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Abstract: Urbanization has caused limitations on water resources, while climate change has reduced
amounts of surface water in some parts of the world. Kikuyu, a suburban area in Kiambu county,
Kenya, is facing this challenge. The major challenge in the study is scarcity of potable water, resulting
in inadequate water supply to Kikuyu residents. Currently, only 63.6% of the population is being
supplied with water by Kikuyu Water Company, the company mandated to supply water to the
area. Water demand was 2972 m?/day in 2015 and was projected to be 3834 m?/day by 2025. This has
put pressure on the already exploited clean water resources, making it necessary to seek additional
sources of domestic water. Storage capacity and water quality of surface water bodies, especially
small reservoirs whose water can be used to ease the demand, need to be assessed for supplemental
water supply. This study aimed at assessing the suitability of the abandoned quarry reservoir
as a source of potable urban water by determining its storage capacity characteristics and water
quality status. Volume characteristics were determined using bathymetry survey in January 2019.
Water samples were collected in January and August 2019 and analyzed for chemical, physical,
and bacteriological quality, as per the American Public Health Association (APHA) standard methods
for water and wastewater. Parameters were evaluated based on World Health Organization (WHO)
and Kenya Bureau of Standards (KEBS) guidelines for drinking water, and rated based on the drinking
water quality index (WQI). The reservoir’s maximum storage capacity was found to be 128,385 m?,
the surface area was 17,699 m?2, and the maximum depth was 15.11 m. Nineteen of the twenty-five
investigated parameters were within the acceptable standards. However, the concentrations of
manganese (Mn), cadmium (Cd), iron (Fe), turbidity, total coliforms, and Escherichia coli (E. coli) were
above the acceptable limits. Manganese and iron levels increased with depth. The overall WQI of
the reservoir was 82.51 and 85.85 in January and August, respectively. Therefore, based on WQI
rating, the water scored a good quality rating and could be used for domestic supply upon treatment.
The original achievement of this study is establishment of the volume of the water in the quarry as an
additional source of water to the nearby community, along with water quality status.
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1. Introduction

Urbanization has led to constraint of water resources, while climate change has reduced amounts
of surface water in some parts of the world [1]. Normally, underground mine galleries and open-pit
mines are flooded by natural groundwater, surface water inflow, and water pumped from dewatering
systems, and can therefore be used as strategic reservoirs for water storage. Depending on its quality
and intended purpose, water is treated using appropriate technology to meet different needs [1].
Water in quarry reservoirs can be used for irrigation, domestic supply, industrial supply, and aquifer
recharge, amongst other uses [2]. The Hallett quarry gravel pit lake system in Ames City, lowa,
United States, is one of the quarry pits that was assessed for water storage and domestic supply to the
city [3]. The quarry pit system water was analyzed together with the effect of storm water. The water
quality was found to be of similar quality when compared to other water bodies in lowa. Storm water
elevated concentration of parameters such as fecal coliforms in the quarry pit system [3]. Bellwood
quarry in Atlanta, Georgia, is also used for raw water storage to supplement existing water supply [4].
Kikuyu sub-county in Kiambu county, Kenya, has few surface water resources and mostly relies
on groundwater resources [5]. Kikuyu Water Company, which is mandated to supply water to the
sub-county, is not able to meet the current water demand. According to a report on the performance of
Kenya’s water service sector, only 202,582 persons out of a total population of 318,557 persons within
the company’s mandated area are being supplied with water by the company [6]. The water demand
in Kikuyu in 2015 was 2972 m?%/day and was projected to be 3834 m®/day in 2025. It is, therefore,
important to exploit any possible sources of water in the area to ease the current and future water
demand. Small reservoirs have been neglected in hydrological research. They receive less attention
and lack management strategies, while large reservoirs are well managed and monitored [7]. Rungiri
quarry reservoir, whose storage capacity and water quality is unknown, could be a potential source of
water for the neighbouring community. The reservoir is 2.5 km from Kikuyu town, which Kikuyu
Water Company solely supplies water to. The reservoir was formed in 1992 during quarrying of
trachyte for road construction as a result of puncturing a ground water aquifer, and has been used for
irrigation ever since, with the excess water being unutilized [8]. The other natural water body within
the area is Kikuyu springs, which is currently under development to supply water to Kikuyu town
and its environs. Rungiri quarry reservoir is a potential source. The water source is purely ground
water. The county government of Kiambu is interested in the reservoir for domestic water supply,
so the results of this study will be timely.

Knowledge of available water in reservoirs guides stakeholders and managers in determining
sustainable exploitation plan of the reservoirs [9]. Water body morphometry parameters provide
information to assess residence time, life expectancy, water balance, sustainable water abstraction,
and derivation of stage curves [10]. Some of the methods used to assess storage capacities of reservoirs
are bathymetry surveys. Bathymetry refers to depths and shapes of underwater terrain [11]. There are
different methods used to generate bathymetric information, such as spatial interpolation methods based
on collected depth samples, topographic-data-based methods, and remote-sensing-based methods.
Spatial interpolation methods are the most frequently used to obtain bathymetric information [12].
Topographic-data-based methods allow mapping of the bathymetry of reservoirs easily compared to the
other methods; however, the topographic data must be collected before filling the reservoir, and these
kinds of data are not always available. Remote sensing-based methods have advantages in terms of the
coverage of large areas and data collection in areas with limited access. Remote-sensing-based methods
are limited by the water transparency, the depth of the reservoir, and meteorological conditions [12].
However, remote sensing by light detection and ranging (LIDAR) and bathymetry survey by use of an
acoustic profiling system (APS) offer comparable accuracy [13]. To ensure proper coverage of a water
body in a bathymetry survey, APSis used. LIDAR may offer comparable accuracy to bathymetry survey
but is expensive, equipment intensive, and time consuming [13,14] Bathymetric survey by use of APS
is a fast and low cost methodology that gives detailed information on water depths, surface areas, and
reservoir depth-volume relationships by use of sound in measurement of water depths. This technique
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has been used globally to avail data for volume computation of water in reservoirs, generation of depth
contour maps, and underwater morphology. By using APS, water depth information in the form of
X, y, z coordinates is obtained by conducting a sequence of cross-sectional surveys in the water body
along multiple transects [15].

Similar surveys have been done in the Peechi reservoir, Ruiru reservoir, and lake Naivasha [9,11,16]
Bathymetric maps, storage capacities, and morphometric characteristics of Lake Hayq in Ethiopia
were generated to provide scientific information for use in reservoir management [10]. Bathymetry
survey data was used to estimate storage capacities of small reservoirs in the upper-eastern region of
Ghana [17-20]. Hydrographic surveys for sea beds and lakes provide key information on morphology
of waterbodies However, use of APS in bathymetry surveys makes it challenging to obtain depth
measurements at depths of less than 50 cm. Regions of lower depth are not surveyed but are
generated with interpolation techniques or direct measurement of water depth [9]. Techniques
used for interpolation of bathymetry survey data include triangulated irregular network (TIN)
model, nearest-neighbor interpolation, kriging interpolation method, inverse distance interpolation,
and polynomial interpolation. Kriging method is the most suitable for interpolating single-beam
data [18], and according to [10], the kriging interpolation method produces visually appealing maps
by reducing interpolation errors. A study done to compare different spatial interpolation methods
for historical hydrographic data of the lowermost Mississippi river by [15] concluded that ordinary
kriging performed best in mapping the bathymetry of the river.

