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Abstract Water Quality Index (WQI) computation method based on quality parameters’ selection, assigning of
weights, creation of sub-indices and calculation of the aggregated quality value has been used for many decades
from the early 1960s to check on the pollution stati of watersheds. Today, due to rising water demand in the face of
increased drought induced water shortage challenges and rampant pollution of the water sources, consumers
augment their needs by using groundwater resources like in the case of Langata sub County in Nairobi city-Kenya.
Little however, has been done to assess the overall potability of groundwater quality here. Accordingly, in the
present study, a Water Quality Index (WQI) was developed by Weight Arithmetic Water Quality Index (WAWQI)
method to fill that identified gap using a five categories’ grading scale, viz. excellent (A), very good (B), good (C),
fairly good (D), suitable (E) and unsuitable (F). To realize this, chemical parameters’ concentration ranges were
defined on the basis of the Kenyan Standards (KS) and International Standards of World Health Organization
(WHO).Subsequently, a total of eight chemical parameters were selected based on their level of occurrence in
borehole commissioning data obtained from Water Resource Management Authority’s database of the area viz; K+,
Na+, Ca2+, Fe2+, F-, Cl-, SO4-2 and Ec (uS/cm). Out of a total of 137 boreholes, only 39 had complete eight
chemical parameters. These 39 boreholes’ water quality assessment is taken in this study as a true representation of
the entire area’s groundwater quality. The individual concentrations were spatially plotted using Surfer Software’s
digital terrain model (DTM) which produced contoured maps in different chroma saturations including the overall
aggregated concentration to facilitate scale ranking. The WQI for the study area is 53.18 in a scale of 1 to 100, with
one being excellent. In this case, the groundwater quality was ranked as grade ‘C’. WQI calculation method is
known to improve the understanding of water quality issues by integrating a suite of data into a single value which
describes the status of water quality. WQI is very useful for the water management authorities because it facilitates
their informing of the public on water quality in a simplified form.
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1. Introduction

Interest to document water quality can be traced in
historic writings such as the Bible where Babylon city’s
wastewater discharge management is explained [1]. It is a
ubiquitous fact that the literature on drinking water quality
is still on a spawning spree everywhere due to the rising
water demand in the face of increased drought induced
water shortage challenges and pollution of the few
remaining drinking water sources. This is attributed to the
unsubstitutable role of water in all life forms; the reason
water is declared as a right to all [2]. As such, the quality

of water from any given water resource’s body must be
known before planning for its use [3]. The old way of
knowing water quality is usually by comparing the
measured physico-chemical and biological parameter
values with existing standard guidelines. However,
this methodology is only suitable in identifying the
contamination sources and meeting of legal requirements
on water quality. It fails to give the much needed spatial
and temporal picture in the overall water quality in a
watershed in terms of the trend and intensity of
contamination to help in quality monitoring [4].

Scholars such as those in [5] had stated that drinking
water quality monitoring is an essential public health
safety kit for all settings. Monitoring is defined as the
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programmed process of sampling, measurement and
subsequent recording or signaling, or both, of various
water characteristics, often with the aim of assessing
conformity to specified objectives. Water quality
monitoring for urban dwellings is a necessity considering
that such environments are considered as being
contaminous to drinking water as reported by [6,7,8]. This
is partly due to the fact that drinking water is vulnerable to
waste discharges [9,10] hence its safety against pollution
is needed at all times [11].

Drinking water safety history as sketched by [12]
illuminated the depth and width of public suffering
wrought by two of the oldest sanitary accidents known to
us. The first was that of Broad Street water pump cholera
outbreak in London by [13]. And the other, was that of
Pforzheim Germany’s typhoid epidemic that infected 4000
leading to 400 deaths. Both outbreaks were attributed to
contaminated drinking water sources. Many investigators
on drinking water quality contend that unsafe water affects
human health in an epic proportion, often causing
widespread devastations in its wake. Accordingly, there is
a common unanimity that drinking water be ranked as a
food item [14]. This requirement includes for the bottled
water market [15]. The need to monitor and control
drinking water purity was first proposed in the seminal
work by [16]. But this condition is proving hard to fulfill
going by the finding by [17] who reported that about a
fifth of the world’s population is still under the risk of
water borne diseases.

Additionally, scholars such as [18] have stated that poor
drinking water quality causes five million deaths annually
on the global scale; forty percent of which are children
below the age of five .Developing countries are the most
vulnerable where about 80% of diseases are water related.
In India for example, 21% of the communicable diseases
are attributed to unsafe groundwater which serves 85% of
the population according to [19]. Similarly, in the sub
Saharan Africa region, groundwater forms an important
source of drinking water particularly for the burgeoning
demand in urban areas which is further driven by the
surface water poverty [20,21,22]. But due to poor waste
handling, freshwater contamination risk is raised thereby
exposing urban inhabitants to mainly waterborne
communicable diseases according to [23]. Occasionally,
such outbreaks can become pandemic if they occur in a
mega city like Dhaka [24].

A recent study by [25] on groundwater use in the
eastern part of Kenya established a case of severely
mottled enamel among Makindu town residents .They
were found to be using a highly fluoridated groundwater
which needed first to be treated before use. A previous
related study by [26] on the contribution of solid waste to
groundwater contamination in Nairobi city’s Eastlands
area established that the groundwater from zones in
proximity to Dandora waste dumpsite is not suitable for
human consumption. These two findings on groundwater
quality in Kenya for example, do present to us a glimpse
into a possible health risk associated with groundwater use,
hence the need for quality monitoring.

In general, despite groundwater being an important
source of human water needs, the resource is increasingly
threatened, due to both natural and anthropogenic
activities [27]. The impacts of heavy metals [28], the

influence of pit latrines [29], impact of climate change [30]
and the human influence [31] are major factors causing
groundwater pollution in most aquifers of the world. This
means that, the quality of groundwater must be monitored
frequently to keep the population safe as asserted by [32].
For our study site, Langata sub County located to the
south of Nairobi city centre; there is a growing
dependence on vendor supplied groundwater by the local
residents [33]. Little work has however been done to
prepare the residents on vendor water quality tracking.

