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ABSTRACT

Groundwater is increasingly an important source of water. Assessment of its variability helps
in guiding decisions on exploitation. Groundwater varies over space and time. Groundwater
contains multiple range of chemical parameters which influence its quality. This study entails
indexing of groundwater quality parameters in Geographic Information Systems (GIS) based
environment using Kriging geostatistical analyst. The study was conducted in the Mbagathi
River catchment, a metropolitan area, Southwest of Nairobi, Kenya. Existing boreholes data
was obtained from the regulator to provide yield and water rest level characteristics. Data on
groundwater quality parameters were analyzed according to the KS EAS 12:2018 standard
from sampled boreholes. Quality, yield and water rest level data was analyzed and modeled in
ArcGIS 10.1 software geostatistical wizard for spatial and temporal variability. Prediction
maps were generated from which it was deduced that spatial and temporal variability of
groundwater in the study area exists. Temporal variability largely follows the rainfall patterns.
Groundwater quality deteriorated with decrease in rainfall by 5% on average from wet to dry
seasons. It was deduced that groundwater is mainly fair to good quality. There was no excellent
or very poor groundwater quality observed. Spatial variability predominantly followed the river
flow regime in the drainage basin. 57% of the boreholes had a good yield of at least 8.3m%hr.
Modelling with associated prediction maps done on periodic basis is strongly recommended as
a means of communicating groundwater characteristics. Smart level sensors, digital quality
sensors and smart water meters are suggested as a means to collect and transmit data in a

programmed manner over longer periods of time.
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1 INTRODUCTION
1.1 BACKGROUND INFORMATION

Groundwater variability is the change in quantity and quality occurring over space and time.
The variation is mainly influenced by natural processes. This is due to the fact that the ground
water is formed through percolation of surface water and stays underground for a period of
time. During this period, the water is in reaction with the dissolved chemical elements
occurring naturally in the geological formation. Kenya is classified by the United Nations (UN)
as a chronically water-scarce country. The country’s natural endowment of freshwater is highly
limited, with an annual renewable freshwater supply of about 647 cubic meters (m?) per capita,
significantly below the 1,000 m? per capita set as the marker for water scarcity (Mogaka et al.,
2006). The current level of development of water resources in Kenya is very low. Only 15
percent (%) of the safe yield of renewable freshwater resources have been developed. This low
level of development means that water supply storage per capita has declined from 11.4 m? in

1969 to about 4.3 m*® in 1999 because of population increase (Mogaka et al., 2006).

Water is an economic and social right. The citizens are entitled to clean and safe water in
adequate quantities. All actors in the water sector require to continually ensure that this right
is realized not just for the current but future needs of the country (Constitution of Kenya (CoK),
2010). Groundwater is an important resource that supplements surface water sources.
Groundwater varies in its spread and quality and requires experience to predict its variability
(Lietal., 2015). Geostatistical models have been proposed as an alternative means of obtaining
groundwater data through simulation rather than observation. The geostatistical models are
used to derive aquifer hydrogeological properties (Peck et al., 1988). Through multiple studies
researchers have attempted to compare groundwater variability in quantity and quality around

the same areas (Furkuor et al., 2013).

Groundwater forms part of the sources of water available for exploitation. It is important to
enhance the understanding of groundwater variability to ensure its exploitation is in a
sustainable manner. Knowledge in temporal and spatial groundwater variability is required for
planning, controlling and monitoring groundwater sources. It guides sustainable harnessing and

management of groundwater (Khairul et al., 2021).



1.2 PROBLEM STATEMENT

Water sources are increasingly deteriorating in quality and quantity. Groundwater as part of
these sources, varies in quality and quantity (Li et al., 2015). Metropolitan area of Mbagathi
River catchment experiences demand for water for various uses. Due to unmet water demand,
groundwater is being exploited as an alternative source (Samantha, 2011). Exploitation of the
groundwater continues with limited understanding of temporal and spatial variability. Without
knowledge in temporal and spatial variability, authorities cannot effectively manage
groundwater. Research in varied aspects of groundwater is hampered when knowledge in its
temporal and spatial variability is limited. Effective management leads to sustainable
groundwater sources. To achieve groundwater sustainability, proper planning, control and
monitoring of current sources has to be done. Sustainability cannot be achieved without
knowledge of temporal and spatial variability. To harness groundwater, there are capital and
operational costs required. Lack of knowledge of the temporal and spatial variability, makes it
difficult to undertake adequate cost benefit analysis for sustainable investment in groundwater
exploitation. There is no study on temporal and spatial variability of groundwater in the
Mbagathi River catchment area. There is need to fill this knowledge gap. This study proposes
to obtain relevant data on groundwater quality and yield through sampling existing boreholes.
Through geostatistical methods, the data shall be used to characterize temporal and spatial

variability of groundwater in study area.

1.3 OBJECTIVE

1.3.1 Overall objective

To establish the temporal and spatial variability of groundwater in Mbagathi River catchment.

1.3.2 Specific objectives

The specific objectives of the research are as follows;

1. Characterize groundwater quality and groundwater yield
2. Establish temporal and spatial groundwater variability using applicable geostatistical

models
1.4 SCOPE AND LIMITATIONS OF THE STUDY

The Mbagathi River catchment has been chosen for this study because of its relative continuous

dependence of ground water for domestic, institutional, commercial, industrial and agricultural



uses in the area. The study will cover the groundwater quality and quantity within the study
area. It will attempt to determine the groundwater variability over space and time. Using the
groundwater quality analysis results of the selected parameters, the data will be processed to
generate prediction maps based on geostatistical analysis. Using the borehole drilling data,
groundwater spatial distribution will be generated. Temporal and spatial maps will be

compared for any trends.

The study is limited to an annual cycle for the weather changes within the area of study. The
study is limited in determining the effect of the adjacent drainage basins on the groundwater

variability. The study shall only rely on already stored data to explore the spatial variability.



2 LITERATURE REVIEW

2.1 OVERVIEW OF DEVELOPMENTS IN UNDERSTANDING GROUNDWATER VARIABILITY

The challenge of understanding groundwater resource is not new. Groundwater is water found
in saturated zones beneath the earth’s surface. It is formed when the surface runoff from
precipitation percolates to the ground as per the water cycle (Nelson, 2002). The upper surface
of this saturated zone is the water table. Figure 2-1 shows the hydrological cycle typifying the

natural processes of water including formation of groundwater.

Worldwide, various bodies exist that seek to enhance understanding of groundwater. These

Sublli‘%}at!ion

Desublimation Evapotranspiration

Evaporation

Figure 2-1The Hydrological (water) cycle adapted from https://en.wikipedia.org/wiki/Water cycle,
(2018)

bodies carry out studies from which they produce various publications of their work. These
bodies have attempted to explain groundwater variability at mainly national and continental
level. The International Groundwater Resources Assessment Centre (IGRAC) formed in 2003
exists with a general objective of promoting sustainable ground water resources utilization and
management by means of global exchange of knowledge. IGRAC promotes international
sharing of knowledge, monitoring and information on groundwater development and resources.
It also seeks to increase understanding of the Trans-boundary Aquifers (TBA) (

https://www.un-igrac.org/who-we-are, 2018).

In late 2000, efforts were made to increase understanding of the groundwater potential. The
World-wide Hydrogeological Mapping and Assessment Programme (WHYMAP) was formed
at the general assembly of Commission for the Geological Map of the World (CGMW). By



late 2004, the first groundwater map of the world was produced. To date WHYMAP continues
to offer insights into the global groundwater mapping. The extent to which the mapping of
groundwater resources is undertaken indicates the significant level of importance placed on

this resource ( https://www.whymap.org/whymap/EN/Home/whymap_node.html, 2018).

In Africa, studies in groundwater date back to more than one century. The British Geological
Survey (BGS), reports that it holds over seven thousand diverse publications on groundwater
in Africa alone. This attests to the immense interest in groundwater in the continent. BGS has
produced the groundwater atlas for Africa. The atlas gives a general view of the groundwater
depth in metres below ground level (mbgl), depth of ground water storage and aquifer

productivity (Barasa et al., 2018).

Bureau de Recherches Géologiques et Minieres (BRGM) is the French geological survey. The
BRGM hydrogeological map of Africa at a scale of 1:10 Million was first published in 2008.
The development of the map incorporated two types of data. First aquifer type and second the
available precipitation for the aquifer recharge. The map has been utilized as an important tool

is identification of the aquifer potential on Africa according (http://www.brgm.eu/, 2018)

The World Bank (WB) established the Cooperation in International Waters Africa (CIWA) in
2011 to promote the integrated and sustainable use of water resources including groundwater.
Drawing from the WB experience on management of transboundary water resources CIWA is
uniquely poised to provide neutral third party facilitation, technical support and critical analysis
to better understand transboundary water issues and inform  decisions

(http://www.worldbank.org/en/programs/cooperation-in-international-waters-in-africa, 2018)

2.2  OVERVIEW OF GROUNDWATER IN KENYA

Kenya is grappling with a water crisis. This crisis is occasioned by droughts, forest cover depletion,
floods, inadequate water supply and demand management, the contamination of water and rapid
population increase. Some of the challenges are solvable. However, some like droughts and floods
are strongly linked to climate change with a likelihood being exacerbated in the coming days

(Samantha, 2011).

The lead agency in management of groundwater resources in Kenya is the Water Resources
Authority (WRA). It was formed pursuant to the Water Act (WA) 2002 which was later
amended to Water Act, 2016. WRA operates in the context of other actors in the water sector

as illustrated in Figure 2-2 below.



Redefined Roles and Responsibilities under Kenya’s 2014 Water Bill
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Figure 2-2 Water Sector in Kenya adapted from https://www.2030wrg.org/wp-
content/uploads/2016/12/Understanding-the-Kenyan-Water-Act-2016.pdf

WRA’s main role is protect, conserve, control, and regulate the use of water resources and
flood mitigation through the establishment of a National Water Resource Strategy. WRA
maintains groundwater database and information system through assessments, mapping and
investigations. WRA safeguards groundwater resources from degradation through
anthropogenic actions (Musonge et al., 2022). WRA works by delegation of its mandate to
basin water resource committees. It regulates groundwater resources by developing guidelines,
standards and codes of practice for sustainable groundwater development. (Musonge et al.,

2022).

Knowledge in groundwater quantity and quality as a resource in Kenya is limited. Technologies
and techniques for exploration and assessment are not only expensive but also complicated.
The field data available is seldom satisfactory to produce projections that enhance in depth
understanding of the groundwater resources (Li et al., 2015). This results in fragmented data
thus limiting the integration for comprehensive assessment of groundwater resources.
Groundwater regulation must go beyond the quality related issues and involve management of
competition for the resource (Mogaka et al., 2006). Pollution, saline water intrusion and
hydrogeological evolution as threats to the quality of groundwater resources. In their study,
they note that groundwater is used for various purposes. In their opinion domestic use ranks
highest. This is followed by agricultural use for crop production, livestock and fishing activities

(Pavelic et al., 2012).