The methodology was developed specifically for reservoirs. For this particular case, it was applied
to a quarry and utilized in determination of precise depth and geographical coordinates of water
sample collection points in both January and August, unlike in the previous studies.

Providing safe drinking water to the population is one of Kenya’s Vision 2030 goals. Safe drinking
water is not only important for health, but has a considerable role in development at national, regional,
and local levels. Investment in water supply and sanitation yield a net economic benefit [21].

Water quality directly affects water purification and treatment costs [22], hence making it an
important part of water supply functionality. The main reasons for testing water quality is the need
to assess various parameter statuses against existing standards and to verify whether the observed
water quality is suitable for prospective uses. The level of contamination necessary to render a water
body impaired is highly dependent on the type of water body, location, and the types of beneficial
uses it supports [23]. Surface water is affected by weathering of rocks, erosion, decay of organic
matter, industrial and domestic water waste, agricultural runoff containing fertilizers, pesticides,
and herbicides, and thermal wastes [24]. For instance, heavy metal contamination in non-industrial
or agricultural catchment setups contain metals in their geochemical background level or can be
slightly contaminated [25]. For health purposes, drinking water parameters should be within the
standards set by Kenya Bureau of Standards (KEBS) and World Health Organization (WHO) guidelines
to ensure safety.

Parameter quality when compared with guideline values indicates the acceptability of that specific
parameter. The Water Quality Index (WQI), on the other hand, describes the influence of water
quality parameters on the overall quality of water [26]. Unlike the traditional methods, where an
individual water quality parameter is compared with its standard limit with no depiction of water
quality status [27], the WQI reduces the large amounts of information to a single number, which
reflects the composite influence of various quality parameters on the overall quality of water [28]. It is
utilized when surveying the general water quality by utilizing a finite scale to differentiate between
polluted water and very clean water [29]. WQI gives important data on the general water quality
status, which can help in choosing a suitable water treatment technique [28]. Models are also efficient
tools, especially in forecasting water quality parameters in water bodies. Examples of these models are
ensemble models and machine learning models, which are either data-driven models or physically
based models [30,31]. However, modelling and forecasting of water quality is a complex procedure
because of the nonlinear relationship of the variables [31].
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The WQI was first introduced by Horton in the early 1970s as a means of calculating a single value
from many test results to represent the level of water quality in a given water body. This was done in
order to report large amounts of data in an understandable manner that is useful to the public and
policy makers [26]. According to Abbasi (2012), water quality indices can be of two groups: “water
pollution indices”, in which the index numbers increase with the degree of pollution (increasing scale
indices); and “water quality indices”, in which the index numbers decrease with the degree of pollution
(decreasing scale indices) [32]. The common water quality indices include U.S. National Sanitation
Foundation Water Quality Index (NSFWQI), Canadian Council of Ministers of the Environment Water
Quality Index (CCMWQI), British Columbia Water Quality Index (BCWQI), Oregon Water Quality
Index (OWQI), and Overall Index of Pollution Water Quality Index (OIPWQI) [33,34].

CCMWQI considers scope, frequency, and amplitude, with no assigned weights and
sub-indices [35]. NSFWQI involves the use of sub-indices. The parameters are assigned unequal
weights, as per expert’s opinion. Additive aggregation and multiplicative aggregation methods are
used in determination of NSFWQI. To determine OWQ), parameters are directly taken as sub-indices
and each parameter is assigned a certain weight. The additive, modified additive, and harmonic mean
of sub-indices are used for aggregation [36].

Each of these models have various limitations. NSFWQI requires input of the original parameters
defined for the model namely; percentage of dissolved oxygen saturation, pH, total solids, five-day
biochemical oxygen demand, turbidity, total phosphate, nitrate, temperature change, and fecal coliform.
When replaced, these alter the results substantially [27,34,37]. The parameter weight is proportional to
its impact and the importance is developed through expert opinion. One study done by [27] employing
non-original parameters demonstrated considerable differences between the implementation of the
model with PO,43~ and Total suspended solids (TSS)/Total dissolved solids (TDS), instead of the
originally defined parameters Total phosphate (TP) and Total sulphate (TS), respectively.

CCMWQI evaluates surface water for protection of aquatic life in accordance with specific
guidelines. The sampling protocol requires at least four parameters to be sampled at least four times [36].
The OWQI expresses water quality by integrating measurements of eight water quality variables:
temperature, dissolved oxygen, biochemical oxygen demand, pH, ammonia + nitrate-nitrogen, total
phosphorus, total solids, and fecal coliform [38]. One of the demerits of OWQI is that it does not
evaluate all health hazards, such as toxins, bacteria, and metals [34].

Analysis done by Bharti and Katyal (2011) on various water quality indices concluded that
NSFWQI, OIPWQI, and OWQI, which use the weighted arithmetic average and modified weighted
sum, provide best results for indexing general water quality. The weighted arithmetic WQI incorporates
data from multiple water quality parameters into a mathematical equation that rates the health of a
water body with a number. It also describes the suitability of both surface and groundwater sources
for human consumption, and above all, the weighted arithmetic WQI communicates the overall water
quality information to concerned citizens and policy makers [34].

This study aimed to determine the storage volume characteristics of Rungiri quarry reservoir.
The study also sought to establish the spatial-temporal water quality status of the reservoir by employing
a water quality index. This information will be vital for exploitation of the water resource. Water
resource managers, Kiambu County Government, researchers, and the public will obtain invaluable
information from this study. The original achievement of this study is establishment of the volume
of the water in the quarry as an additional source of water to the nearby community, along with the
water quality status.

2. Materials and Methods

2.1. Study Area

Rungiri quarry reservoir is located approximately 2.5 km from Kikuyu town off Nairobi-Nakuru
road at coordinates 36°40” E and 1°15” S in Kikuyu, Kiambu county, Kenya [8] (Figure 1). The reservoir
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was formed in 1992 as a result of puncturing of a ground water aquifer during the quarrying process [8].
The reservoir is within a suburban setting, characterized by residential houses and small-scale farming
of both livestock and crops. The area experiences a bimodal rainfall pattern, with short rains occurring
between October and December and long rains from March to May. The annual mean rainfall varies
from 1070 mm to 1750 mm, while the mean monthly temperatures vary between 17 °C and 25 °C.
The mean monthly evaporation ranges from 100 to 150 mm, with an annual average of 1721 mm [5,6].
The principal rocks distinguished in the area are basalt, basaltic agglomerates, trachyte, phonolites,
pyroclastic rocks, and lacustrine deposits [39]. The soils in the area are dark red-brown and well
drained [5].
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Figure 1. Location map of the study area.