Drinking water quality information has always been
masked in technical lingo as if the audience is solely the
water resources’ community who author them [34]. In the
process, the general public’s interpretation of water
quality result is often dogged in confusion [35]. For this
reason, the idea of water quality index (WQI) came into
being to simplify the quality information’s interpretation
universally including for the rural communities [36]. An
index is a comparison of a quality to a scientific or
arbitrary standard or to a predetermined specifications
[37]. Water quality index is taken to be an effective way to
disseminate information on the quality of water to all
categories of consumers [38]. It is thus a good parameter
for assessment of the appropriateness of groundwater
resource for certain use (irrigation, domestic or industrial)
an area especially in the management of any arising
abiotic stress condition like drought [39].

Several studies have defined WQI as a rating or grading
tool that carries within it, the composite influence of
different water quality parameters but mainly to ascertain
the suitability of a given groundwater resource for human
consumption [4,40,41,42]. Traditional assessment of
groundwater quality involves the comparing of the levels
of physico-chemical and biological parameters with those
set by World Health Organization (WHO) alongside those
of the host country’s standard based on allocated water
use or uses [43]. In other words, samples from a water
source are collected and analyzed then the results are
compared to guideline standards [44].

2. Background

2.1. Overview

Drinking water quality control is a pillar in the pursuit
of public health safety demand. Key interest grew to
monitor public water supply systems after John Snow’s
discovery, by epidemiological experiments that water was
a major route for cholera transmission in London [13],
Louis Pasteur’s (1863) work on water based micro-organisms,
and Robert Koch’s (1863) findings regarding detection
methods of micro-organisms in water. Towards the tail
end of the 19™century, a significant number of nations in
Europe and America came up with unique ways for
measuring drinking water quality for urban public water
supply systems based majorly on disinfection by chlorine
for pathogen micro-organisms inactivation [45].

In the period between 1950 and 1970 the World Health
Organization (WHO) came up with standards for drinking
water quality laying the scientific foundation for
monitoring the quality of the treated water for delivery by
water suppliers. Building on the same, WHO published
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supportive legislative and regulatory tools .This inspired
European communities’ development of water codes like ;
European Union (EU): WHO Guidelines for Drinking
water (1%edition, 1984, and 2™ edition, 1993), and EU
Directives 80/778/EC, and 98/83/EC (EC, 1998). These
standards were in specific reference to standards of treated
drinking water and on compliance monitoring. Water
quality followed ex post testing, using spot sampling of
the water in the distribution network. Such a procedure
was able to control widespread waterborne diseases
particularly those of bacterial origin.

The need for general water quality monitoring
continued to rise for both the ambient and point of use
conditions particularly to address the cases of water
pollutions that were becoming rampant. This situation
inspired the likes of [46] and later [44] to coin an index
numbering system for rating water quality. This was to
allow for close water quality monitoring. In its simplest
form water quality monitoring was defined by these
authors as the acquisition of quantitative and representative
information about the physical, chemical and biological
characteristics of a water body over time and space. This
position was recently affirmed by [47].This was to allow
the design of a monitoring net work to better reflect
specific problems such as microbial or heavy metal
contamination in the case of groundwater. Galvanized Iron
(GI) piped distribution system is prone to corrosion
attacks which means its delivered water also requires
quality control [48].When fully developed for a water
distribution system, WQI can actually facilitate the
development of a National Sanitation Foundation on
Water Quality Index (NSF-WQI) system to help disseminate
information on water quality [49].

The emergence of WQI measurement system has today
enabled local communities to discern the appropriateness
of a water source for potability. The suitability of a water
source for human consumption should ideally be specified
based on the water source’s Water Quality Index
(WQI).This comes in the form of a single number (as a
grade) that conveys the aggregated water quality at a
given place and time, based on the combined contribution
of all the measurable water quality parameters [50,51].
Scholars like those in [52] call it a dimensionless number.

The function of the WQI is to simplify the water quality
data into easy to understand information suite which then
becomes a utility to the public regarding drinking water
safety [53].This is so important today considering that
about 663 million people worldwide live without access to
potable water [54].Many water quality indices have
been developed by several national and international
organizations like; National Sanitation Foundation Water
Quality Index (NSFWQI), Weight Arithmetic Water
Quality Index (WAWQI), Oregon Water Quality Index
(OWQI), and the Canadian Council of Ministers of the
Environment Water Quality Index (CCMEWQI) to help
evaluate water quality in different regions [44,55,56].The
utility of WQI is not restricted to a locality noting that a
global drinking water quality index was developed a
decade ago by [57] for each eco-region of the world.

The problem of water quality does not discriminate
between developed and poor nations as [58] reported on
risk management for assuring safe drinking water. This
work drew inspiration from an earlier related work on the

lessons learnt from water borne disease outbreaks in 15
affluent nations in three decades from 70 case studies by
[59]. And workers in [60] affirm that such a scenario
exists because all water systems are vulnerable to
contamination. The most risk prone networks are those
that experience irregular flows [61]. Emergency situations
also are known to render disaster zones to be susceptible
to water contamination [62]. The collection method from
communal water points or handling during transport or
storage tanks can also cause contamination [63]. That is
why [14] recommends that even the bottled water market
should be under water quality control and monitoring.

Procedures for laboratory analysis to determine water
quality are found in various publications. These include;
USDA Handbook 60 by Richards, 1954, FAO Soils
Bulletin 10 by Dewis and Freitas1970 and APHA, 2005-the
advanced edition of APHA (1790 Broadway) which was
primarily devoted to the physical and chemical examination
of water, sewage, and industrial wastes. Later research on
modeling of water quality in distributed systems was
initiated in the agro-context; the optimal proportion of
mixing of water from different sources [64] and improving
poor quality water by the admixture of good-quality water
[65] primarily in arid regions like the Arava valley in
Southern Israel. As time passed by, USEPA in 1990,
promulgated rules requiring that water quality standards
must be confirmed at the consumer taps rather than at the
sources’ treatment plants. This initiated the need for water
quality modeling, the development of the USEPA simulation
water quantity and quality model EPANET [66].

