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ABSTRACT

Pathogenic contamination of groundwater due to poor sanitation has continuously
posed a significant human health risk. Kamkuywa Market Center a peri-urban
settlement relies heavily on shallow wells for water supply and use of pit latrines as a
means of fecal waste disposal. This increases the risk of groundwater microbial
contamination. The objectives of the were to establish the extent of groundwater
pollution by coliforms, to determines the relationship between groundwater
contamination and selected risk factors, namely: depth to the water table, distance
from a shallow well to the nearest pit latrine, pit latrine depth, soil permeability and
ground slope for purposes of establishing the optimal well-pit latrine separation
distances under different hydro-geological conditions. 531 shallow wells and 1061 pit
latrines in the study area were mapped and the separation distances compared to the
recommended global and local standards. Water samples in thirty two (32) shallow
wells were collected and analyzed for fecal matter content. Regression model was
used to determine the relationship between coliform concentration and the selected
risk factors such as the separation distances between pit latrines and shallow wells, the
depths of pit latrines and shallow wells, and the soil type as well as establish the
extent of contamination and optimal distancing. The results indicated that 67.6% of
shallow wells did not meet the World Health Organization and the Kenya safe
distance criteria. In terms of relationship, pit latrine depth and soil permeability
positively correlated with contamination while a negative relationship was established
between groundwater contamination and water table depth. There was no relationship
established between groundwater contamination and surface slope. Out of 32 shallow
wells sampled for fecal coliform analysis, 31 shallow wells tested positive for fecal
coliforms. The study also established that over 75% of the study area posted a high
risk for groundwater contamination. The predicted optimal distance between wells
and pit latrines in the study area ranged between 31m-33m. The study concludes that
fecal coliform contamination of groundwater is widespread in Kamkuywa Market
Center. The widespread contamination is as a result of extensive groundwater
contamination from pit latrines. The study therefore recommended the treatment of
domestic water before use, adoption of community septic system and sensitization and
awareness on proper siting for pit lines and shallow wells in Kamkuywa Market
Center.
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DEFINITION OF OPERATIONAL TERMS

Excreta: Faeces and urine

Ground water table: The level at which the subsoil is saturated with water.

Ground water: This refers to water found below ground level in the soil.

Improved sanitation: Improved sanitation means safe disposal and management of
waste to prevent human exposure and environmental hazards.

Pathogens: Disease causing organisms.

Pit latrine: Latrine with a pit for collection and decomposition of excreta and from
which liquid infiltrates into the surrounding soil.

Protected Shallow well: A protected well is defined as; a) having a lining below
water level to prevent the well from collapsing and allow water to enter the well b) a
lining above water level which prevents the well from collapsing and is made from
non porous precast concrete rings, masonry with bricks or concrete blocks c)The well
head which could be a stone, brick or concrete layer with the above ground well-
lining that is raised to a convenient height for the chosen method of drawing water
and provides a firm platform for users and prevents spilt water, runoff and debris from
falling inside the well and also prevents sunlight keeping the water temperature low
and constant.

Sanitation: Sanitation is the hygienic means of preventing human contact with the
hazards of waste to promote health and environmental integrity.

Septic Tank: A disposal system for human excreta where the waste from water
closets is disposed in an underground tank that allows settlement of sludge and
disposes the liquid waste into a subsurface drain.

Shallow well: A hole less than 50 feet deep dug, driven, drilled or bored into the

ground mainly for water extraction.
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CHAPTER ONE

INTRODUCTION
1.1 Background of the Study

Water is scarce when there is insufficient freshwater to meet the standard water
demand of a population. Hoekstra and Mekomnnen (2016) report that four billion
people face water shortages and that half a billion people in the world face severe
water scarcity all year round. However, the global water scarcity crisis is also
compounded by water pollution. Vital as it is for human existence; water is also an
important carrier of organisms and contaminants that are a threat to life. It must be
noted that for water to be used for domestic purposes particularly drinking its

pollution must be within specified thresholds.

According to the World Health Organization (2008), 13% of the world's population
does not have access to safe drinking water. Additionally, 40% of the world’s total
population does not have access to improved sanitation (WHO, 2010). This translates
to 2.6 billion people in the world who are unable to access a public sewage system,

septic tank, or even a simple pit latrine.

Approximately 1.7 million people every year die of water-borne diseases resulting
from unsafe drinking water, inadequate sanitation, and poor hygiene (WHO, 2010).
Developing countries account for 84% of these deaths with 90% of them being
children under the age of 5 years. The World Health Organization (2010) estimates
show that up to 6% of these deaths and 9% of all diarrheal diseases could be

prevented by improving the water safety, sanitation and hygiene globally.



Globally, 38% of improved water sources are contaminated by fecal bacteria (Bain et
al.2014). It has also been established that contaminated and untreated groundwater is
a major source of health problems in the developing world and a burden to these
countries (Murphy et al., 2017). According to the World Health Organization (2012a),
the goal of the United Nations through the Millennium Development Goals was to
half the population living without access to sustainable sanitation by 2015. The target
was to have one billion people in the urban world and 900 million people in the rural
world have access to sustainable improved sanitation facilities. Unfortunately, these

targets were not achieved (JMP, 2017).

To save the situation, the United Nations identified Sustainable Development Goal
Number six (6) whose focus is on clean water and sanitation. The goal acknowledges
that while substantial progress has been made in the world over the decades to
increase access to safe drinking water and better sanitation, 637 million people
globally still lack access to these basic social amenities. Therefore, this goal targets to
improve the quality of water globally through reduced water pollution from
agricultural waste, domestic waste, dumping sites and industrial waste by 2030

(WHO,2012a).

Most people residing in rural areas in developing countries derive domestic water
from groundwater and their sanitation through pit latrines (WHO, 2012b). This
unfortunately is also largely evident in urban areas where land has been greatly
fragmented. Consequently, a potential groundwater contamination becomes a risk,
especially when pit latrines and shallow wells are located in close proximity. This
pattern is prevalent in Kenya(SRFA, 2015).According to the Ministry of Health
(2016), the most common method of human waste disposal in Kenya’s rural and peri-

urban settlements is the pit latrine, probably because it is the cheapest, affordable,



reliable and most efficient way to dispose human waste for the urban and rural
populations. Expansion in improved water supply and access to improved sanitation
such as sewer and water systems, water kiosks, community septic tanks and
community boreholes in Kenya has been unable to match the rapidly growing
population with improvements in water supply growing by only 0.9% and improved

sanitation by 0.2 annually, according to the Joint Monitoring Program (2013).

In the recent times, concerns have been raised by environmentalists and public health
experts on the increased use and dependency on both pit latrines and groundwater
sources in low income areas in Kenya (Njuguna, 2019). Literature has shown that pit
latrines can cause human and ecological health impacts largely associated with
microbiological and chemical contamination of groundwater in their area of existence
(WHO, 2010). The World Health Organizations minimum standards in water supply,
sanitation, and hygiene promotion dictate that, pit latrines and soak ways (for most
soils) should be at a safe distance of at least 30m from any groundwater source and

the bottom of any pit latrine at least 1.5m above the water table.

Countries have different policies on the safe distance between latrines and
groundwater sources specific to their hydro-geological factors. The Kenya
Environmental Sanitation and Hygiene policy 2016-2030, guides that a latrine should
be at a distance of at least 40m from a water source and its depth should be a
minimum of 2m above the highest groundwater table (MoH, 2016). The 2m minimum
requirement is anchored on the fact that pit latrines generally lack a physical barrier,
such as concrete between the sludge and soil/groundwater (Fourie & Van, 1997).
Graham (2013) established that contaminants from pit latrines over a period of time
leach into underground water leading to its contamination, and potentially threaten

human health.



Kamkuywa Market Center is a rapidly growing peri-urban Center in Bungoma
County. Over the years, the center has grown spatially and demographically.
According to the Kenya population and Housing Census of 2019, Kamkuywa Market
Center has a Population of 26,569 persons (KNBS, 2019). The Kimilili Constituency
Strategic Plan (2017) shows that, 90% of the households in Kamkuywa Market Center
use pit latrines while 10% of the households are without pit latrines or any other
method of excreta disposal. In addition, Kamkuywa Market Center does not have
access to piped water supplied by Nzoia Water and Services Company. The market
Center is therefore entirely dependent on groundwater and rainwater for domestic and

commercial use.

Furthermore, Kamkuywa Market Center has not been planned to determine the
minimum specified plot size (County Government of Bungoma, 2018). Essentially,
the dimension of a plot affects the distance between the latrine and shallow well.
Small plot sizes mean that the distances between the latrines and wells are shortened
(Gudda et al., 2019). This can lead to groundwater contamination which is likely to
occur potentially, due to the reduced travel times of the pathogens from latrines to the
shallow wells as well as downstream water springs when the safe distance is shorter

than the recommended 40 meters. (Gudda et al., 2019).

Typically, groundwater is characterized by long pollution residence time due to its
slow flow (Twinomucunguzi et al., 2020). This makes groundwater pollution
particularly problematic. The rate of flow and residence period is determined by
several factors including soils (texture and structure), slope, and rainfall. To determine
safe separation distances between a pit latrine and a well is thus not a constant factor

but a function of these attributes. The specific safe distances in Kamkuywa are thus



not known but rather dependent on the 40m standards by Kenya Environmental

Sanitation and Hygiene policy 2016-2030.

1.2 The Statement of the Problem
In a bid to access improved water supply and sanitation, residents of Kamkuywa
Market Center have resorted to shallow wells as the main source of domestic water
and pit latrines for fecal waste disposal. However, there is a concern that the
dependency on shallow wells and pit latrines for water supply and human waste
disposal respectively could result into groundwater contamination by onsite-sanitation
owing to the reduced safe distances and the existing hydro-geological factors such as
soils (texture and structure), slope, and climate. This is because; the extent of
groundwater contamination has been shown to depend on, among others, the depth to
the water table, the soil type, and topography of the area which vary from one region
to another. Given this reality in Kamkuywa Market area, the purpose of this study
therefore was to establish to what extent the groundwater in Kamkuywa Market
Center is contaminated, to establish whether the level of contamination Kamkuywa
Market Center varies from one area to another and show the influence of hydro-
geological factors such as soils, topography, and water table on spatial variation of
contamination for purposes of determining appropriate well-pit latrine spacing.
1.3 Objectives
The general objective of this study is to assess the extent of groundwater
contamination in Kamkuywa Market Center using geospatial technology. The specific
objectives of the study were:

1. To determine the extent of fecal coliform contamination of groundwater

contamination in Kamkuywa Center.



2. To assess the relationship between the level of contamination and the hydro-
geological factors in Kamkuywa
3. To map high groundwater contamination risk zones in Kamkuywa Market
Center.
4. To establish optimal siting for wells from pit latrines in Kamkuywa Market
Center.
1.4 Research Questions
The following research questions guided the study:
1. To what extent is the groundwater in Kamkuywa Market Centre contaminated?
2. How does the variation in hydro-geological factors in the study area influence
groundwater quality in Kamkuywa market center?
3. Which areas of the market are highly vulnerable to groundwater contamination?
4. What would be the optimal safe distance for pit latrine-well siting in Kamkuywa
Market Centre?

1.5 Justification and Significance of the of the Study

This study sought to contribute to the achievement of goal six (6) of the United
Nation’s Sustainable Development Goals through sustainable use of groundwater and
sanitation facilities in Kamkuywa Market Center. Goal six (6) of the SGDs is geared
to towards achieving equitable and universal access to safe and affordable drinking

water and sanitation services for all by 2030.

The application of geospatial technology in water resource management, particularly
groundwater protection is not a new concept (Fotheringham et al. (2002). GIS has
been used widely by geologists, hydrologists, geographers, and environmentalists to
determine groundwater vulnerability, quantity, quality and flow (Fotheringham et al.

(2002). In Kenya, the uptake of geospatial technology has risen steadily. Geospatial



technology has constantly been evolving to be able to address global environmental
problems. Currently, developers have designed GIS applications with the capabilities
of carrying out groundwater modeling, sewer systems and water supply modeling,
urban planning and so on (Fotheringham et al. (2002). This study used geospatial

technology in promoting sustainable groundwater use and sanitation.

In addition, this study sought to contribute to the implementation of the Kenya
Environmental Sanitation and Hygiene Policy 2016-2030 by showing how the
recommended safe distances of pit latrines to shallow wells (water source) and the
safe distances of the pit latrine depth to the water table have been violated in
Kamkuywa Market Center. The findings of the study are also critical to physical and
urban planners at the County level and other critical decision-makers on the best land
use and planning practices in the area which is a fast growing peri-urban center in the

County.

1.6 Scope and limitations of the Study

The study was limited to the environmental and physical factors of the market
confined to the spatial location of pit latrines and shallow wells and topographical
factors. The research partially explored the component of water quality testing to
ascertain the extent of groundwater pollution through fecal coliform count and did not
aim to provide an in-depth evaluation of groundwater quality parameter in the study
area but simply to show that the groundwater in the study area is contaminated. This
is because- the study of geological, chemical and biological compositions of
pollutants (Nitrates and Phosphates) and health factors were beyond the knowledge

scope of the researcher.



CHAPTER TWO
LITERATURE REVIEW
2.1 Introduction
This chapter reviews literature on the study of pollution risk assessment of
groundwater using geospatial technology. It contains a synthesis of the theoretical
foundations of the subject under study as well as describing and analyzing, previous
research on the application of GIS in groundwater pollution.

2.2 Ground Water pollution

For centuries, groundwater has been exploited for agricultural, domestic and industrial
purposes (Lvovitch, 1972). Lvovitch (1972) estimated that groundwater constitutes
nearly 30% of the world’s fresh water resources. According to Freeze and Cherry
(1979), groundwater is of fundamental importance to the global economic
development and to the existence and survival of human life. Besides, the recent times
have experienced a major shift in groundwater use patter from rural-agricultural to
urban-industrial. The increased demand and exploitation of groundwater resources
alongside industrialization, urbanization and agricultural mechanization have

contributed to the deterioration of groundwater quantity and quality.

According to Sasakova et al. (2014), groundwater contamination occurs when
pollutants and foreign materials are released into the natural underground water
reservoirs. Depending on their physical, chemical and biological properties, pollutants
are facilitated by water, travel from the source to reach groundwater through

diffusion, absorption and dispersion.

Human activities are the major causes of groundwater contamination (Groundwater
Foundation, 2017). Pollutants originating from these activities often percolate to reach

groundwater reservoirs. Since the movement of pollutants within the reservoirs is



usually slow, pollutants concentrate and are stored there for a very long time

(Groundwater Foundation, 2017).

Groundwater pollutants originated from both point and non-point sources
(Schwarzenbach, 2006). Industries, factories, households, landfills, latrines and
agricultural installations are few examples of point sources of groundwater pollutants.
Usually, point sources are easy to indent and control as compared to non-point
sources. Examples of non point sources include phosphates, nitrates, pesticides and
herbicides from agricultural activities that leach into the groundwater reservoirs as a
result of surface run off, infiltration and percolation (Fawell & Nieuwenhuijsen,

2003).

In addition to this, groundwater contamination takes two forms i.e. emergency
contamination and long-term contamination (Sasakova et al., 2014). Emergency
contamination occurs when pollutants cause immediate catastrophic impact that result
in the serious damages such as death of animals or death of human being. Long-term
contamination on the other hand, takes a long time to be realized and its effects are

noticeable after a long-time or through water testing (Sasakova et al., 2014).

Generally, groundwater pollution often goes unnoticed for a very long time. Its extent
of quality and safety is often determined only after water testing or when the impact
manifests in-terms of health related conditions such as physical deformities (Morris et

al., 2003).

Since groundwater contamination is largely facilitated by the processes of infiltration
and percolation, the transportation and dispersion of pollutants is known to be
influenced by the hydro-geological and climatic factors of a region (Cheremisinoff

1997).These factors include, among others, soil permeability or porosity, temperature,
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topography and the amount of precipitation the area or region receives. Moreover,
groundwater flow tends to move in sync with the direction of a river, a lake or an
ocean (Cheremisinoff, 1997).This makes groundwater contamination a trans-
boundary problem. However, the direction of the flow of groundwater can be
disturbed by human activities such as over harvesting of the groundwater through
pumping for domestic, agricultural of industrial purposes. The effect to this
disturbance is the dispersion of pollutants within the aquifer owed to the continuous
pumping of groundwater. This causes further pollution a larger amount of

groundwater (lyyaki & Valli 2017).

According to the Environmental Protection Agency (2017), groundwater pollution is
harmful to human and animal health. Even though, its impact is usually not
immediate. Studies have shown that contaminated groundwater is a leading cause of
water borne disease and health defect among human beings. Groundwater pollution is
usually irreversible. Because of its nature of existence, it is nearly impossible and
very expensive to remove pollutants from groundwater aquifers. Besides, pollutants in
groundwater resources take a very long time to break down or disintegrate. It is

therefore important to protect groundwater from pollutants.