2.2. Determination of Storage Volume Characteristics of Rungiri Quarry Reservoir

Three steps were followed to determine the volume characteristics of the reservoir:
the pre-bathymetry survey, bathymetry survey, and data processing.

The pre-bathymetry survey involved making a boundary of the reservoir and a series of transect
and tie lines of the reservoir to guide the survey. The reservoir’s boundary was determined by digitizing
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remote-sensed digital globe images of 13th January 2019, accessed via Google Earth. A series of transect
and tie lines was created as shape files in ArcGIS. The tie lines were oriented at 90° to the transect
lines, in order to improve data collection accuracy by cross-checking water depth measurements
at their intersection with transect lines [9]. The tie lines provided independent measurements as
well. The reservoir’s boundary, transects lines, and tie lines were projected to the universal traverse
Mercator (UTM) zone 375, and loaded in the multi-frequency acoustic profiling system (APS). The pre
bathymetry survey data enables smooth running of the survey. During the survey, the boat followed
the pre-planned transect lines to guide its path. Therefore, depth measurements were taken at regular
intervals to ensure even distribution of sampled points.

Step two involved carrying out the bathymetric survey using APS. The echo sounder was
fitted with a global positioning system (GPS) and mounted on the motor-driven dual Jon boats.
The transducer was screwed to the boats and fixed 0.02 m below the water surface (Figure 2). The trial
run on the water was done to check the system response. The boats were then driven along the
transect lines in the east-west direction and along the tie lines in the north-south orientation, prepared
during pre-survey at a constant speed of 6 km/h to ensure safety and high quality data by preventing
turbulence around the transducer [9]. Georeferenced depth measurements were obtained and recorded
successively at each point using a 200 kHz signal. The APS operates at 200 kHz, 50 kHz, and 12 kHz.
The 200 kHz signal is better suited to mapping water depths for determination of reservoir capacity [11].
This frequency provides good resolution and penetration through the water column [40]. Collected
data on georeferenced depths was recorded and stored in a Micro SD card for post-survey processing.
The measured georeferenced depths obtained during the survey were processed to generate contour
maps, volumes, and areas.

Echo Sounder
screen

Figure 2. Bathymetry survey equipment set up.

The final step involved processing and analysis of collected data. The georeferenced depth data
was downloaded to a computer. Acoustic images were then traced along the profiles using the DepthPic
program (Specialty Devices, Inc., Wyle, TX, USA), a post-processing and editing program to extract
X, Y, Z (latitude, longitude, and depth) values for all the surveyed points. DepthPic provides replay
of hydrographic data with high resolution and detail. The program was used to display, interpret,
edit, and manually remove depth data anomalies (random data points that were not in line with the
surrounding surface profile) in the bottom surface of the reservoir. This helps to improve on depth
accuracy. This program was also used in bathymetric survey of the West Fork San Jacinto river and
Wright Pitman lake [41,42]. Hydropick software can be used to extract X, Y, and Z; however, it is best



Hydrology 2019, 6, 93 7 of 23

suited in processing multi-frequency echo sounding data, especially in determination of bed elevation
and pre-impoundment elevation [42]. The X, Y, and Z data were then imported into Surfer 15 (Golden
Software, Inc., Golden, CO, USA) worksheet and saved as a surfer data file. A grid file was created
using kriging interpolation method. Contours were then generated from the created grid. Volume
and area calculations were performed using the created grid file, which defined the reservoir lower
surface, which represents the water depth as a negative Z value, so that the reservoir appears as a
basin. The upper surface was defined as a horizontal planar surface, which defined the water upper
surface of the reservoir with a constant value of Z = 0. Selection of algorithms for volume calculation
was limited to the available options. There are only three numerical integration algorithms available
in Surfer software for volume calculation: the trapezoidal rule, Simpson’s rule, and Simpson’s 3/8
rule [43]. The average of the three methods was used. To compute the volume and area at different
contours, calculation was done at one-meter depth intervals, starting from the surfaceat Z=0to Z =
15.11 m. Surfer software was run for the previously noted preselected reference depth points and the
resulting volumes and area values were graphed against depth points.

2.3. Determination of Water Quality Characteristics

To evaluate the water quality, the physical, bacteriological, and chemical parameters (Table 1)
were analyzed. Parameter selection was based on the nature of the reservoir being a previous quarry,
with the possibility of heavy metal contamination caused by the explosives used for blasting. The area
is suburban with agricultural activities taking place, hence the need to test nutrients in the water for
heavy metals that arise from fertilizers. These parameters provide a comprehensive overview of the
water quality status in the quarry reservoir. Indicator parameters could have been used, but in order to
provide baseline information on water quality parameters in the reservoir, all these parameters were
important. Some key parameters, such as biochemical oxygen demand (BOD), salinity, and chlorophyll,
were not selected for this study. The BOD test is important, especially in sources polluted by industrial
and municipal wastewater. Chlorophyll is an indicator of the volume of aquatic plants present in the
water column, however it is not a key requirement for drinking water according to KEBS. Salinity is
positively correlated with electrical conductivity (EC); EC was selected for this study. Some metals
that are not of geologic origin and did not have potential ways of getting into the reservoir, such
as mercury, were not analyzed for this study. Total nitrogen (TN) and total phosphorous were not
analyzed, however phosphates, nitrates, and nitrites, whose concentrations in drinking water is key in
Kenya (Kenya Bureau of Standards), were selected.

Table 1. Water quality parameters of interest.

Category Parameter

Electrical Conductivity (EC), Total
Dissolved Solids (TDS), Total
Suspended Solids (TSS)

Dissolved Oxygen (DO),

Physical Parameters pH, Temperature

Total Hardness (TH), Total
Chemical parameters Alkalinity (TA), Nitrates,
Nitrites, Sulphates

Copper (Cu), Zinc (Zn), Lead (Pb), Manganese (Mn), Chromium (Cr),
Iron (Fe) Cadmium (Cd)

Bacteriological Total Coliforms E. coli

Phosphates, Calcium, Magnesium,
Sodium, Potassium

Heavy Metals

The samples were collected from 5 sampling points, namely sampling points L1, L2, L3, L4, and L5
(Figure 3). Reservoir depths, abstraction, location within the reservoir, and the surrounding conditions
guided the choice of sampling points. Sampling point L1 was located in the central area, which had
a water depth of 12.4 m; L2 was located at a point of water extraction through pumping; L3 was at
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the outlet area; L4 was located near red soil and a rocky cliff, at a depth of 12.5 m; and L5 was where
human activities were taking place, such as swimming and washing clothes.

Sampling points

Legend

® Sampling point
s |[ |Rungiri Reservoir

Figure 3. Rungiri quarry reservoir sampling points.