2.2.1 Management of groundwater

The most sustainable way of managing groundwater is by involvement of local communities.
With proper mechanisms, self-regulation of abstraction, groundwater can be well managed.
There is growing uncertainty in groundwater sustainability occasioned by effects of climate
change and other anthropogenic factors. Groundwater sustainability is increasingly demanding
highly innovative attention. Adaptive Management is proposed as a means of enhancing
sustainability of groundwater sources by iterative approach. In this approach, systems and
policies are continuously assessed using monitoring techniques that seek to enhance future

management capacities (Thomann et al., 2020).

One of the recent developments in groundwater management is the Transboundary Aquifers
(TBAs). TBAs are aquifers that transcend national boundaries. By their nature they are formed
out of water cycle occurrence beyond one nation (Tamiru, 2010). TBAs are increasingly
becoming critical to the management of the groundwater. TBAs sustainability is depended on
the activities of interdependent ecosystems. It is strongly proposed that a harmonised all-
inclusive approach is used to utilize the TBAs. Management of TBAs shall take into
cognizance the existing frameworks. However, TBA management should evolve embracing

flexibility and amalgamation of models (Villholth et al.., 2014)
2.3 VARIABILITY ON GROUNDWATER

2.3.1 Occurrence of groundwater variability

There exists variability of groundwater over space and time. The variability is influenced by
the type of dissolved chemical elements found where the water exists. It is not easy to describe
groundwater variability owing to the broad number of chemical, physical and biological
indicators that can be tested (Babiker et al, 2006). Groundwater variability is strongly linked
to linear increment with respect to its storage anomalies. Groundwater variability increases

significantly with decrease in precipitation (Li et al., 2015).

The hydrochemistry of groundwater results from the type of the specific chemical elements
and their contact time with groundwater. Factors such as temperature, water potential
Hydrogen (pH), reduction and oxidation chemical reactions contribute to groundwater
variability. The temporal variables of temperature, pH and redox potential have an effect on
the chemical composition of groundwater because they affect the chemical reactions occurring

in an aquifer. The chemical reactions result in differences in the taste and colour of groundwater



from different wells. These are aesthetic parameters for drinking water. Water should be free

from tastes and odours that are not acceptable to most consumers (Nelson, 2002).

Demand for groundwater is on the rise. This is partly due to the dwindling surface water
sources. The main limitation of exploitation of groundwater within that area is its quality. It is
difficult to describe the groundwater spatial variability if an effective monitoring system is

lacking (Alexander et al., 2017)

Spatial variability in the groundwater quality parameters is strongly attributed to the geological
formations. There exists temporal variability in the groundwater potential that is linked to the
temporal factors such as rainfall patterns. The underlying geological formations strongly
influence the quality of groundwater. In addition, there is a strong relationship between
abstraction rates in the dry seasons and ground water quality than is the case during the rainy

seasons (Mwamati et al., 2017).

2.3.2 Water Quality Index (WQI)

Water Quality Index (WQI) is synthesis of water quality parameters measures at different times
and locations into a single number. The aim of indexing is to obtain quality data that is
understandable and easy to use. Water Quality Index (WQI) was adopted to provide analysis
into the quality of the groundwater. WQI helps to characterize the influence of every parameter
on the overall groundwater quality. Development of WQI requires selection and weighting of
each parameter. This is followed by determination of its relative weight based on the relative
contribution to DWQ (Batabyal et al., 2015). The main factors that influence the confidence of
the index estimation are the data quality and the nature of spacing of the sample points of the
groundwater. When confronted with poor monitoring network of boreholes, employing

analysis of data on exploratory basis is necessary (Alexander et al., 2017).

2.3.3 Relevance of chemical parameters in drinking water quality (DWQ)
Chloride is important to the human body for metabolism and physiological processes.

However, it’s concentration should not exceed proper levels. Groundwater sources tend to
have elevated concertation of chlorides than surface water. Chloride anion attacks metallic
pipes and structures when prevalent in high concentration. Chloride is formed from the
solution of salts from by reaction of hydrochloric acid. Chloride generally occurs as table salt.

Concentration of chloride should be at maximum 250 mg/l in DWQ (WHO, 2006).



Proper concentration of sodium in the human body is essential for prevention of diseases and
complications. These include but not limited to hypertension, headaches and kidney diseases.
Sodium is mainly consumed in form table salt by humans. It also occurs in groundwater.
Surface fresh waters have less levels of sodium compared to the oceans and seas and salty
water sources. WHO standards stipulates that the concentration of sodium for DWQ should not
exceed 200 mg/1. Potassium is important to animals and plants. In human body it important to
the well function of heart, regulation of blood pressure, muscle functionality, the nervous
system and protein metabolism among other functions. Its deficiency can cause
dysfunctionalities in the heart, muscles, protein dissolution among other complications. WHO

recommends potassium should not exceed 12mg/l with respect to DWQ (Yirdaw et al., 2016).

Nitrates is a significant parameter that pose health risks. It causes particularly blue baby
syndrome in infants besides other birth defects. Nitrate has potential to turn hemoglobin to
methemoglobin affecting how blood caries oxygen. This causes weakness, high heart rate,
dizziness and fatigue. Other possible risks of elevated nitrate levels in water are thyroid disease
and colon cancer. The permissible levels of nitrate for DWQ should not exceed Smg/l. Lack of
calcium in adequate quantities in human beings causes rickets, bone fracture and poor blood
clotting. On the contrary high levels of calcium contribute to increased risks of cardiovascular
diseases (Yirdaw et al., 2016). Calcium contributes to the human physiology and bones.
Calcium is stored in largely within the human bones and teeth. The permissible levels to meet
DWQ should not exceed 75mg/l. Magnesium and calcium are the main elements that contribute
to water hardness. Hardness has economic impacts in use of more soap and formation of scum

and scale deposits in metallic pipes, staining of surfaces amongst other effects (WHO, 2006).

There is no notable effect of human health paused by sulphates. It is a parameter of aesthetic
quality to water. WHO stipulates its concentration should not exceed 250mg/l in DWQ. High
concentrations of fluoride increase the risk of dental fluorosis, while increasingly higher
concentrations increase risk of skeletal fluorosis. The maximum permissible levels of fluoride

to meet DWQ is 1.5mg/l (Linuz et al, 2021).
2.4 ASSESSMENT OF GROUNDWATER VARIABILITY

Assessment of groundwater variability can be undertaken using various models. The models
have been employed to characterize variability in space and time. The models mainly involve

statistical analysis.



2.4.1 Geographic information systems
Geographic information systems (GIS) have been used to study borehole exploration. GIS

enhances understanding the characteristics of an aquifer. GIS can be used to categorize the
degree of groundwater potential within a given area. After categorisation, areas that may
require detailed study with respect to their groundwater potential can be identified. GIS
approach is valuable to support groundwater development. GIS should not be used in isolation
but be supported by other maps. In particular transmissibility and specific capacity maps should
be explored in tandem with GIS to select areas for groundwater development. Various
geostatistical methods can be employed to perform exploratory analysis of the groundwater
data (Alexander et al., 2017). The analysis can provide pattern of variables, trend analysis and
theoretical semivariagram fitting withing the Kriging geostatistical wizard with is a toolbox in
GIS. The geostatistical analysis sheds light on the nature of distribution of the variables that

were being analysed (Gyamfi et al., 2016).

2.4.2 Kriging
Kriging offers a way of interpolating different points with values even if those points were not

physically mapped or sampled by utilizing already known data from a sample of points within
the same area provided knowledge of underlying spatial relationship is known. This knowledge
of the spatial relationship is provided by variograms. Kriging as an analysis tool is premised
on the fact that there exists a relationship with respect to space for physically located sample
points within a study area which can provide insight into the characteristic distribution of the
variable factors on the surface (Said et al., 2017). This relationship can be expressed
mathematically correlating the sample points in a defined area. Kriging involves various
iterations at different stages. Kriging includes statistical analysis from exploratory approach

and modelling of variograms (Naoumi & Tsanis 2004).

2.4.3 Inverse Distance Weighting (IDW)

This is a technique that attempts to spatially correlate values near to each other by insertion of
weighting framework relative to their distance. As a computational method, IDW attempts to
correlate factors during analysis in a manner that ensures that any factor analysed impacts the
successive factor in the series to be analysed. The resulting spatial view of the analysed factors
is expected to be smooth enough if graphically expressed. IDW as a computational method
doesn’t make assumptions about the value of factors being studied except that there exists a

spatial relationship between factors close to each other more than those far from each other.
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IDW gives the user a degree of freedom to interrogate and control the significance level of the
points that are already known to the point that hare unknown by using the distance between

them from the output point according to (Augusto et al., 2016).

2.5 IMPLICATION OF LITERATURE

It is deduced from the publications by various authors that temporal and spatial variability of
groundwater exists. The knowledge in variability is however limited. This limitation can be
attributed to the generalized nature of the available knowledge at country and continental level.
Therefore, it is necessary to establish the variability of groundwater in the study area. This will
advance the knowledge from a generalized level to localized level and support groundwater
exploration activities in the study area. Enhancing knowledge in spatial and temporal
variability of groundwater requires data and analysis within a specific study area. Groundwater
quality can be analysed using indexing. Data generated from indexing can be modelled to
characterize the temporal and spatial groundwater variability in study area. The case for
computational models has been strongly suggested by various authors. Kriging in GIS
environment is one of such models. Kriging enhances the understanding of the variability by
providing maps that enhance comprehension of the study area characteristics. In order to
analyse groundwater quality, selected parameters from sample boreholes from the study area
shall be tested. Detailed analysis using indexed data of the study area shall be evaluated in a

GIS environment.
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3 METHODOLOGY

3.1 STUDY AREA

The study area will be the Mbagathi River catchment. It falls in the Athi Catchment Area

(ACA). ACA is one of the six drainage basins in Kenya. ACA oversees several counties. From

the costal side of Kenya it covers Mombasa, Kilifi, Kwale and neighbouring Taita Taveta. On

the Eastern part of Kenya it covers Kajiado, Makueni, Machakos and Kitui counties. ACA

cover the capital city and county of Nairobi, parts of neighbouring Kiambu and further west

county of Nyandarua.