According to Beckie (2013), ground water can be protected by identifying the source
of the pollution by physically containing or redirecting the pollutants into a specially
prepared wetland for treatment and recycling. Groundwater pollution can also be
controlled through legislations and water regulation laws to help protect groundwater

resources (EPA, 2017).



11

2.2.1 Major Groundwater Pollutants

The International Association of Hydrologists (2020) defines groundwater
contamination as the introduction of foreign substances into groundwater through
human activities. These undesirable substances include chemicals, fuels, pesticides,
herbicides, microorganisms and fertilizers. Wang et al. (2020) observes that the
remediation of groundwater once contaminated is very costly and challenging because
of the nature of existence within the sub surface geological strata and long residence

times.

Groundwater contaminants can broadly be classified as organic and inorganic,
biological, chemical and radioactive contaminants originating from both natural and
anthropogenic sources (Elimalai et al., 2020). Groundwater can be polluted by
naturally occurring substances in the rocks and soils. Naturally occurring sulphates,
fluorides, manganese and arsenic substances dissolve into groundwater leading to

contamination by changing the quality of groundwater.

Inorganic Contaminants

Nitrates, ammonia, and nitrites are common inorganic groundwater contaminants.
Nitrogen contaminants are primarily anthropogenic in nature resulting from
agricultural activities and disposal of domestic water (Hansen et al., 2017). Anions
and axynions are the most common inorganic nitrogen contaminants found in
groundwater (Adimalla & Wu 2019).

Chemical Contaminants

Zinc (Zn), mercury (Hg), lead (Pb), arsenic (As), chromium (Cr) and cadmium (Cd)
are some of the major chemical contaminants detected in groundwater globally. These
elements are also toxic metals considered harmful to human health and the natural

environment. Long exposure to these metals can result into severe health conditions
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and deformities (Hashim et al., 2011). Exposure to hexavalent chromium has for
instance been known to increase the risk to cancer (He and Li 2020). In addition, the
United State Environmental Protection Agency (2017) ranked arsenic (As) as a group
one (1) carcinogenic element.

Organic Contaminants

Organic contaminants on the other hand, have widely been detected in domestic
water. Many of the organic contaminants are also regarded as human carcinogen by
the United State Environmental Protection Agency (EPA). According to Lesser et al.
(2018) over 200 organic contaminants have been detected in groundwater globally.
While some of these contaminants are biodegradable and break down over time, some
of them are persistent and take a long time to disintegrate and exist in high

concentrations in groundwater (Jurado et al.,2012).

The major source of these groundwater contaminants is domestic sewerage and
wastewater from industries and factories (Lapworth et al., 2012). Organic
contaminants are naturally produced from human and animal proteins, fats and
carbohydrates and transformed by microorganisms into stable inorganic substances
(Sorensen et al. 2015). Most of these contaminants are considered harmless to human
health but have an effect on the quality of groundwater by reducing the dissolved
oxygen. (Lapworth et al.,, 2015). The most common groundwater organic
contaminants are pharmaceuticals, hydrocarbons, halogenated compounds and
plasticizers (Meffe & Bustamante, 2014). Agriculture and industrial processes
produce the most persistent organic contaminants that take a very long time to

degrade and permanently affect groundwater quality (Schulze et al., 2019).
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Radioactive Contaminants

Geological deposits are also a major source of radioactive contaminants in
groundwater (Dahlgaard et al. 2004). However, anthropogenic activities are also a
source of radioactive contaminants. Human activities that produce radioactive
contaminant include nuclear plants, medical radioisotopes and nuclear weapons
testing (Lytle et al. 2014). Through drinking, radioactive elements in groundwater
find their way to human being and animals systems. However, Huan et al. (2012)
reported that, very few cases of radioactive contaminants have been reported globally
where the levels in groundwater were a risk to human health.

Biological Contaminants

Finally, there are biological contaminants which are the most common of all
groundwater contaminants according to Shen & Gao (1995). Groundwater
contaminants include the likes of bacteria, viruses, protozoa, helminthes and algae.
Microbial organisms originate from natural sources (Flemming & Wuertz 2019).
Biological contaminants present in domestic water used for drinking and cooking
cause diarrhea, typhoid and cholera diseases (Lam et al. 2018).

2.3 Pollutant Movement into Groundwater

Understanding how pollutants move from their source to reach groundwater reservoirs
is very important in groundwater pollution assessments. In addition, it is also
important to understand groundwater flow systems (Boulding & Ginn, 2004). This is
in terms of the ability of groundwater to dissolve natural chemical substances or
contaminants. The movement of pollutants from the surface to groundwater reservoirs

involves water (Boulding & Ginn, 2004).

Generally, the process of pollutant transportation is governed by three processes

namely; advection, dispersion and retardation (Walter & Masterson, 2003). Advection
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refers to contaminant movement resulting from groundwater flow. It represents the
movement of contaminants at the same speed as the average velocity of groundwater
(Bear, 1979).

Dispersion refers to the movement of contaminants transverse to the main
groundwater flow direction causing gradual contaminant dilution (Bear, 1987). The
process of dispersion is highly affected by aquifer hydraulic conductivity and porosity
(Freeze& Cherry, 1979). This process is influential in the determining the spread of
non-point source contaminants but it is also used to predict contaminant transportation

and spread away from the point of source (Freeze & Cherry, 1979).

Contaminants originating from the subsurface i.e. from landfills, septic tanks and pit
latrines tend to disperse over a relatively large area because of their proximity to the
water table or the nature of the loading pattern. Retardation is the process by which
contaminants break down and biodegrade overtime or over space as they move from

one point to another (Zheng & Wang, 1999).

Most chemical and organic contaminants such are chlorides, nitrates and fluorides are
fully soluble in water (Walter & Masterson, 2003). Solute substances are transported
through a process referred to as advection. When pollutants originate within the
ground like in the case of pit latrines, septic tanks and landfills, pollutants travel
downwards through underground fissures and cracks of the unsaturated zones to reach
the saturated strata (Cheremisinoff, 1997). Once pollutants reach the saturated zones,
they flow horizontally as defined by the hydraulic gradient. When contaminants are
released into the aquifer they spread from the expected advective path to form a
plume of dilute solute as a result of molecular diffusion in the direction of the
concentration gradient owing to the thermal-kinetic energy of the solute particles

(Cheremisinoff, 1997).
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The dispersion of contaminants in the aquifer is both longitudinal and transverse
(Cheremisinoff, 1997). Dense pollutants such as radioactive contaminants, i.e., lead
and mercury will move vertically and accumulate at the bottom of the aquifer. On the
contrary, less dense contaminants such as bacteria, viruses and protozoa will spread
transverse and will tend accumulate at the water table. Nitrates and chlorides for
instance will horizontally spread through the aquifer at a groundwater flow velocity

rate.

Pollutants also undergo mechanical dispersion. The process of dispersion from one
area to the other arises from the fissures in the aquifers, the tortuosity of the pore
channels in the granular aquifer and the different speeds of groundwater flow in

fissures.

2.4 Hydro-geological factors affecting contaminant movement

Geological and climatic factors have been shown to influence the movement of
contaminants from their sources to the groundwater reservoirs.

2.4.1 Geological/Hydrological factors

Soil Permeability

Groundwater quality is highly affected by the type of soil in the region. Soil attributes
such as permeability and porosity have been known to influence the rate of infiltration
and percolation as well as the pollutant travel distance and the time (Bousenberry et
al. 2013). The process by which water moves through the soil is defined as soil
permeability (Sonkamble (2007). According to Sonkamble (2007), highly permeable
soils such as sandy soils allow more and easy movement of water than soils with low
permeability such as clay soils. Due to low permeability rates, clay soils allow very

slow movement of water and therefore have a lower risk of groundwater
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contamination. Studies have shown that there is a higher risk of groundwater
contamination in areas with sandy soils as compared to areas with clay soils.

Water table

The water table is defined as the boundary between water saturated soils and air
saturated soils (WRMA, 2005). The water table is not fixed; its depth is measured
from the ground surfaces and this fluctuates from one season to the other depending
on the amount of rainfall received and the aquifer net recharge. This fluctuation in the
depth can either increase or reduce the risk of contamination by reducing the travel
distance. The deeper the water table the safer the groundwater is from pollution
(Sonkamble, 2007).

2.4.2 Climatic Factors

The quality of groundwater is affected by the change in climatic factors of an area
(Idoko, 2010). Weather events i.e. long rains and long droughts greatly affect
groundwater quality (Chup & Makwe, 2013). Factors like rainfall lead to change in
groundwater recharge rate and therefore variation in amount of rainfall received in an
area affects the concentration of water parameters (Chup & Makwe, 2013). During
dry seasons microorganisms are usually retained in the soils efficiently as there is no
water to transport them to groundwater and therefore only small traces are detectable
in groundwater. Heavy rainfall contributes in the collections, dispersion and
dissemination of pathogens.

2.5 Groundwater Quality

Groundwater quality is described in terms of the concentration and the state of
dissolved organic and inorganic elements in the water (WHO, 1991). Along with this,
physical characteristics of the water such as color and odor are considered. Usually,

groundwater quality is determined by on-site or laboratory measurement and
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examination of water samples collected. Therefore, the main elements of groundwater
quality monitoring are on-site measurement, water sample collection and water
sample analysis. The quality of groundwater is the sum of the natural influences and

anthropogenic factors (WHO, 1996).

According to the United Nations Environmental Programme (2012), a range of
groundwater quality parameters may be subjected to multi-purpose monitoring and
evaluation to embrace its many variables. Biological pollutants, temperature, pH and
dissolved substances are the main variables that determine the quality of groundwater
(WHO, 1996). According to Cadwell (1937), there is no such thing as pure water.
Cadwell (1937) further argues that naturally, water has the tendency to dissolve other
substances changing its chemical and biological characteristics in the process.
Therefore, to term water as clean or contaminated is a function of the intended use of
the water. For example, water quality requirement for drinking are different from the
requirements for swimming. The limits on the acceptable amount of impurities in

water sample are defined as water quality standards (WHO, 2007).

Water quality standards can be categorized into; stream standards which include
rivers and lakes. Stream standards set allowable levels of qualities like oxygen
amount, water turbidity and the pH. The second category is effluent standards.
Standards on effluent set limits on contaminant levels in the water. This include;
suspended substances, bio-chemical dissolved oxygen and nitrogen present in the
final discharge from waste water treatment plants (UN, 2012). The third category is
the drinking water standards, which limit the levels of specific contaminants allowed

in household domestic water (WHO, 2007).
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2.5.1 Groundwater Quality Assessment and Regulation

Groundwater quality assessment is technically difficult and expensive because unlike
surface water, groundwater is less accessible. This is because it is equally difficult to
collect essential groundwater information. As earlier mentioned, onsite measurement,
water sample collection and sample analysis are the main elements of water quality
monitoring. However, for groundwater quality monitoring, the evaluation of the
analyzed results, and reporting of the findings is very important. Further, the results
can only be considered valid if the analysis performed on a single water sample is

specific for a particular location and time at which the sample was collected.

In Kenya, groundwater quality assessment for drinking water is carried out in line
with the national and international guidelines (MoH, 2016). The World Health
Organization (1996) standards and guidelines provide a guide for the development of
national standards and regulations for water safety. In Kenya, the guidelines on
drinking water quality and effluent monitoring are provided by the Water Services

Regulatory Board (WASREB, 2008).
2.5.2Groundwater Microbial Quality

Safe guarding the microbial quality of drinking water is said by the experts to
be the most important objective, even ahead of its physical and chemical
quality, since water represents an obvious mode of transmission of enteric

diseases (Bland, 1980; Skinner & Shecon, 1997).

The most important objective in ensuring access to safe groundwater for domestic
consumption is to safeguard the groundwater microbial quality ahead of the physical
and chemical quality (Bland, 1980).The World Health Organization (1976), found

groundwater contamination by animal and human excreta to be the greatest danger
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associated with drinking water in developing countries. Various methods haves been
used to determine the microbial quality of groundwater over the years. Percy
Frankland (1984) invented the indication organism’s method to determine microbial
water quality. This method uses indicator organisms that are abundant in human and
animal excreta as proof of water contamination. The presence of these organisms in
water is used to indicate the presence of other dangerous microorganisms (WHO,

1985).

This method is widely preferred for basic microbial water quality assessments
because it saves time, labour and expenses incurred to test for all the pathogens
present in a water sample. The method also provides guidelines on the idealness of an
indicator organism. An ideal organism for the indicator method must be resistant to
chlorine and have a higher survival rate in water than other pathogens. The organism

should also be neutral than all pathogens in the water environment (WHO, 1985).

Water testing standard and guidelines for microbial water quality are provided by the
World Health Organization (1985). These standards guide the process of water sample
collection, storage, transportation, analysis and interpretation. The World Health
Organization recommends an MPN count of less than 10 per 100ml of drinking water

for total coli forms and 2.5 per 100ml of drinking water for E. Coli.

Fecal Coliforms

For a longtime fecal colifom bacterium has been used as the first indicator of
groundwater contamination around the world (Pritchard et al., 2007). Fecal coliform
bacteria is hosted in the colon of most warm blooded animals and human beings and
therefore present in large numbers in human waste and excreta from these animals.
Fecal coliforms are an indication of the presence of other complex pathogenic

organisms harmful to human health i.e. those that cause waterborne diseases
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(Ntengwe 7 Maseka, 2006). The problem of groundwater contamination by fecal
coliform bacteria can be attributed to a lack of proper sewage disposal facilities in
most developing countries (Nkansah et al., 2010). This study used fecal coliforms as
an indicator organism for testing the groundwater microbial quality in Kamkuywa
Market Center.

2.6 Contaminant Transport Modeling

There have been major technological breakthroughs in groundwater hydrology over
the past 50 years (Anderson et al., 2015). Up to 1990, the major breakthrough in
contaminant transport modeling was the development of deterministic; distribute
parameters and computer simulations for the analysis of sub-surface contaminant
movement. According to Coplen (1993), the application of isotopic analysis to
interpret contaminant movement flow paths, leakage, duration and interaction with

sub-surface water was a major contribution in contaminant transport modeling.

Mathematical models have been used to model the flow and movement of
contaminants from the source to groundwater reservoirs and within groundwater
reservoirs (Anderson et al., 2015). Simulation and optimization mathematical models
have been adopted in the analysis of contaminant movement in groundwater systems.
Simulation models have been applied and used widely to study the process of
contaminant transport because they have been designed to include the effects of

contaminant dispersion in their prediction (Anderson & Cherry, 1979).

Some of the widely used models in modeling sub surface contaminant movement are
MODFLOW and MT3D (Zheng & Wang, 1999). MODFLOW model was developed
by the United Stated of America Geological Survey and has been considered to be
very reliable in modeling groundwater contaminant transport (Zheng & Wang 1999).

MODFLOW is a three-dimensional modular finite-difference model that uses variable
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grid spacing in x and y spacing directions in describing and predicting the behavior

and spread of contaminants (Mcdonald et al., 1988).

The MT3D model derived from the MODFLOW model is a computerized simulation
model used to simulate contaminant transport in groundwater. The model uses steady-
state hydraulic heads calculated by the MODIFLOW model to model contaminant
transport (Mcdonald et al., 1988). Other mathematical models used in sub surface
contaminant transport include FEFLOW, ChemFlo, AT123D, AQUA3D, Chemflux
and FLOWPATH. These models are however very sophisticated and have not been

widely adopted (Anderson et al., 2015).

There are however limitations in the application of mathematical models in modeling
contaminant movement. These limiting factors include; geographic coverage, scarcity
of data on hydrological characteristics and difficulty in determining the field
coefficient of contaminant dispersion (Anderson et al., 2015). Besides, these
mathematical models were suitable for mathematicians and physicists and limiting for
environmentalists, geographers, and public health practitioners among others (Elumai

etal., 2020).

Researchers have devised different methods in understanding sub surface movement
of contaminants. One of the most common methods is the use of monitoring wells in
determining contaminant transport and direction in groundwater (Islam et al., 2016).
The use of Monitoring wells in mapping the movement of contaminants has been
adopted widely by researchers interested in groundwater pollution (Tufenkji, 2007).
This method involves the installation of monitoring wells along the groundwater flow
path from the source of contamination i.e. landfills, septic tanks and pit latrines
(Lawrence et al., 2001). Groundwater flow path in this case is predicted by examining

the local disposition of surface water and the use of hand tubes (Feighery et al., 2013).
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In Kenya, studies have been carried out on the effects of pit latrines on the
groundwater quality. Kiprotich and Ndambuki (2012) carried out a study in Langas
informal settlement in Eldoret Town on well water contamination by pit latrines. The
main objective of the study was to establish the safety of water in wells located near
pit latrines on individual plots of settlement. Alongside the MODFLOW model, the
study adopted monitoring wells in modeling contaminant transport. Similarly, Mzuga
et al. (2001) in a study on contamination of groundwater resources by pit latrines in

Kwale district used monitoring wells in modeling contaminant transport.