2.3.1. Sample Collection

Water samples were collected in the dry season in both January and August 2019 at 0.5 m below
the water surface from the 5 sampling points. To determine water quality at various depths in the
reservoir, samples were collected at 4 m, 8 m, and 12 m below the water surface at sampling point L1
in January. In August, samples were collected at 2 m, 4 m and 6 m below the water surface at L1 and
L4, noting that the water level had dropped by 4 m. The samples were stored in both plastic and sterile
glass bottles and transported to the laboratory on the same day as a preservative measure. The samples
were then allowed to warm up naturally to room temperature before analysis.

2.3.2. Parameter Determination

Triple replicate water samples were used in the analysis of each parameter. Water samples
were analyzed as per APHA standard methods, using the Examination of Water and Wastewater
guidelines [44]. The pH, temperature, dissolved oxygen, electrical conductivity, and total dissolved
solids were examined in situ using a HANNA multiparameter meter model HI98129. Total hardness was
determined by ethylenediaminetetraacetic acid (EDTA) titrimetric method. Fluoride was determined
by use of a multiparameter photometer model HI 83099. A SGZ-B portable turbidity meter was
used to determine the turbidity of the water. An UV spectrometer model UV-1800 was used to
analyze nitrates, nitrites, sulphates, and phosphates. Metals were analyzed using a flame atomic
absorption spectrometer (AAS), model AA68800-SHIMADZU. Finally, bacteriological quality was
determined in three stages: presumptive test, confirmed test, and completed test. The obtained water
parameter characteristics were then compared to the Kenya Bureau of Standards (KEBS) and WHO
water standards.
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2.3.3. Water Quality Index Calculation

The Water Quality Index (WQI) of the reservoir was calculated using weighted arithmetic mean.
The concentrations of various parameters were used to evaluate the water quality index (WQI) of
the reservoir. To calculate WQI, water parameters were aggregated using a simple arithmetic mean
according to methodology in previous studies [26,29,45-47]. The Weighted Arithmetic index uses
the permissible levels of the parameters as a reference point for assessment. The WHO and KEBS
permissible levels of parameters were used. WHO provides the recommended guideline value,
while KEBS are the local standards in Kenya. The WQI was then calculated (Equation (1)) [26,46,48].

L WiQi
L Wi
where WQI is the Water Quality Index, W; is the unit weight, and Q; is the quality rating scale. The unit

weight W; of each parameter was calculated as a value inversely proportional to WHO and KEBS
standards (Equation (2)).

WQI = 1)

K
W, == 2
=3 @
where S; is the standard value of the ith parameter and K is the proportionality constant calculated
according to Equation (3).

1
K= ®)
()
Finally, the quality rating scale was calculated (Equation (4)) [34,49].
On — 0;
;= 1 4
Q (Sn_vi)oo @

where Qi is the sub-index of the ith parameter, V;, is the observed value of the parameter, and V; is
the ideal value. The ideal value for pH = 7, dissolved oxygen = 14.6 mg/L, with zero for the other
parameters [28]. The computed WQI values were classified according to [49,50] as shown in Table 2.

Table 2. Water quality classification based on Drinking Water Quality Index (DWQI).

Class WQI Value Water Quality Status Explanation
A <50 Excellent Good for human health
B 51-100 Good Fit for human consumption
C 101-200 Poor water Water not in good condition
D 201-300 Very Poor water Needs attention before use
E Above 300  Water unsuitable for drinking Needs too much attention

3. Results and Discussion

3.1. Rungiri Reservoir Storage Characteristics

From the survey results, it was established that the storage capacity and surface area of the
reservoir were 128,385 m3 and 17,699 m2, respectively. The maximum depth of the reservoir was
found to be 15.11 m, while the mean depth was 7.9 m. The depth—volume curve obtained from
analysis of survey data illustrates the variation of reservoir volume with depth (Figure 4), whereas the
depth-surface area curve shows variation of the reservoir surface area with depth (Figure 5). Maximum
volume and area corresponded to zero depth of the reservoir, which is when the water level in the
reservoir basin was at its maximum.
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Figure 5. Depth—surface area relationship for Rungiri quarry reservoir.

The maximum storage capacity of the reservoir is 128,385 m3; however, the volume drops
drastically from the depth of 10 m up to the reservoir’s maximum depth of 15.11 m. The volume of the
water in the reservoir is 4.8% of the total volume when the water depth is 10 m below the maximum
water level. This could be attributed to the reservoir’s small surface area below this particular depth.
Also, as shown in the depth profiles (Figure 7), the reservoir bottom is not a smooth surface but rather
small areas of depths ranging from 10 m to 15.11 m. The small surface area could be as a result of small
deep pockets, as shown by the closely spaced contours on the map (Figure 6) and depth profiles along
lines A-A’, B-B’, C-C’, and D-D’ (Figure 7). The small pockets of deep areas could be attributed to
the blasting of rock during the quarrying process. Usually, holes are drilled and filled with explosive
material, which when detonated, undergoes a very fast decomposition, causing instant expansion of
gases and causing fracturing of rocks in the vicinity of those holes [51]. The quarrying process was
ongoing during the time ground water infilled the quarry pit. This explains the unevenness in depths
within the reservoir. Some areas are deeper than others, without any particular trend.
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Figure 7. Depth profiles of Rungiri quarry reservoir.

3.2. Water Quality Status of Rungiri Quarry Reservoir

The temperature, pH, dissolved oxygen, electrical conductivity, TDS, and TSS concentrations in
Rungiri quarry reservoir in January and August 2019 are presented in Tables 3 and 4.



Hydrology 2019, 6, 93

12 0f 23

Table 3. Concentration of physical parameters in Rungiri quarry reservoir in January 2019.

Sampling Point  Temp (°C) pH (pH scale) DO (mg/L) EC (mg/L) TDS (mg/L)  TSS (mg/L)
L1-S 23.4 7.9 53 256 + 4.62 126.4 + 0.53 6.67 £5.77
L1-4 21.7 74 4.18 249 + 0.58 124.9 + 0.32 333+£5.77
L1-8 20.5 7.1 4.64 262 +4.36 131.1 +£1.91 10+£0
L1-12 19.4 6.8 4.54 260 + 0.58 130.3 £0.21  13.33 +11.55

L2 23.8 7.8 5.51 252 +0.58 126.4 + 0.38 6.67 +5.77
L3 23.5 7.6 5.23 254 +0.58 127.1 +0.26 6.67 +5.77
L4 23.3 7.6 5.36 251 +0.58 125.6 £0.23  13.33 +5.77
L5 24.2 7.7 4.52 253 +0 1269 £0.15  13.33 +15.28
Mean + SD 2248 +1.74 7.51+0.38 491+049 25463 +447 12734+22 9.17 + 3.88
WHO
Guideline - 6.5-8.5 - - 1000 -
KEBS Limit - 6.5-8.5 - - 1500 0

WHO-World Health Organization, KEBS-Kenya Bureau of Standards.

Table 4. Concentration of physical parameters in Rungiri quarry reservoir in August 2019.