The study area is parts of Kajiado and Nairobi counties. Each county has diverse conditions

that are unique socially, economically, legally and administratively. The main physical features

that are shared in these two counties are the Nairobi national park, the Mbagathi River and

Magadi road. The two counties border each other along the Mbagathi River. Both areas grapple

with population growth challenges that place demands on the existing services and

infrastructure. Figure 3-1 shows the peri-urban location of the study area.
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The greater part of the study area fall within Kajiado county. Kajiado County lies between
500m and 2,500m asl at Lake Magadi and Ngong Hills respectively. This county is
characterised topographically in three ways. To the west, the dominant topography is the Rift

valley. This comprises steep faults leading to plateaus, cliffs and grasslands.

At the centre is the defined by the central broken ground. This is an area between 20km to
70km wide, with altitudes between 1,220 to 2,073m above sea level (asl). Ngong Town is
located within the Central Broken Grounds. To the south east it is defined topographically by
the Athi Kapiti plains mainly constituting of gently sloping hills with altitudes between 1,580
to 2,460m asl.

The lesser part of the study area covers part of Karen suburb. This area is South-West of Nairobi
Central Business District (CBD). It measures about 56 square kilometres (km?). Its
neighbouring towns are Ngong and Ongata Rongai from the Kajiado County, which are

experiencing an upsurge in urbanization and population.

Mbagathi River is part of the larger Athi catchment ranging 1480m to 2160m asl. It drains into
the Athi River which ends up in the Indian Ocean at the Kenyan coast. Figure 3-2 show the
Mbagathi River catchment from the Upper Ngong-Karen in the Northwest to Rongai in the
East.
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Figure 3-2 Mbagathi River Catchment.

13



The Mbagathi River originates from Ololua location traversing Karen and exits along the
boundary of the two locations continuing along the boundary between Lang’ata and
Nkaimurunya locations. It exits these two locations to discharge into Embakasi river in

Ongata Rongai location. The catchment area has been delineated as per Figure 3-3 below
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Figure 3-3 Delineated Mbagathi Catchment.
3.2 HYDROGEOLOGY OF THE STUDY AREA

Mbagathi River catchment area experiences high demand for water as it is home to people who
work in the city. Surface water sources are inadequate to meet the water demand (Mulwa et al.,
2005). Groundwater is exploited as an alternative to cover the deficit in surface water supply.
The groundwater is conveyed to the residents by piping. Water vending by water trucks, water

kiosks and hart carts was observed in the area.

Faulting, volcanicity and tectonic movements are the factors that have contributed to volcanic
activity in the Ngong area. This has influenced the areas geological history and the
geomorphological evolution (Saggerson, 1991). The typical rock formations are tertiary
volcanic rocks. These rocks include Ngong basalts, Ol Doinyo Narok agglomerate, Limuru
quartz trachyte, Kerichwa valley tuff, Nairobi trachyte, Nairobi phonolite, Mbagathi trachyte,
Kandizi phonolite and Ol Esayeti phonolite (Saggerson, 1991). Kiserian-Matathia area is

considered a water conservation zone to the east of Ngong hills. The water conserved is mainly
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determined by faulting affecting occurrence of groundwater in its distribution, flow and yield

(Mulwa et al., 2005).

There is inconsistency in the hydrogeology of the Mbagathi river catchment caused by the
varied lithological conditions. Weathering and fractured nature of the geological formations
affect the hydrogeology contributing to this inconsistency (Mulwa et al., 2005). There are
varied aquifers in the area. There are sands and sediment deposits interposed in tuff. Basalts,
trachytes and turf rock strata with appreciable perviousness are also found in the area. The area
also has connected rock formations such as basalts and turfs. Such connected rocks form
aquifer that is fractured. Aquifers in fault zones have the highest groundwater yield. Basalt type
of rocks influence at least 75% of the aquifer yields. Trachytes influence about 14% of aquifer

yields. Weathered and jointed tuff influence about 6% of the aquifers (Mulwa et al., 2005).
3.3 DATA REQUIREMENT AND SOURCES

The data for the assessment of groundwater variability in the Mbagathi River catchment was
as follows:

i) Groundwater quality data obtained from boreholes in the study area by sampling.
From the identified sample boreholes, the parameters for study shall be fluorides,
sulphates, nitrates, chlorides, sodium, calcium, magnesium and potassium.

ii) Borehole characteristics and drilling data for the identified sample boreholes obtained
from WRA, borehole drillers and owners.

iii) Hydrogeology of the study area obtained from WRA and related publications.

iv) The rainfall and evapotranspiration data from rainfall gauging stations in the study

area obtained from the Meteorology Department or other resourceful institutions.

3.4 DATA COLLECTION AND ANALYSIS

3.4.1 Collection of Groundwater Data

Groundwater quality data was tested from sample boreholes within the study area. Sampling

was conducted from enumerated boreholes in Table 3.1 below
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Table 3.1 Groundwater Sampled boreholes

Location Details of Sampled Boreholes

No | Code | Location Latitude | Longitude
1 | BOI Matasia -1.3946 36.6830
2 | BO2 Kiserian -1.4432 36.6893
3 B03 Rongai -1.3949 36.7347
4 | B04 Kiserian -1.4378 36.6825
5 | BO5 Rongai -1.3927 36.7182
6 | BO6 Kiserian -1.4265 36.6911
7 | BO7 Matasia -1.3907 36.6729
8 | BO8 Rongai -1.3961 36.7286
9 | BO9 Rongai -1.3978 36.7245
10 | B10 Rongai -1.3965 36.7303
11 | B11 Rongai -1.3989 36.7255
12 | B12 Kiserian -1.4388 36.6888
13 | BI3 Rongai -1.4069 36.7151
14 | B14 Kiserian -1.4557 36.7016
15 | BIS Mericho -1.3866 36.7063
16 | B16 Kiserian -1.4413 36.6905
17 | B17 Rongai -1.3845 36.7097
18 | B18 Ngong -1.3406 36.6835
19 | B19 Ngong -1.3340 36.6782
20 | B20 Ngong -1.3502 36.6601
21 | B21 Ngong -1.3719 36.6653
22 | B22 Ngong -1.3363 36.6715
23 | B23 Ngong -1.3510 36.6589
24 | B24 Ngong -1.3384 36.6785
25 | B25 Mericho -1.3914 36.6893
26 | B26 Ngong -1.3693 36.6571
27 | B27 Ngong -1.3388 36.6813
28 | B28 Rongai -1.4231 36.6858
29 | B29 Ngong -1.3591 36.6573
30 | B30 Ngong -1.3712 36.6597
31 | B3l Rongai -1.3894 36.7459
32 | B32 Rongai -1.3886 36.6769
33 | B33 Ngong -1.3513 36.6604
34 | B34 Ngong -1.3451 36.6651
35 | B35 Ngong -2.3569 36.6750
36 | B36 Ngong -1.2564 36.6731

The existing inventory of the boreholes in the area was acquired from the WRA regional

groundwater office. Using the available inventory data, boreholes were sampled and prioritized
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on the basis of completeness of data. This borehole data was used to characterize the

groundwater yield and water rest levels.

3.4.2 Demographic Data of The Catchment population

The catchment area was in Kajiado West sub-county which hosts Ongata Rongai and Ngong
as the major towns. It also borders Karen area to the east. Censuses in Kenya have been carried
outin 1897, 1948, 1962, 1969, 1979, 1989, 1999, 2009 and 2019 by the Kenya National Bureau
of Statistics (KNBS). Based on the KNBS census and Kajiado County Integrated Development
Plan and other related studies the catchment population was about 283,566 people giving an
average density of 303 persons/km? and a population growth rate of 3.7%. This when projected
will be about 1,186,485 persons by 2022 with an average density of 386 persons/km?. The most

populous town is Ngong as shown in Table 3-1 that gives the population in the catchment.

Table 3.2 Population of the Study area

Urban Centres 2009 2019 2022

Male  |Female |Total Male Female |Total Male Female |Total
Ongata Rongai 19,271 | 20,907 | 40,178 | 87,871 | 90,916 | 178,787 | 97,990 | 101,386 | 199,376
Ngong 52,453 | 51,620 | 104,073 | 62,804 | 64,992 | 127,796 | 70,036 | 67,397 | 137,433
Total 71,724 | 72,527 | 144,251 | 150,675 | 155,908 | 306,583 | 168,026 | 168,782 | 336,809

3.4.3 Groundwater Quality Data Analysis

Water from the boreholes sampled in the study area was analysed. The analysis was conducted
from an accredited laboratory for purposes of determining the prevailing water quality that
shall form a basis of analysis of water quality index. Historical water quality data from existing

boreholes was obtained from some of the owners for comparative purposes.

The DR6000 Benchtop Spectrophotometer was the main equipment used to carry out the
analysis. This spectrophotometer delivers top performance for routine laboratory tasks and
demanding photometry applications. It offers high speed wavelength scanning across the UV
and Visible Spectrum, and comes with over 250 pre-programmed methods, which include the
most common testing methods. Samples were collected using labelled transparent one-litre
bottles. Preprinted stickers were used to record sample details and label the bottles.
Transportation of the samples shall be immediately to the lab for testing. Cool boxes were used
to preserve the samples from adverse temperature changes. The selected parameters were tested

according to the Standard operating procedures (SOPs) of the laboratory. The procedures were
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designed to ensure tests are carried out in conformance to the KS EAS 12:2018 potable water

specifications standard.

The typical model for analysis was flowcharted as per Figure 3-4 below.
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Figure 3-4 Flowchart of the data analysis, exploration and prediction maps

3.4.4 Groundwater Temporal and Spatial Variability Analysis

Using the WQI approach: -

Relative weight (W;) of the chemical parameter was computed using the following equation:

-M~|,_

)

Wi refers to relative weight
wi refers to weight of each parameter

n refers to number of chemical parameters in the analysis (Batabyal et al., 2015)

For each, relative weight (W;) was computed as enumerated in tablel below
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Relative weighty, __wi
Chemical Kenyan Weight Z i
Parameters? Standard | (wj) P
Fluoride 1.5 5 0.2381
Chloride 250 4 0.1905
Potassium 50 1 0.0476
Magnesium 100 3 0.1429
Calcium 250 3 0.1429
Sodium 200 2 0.0952
Nitrate 10 2 0.0952
Sulphate 400 1 0.0476

Ywi=21 | X Wi=1.00

dchemical parameters in mg/l

In the third step, the quality rating was generated based on value of parameter concentration in
every sample divided by the parameter respective value in the standard KS EAS 12:2018 and
the result multiplied by 100.
qi=| C— 1 *100
2)
girefers to the quality rating
C;refers to the parameter concentration in every sample in mg/l

Sirefers to the Kenyan drinking water standard for each parameter in mg/I
The subindex (SI) for every parameter was calculated by multiplying the quality rating with its
relative weight. The WQI was then calculated by summation the individual subindices for
every sample (Batabyal et al, 2015). The formulas were

Sli=qi * Wi 3)

WQI=Y Sl 4)

SI; is the sub index of i™ parameter;

Wi; is relative weight of i'" parameter;

gi is the rating based on concentration of i parameter, and n is the number of chemical

parameters.
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The quality data was subjected to statistical analyses using Microsoft Excel 2016 software.
Correlation of the selected parameters was examined using IBM Statistical Packages for the Social
Sciences (IBM SPSS) software. Correlation criterion as a statistical tool compares two variables to
indicate if one variable can sufficiently predict the other by generating a correlation coefficient.