Kanoti et al. (2019) used monitoring wells method to determine the microbial,
physical and chemical indicators of groundwater in the Kisumu aquifer system.
Despite the wide use of monitoring wells, this study did not adopt this method in its
methodology. Instead of establishing monitoring wells, the study selected specific
already existing wells within the study area for water testing. This decision was
informed by the dense distribution of pit latrines (Contaminant source) and shallow
wells in Kamkuywa. However, the study adopted the sampling method used in this

study in sampling 32 shallow wells tested for fecal coliform contamination.
2.7 Application of GIS in Modeling Pollutant Movement in Groundwater

Geospatial technology has been the greatest technological breakthrough in modeling
groundwater contaminant transport. For over 50 years, Geographic Information
System (GIS) has been used in management and modeling of many aspects of
groundwater quality, flow and pollution (Atkinson & Thomlison, 1994). Since the
introduction of groundwater vulnerability concept by Margat (1968) and Albeit and
Margat (1970), GIS technology has been found to be an effective tool in groundwater
vulnerability and risk assessment (Stafford, 1991).According to Watkin et al., (1996),

before the adoption of GIS in groundwater related studies; hydrologists had for many
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years tried to determine groundwater pollutant flow direction predict pollutant spread
and establish the geographical impact of the pollution. However, the procedures
employed by hydrologists were painstakingly slow and proved to be very costly

(Watkin et al.,1996).

According to Stafford (1991), the application of Geospatial Information Systems
alongside remote sensing technology in groundwater vulnerability and risk
assessment is the greatest development in groundwater modeling and management.
Geospatial Information Systems and Remote Sensing technology has provided
effective tools for analysis of voluminous hydrological data, simulation modeling for

complex subsurface flow and pollutant transport (Gosse let al., 2004).

The major advantage of Geospatial Information Systems (GIS) in groundwater
vulnerability mapping can be attributed to its ability to continuously update and
accommodate changes in the data parameters used in groundwater vulnerability
assessment (Lake et al., 2003). The application of GIS to groundwater modeling and
mapping has allowed for more complicated modeling systems and analysis that can
perform detailed procedures and analysis of groundwater contamination that would

not have been achieved without GIS (Srivastave et al., 2001).

Several models in GIS have been developed primarily for groundwater vulnerability
assessment and pollutant transport (Srivastave et al., 2001). Some of these Models
include; DRASTIC, GOD, AVI and SINTACS (Vias et al., 2006). Of these models,
the DRASTIC model is the only method considered less sophisticated as compared to
other models and has been adopted globally in groundwater vulnerability and

pollutant transport assessment.
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DRASTIC model is arguably the most used method of groundwater vulnerability
assessment even though a number of other spatial models designed for groundwater
pollution assessment have been proposed (Committee on Techniques for Assessing
Groundwater Vulnerability, 1993). A detailed account of the model’s methodology,
evolution and application guidelines is offered by Aller et al. (1985). DRASTIC is an

acronym derived from the factors the model considers for vulnerability assessment;
D-Depth to water table

R-Recharge net

A-Aquifer media (Geological Characteristics)

S-Soil media (texture)

T-Topography (Slope)

I-Impact of the vadose zone (Unsaturated zone above the water table
C-Conductivity (Aquifer hydraulic conductivity)

The goal in designing the model was to make it an easy to use, nationally applicable
and a simple tool for groundwater pollution hazard assessment, formulated as a linear

equation ( Hopkins, 1977);
DI=DrDw+RRw+ArAw+SiSw+Tr Tw+ I lw+CrCw

Where r is the rating and w is the weight for each factor. These rating vary from 1-10
to reflect the relative significance of classes within each factor. For instance, soils like
clay soil which is fine textures are assumed to be less permeable than sandy soils
hence, clay soils will be assigned a lower rating than the sandy soils because with
other things constant, clay soils are less likely to allow infiltration of a pollutants

compared to sandy soils (Hopkins, 1977). Also, areas where depth to the water table
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is great are assigned low ratings with an assumption that with other factors held
constant, pollutants are less likely to reach the water table as compared to shallow
water table. Weights (w) range from 1-5 and are designed to show the relative
importance of the seven factors with regards to one another. A higher weight will

indicate a greater importance while a smaller w indicates a lesser importance.

Finally, the index value computed by the model is considered to be the relative
indicator of pollution potential of groundwater in the area of interest (Aller et al.,
1985). Higher index score show greater vulnerability while lower scores indicate a
lesser vulnerability. However, these indices must be interpreted within a specific
hydro-geological setting in that the use of the indices without specific reference to the
hydro-geological setting may lead to wrong interpretation of the results (Aller et al.,

1985).

The DRASTIC model was designed and formulated on the following assumptions; (a)
data required by the model is available, (b) the variables included in the model are
critically related to groundwater vulnerability and lastly (c) the mathematical
relationships, ratings and weightings between variables are adequately set forth in the

model procedure (Aller et al., 1985).

Unfortunately, this model was designed to be used only for regional and not site —
specific studies. This study being a site specific and conducted in a relatively small
geographical area, the study did not fully apply the DRASTIC Model. However,
along with other models and theories discussed, the study borrowed elements of the
DRASCTIC model in formulation of the research design, data analysis and
interpretation of results. The study adopted the analysis of the water table, soil
permeability and slope in determining groundwater pollution risk in Kamkuywa

Market Center.
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A systematic review of literature on GIS-based groundwater pollution hazard
assessment suggests that, even though there have been enormous efforts in the
development of GIS models that can effectively determine groundwater pollutant
flow, direction and spread, the available models such as the DRASTIC model still
have some limitations. The review of literature further suggests that groundwater
modeling is often conducted with insufficient consideration for particular model
limitations and assumptions as well as the potential impacts, data deficiencies and

GIS induced errors during analysis (Lasserre et al., 2011).

Groundwater contamination and pollutant movement modeling and prediction have
advanced since the first usage of GIS. Currently GIS software such as ArcGIS and
QGIS have been updated to include different tools that can be used in modeling
groundwater flow and pollutant transport (Brunsdon et al., 1996).Currently using GIS,
data on parameters used to determine groundwater flow and pollutant movement can
easily be captured, analyzed and modeled to determine groundwater contamination

flow and water quality (Brunsdon et al., 1996).

As groundwater water quality assessment and vulnerability assessment models get
more sophisticated, models such as Geographically Weighted Regression are
becoming an important asset in modeling groundwater contamination (Nakaya et al.,

2005).
2.7.1 Geographically Weighted Regression

Geographically Weighted Regression (GwWR) is one of the many spatial regression
techniques used in geography and other disciplines and a powerful exploratory
method of spatial analysis (Fotheringham et al., 2002). Geographically Weighted

Regression evaluates a local model of the variable being predicted by constructing a
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regression equation to every feature in the dataset (Brunsdon et al., 1996). The
equations are constructed by incorporating the dependent and the independent
variables of the features falling within the neighborhood of each target feature. The
neighborhood type determines the shape and the extent of each neighborhood (Gollini
et al., 2013). This regression technique is not ideal for small datasets and multi point

data and therefore should be applied to datasets with more than hundred features.

Geographically Weighted Regression has been used to determine the effect of spatial
heterogeneity on the explanatory variable in many studies globally (Mitchell & Andy,
2012). The Ordinary Least Squares (OLS) tool is a component of the Geographically
Weighted Regression model. The OLS works on an assumption that relationships
between independent variables and outcome variable are stationary across the area of
interest. GWR on the other hand assumes that relations will vary across the area of
interest and hence non-stationery (Nakaya et al., 2005). In GWR, spatially varying
relationships are modeled by generating individual regressions for each data point and
more weight given to nearby observations. It also, minimizes the residual spatial
autocorrelation and generates local coefficient maps in observing spatial
heterogeneity (Amano &Ronny, 2016). Based on this, GWR has been able to show in
various studies that land use changes affect groundwater quality indicators

(Fotheringham et al., 2003).

Geographically weighted regression can be used to carry out prediction in the study
area based on the model created. To carry out prediction, it is required that each of the
prediction location in the study area has specific values for each independent
variable(s) provided in the model. GWR also allows for exploration of spatially
varying relationships. It achieves this by creating coefficient raster so as to visualize

how relationships between independent and dependent variables vary across the study
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area (Wheeler & Paez, 2011). The GWR tool produces several outputs, i.e., a

summary of the GWR model and a statistical summary.

The application of this model has a worldwide usage. Eun-Hee et al. (2020) used
Geographically Weighted Regression model to predict spatial characteristics of nitrate
contamination: the implications for an effective groundwater management strategy in
South Korea. In addition, Javi et al. (2014) employed geographically weighted
regression model in the analysis of spatiotemporal varying relationships between
groundwater quantity and land use changes in Khanmirza Plain in Iran. Further, the
Model was used in the analysis of groundwater nitrate contamination in the central

valley in the United States of America (Shrestha & Luo, 2017).

In Africa, Geographically Weighted Regression model has been used in modeling the
temporal dynamics of groundwater pollution risks at the African scale (Issoufou et al.,
2020). The Model has also been used in the analysis of groundwater pollution
management in Ethiopia (Muche, 2021). Despite being adopted worldwide, review of
literature indicates that Geographically Weighted Regression model has not been used
in Kenya in the Analysis of groundwater vulnerability, risk and pollutant transport.
This study adopted Geographically Weighted Regression Model in the Analysis of

Groundwater pollution in Kamkuywa Market Center.
2.8 Theoretical Framework
The following theories influenced this study.

2.8.1 Source-pathway-receptor model
The source-pathway-receptor model is a concept used by on-site situation in
determining the risk of groundwater contamination (Yawar et al., 2017). For

groundwater contamination risk to exist there must be a pollutant source and a
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pathway that provides the means for the pathogens to reach the aquifer. In the study
area, there is widespread distribution of pit latrines which are the major sources of
contamination as well as onsite sanitation. There are three types of pathways (Carter
& Hussein, 2015); 1) those that naturally occur in the subsurface as a result of existing
openings like ground cracks. 2) Those that occur due to human activities and 3) those
in the environmental component affected by the impacts of physical activities such as
drilling, quarrying and construction. Receptors usually differ in resilience because
each of them is uniquely sensitive to changes in the environment (Caraballo et al.,

2013).

Source Pathway Receptor

Designated

: . Effect on a
project or Mechanism of VO
physical change in the

activity environment

Figure 2. 1: Source-Pathway-Receptor Model

(Source: Canadian Environmental Assessment Agency)

The route the source takes to reach the receptor is known as the pathway where
environmental change occurs. This can include both physical and chemical (air, water
and soil) transportation. To understand groundwater contamination it is important to
understand pathway mechanisms (CEAA, 2007). This theory explains how
environmental factors such as soil permeability, rock structure, and pH lead to aquifer
(receptor) contamination. For a contaminant to move from the source and reach
groundwater there must be a pathway and other environmental factors involved.
These factors might accelerate or slow down the process. It is therefore important, to

understand the source and the pathways of contaminants in the sub surface
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environment so as to reduce the uncertainty associated with likelihood estimation of
drinking water to contaminants. Additionally, knowing the source and the pathways
provides room for quantification of contamination effects through accurate testing and

measurement.

2.8.2Fick's law of Diffusion
This law describes the movement of particles under random thermal motion from
higher concentration region to lower concentration regions (Crank, 1980). The theory
can be used to explain groundwater contamination. The law mathematically
categorizes three dimensional distribution and states that the concentration gradient is
proportional to the diffusion flux as; (3.9) F=—DVC
Where

C represents the concentration of diffusing elements;

F represents the flux by which is a particle per square meter per second

D is used to represent the constant in centimeter squared per second.
According to Crank (1989), the changes in particles affect the concentration gradient.
In the context of this study, Fick’s law of diffusion theory explains how fecal coliform
bacteria can spread from the source (pit latrines) to the surrounding environment
eventually reaching the water table and contaminate it.

2.8.3 Distance Decay

The term distance decay is used in Geography to describe how distance affects spatial
and cultural interactions. This refers to the decline of interactions between two
locations with increase in distance. This process is described as distance decay
(Yasuyuki, 2013). In simple terms it is the decrease or loss of similarity between two
observations as a result of an increase in distance between them (Yasuyuki, 2013).

The concept of distance decay can be graphically represented by a line that curves


https://www.sciencedirect.com/topics/engineering/ficks-law
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downwards with a concave appearance as the distance on the x-axis increases. It can
also be represented mathematically given by law of inverse squares (White, 1999).
This theory was used to explain how pit latrine —shallow well distance affected
groundwater contamination in Kamkuywa with an assumption that the greater the
distance the lower the risk of contamination as pathogens tend to die along the way

and the concentration of contaminations reduces with an increase in distance.
2.9 Conceptual Framework

The transportation of microbes from pit latrines to groundwater is largely dependent
on the hydro-geological and climatic factors of the area. Half of the studies conducted
to assess microbiological contamination of groundwater have used experimental
approaches including test well installation in the areas of study so as to measure the
water quality. Some have included the collection of soils, the measurement of pit
latrine depths as well as shallow well depths. According to the World Health
Organization (2006), microbial and chemical factors controlling the transportation of
pathogens from pit latrines to the groundwater have been subject to several reviews.
This is because these factors vary from one geographic region to the other and is also
strongly influenced by other driving factors like; land use changes, population growth,

and urbanization among others.

Once groundwater is polluted and unfit for human consumption, the impact is grave.
Among the most common effects of groundwater contamination are; water scarcity,
poor groundwater quality and the frequent outbreaks of water-borne diseases, as well
as higher cost of treatment. Groundwater protection and prevention from
contamination is more important and easier than management of already polluted
groundwater. It is therefore critical to have protection and mitigation measures in

place. Such measures include; land use planning, urban and physical planning, and
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provision of water supply and sanitation systems, water quality management plans

and most importantly adherence to the set safe distance guidelines in Kenya.

A conceptual framework was defined to establish the relationship between study
variables and the expected results. The framework in Figure 2.2 is a modification of
the DRSIR framework used in the strategic assessment of groundwater resource
exploitation in Guwahati, India. The framework looks at groundwater pollution
driving and accelerating factors in Kamkuywa as well as the impact and solutions to

groundwater contamination.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Introduction

This chapter describes the study process. The first section describes the study area.
This is followed by a description of the various data sets used in the study their
sources and how these data were obtained. The processes applied to some of these
data before they were used in the final analysis are also described. The final section
describes the data analysis techniques used in the study.

3.2 Study Area Description

3.2.1 Location

Kamkuywa Market is one of the largest open-air farm fresh-produce markets in
Kimilili Constituency, Bungoma County. The market center is well known for its
wide variety of fresh agricultural produce including; green maize, cereals, and
horticultural products throughout the year. The center hosts the Kamkuywa Ward
administrative offices and is located along Webuye- Kitale highway. Due to its
strategic location, Kamkuywa Market has a population of 26,569 people according to
the Kenya Population and Housing census conducted by the Kenya National Bureau
of statistics in 2019 and thus has the potential of growing even bigger in the future. It
is located on latitude N 0° 46'39.36 " and longitude E 34° 47' 12.48" on a hilly
topography with a gently sloping hilly terrain towards the western side of the town
and gently slopes downward toward the north-eastern side. The highest point is
approximately 1716m above sea level and the lowest point 1634m. Figure 3.1 shows

the location of the study area.
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Figure 3. 1: Study Area (Kamkuywa Market Center)
3.2.1 Geology and Drainage

The geology of the market area reflects the volcanic tectonic setting of Mt. Elgon and
the slope variation in Bungoma County. The study area consists mostly of
metamorphic rocks occupied by a somewhat gneissose pegmatite-rich leuco-granite.
The composition of the basement rock has had an influence on soil distribution in the
area according to the Bungoma County draft Local Urban Development Plan (2015).
The geology of an area determines the soil type. Soil attributes such as permeability
and porosity have been known to influence the rate of infiltration and percolation as
well as the pollutant travel distance and the time (Bousenberry et al. 2013). In
addition, the area is traversed by River Kamkuywa which flows from south to north.
The area has very fertile red loamy soils suitable for agriculture. The soilsare well-
drained, deep, and vary from dark red Nitisols to dark brown Ferralsols along the

rivers (Bungoma CIDP, 2013).
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3.2.2Climate

According to the Bungoma County Integrated Development Plan 2013-2018. The
study area receives a bimodal type of rainfall, with warm and wet climatic conditions
experienced all year round. The mean annual rainfall ranges from 1250mm
t01800mm, with the heaviest rains occurring between April and July (this is the time
when intensive farming activities are undertaken). The mean annual temperatures
range between 21 degrees and 23 degrees Celsius, with the hottest temperatures
experienced between December and February. According to Idoko (2010), the quality
of groundwater is greatly affected by the change in climatic factors. Chup and Makwe
(2013) established that, weather events i.e. long rains and long droughts greatly affect
groundwater quality in that factors such as rainfall lead to change in groundwater
recharge rate and therefore variation in amount of rainfall received in an area affects
the concentration of water parameters.