Modeling has been the focus particularly on the
chlorine and trihalomethanes in the distribution system. It
has covered modeling water quality in tanks including
design of chlorine booster systems to maintain the residual
disinfectant levels in drinking water at the taps. Water
quality models were used in hindcasting to assess water
quality contamination events in distribution systems and
in legal cases resulting from groundwater contamination.
In this 21 century however, water security has become a
major driver in much of the research related to
water quality modeling in distribution systems. The
development of EPANET-MSX has allowed for the
modeling of multiple interacting water sources [67].

Real-time water quality modeling has become an
important direction in the form of hydro-informatics tool
[68]. This is the reason, attempts have been made to use
numerical modeling to produce spatial scale variation of
the Water Quality Index (WQI) for different climatic
zones in Asia [69]. Deployment of Geographic Information
System by [70] to determine spatial distribution of
groundwater quality parameters and to identify places
with the best quality for drinking in Central Tunisia.
Application of site specific water quality guideline to
compute water quality indices in Newfoundland and
Labrador by [71].

Groundwater Contamination Index was used by [72] to
evaluate, map the degree of groundwater contamination
and test its applicability in Southwestern Finland and
Central Slovakia. This followed the classification
presented by [73] when they developed water quality
index for major Indian rivers. Later work by [74] on the
potential of common forest and grassland management
that introduced contaminants to human health through
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public drinking water sources in the United States. This
helped in refining the approaches for assessing water
quality conditions as confirmed in the works by
[75]. Detailed literature book by worker in [76] on
Water-Quality Indices, is a critical modern day reference
on Water Quality Index systems for all communities.

2.2. Local Scene

Nairobi city is a home to over three million people; six
percent of whom inhabit Langata sub County region. The
drinking water demand of the city is met by Nairobi City
Water and Sewerage Company (NCWSC); a contracted
utility service provider by Athi Water Works Agency.
Drought risk over the Horn of African region has however
shifted residents’ attention to groundwater as a source of
supplication when the water utility system is down. The
Water Quality Assurance Department of the company
usually monitors the drinking water quality whose
production follows the conventional best practice quality
standards. The drinking water quality testing infrastructure
is well laid out, see Figure 1 showing Ngethu Laboratory
as an example. The quality control is done by sampling
and testing at the; sources, treatment plants, bulk storage
tanks, selected points within the distribution network and
certain borehole sites see Figure 1. This is mainly to comply
with the regulatory standards requirements. A consumer
can also request for testing. The test results; monthly,
annual and / or request based are submitted to Athi Water
Agency (the water service level contracting body).

The same files are also copied to Water Services
Regulatory Board (water service quality regulator). The
department also makes a report on any corrective remedial
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measures undertaken if errors are detected [77]. For the
Nairobi Aquifer Systems, Water Resources Management
Authority (WaRMA) usually conducts regular monitoring
of water quality. This, it does by collecting and testing
water samples from a randomly selected number of
boreholes to measure a chosen set of parameters for rating
using the World Health Organization (WHO, 2008)
guidelines and National Environment Management
Authority drinking water standards’ scale. For more
details on the structure and challenges of water resources
management system in Kenya, refer to the recent review
work by [78]. For Lang’ata sub County area for example,
[79] did a physico-chemical quality assessment of
groundwater. The results suggested that groundwater from
the boreholes in Langata area need to be treated to comply
with WHO guidelines on drinking water standards. This is
the same suggestion [80] reaffirmed by recommending for
chlorine disinfection of borehole water in Nairobi city.
She underscored the efficacy of chlorine disinfection in
drinking water noting its unmatched legacy from 1900s
and the widespread use including in the United States of
America as recorded by [81].

2.3. Related Work

Water quality is a relative concept that reflects the
measurable physical, chemical, and biological characteristics
in relation to a specific use in terms of social and human
welfare [82].This sort of social accountability is a measure
of the suitability of water from a source to be admissible
into for example, domestic use. The potability is typically
defined by taste, odor, color, and the abundance of organic
and inorganic substances that pose risks to human health.
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Figure 1. Drinking Water Quality Control Infrastructure for Nairobi City Water Supply System
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Standards for drinking water apply to water that is
delivered to consumers after it has been treated to remove
contaminants, but not to source water as it is withdrawn
from surface or ground water [83]. Considerable treatment
may be required to purify water meeting the ambient
standard to comply with the drinking water standard for
public use [84].

As effects on human health from exposure to
contaminants in drinking water become better understood
and as new substances are released to the environment,
changes in drinking water standards can be expected in the
future. But, worthy of noting is that each freshwater body
has an individual pattern of physical and chemical
characteristics which are determined largely by the
climatic, geomorphological and geochemical conditions

prevailing in the drainage basin and the underlying aquifer.

Water quality assessment is the overall process of
evaluation of the physical, chemical and biological nature
of the water, whereas water quality monitoring is the
collection of the relevant information [85].

One of the best ways to present water quality
information is by the index computation method [86].
Index computation method first appeared in the financial
engineering sector [87] as summation of items of financial
performances into a single measurement or scale using
laid down procedures. The four basic steps involve;
selection of items or indicators, combining or
transforming the variables into a sub-index, weighting of
variables based on their importance to overall water
quality and validating or aggregating the sub-index into
single overall quality value that gives it meaning on a
grading scale.