. . £
Spearman coefficient, p=l-— o

- -
nn =2

(&)

The Spearman coefficient was used to determine correlation between variables. This
coefficient determines the extent of correlation of dependent variable (x) being only influenced
by an independent variable (y) and vice versa. The correlation coefficient should lie between -
1 and +1. Coefficient correlation values +0.7 or higher is very strong positive, +0.4 to +0.69
strong positive, +0.3 to 0.39 moderate positive, +0.2 to 0.29 weak positive, +0.01 to +0.19
negligible. Conversely, -0.7 or higher is very strong negative, -0.4 to -0.69 strong negative, -

0.3 to 0.39 moderate negative, -0.2 to -0.29 weak negative. -0.01 to -0.19 negligible.

The GIS environment was used to perform spatial variability analysis in particular
geostatistical wizard application in ArcGIS 10. The exploratory analysis was used to evaluate
variable spatial distribution. Fitting the theoretical semivariogram was applied with distribution
of variables done using Normal QQ plots. This aimed at characterizing whether the data follows
a normal distribution. It was anticipated that the data shall have a normal distribution. Log
transformation of the data was done in the absence of normal distribution or to improve the
normal data. These methods give indication as to the nature of distribution of a variable under
consideration. If skewness of a parameter was observed to be more than +1 from the normal
distribution then log transformation was performed on the data in order to realize a log-normal
distribution. Mean, median and kurtosis statistics were examined from the data. Mean and
median should to be close for a normal distribution. Kurtosis should be 3. From the data
exploration, trends observed were analysed to determine presence of spatial variation (Gyamfi

et al, 2016).

Semivariogram is a measure of the relation of data points within a particular variable to each
other with respect to distance. This measure was used to assess the spatial dependency of the
selected variables. Kriging assisted in generating distribution pattern from the parameters, trend
analysis and fitting of the theoretical semivariogram. Kriging is designed to specially generate

the models based on spatial variability.
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Kriging is most appropriate when you know there is a spatially correlated distance or directional

bias in the data. The general formula for Kriging is formed as a weighted sum of the data:

N
Z(s,)=) A,Z(s;)
( Z} (©)

where:

Z(si) = the measured value at the ith location

M = an unknown weight for the measured value at the ith location
so? = the prediction location

N = the number of measured values

The analysis was based on the ArcGIS 10.1 geostatistical analyst model in particular ordinary
Kriging. As a method of interpolation of data, Kriging is based on a statistical approach. It does
weight based in specific values measured at the sampled locations. Kriging provides more than
just predicted value of unsampled locations. There were additional statistical results to assist
in interrogation of the data. The nugget and sill ratios of the semivariogram were used to
describe the spatial dependency. Nugget/Sill ratio of < 0.25, 0.25-0.75 and 0.75 indicate strong,
moderate and weak spatial structure respectively. Different semivariogram models were
compared to determine the model with the best spatial structure based on the nugget and sill
ratio. The best fitting model was selected based in the nugget/sill ratio formed the basis of

generating the maps for predicting spatial variability using ordinary Kriging.

Mean Error (ME) and Root Mean Square Standardized Errors (RMSSE) are some of the

statistical outcomes of a Kriging model.

ME = ?:1(2(51') - Z(Si))

n (7
RMSSE = n (z“(si) —~ Z(Si)>2
=1\ a(s) (8)

n

where:

7(S;) = the measured value at the ith location
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Z(S;) = the predicated value at the ith location
(Si) = estimated standard error of mean of measured values

n = the number of measured values

ME is the mean difference between the measured and the predicted values. RMSSE enables to
explore if the standard errors generated by the Kriging model are acceptable. For the errors to
be acceptable, they should be close to 1 (Gyamfi et al, 2016). Whenever RMSSE falls below
1, most likely the variability prediction by the Kriging model is being overestimated. If RMSSE
is more than 1, then the Kriging model indicates an underestimation of the variability so

predicted.

Temporal variability was determined based on data collected for three seasons. The wet,
moderate and dry in line with the bimodal rainfall patterns in the area. The temporal variability

analysis was deduced from geostatistical analysis based on the identified seasons.

3.4.5 Selection of groundwater quality parameters

Kenyan Standard that specifies requirements, sampling and test methods for potable water
intended for direct human consumption, domestic and industrial use (KS EAS 12:2018) was
the basis of calculation of the WQI. Eight parameters shall be selected. These were Sodium,
Fluoride, Chloride, Sulphates Calcium, Magnesium, Potassium and Nitrate. The parameters
selected are part of the WHO DWQ guidelines. Groundwater is an important source of water
within the Mbagathi River catchment. The concentration of the ions is largely influenced by
the infiltration of water into the porous and permeable rocks during the rainy season (Mulwa

et al., 2005).

The overall aim of the quality parameters selected was to provide insight of groundwater
temporal variability. From the parameter test results and exploration of the quality data, it was
possible to meet the study objectives. The selected parameters have varying impacts on human
health according to WHO DWQ guidelines. Investigation into the prevalence of these
parameters would enhance understanding the characteristics of the groundwater in the study
area. The need to simulate data was considered. The chemical type of parameters were the only
ones selected (Wu et al., 2011). This was to make it possible to simulate the data under the
WOQI model that was used. Other types of parameters such as bacteriological would pose a

challenge to simulate with the chemical ones. The other criterion for parameter selection was
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its ability to be tested independently. This allowed the analysis of each parameter to be done
without relying on outcome of any other parameter. In so doing it was possible to obtain data
that can be indexed adequately. Selection of optimal number of parameters for testing was a
consideration. This was to make it feasible to test and complete the study within time available.
The parameters were considered to provide a good scientific basis for groundwater variability

by simulation (Wu et al., 2011).
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4 RESULTS AND DISCUSSION

4.1 GROUNDWATER SPATIAL VARIABILITY

Borehole records data within the study area was obtained from the Water Resources Authority
(WRA). This data provided the recorded borehole yield besides other pertinent information.
The average yield stood at 8.6m>/hr based on the record of 140 boreholes obtained as per table
in appendix 1. This presents a relatively fair yield given that 57% of boreholes permit are for
domestic use. It underlines the relative importance in provision of domestic water supply. Other
permits have been granted for institutional, commercial and agricultural uses. The drilled depth
of boreholes averaged 171m. The average drilled depth provides indication of the capital
investment required to develop groundwater in the study area. The observed water rest level

(WRL) averaged 57m.

From the recorded borehole yield, a map of spatial variability was generated by geostatistical
analysis in ArcGIS framework. Figure 4-1. Indicates groundwater yield which was observed to
be higher in the central parts of Matasia and Nkoroi. Higher yield was also observed to the
eastern parts of Ongata Rongai. Most of the aquifer yield is fair. The low yield observed in the
North and North east area is likely due to Karen area being a discharge zone. The rate of water

abstraction is greater than the rate aquifers are replenished (Mulwa et al., 2005).
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Figure 4-1Groundwater yield map and Water Rest Level of the study area
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The groundwater rest level map in Figure 4-2 indicates flow is generally from the Northwest
part of Ngong, Northern part of Karen and Northeast part of Hardy resting predominantly to

Southwest parts of Kiserian. This strongly agrees with the altitude of the area. It was however

not consistent with the yield.
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Figure 4-2 Water Rest Level map of the study area

Groundwater yield was observed to be segregated. It largely follows the river regime in the area
with an exception of the North East parts. This agrees largely with Mulwa et al., 2005 who
attributes the inconsistency to lithological conditions. This is further supported by the
characterization of the fault lines Kiserian-Matasia area showed high water yield and rest levels.

It is likely an area with high groundwater potential. The observation is consistent with Mulwa

et al., 2005 who suggests that this area is a water conservation zone.

4.2 GROUNDWATER QUALITY ANALYSIS

Samples were collected from 36 boreholes and tested for Sodium, Fluoride, Chloride, Sulphates
Calcium, Magnesium, Potassium and Nitrate. The tests covered three seasons wet, moderate and

dry based on the bimodal rainfall patterns in the study area. The details of the water quality

results for the tested parameters are in appendix 3 to appendix 5.

The basic statistics of parameters were summarized in Table 4-1. Fluoride was exceeding the

permissible levels of KS EAS 12:2108 as per the Arithmetic Mean. It is typically the elevated
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parameter and most prevalent groundwater quality challenge in the study area. Fluoride,
calcium and magnesium were exceeding the permissible levels in at least one sample as per the

test results.

These combined parameters have the greatest impact on the groundwater. Calcium and
Magnesium contribute to water hardness. Hardness was not covered in the scope of this study.
There is marginal variability is groundwater quality over the three seasons. This informed the

basis of variability prediction.

Table 4.1 Basic statistics for groundwater quality parameters

Parameters, mg/l | F Mg** | Ca** Cr K* Na* S04 | NOs
AM 1.6 29.0 53.1 106.1 15.7 16.9 82| 0.8
Wet Max 3.3 99.1 163.4 24377 25.3 437 284 2.5
Min 0.7 2.4 12.3 36.9 6.6 6.7 221 0.2
AM 1.7 25.1 46.6 102.0 15.6 18.3 80| 0.7
Moderate | Max 3.3 94.5 116.2 211.0 24.0 49.0 300 24
Min 0.6 0.7 114 38.0 5.0 6.5 1.0 0.2
AM 1.8 27.0 50.2 104.4 15.8 18.8 9.2 0.8
Dry Max 3.1 119.1 133.5 214.0 26.0 47.2 29.0| 2.3
Min 0.6 2.2 2.4 41.0 7.0 7.5 3.0 0.3
KS EAS 12:2018* 1.5 100 150 250 50 200 400 10
WHO Guidelines? 1.5 100 250 250 12 200 400 10

AM: Arithmetic Mean; Max: Maximum; Min: Minimum; *chemical parameters in mg/I

The wet season showed higher levels of calcium, magnesium and chloride. Calcium is the

cation and fluoride is the leading anion with highest level of exceedance respectively.
4.3 EXPLORATION OF WATER QUALITY INDEX (WQI) DATA

The groundwater quality data was used to compute WQI which is indicated in Table 4-2. The
WQI was computed using equation (1). The output as tabulated in Table 4.2 largely agree with
the methods of Batabyal et al., 2015. The WQI was relied upon to perform variability analysis.
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Table 4.2 WQI for the Wet, Moderate and Dry seasons