3.3 Data and Data Sources

From literature, the movement of contaminants through the soil medium into the
groundwater is affected by several factors: First is the presence of the contaminant
and its concentration. There is a higher likelihood of groundwater contamination
when there is high concentration of contaminants such as fecal coliform bacteria in
close proximity to a water source. Second is the depth of the water table whereby
pollutants are likely to spread faster where the water table is shallow as compared to a
deeper water table. Further, contaminants will spread faster on gentle slopes than
steep slopes if the pollutants origin is the ground surface because the former allow for
more infiltration and percolation rate than steep slopes which produce more surface
runoff. Finally, contamination will spread faster in sandy soils, which have higher soil

permeability than in clay soils. To address the study objectives these factors were
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obtained from the sources described below. It should be noted that rainfall and
temperature were assumed to be uniform since the study area is fairly small.

3.3.1 Contaminant Concentration

Contaminant concentration was represented by fecal coliform densities. Fecal
Coliform densities were derived from Lab analysis of thirty two (32) water samples
collected from thirty two (32) selected shallow wells in the study area through
stratified random sampling.

3.3.2 Water Table Depth

This was defined as the perpendicular distance between the upper ground surface and
the upper most zone edge of the groundwater surface (Platz, 2010).The latter was
represented by the altitude above mean sea level of the point where water is
encountered during the drilling of a shallow well. This was obtained by calculating
the difference between measured shallow wells depths and the altitude of the well top
using the formula (Altitude - depth= Water table).

3.3.3 Soil Permeability

Soil permeability defined as the ability of the soil to transmit air and water (Orabi,
2016) represents the ease of flow of a contaminant. Soil permeability data was
obtained from field analysis of soil profiles and the soil characteristics (soil colour.
Soil texture, structure, land use, slope) in ten (10) thematically selected sites in the
study area.

3.3.4 Slope

Slope values were extracted from a slope map generated from a digital elevation
model (DEM).The DEM was generated from the geographic coordinates of all

shallow wells as well as their altitude values.
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3.3.5Waste Level Depth
Waste level was defined as the perpendicular distance between the upper edge of the
ground surface and the bottom part of a dug pit latrine. It was represented by the
difference between the pit latrine depths and the altitudes of the respective pit latrine
top using the formula (Pit latrine altitude — Pit Latrine Depth= Waste level).
3.3.6 Distance between a Shallow Well and nearest Pit Latrine
The distance between each shallow well and the nearest pit latrine was automatically
generated from point coordinates of 1061 pit latrines and 531shallow wells mapped
using GIS-based proximity analysis tools in ArcGIS.
3.4. Data Collection and Processing
Data on fecal coliforms densities was achieved by collecting and analyzing the
concentration of fecal coliform bacteria in 32 water samples collected from 32
selected wells. Data on soil permeability was collected through measurement and
observation. Data on pit latrine depths was collected through measurement. Data on
the slope was obtained using the GPS by obtaining the geographic coordinates for all
the shallow wells in the study area. This section describes how data highlighted in
section 3.3 was collected and processed.
3.4.1 Fecal Coliform Concentration as an indicator of contamination
Five hundred and thirty one (531) shallow wells were mapped in the study area. Fecal
coliform concentration in water from shallow wells was used to establish how
groundwater quality varied in different spatial locations in the study area. Stratified
random sampling was used to select 32 shallow wells after thematically zoning the
study area in eight (8) representative zones using the following criteria;

i.  The density of shallow wells- The study area was stratified into 284 grids

measuring 100m x100m and the grids with the highest and lowest number of
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shallow wells and pit latrines identified. The grid with the highest level of
shallow wells had 12 shallow wells and 15 latrines.
ii.  The Depth of the shallow wells
iii.  The slope angle/Topography
Iv.  The soil permeability rate
v.  The location of the shallow well with reference to the road network
vi.  The status of the shallow well (protected and unprotected)
vii.  The Proximity of the shallow well to the nearest pit latrine

viii.  The period in which the shallow well has been in use

Based on these parameters, four shallow wells were then randomly selected from the
eight (8) strata for analysis of fecal coliforms. The process of collecting water samples
from the 32 selected shallow wells was conducted in accordance with the American
Public Health Association Standards and Guidelines (1992) on water sample
collection whereby the 32 samples were collected between 6:00 am to 7:00 am when
the water in the shallow had not been disturbed. The water samples were collected
using specially prepared, sterile white pack bags. The bags contained a 0.1ml of a 3%
solution of sodium thiosulphate to dechlorinate and neutralize any residual halogen
and prevent the continuation of bacterial action during sample transit. As a standard
requirement for the sample volume of drinking water, 100ml of each sample was
collected and carefully labeled. Sample Bags were numbered appropriately i.e. SW1,

SW2, and SW3.

The exercise also involved the collection of geographic coordinates, nearest pit
latrine, depth, and the distances (m) to the nearest pit latrine of respective shallow
wells whose water samples had been collected. These data were recorded in a digital

template as illustrated in table 3.1.



Table 3. 1: Sampled shallow wells datasheet
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S/INo  Well Location Well  Nearest Dist. Depth of
label Lon. Lat. Alt. Depth PL Nearest Nearest
(DD) (DD) (m) (m)  Label - PL
(m) (m)

1. SW1 34.791168  0.779192 1700 10.75 PLO1 22 9.75

2. SW2 34.789505  0.779333 1705 10.75  PLO2 18 9.75

3. SW3 34.789418  0.781235 1713 10.25 PLO3 8 9.75

4. SW4 34.7893 0.783087 1711 11.75 PLO4 10 10.25
5. SW5 34.789538  0.786747 1703 11.75 PLOS 6 9.75

6. SW6 34.78937 0.789465 1696 11.75 PLO6 12 10.25
7. SW7 34.788644  0.779139 1707 10.75 PLO7 18 9.75

8. SW8 34.788812  0.780993 1713 11.25 PLO8 14 9.72

9. SW9 34.788028  0.784426 1714 11.75 PLO9 15 10.5
10. SW10 34.788765 0.788373 1707 1425 PLO10 19 12.75
11. SW11 34.785942 0.780918 1709 10.75 PLO11 215 9.25
12. SW12 34.785208 0.781803 1708 11.25 PLO12 23 9.75
13. SW13 34.788862 0.776948 1702 11.75 PLO13 16 9.75
14. SW14 34.78827 0.775328 1707 11.75 PLO14 21 9.75
15. SW15 34.78801 0.777848 1708 10.75 PLO15 20 8.75
16. SW16 34.786083 0.778865 1705 9.75 PLO16 11 9.75
17. SW17 34.783747 0.777538 1701 11.75 PLO17 10 9.75
18. SW18 34.788772  0.770649 1700 11.75 PLO18 32 9.5

19. SW19 34.789615 0.774611 1699 11.75 PLO19 13 9.75
20. SW20 34.791167 0.777988 1698 10.5 PL020 19 8.75
21. SW21 34.791982 0.77861 1691 12,75 PLO21 22 10.9
22. SW22 34.795183 0.78035 1682 9.75 PL0O22 17 8.75
23. SW23 34.799385 0.780735 1651 10.25 PL023 26 9.75
24, SW24 34.798593  0.779402 1660 10.25 PLO24 12 9.75
25. SW25 34.802437 0.780495 1642 7.5 PL0O25 18 3

26. SW26 34.801403 0.782613 1640 3 PLO26 14 2.1

27. SW27 34.798313 0.783864 1663 9.75 PLO27 15 6.75
28. SW28 34.793357 0.783536 1694 9.5 PL028 25 8.5

29. SW29 34.800728 0.78339 1651 7.75 PL029 20.2 7.75
30. SW30 34.801113 0.78491 1647 8.5 PLO30 12 7.25
31. SW31 34.802095 0.785843 1641 25 PLO31 27 2.1

32. SW32 34791831  0.785959 1702 10.75 PL032 23 9.75
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To validate the results of the fecal coliform count test, duplicate water samples from
the selected shallow wells were required. Four shallow wells i.e. SW9, SW5, SW24,
and SW30 were randomly selected from the initial 32 sampled shallow wells and their
water samples were collected the next day. The waster sample collection procedure

was similar to the one detailed above.

The whole process of water sample collection was carefully done as the samples were
directly put in the bags from the wells to avoid contamination. All collected samples
were kept cool in a 20liters cooler box and delivered to the lab for analysis within 3
hours in line with the World Health Organization (1996) guidelines.

3.4.2 Soil Permeability

The process of determining the study area’s soil permeability rates was carried out in
three steps: First, directed benchmark sampling was used to demarcate the study area
into ten (10) plots representative of its topographical, geological, and land use
characteristics as shown in Figure 3.2. This sampling method was selected because;
the study area had distinct and well-defined features related to topography, and land

use as shown in Appendix Il
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Figure 3. 2: Distribution of Soil profile Sample points

The second step in determining soil permeability rates involved digging soil profile
pits in the ten (10) plots. All the 10 pits were dug to a depth of 1.22m. For each pit,
the soil profile was examined according to the FAO (1977) guidelines for soil profile
description as summarized in the table provided (Appendix 3). In addition to this, a
simple hydraulic field test was carried out to determine the soil texture. The study
adopted the Beerkan Infiltration Run (SBI) simplified method of testing soil hydraulic
connectivity. The process of determining the soil texture using the hydraulic field test
involved inserting a cylinder into a short soil depth and measuring the infiltration time
of small water volumes that were repeatedly being applied at the surface of the
confined soil that was being measured. The recorded Kfs which was the measured
infiltration time was used to determine the soil texture. Kfs refers to the soils saturated

hydraulic conductivity. This process was done for all the ten dug pits.

Alongside this, geographic coordinates for every dug pit were collected using mobile

GPS (GIS Cloud). Finally, all the dug soil pits had their recorded characteristics
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analyzed and permeability rates determined as shown in Table 3.2 below according to
the Kenya Survey procedures matrix for determining soil permeability.

Table 3. 2: Soil Permeability Rates

Pit Label Geographical Location Data Permeability rate (Kfs)
S/INO.
Longitude Latitude Altitude

1. 001 34.781341° 0.779757° 1692 25
2. 002 34.788607° 0.776864° 1705 25
3. 003 34.791196°  0.780220° 1701 25
4, 004 34.788097°  0.785051° 1712 25
5. 005 34.800591°  0.787440° 1647 1.3
6. 006 34.802792°  0.779682° 1637 1.3
7. 007 34.794770°  0.775871° 1673 25
8. 008 34.773505°  0.781755° 1660 1.3
9. 009 34.788965°  0.790635° 1710 25
10. 010 34.787763°  0.772974° 1708 2.5

Furthermore, thiessen polygons technique was used to generate a soil permeability
map using geographic coordinates and permeability rates in Table 3.3 to determine
the areas of influence of each point of measurement. The output was Figure 3.3,
which is a raster layer of permeability rates. The final stage for this process was the
extraction of permeability values using the ‘extract multi values to points’ tool in
ArcGIS spatial analyst. The values of the underlying soil permeability map were

extracted to the points representing shallow wells.
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Figure 3. 3: Soil Permeability Map
3.4.3 Surface Slope

Slope data was obtained in four stages. First was the collection of location data
(Longitude, Latitude, and Altitude) for all shallow wells in the study area using Cloud
GIS. The collected coordinates and the elevation for the 531 shallow wells were then
used to generate a digital Elevation Model (DEM) using Topo to Raster Interpolation
technique in the spatial analyst tools in ArcGIS. The generated DEM was in turn used
to generate a slope map (Figure 3.4) using 3D analyst tools. The generated slope map
indicated the steepness of the land surface in the study area. Finally, slope values from

the slope map were extracted using the ‘extract multi values to points’ tool in spatial
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analyst. Similarly, the tool extracted the values of the underlying slope map to the

points representing shallow wells.
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Figure 3. 4: Slope Map

3.4.4 Water Table Data

Water table data collection involved first the mapping of all shallow wells in the study

area where a total of 531 shallow wells were mapped. The mapping exercise involved

the collection of GPS coordinates as well as the altitudes. This was followed by the

measurement of the depth of each shallow well using a 50 meters steel tape. Data for
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coordinates and depth of the shallow wells was recorded in a digitally prepared
template in Cloud GIS (Appendix 1). The recorded depths and altitudes were in turn
used to generate water table elevation (z) values using the formulae (Altitude - depth=
Water table). Table 3.3 illustrates this step.

Table 3. 3: Water table (z) values

S/NO.  Latitude Longitude Altitude Depth Water table
(z) value
1. 0.782286667 34.80229 1685 10.5 1674.5
2 0.780495 34.80243667 1687 7.8 1679.2
3 0.779743333 34.80133 1685 10.5 1674.5
4, 0.779275 34.801415 1708 10.5 1697.5
5 0.779611667 34.80094 1713 8.25 1704.75

Finally, a water table surface map (Figure 3.5) was generated through interpolation
from the water table elevation (z) values in Table 3.3 using spatial analyst tool in
ArcGIS. Similarly, interpolated water table values were extracted from the water table
surface map to the points representing shallow wells using the ‘extract multi values to

points’ tool in spatial analyst.
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Figure 3. 5: Water Table Surface Map
3.4.5 Waste level Data

Procedure for data collection on waste level was similar to that of water table data as
described in 3.4.4. It involved the collection of GPS coordinates and depths for all the
1061 pit latrines in the study area. However, unlike shallow wells, pit latrine’s depths
were not measured using a steel tape measure. This is because it was impractical and
unhygienic to measure the depths of 1061 pit latrines in use. Therefore, the depths
recorded were the initial depths of the pit latrine when they were dug. This
information was provided by the owners and recorded in a digitally prepared template

in Cloud GIS (Appendix I).
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The altitude and the depths for the 1061 pit latrines in the study area were used to
generate the waste level elevation (z) values using a formula similar to the one used in
3.4.4 (Pit latrine altitude — Pit Latrine Depth= Waste level) as shown in Table 3.4.

Table 3. 4: Waste (z) values

S/NO. Latitude Longitude Altitude Depth  Waste (z) value
1. 0.779678333 34.80317167 1637 3.25 1633.75
2. 0.779386667 34.802585 1634 8.75 1625.25
3. 0.77947 34.80263667 1645 7.5 1637.5
4, 0.780288333 34.80244667 1698 9.75 1688.25
5. 0.780511667 34.80258333 1659 10.65 1648.35
n. 0.780935 34.80257 1643 4.45 1638.55

Lastly, an interpolated waste level surface map Figure 3.6 was generated using the
waste level values in table 3.4. The ‘extract multi values to points’ tool in spatial
analyst was used to extract interpolated waste level values. The extracted values were

exported to the values representing shallow wells.
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Figure 3. 6: Waste Level Surface Map

3.5 Data analysis
Data analysis was carried out in response to the four objectives. Most of the analysis
was carried out in a GIS environment using ArcGIS version 10.5.

3.5.1 Determining the extent of Groundwater Contamination

Determination of the extent of contamination involved two tests. The first was the
determination of the extent to which the World Health Organization and Kenya
sanitation and Hygiene policy on well to pit latrine spacing had been flouted in the
study area. The distance of each Shallow well to the nearest Pit latrine was calculated
using nearest Proximity analysis tools in ArcGIS. The second analysis for this
objective involved determining the extent of coliform contamination in the water
samples. Sampled water from thirty-two (32) shallow wells underwent membrane
filter test within three hours of sample collection as required under the World Health
Organization water testing guidelines (1996). Specifically, a sample volume of 50ml

from each sample was filtered through a membrane filter of 0.45 microns using a
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vacuum pump. Placed in a culture dish on a pad with growth enrichment media, the
filter was incubated for 24 hours at a temperature of 44.5°C.Collected bacteria cells
on the filter grew into dome-shaped colonies with a gold-green sheen colour. From
the dish, these dome-shaped colonies were counted and recorded. Indicator shallow
wells SW5, SW13, SW24, and SW20 required a 25ml dilution to achieve a clear

countable membrane.

The fecal concentration of each 50ml water sample and 25ml water sample for SW5,
SW13, SW24, and SW20 were recorded as coliform densities calculated as units of
the numbers of colonies per 100ml of sample water. A confirmation test was
undertaken in an incubation period of 24hrs for the duplicate water samples SW5 (D),
SW9 (D), SW24 (D), and SW30 (D). The result of these duplicates was used to

validate laboratory analysis precision.