Sampling Point  Temp (°C) PH (Scale) DO (mg/L) EC (mg/L) TDS (mg/L)  TSS (mg/L)
L1-S 239 7.55 6.1 365 +1.53 184 +1 11+0
L1-2 229 7.51 5.36 360 + 1.53 181.3 + 0.58 1.33 +1.53
L1-4 21 7.46 5.11 364 +1.53 1813 +1.15 3.33+4.16
L1-6 20.8 7.4 5.04 367 +1.73 181.7 + 1.53 11.7 + 6.06

L2 23.8 7.66 6.02 365 +1.15 183.7 + 1.53 11.67 + 4.04
L3 23.6 7.79 6.24 366 + 0.58 181.3 + 0.58 11.33 + 2.89
L4-S 23.7 7.8 6.12 355 + 8.39 183 +3 13+4
L4-2 224 7.7 5.7 364 +1.53 182.7 +7.57 11.67 +7.37
L4-4 21.8 7.63 5.83 362 +2 181.7 + 1.53 10 £ 6.24
L4-6 20.4 7.51 5.21 367 £1 184.3 +1.53 11.33 £ 2.52
L5 23.7 7.54 6.2 364 +1.53 182.3 + 3.51 13 + 6.93
Mean + SD 22.55+1.3 7.6 +0.1 572 £0.5 364 + 3.5 1825+ 1.1 9.94 +£3.9
WHO
Guideline - 6.5-8.5 - - 1000 -
KEBS Limit - 6.5-8.5 - - 1500 0

WHO-World Health Organization, KEBS-Kenya Bureau of Standards.

The reservoir’s temperature ranged from 19.4 °C to 24.2 °C with a mean of 22.48 °C in January,
and varied from 20.4 °C to 23.9 °C with mean of 22.55 °C in August. Temperature decreased with
increase in depth; however, higher temperatures were recorded in surface samples. The higher
temperature in August could be associated with high water temperature as a result of high air
temperature compared to January. High water temperature enhances the growth of microorganisms
and may increase problems related to taste, odor, color, and corrosion [21].

Water pH ranged from being slightly acidic to slightly alkaline in January, with pH ranging from
6.8 to 7.9. The pH values ranged from 7.4 to 7.8 in August, hence the water could be classified as
slightly alkaline. In January, the lowest pH of 6.8 value was recorded at a depth of 12 m, which could
be as a result of close proximity to sediments at that sampling point. The highest pH was recorded at
the surface of sampling point 1. The pH values decreased with increase in water depth. The mean
pH value of the reservoir water was found to be 7.5 and 7.6 in January and August, respectively.
The increase in pH could be associated with reduced water levels causing higher concentration of
base cations [52] as pH is affected by dissolved minerals. The reservoir is slightly alkaline and pH
was within the acceptable range of WHO guidelines and KEBS limit of 6.5-8.5 pH, which usually has
no direct impact on human health; however, outside this range it influences the oxidation, solubility,
and toxicity of metals. The solubility of metals is high at low pH [45]. A pH level above 8.5 enhances
the conversion of nontoxic ammonium to the toxic form of unionized ammonia [53]. The pH also
determines biological constituents of water.

The dissolved oxygen mean concentration in January was 4.91 mg/L, while in August the mean
concentration was 5.72 mg/L. There is no guideline value for dissolved oxygen in drinking water,



Hydrology 2019, 6, 93 13 of 23

however, a healthy water body should have a DO value of 5 mg/L. DO levels in the reservoir in
January ranged from 4.18 mg/L to 5.36 mg/L, while in August the range was 5.21 mg/L to 6.24 mg/L.
Higher DO concentration in August could have resulted from drop in water level leading to a reduced
water column. Again, the concentration of dissolved oxygen decreased with increase in water depth.
This could be as a result of decomposition of organic matter in the water column or release of anoxic
bottom water to the water column [52].

The mean EC for the reservoir was found to be 254.63 uS/cm and 364 pS/cm in January and
August, respectively. There is no official WHO or KEBS guidelines for EC, however, conductivity has a
direct relationship with TDS. Additionally, the reservoir water was classified as good according to EC
classification by [54] (Table 5). EC contributes to salinity and has a positive correlation with dissolved
solids. Water with high ion content has high conductivity, which is an indicator of high concentration
of dissolved solids. The mean concentration of TDS in the reservoir was 127.34 mg/L in January and
182.5 mg/L in August. The standards allow for a maximum of 1000 mg/L. Water with TDS levels of
less than 600 mg/L is considered to be good for drinking but it becomes significantly and increasingly
unpalatable at TDS levels greater than 1000 mg/L [21]. TDS comprises small amounts of inorganic salts,
mainly calcium, magnesium, potassium, sodium, bicarbonates, chlorides, and sulphates dissolved in
water [45]. The increase in EC and TDS levels in August could be associated with evaporation and
absence of dilution effect. The concentrations of sodium, magnesium, and potassium had slightly
increased in August compared to January.

Table 5. Water quality classification for various ranges of EC in uS/cm [54].

Range of Electrical Conductivity Water Quality Classification

<250 Excellent
250-750 Good
750-2000 Permissible
2000-3000 Doubtful
>3000 Unsuitable

The mean TSS value of the reservoir water was 9.17 mg/L in January and 9.94 mg/L in August.
The increase in TSS could be as a result of a reduced water column as a result of the reduced water
level in the reservoir. Suspended solids in the water result from reservoir bank erosion, dead plants,
and re-suspension of sediment into the water column [29]. Suspended solids should be undetectable
in drinking water according to KEBS; however, the National Environmental Management Agency
(NEMA) allows for a maximum of 30 mg/L for domestic water sources. Particulate matter in suspended
solids usually comprise metals and metalloids on their surface, which usually occur in much lower
concentrations in surface water [55]. Suspended particles diffuse sunlight and absorb heat. This can
increase temperature and reduce light available for algal photosynthesis in water body.

Turbidity levels in January in the range of 2.6-12.3 NTU and had a mean value of 7.5 NTU,
while in August turbidity level ranged from 8.6 NTU to 10.97 NTU, with a mean value of 10.97 NTU
(Figure 8). In both cases turbidity was above the KEBS and WHO recommended level of 5 NTU.
Higher turbidity in August could be a result of increased suspended solids in the water [55] caused
by wind erosion around the reservoir and drop of water level. In January, the highest turbidity was
registered at 12 m depth, which could be as a result of settling and resuspension of solids at the
bottom of the reservoir [56]. The high turbidity could have also resulted from disturbance of sediments
during sample collection. This was evident in the collected sample. During the August sampling,
the highest turbidity was registered at sampling point 4 (surface sample) and could be attributed to
fine soil particles from the reservoir’s surroundings. There was constant deposition of silt by wind at
this sampling point. This sampling point was located in an area with red soil surrounding it. High
turbidity increases the cost of water treatment. Turbid water can block filters, reduce their efficiency,
and also reduces the effectiveness of chlorine to kill microbes [57]. Increase in turbidity can adversely
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affect water quality and microorganisms. High turbidity has side effects on flora and fauna [30]. It also
affects the acceptability of water to consumers [58].
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Figure 8. Turbidity concentration at various sampling points: (a) January 2019 and (b) August 2019.