Since its adoption in water sector in the mid 19th
century, it has continued to fertilize water quality
monitoring, registering considerable successes in many
places as that cited by [88] on New Zealand’s rivers and
streams. Freshwater quality control is a global issue due to
its propensity to pollution [89].1t is for this reason, that the
foundation laid by [46] on water quality index calculation
method using chemical and physical parameters in the
United States of America will continue its relevance.

Horton’s work inspired many studies like that by
worker in [90] which produced an atlas of water quality
for Bavaria (in West Germany) using chemical and
biological parameters. The method was improved further
in the study by [44]. From here; many scholars began
applying water index calculation method in different
places as time passed by [91,92]. The nine most common
parameters that usually form part of water quality index
computations are; Biochemical Oxygen Demand (BOD),
Dissolved Oxygen, Fecal Coliform, Nitrate, Ph,
Temperature Change, Total Dissolved Solids, Total
Phosphates and Turbidity. Using these and other expanded
characteristics, water quality index studies have followed
two trajectories; either objective or subjective depending
on the obtaining circumstances.

Such study approaches are known to produce results in
one of the following categories; general water use advise
[93], specific use; domestic, industrial or agricultural
[94], water resources planning and management use
[95], statistical analysis either by factor analysis or
non-parametric multivariate transform [96]. The results

have been used for water resource allocation because
index value relates to a potential use for the water resource
in question [97] including on monitoring of river water
pollution levels [98].

The second use of WQI is to help in catchment area
ranking as it helps in vulnerability evaluation of different
areas [99] .Third; it can facilitate standards enforcements
[71]. Fourth, it is used to present trend analysis since it is
able to detect changes in water quality over time and space
[4]. Fifth, the index may inform the public appropriately
on water quality as it sums up different characteristics into
a single value [91]. Water Quality Index can support
scientific research. But the index method also has
limitations which include; one, a possibility of data loss
given there could be large amount of data. Secondly, the
interrelationships between parameters are usually ignored.

And thirdly, a water sample from a site does not usually
give a blanket quality rating of a water body. Despite
these limitations, WQI has been applied in very many
situations. In groundwater resource use planning and
management, [100] developed a simple methodology
based on multivariate analysis to create a groundwater
quality index (GWQI), with the aim of identifying places
with best quality for drinking within the Qazvin province,
west central of Iran. The methodology was based on the
definition of GWQI using average value of eight cation
and anion parameters for 163 wells during a 3-year period.
The GWQI map revealed that groundwater quality is
suitable for drinking purposes. Created index map became
a tool for a regional decision making for planners and
managers.

In deciding the potability of a drinking water source,[2]
used a review method to analyze the adequacy of Water
Quality Index (WQI) computation method . The synthesis
concluded that the absence of a globally accepted
composite index of water quality has not hampered its
application in several countries for water quality decision
making. The original WQI formula has received
improvements which have simplified it to allow for
universal application. They concluded that the simplified
version of WQI formula is capable of producing a more
reliable picture of water quality. This same review method
was used by [101] in India to analyze 13 papers; 9 of
which covered lakes, and one each for a dam, a water
treatment plant, a groundwater source and a river water
quality assessment using index method. They stated that
WQI method usually tests water parameters such as;
temperature, pH, turbidity, salinity, nitrates and
phosphates through weighting each on a WHO guidelines’
scale before finally aggregating to produce a single value
of water body quality class.

A chemical analyses study by [102] on groundwater
and soil samples at Zakhera Village (Dakhla Oasis,
Egyptian Western Desert) targeted to identify the
suitability of water from each of the ten artesian wells for
different uses. Water quality index (WQI), and saturation
index (SI) indicated the suitability of these samples for
different uses. For assessment of the potability of water
sources, [103] recently undertook a study to evaluate the
quality of 12 different water sources and 2 treated water
used by a peri-urban town in the Southwest region of
Nigeria. All the samples tested positive for faecal coliform
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bacteria and E. coli except one (treated water). The study
recommended that microbial water quality parameters be
included in all Water Quality Index (WQI) analyses in
order to give the true status of the quality of a water
resource.

In agriculture, [104] assessed groundwater quality for
irrigation, using the principal chemical and physical
quality parameters from 30 wells in Behbahan Plain, SW
Iran. The study reported that groundwater classification on
the basis of electrical conductivity showed that more than
85% of the samples taken were either ‘unsuitable’ or
‘doubtful” water quality. Geochemical investigations
indicate that the water chemistry was affected by
processes including evaporation, water-rock interactions
and human activities. In assessing groundwater potability,
[105] tested water samples from 22 wells located in the
rural areas surrounding Ingaldhal defunct copper mine in
Chithradurga district of Karnataka state. They deployed
Standard methods for physicochemical analysis of
groundwater samples. Most of the samples analyzed were
above the Guidelines set by Bureau of India Standards and
(WHO, 2011) specifications for drinking water quality.
Geographical Information System (GIS) capabilities
were used to classify zones with acceptable groundwater
quality for drinking purposes. The study concluded that
groundwater from most parts of the study area was
chemically unsuitable for drinking purpose.

The same method was earlier applied in Chithar Basin,
Tamil Nadu, India by [106] which established the
unsuitability of groundwater in the area for both drinking
and irrigation purposes .In a similar fashion [107] had
established the inappropriateness of Thanjavur city’s
groundwater. In the Djeffara aquifer system in South-
Eastern Tunisia, [108] analyzed the area’s groundwater
chemical characteristics. The integration of various dataset
indicated that the groundwater of the Djeffara aquifers
within Northern Gabes is generally very hard, brackish
and high to very high saline and alkaline in nature. The
water suitability for drinking and irrigation purposes was
evaluated by comparing the values of different water
quality parameters with (WHO) guideline values for
drinking water. The water was declared as unsuitable for
the two uses.