Finally, coliform densities point values were transformed into a raster map to show
continuous distribution of groundwater fecal coliform contamination in the study area.
The interpolated contamination values from the raster map were extracted to the
points representing shallow wells to have 531 contamination values each for the
respective shallow well. Using the extracted values, a four-class contamination level

surface map was created in 3D Analyst using the Kriging interpolation technique.

3.5.2 Determining the relationship between contamination and Hydro-geological

factors

Regression analysis using spatial statistics tools (modeling spatial regression) was
carried out to model, predict, examine, and explore spatial relationships to find out
how these environmental factors affect groundwater contamination. To enable this,

dependent and independent variables were determined with contamination as the
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dependent variable being modeled and slope, soil permeability, distances, and depths
as independent variables (explanatory variables). Regression analysis was preceded
by running the Ordinary Least squares regression tool to find out whether the model is
accurate. To determine the regression coefficients () for the exploratory variables the

OLS model was runs as follows;
yi = B0 + Blx1i+ B2x2i +...+ Pnxni + €i With the estimator p> = (XT X)-1 XT Y

The result of the OLS model was an equation constructed for every location in the
data set for the independent and dependent variables existing within the bandwidth of
each location. There was need to ensure that the OLS residuals were spatially random
and therefore, spatial autocorrelation (Global Moran 1) was performed on these

residuals.

Once the independent variables to be used in the Geographically Weighted
Regression model had been validated by the OLS model, the next step was the
running of the Geographically Weighted Regression Model. GWR was preceded by
resetting the environment in the arc tool box. This involved aligning the processing
extent, projection and the workspace. GWR used the following model formula to run

a regression analysis of the dependent and independent variables;
yi = B0+ Blx1i+ p2x2i +...+ Pnxni + €i With the estimator
B’ (i) = (XTW(i) X)-1XTW(i)Y

where W(i) is a matrix of weights specific to location (i) such that points nearer to (i)

are given greater weight than points away(Goovaert set al, 2008).

3.5.3 Determination of high contamination areas
Data analysis was done by applying the results of the GWR model by reclassifying

independent variables maps using the 'Raster Reclass' tool of 3D analyst based on
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their established relationship (positive relationship, no relationship, and negative
relationship). Each layer was reclassified into 4 classes with equal intervals. Weighted
Overlay tool in spatial analyst was then used by applying a common measurement
scale of values using the formula (slope +soil permeability+ water table depth + waste
level depth + shallow well distances to the nearest pit latrine = Groundwater
Contamination Vulnerability) to create an integrated analysis showing areas of
possible high to low groundwater contamination risk.

3.5.4 Determination of optimal well and pit latrines sittings

Geographically weighted prediction analysis was carried out in spatial statistics tools.
The model calibrated the regression equation using known dependent variable values
to create a new output prediction feature class run by modeling coliform densities
against their respective pit latrine-shallow well distances. The output feature was
interpreted and used to show precisely how an increase or decrease in coliform
density varies outward from any one location with respect to distance, direction, and
the study area's slope, soil permeability, and water table depth to give the optimal safe

distance for the study area.

Finally, the results of all the four objectives were presented as maps to help in easily
discerning the emergent patterns in the data to adequately answer the research

questions.
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CHAPTER FOUR

RESULTS

4.1 Introduction

This chapter presents the findings from the study in line with the study’s objectives
namely; to determine the extent of groundwater contamination, to assess the
relationship between groundwater contamination and other hydro-geological factors,
to map groundwater contamination risk zones, and to establish the optimal safe
distance and sitting for shallow wells and pit latrines in the study area.

4.2Extent of Groundwater Contamination in Kamkuywa

To adequately respond to this objective, results are subdivided into two sections. That
is, results on the separation distances between shallow wells and pit latrine and results
on fecal coliform contamination.

4.2.1 Separation distances between shallow wells and pit latrines in Kamkuywa
Market Center

The analysis of the existing distances between 531 shallow wells and the nearest pit
latrines in Kamkuywa Market Center showed that; 63 shallow wells, which translate
to 11.8% of the total population of shallow wells in the study area, were at a distance
of at least 40 meters from the nearest pit latrine. Additionally, 172 (32.4%) shallow
wells were located at a distance greater than 30m from the nearest pit latrines. Further,
44.8% (238) shallow wells were a distance less that 15m from pit latrines. The
distribution of pit latrines and shallow wells in the study area is shown in Figure 4.1

below.
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Distribution of Shallow wells and Pit Latrines
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Figure 4. 1: Distribution of Shallow wells and Pit Latrines in Kamkuywa Market

Center

4.2.2 Fecal Coliform Contamination

The World Health Organization requires drinking water supplies to demonstrate total

absence i.e. (zero) of fecal coliform bacteria per 100ml of drinking water. The

findings of the study however showed that, out of the sampled 32 shallow wells, 31

shallow wells tested positive for fecal coliforms with a coliform density range of 4-68

colonies/100ml of water. Indicator well SW18 (Protected) tested negative for fecal
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coliform. However, indicator well (SW 18) was located 43m away from its nearest pit
latrine. Most shallow wells in the study area were protected meaning they had a lining

and a concrete cover. Table 4.1 and Table 4.2 present these findings.



Table 4. 1: Fecal coliform count report
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i/N }glgéll Status ’c\locibtr)l]ices/ gg:g?t;m Well Nei\res NZ;S:és Deopfth
50ml ([(No_. of Dept t
coIoryes)/(vqum h PL Neares
ioo)flltered)] X m) Label PL t
(m) PL
1 swy  Frotected 26 52 1075 PLOL 22 9.75
o swp  Frotected 25 S0 1075 PLO2 18 9.75
3 sw3  Frotcted 27 >4 1025 PLO3 8 9.75
4 swa  Protected 33 66 1175 PLO4 10 10.25
5. sws  Frowected 34 68 1175 PLO5S 6 9.75
6. swe rotected 19 38 1175 PLO6 12 10.25
7.swy7  "rotected 29 58 1075 PLO7 18 9.75
g swg  |rotected 20 40 1125 PLOS 14 9.72
9. swg  'rotected 2 4 1175 PLO9 15 105
1 swio ~ Crotected 24 48 1425 PLO10 19 12.75
1 swip ~ Protected 17 34 1075 PLO1L 215 925
1; swip  Crotected 8 16 1125 PLO12 23 9.75
1: swiz  rotected 34 68 1175 PLOI3 16 9.75
1. swis  Protected 13 26 1175 PLOL4 21 9.75
1t swis  Crotected 30 60 1075 PLOL5 20 8.75
1t swig ~ rotected 3l 62 975 PLO16 11 9.75
1; swyy  Crotected 24 48 1175 PLOL7 10 9.75
1t swig ~ "rotected 0 0 1175 PLO18 32 9.5
1 swig ~ Protected 13 26 1175 PLO19 13 9.75
o swpo ~ "rotected 32 64 105 PLO20 19 8.75
2 swpp  "rotected 27 o4 1275 PLO2L 22 109
2, swpp  "rotected 3 6 975 PLO22 17 8.75
2 swp3  "rotected 19 38 1025 PLO23 26 9.75
2 qnon Doy 60 1025 PLO24 12 9.75
o1 gwps  [rotected 19 38 75  PLO25 18 3
o swog  rotected 20 40 3 PLO26 14 2.1
27 swpy  "rotected 21 42 975 PL027 15 6.75
2t swog  [rotected 16 32 95  PLO28 25 8.5
2 oz Efc}tecte ; 26 52 775  PLO29 202  7.75
3 swap  Frotected 11 22 85  PLO30 12 7.25
3 gwa1  Froected 9 18 25 PLO3L 27 21
3 spa Eroottecte ; 19 38 1075 PLO32 23 9.75
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Duplicate samples for both Shallow wells (protected and unprotected) replicated the
same result after analysis to confirm the results of contamination. The purpose of
having duplicate samples was to confirm that the results of the first lab analysis for
the 32 waters samples were accurate.

Table 4. 2: Field Duplicate Samples for Shallow wells

Indicator No. of Coliform Density

shallow well colonies/50ml ([(No. of colonies)/(volume filtered)] x 100)
SW5(D) 34 68

SW9(D) 2 4

SW24(D) 29 58

SW30(D) 12 24

Finally, the analysis of contamination using coliform densities resulted in a
continuous contamination surface map showing a 2D continous representation and
distribution of fecal coliforms indicating the potential extent of groundwater
contamination. Four zones of contamination interpreted per coliform densities as low
(0-17), moderate (18-34), high (35-51), and very high (52-68) within the study area
were defined based on the coliform densities values ranging from 0-68 as shown in
Figure 4.2.This indicates that most of the study area has its groundwater

contaminated.
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Contamination Surface Map

Legend
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Figure 4. 2: Contamination Surface Map of Kamkuywa

4.3 Relationship between Contamination and hydro-geological factors

The second objective sought to analyze the main factors that influence groundwater
contamination. Regression analysis allowed for the understanding of the factors
behind observed independent variables patterns in the study and the prediction of the
outcome based on these patterns using the contamination values as the dependent

variable.

The OLS tool generated several outputs one of them being Figure 4.3 and a summary
report that was used to validate the viability of the selected dependent and
independent variable to be used for regression analysis. The residual map showed the

under and over predictions of the model to be used.



Least Ordinary Squares Output Map

Legend
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Figure 4. 3: OLS Output
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The residual map (Figure 4.3) used standard deviations from the predicted values to show
how far off the value was, the blue (>2.5 std. Dev) were higher than what the model had
predicted, and red (<-2.5 std. Dev.) were lower than what the model had predicted. The
results, however, were within the model's prediction (-2.5 - -1.5 Std. Dev. to 0.5- 1.5 Std.
Dev.), hence valid in running geographically weighted analysis. The adjusted R-squared
value was 0.73 after running all the independent variables and 0.31 while running each
independent variable individually. The main result of the regression analysis was a summary
report containing the coefficient estimates, their standard errors, and a range of diagnostic
statistics shown in Table 4.3 and 4.4. Examining the coefficient distribution in the summary
table of the analysis showed how much variation was present and the relationship between

the variables.



Table 4. 3: Summary of GWR w Results - Model Variables

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust SE  Robust t Robust_Pr [b] VIF [c]
Slope 0.000025 0.008746 3.465872 0.050085% -0.143256  0.645983 0.523369 -2.000022
Soil Permeability 0.312915 0.002017 7.162642 0.000000% 0.003256 7.523648 0.1901849 2.000022
Water table -0.90093 0.000325 4.305321 0.000900% -2.100001  2.152000 0.123658 -2.000022
Waste level 0.75326 0.085053 1.568321 0000007 0.217369 0.531270 0.424169 2.000022
Distance -0.812364 0.135689 5.782546 0.000000% 0.432845 1.685600 0.142382 2.000022

Table 4. 4: Regression Diagnostics

Input Features:

Std. Residual Map

Dependent Variable:

Contamination

Number of Observations:
Multiple R-Squared [d]:
Joint F-Statistic [e]:

Joint Wald Statistic [e]:
Koenker (BP) Statistic [f]:

Jarque-Bera Statistic [g]:

531

0.023612

0.035065

21.217021

24.823828

2.635880

Akaike's Information Criterion (AlICc) [d]:
Adjusted R-Squared [d]:

Prob(>F), (4,29) degrees of freedom:
Prob(>chi-squared), (2) degrees of freedom:
Prob(>chi-squared), (2) degrees of freedom:

Prob(>chi-squared), (2) degrees of freedom:

287.065164

0.043725

0.037175

0.0544161

0.041755

0.0267686
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4.4 Contamination Risk Zones

The resultant output from the weighted overlay analysis was a pollution map in figure
4.4. The map shows groundwater contamination risk in Kamkuywa Market Center
based on the key factors, i.e., slope, soil permeability, and water table and waste level,
and pit latrine- shallow well distance. The results showed 7.1 % and 14.3% of the
study area was at low and moderate risk of groundwater contamination respectively
while 73.6% of Kamkuywa market center was at a high risk of groundwater
contamination and a five percent (5%) of the study area was showed to be at a very

high risk of contamination.

Pollution Map

Legend

Contamn_Risk

VALUE
o
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B righ ,&
3 N
- very high
0 0.45 09 1.8 Kilometers

| ! ! ! | 1 1 ! J

Figure 4. 4: Pollution Map



4.5 Optimal Sitting

Running of the prediction model established at what point was there no con

The prediction model considered the observed pattern variability of the existing
hydrological factors in the study area. From the prediction model, the optimal siting
(safe) distance of wells in Kamkuywa Market Center at which there was zero
contamination prediction was between 31meters and 33meters, this in relation to soil
permeability, topography, and water table as shown in Figure 4.5. However, this

distance (31-33m) was predicted on the assumption that the waste level depth was 2m

above the water table.

tamination.

Safe Distance Prediction Map

Legend
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Figure 4. 5: GWR w Prediction Output
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CHAPTER FIVE
DISCUSSIONS
5.1 Introduction
This chapter synthesizes and logically makes inferences of the results and findings of
the study as presented in Chapter four.

5.2 Groundwater Water Contamination in Kamkuywa Market Center

Confirmed fecal contamination in 31 of the 32 sampled shallow wells in Kamkuywa
indicates that groundwater is polluted with fecal bacteria. This is an indication of
potential health risk for individuals using water from these shallow wells. Literature
review has shown that fecal coliforms are usually non-pathogenic and not directly
disease causing. However, they are contamination indicator organisms. Their presence
in water has been used to indicate the presence of other pathogenic bacteria i.e. giardia

and cryptosporidium.

The consequences of groundwater contamination such as; poor drinking water quality
and loss of water supply are lethal to mankind. Others like water-borne diseases, high
costs incurred on alternative water supply and high costs of groundwater cleanup are
heavy burdens to local and national governments particularly in developing countries.
Groundwater contamination often remains unnoticed for a long time because it moves

relatively slowly often making the consequences of its negative impacts very serious.

The findings of the study show that two thirds (67.6%) of all the shallow wells in
Kamkuywa being located at a distance of less than 30m to the nearest pit latrine
indicating they were likely to be unsafe and contaminated. Additionally, forty five
percent (44.8%) of the shallow wells located at a distance less than 30m from the
nearest pit latrine were less than 15 meters from the nearest pit latrines. These were

mainly in residential and commercial development areas and were found to have very
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high coliform densities as compared to the one hundred and seventy two (172) shallow
wells that were at a safe distance greater than 30m from pit latrines. Twelve percent
(11.8%) of all the shallow wells in Kamkuywa Market Center were located more than
40m from the nearest pit latrine. From the findings on fecal coliform contamination,
these shallow wells had a coliform density of 0-4/100ml whereas sixty (60) of these
shallow wells had zero coliform counts while the three that had coliform range of 2-

4/100ml were unprotected shallow wells.

These findings were supported by the laboratory results for the fecal coliform count
test. Shallow well SW18, the only shallow well that tested negative for fecal coliforms
with zero (0) coliform density, was at a distance of 32m from the nearest pit latrine.
The results of this study showed that shallow wells with high coliform densities had

short pit latrine-shallow well distances.

In several other such studies on the safe distance between pit latrines and groundwater
sources, varying transport distances for pathogens were established. Cadwell and Parr
(1937) found the safe distance among total coliforms, anaerobe and B.Coli to be
between 3meters to 25 meters depending on the degree of soil saturation and the
velocity of groundwater flow. Another experimental study reported movement of
coliform limited to less than 7 meters from the pit latrine in alkaline alluvium soils
(Dyer, 1941). A study by Still and Nash (2002) in South Africa detected a coliform
density greater than 10/100ml only one meter from the nearest pit latrine. Different
countries have different recommended safe distances for pit latrines from shallow
wells depending on the countries’ hydro geological characteristics. Kenya has a
recommended safe distance of 40mbetween a shallow well and a pit latrine. The 40m
safe distance as earlier indicated does not account for in country variation in the

environmental factors such as; climate, geology, hydrology, and land use. From the



62

results, it is evident that the 40m safe distance recommendation has adversely been

violated in Kamkuywa Market Center.

Further, a study on well-water contamination by pit latrine showed a high level of
contamination in well water in Langas, Eldoret-Kenya (Kiprotich and Ndambuki,
2012). The study found nearby pit latrines to be the main source of groundwater
contamination also noting that the state of the shallow well (protected or unprotected)
was a major contributor to groundwater contamination. That study recommended for
protection on wells achieved by lining the well and covering the top using concrete so
as prevent contamination through surface runoff and spillage of contaminated surface
run off into the shallow well. However the findings of this study show that most
protected shallow wells in the study area were contaminated with fecal coliforms with
some posting as high as 68 colonies/100ml of water. These findings can be attributes
to the violation of safe distances in the location of these shallow wells as most of them
although protected were located less than 15m from their nearest pit latrine or were
surrounded by a number of pit latrines. In addition, most shallow wells were not well
protected as most of them had no lining or were poorly lined but were covered with a
concreate top. These allowed the movement of bacteria from the nearby pit latrines

into the shallow well.

