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Accumulation and deposition of sediments in waterbody aﬀect the seepage capacity that could lead to improper water balance and
results in the water level rise. This study analysed the inﬂuence of sedimentation on seepage capacity in Lake Nakuru and the
impact of sediment characteristics to the water seepage and the ﬂow rate formation at the lake bed level. The study was performed
by sampling and analysing the sediment cores from two locations in the lake. The sediment hydraulic properties, i.e., moisture and
porosity, particle sizes, and hydraulic conductivity, were determined using the oven-drying method, sieve analysis, hydrometer
analysis, and falling head tests, respectively. The results showed that the lake sediment sample from location P1 had an average
ratio of 39.38% for silty soil, 34.00% for clayey sediment, and 26.63% for ﬁne-sand sediment particles with the maximum
permeability coeﬃcient of 3.37 ∗ 10− 5 cm/s, while the one from location P2 had an average ratio of 63.17% for sand, 20.17% for
ﬁne particles, and 16.67% for gravels with the maximum permeability coeﬃcient of 0.010793 cm/s. The hydraulic conductivity of
sediment sample from location P1 and P2 increased along the core depth. This could lead to the rise of water level due to the
decreases of water movement induced from the sediment cementation in the top layers under the waterbody. Sedimentation
aﬀects Lake Nakuru water volume and water balance; hence, there is a need to control the inﬂow of sediment resulting from
anthropogenic activities in the watershed.

1. Introduction
Sedimentation is a major environmental threat to sustainability and related water resource eﬃciencies [1]. Accumulation and deposition of sediment in the lakes and
reservoir is a concerning factor threatens their functionality [2–4]. It has been recognized as a major problem in the
lakes and the use of surface water supplies [5]. One such
lake that could be impacted by sedimentation on water
seepage is Lake Nakuru. The sedimentation issue in Lake
Nakuru was reported since the past 2 decades [6]. The
diﬀerent hydraulic properties of deposited sediment aﬀect
water level and the lake water balance through their ability
to allow or prevent the water seepage in the Rift Valley lakes
[7]. When high or low rainfall and runoﬀ cause a rapid rise

or loss in lake level, the rate of groundwater seepage could
increase or diminish due to the diﬀerence in elevation head,
causing the water level in the lake to rise or dry up [8].
Groundwater acts as a reservoir from which water seeps
into or out of the lake through the lakebed sediments [7, 9].
Lake Nakuru water inputs comprise of direct rainfall over
the lake’s surface area, surface runoﬀ, and groundwater
inﬂow. No considerable outlet rivers are draining from
Lake Nakuru and some neighbouring lakes in Kenya Rift
valley. The water is balanced by underground outﬂow and
evaporation [9–12]. The major surface water discharge into
Lake Nakuru include several rivers, spring perennial
rainfall, sewage plant eﬄuent, and groundwater recharge
[13, 14]. River Njoro is the main source of the sediment
delivered in Lake Nakuru with 70%, followed by Makalia
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with 21%, Nderit with 4%, sewage drain (eﬄuents) with 4%,
and Baharini with 1% [6].
The Kenyan rift valley lakes present the groundwater
links between them [8]. A series of lakes in the rift valley,
Kenya, are fed of rivers and springs engendering the water
balance, and the regional groundwater ﬂow systems within
Lake Nakuru, Naivasha, Elementeita, Bogoria, and Lake
Magadi [8, 9, 11, 12]. Due to the lake’s sediment hydraulic
properties, the groundwater seepage can be the dominant
source of water in dry periods and use to stabilize lake levels
in those drought periods [7, 8].
Lake Nakuru has been ﬂuctuating since the past 4
decades [13, 15]. According to the studies [16–21] conducted from 1972 to 1985, the lake maximum water depth
varied from 2.18 m to 4.18 m [21]. The lake depth changed
more than 47.8% in the total period of the research study.
This is simply implying a predominant ﬂuctuation of Lake
Nakuru water level possibly resulted from unfair water
balance linked to climate change and subsurface seepage
[22, 23]. According to Vareschi (1982) [18], the lake
Nakuru had been almost fully dried up several times
during the past 50 years for unknown reasons. During
1995, 1996, and 1997, the lake partially dried up again,
resulted in disappearance of most birds and tourism
greatly reduced [7, 24]. The lake levels rebounded over
heavy rainfall-driven ﬂooding in 1998, and few ﬂamingoes
started returning early 2000 [7]. Since year 2013, Lake
Nakuru has been swelling up and submerging the
buildings around the lake [15].
The impacts of sediment hydraulic properties on the rise
of water level in Lake Nakuru were reported by Jenkins et al.
[7]. The water rise in the lake could be resulted from sediment accumulation in the lake. Inappropriate land use and
the waste disposal in the watershed are responsible for
sedimentation status in Lake Nakuru [7].
Thus, this study sought to understand the impact of
sedimentation on water seepage capacity and water level rise
in Lake Nakuru. The study used experimental laboratory
works to analyse the inﬂuence of sedimentation on water
balance in the lake and the impact of deposited sediment
characteristics to the water seepage capacity.