WOQI for the Wet, Dry & Moderate Seasons

BH Code Wet Moderate Dry

BO1 82.72 68.50 82.72
B02 47.95 37.79 44.05
B03 56.27 37.26 52.43
B04 92.25 46.30 71.73
BO5 69.45 56.67 57.92
B06 79.99 53.93 63.97
B07 39.52 32.79 38.24
BO8 64.80 49.03 51.12
B09 64.61 44.29 52.71
B10 58.75 46.80 48.92
Bl11 48.14 48.37 45.26
B12 56.44 46.90 44.15
B13 45.63 42.31 34.23
B14 56.07 46.06 45.24
B15 58.25 42.82 52.29
B16 65.10 50.36 53.70
B17 75.78 56.65 61.34
B18 54.42 43.90 44.58
B19 47.83 44.80 43.99
B20 56.26 41.40 40.30
B21 53.09 43.37 42.99
B22 45.78 33.81 35.94
B23 37.48 32.14 31.72
B24 64.64 44.28 43.81
B25 49.56 45.88 44.31
B26 30.42 22.70 24.66
B27 45.16 42.03 40.69
B28 85.54 45.20 45.60
B29 46.48 39.02 39.49
B30 46.63 40.03 39.71
B31 64.02 59.70 57.30
B32 34.07 27.76 30.28
B33 58.33 38.32 36.83
B34 61.77 61.27 54.19
B35 40.40 27.35 28.50
36 40.83 29.48 31.00

The mean, median and skewness were tabulated in Table 4-3 using the results from the ArcGIS

geostatistical analysis. Under normal distribution, the mean and median should be close to
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equal, skewness should lie between -1 and 1 (Gyamfi et al, 2016), kurtosis should be 3.
Skewness was 0.25, 0.38 and 0.98 for wet, moderate and dry seasons respectively. This was
within acceptable range. The mean and median were not equal for all the seasons. The mean
was closest to median for wet season but difference increased from moderate to dry seasons.
Kurtosis was below 3 for wet season but above 3 for moderate and dry seasons. Log
transformation was performed to determine if mean, median and kurtosis would comparatively

improve.

Table 4.3 Statistics of Normal and Log-Normal data for WQI

Season Statistic Normal | Log-Transformed
Mean 44.18 3.76
Median 43.68 3.78
Wet
Skewness 0.25 -0.45
Kurtosis 2.87 3.34
Mean 44.19 3.76
Median 43.48 3.77
Moderate
Skewness 0.38 -0.43
Kurtosis 3.45 3.6
Mean 46.64 3.8
Median 44.56 3.8
Dry
Skewness 0.98 0.068
Kurtosis 4.57 3.28

Mean and median improved and were equal in all seasons after log transformation to 3.8. Log-
transformation methods agrees with Gyamfi et al., 2016 as a means of enhancing the
geostatistical data to provide better results. Kurtosis improved for dry seasons upon log
transformation from 4.57 to 3.28 becoming less leptokurtic. The marginal improvement in
kurtosis was insignificant. Kurtosis however marginally deteriorated for wet and moderate
seasons. In wet season, kurtosis moved from being less platykurtic to being more leptokurtic
from 2.87 to 3.34. In the moderate season, kurtosis increase from 3.45.to 3.6 becoming more
leptokurtic. The log transformed data for all seasons was observed to be leptokurtic indicating
it will have relatively thick edges. The normal QQ plots for the normal and log-normal
transformed data was explored for best fit. Figure 4-4 shows the wet and moderate seasons best

of fit under normal data while dry season best fit was the log-normal transformed.
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The data was subjected to ordinary Kriging in ArcGIS to find the best fit model. Semivariogram

models used were Stable, Gaussian, exponential, J-Bessel and spherical. The model predictions

result in Table 4-4 showed the best fit model for wet season was the Exponential with

nugget/sill ratio of 0. This also applied to moderate season with a nugget/sill ratio of 0.07. The

nugget/sill ratio indicated a strong spatial structure dependency as displayed in Figures 4-7 and

4-8 for wet and moderate season respectively. Is selecting the semivariogram model, the

approach for nugget/sill ratio concurs with Alexander et al., 2017.

Table 4.4 Summary of Normal data Semivariogram model comparison

Season Statistic Stable | J-Bessel | Gaussian | Exponential | Spherical

Wet RMMSE 1.06 1.03 1.06 1.05 1.04
ME -0.07 -0.01 -0.07 -0.06 -0.07
Nugget 40.11 41.90 40.11 9.36 23.61
Sill 95.19 67.95 95.19 132.05 106.05
Nugget/Sill ratio | 0.42 0.62 0.42 0.07 0.22

Moderate | RMMSE 1.05 1.02 1.05 1.05 1.04
ME -0.05 -0.09 -0.04 -0.04 -0.06
Nugget 26.00 24.72 26.00 0.00 8.74
Sill 90.00 62.50 90.23 121.10 101.18
Nugget/Sill ratio | 0.29 0.40 0.29 0.00 0.09

RMSSE: root mean square standardized error; ME: mean error
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Figure 4-6 Exponential Semivariogram for (a) Wet season based on Normal data
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Figure 4-7 Exponential Semivariogram for (b) Moderate season based on Normal data

The best fit model for dry season was the Stable after Log-transformation with a nugget/sill
ratio of 0 as shown in Table 4-5. The nugget/sill ratio indicated a strong spatial structure

dependency as displayed in Figure 4-9 for the dry season.

Table 4.5 Summary of Log-Normal Semivariogram model comparison

Season Statistic Stable | J-Bessel | Gaussian | Exponential | Spherical

Dry RMMSE 1.15 1.29 1.14 1.22 1.18
ME -0.02 | -0.38 0.31 -0.19 0.19
Nugget 0.00 0.01 0.04 0.02 0.03
Sill 0.08 0.05 0.04 0.06 0.04
Nugget/Sill ratio 0.00 0.19 1.09 0.34 0.71

It was anticipated that the nugget/sill ratio will be strong. This is because the groundwater
quality parameters have an existing relationship. The relationship within the groundwater
parameters is however complex. It is not easy to judge which parameters are more depended
on others using the nugget/sill ratio. The nugget/sill ratio is generated from the data that has
been indexed. It was therefore necessary to undertake further analysis to determine spatial

dependency between parameters (Alexander et al., 2017).
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Figure 4-8 Stable Semivariogram (c) Dry season based on Log-Normal Data

The data from the sampling stations for sodium, fluoride, chloride, sulphate, calcium, magnesium,
potassium and nitrate were correlated using the IBM SPSS . Spearman rho correlation coefficient
was generated to determine nature of linear relationship among the parameters. Correlation of
parameters is an approach that agrees with Alexander et al., (2017) and Batabyal et al., (2015)
who also established the need to verify correlation of parameters used in indexing quality data.

The degree of corelation informs reliability of the index data.

Table 4-6 shows in the wet season, parameters largely exhibited moderate, strong and very
strong positive relationship. Chloride to sodium, calcium, magnesium, and fluoride had strong
to very strong correlation. Fluoride had a moderately strong correlation with sodium, calcium,
potassium and nitrate. Weak negative relationship existed between magnesium to fluoride and

nitrate; fluoride to nitrate.
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Table 4.6 Spearman rho correlation for wet Season

Na* | F Cr SOs* | Ca®* |Mg* |K* NOs; | WQI

Na* 1| 0.34|0.70%* 0.92 0.37 0.26 0.37 0.35 0.53
F 1| 0.64%* 0.29 | 0.61** | 0.95%* 052 -0.21 0.62
Cr 1 0.98 022 | -0.01 0.37 0.17 0.04
SO4* 1 0.26 0.45 0.63 | 0.85%** 0.57
Ca 1 0.00 0.31] -0.01 0.02
Mg?* 1| 0.84%* 0.07 0.01
K* 1 0.59 | 0.87**
NOs’ 1 0.52
WQI 1
**_ Correlation is significant at the 0.01 level (2-tailed).

During the moderate season, table 4-7 indicates chlorine to sodium, fluoride calcium,
magnesium and potassium had strong to very strong correlation. Fluoride had a moderately
strong correlation with sodium, calcium, potassium and nitrate. Weak negative relationship

existed between calcium to nitrate; and chloride to nitrate.

Table 4.7 Spearman rho correlation for moderate Season

Na* | F Cr SO+ | Ca* |Mg* |K* NOs; | WQI
Na* 1] 0338 0.7 0916 | 0.367 0.26 0.366 | 0.347 | 0.526
F 1| 0.642 0.285 | 0.61** | 0.954 0.522 | 0.209 | 0.71
Cr 1]0.984** | 0.221 0.01 0.366 | -0.17 | 0.039
SO4* 1| -026] 0451 )0.626%* | 0.852| 0.57
Ca 1 0 0.308 | -0.009 | 0.024
Mg?* 1 0.836 | 0.069 | 0.005
K* 1 0.59 | 0.873
NO5 1] 052
WQI 1
**_ Correlation is significant at the 0.01 level (2-tailed).

The dry season exhibited strong to very strong correlation chloride to fluoride, sulphate, calcium,

magnesium, and potassium from Table 4-8. Sodium had strong relationship with fluoride had a
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moderately strong correlation with sodium, calcium, potassium and nitrate. Weak negative

relationship existed between magnesium to fluoride and nitrate; fluoride to nitrate.

Table 4.8 Spearman rho correlation for dry Season

Na* | F Cr SO4* Ca** | Mg** K* NO3 WwQI

Na* 0.848 0.384 0.678 | 0.535| 0912 | 0.664** 0.858 0.988
F 1| 0.714%*% | 0.716%* | 0.458 | 0.842 0.727 -0.018 | 0.590%*
Cr 1 0.181 | 0.065| 0.255 0.362 0.917 0.042
SO4* 1]-0.129 | -0.130 | 0.510*%* | 0.817** 0.145
Ca?t 1| 0.000 0.398 0.384 0.007
Mg?* 1| 0.555%%* 0.220 0.001
K* 1| 0.909%%* 0.952
NOs 1 0.005
WQI 1
** Correlation is significant at the 0.01 level (2-tailed).

4.4 TEMPORAL VARIABILITY BASED ON WQI

The groundwater prevalence based on WQI obtained from samples was presented using pie

charts. There was no prevalence of very good groundwater quality present as per the analysis.

The WQI indicated that groundwater deteriorated from the wet to dry seasons. The wet season

exhibited 36% good quality as indicated in Figure 4-9, which was highest compared to 33%

and 28% for moderate and dry seasons as indicated in Figure 4-10 and Figure 4-11 respectively.