To protect groundwater from contamination, several measures have been
recommended by studies conducted globally. The highly recommended measure of
conservation of groundwater is the adequate protection of shallow wells, dug wells,
boreholes and water springs. Studies have shown that unprotected shallow wells result
in groundwater contamination largely as a result of surface runoff and leaching.
Deficiencies in construction of shallow well as a result of ignorance or financial

challenges allow contaminated surface runoff and any accompanying contaminants to
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flow and leach into the well. In Kamkuywa Market Center, 95% of shallow wells were
protected yet both protected and un-protected sampled wells tested positive for fecal
coliforms. Interestingly as indicated earlier, protected wells had higher coliform
densities as compared to un-protected wells. This means that when it comes to
groundwater contamination by pit latrine, the status of the shallow well whether
protected or unprotected is a minor factor as compared to the proximity of the

protected shallow well to the nearest pit latrine.

5.3 The Relationship between Groundwater Contamination and Environmental
factors

The safety of groundwater in Kamkuywa Market Center is a matter of significant
consequence. As earlier mentioned, it is the market’s main source of domestic water.
Groundwater quality can be categorized by the means of the measure of the chemical,
physical, biological and aesthetic characteristics. This, however, can be affected by
other factors i.e. bacteria, temperature, salinity, turbidity, and other available nutrients.
Long established environmental monitoring approach has involved the measure of the
main parameters mainly paying attention to physical-chemical parameters i.e. soil
permeability, slope, distance, water table, and pit latrine depth. Geographically
weighted regression analysis results confirmed the relationship between these factors
and groundwater contamination. The Coefficient values represented the strength and
type of relationship between each independent variable and the dependent variable.
5.3.1 Soil Permeability

The regression model showed a positive correlation between contamination and soil
permeability rates in the study area with a coefficient value of 0.312915 indicating the
higher the permeability rate, the higher the contamination level. Soil permeability

influences the potential contamination of groundwater. Previous studies on this
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relationship have established that, a greater seepage is likely in areas with more
permeable soils. The current study area had two permeability rates of 1.3kfs and
2.5kfs. Brown (2012), points out that the more permeable the soils, the faster is the
movement of fecal coliform bacteria through the soil medium. His findings conform to
the events in Kamkuywa Market Center. This explains why areas with a high level of
contamination coincide with the soil permeability rate of 2.5kfs which is the highest in
the study area.

5.3.2 Water Table

Regression analysis on the relationship between contamination and the depth of the
water table showed that there is a negative relationship between the water table depth
in the study area and contamination levels. The risk to groundwater contamination
decreases with the increase in water table depth in Kamkuywa Market Center. In many
groundwater pollution and quality assessment studies, water table depth has been
found to be an important factor in understanding the groundwater availability status as
well as determining the distance between the land surface and the water table, through
which bacteria travel to the groundwater. The regression results on the relationship
between water table depth and contamination in this study were similar to a study
carried out in Ligurian Alps in Italy whose findings showed a correlation between
aquifer contamination and water table concluding that the deeper the water table the

less chance of contamination (Federico et. al., 2015).

Fluctuations in water table depth can either increase or decrease the risk of
groundwater contamination. High precipitation leads to a water table raise, increased
percolation and recharge of the aquifer and as a result, the safe distance between the
water table and waste level is reduced and hence a higher pollution risk arises. In

Areas with a shallow water table such as wetlands, pollution will occur from the
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surface. As water percolates it may carry with it pathogens and other contaminants to

easily reach the water table.

On the other hand, a deeper water table increases the travel distance of pathogens
either from the surface of the pit latrine depths and therefore reduces the risk of

contamination as pathogens die off with distance.
5.3.3 Waste level Depth

From the regression analysis, it is evident that pit latrine depth affected the quality of
groundwater as there was a positive coefficient of 0.075326 for waste level and
therefore a positive correlation. Areas with waste levels closer to the water table are

highly vulnerable to groundwater contamination.

Although pit latrines recommended depth varies from one study to the other, most
studies have recommended at least 2m above the groundwater on the water table's
seasonal highest level (Reed, 2010). Based on the recommendations in Banks et al.
(2012), Franceys et al. (1992), Banergee (2011), and the Kenya Environmental
Sanitation and Hygiene Policy (2016-2030), the 2m safe distance above the water
table requirement was violated and the waste levels were too close to the water table.
The depths of pit latrines increased gradually from low elevation areas to high
elevation areas. It was established that the deepest pit latrines in Kamkuywa Market

Center was at a depth of 37feet (11.27m) and the shallowest at 6.75 feet (2.05m).

This would then explain why high groundwater contamination was confirmed
particularly in areas with a deep water table because though the water table was deep,
most pit latrines in these areas were less than 2m above the water table. Additionally,
in the low elevation area, the 2m requirement above groundwater was largely violated

as the water table was shallow approximately 7 feet (2.1m) deep and therefore, having
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a pit latrine 2m above groundwater was impossible. Pit latrines in these areas were dug

as deep as shallow wells.
5.3.4 Slope

The slope affects the amount of infiltration and the rate at which pathogens travel to
reach the water table. Gentle slopes are more conducive to high infiltration rates than
steep slopes and therefore vulnerable to groundwater contamination. The interpretation
of the slope shows that most of the study area has a slope of 0° - 50° which is
vulnerable to groundwater contamination. However, the results of the regression
analysis on the relationship between contamination and ground slope showed that
there was no correlation between slope and contamination. This can be interpreted to
mean that variation in ground slope does not influence groundwater contamination in
the study area. These findings were different from that of a study conducted in North
Italy which established that the gradient topography of an area affected the
groundwater quality. Areas with a high vertical gradient were less vulnerable to
groundwater contamination (Georgios et. al., 2015). This would have been the case for
Kamkuywa Market Center if the source of pollution was on the surface and not pit
latrines. With Pit latrines as the major source of pathogens slope as a factor does not

influence groundwater contamination rather the depths of pit latrines.
5.4 Groundwater Contamination Risk Zones

Drawing from the results, the analysis carried out to determine areas of high
groundwater contamination indicated that 73.6% of Kamkuywa Market Center is at
high risk of groundwater contamination while 7.1% is at low risk. The high-risk zone
and very high-risk zone (5%) are characterized by high population density of pit
latrines and shallow wells, a soil permeability rate of 2.5, gentle slope ranging between

0-40%, very deep water table and pit latrines as well as very short safe distances
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between pit latrines and shallow wells. These zones are also characterized by a high
population, intensive residential and commercial development as compared to the low
risk and moderate risk (14.3%) zones with agriculture as the major land use and have a

relatively lower population.

From the analysis, it is evident that the dense population of pit latrines in the
residential and commercial areas has had an impact on the quality of groundwater due
to the violation of the standard spacing guidelines. There is a long-recognized
relationship between land use and groundwater pollution, although this phenomenon
may take a long time to be noticed. Land use and economic activities in upcoming
urban centers such as Kamkuywa Market Center with no piped water and sewage
system need to be subjected to designated government regulatory control and
requirement of approvals before proceeding with the construction of pit latrines and

shallow wells.

5.5 Optimal Siting of Shallow wells from Pit Latrines

Geographically weighted regression prediction model (GWR w) predicted spatial
variability of contamination against distance, indicating a safe distance of 31m -33m
for the study area. This implies that at a distance of 31m-33m based on the variability
of the specific environmental conditions of the study area; - there will be zero risk of
contamination of a well from a pit latrine. This prediction was further supported by the
discussions in 5.2 stemming from the results where the only shallow well that tested
negative for fecal coliforms was at a safe distance of 32m, a distance that was within
the model's prediction safe distance. This information is useful for the physical
planning of Kamkuywa Market Center in determining the minimum specified plot size
to ensure adherence to the required safe distance in protecting groundwater from

contamination and also the health risks associated with it while also accommodating
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population growth, land-use change, and urbanization. It also contributes to the
implementation of the Kenya Environmental Sanitation and Hygiene Policy 2016-

2030.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS
6.1 Introduction
This chapter presents the study's conclusions and recommendations with major
inferences from the study highlighting the key discussion points solely based on the
results.

6.2 Conclusions

Based on the results and discussion of the study, the following conclusions are drawn

highlighting the key discussion points.

First, groundwater in Kamkuywa Market center is contaminated. The presence of fecal
coliforms in shallow wells” water indicates contamination confirming that there is a

greater risk that other pathogens may be present.

Secondly, pit latrines often promoted as safe and improved methods of sanitation are a
major risk to groundwater safety especially if their density in an area is high.
Therefore, the dependency on pit latrines as the main method of sanitation in
Kamkuywa Market Center could result in long-term health problems unless necessary
precautionary measures are taken to prevent seepage into groundwater which is the

major source of domestic water.

Thirdly, reduced safe distances between pit latrines and shallow wells, and pit latrine
depths and water table increase the risk of groundwater contamination. Groundwater
in the study area is polluted largely due to the violation of safe distance standard

guidelines.
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Lastly, based on an area’s environmental characteristics, pit latrine —shallow well safe
distances can change or vary. Thus, 31m -33m is the minimal safe distance applicable

for the Center.

6.3 Recommendations

Solely based on the results, the study recommended that domestic water from shallow
wells and springs in Kamkuywa should be treated before use. Also, sensitization and
awareness creation must be done for users in Kamkuywa Market Center on
groundwater contamination particularly siting of pit latrines from shallow wells and
springs. Besides this, deep pit latrines dug to a depth that is less than 2m above the
water table should be lined to prevent pathogens from leaking into groundwater owing
to the reduced safe distance to the water table. In addition, community septic systems
should be adopted as a short-term measure to avoid further sinking of pit latrines in
high and very high groundwater contamination risk zones in Kamkuywa Market
Center. Community septic systems can reliably protect human and environmental
health and avoid costly centralized sewer infrastructure development. This has been
shown to work, for example in the City of Middleton, Mason County and Newton city
in the United States of America. Furthermore, in the long term, an alternative source
of domestic water that does not involve digging of more shallow wells in Kamkuywa
Market Center is needed particularly in the areas designated as very high risk and high
risk as these areas are already overwhelmed by the numbers of pit latrines and shallow
wells. For domestic water, piped water or community boreholes should be explored.
Lastly, there is need for the County Government of Bungoma to develop a practical
water quality management plan. The Plan should employ a multidisciplinary approach
in ensuring supply of safe drinking water and measures to mitigate the risk associated

with the contaminated groundwater where necessary by involving urban and physical
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planners, health practitioners, hydrologists and geologists, sociologists, GIS experts
and engineers

6.3 Proposal for Further Research

The study recommends further testing of groundwater in Kamkuywa Market Center
for complex disease-causing pathogens i.e. Total Coliforms, B. Coli, Giarda,

cryptosporidium among others.

The study also recommends a follow up study on the health implications of the

contaminated groundwater to the residents of Kamkuywa Market Center.



72

REFERENCES

Adimalla N, Li P (2019). Occurrence, health risks and geochemical mechanisms of
fluoride and nitrate in groundwater of the rock-dominant semi-arid region,
Telangana State, India. Hum Ecol Risk Assess 25:81-103

Albinet M. and Margat J. (1970). Cartographic de la Vulnerabilities la Pollution des
nappesdeauSouterraine Orleans. Fr. Bull. BRGM 2-me Srie. 4 pp 13-22

Aller L., Bennett T., Lehr I. H., and R.f. Petty R.F.(1985). AStandardized System
for Evaluating Ground Water Pollution potential Using Hydrogeological
Settings: R.S.Kerr  Environmental Research  Laboratory, U. S.
EnvironmentalProtection Agency, Ada, Oklahoma

Amano H. Kei, N. Ronny B. (2016).Groundwater geochemistry of a Nitrate
contaminated site. Environmental.Earth Science.75, 1145.

American Public Health Association (1992).Standard Methods for the Examination
Of Water and Wastewater: American Water Works Association (AWWA) and
Water Pollution Control Federation (WPCF), 18th Edition. Washington DC.

Anderson M. and John A. C. (1979). Using models to simulate the movement of
contaminants through groundwater flow systems, C R C Critical Reviews in
Environmental Control, 9:2, 97-156, DOI: 10.1080/10643387909381669

Anderson, M.P., Woessner, W.W., and Hunt, R.J. (2015). Applied groundwater

modeling: simulation of flow and advective transport, 2nd ed. Academic

press, San Diego, California.

Atkinson S.F. and Thomlinson J.R.(1994).An Examination of Ground Water
Pollution Potential through GIS Modeling: Technical Papers of the
ASP&S/ACSM Annual Meeting, American Society for Photogrammetry and
Remote Sensing, Bethesda, Maryland, pp. 71-80.

Baalousha H. M. (2010). Mapping groundwater Contamination Risk using GIS and
Groundwater ~ Modeling.A case study from the Gaza  Strip,
Palestine.Hydrogeological Journal.

Bain S., Gundry S.W., Wright J.A., Yang H., Pedley S., Bartram J.K. (2014).

Global assessment of exposure to fecal contamination through drinking water
based on a systematic Review: Water Institute, University of North Carolina:
https://onlinelibrary.wiley.com/doi/pdf/10.1111/tmi.12334



https://doi.org/10.1080/10643387909381669
https://onlinelibrary.wiley.com/doi/pdf/10.1111/tmi.12334

73

Banerjee G. (2011).Underground pollution travel from leach pits of on-site Sanitation
Facilities, a case study.Clean Technology Environment Policy. 2011;
13(3):489-497.

Banks D., Karnachuk O.V., Parnachev V.P., Holden W., Frengstad B. (2002).
Groundwater contamination from rural pit latrines: Examples from Siberia and
Kosova. Journal of Chartered Institute of Water and Environmental
Management; 16(2):147-152

Bear, J. (1972). Dynamics of fluids in porous media.American Elsevier Publishing
Company, Inc. 764 pp.
Bear,J.(1979).HydraulicsofGroundwater.McGraw-Hill,NewY ork:569pp.

Bear, J., Verruyt, A. (1987). Modelling Groundwater Flow and Pollution.Reidel

PublishingCo.,Dordrecht,Holland:414 pp.

Beckie R. D. (2013).Groundwater flow dynamics and arsenic source
characterization in an aquifer system of West Bengal-India. Retrieved from
https://www.semanticscholar.org/paper/Groundwater-flow-dynamics-and-
arsenic-source-in-an-Desbarats
Koenig/0e42e8bdf4df763e2¢1195e4895h7a0200adfce2

Bland J. (1980). The Village pays its Share: World Heal. Aug. Pg. 18:71

Bousenberry R.T., Atherholt T.B., Carter G.P., Korn L.R., Louis J.B., Serfes M.E.
andWaller D.A. (2013). Coliform bacteria in New Jersey domestic wells:
geology, laboratory, and method. National Ground Water Association.doi:
10.1111/j.1745-6584.2012.00997.

Boulding J.R and Ginn J.S (2004). Practical handbook of soil, vadose zone and
groundwater contamination: Assessment, prevention and remediation. CRC
Press.

Brunsdon C., Fotheringham A. S. & Charlton M. E. (1996).Geographically Weighted
Regression: A method for exploring spatial nonstationarity: Geographical
analysis. Journal of the Royal Statistical Society. Series D (The Statistician)Vol.
47, No. 3 (1998), pp. 431-443

Caldwell E.L. (1937).Pollution flow from pit latrines when an impervious stratum
closely underlies the flow. Journal of Infectious Diseasespg. 270-288.

Caldwell E.L. (1937).Study of an envelope pit privy.Journal of Infectious Diseases.
1937b; 61(3):264-2609.


https://www.semanticscholar.org/paper/Groundwater-flow-dynamics-and-arsenic-source-in-an-Desbarats%20Koenig/0e42e8bdf4df763e2c1195e4895b7a0200adfce2
https://www.semanticscholar.org/paper/Groundwater-flow-dynamics-and-arsenic-source-in-an-Desbarats%20Koenig/0e42e8bdf4df763e2c1195e4895b7a0200adfce2
https://www.semanticscholar.org/paper/Groundwater-flow-dynamics-and-arsenic-source-in-an-Desbarats%20Koenig/0e42e8bdf4df763e2c1195e4895b7a0200adfce2

74

Canadian Environmental Assessment Agency (2007). Groundwater Contamination
Pathway Mechanisms: Journal ofEnvironmental Protection.

Caraballo M., Hussain Y.,Ullah S.F., Akhter G., Martinez C.H., Roig
H.L. (2013b).Assessment of the pollution potential of an aquifer from surface
contaminants in a geographic information system: A case study of
Pakistan.Geo Chicago 2013. Sustain Resilience Geotechnology Eng.
d0i:10.1061/9780784480120.063

Carter W., Hussain Y. (2015).Hydro geophysical investigations and GIS vulnerability
mapping of KotAddu. Dissertation: Quaid-i-AzamUni-versity, Islamabad

Cheremisinoff P. Nicholas (1997). Groundwater Remediation and Treatment

Technologies:William AndewsPublishing:Pg. 127-168.

