper Voltaian, is thickest
and coarsest in the southeast. The conglomerates contain pebbles of granite and other igneous
rocks, as well as quartzite fragments. Rocks of the Middle Voltaian (Obusum and Oti Beds)
comprise interbedded mudstones/siltstones, sandstones, arkose and conglomerate (Dapaah-
Siakwan & Gyau-Boakye 2000). These are generally flat-lying and inherently impermeable,
except in a few locations. The lower Voltaian consists of massive quartzite sandstone and grit

(MWH, 1998). The Voltaian strata are nearly horizontal beds of sandstones, shale, mudstones
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and conglomerates thought to be of Late Precambrian to Palaeozoic age (Kesse 1985). In most

places, the flat lying Voltaian strata overlie the Birimian rocks.

The geological formations in the White Volta sub-basin are overlain by a regolith characterized
by a weathered layer varying in thickness and lithology (Martin, 2005; HAP, 2006). Thus, the
Birimian system varies widely in regolith up to 140 m but averages between 10 - 40 m (Palacky
et al., 1981; Groen et al., 1988; Smedley, 1996) whereas, the regolith of the Voltaian system
generally has a lesser thickness than the Birimian and averages between 4 - 20 m (HAP, 2009;
Forkuor et al., 2013). Hydrogeological formations occurring in most parts of the study area
have little or no primary porosity. Hence, the two main aquifers systems, the weathered zone
and the fractured zone aquifer develop from secondary porosities due to weathering, jointing,
fracturing and shearing (MWH, 1998; HAP, 2009). The weathered zone aquifer, usually of
high porosity and low permeability due to high clay content is found at the base of the
weathered mantle of the Birimian system whereas the fractured zone aquifer developed in
fractured bedrocks, particularly in the sedimentary formations has low porosity and high
permeability. Aquifer yields differ and are generally low with the different geological
formations in the study area. Studies suggest that borehole yields range from 2.1 to 5.7 m%h in

the Volta basin with mean yields seldom exceeding 6 m3/h (MWH, 1998).

42



Table 3-1 gives some information on aquifer characteristics in the Volta Basin.
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Table 3-1. Hydrogeological characteristics of aquifers in the Volta basin

Mean
Mean Depths Mean
Run-off Borehole Specific Depth Depth of
Sub- Borehole to Depth of
coefficient Yields capacities to boreholes
basins Yields Aquifer Borehole
(%) (m3/h) (m?/h) Aquifer (m)
(m*h) (m) (m)
(m)
White
10.8 0.03-24.0 2.1 0.01-21.1 | 3.7-515 18.4 7.4-123.4 24.7
Volta
Black
8.3 0.1-36.0 2.2 0.02-5.28 | 4.3-82.5 20.6
Volta
Oti 14.8 0.6-36.0 5.2 0.06-10.45 | 6.0-39.0 20.6 25.0-82.0 32.9
Lower
17.0 0.02-36.0 5.7 0.05-2.99 | 3.0-55.0 22.7 21-129.0 445
Volta

Source: Adapted from MWH (1998)

3.5 Bhungroo Borehole Construction and Development

The procedures for Bhungroo borehole drilling are quite similar to guidelines provided by

CWSA for community water supply in Ghana. A summary of the Bhungroo construction

process can be found in Abdul-Ganiyu & Gbedzi (2015).

A. Drilling Process

The drilling method is chosen by the driller, however, Direct Rotary Drilling is recommended

(

Figure 3-2). The borehole depth penetrates below the shallow aquifer and tap into aquifers with

confined/semi-confined conditions. Boreholes are expected to go beyond the regolith for a

good yield. But no decision has been taken on the required yield and action to be taken in the

event borehole yield is below a certain yield.
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Figure 3-2. Rotary Drilling machine

B. Screen and Casing pipe
The borehole is fully cased to the bottom but screen and casing are positioned at appropriate
depths to intercept the aquifer (s). U-PVC (unplasticised polyvinyl chloride) casing pipe is the

preferred material (Figure 3-3).

Figure 3-3. U PVC Screen for borehole

C. Graving packing and grouting
The annular space between the casing and borehole wall is filled with filter packing materials

in the screen intervals and back filling materials. The grouting is done with a concrete mix.
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D. Pump Depth Setting
Borehole pump depth (intake) setting is determined using the safe/sustainable yield of

borehole, maximum allowable drawdown and 1 m above main water zone screen.

E. Bhungroo Maintenance

There is no proposed maintenance but for CWSA guidelines the maintenance for boreholes
are: 2-yearly pumping test to assess specific capacity variation, 2-yearly camera inspection for
checking depth and siltation levels and then 4-5 yearly appropriate rehabilitation which

includes well redevelopment for clogged borehole and screens.

F. Development and determining the yield

The borehole shall be developed for a period of at least three hours in order to obtain a
maximum Yyield of water that is free of suspended matter. A pump test is conducted for a
minimum of eight (8) hours to determine the borehole yield and other hydraulic properties such

as transmissivity, storativity and specific capacity.

3.6 Construction of infiltration bed

A 3 m deep blockwork is constructed around the borehole making sure the borehole is situated
in the middle of the constructed box. A wire mesh containing sand and/or activated charcoal is
bundled around the screen pipe to serve as an additional barrier to prevent particles or
sediments from falling into the pipe and remove toxins (dos Santos & Daniel, 2020). The

constructed box is then filled with gravel at the bottom and river sand on top (Figure 3-4).
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Figure 3-4. Infiltration bed showing constructed blockwork and screen with mesh

3.6.1 Characteristics of Jagsi, Kpasenkpe and Weisi Bhungroos

Bhungroos have very similar features especially with respect to how they function. Thus, all
Bhungroos go through recharge, storage and abstraction. Bhungroos are also made of different
designs and construction materials, as shown in Figure 3-5, to meet the needs of the farmer or
user (Singh, 2016). These differences are however influenced partly by purpose, cost, surface
and sub-surface characteristics. For example, since Bhungroos constructed in the study area
are expected to drain large areas with potentially high suspended solids, the infiltration bed
design has river sand on top and gravel at the bottom which is somewhat different from the

local context in India where some Bhungroo have no filtration system.

Figure 3-5. Different types of Bhungroo (CA, 2018)

Typically, the Bhungroos in Ghana can be described as having first, the infiltration system
which consists of an artificial infiltration bed and a borehole with pipes (screen and plain)

connecting the aquifer. Another feature is the storage medium (confined or unconfined aquifer)

47



which has a minimum depth of 45 m. The third feature is an abstraction unit, which consist of
a submersible pump powered through solar or diesel generator. Lastly, a distribution unit
consisting of a drip or sprinkler system connected to an overhead tank with a supplementary
generator to augment the head during water distribution and application. The whole system,
from water infiltration, storage, abstraction, distribution and application is the Bhungroo

Irrigation Technology (BIT).

3.6.2 Infiltration bed design
The infiltration bed is made up of gravels at the bottom with river sand particles on top. The

infiltration box is about 9 m? with the screen or perforated pipe in the middle. A wire mesh
packed with river sand envelopes the screened pipe to ensure that larger suspended particles
are filtered/screened. A large particle bed supports the filter media to prevent fine sand from
escaping into the pipe system. For any specific filter design, the most desirable media size
depends on the suspended solids charac