The fair groundwater quality remained the same at 58% for both the wet and moderate season

but increased marginally to 61% in the dry season. The increase in the dry season can be

attributed to the decline in good quality in the same season. The increase in the poor quality is

noted from the wet to dry seasons. 6% of the sampled stations recorded poor quality in wet

season. Poor quality increased to 8% in moderate and dry season. The dry season recorded very

poor-quality water at 3%.
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Figure 4-10 Moderate season WQI distribution
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Figure 4-11 Dry season WQI distribution
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The WQI temporal variability was mapped in ArcGIS during the three seasons and under
combined condition as shown in Figure 4-13 to Figure 4-16. During wet season, the prevalence
of the 58% fair quality was mainly in the south, central and eastern parts. This represented the

Matasia, Kiserian and Nkoroi areas. Central and Southern parts had the highest recorded yield
and highest water rest level.
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Figure 4-13 Temporal variability of sampled stations in Moderate season
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Quality deteriorated marginally in the moderate season. Good quality in the south east dropped
marginally increasing the poor quality in the central parts of Matasia. In the dry season there
was an increase in poor and very poor-quality totalling to 11% of the sampled sites within the

central to the southern parts. Good quality water was largely recorded in the North and West

during the dry season.

N
\\,‘4# E §
/ i
e~ -
sl
Dry Season
J‘"_‘>
[ 2 Filled Contours
|| .-, [ o - 20 Very Good
3 20 - 40 Good
L. 40 - 60 Fair
i o
\_/ . ", 60 - 80 Poor
ﬁ‘ a— -SD-IO(]VeryFMr
.
/l >
et
Q " Moagam
| F LR * -
5 = . Ongata Roagai
% L2
5 5 Nkoroi oo, Coordinate System: GCS WGS 1944
[ %% Datum’ WGS 1084
JI Y Units: Degree
(ﬁ e Kiserdian
\ .
|
| Msoran
\’ L o 5 25 5 Kilometers
|

Combined Seasons

Filled Contours
I 0 - 20 Very Good

40-
60-

I o

20-

40 Good

60 Fair

80 Poor

100 Very Poor

Coordinate System: GCS WGS 1084
Datum: WGS 1084
Units: Dagme

4 Kilometers

Figure 4-15 Temporal variability of sampled stations for combined seasons
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4.5 MODEL VALIDATION

The WQI Kriging model was evaluated for credibility. Four sampling stations used in the
calculation of WQI were randomly removed from data for the wet, moderate and dry seasons.
The objective of removing the four sampling stations was to check how the model performed
Which results they presented for the RMSSE and ME were used to evaluate the model
performance. Removal of parameters randomly to test the model is an approach that agrees
with Alexander et al., (2017). Gyamfi et al., (2015) approach relied on the nugget/sill ratio to
justify the models used which differs from the apporach of this study that relies of removal of
select parameters. Consequently reduction in the number of parameters in validating

groundwater quality without much loss of information agrees with Hafizan et al., (2004).

Wet Season Validation
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20 - 40 Good
40 - 60 Fair
60 - 80 Poor

- 80 - 100 Very poor

Figure 4-16 Model validation output for wet season
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Moderate Season Validation
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Figure 4-18 Model validation output for dry season

The validation model gave a fair result of RMSSE between 0.98 — 1.02 for stable and

exponential semivariogram as displayed in Table 4-9. ME was between -0.04 to -0.08. Both
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cases the model was within the expected range of RMSSE and ME. The tests done have shown
spatial and temporal distribution of groundwater in Mbagathi River catchment. The model has

differentiated the areas with scarce water resources and those with high water resources.

Table 4.9 Summary statistics for the model validation

Season Statistic Stable Exponential
Wet RMMSE 1.02 1.00
ME -0.08 -0.07
Moderate RMMSE 0.98 0.97
ME -0.06 -0.05
Dry RMMSE 1.07 1.00
ME -0.06 -0.04

4.6 IMPLICATIONS OF RESEARCH FINDINGS

With dwindling surface water sources, there is increasing dependence on groundwater as an
alternative source. Increased utilization of groundwater sources continues with little monitoring
of quality and quantity. To harness the groundwater for various uses, understanding its

variability in quality and quantity is vital for sustainable exploration of this important resource.

The characterization of the spatial variability of the groundwater yield shall enable abstraction
management. WRA can use the results to recommend maximum allowable abstraction volumes
for the boreholes licensed in the area. This will in turn enhance sustainable use of the scare
groundwater resources. Using the findings, and if the aquifer characteristics can be established,
though beyond the scope of this study, models such as decision support systems can be

developed to assist is apportionment of maximum allowable abstraction volumes.

The outcome of this study shall be useful in assisting investments in the exploration of
groundwater. Development of boreholes is financially demanding. Before someone considers
to invest, advance information about the potential of groundwater will be helpful in anticipating
the likely outcome of the investment. From an economic point if view, this study will greatly

assist in guiding feasibility of the groundwater exploration in the area

The WQI has been useful in showing the quality of groundwater in temporal basis. It is

therefore possible to know the anticipated groundwater quality impacts of abstracted water. In
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dry season, quality generally deteriorates. This will require that precautionary measures are put
in place particularly for the affected areas to minimize the potential negative health impacts of

the poor DWQ.

The study has revealed the prevalent high fluoride levels. The need to enhance water treatment
using appropriate technologies should be prioritized. The water services regulatory board in
conjunction with other relevant statutory agencies shall require to step up efforts in ensuring
the unsuspecting public do not consume water that does not meet the required DWQ standards.

Using the results of this finding it will be possible to identify the areas to focus on.

In the event of emergencies, groundwater has been shown to be a reliable option for water for
public use (Takahiro, 2022). A case in point is during Covid-19, Athi Water Works
Development Agency undertook a massive groundwater development especially in the low

income and peri-urban areas of Nairobi city ( https://www.awwda.go.ke/2020/04/30/ongoing-

covid-19-water-interventions/ , 2022) . Using this study, potential areas for good groundwater

yield can be identified faster in tandem with specific hydrogeological surveys.
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S CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

In the study area, 57% of the boreholes have a good yield of 8.3m?/hr able to cater for domestic
purposes. The yield largely follows the rivers drainage regime in the basin. Groundwater yield
is more available along the central and south east. From this study, it can be concluded that
there exists temporal and spatial variability of groundwater. Wet seasons are likely to have
better groundwater quality than the dry and moderate seasons. Groundwater quality can be

deduced to deteriorate with decrease in rainfall.

Use of WQI and geostatistical tools in a GIS framework enabled synthesis of different quantity
and quality parameters into an understandable format. WQI is a good approach that can be used
to characterize temporal groundwater variability. Geostatistical tools provide a platform to
model and view the data. This agrees with Alexander et al., 2017 and Gyamfi et al., 2016.
Kriging in particular is a reliable geoprocessing and modeling tool with which temporal and
spatial variability can be predicted. It further provides relevant statistical bases of not only

predicting but also verifying the model reliability.

Spatial variability was established using the borehole yield and water rest level data obtained
from the WRA records as at the time of drilling. Spatial variability was observed, with the
Northwest and Southwest parts of Ngong, Matasia and Ongata Rongai respectively recording
good and fair quality. From the study, it is possible to identify the areas with low groundwater

yield and poor quality for further investigations.

The decline of 5% in groundwater quality during wet to dry seasons in sample stations indicates
the temporal variability of the groundwater. This decline in quality agrees with Nyakundi et
al., 2015, who also noted the decline in groundwater in dry weather. The decline implies poor
DWQ occurs with relative decline in rainfall. Such decline is detrimental to human health if the
water is consumed without proper treatment. For portable DWQ, temporal variability as
characterised, reveals the need for close monitoring of abstracted water. Deteroriation in DWQ

should be addressed by treatment of the groundwater.
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The central parts of Matasia and Kiserian are seen to harbour the greatest decline quality. These
same parts have relatively high yield and water rest levels. It is likely that the deterioration in
quality can be associated with the flow of groundwater beneath the earth surfaces. Groundwater
in the study area can be termed as 36% - 28% good, 58% - 61% fair, and 6%-11% poor for

drinking based on its hydrochemistry barring the elevated fluoride content in some areas.

The best fit semivariogram was the exponential and stable models. There is observed strong
spatial dependency for all the three seasons. Using correlation analysis there was strong to very

strong similarities.
5.2 RECOMMENDATIONS

A noticeable declining groundwater quality trend is observed from wet to dry seasons. Elevated
groundwater quality deterioration in areas with higher yield and water rest level was also
observed. Additional biological and physiochemical parameters can be added to the analysis

and with longer periods of sampling to generate more models.

Despite the successful use of these geostatistical tools to predict the variability of groundwater,
more sampling stations and longer periods of monitoring would enhance the prediction. Using
the maps generated, at 95% confidence, quality within a given area can be estimated. This shall

inform groundwater development options before drilling.

It is necessary for the public to be informed of the risks associated with the decline in water
quality. Water Service Provider and Water Services Regulatory Board can work together to

realize this objective.

It will be beneficial for WRA to have a real time monitoring framework. Smart level sensors,
digital quality sensors and smart water meters can be used to collect and transmit data in a
programmed manner over longer periods of time. This can be done from existing sample

monitoring boreholes in the study area.

The temporal and spatial variability of groundwater should continue beyond the period of this
study. Periodic studies over longer timeframes shall be of great contribution to deepening the
understanding of the variability in the study area. This will require to consistently perform

groundwater quality analysis for similar parameters over a period of time. To increase the
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chances of this recommendation being realized, a knowledge sharing platform of published

studies shall be of great benefit.