Chup C.D. and Makwe E. (2013). Seasonal variation in physicochemical properties
ofgroundwater around Karu abattoir. EJESM; 6(5): 489-97.

Committee on Techniques for Assessing Ground Water Vulnerability, Water Science
and Technology Board, Commission on Geosciences, Environment and
Resources, National Research Council (1993). Groundwater Vulnerability
Assessment: Contamination Potential under Conditions of
UncertaintyNational AcademyPress, Washington, D.C

County Government of Bungoma (2013). County Integrated Development Plan
2013-2017.Retrieved from
http://repository.kippra.or.ke/bitstream/handle/123456789/1179/2013-
2017%20Bungoma%20County%20CIDP.pdf?sequence=1&isAllowed=y

County Government of Bungoma (2017).County Integrated Development Plan 2018-
2021. Retrieved from
http://repository.kippra.or.ke/bitstream/handle/123456789/1266/Bungoma-
County-Integrated-Development-Plan-FY-2018
2022.pdf?sequence=1&isAllowed=y

Coplen,T.B. (1993).Uses of Environmental Isotopesin Regional Ground Water
Quiality. Chap.10(Alley,W.A.,Ed.),VanNostrandReinhold,NewYork:227-254.

Crank J. (1980).The Mathematics of Diffusion, 2nd edn. Clarendon Press, Oxford.

Dahlgaard H., Erickson M., Nielesen S.P., Joensen H.P., (2004). Level and trends of
radioactive contaminant in the Greenland environment. Sci total environm 331:
53-67


http://repository.kippra.or.ke/bitstream/handle/123456789/1179/2013-2017%20Bungoma%20County%20CIDP.pdf?sequence=1&isAllowed=y
http://repository.kippra.or.ke/bitstream/handle/123456789/1179/2013-2017%20Bungoma%20County%20CIDP.pdf?sequence=1&isAllowed=y
http://repository.kippra.or.ke/bitstream/handle/123456789/1266/Bungoma-County-Integrated-Development-Plan-FY-2018%202022.pdf?sequence=1&isAllowed=y
http://repository.kippra.or.ke/bitstream/handle/123456789/1266/Bungoma-County-Integrated-Development-Plan-FY-2018%202022.pdf?sequence=1&isAllowed=y
http://repository.kippra.or.ke/bitstream/handle/123456789/1266/Bungoma-County-Integrated-Development-Plan-FY-2018%202022.pdf?sequence=1&isAllowed=y

75

Dyer B.R. (1941).Studies of ground water pollution in an alkaline alluvium soil.
Journal of Medical Research.1941; 29(4):867-877.

Elumalai V, Nethononda VG, Manivannan V, Rajmohan N, Li P, Elango L (2020)
Groundwater quality assessment and application of multivariate statistical
analysis in Luvuvhu catchment, Limpopo, South Africa. Journal of Africa
Earth Sciences 171:103967

Environmental Protection Agency (2017).Risk Assessment of Groundwater
Contamination: A Multilevel Fuzzy Comprehensive Evaluation Approach
Based on DRASTIC Model.Washington, DC, USA.

Eun-Hee K., Eunhee L., Kang-Kun L.(2020). The application of geographically
Weighted Regression models to predict Spatial Characteristics of Nitrate
Contamination: Implications for an effective groundwater management
strategy.Journal of Environmental Management.\ol. 268.

Fawell J. and Nieuwehuijen J.M. (2003). Contaminants in Drinking water:
Environmental pollution and Health.Br. Med.Bull 68. 199-208. DOI 10-
1093/bmb/ibg/027

Federico O., Zanini A., Petrella E., Angelo L. (2015).Groundwater characterization
from an ecological and human perspective: An interdisciplinary approach in
the Functional Urban Area of Parma, Italy.

Feighery J, Mailloux BJ, Ferguson AS, Ahmed KM, van Geen A, Culligan PJ. (2013).
Transport of E. coli in aquifer sediments of Bangladesh: implications for
widespread microbial contamination of groundwater. Water Resour Res.
2013;49:3897-911. doi:10.1002/wrcr.20289

Flemming H and Wuertz S. (2019). Bacteria and Archaea on Earth and their
abundance in biofilms. Nat Rev. Microbial 17: 247-260.

Fotheringhams., Chris B. and Martin C. (2002).Geographically Weighted
Regression: the analysis of spatially varying relationships. John Wiley &Sons.

Fotheringham S., Chris B. and Martin C. (2003).Geographically Weighted
Regression: The Analysis of Spatially Varying Relationship.John Wiley and
Sons.New York, NY, USA; ISBN 978-0-471-49616-2.

Fourie A.B. and Van R. (1997).Low-cost urban Sanitation: Loughborough
University.
Franceys R., Pickford J., Reed R. (1992)A Guide to the Development of on-Site


https://doi.org/10.1002/wrcr.20289

76

Sanitation.Geneva:World Health Organization. 1992.

Freeze,R.A.,Cherry,J.A.(1979).Groundwater.Prentice-Hall,EnglewoodCliffs:604
Pp.

Georgios D.O, Mathews F., Ester S. (2015).Pollution flow from pit latrines when an
impervious stratum closely underlies the flow.Journal of Infectious
Diseases.1937a; 61(3):270-288

Gollini 1., Charlton B., Brunsdon M.,and Harris, P. (2013).GW model: an R
package for exploring spatial heterogeneity using geographically weighted
models.arXiv preprint arXiv:1306.0413.

Gossel W., Ebraheem A.M., and Wycisk P. (2004). A very large scale GIS-Based
groundwater flow model for the Nubian sandstone aquifer in Eastern Sahara
(Egypt, Northern Sudan, and Eastern Libya). Hydrogeology Journal, 12 (6),
pp. 698-713.

Goovaerts P., Soares A., Pereira M.J., and Dimitrakopolous R. (2008) Geostatitical
Analysis of Health Data: State-of-the-Art and Perspectives.Proceedings of the
Sixth  European Conferences on Geostatistics for Environmental
Applications (pp. 3-22).

Graham H. (2013). Assessment of Environmental Parameter on groundwater
quality.Journal of Environmental Protection. 21, 289-294.

Groundwater Foundation (2017).1st National Pollutant Source Census
Bulletin:Management Challenges in Developing Countries.

Gudda F. O.Montur W. N., Omondi S. O., Muchiri E. W. (2019). Pit latrine fill up
rates: Variation Determinants and public health implication in informal
settlements, Nakuru, Kenya. BMC Public Health 19,68.

Hansen H., ThorlingL.,Schullenner J., Termansen M., Dalgaard T. (2017).
Groundwater Nitrate response to sustainable nitrogen management.Sci Rep 7:
85-86

Hashim M., Mukhopandhyay S., Sahu J.N. Sengupta B. (2011). Remediation
technologies for heavy metal contaminants groundwater. Journal of
Environmental Management. 92: 2355-2388

He X., and Li P. (2020). Surface water pollution in the middle Chinese Loess Plateau
with Special Focus on Hexavalent Chromium (Occurrence, sources and health
risks). Expo health 12: 385-401



77

Hoekstra A.Y and Mekonnen M.M (2016). Supplementary Materials for: Four billion
people facing severe water scarcity.  Sciences AdvanceVol 2. DOI:
10.1126/sciadv.1500323

Hopkins, L.D. (1977).Methods for Generating Land Suitability Maps: A Comparative
Evaluation.AlIP journal, October, pp. 386-400

Huan H., Wang J. Teng Y (2012). Assessment and validation of groundwater
vulnerability to nitrate based on a modified DRASTIC model: A case study in
Jilin City of Northern East China. Sci. total environment. 440 14-23

IdokoG. (2010).Exploring the determinants of groundwater pollution in Nigeria.Sci
Total Environ. 2018;637:1455-65.

International Association of Hydro geologists (2020). Groundwater more than a
hidden resource.International Journal for Hydrologists.Pg 354.

Islam, M.S., Mahmud, Z.H., Islam, M.S. (2016). Safe distances between groundwater
based water wells and pit latrines at different hydrogeological conditions in the
Ganges Atrai floodplains of Bangladesh.J Health PopulNutr 35, 26
(2016).https://doi.org/10.1186/s41043-016-0063-z

Issourfou O., Arthur G., Marnick V. and Francois J. (2020).Modelling the tempral
dynamics of groundwater pollution risk at the agrican scale.International
Journal of Water Resources and Environmental EngineeringVol 6.

lyyanki V. M. and Valli M. (2017).Environmental Management: Science and

Engineering for industry: Kidlington, Oxford, United Kingdom

Javi T., Shahabeddin M., Bahram M., AND Hadi T. (2014). Application of
Geographically Weighted Regression model to analysis of spatio-tempral
varying relationships between groundwater quality and landuse changes: A
case study of Khanmirza Plain, Iran. Journal of environmental Monitoring and
Assessment.

Joint Monitoring Program (JMP) (2013).Progress on Household Drinking Water,
Sanitation and Hygiene 2000-2013:World Health Report 2013. Geneva: 2013.

Joint Monitoring Program for Water Supply, Sanitation and Hygiene (JMP)
(2017).Progress on household drinking water, sanitation and hygiene 2000-
2017.

Jurado A., Vazquez-sune E., Carrera J., De A Ida M.L.,Pujades E., Barcelo D.

(2012). Emerging organic contaminants in surface water and groundwater: a


https://doi.org/10.1186/s41043-016-0063-z

78

first overview of the situation in Italy. Sci total Environm 481: 280-295

Kanoti G., Olango J.R., Nyamai N., Dulo G., Richard S., (2019). Microbial and
Physical Chemical Indicator of Groundwater Contamination in Kenya, Kisumu
Aquifer System.Journal of water resource and protection.Pg 404-418.

Kimilili Constituency (2017).Kimilili Constituency Strategic Plan 2017-2012.
Retrieved from
http://repository.kippra.or.ke/bitstream/handle/123456789/2559/KIMILIL1%20
IDEP%20%281%29.pdf?sequence=1&isAllowed=y

Kiprotich K. and Ndambuki J. M (2012).Well water contamination by Pit latrines: A
case study of Langas. International Journal of Water Resources and
Environmental Engineering Vol. 4(2), pp. 35-43. DOI 10.5897/IJWREE11.084

Lam T.P., Lee T.M., Chem C.Y., Chang J.S. (2018). Strategies to control biological
contaminants during microbial cultivation in open ponds. Bio Resource
technology 252: 180-187.

Lake I. R. Lovett A.A. andHiscock K.M. (2003). Evaluating factors influencing
groundwater vulnerability to nitrate pollution: developing the potential of GIS.
Journal of Environmental Management 68pp. 315-328.

Lapworth D.J., Baranm N., Stuartm ME., Ward R.S. (2012). Emerging organic
contaminants in groundwater: a review of sources, fate and occurrence.
Journal of Environmental pollution 163: 287-303.

Lapworth D.J., Baranm N., Stuartm ME.,Manamsa K., Tablot J. (2015). Persistent
andemerging micro-organic contaminant in chalk groundwater of England and
france. Journal environmental pollution pg. 214-225

Lassere F. Razack M. and Banton O. (2011). A GIS-linked model for the assessment
of nitrate Contamination in groundwater, Journal of Hydrology, 224 (3-4), pp.
81-90

Lesser L.E., Mora A., Moreau C., Mahlknecht J., Hernandez G., Antonio A., Ramirez
A.l. Barrios P.H. (2018). Survey of 218 organic contaminants in groundwater
derived from the world’s largest untreated wastewater irrigation system
mezquital Valley. Mexico chemosphere 198: 510-520

Lawrence AR, Macdonald DMJ, Howard AG, Barrett MH, Pedley S, Ahmed KM.


http://repository.kippra.or.ke/bitstream/handle/123456789/2559/KIMILILI%20IDEP%20%281%29.pdf?sequence=1&isAllowed=y
http://repository.kippra.or.ke/bitstream/handle/123456789/2559/KIMILILI%20IDEP%20%281%29.pdf?sequence=1&isAllowed=y

79

(2001). Guidelines for assessing the risk to groundwater from on-site
sanitation. England: British Geological Survey; p. 97.

Lvovitch M.I. (1972). World Water balance: general report in IASH/UNESCO/WNO
Proceedings of Symposium on world water balance, Reding 1970, 1ASH
Proceeding Mo. 2 International association of Hydrological Sciences.
Wallingford, UK, 404-415

Lythe D.A., Sorg T., Wang L., Chen H., (2014). The accumulation of Radio active
contaminants in drinking water distribution systems. Water Resource 50: 396-
407

Margat J. (1968). Vulnarabilities des nappesd’neausoutemaine a la pollution
(Groundwater Vulnarability to pollution).Journal of Cartography (DOC)
BRGM, 68 SGL 198 HYD, Orleans, France.

Mcdonald M.G. and Harbaugh A. W (1988).ModFlow, A Modular three-dimensional
finite-difference groundwater flow model. US Geological Survey open-file
Report Chapter A1, Washington D.C.: (pg 83-875).

Meffe R. and Bustamante 1., (2014). Emerging organic Contaminants in surface water
and groundwater: A first overview of the situation in Italy. Sci total
environment 481: 280-295

Ministry of Agriculture (n.d).Kenya Soil Survey, 1977.Kenya Soil Survey standard
procedures.

Ministry of Health (2016).Kenya Environmental Sanitation and Hygiene Policy 2016
2030. Nairobi. Retrieved
fromhttps://www.wsp.org/sites/wsp/files/publications/Kenya%20Environmenta
1%20Sanitation%20and%20Hygiene%20Policy.pdf

Mitchell A. (2012).Spatial Measurements and Statistics.ESRI Guide to GIS
Analysis, ESRI PressVolume 2. New York:

Morris, B.L.; Lawrence, A.R.L.; Chilton, P.J.C.; Adams, B.; Calow, R.C.; Klinck,
B.A.. 2003 Groundwater and its susceptibility to degradation : a global
assessment of the problem and options for management. United Nations
Environment Programme, 126pp. (Eary warning and assessment report series,
03-3).

Muche A., Melaku M.S., Amsalu E.T., Adane M. (2021). Using geographically
weighted regression analysis to cluster under-nutrition and its predictors

among under-five children in Ethiopia: Evidence from demographic and health


https://www.wsp.org/sites/wsp/files/publications/Kenya%20Environmental%20Sanitation%20and%20Hygiene%20Policy.pdf
https://www.wsp.org/sites/wsp/files/publications/Kenya%20Environmental%20Sanitation%20and%20Hygiene%20Policy.pdf

80

survey.PLoS ONE 16(5): e0248156.
https://doi.org/10.1371/journal.pone.0248156

Murphy G.A., Gathara D., Aluvaala J., et al.(2017).A systematic analysis for the
Global Burden of Disease Study.The Lancet Global Health.Volume 8. Issue 3

Mzuga J.M, Tole M.P., Ucakuwun (2001). Contamination of Groundwater

Resources by pit latrines in Kwale District, Kenya.African Journal Online.Vol
13 No.3.

Nakaya T., Fotheringham A. S., Brunsdon C.& Charlton, M. (2005).Geographically
weighted Poisson regression for disease association mapping.Journal of
Statistics in medicine.24(17), 2695-2717.

Njuguna J. (2019). Progess in Sanitation among poor households in Kenya: Evidence
from demographic and health survey. BMC Public Health-19, 135.

Nkansah K., Gain J.V., Sclar G.D., Freeman M.C., Penakalapati G., Alexander K.T.,
Brooks P., et al (2010). The impact of sanitation interventions on latrine
coverage and latrine use: A systematic review and meta-analysis: International
Journal of Hygiene and Environmental Health. 2017; 220(2 Pt B):329-40.

Ntegwe F. andMaseka K. (2006).The impact of effluents containing zinc and nickel
metals on stream and river water bodies:The case of Chambishi and
Mwambashi streams in Zambia. Elsevier Science
DOI:10.1016/j.pce.2006.08.027

OrabiAbdulmannan (2016). Soil Mechanics:Civil Engineering and Environmental
Planning: 303322

PlatzFehrbelliner (2010). Depth of the water Table: Urban Development and
Housing: Berlin Environmental Atlas

Percy Frankland(1984). Microbial Water Quality Testing: Chap.10(Alley,W.A.,
Ed.),VanNostrandReinhold,NewY ork:227-254.

Pritchard S., Guiteras R., Levinsohn J., Mubarak A.M. (2007). Sanitation subsidies:
Encouraging sanitation investment in the developing world: A cluster-
randomized trial. Elsevier Science. 2015;348(6237):903-6.

Reed B.(2002). Emergency Excreta Disposal Standards and Options for Haiti.
Leicestershire, UK:DINEPA (Direction Nationale de [’Eau Potable et de
[’Assainissement) and Global WASH Cluster:.