In Oued Righ area in South-Eastern Algeria [109]
assessed the suitability of its geothermal waters for
irrigation. Groundwater samples were collected from
twenty wells during two periods (January 2011 and May
2011). Total hardness revealed that a majority of the
groundwater samples were in the very hard water category,
total hardness values ranged from 59,40 to 106,40°F. The
EC classification indicated that 80% of CI groundwater
samples were doubtful for irrigation and 20% were
unsuitable for irrigation. Similarly, in Low-Isser plain-
Boumedres, Algeria, [110] assessed the groundwater
quality for its suitability for domestic and agricultural uses.
A total of 24 groundwater samples were collected and
analyzed. The results showed that the groundwater in the
area is unsuitable for the desired uses of either drinking
water supply or crop irrigation.

In Iran’s Birjand city, [111] investigated the association
of toxicochemical and microbiological quality of bottled
mineral water from 10 bottled water companies (10 brands)

filling from natural springs and wells and packing in
1.5-liters plastic bottle sizes. One sample was randomly
purchased in Khuzestan Province market from each brand,
making a total of 10 samples. All the samples’ quality met
the WHO guidelines apart from nitrate concentrations
which had no geologic reason, but anthropogenic
attribution related to fertilizer use in the nearby farms. In
trying to give direction on the applicability of analyses
formula, [2] synthesized the requisites for these 4 most
popular methods; National Sanitation Foundation (NSF)
WQI formula, Canadian Council of Ministers of
the Environment (CCME) WQI formula, Oregon WQI
formula and Weighted Arithmetic WQI formula.

For the NSF method, it was clarified that these 9
parameters must always be available for its deployment
in any study; temperature, pH, turbidity, fecal coliform,
dissolved oxygen, biochemical oxygen demand, total
phosphates, nitrates and total solids. In our case,
our data lacks any of the above listed parameters.
For the CCME method, it was explained that each
parameter needed a multiple set of samples from each site.
At the very least, a minimum of four samples with
at least four parameters are required for this method.
Our data has only a single instance of data sample
from 122 boreholes with the following 8 hydrochemical
parameters; Potassium, Sodium, Calcium, Iron, Fluoride,
Chloride,  Sulphate and  Electrical conductivity.
Accordingly, the (CCME) WQI formula also could not be
applied in our case.

It was clarified that Oregon WQI formula and (NSF)
WQI formula have same requirement and that Oregon
is a modified form of NSF. The Weighted Arithmetic
WQI formula method was found to be suitable to our case.
However; it has one limitation when it comes to the
ranking and or grading procedure .In its case, the lower
the value of WQI, the better - the water quality
as an indicator of low level concentration of the combined
parameters. The rest of the other 3 methods discussed
above work in reverse. The aim of this study was
to compute the water quality index (WQI) to establish
the potability of the groundwater resource in Langata sub
County. The final output is a site specific water
quality guideline (SS-WQG) as was proposed by [112].
The expected outcome is that the study result will
form part of a decision tool for groundwater use in the
area. The rest of the sections of this paper are presented
as follows; Section 3 presents methods, Section 4 presents
results and discussions while section 5 details the
conclusion.

3. Method

3.1. Description of Study Area

Langata sub County is found in the south of Nairobi
city center, located approximately at 1°22°0” S, 36°44’ 0" E.
Its topography height range is between 1,600m to
1,850 m above mean sea level. It covers an area of about
196.8 km? in area, with a tolerable temperate tropical
climate throughout the year see location map in Figure 2
below;
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Figure 2. Location Map

3.2. Population

In a span of 50 years, the population of Nairobi city
grew 12- fold, from around 293,000 inhabitants in 1960 to
about 3.4 million in 2010 [21,113]. Between 1948 and
1999 workers in [114] also reported that the city
population grew by 12.2%. Equally, in terms of
urbanization, the city was 3.84 square kilometers in 1910
compared to its current area of 696 square kilometers
according to [115] as cited by [116]. For the study area
[117] record shows that Langata sub County had 174,314
or 5.7% of the 3,078,180 city’s residents spread in 52,656
households. This rapid population growth and a steep
urbanization rate for Nairobi city is described by [118] as
being typical of a sub-Saharan Africa (SSA) urban centre
characteristic.

3.3. Geology

Nairobi city area lies immediately east of the Kenyan
rift valley. As such, volcanic, mainly lava flows dominate
the geology of this area. These are of the Cenozoic age,
overlying a basement of folded schists and gneisses of the
Mozambique belt [119].

3.4. Water Supply

Nairobi City County imports 80% of its bulk water
supply from Ndakaini and Sasumua dams located more
than 50km away, see Figure 1 above. There are a number
of challenges on the water supply system. Firstly, the
current bulk system is not reliable due to drought impacts
and siltation of reservoirs arising from deforestation in the
upstream catchments. Further, there is a considerable
inefficiency in the distribution system causing nearly 50%

unaccounted water associated mostly with pipe leakages
and illegal connections. As a result, the city is under
severe water rationing [120].

To cope, residents have turned to groundwater being
supplied by both publicly and privately operated boreholes.
On a larger scale, the government has also responded by
drawing a robust long term water master plan for the city
which is hinged on the Integrated Urban Water
Management (IUWM) system up to year 2035 time
horizon [121]. These ambitious plans are faced with
additional challenges like; climate variability and
uncertainty in the projected water supply and demands.
This means, sources like the informal water market must
also be included in the water plan. But their sources of
water must be within the safety guidelines.