Modelling continues to inform innovations. I recommend other applicable models to be used
to establish temporal and spatial variability of groundwater in the study area. Other models of
indexing data can be explored to provide data that can be modelled to establish the temporal

and spatial variability in the study area.
This study can be complimented by other related studies. I suggest that if studies such as aquifer

characteristics variability can be done, they can complement the findings from this study area

and beyond.
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APPENDICES

Appendix 1: Boreholes data from the study area obtained from WRA

Boreholes Data from WRA

ID CODE X Y TDEPTH | M_WSL | WRL | YIELD

1| 1368 | C1368 36.866 -1.65 183 34| 244 1.62
2 | 10053 | C10053 36.808 -1.29 252 228 114 4.2
3 | 10375 | C10375 36.733 -1.366 256 252 | 973 6.48
4| 9775 | C9775 36.833 -1.5 200 108 | 55.2 3
5| 10082 | C10082 36.679 -1.334 100 80 58 7.2
6| 6215 | C6215 36.675 -1.335 160 30 5 11.8
7] 6208 | C6208 36.678 -1.334 140 60 32 12
8 | 6484 | C6484 36.679 -1.339 120 30 33 12
9| 6524 | C6524 36.683 -1.325 134 128 88 13.2
10 | 10615 | C10615 36.683 -1.254 179 156 105 10
11 | 10236 | C10236 36.733 -1.372 250 205 | 90.4 5.46
12 | 3337 | C3337 36.766 -2.066 138 137 62 4.98
13 | 11361 | C11361 36.745 -1.3983 150 108 112 3.96
14 | 9005 | C9005 36.119 -2.057 200 186 45 15.9
15 | 10339 | C10339 36.625 -1.25 250 162 | 86.2 3
16 56 | C56 36.666 -1.3 73 66 11 10.8
17 | 10057 | C10057 36.679 -2.525 200 120 57 4.38
18 | 6094 | C6094 36.679 -1.322 138 68 65 4.2
19 | 10001 | C10001 36.685 -1.326 212 142 | 61.6 4.38
20 | 11045 | C11045 36.685 -1.332 182 140 | 30.2 3.36
21 | 10137 | C10137 36.689 -1.333 115 84 | 24.3 9
22 | 10235 | C10235 36.69 -1.328 202 140 | 43.8 10.1
23 | 11246 | C11246 36.693 -1.317 202 162 19.7 5.54
24 | 10928 | C10928 36.696 -1.301 200 156 | 30.2 7.62
25 | 7396 | C7396 36.696 -1.313 104 96 28 12
26 | 10056 | C10056 36.698 -1.339 212 92 63 8.28
27 20 | C20 36.7 -1.316 98 0| 78.7 6.78
28 891 | C891 36.7 -1.3 58 41 15 7.32
29 900 | C900 36.7 -1.316 152 141 | 85.9 9.6
30 83 | C83 36.7 -1.333 108 106 87 1.86
31| 2489 | C2489 36.7 -1.35 138 130 82 4.08
32 | 10200 | C10200 36.703 -1.323 249 136 98 4.38
33 | 10580 | C10580 36.703 -1.348 300 276 | 74.4 2.22
34 | 10129 | C10129 36.715 -1.333 180 112 86 7.2
35 | 10524 | C10524 36.716 -1.333 118 40| 19.5 9.54
36 41 | C41 36.716 -1.333 149 104 73 4.5
37 173 | C173 36.716 -1.316 141 121 64 0.66
38 | 10075 | C10075 36.719 -1.305 227 95| 183 10.5
39 | 6064 | C6064 36.719 -1.345 200 171 108 1.98
40 | 9951 | C9951 36.725 -1.37 301 260 103 2.4
41 | 10055 | C10055 36.732 -1.369 240 228 | 74.8 2.64
42 | 10432 | C10432 36.733 -1.333 183 158 72.2 4.5
43 | 10201 | C10201 36.75 -1.348 210 126 88 7.92
44 | 10752 | C10752 36.763 -1.332 305 236 127 3.12
45 | 10302 | C10302 36.828 -1.345 250 100 | 98.3 7.56
46 | 10625 | C10625 36.704 -1.351 270 98 69 8.4
47 | 2254 | C2254 36.7 -1.333 179 170 | 15.9 7.8
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48 | 2443 | C2443 36.683 -1.3 61 51 19 10.9
49 | 2248 | C2248 36.733 -1.35 123 121 85 13.6
50 | 2205 | C2205 36.7 -1.316 131 70 35 1.38
51 | 7220 | C7220 36.714 -1.349 324 300 95 33
52 | 9983 | C9983 36.716 -1.35 198 152 76 3.48
53 | 9062 | C9062 36.718 -1.322 177 150 | 86.5 0.84
54 | 1126 | C1126 36.633 -1.3 216 207 204 1.14
55| 3576 | C3576 36.683 -1.416 137 17 0 0.48
56 | 4867 | C4867 36.683 -1.416 102 76 15 10.8
57 | 1259 | C1259 36.685 -1.436 142 16 9 204
58 | 4199 | C4199 36.685 -1.425 270 192 30 214
59 | 4863 | C4863 36.686 -1.426 94 64 15 4.86
60 | 5161 | C5161 36.7 -1.4 150 43 | 248 9
61 | 9727 | C9727 36.704 -1.413 90 87| 29.5 10
62 | 10439 | C10439 36.707 -1.396 94 56 | 16.2 12.6
63 | 10521 | C10521 36.755 -1.486 100 74 33 6.3
64 | 11267 | C11267 36.764 -1.497 150 136 22 13.3
65 | 10741 | C10741 36.704 -0.704 156 146 74 19
66 | 10328 | C10328 36.72 -1.354 280 267 102 2.28
67 | 11355 | C11355 36.726 -1.342 250 188 104 6.6
68 | 9647 | C9647 36.729 -1.355 300 264 104 33
69 | 10931 | C10931 36.729 -1.168 210 148 | 943 6.6
70 | 10551 | C10551 36.731 -1.372 250 208 | 45.5 72
71 | 10696 | C10696 36.733 -1.366 315 108 113 6
72 | 10002 | C10002 36.736 -1.353 135 126 103 33
73 | 10581 | C10581 36.736 -1.363 320 228 98 1.02
74 | 9980 | C9980 36.747 -1.341 200 102 97 5.28
75 | 12814 | C12814 36.747 1.3564 310 305 125 10.2
76 | 10919 | C10919 36.752 -1.36 262 244 127 5.46
77 | 10250 | C10250 36.754 -1.336 280 140 | 92.6 8.76
78 | 11360 | C11360 36.76 -1.1033 325 102 106 2.29
79 | 10960 | C10960 36.753 -1.353 190 96 109 0.84
80 | 4575 | C4575 36.633 -1.35 196 0 122 4.8
81 | 2294 | C2294 36.65 -1.333 155 149 16 14.1
82 | 5117 | C5117 36.65 -1.35 117 21 9 10
83 | 6099 | C6099 36.65 -1.366 166 124 40 134
84 | 6377 | C6377 36.65 -1.366 200 52 0 3
85 | 9423 | C9423 36.654 -1.335 140 128 23 11
86 | 9953 | C9953 36.655 -1.381 89 88 76 6.06
87 | 3937 | C3937 36.66 -1.35 260 225 3 35.7
88 | 6979 | C6979 36.662 -1.382 161 141 | 80.1 5.76
89 | 10003 | C10003 36.665 -1.334 131 106 | 10.9 7.02
90 | 6650 | C6650 36.666 -1.338 30 16 | 10.1 1.2
91 | 1294 | C1294 36.666 -1.433 182 21 9 0.2
92 | 4123 | C4123 36.666 -1.333 255 22 36 31.6
93 | 6216 | C6216 36.666 -1.4 265 145 145 2.7
94 | 5500 | C5500 36.666 -1.333 148 80 | 36.5 22.5
95 | 6081 | C6081 36.666 -1.366 174 128 117 4.98
96 833 | C833 36.683 -1.316 55 49 14 104
97 | 1429 | C1429 36.683 -1.333 101 75 10 18.9
98 | 1648 | C1648 36.7 -1.333 104 91 37 2.16
99 588 | C588 36.683 -1.35 79 56 53 9.06
100 | 2500 | C2500 36.654 -1.355 252 152 21 8.22
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101 1166 | C1166 36.633 -1.316 237 217 174 4.08
102 | 8881 | C8881 36.652 -1.369 114 78 | 63.7 3.96
103 | 8238 | C8238 36.665 -1.341 120 66 34 3.3
104 | 7372 | C7372 36.7 -14 113 52 23 10.5
105 | 10967 | C10967 36.711 -1.43 80 65| 482 2.88
106 | 7296 | C7296 36.8 -1.366 150 83 57 8.16
107 | 9689 | C9689 36.65 -1.366 100 74 | 189 9.3
108 | 4201 | C4201 36.683 -1.383 155 104 16 32.7
109 | 4881 | C4881 36.7 -1.35 137 80 52 13.5
110 | 10026 | C10026 36.827 -1.52 102 72 | 50.7 1.98
111 | 4024 | C4024 36.833 -1.5 67 60 30 24
112 | 93000 | C93000 36.834 -1.437 200 164 | 80.1 2.1
113 | 10261 | C10261 37.667 -2.367 95 93 | 409 3.9
114 | 10670 | C10670 36.711 -1.452 126 76 80 0.84
115 | 6269 | C6269 36.583 -1.383 80 36 30 12.9
116 | 4624 | C4624 36.7 -1.35 230 210 33 3.12
117 | 10769 | C10769 36.708 -1.413 82 68 35 5.1
118 | 5423 | C5423 36.716 -1.433 112 42 17 12
119 | 3886 | C3886 36.733 -1.383 260 225 | 59.1 6.75
120 | 5042 | C5042 36.733 -1.383 150 112 29 5.04
121 | 10132 | C10132 36.741 -1.397 75 56 34 6.6
122 | 11129 | C11129 36.748 -0.386 154 116 40 4.6
123 | 4713 | C4713 36.75 -1.383 150 138 43 13.6
124 | 4843 | C4843 36.75 -1.416 132 35 35 9.64
125 | 5368 | C5368 36.75 -1.383 125 100 46 6.6
126 | 6322 | C6322 36.75 -14 133 62 35 4.02
127 | 6325 | C6325 36.75 -14 151 110 66 5.46
128 | 6318 | C6318 36.75 -14 200 100 | 20.5 5.52
129 | 5369 | C5369 36.75 -1.383 51 42 29 104
130 | 5418 | C5418 36.756 -1.391 83.4 72| 31.8 5.7
131 | 6321 | C6321 36.766 -14 201 182 26 6
132 | 5009 | C5009 36.783 -1.383 154 103 45 6.72
133 | 10932 | C10932 36.797 -1.397 120 93 | 654 9
134 | 7336 | C7336 35.85 -1.566 150 120 19 54
135 | 6494 | C6494 36.65 -1.366 160 77 6 26.4
136 | 5798 | C5798 36.65 -14 140 68 | 48.8 7.48
137 | 11131 | C11131 36.652 -1.383 160 74 112 6.6
138 | 2592 | C2592 36.778 -1.396 323 0 0 60
139 | 2639 | C2639 36.724 -1.389 234 0 0 60

Average 171.34 114.37 | 56.20 8.56
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APPENDIX 2: Dry season ground water quality test results and WQI