The calcium, magnesium, sodium, potassium, total alkalinity, and total hardness concentrations
in Rungiri quarry reservoir in January and August 2019 are presented in Tables 6 and 7.

Table 6. Concentration of chemical parameters in Rungiri quarry reservoir in January 2019.

. . . . Total Total
Sampling Point Calcu{m Magnesﬁum Sodium Potass;ﬂum Alkalinity Hardness
(mg/L) mg/ (mg/L) (mg/L) (mg/L) (mg/L)
L1-S 15.03 + 0.31 89.27 +1.13 16598 +£35.05  16.72 £ 0.61 106 + 2 64.67 + 3.06
L1-4 14.35 + 0.28 84.32 +0.29 132.33 £ 5.1 26.56 +0.58 107.33+1.15 66.67 +2.31
L1-8 15.42 + 0.92 97.9 +4.55 133.95 + 45.34 26.83+09 11933 +1.15 68+2
L1-12 25.8 +£2.33 113.38 + 17.97 312+£54 18.62 +1.14 110 +2 58 £2
L2 25.35+1.22 100.38 + 6.3 13722 +£22.72 2948 +043  9933+231 6267 £1.15
L3 16.6 + 0.38 87.65 + 4.59 151.05 £ 64.46  3256+0.34 9867 +231 6133+1.15
L4 14.35 +0.17 93.48 + 5.01 160.55 + 17.19 3437 £52 104 £ 2 63.33 + 3.06
L5 17.27 £ 0.24 75.65 + 12.44 135.87 £21.79  20.89 +1.87 104.67 £+1.15 63.33 +1.15
Mean + SD 18.021 + 4.77 93.061 + 8.1 127.509 £51.86  25.754 + 6.46 106.17 + 6.54 63.5+3.1
WHO
Guideline 100-300 - 200 - 200 200
KEBS Limit 250 100 200 50 - 500

WHO-World Health Organization, KEBS-Kenya Bureau of Standards.

The mean concentration of total hardness in the reservoir was found to be 63.5 mg/L in January
and 72.89 in August. Hardness in water is caused by a variety of dissolved metallic ions, mainly
calcium and magnesium [45]. The increase in total hardness concentration in August is associated
with the increase in magnesium concentration. Hardness levels were within the desirable limits of
200 mg/L [21] in both sampling instances. The reservoir water can, therefore, be classified as moderately
soft according to the classification in [57] (Table 8).

The mean concentrations of Mg?*, Ca?* K*, and Na* were found to be 92.75 mg/1.,18.02 mg/L,
25.75 mg/L, and 127.5 mg/L, respectively, in January, and 93.06 mg/L, 15.41 mg/L, 27.336 mg/L,
and 147.6 mg/L, respectively, in August. The source of these cations in the water is weathering of rocks
and ground water, which is the sole source of water in the reservoir. Relatively higher concentrations
of Mg2+, K*, and Na* were registered in August. This could be as a result of reduced water level in
the reservoir and evaporation. Sodium is essential to maintain proper health, whereas if the maximum
acceptable limit of 200 mg/L is exceeded, it causes adverse health risks, such as hypertension and
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vomiting [21]. Mg2+, CaZ*, K", and Na* levels in the reservoir were within the maximum allowable
WHO and KEBS limits, which re 100 mg/L, 150 mg/L, 50 mg/L, and 200 mg/L, respectively.

Table 7. Concentration of chemical parameters in Rungiri quarry reservoir in August 2019.

Sampling Point Calcium Magnesium Sodium Potassium AIIT:ltiariity H:;(thr?less
(mg/L) mg/L (mg/L) (mg/L) (mg/L) (mg/L)
L1-S 21.67 £ 0.43 89.45 + 0.4 152.35+1.57 2316053 111.33 +1.15 74 +2
L1-2 9.4+ 048 8223 £0.12 14022 +£1.09  28.21 £ 0.69 114+2 70.67 £2.31
L1-4 23.61£0.24 88.67 +1.31 143.11+254 29.74+0.77 10933 +1.15 70.67 +1.15
L1-6 15.94 + 0.2 99.95 +1.35 16343 £518 2215+1.08 109.33+1.15 77.33+1.15
L2 14.26 £ 0.27 97.09 +1.26 120.76 £ 0.66  29.27 £ 0.77 110+2 7133 £ 1.15
L3 10.22 + 0.42 101.37 £0.76 1779 +23.84  33.95 £ 0.07 110+ 0 78.67 + 3.06
L4-S 9.12+0.14 98.84 + 0.37 14722 +6.07 3356 £2.74 108.67 +1.15 73.33+1.15
L4-2 1512 £ 0.76 88.7 £ 0.95 153.62 +2.83  26.12+1.88 110+ 0 69.33 +£2.31
L4-4 15.14 £ 0.13 82.34 +0.57 1305+ 049  2956+121 109.33 +1.15 72+2
L4-6 16.28 + 0.16 88.4 +0.41 150.83 +1.84 24.64+1.38 111.33+1.15 70.67 +1.15
L5 18.75 £ 0.36 106.63 +1.34  143.66 +7.43  20.34+03  11333+1.15 70.67+1.15
Mean + SD 1541472  92754+11.42 1476+153 27336 +447 110617 7261+3
WHO
Guideline 100-300 - 200 - 200 200
KEBS Limit 250 100 200 50 - 500

WHO-World Health Organization, KEBS-Kenya Bureau of Standards.

Table 8. Water quality classification according to various ranges of hardness [57].

Range Category
<50 Soft
51-100 Moderately Soft
101-150 Slightly Hard
151-250 Moderately Hard
251-350 Hard
>350 Excessively Hard

The nitrate, nitrite, phosphate, sulphate, and fluoride concentrations in Rungiri quarry reservoir
in January and August 2019 are presented in Tables 9 and 10.

Table 9. Concentration of chemical parameters in Rungiri quarry reservoir in January 2019.

. . . . Phosphate Sulphate Fluoride
Sampling Point Nitrate (mg/L)  Nitrite (mg/L) (mg/L) (mg/L) (mg/L)
L1-S 2.04+0 0.07+0 0.003+0 1595 +0 0.45 + 0.03
L1-4 25+0 0.11+0 0.009 =0 13.69 + 0.07 0.48 £ 0.01
L1-8 0.39+0 0.02+0 0+0 17.1 £ 0.04 0.45 + 0.03
L1-12 0.69+0 0.04+0 0.002+0 13.66 + 0.04 0.44 + 0.04
L2 335+0 01+0 0.02 +0.001 18.08 £ 0 0.41 +0.01
L3 1.72+0 0.06 +0 0.004 +0 18.84 + 0.05 0.44 + 0.03
L4 226 +0 0.07+0 0.007 £ 0 11.58 + 0.04 0.46 + 0.04
L5 1.86 £ 0 0.07+0 0.007 + 0 1272 +0 0.46 + 0.03
Mean + SD 1.851 £ 0.95 0.068 + 0.03 0.007 £ 0.01 15.203 + 2.66 0.45 +0.02
WHO Guideline 50 3 - 250 15
KEBS Limit 45 0.5 22 400 1.5