3.5. Nairobi Groundwater Quality

Nairobi boreholes abstract their water from unconfined,
confined and perched aquifers with variable chemical
quality. This means the water has varying geochemistry
due to localized geochemical processes and possible
faulting compartmentalization. A number of groundwater
quality investigation studies have been done in different
parts of the city most of which have established a high
fluoride concentration beyond WHO recommended guidelines
going further to propose for mixing groundwater with
surface water in a ration of 1:1 to improve its potability.
With the increasing water demand, the demand for
groundwater is increasing in Nairobi. This demand must
be met with a good safety plan in the form of water quality
monitoring and control according to [122]. Nairobi city
authorities has good infrastructure for water quality control,
see for example Figure 2 above. What remains is to
simplify the water quality information to the public.
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3.6. Data Wr = Wa / (X Wa) (1)
Borehole drilling data was requested from .Wat?r Table 1. Acceptable concentration levels (mg/l)
Resources Management Authority (WaRMA) offices in
Nairobi. We received borehole commissioning data for K Potassium >0
Langata sub County region for years 1982 to 2017 which | Na° Sodium 200
had a total of 137 borehole files. On analysis using the Ca™ Calcium 250
perspective of hydrochemical parameters, showed that, 98 Fe?* Iron 0.3
missed on one or more of the eight parameters; Potassium F Fluoride L5
K*, Sodium Na*, Calcium Na*, Iron Fe®, Flouride F, [¢f Chloride 250
Chloride CI, Sulphite S0,? aqd Electrical (;onductivity SO.2 Sulphate 200
Ec(uS/cm).This left 39 sample sites for analysis. Eo(uS/om) Blectrical Conductivity 2500
3.7. Analysis Procedure Table 2. Weight in order of Importance
From the previous work like that by [123], we selected Parameter Wa Wr
8 chemical parameters from 39 boreholes which resulted | X' Potassium 2 0.118
in 312 samples for analysis using the Weighted Arithmetic | Na* Sodium 2 0.118
WQI computation method in 9 steps as follows; Ca* Calcium 3 0.176
1. Using Kenya Bureau of Standards on Drinking Water | Fe** Iron 1 0.059
Quality (consistent with  WHO guidelines), acceptable F Fluoride 2 0.118
levels of concentration of each parameter was extracted as cr Chloride 4 0.235
presented in Table 1. , S0, Sulphate 1 0.059
. 2. Welght.lng o.f egch of the parameters in the order of Ee(uS/em) Flectrical Conductivity 5 0118
importance in drinking water quality measurement was
done using a scale of 1 to 5; where 1 is the lowest value. Total 17 !
After assigning the weights (Wa), the computation of the .
relative weight (Wr) followed; being the result of the division 3. The tqtal sum of (Wr) is 1 (see Table 2).
of (Wa) by their total sum by using the following formula; 4. Cleaning the data file (see Table 3 below).
Table 3. Quality Index Computation
WQI Computations
S/NO FILE NUMBER K+ Na+ | Ca2+ | Fe2+ F- Cl- S0O4-2 Ec(uS/cm) WQI { SI}
16 WRMA/30/NRB/3AA/12381/G 2.35 3.46 0.68 11.18 10.82 1.98 0.02 1.67 32.16
132 WRMA/30/NRB/3AA/10079/G 0.24 6.12 0.45 8.82 21.18 1.60 0.04 2.32 40.76
231 WRMA/30/NRB/3BA/614/G 0.89 4.62 0.00 1.37 67.45 1.04 0.02 1.77 77.16
237 WRMA/30/NRB/3BA/13193/G 1.67 5.01 0.56 0.20 78.43 4.24 0.09 1.60 91.80
240 WRMA/30/NRB/3BA/10713/G 0.31 9.56 0.17 9.61 50.98 5.74 0.67 3.57 80.60
243 WRMA/30/NRB/3BA/10791/G 2.19 6.05 1.13 0.00 51.76 0.47 221 1.78 65.59
272 WRMA/30/NRB/3BA/12030/G 1.41 441 0.06 5.88 38.43 1.79 0.18 1.34 53.51
278 WRMA/30/NRB/3BA/10615/G 0.33 3.62 0.79 8.24 9.80 1.60 0.06 1.71 26.16
338 WRMA/30/NRB/3AA/13794/G 2.05 6.05 1.98 | 29.41 19.61 6.59 0.21 2.40 68.29
373 WRMA/30/NRB/3BA/13916/G 2.42 5.44 1.13 333 5.73 2.45 0.17 2.56 23.23
394 WRMA/30/NRB/3BA/12727/G 5.65 5.06 2.19 3.92 30.59 7.15 0.32 1.81 56.69
396 WRMA/30/NRB/3AA/13581/G 7.06 5.59 0.36 0.59 10.98 3.67 0.14 1.79 30.17
401 WRMA/30/NRB/3AA/13169/G 5.88 5.29 1.84 1.96 30.59 7.06 0.32 2.35 55.30
416 WRMA/30/NRB/3AA/13580/G 353 4.73 0.11 16.86 | 69.73 1.69 0.14 1.88 98.68
445 WRMA/30/NRB/3AA/84/G 2.49 6.50 0.51 0.39 26.67 1.69 0.10 1.46 39.82
463 WRMA/30/NRB/3AA/184/G 2.94 2.94 1.02 4.12 20.00 2.26 0.11 1.73 35.11
465 WRMA/30/NRB/3AA/187/G 2.19 3.00 0.79 0.59 2.35 1.04 0.18 1.27 11.40
484 WRMA/30/NRB/3BA/208/G 2.14 3.10 0.56 5.06 9.41 1.51 0.06 1.41 23.25
492 WRMA/30/NRB/3AA/217/G 0.38 2.94 1.47 0.78 21.18 2.45 0.03 1.82 31.04
510 WRMA/30/NRB/3AA/239/G 0.33 4.81 0.17 2.35 47.06 1.32 0.14 1.78 57.96
511 WRMA/30/NRB/3AA/240/G 6.16 5.48 0.34 0.59 15.69 3.01 0.12 2.49 33.88
530 WRMA/30/NRB/3AA/256/G 1.98 4.19 0.28 19.22 12.55 1.41 0.09 1.69 41.40
540 WRMA/30/NRB/3AA/271/G 2.35 3.45 1.41 6.86 4.86 1.88 0.33 2.36 23.51
575 WRMA/30/NRB/3AA/326/G 2.07 3.38 1.30 1.76 61.18 1.88 0.05 2.20 73.83
584 WRMA/30/NRB/3AA/335/G 1.88 3.41 1.41 2.16 20.39 2.07 0.12 1.98 3342
612 WRMA/30/NRB/3AA/363/G 4.00 3.55 0.79 0.20 12.71 1.51 0.03 1.85 24.63
622 WRMA/30/NRB/3AA/377/G 4.49 443 0.37 0.98 8.24 5.08 0.26 5.60 29.45
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WQI Computations
S/NO FILE NUMBER K+ Na+ | Ca2+ | Fe2+ F- Cl- S0O4-2 Ec(uS/cm) WQI { SI}
633 WRMA/30/NRB/3AA/404/G 2.12 4.18 0.68 14.12 | 36.08 1.60 0.14 1.84 60.75
636 WRMA/NRB/BH/952 2.35 353 0.62 2.94 14.90 1.13 0.10 1.63 27.20
651 WRMA/30/NRB/3AA/403 1.04 4.85 0.85 5.49 14.90 3.39 0.17 2.10 32.79
665 WRMA/30/NRB/3BA/14332/G 1.65 4.71 0.17 11.76 | 83.76 1.79 0.14 2.00 105.99
676 WRMA/30/NRB/3AA/14036/G 1.13 3.76 1.41 0.02 39.22 3.76 0.07 1.71 51.08
706 WRMA/30/NRB/3BA/475/G 2.05 4.65 0.11 1.71 52.55 2.35 0.12 1.51 65.04
757 WRMA/30/NRB/3AA/589/G 0.80 5.00 0.17 0.20 45.49 1.13 0.00 2.02 54.81
832 WRMA/30/NRB/3AA/683/G 2.82 5.21 0.23 0.20 86.27 1.60 0.15 2.13 98.60
853 WRMA/30/NRB/3BA/10026/G 1.60 4.28 0.71 5.88 47.06 6.40 0.29 1.42 67.63
1102 WRMA/30/NRB/3BA/10946/G 0.26 3.88 0.28 5.10 25.88 0.85 0.09 1.63 37.97
1383 WRMA/30/NRB/3AA/15389/G 2.28 7.18 0.85 8.43 13020 | 11.29 0.54 2.60 163.38
1412 WRMA/30/NRB/3AA/14374/G 1.29 17.56 0.00 7.84 9.41 5.74 0.67 7.52 50.04
Maximum 7.06 17.56 2.19 29.41 | 130.20 | 11.29 221 7.52 163.38
Average 2.28 5.00 0.72 5.39 34.46 2.95 0.22 2.16 53.18
Minimum 0.24 2.94 0.00 0.00 2.35 0.47 0.00 1.27 11.40
5. Normalization of the quality value for each Table 4. Water Quality Grading Scale
parameter in each borehole site is done using the formula Ranking WOQI —% Scale WOQI GRADE
Qa=Ca/Sa (2) Excellent
. . . . Very Good 20-40 0.2-0.4 B
Where Qa is the gormahzed Qual.lty rating for the Good 40-60 04-06 C
specific parameter, Ca is the concentration level measured -
Fairly Good 60-80 0.6-0.8 D