Dry Season Quality Test Results and WQI
BH Code |Na® |F Cl' | SO | Ca®™ |Mg™ |K* |NOs | wQIl
BO1 0.93 |38.77| 7.64| 0.09 | 1549 |20.72 | 4.16 | 0.17 | 87.97
B02 0.81 2257 | 832| 0.05]| 4.83] 091598 | 0.09 | 43.56
B03 1.34 13732 390 0.05| 1.26| 0.93|6.76 | 0.04 | 51.61
B04 0.63139.06 998 | 0.31]10.25| 8.02]2.08 | 0.09|70.42
B05 0.84 |31.39| 5.10| 0.12 | 11.06 | 7.77 546 | 0.11 | 61.86
B06 0.78 |44.12 | 6.50| 0.06| 0.28 | 1.69|3.90| 0.22 | 57.56
B07 0.69 1 20.11 | 5.10| 0.05| 441 | 397|572 | 0.04 | 40.08
BO8 0352720 9.26| 022 | 298| 5.28[2.08| 0.06|47.41
B09 0.67 [37.03 | 2.81| 0.03| 322 | 4.65|2.86| 0.08 |51.34
B10 1.02 | 15.33 | 530 | 0.16 | 12.36 | 16.90 | 5.98 | 0.09 | 57.15
B11 0.84 12647 | 478 | 0.06| 9.47| 1.90|4.68| 0.03 |48.24
B12 05412242 | 941 | 0.04| 5.17] 190|1.82| 0.04|41.35
B13 037 | 11.57 | 7.85] 0.05| 5.88 | 5.35]4.94 | 0.05]36.07
B14 1.04126.04 | 7.85]| 0.09| 2.06| 0.45]5.46| 0.06 |43.05
B15 0.79 | 18.81 | 5.41 | 0.09 | 11.06 | 19.01 | 3.64 | 0.04 | 58.84
B16 0.74 12242 | 11.13 | 0.12 [ 13.08 | 4.44|3.64 | 0.05 | 55.60
B17 1.09129.52 | 4.63| 0.13]10.84 | 15.63 |5.20| 0.08 | 67.11
B18 0.33 12521 | 421 | 0.15| 6.89| 473572 | 0.09 [47.33
B19 0.36 [27.71 | 6.40| 0.06 | 2.54| 1.10]3.38 | 0.04 |41.59
B20 0.57 120.11 | 5.10| 0.18| 6.38 | 5.733.90| 0.07 | 42.04
B21 0.74 [ 22.76 | 3.22| 0.12| 9.07 | 7.53]2.60 | 0.08 | 46.12
B22 1.01 | 921 790| 0.06 | 8.50| 7.48|5.20| 0.09|39.46
B23 0.34 | 21.15| 2.70| 0.05| 2.05| 1.59]3.38| 0.06 [ 31.33
B24 0.79 127.86 | 530| 0.04| 226 | 1.79]1.82| 0.13 |40.00
B25 0412420 | 426| 0.09]| 6.92| 597494 | 0.09 | 46.87
B26 1.79 [ 10.99 | 4.78 | 0.10 | 1.52 | 1.31|3.12 | 0.06 | 23.67
B27 2.05]23.67| 5.62| 0.09| 2.74| 2.05]2.34| 0.03 |38.58
B28 1.06 | 27.14 | 5.10| 0.08 | 5.72| 1.67 |4.68 | 0.12 | 45.56
B29 0.54120.07 | 4.06| 0.05]11.48 | 3.36|3.90| 0.11 | 43.56
B30 0.79 12824 | 3.38] 0.03| 1.54| 0.39]2.60 | 0.09 | 37.06
B31 1.19144.04 | 2.18| 0.12| 241 | 0.62|5.46| 0.07 | 56.08
B32 0.57 1659 | 4.58| 0.15| 3.33| 0.92]5.20| 0.03 | 31.37
B33 0.52 12529 | 359 0.14| 1.52| 043]3.64| 0.07 3521
B34 096 14042 | 343| 0.08| 2.40| 0.64]3.90| 0.06 |51.88
B35 0.57 | 17.13 | 2.44| 0.09| 4.15] 1.31 4.16 | 0.08 [ 29.93
B36 148 [ 18.80 | 2.13 | 0.14| 4.34] 1.28 390 0.09 | 32.16

53



APPENDIX 3: Moderate season ground water quality test results and WQI

Moderate Season Quality Test Results and WQI

BH Code | Na* |F |ClI" | SOs” | Ca®™ | Mg | K" | NOs | wQI
BO1 17.3 2.1 153.0 201162 945 | 14.0 1.6 72.5
B02 169 | 1.2 155.0 40| 32.0 94 120.0 04| 374
BO3 279117 | 70.0 3.0 12.0 0.7 124.0 0.2 37.5
B0O4 114 11.6|190.0| 30.0| 340 20.6| 5.0 0.2 427
BO5 189 120| 97.0| 11.0| 88.1| 534 |21.0 1.6 | 60.3
BO6 18.8 | 2.1 | 123.0 40| 480 29.1|15.0 241 52.1
BO7 152 | 1.1 95.0 40| 28.0| 17.022.0 0.6 | 34.1
BO8 7.111.8]168.0| 19.0| 40.0| 243 | 8.0 0.3 | 46.6
B09 132 119| 57.0 1.0| 48.0]| 29.1|11.0 0.6 45.2
B10 20.1 | 1.2 106.0| 14.0|104.1 | 63.1 | 23.0 0.8 | 53.6
B11 173119 | 93.0 50| 60.1| 389 18.0 0.2 51.0
B12 184 | 1.6 | 184.0 80| 36.0| 219| 7.0 0.4 43.7
B13 6.5]|141150.0 1.0| 41.2] 25.1|19.0 0.3 42.8
B14 26.0 | 1.8 | 150.0 60| 16.0 9.7121.0 0.5 44.1
B15 16.7 | 1.1 | 101.0 6.0 | 100.1 | 60.7 | 14.0 0.8 | 48.1
B16 16,6 | 1.3 |211.0 90| 76.1| 46.1|14.0 02| 514
B17 220121 89.0| 11.0| 92.1 | 55.8|20.0 09| 61.2
B18 82|17 80.0| 140| 505 | 30.6|22.0 0.8 | 464
B19 9520|1220 20| 168 | 10.2]13.0 03| 42.3
B20 123 |15] 94.0| 16.0| 549 | 33.3|15.0 0.7 | 43.1
B21 148 1.6 59.0 60| 72.1| 43.7]10.0 0.8 | 46.1
B22 24.110.7]114.0 70| 753 | 45.6|20.0 09| 384
B23 68|15| 49.0 60| 16.0 9.7 | 13.0 0.7 31.6
B24 194|119 | 106.0 20| 180 109| 7.0 1.3 | 404
B25 83|11.8| 84.0 90| 60.1| 36.4|19.0 0.8 | 48.5
B26 402 1 0.6 | 94.0 70| 12.8 7.8 112.0 0.6 21.8
B27 490 (1.7 | 106.0 90| 200]| 12.1] 9.0 0.2 39.7
B28 220119 | 88.0 8.0 48.7 9.9 | 18.0 1.2 | 454
B29 125114 74.0 50| 979 | 20.0]|15.0 1.0] 43.2
B30 19.0 20| 61.0 40| 114 2.3110.0 0.8 374
B31 28.0132| 42.0 90| 18.0 3.7121.0 0.6 | 58.2
B32 100 1.0 88.0| 11.0| 27.0 5.5120.0 0.2 29.1
B33 140|118 69.0| 10.0| 12.6 2.6 14.0 0.7 | 36.5
B34 240|133 | 62.0 60| 18.6 3.8115.0 0.6 | 58.3
B35 120 | 1.1 | 49.0 70| 384 7.8 116.0 0.7 29.1
B36 330(1.2| 380 11.0| 375 7.7 115.0 0.9 309




APPENDIX 4: Wet season ground water quality test results and WQI

Wet Season Quality Test Results and WQI

BH Code | Na* |F |ClI" | SOs” | Ca® | Mg | K" | NOs | wQI
BO1 17.6 | 2.1 | 140.1 48 (1193 | 724|152 1.7 | 68.2
B02 162 | 1.1 147.1 43| 340 | 20.6|21.7 0.7 | 36.8
BO3 267|112 67.7 3.8 20.0| 12.1 253 0.3 | 31.8
B0O4 11.810.7|178.3| 2841|1634 | 99.1| 6.6 0.6 57.0
BO5 1731221373 | 10.6 | 102.5| 62.2 222 1.5| 66.6
BO6 16.8 | 1.1 | 174.6 48| 93.7| 68.0|159 25| 514
BO7 14.1 | 1.1 | 135.9 43| 30.0| 56.8|23.3 05| 424
BO8 6917|2437 | 188 | 52.1| 182 | 8.5 0.5 48.1
B09 12913 | 78.2 22| 48.1| 31.6|11.6 0.7 36.2
B10 199 |15|146.5| 156 110.1 | 29.1 |229 0.8 | 52.5
B11 16.7 | 1.8 | 130.3 59| 54.1| 66.8|17.9 0.2 55.0
B12 14.0|1.7| 1704 56| 320| 328| 7.0 0.4 43.7
B13 6.9 |2.1]140.5 28| 36.0| 19.4 | 18.9 04| 48.7
B14 227 | 1.8 | 140.5 6.5| 20.0| 21.9120.9 05| 444
B15 159 1.0| 95.7 6.5|110.1 | 12.1|13.9 0.6 | 38.5
B16 1521121984 93| 440 | 66.8 | 13.7 0.3 | 48.1
B17 214123 83.1| 10.7]101.5| 21.9|19.5 0.8 57.3
B18 71117 752 13.1| 529 34.0]|21.5 0.8 | 46.0
B19 8.112.0]1144 37| 18.1] 26.7|12.7 0.3 | 43.7
B20 116 | 15| 89.6| 154 | 55.6| 33.6|14.6 0.7 419
B21 144 11.6| 56.5 79| 742 | 44.1| 9.8 0.8 | 45.3
B22 21.510.7 | 124.2 6.1 | 80.2| 48.3|19.5 09| 399
B23 67|16| 47.2 51| 17.5| 103 ]| 12.7 0.6 32.0
B24 170 2.1] 97.1 28| 196 | 11.6| 6.8 1.3 | 40.6
B25 80|19 775 79| 642 | 385 |17.7 0.8 48.9
B26 37.010.7| 86.8 75| 134 8.0 11.2 06| 21.5
B27 437 11.8| 999 79| 215 125| 84 0.2 | 38.7
B28 210120 | 86.8 70| 506| 10.2]16.7 1.2 | 449
B29 11314 71.0 4.7 1101.8 | 20.6 | 14.0 1.0 43.1
B30 169 |21 | 58.8 33| 12.3 2.4 110.2 0.9 37.1
B31 25.1 133 | 39.2 93] 194 3.8121.5 0.7 57.6
B32 105 | 1.1 | 82.2| 11.7] 28.6 5.7 | 20.5 03| 294
B33 11.8119| 64.4| 10.7| 13.3 271143 0.7 | 36.0
B34 209 33| 59.8 6.1 19.9 39153 0.6 | 56.7
B35 114 12| 44.8 70| 39.6 8.1|16.4 0.8 29.3
B36 305(13] 369 11.2| 39.2 791153 09| 31.2
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APPENDIX 5: DR6000 Benchtop Spectrophotometer (left) and collected groundwater

samples in a cooler box (right)

N

Source: Aquatreat Solutions Ltd laboratory.
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