81

http://wedc.lboro.ac.uk/resources/pubs/Emergency EDS and_options_for Hai
ti.pdf(accessed 12 may 2019)

Reed B. (2010).Adapting existing experience with aquifer vulnerability and
groundwater  protection  for  AfricaJournal of Africa  Earth
Science.2007;47(1):30-38.

Sanitation Research Fund for Africa (SRFA) (2015). The status of fecal sludge
management: In eight Southern and East African Countries. WRC Report No.
KV 340/15: ISBN 978-1-4312-0685-8

Sasakova N. Veselitz-Lakticova, K. Hromada R. Chuojka D. Kosco J. and Ondrasovic
M. (2013). Contamination of individual Sources of drinking water located in
environmentally polluted central spis region (Slovakia). Journalof Microbial
Biotechnology and Food Science 3, 262-265.

Sasakova N., Vargova M., and Gregova G. (2014). Protection of the environment and
Public Health.1* edition Kosice.UVLF.

Schulze S., Zahn D., Montes R., Rodil R., Quintana J.B., Kuepper T.P., Reemlsma T.,
Berger U. (2019). Occurrence of emerging persistent and mobile organic
contaminants in European water samples water samples. Water resources 153:
80-90

Schwarzenbach R. (2006).The Challenge of Micropollutants in Aquatic Systems:
Science Journal.Vol 313, Issue 5790.DOI: 10.1126/science.1127291

Shen J. and Gao Y., (1995). Groundwater and the environment.China University of
Geoscience Press. Wuhan.

Shrestha A. and Luo W. (2017). An assessment of groundwater contamination in
Central valley aquifer California using geodetector method.Analysis of GIS .
23.3: 149-166

Sonkamble O.A. (2007). Assessing groundwater quality using GIS.Water Resource
Management Journal.21(4): 699 —715.

Sorensen J.P.R., Lapworth D.J., Nkhuwa D.C.W., Stuart M.E. Goddy D.C., Bell R.A.
Chirwa M., Kabika J., Liemisa M., Chibesa M., Pedley S., (2015) Emerging
Contaminats in Urban groundwater resources in Africa.Water Resource 72: 51-
63

Srivastave P., Day R.L., Robillard P.D., and Hamlett J.M. (2001). Integration of GIS


http://wedc.lboro.ac.uk/resources/pubs/Emergency_EDS_and_options_for_Haiti.pdf
http://wedc.lboro.ac.uk/resources/pubs/Emergency_EDS_and_options_for_Haiti.pdf
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1126%2Fscience.1127291

82

and a Continuous Simulation Model for Non-Point Source Pollution
Assessment. Transactions in GIS. 5(3):221-234.

Stafford (1991). Civil engineering application of Remote Sensing and Geographic
Information Systems: ASCE, New York.

Still D. A.and Nash S.R. (2002), Groundwater contamination due to pit latrines
located in a sandy aquifer: a case study from Maputaland.In: Water Institute of
Southern Africa Biennial Conference. Durban, South Africa: Water Institute of
Southern Africa, 1-6, 2002.

Tufenkji N. (2007). Modeling microbial transport in porous media: traditional
approaches and recent developments. Adv Water Resour. 30(6-7):1455-69.

Twinomucunguzi F. R. B, Nyenje P.M., Kulabakp R.N., Swaib S. Foppen J.W and
Frank K. (2020). Reducing groundwater contamination from on-site sanitation
in peri-urban sub-Saharan Africa: Reviewing transition management attributes
towards implementation of water safety plans.Journal of Water Resources
Planning and Management.122

United Nations (2002).The water footprint of humanity.Proceedings of the National
Academy of Sciences, vol. 109, No. 9, pp. 3232-3237.

United Nation (2002).Human Rights, Poverty Reduction and Sustainable
Development.The Office of the High Commissioner for Human Rights,
‘Health, Food and Water’.

United Nations (2012).Global Corruption Report 2008: Corruption in the Water
Sector. New York: United Nations.

United Nations Environment Programme (2017).Environment, Population, and the
Developing World:In Environmental Policy (4th ed.).Washington, D.C.: CQ
Press, 2000.

United Nations Environment Programme (2017).Water pollution and impacts on
ecosystems.United Nations Environment ProgrammeReport, Nairobi, Kenya.

Vias J.M., Adreo B., Perles M.J., Carrasco F., Vadillo | and Jimenez P. (2006).
Proposed method for groundwater vulnerabilioty mapping in carbonate
(Karstic) aquifers: the COP Method-application in two pilot sites in southern
spain. Hydrology Journal. 14pp 912-925
Water Resource Management Authority (2005).Water Quality and pollution
ControlReport.



83

Walter D.A. and Masterson J.P. (2013). Simulation of adventives flow under steady
state and Transient Recharge Condition, Camp Edwards, Massachusetts
Military Reservation, Cape cod, Massachusetts water Resource Investigation
Report USGS.

Wang D, Wu J, Wang Y, Ji Y (2020). Finding high-quality groundwater resources to
reduce the hydatidosis incidence in the Shiqu County of Sichuan Province,
China: analysis, assessment, and management. Expo Health 12:307-322

Water Services Regulatory Board (2008). Guidelines on drinking water quality and
Effluent monitoring.

Watkin D.W., McKinney D.C., Maidment D.R.(1996). Use of Geographic
Information Systems in Ground-Water Flow Modeling. Journal of Water
Resources Planning and Management.122:88-96.

Wheeler D.C., Paez A. (2010). Handbook of Applied Spatial Analysis: Software
Tools,Method, and Application. Heidelberg Springer.(pp. 461-486).

White R.T. (1999). The distance decay of similarity in ecological
communities.Ecography. 2007;30(1):3-12.

World Health Organization (1976).Surveillance of Drinking water quality. Geneva
135pp

World Health Organization (1985).Guideline for drinking water quality.Volume 3.
Geneva 121pp.

World Health Organization (1991). Progress report of the World Health Organization
for 1991: 1 September 1990 — 31 August 1991.Onchocerciasis Control
Programme in West Africa.Retrieved from
https://apps.who.int/iris/handle/10665/311000

World Health Organization and International Programme on Chemical Safety (1996).
Guidelines for drinking-water quality: Vol. 2- Health criteria and other
supporting information, 2nd ed. Retrived from
https://apps.who.int/iris/handle/10665/38551

World Health Organization (2006).A report card on water and sanitation: Special
focus on sanitation: Geneva.

World Health Organization (2006).Protecting Groundwater for Health: Managing
the Quality of Drinking-water Sources. Geneva: Retrieved from
http://www.who.int/water_sanitation_health/publications/protecting_groundwa

ter/en/


https://apps.who.int/iris/handle/10665/311000
https://apps.who.int/iris/handle/10665/38551
http://www.who.int/water_sanitation_health/publications/protecting_groundwater/en/
http://www.who.int/water_sanitation_health/publications/protecting_groundwater/en/

84

World Health Organization and UNICEF (2007).Meeting the MDG Drinking Water
and Sanitation Target: The Urban and Rural Challenge of the decade.

World Health Organization (WHO) (2008).Cause-specific mortality: Regional
estimates for 2008.

World Health Organization (2010).Progress on Sanitation and Drinking
Water.Retrived from http://www.wssinfo.org/fileadmin

World Health Organization (2012a).Safety Guidelines for Drinking water Quality
assessment. VVol. 1 Third Ed. World Health Organization, Geneva,

Switzerland.

World Health Organization (2012b).Guidelines for Drinking-water Quality.
4th ed. Geneva: WHO. RetrivedFrom
http://whglibdoc.who.int/publications/2011/9789241548151_eng.pdf

World Health Organization (2013).Water Quality and Health Strategy
2013/2020.

World Health Organization (2014). Guidelines for Drinking-Water Quality,

Vol. 1 Third Ed. World Health Organization, Geneva, Switzerland.

Yasuyuki C.(2013).The Distance-Decay Function of Geographical Gravity Model:
Power Law or Exponential Law: Science Direct. Department of Geography:
Peking University.

Yawar H., Sadia F. U., Abdul Q., Muhammad B., et. al.(2017). Vulnerability
Assessment of an Agro-stressed aquifer using a Source-Pathway-Receptor
Model in GIS: Springer International Publishing: Switzerland

Zheng C. and Wang P.P. (1999). A modular Three-Dimensional Multispecies
Transport Model ,US Army Corps of Enginners, Washington DC.


http://www.wssinfo.org/fileadmin
http://whqlibdoc.who.int/publications/2011/9789241548151_eng.pdf

Appendix I: Data collection Template for shallow wells

APPENDICES

85

S.No

Well
label

Location

Well
Depth
(m)

Lon.
(DD)

Lat.
(DD)

Alt.

(m)

Well Water
width

(m)

Protected/Un

protected

Any other
observation

001

10.
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S.No

Pit
Latrine
label

Location

Lon.
(DD)

Lat.
(DD)

Alt.

(m)

Put Latrine
Depth
(m)

Years of Use

Any other observation

001
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Kamkuywa Market Centre
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A Summary of Soil Characteristics of Individual Pits in

S/No Slope Soil Soil Texture | structure | Land use Observation
color
Gently Dark Loamy Fine to | Agriculture | Oblique
1 undulating | reddish- | sandy medium overlap
brown | Moderate sub- indicative
cohesion of | angular of free air
the material | blocky and water
and easily | 'nut-like' movement.
breakable and Loose to
clods. partially friable
Medium to | rounded moist soils.
Fine  and | structure
numerous
pores.
Slightly
Overlapping
clods.
Flat to | Dark Loamy Fine  to | Commercial | Vertical and
gently reddish | sandy medium | and almost
2 undulation | brown | Moderate sub- residential | straight
cohesion of | angular fractures.
the material | blocky Oblique
and easily | 'nut-like' overlap
breakable and indicative
clods. partially of free air
Medium to | rounded and  water
Fine  and | structure movement.
numerous Loose to
pores. firm  moist
Slightly soils.

Overlapping
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clods.

Gently Dark Loamy Fine to | Commercial | Vertical and

undulating | reddish- | sandy medium | and almost

brown | Moderate sub- residential | straight

cohesion of | angular fractures.
the material | blocky Oblique
and easily | 'nut-like' overlap
breakable and indicative
clods. partially of free air
Medium to | rounded and water
Fine  and | structure movement.
numerous Loose to
pores. firm moist
Slightly soils.
Overlapping
clods.

Gently Dark Loamy Fine  to | Commercial | Vertical and

undulating | reddish- | sandy medium | and almost

brown | Moderate sub- residential | straight

cohesion of | angular fractures.
the material | blocky Oblique
and easily | 'nut-like' overlap
breakable and indicative
clods. partially of free air
Medium to | rounded and water
Fine  and | structure movement.
numerous Loose to
pores. firm  moist
Slightly soils.
Overlapping

clods.
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Gentle- Dark Loamy Medium | Agriculture | Oblique
steep reddish | Fine pores |to  fine overlap
undulating | grey but irregular indicative
moderately | blocky of free air
numerous fragments and water
Less firm movement.
blocks Loose to
friable
moist soils.
Steeply Dark Loamy Medium | Agriculture | Moderately
undulating | reddish- | Fine pores |to  fine fine-
grey but irregular textured
moderately | blocky horizons,
numerous fragments showing a
Less firm small
blocks amount of
granulation
and a slight
dispersion
of particles.
Slightly
sticky  wet
soils.
Steeply Dark Loamy Medium | residential | Moderately
undulating | reddish- | Fine pores |to  fine fine-
grey but irregular textured
moderately | blocky horizons,
numerous fragments showing a
Less firm small
blocks amount of
granulation
and a slight

dispersion
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of particles.
Slightly
sticky wet
soils.
8 Steeply Dark Loamy Medium | Commercial | Angle  of
undulating | reddish- | Fine pores |to  fine | and the  block
grey but irregular | residential | not  sharp
moderately | blocky and slightly
numerous fragments rounded.
Less firm Slightly
blocks sticky wet
soils.
Flat to | Dark Loamy Fine to | Commercial | Vertical and
gently reddish- | sandy medium | and almost
undulating | brown | Moderate sub- residential | straight
cohesion of | angular fractures.
the material | blocky Oblique
9 and easily | 'nut-like' overlap
breakable and indicative
clods. partially of free air
Medium to | rounded and water
Fine  and | structure movement.
numerous Loose to
pores. firm  moist
Slightly soils.
Overlapping
clods.
Flat to | Dark Loamy Fine to | residential | Root
gently reddish- | sandy medium penetration.
undulating | brown | Moderate sub- Vertical and
10 cohesion of | angular almost
the material | blocky straight
and easily | 'nut-like' fractures.
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breakable
clods.
Medium to
Fine  and
numerous
pores.
Slightly
Overlapping
clods.

and
partially
rounded

structure

Oblique

overlap

indicative
of free air
and water
movement.
Loose to
firm moist

soils.
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Appendix 1V: Regression Analysis Interpretation

Key:

An asterisk next to a number indicates a statistically significant p-value (p <
0.01).

Coefficient: Represents the strength and type of relationship between each

explanatory variable and the dependent variable.

Probability and Robust Probability (Robust _Pr): Asterisk (*) indicates a
coefficient is statistically significant (p < 0.01); if the Koenker (BP) Statistic
[f] is statistically significant, use the Robust Probability column (Robust_Pr) to

determine coefficient significance.

Variance Inflation Factor (VIF): Large Variance Inflation Factor (VIF) values

(> 7.5) indicated redundancy among explanatory variables.

R-Squared and Akaike's Information Criterion (AlCc): Measures of model

fit/performance.

Joint F and Wald Statistics: Asterisk (*) indicates overall model significance (p
< 0.01); if the Koenker (BP) Statistic [f] isstatistically significant, use the Wald
Statistic to determine overall model significance.

[f] Koenker (BP) Statistic: When this test is statistically significant (p < 0.01),
the relationships modeled are not consistent (either due to non-stationarity or
heteroskedasticity). You should rely on the Robust Probabilities (Robust_Pr) to
determine coefficient significance and on the Wald Statistic to determine

overall model significance.

Jarque-Bera Statistic: When this test is statistically significant (p < 0.01) model
predictions are biased (the residuals are not normally distributed).



93

Appendix V: School of Post Graduate Studies Research Approval

1L9) B 1175 TN, Eldoret, Keaya

1K

\
s idoret
" o,
IO R s G TR a

OFTICT. OF TUEDTPUTY VICE-CILANCELLOR (A5A)
BOARD OF POSTGRADUATL S1UDILS
OFTICE OT TTIE DIRLCIOR

Q Nlarch, 2020

National Commission for Scisnae, 'L echnelogy
& Innovation (NACOSTL)

Utalii [Towse, Uhuru Highwayv.

PO, Box 30623 (0100

Nairobi

KLEKYA

Daar Sir/ Madam,
REWECHLUTLT DINAH AYOMA -ADM. NO. SENV/EPM/MALE
RESEARCH PERNIT.

The above named is a shidenl at the University of Eldorat, School of

Envuronmenlal Sludies, department of Levieonmental Clanning, Muonituring and
Managemenl, pursuing a degree leading Lo Master of Scienae in Lavironmental
Studies (Envirormental Inlormaltion Sysicms).

Her rescarch projectis iled * POLLUTION RISK ASSTSSMTNT OF

GROUNDWATER AT KAMKUYIWA MARKE S~ BUNGOMA, USING G187,

This letter iy to rogquest vou lo issue M7z Wechuli with a research permil Lo anable

her proceed with the project,

Kinflly acct

':'ha;:nk wen. "
{ G o A
o s gees 4

PROE: BEATRICE A WERT™

DIRRCTOR, BOARD OF POSTGRADUATE S1UDIES

d Het fhe required assislarce

Linieersity of Ladorer s (80 3G L2055 Covnified




Appendix VI: NACOSTI Research Approval

REFLELI QOF KERY A

RefNo: $05812

RESEARCH LICENSE

GEOSPATIAL TECENIQUES for the period ending : 150 ay/ 2021
License No: NACDSTLP/20v4581

OTE: This i a compuater enstated License. T vertfy the authenticity of this docament,

N
L,

NATIONAL COMMISSION FOR
SCIENCE, TECHNOLOGY & INNOVATION

—_—

Date of Issue: 1546y 2020

This is te Certify that Miss.. DINAH Ayoma Wechuoli of University of Eldoret, has been licensed to conduct research in Bungoma
on the topic: FOLLUTION RISK ASSESSMENT OF GROUNDWATER AT EAMEUYWA MAREET, BUNGOLA USING

605812
Applicant Identification Number Director General
WATIONAL COMMISSION FOR
SCIENCE TECHNOLOGY &
INNOVATION

L e e e e e e e e e e = i e = o o]

94



Appendix VII: Similarity Report




96