for the particular parameter for the same borehole and S,
is the acceptable level for the particular parameter as per
the standards (refer to procedure 1 above). In our case, to
get measured value of each parameter’s concentration
level (Ca ) using Table 3 above, divide the product of
normalized quality value (Q,) and maximum allowable
concentration by the product of 100 and relative weight
(Wr). For example, in Table 3, K™ Sub Index value (Q,) is
2.35 for borehole No.16. In Table 1, Maximum Standard
concentration for K* is 50, relative weight (Wr) for K* in
Table 2 is 0.118, therefore the concentration is (2.35 x
50)/(100 x 0.118) = 10.

6. To compute the individual parameter’s weighted
quality, multiply the normalized quality value (Qa) for
each parameter x 100 and relative weight (Wr).For the
case of borehole No.16, for K for example, Qa is (10/50)
=0.2 and Wr from Table 2 for K* is 0.118.Therefore, the
weighted quality value of K™ is (0.2 x 100 x 0.118) = 2.35,
which is the same value presented in Table 3 above.

7. The Sub Index quality value for each borehole is the
summation of weighted quality value of the eight
parameters for each borehole. For example, in borehole
No.16 in Table 3 above, the Sub Index quality value is
32.16.

8. The Water Quality Index for the study area is read in
three levels; as maximum, minimum and average. In our
case, borehole No0.1383 has the maximum Sub Quality
Index value at 163.38 and borehole No.465 has the
minimum Sub Quality Index value at 11.40 as read from
Table 3, while the average or the Overall Water Quality
Index value for the boreholes in the study site is 53.18 as
presented in Table 3 above.

9. Usually the average or the Overall Water Quality
Index value generated in step 8 above is the one used to
rank or grade the general water quality of an area. In our
case, Table 4 below.

Suitable
Unsuitable

10. For graphical presentation of the water quality
values, we used the thinking by [92] the values generated
in step 7 as in Table 3 for each borehole to plot using
Surfer Software Version 6 water quality maps for the
study area. We generated a total of 9 maps; one for the
overall groundwater quality and the other eight for the
performance of each parameter over the area.

4. Results and Discussion

4.1. Overall Groundwater Quality Index
(WQD

Figure 3. Overall Water Quality Index Display

Using the procedure outlined in section 3.7 above, the
average WQI for Langata sub County’s groundwater was
calculated as 53.18, see Table 3. The best ground water
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quality is found in Miotoni area of Karen, see Figure 3,
with  WQI of 11.40, see Table 3. The unsuitable
groundwater with WQI of 163.38 is found around Langata
area within Karen Ward near to Bomas of Kenya
extending to Mugoini Ward. Nairobi West Ward also has
a spot of not so good quality water, See Figure 3. The
unsuitable groundwater should not be used for human
consumption.