2. Materials and Methods
2.1. Description of the Study Area. Lake Nakuru is located at
00°18’23”S to 00°24’48”S and 36°03’21”E to 36°07’13”E
(latitude, longitude) in Nakuru County, Kenya (Figure 1).
This is a closed basin without outlets in the Kenyan Rift
Valley region [25, 26]. It is included in the Lake NaivashaElmentaita-Nakuru basin, a region where the eastern rift
valley attains its highest elevation [13, 25]. Lake Nakuru is at
an elevation of 1,759 m above sea level. The basin mean
annual rainfall and evaporation within the basin is 1060 mm
and 1292 mm, respectively. Further, the mean lake temperature ranges from 20.6°C to 23.5°C [15, 21]. According to
[25, 26], poor waste disposal and anthropogenic inﬂuences
in the watershed result in the sediment accumulation in the
lake.
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2.2. Sediment Core Sampling and Processing. Sediment cores
were collected at 2 locations as shown in Figure 1, and their
geographic location is presented in Table 1. One of the cores
was collected in the middle part of the lake while the other
one focused towards the entry of River Njoro. According to
[6], River Njoro is a major sediment contributor in Lake
Nakuru.
During sediment core collection, a vibracoring system
which consisted of a high frequency vibrating head and
modular weighty rig attached of core tube was used in
collecting the sediment cores. The Hex Nut Bolt was used to
ﬁx the core tube to the disk. The vibracoring system attached
to the coring tube was vertically sunk to the lakebed level
using a winch [27–29]. The halt in movement could occur
because of sediment tube fully ﬁlled or reached the very
compacted layer. The core was then retrieved using a winch
capped and transported in the vertical position to maintain
the sample in its relatively undisturbed state [27, 29].
In the laboratory, the sediment cores were divided into
two longitudinally. While the core section is still intact,
general visual analysis and description of the sediment core
were undertaken considering diﬀerent colours, texture, and
consistency. A similar procedure of processing sediment
core had previously been followed by [27]. Subsampling of
identiﬁed sediment layers along the core (discarding the
sediment at core tube walls) was then undertaken as described in [30]. At this point, nonsediment objects such as
bottle caps, broken glass, sticks, and large rocks were removed from the sample [27, 31, 32]. The sediment was
subsampled in each 5 cm interval range for moisture analysis
and hydraulic conductivity analysis and 10 cm for particle
size analysis.
2.3. Sediment Hydraulic Properties
2.3.1. Sediment Moisture and Porosity. The analysis of
moisture and porosity was conducted on the sediment
samples from location P1 and P2 (Figure 1). The procedure
for water content was determined based only to the weight of
the soil sample in moist and dry states following the ASTM
D2216 as described in [33, 34]. The amount of water content
in the sediment depends on the pore space. Hence, void ratio
and porosity of sediment sample were determined based on
the weight and volume of sediment sample in moist and dry
states considering their respective speciﬁc gravity as described in [33–35].
2.3.2. Particle Size Analysis. On sediment samples, particle
size analysis (sieve and hydrometer analyses) was undertaken to determine their texture. In this, sieve analysis was
undertaken to aid in understanding particle size distribution
of the coarse grain sediments (sand and gravel), while hydrometer analysis was done provided a particle size distribution for the ﬁne-grain sediments (silt and clay).
Wet sieve analysis was conducted on sediment sample
from location P2 since it had been observed to have abundance of large particles (sands and gravels). In this sample,
subsampling had been at 10 cm interval from top to bottom of
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the sediment core. The sieve analysis procedure was done
following the ASTM D421 standard [33, 34].
The coeﬃcient of gradation CU and coeﬃcient of curvature CC referred to as the parameter which indicates the
range of distribution of grain sizes in a given soil specimen
were established as described in the ASTM D421 standard.
In this, particle diameters D10 , D30 , and D60 of percentage
ﬁner 10%, 30%, and 60% were used to determine the uniformity coeﬃcient (CU ) and the coeﬃcient of gradation
(CC ).
The hydrometer analysis was used to determine the ﬁnegrained particle size distributions for the fraction ﬁner than
No. 200 (0.075 mm) from the sediment core. The analysis
was done following the ASTM D422 standard [33, 34], from
the ﬁne-grained particles that existed in location P1 of the
study area. Fresh sediment equivalent to 50 g dried samples
collected at 10 cm interval along the sediment cores were
used for hydrometer analysis.
The subsample was measured and mixed with 125 ml of
4% sodium hexametaphosphate solution equivalent to 40 g
of Calgon in 1000 ml. The solution was ﬂushed into a
1000 ml glass cylinder, which was ﬁlled to the 825 ml mark
with deionized water and then mixed for two minutes. The
hydrometer was then inserted into the glass cylinder. This
time was recorded as t � 0. The hydrometer readings were
taken from 0.25, 0.5, 1, 2, 4, 8, 15, 30, 45, 60, 75, and 90
minutes after the initial mixing of the sample and deﬂocculating solution. Addition readings were taken at 24 and 48
hours.
The analysis was conducted using standard for hydrometer analysis described in [33, 34]. The percentage of
ﬁne material was then calculated using equation (1) as
presented in [34]:
Pf �

a ∗ Rcp
∗ 100,
WS

(1)

where Rcp is the hydrometer correction value, WS is the
weight of dry soil taken for the test, ais the correction for
particle density, and Pf is the percentage ﬁner value.
2.3.3. Hydraulic Conductivity. To determine ﬂow rate of
water through the sediment, hydraulic conductivity was
undertaken. This followed the ASTM D5084-10 Deleted
standard described in [36]. Both the sediment sample from
locations P1 and P2 (Figure 1 and Table 1) were analysed for
hydraulic conductivity. The sediment subsamples were taken
at an interval of 5 cm along the sediment core. The procedure
for collecting undisturbed soil sample with the tube sampler
was done following ASTM D1587 standard [33].
During hydraulic conductivity analysis, the falling head
permeability test was used as it is more suitable for ﬁnegrained soil, whereas the constant head permeability test is
suitable for the coarse-grained soil. Three to four trials were
conducted on each sample to get the average coeﬃcient of
permeability. Since the velocity of water in the sediment
sample was slow, the ﬂow of water was considered as
laminar. As a result, the ﬂow rate of water through the
sediment specimen of gross cross-sectional area (A) is

expressed in equation (2) by Darcy law and the permeability
coeﬃcient at the standard temperature was determined
using equation (3) described in [33, 34, 37, 38]:
V � Ki,
K20° C � KT° C ∗

(2)
ηT° C
,
η20° C

(3)

where K is the coeﬃcient of permeability, i is the hydraulic
gradient, KT° C is the measured permeability coeﬃcient at the
actual water temperature T°C in the lab, K20° C is the permeability coeﬃcient at the standard temperature of 20°C,
ηT° C is the measured viscosity of water in the lab, at the actual
water temperature T°C, and η20° C is the viscosity at the
standard temperature of water at 20°C (standard).

3. Results and Discussion
3.1. Sediment Moisture and Porosity. The sediments from
location P1 were found to have a high moisture content. It
was observed that water content at the top of the core was
found to be more than 800%. This can be attributed to high
presence of ﬁne particles at the top of sediment core. It was
observed that the moisture decreased along the sediment
core up to about 300% at the bottom. On the other hand,
water content of sediment from location P2 was found to be
less than 80% (Figure 2). Considering porosity which usually
refers to how many pores or holes the sediment has, it was
observed that the ﬁner particle size, the greater the moisture
and porosity.
According to [35, 39, 40], water inﬁltration depends on
the degree of saturation or the moisture content in the soil.
As a consequence, the soil permeability increases as the
degree of saturation decreases and inﬁltration is likely to
stop at a full saturation state. Then, the greater is the porosity, the lesser the soil could be permeable. The properties
of sediments with high porosity tend to form rocks with the
particles of the same characteristics [35, 39].
3.2. Sediment Particle Size Analysis
3.2.1. Sediment Sieve Analysis. The lake sediment from
location P2 had an average ratio of 63.17% for sand,
20.17% for ﬁne particles, and 16.67% for gravels. Only
sand and gravels had 80% of the whole sediment sample
resulting in a large pore space (Figures 3 and 4). The shape
and size of the soil particles aﬀect the way particles are
packed together and ﬁll the pore space contained in the
soil, which aﬀects the soil porosity. It was observed that
the top of the sediment core was characterized by sand and
ﬁne particles at large, while the bottom of the core had
sand and gravels at large. The ﬁneness of particles decreases top to bottom of the core. This would result in the
low permeability in the top layer compared to the bottom
sediment layer. From the particle size analysis, it was
observed that the sediments in Lake Nakuru could aﬀect
the water movement as the sediment keeps on ﬁlling in the
lake.
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Figure 1: Lake Nakuru location map.