WHO-World Health Organization, KEBS-Kenya Bureau of Standards.
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Table 10. Concentration of chemical parameters in Rungiri quarry reservoir in August 2019.
. . . Y Phosphate Sulphate Fluoride
Sampling Point Nitrate (mg/L)  Nitrite (mg/L) (mg/L) (mg/L) (mg/L)
L1-S 2+0 0.07 £ 0.001 0.067 £ 0 467 +0 0.46 = 0.02
L1-2 21+0 0.06 £0 0.052 + 0.001 438 +0 0.41 +0.01
L1-4 2.04+0 0.09+0 0.067 £ 0 4.62+0 0.4 +0.01
L1-6 1.84 +0.04 01+0 0.073+0 5.62+0 042 £ 0.01
L2 234+0 0.07+0 0.056 £ 0 448 +0 0.42 +0.01
L3 2.54 +0.01 0.07+0 0.054 £ 0 424+0 043+0
L4-S 218+0 0.06 £0 0.069 £ 0 5360 0.41 £ 0.01
L4-2 21+0 0.06 £0 0.015+0 52+0 0.43 +0.02
L4-4 193+0 0.1 +0.001 0.079+0 486 +0 0.43 +0.03
L4-6 2.06 +0 0.06 = 0.001 0.054 £ 0 528 +0 0.42 £ 0.01
L5 23+0 0.09+0 0.021+0 431+0 0.45 + 0.02
Mean + SD 2.181 + 0.202 0.073 + 0.015 0.055 + 0.02 4.8 +0.444 0.43 +0.02
WHO Guideline 50 3 - 250 15
KEBS Limit 45 0.5 2.2 400 15

The mean concentrations of NO3~, NO,~ SO42~ PO4>~, and fluoride were 1.85 mg/L, 0.068 mg/L,
15.21 mg/L, 0.007 mg/L, and 0.45 mg/L, respectively, in January. The concentration of NO3™ was
2.168 mg/L, NO,~ was 0.073 mg/L, S0,42~ was 4.82 mg/L, PO43~ was 0.055 mg/L, and fluoride was
0.43 in August. These ions were within the KEBS limits of 45 mg/L, 0.5 mg/L, 400 mg/L, 2.2 mg/L,
and 1.5 mg/L for NO;~, NO,~ S04~ PO,43~, and fluoride, respectively, and do not pose any threat to
consumers. The concentrations of NO3~, NO,~, and PO,3~ had increased in August, which could be
because of reduced water volume effect. Similar results for these nutrients were obtained by [52] in
the study of seasonal water quality variation in Ethiopian reservoirs. Fluoride at low levels of 0.6 to
1.0 mg/L fortifies tooth surfaces and reduces tooth decay, especially in growing children, but when in
excess of 1.5 mg/L it leads to fluorosis [57]. Nitrate is a main pollutant in agricultural regions of the
world, as it originates from nitrate fertilizers and animal waste [45].

The zinc, copper, chromium, and lead concentrations in Rungiri quarry reservoir in January and
August 2019 are presented in Tables 11 and 12.

Table 11. Concentration of heavy metals in Rungiri quarry reservoir in January 2019.

Sampling Point Zinc (mg/L) Copper (mg/L)  Chromium (mg/L) Lead (Pb)
L1-S 0.03 + 0.003 0.054 + 0.024 0.03 +0.001 0
L1-4 0.025 + 0.002 0.061 + 0.015 0.025 + 0.003 0
L1-8 0.016 + 0.006 0.068 + 0.015 0 0
L1-12 0.07 + 0.006 0.019 + 0.033 0.043 £ 0 0
L2 0.046 + 0.001 0.032 + 0.055 0.028 + 0.003 0
L3 0.011 + 0.007 0.031 £ 0.029 0.007 £ 0 0
L4 0.012 + 0.005 0.019 + 0.023 0 0
L5 0.018 + 0.004 0.006 + 0.011 0.043 + 0.003 0
Mean + SD 0.029 £ 0.02 0.036 + 0.02 0.022 + 0.02 0
WHO Guideline 3 2 0.05 0.01
KEBS Limit 5 0.1 0.05 0.05

WHO-World Health Organization, KEBS-Kenya Bureau of Standards.
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Table 12. Concentration of heavy metals in Rungiri quarry reservoir in August 2019.

17 of 23

Sampling Point Zinc (mg/L) Copper (mg/L)  Chromium (mg/L) Lead (Pb)

L1-S 0.013 + 0.006 0.05 + 0.017 0.005 + 0.009 0

L1-2 0.021 + 0.009 0.057 + 0.004 0.026 + 0.009 0

L1-4 0.042 £ 0.018 0.065 + 0.013 0.031 £ 0.01 0

L1-6 0.04 +0.01 0.014 + 0.025 0.019 + 0.008 0

L2 0.032 £ 0.014 0.02 £ 0.034 0.015 £ 0.014 0

L3 0.011 + 0.007 0.016 + 0.014 0.012 £ 0.014 0

L4-S 0.03 + 0.009 0.018 + 0.017 0.016 + 0.02 0

L4-2 0.032 £ 0.003 0.017 = 0.015 0.014 + 0.006 0

L4-4 0.025 + 0.004 0.024 + 0.003 0.008 + 0.009 0

L4-6 0.04 + 0.003 0.088 + 0.105 0.004 + 0.006 0

L5 0.019 + 0.009 0.003 £ 0.005 0.013 £ 0.021 0

Mean + SD 0.028 +0.01 0.034 +0.03 0.015 +0.01 0
WHO Guideline 3 2 0.05 0.01
KEBS Limit 5 0.1 0.05 0.05

WHO-World Health Organization, KEBS-Kenya Bureau of Standards.

The mean concentrations for Zn, Cu, and Cr were 0.029 mg/L, 0.036 mg/L, and 0.022 mg/L,
respectively, in January. Lower values being recorded in August, with a mean concentration of
0.028 mg/L for Zn, Cu was 0.034 mg/L, and Cr was 0.015 mg/L. The concentrations of these metals
in all samples were below WHO guideline values and KEBS standards for Zn (3 mg/L), Cu (2 mg/L),
and Cr (0.05 mg/L). Pb was not detected in any of the sampling points during both sampling instances,
indicating that there was no anthropogenic source of pollution in the reservoir after all; it is rarely
found naturally in lakes, rivers, and reservoirs [59]. The concentration of heavy metals in the water
was low, the source of which could only be rock and soil weathering [60]. Zinc is one of the least toxic
metals and does not bio-accumulate in organisms. Heavy metals occurring naturally in water bodies
are even essential to life [59].

The concentrations of iron, cadmium, and manganese exceeded guideline values. Together with
their recommended standards, the parameters were plotted for respective sampling points in both
January and August (Figures 8-11).
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Figure 9. Iron concentration at various sampling points during the dry season: (a) January and
(b) August.
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Figure 10. Cadmium concentration at various sampling points during the dry season: (a) January and

(b) August.
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Figure 11. Manganese concentration at various sampling points: (a) January and (b) August.