4.2. Concentration of Potassium

The concentration of Potassium within the study area
ranges from 1-30 mg/1 (see step 5 and Table 3).The entire
study site has a concentration falling within permissible limit.
Potassium is described as being both an electrolyte and a
nutrient. It works with Sodium to maintain the body’s
water balance, nerve function; muscle control and blood
pressure control. Excessive ingestion of Potassium is not
good for health. Karen, Nyayo High rise and South C wards
have higher spots of concentration but within the limit.

Figure 4. Concentration of Potassium

4.3. Concentration of Sodium

The concentration of Sodium in the study area ranges
from 50-298.5mg/l (see step 5 and Table 3). One single
borehole out of the 39 analyzed had concentration above
250mg/l permissible level. High ingestion of Sodium
is not good for health with regards particularly to
hypertension. See Figure 5 for the spatial display. Karen
ward has a higher Sodium concentration spot followed by
South C ward.

Figure 5. Concentration of Sodium

4.4. Concentration of Calcium

The concentration of the Calcium in the study area
ranges between 0.01 -30mg/l which is within the

permissible limit of 250mg/1. Usually, 99% of Calcium in
the body functions as the structural element in bones and
teeth. The other 1% performs vital physiological processes.
Inadequate intake of Calcium is associated with increased
risk for diseases such as kidney stones. Excessive intake
of Calcium can cause crippling skeletal fluorosis and
possible increased bone fracture risk. See Figure 6 for
spatial display in which Karen Ward is shown to have
elevated concentration of Calcium but within limit.

Figure 6. Concentration of Calcium

4.5. Concentration of Iron

Iron concentration of groundwater samples in the study
area varies from 0.001-1.5mg/l1, see Table 3. The standard
acceptable limit is 0.3mg/l. Only 12 (30%) of boreholes
have higher concentration above permissible limit, see
Table 3. High Iron contamination is an indication of the
presence of ferrous salts that precipitate as insoluble ferric
hydroxide and settle out as rusty silt. Toxic effects may
result from the ingestion of large quantities of iron. At
concentrations above 0.3 mg/l, iron can stain laundry and
plumbing fixtures and cause undesirable tastes. Iron may
also promote the growth of certain microorganisms;
leading to the deposition of a slimy coat in piping. The
variation of Iron concentration in the study period is
shown in Figure 7, where Karen and Mugoini wards share
the elevated concentrations

Figure 7. Iron Concentration

4.6. Concentration of Fluoride

The Fluoride concentration in Langata groundwater
ranges from 0.30-16.6 mg/l. Only 9 out of the 39
boreholes sampled have their Fluoride concentration being
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within the acceptable limit of 1.5mg/l. The variation of
fluoride concentration is dependent on a variety of factors
such as the amount of soluble and insoluble fluoride in
source rocks, the duration of contact of water with rocks

and soil temperature, rainfall, oxidation- reduction process.

The presence of small quantities of fluoride in drinking
water prevents tooth decay. Fluoride is poisonous at high
levels. High levels may cause easily noticeable dental
fluorosis and skeletal damages, the latter being not
clinically obvious until advanced stages have occurred.
Fluorosis is an aesthetic concern because discolored teeth
could affect an individual’s facial appearance and sense of
wellbeing. Groundwater with high concentration should
be deflouridated for drinking. The spatial variation of
Fluoride in the study area is shown in Figure 8 in which
Karen and Nairobi West wards indicate to have elevated
concentrations.

Figure 8. Fluoride Concentration

4.7. Concentration of Chloride

Chloride concentration in Langata groundwater is in the
range of 5-120 mg/l, see Table 3 which is within the
permissible limit of 250 mg/l as per Kenyan Standards as
well as WHO Standards, see Table 1. The variation of

Chloride concentration in the study area is shown Figure 9.

Chloride concentration in groundwater is usually high
where the temperature is high and rainfall is less. Spots of
elevated levels are found within Karen, Nyayo High rise
and South C wards.

Figure 9. Chloride concentration

4.8. Concentration of Sulphate

Sulphate concentration in Langata groundwater ranges
from 0.29-150 mg/l which is within the permissible limit
of 400mg/l as per Kenyan Standards and 250mg/l as per
WHO Standards. Ingestion of water containing high levels
of Sulphate may cause diarrhea. The variation of Sulphate

in the study period is shown in Figure 10 with Karen ward
exhibiting the highest level.

Figure 10. Sulphate Concentration

4.9. Electrical Conductivity

The Electrical Conductivity (EC) of the groundwater in
Langata sub County, ranges from 270-1598 pS/cm which
is within the permissible limit of 2500, see Table
1.Conductivity is an indicator of other water quality
problems. Water with high mineral content usually
exhibits a higher conductivity and this is a general
indication of high dissolved solid concentration of the
water. The variation of Electrical Conductivity in the
study area is shown in Figure 11 with Karen Ward having
the highest EC.

Figure 11. Electrical Conductivity

5. Conclusion

After the analysis of the chemical parameters for each
of the 39 sample boreholes’ waters, interpretation and
discussions of the numerical quality index values and their
spatial displays, the following conclusions have been
drawn for the quality of groundwater in Langata sub
County, Nairobi city. Generally, the groundwater is of
good quality with WQI of 53.18 (on a scale of 1 to 100;
with one being Excellent and 100 at the margin to
unsuitability).Most boreholes yield suitable water with
moderate mineral or dissolved salts. Water is soft in
majority of the boreholes. Since Sulphate and Chloride are
within permissible concentration levels, it shows that, the
area has no contamination of groundwater due to
percolation of polluted surface water.

It is only Fluoride concentration where 77% of
boreholes fall above standards, which requires that, their
water be mixed with surface water for dilution to
permissible level , preferable using a ration of 1:1 as [122]
had recommended. The WQI falls on GOOD range hence
suitable for domestic use. The study recommends that the
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groundwater be disinfected to protect the consumers from
the perils of contaminations. A comprehensive analysis
involving physical, chemical and biological parameters
also need to be done to give a proper groundwater quality
assessment.
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