The mean concentrations for Fe, Mn, and Cd were 0.32 mg/L, 2.26 mg/L, and 0.008 mg/L,
respectively, in January, which were higher than WHO guidelines and KEBS limits of 0.3 mg/L for
Zn, 0.4 mg/L (WHO) and 0.1(KEBS) for Mn, and 0.003 mg/L for Cd. During August sampling, the
mean concentration of Fe in the reservoir was 0.144 mg/L and Mn was 0.322 mg/L; hence, lower than
WHO guideline values but higher than KEBS limits of 0.1 mg/L. However, the cadmium level was
still higher than the recommended guidelines, with a mean concentration of 0.01 mg/L. Cadmium
in the reservoir could be of geologic origin. In ground water, cadmium levels vary from 0.001 to
0.01 mg/L [44]. The high concentration of cadmium could have also resulted from nitro-phosphate
fertilizers from the nearby farms lands [59]. Concentrations of iron and manganese increased with the
increase in depth. The highest concentrations in January for both Mn and Fe metals were registered
at 8 m and 12 m depth. This could be attributed to the sediments. Oxygen concentration reduces
with depth in water, especially depths greater than 10 m, leading to anoxic conditions at the reservoir
bottom. Reduced forms of iron and manganese are much more soluble than the oxidized forms, hence
the iron and manganese in the sediments leach out and dissolve in the water to levels exceeding
drinking water quality status [55], causing the increase of manganese and iron concentration with
depth. The high levels of Fe and Mn in January could be attributed to deposition of soil particles
containing iron in the reservoir during the previous short rainfall season from November to December,
as a result of runoff into the reservoir. Also, the sediments were disturbed during sample collection at
sampling point 1, leading to resuspension of settled sediments containing metals in the water column.
Iron is present in significant amounts in soils and rocks in insoluble form, however, many complex
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reactions that occur naturally in ground formations can give rise to more soluble forms of iron, which
will are present in water passing through such formations [57]. The increased concentration of heavy
metals in the water during August sampling could be as a result of reduced volume of water in the
reservoir, increasing the concentration of dissolved metals in the liquid phase [60].

The data collected indicate that there were coliforms in the water. The test for E. coli in the water
was also positive. The mean most probable number (MPN) of coliforms was 610 in January and 179 in
August. E. coli was also detected in all samples collected in January, except the surface sample collected
at sampling point 1, at 12 m depth. E. coli was detected in all samples collected in August. WHO
guidelines and KEBS dictate that no fecal coliforms ought to be identified in a hundred millilitres of
drinking water. The presence of coliforms in the water could be as a result of fecal waste from birds,
wild animals, and environmental origins around the reservoir. The water, therefore, poses health risk
to consumers unless treated accordingly (Table 13) before consumption [24,54].

Table 13. Guideline for raw water treatment [24,54].

Coliform Organism Number

(No/100 mL) Comment Recommended Treatment
0-50 - Disinfection only
50-5000 _ Full treatment (coagulation, sedimentation,

filtration, and disinfection)
5000-50,000 Heavy pollution Extensive treatment
>50,0000 Very heavy pollution and

Special treatment
unacceptable source P

3.3. Suitability for Drinking Use Based on WQI

For the computed WQ)], the range in January was 26.96 to 116.65, while in August the WQI of the
reservoir ranged from 35.61 to 156.23 (Table 14). There was no observed trend of WQI with depth in
January; however, in August, the WQI value decreased with increase in depth. In January, the poorest
water quality with a WQI of 116.88 was registered at 8 m depth, and in August this was 156.23 at
6 m depth. The overall WQI of the reservoir was found to be 82.51 in January and 85.85 in August
(Table 6). The water falls in class B according to [49,50]. WQI classification, and thus is considered of
good quality (Table 2). The highest influencing parameters on WQI were manganese and cadmium.
Although most of the sampling points of the water showed good quality status, the water was of
poorer quality in August, which could have resulted from higher concentration of cadmium compared
to January, amongst other parameters.

Table 14. Water quality status at various sampling points and the overall status of water.

Sampling Point WQI Values (January) Water Quality Status

(a) January
L1-S 71.14 Good
L2 26.96 Excellent
L3 43.00 Excellent
L4-S 88.50 Good
L5 85.02 Good
M 42.47 Excellent
SM 116.65 poor
12M 68.75 Good

Overall 83.31 Good
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Table 14. Cont.

Sampling Point WQI Values (January) Water Quality Status

(b) August

L1-S 35.61 Excellent
L2 76..94 Good

L3 37.62 Excellent
L4-S 55.17 Good
L5 99.73 Good
2M 78.96 Good
M 96.32 Good
6M 156.23 Poor
Overall 85.85 Good

WQI-Water Quality Index.

4. Conclusions

The study revealed that the storage capacity of the reservoir is 128,385 m3, the surface area is
17,699 m?2, the mean depth is 7.9 m, and the maximum depth is 15.11 m. This information is vital for
assessing the water volume status at various stages, therefore enabling an informed decision to be
made regarding the water withdrawal plan.

It was observed that except for cadmium, manganese, turbidity, and iron, which were above the
maximum permissible limits, all water quality parameters in the reservoir were in compliance with
WHO and KEBS standards. The bacteriological quality of the reservoir water was unacceptable and
would pose a health risk to consumers if the water was consumed without treatment. The reservoir
water is moderately soft, with mean cation and anion dominance in the order of Na > Mg > K > Ca
and SO4%~ > NO3~ > NO,~ > PO,37, respectively. Heavy metal dominance in the reservoir was in
the order of Mn > Fe > Cu > Zn > Cr > Cd. Pb was not detected in the reservoir water. The mean
concentrations of parameters were similar in January and August; however, most parameters had
a higher concentration in August, especially Cadmium, as a result of the lower water level in the
reservoir increasing the metal concentration in the liquid phase. During low input and evaporation in
reservoirs, these values are expected to rise. Alternatively, in events of flooding, the volume of metals
is expected to reduce because of dilution effect. From the computed WQ]I, the reservoir has a rating of
good water quality. The water quality status during both sampling instances was similar, with WQI
values of 83.31 in January and 85.85 in August.

The study recommends that the reservoir is fit as potential supplemental source of domestic
water; however, treatment of the water is required before human consumption. Coagulation and
filtration methods of treatment can achieve cadmium levels up to 0.002 mg/L [21,60]. Ion exchange,
lime softening, and reverse osmosis are also approved by the Environmental Protection Agency
(EPA) for cadmium removal. The other contaminants can be removed through conventional water
treatment methods.

The main limitation of this study is failure to depict water quality during the rainy season because
of inadequate rainfall. There was a constant decrease in water level in the reservoir during the study
period. Comparison of water quality during dry and wet seasons is more informative in this study.
A water quality model for forecasting water quality should be developed in future research. Also,
comprehensive monitoring of water quality over the rainy season should be done.
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