Table 1: Sediment core sampling location.
Sampling location
P1
P2

According to the soil types along the core depth, Lake
Nakuru sediment from location P2 presented a high ratio of
ﬁne particles at the top of the core. The bottom layers
presented a high ratio of sand and a very small ratio of ﬁne
particles. The core contained about 50% of the ﬁne particles,
43% of sand particles, and 7% of gravel particles in the 10 cm
layer of the top sediment layer. The ratio of sand increased
along the sediment core depth. The sand particles content
was about 69%, gravel particles 21%, and 10% of ﬁne particles in the 10 cm layer at the sediment core bottom
(Figures 3 and 4). Half of the sediment particles contained at
the sediment sample top layer was ﬁne particles which included clayey and silty soil. The sand content was 70% at the
sediment bottom. The excessive presence of ﬁne particles in
the top layer results in the low soil permeability in the top
layer. The soil particle sizes inﬂuence the continuity of the
pore spaces and the rate of water movement as reported in
[35, 41, 42]. According to [35, 39, 43], the soil porous usually

Latitude
00°21’33”S
00°20’22”S

Longitude
36°05’41”E
36°04’54”E

refers to how many pores or holes the soil has. It determines
how fast the water enters the soil and the amount of water
that a given volume of soil can hold. Then, the ﬁner the
particle size, the greater the porosity (Figures 2 and 4).
3.2.2. Sediment Hydrometer Analysis. Results from hydrometer analysis, conducted on sediment core from location P1, showed that the sediment had an average ratio of
39.38%, 34.00%, and 26.63% of silt, clay, and ﬁne-sand
particles, respectively (Figures 5 and 6). It was found that
ﬁne particles of silt and clayey nature were approximately
73.38% of the whole sediment sample. Further, it was observed that the ﬁne particles of the sediment were highly
viscous. The presence of small particle size fraction in the soil
contributes a lot to the soil plasticity and permeability
[34, 39]. According to [35, 40, 43, 44], a high portion of
small-sized pores obstruct the movement or permeability in
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Figure 2: Variation of sediment moisture and porosity along with the core depth.

the porous media. Also, clayey and silty soil ﬁneness allows
them to pack together in a certain dense way and leave a high
ratio of the small-spaced pores within them, which initiates a
closed porosity with a slight water movement. Therefore,
from the ﬁndings of this study, it was noted that Lake
Nakuru sediment from location P1 favours a closed porosity
with a slight water movement.
Considering sediment along the core depth, Lake
Nakuru sediment from location P1 presented a high ratio of
clayey soil particles at the top and bottom of the sediment
core. The ratio of clayey soil particles decreased in a third of
the core depth with an increase of the ratios of ﬁne-sand and
silty soil particles as presented in Figure 6. This shows there
is low permeability at the top and an excessive permeability
in a third part of the core depth. At 10 cm layer from top of
sediment core, it was observed that the sample contained a
ratio of 44%, 43%, and 13% for the clayey, silty, and ﬁne-sand
particles, respectively. The ratio of silty and clayey soil
particles decreased at the bottom layers of the sediment core
with an extent of 42%, 38%, and 20% for the clayey, silty, and
ﬁne-sand particles at the layer of 10 cm at the bottom of the
sediment core (Figures 5 and 6). Although the diﬀerence in
the ratios of silty and clayey soil particles is not very signiﬁcant, the core presents a substantial amount of clayey soil
from the top to the bottom of the sediment core.
The silt and clay soil contained almost 87% at the top and
80% at the bottom of the sediment core (Figures 5 and 6).
The particles size analysis has been reported in [35, 41, 42] to
be crucial for soil hydraulic conductivity analysis. This
implies the eﬀect of sediment in decreasing permeability in
the top layer of sediment. Therefore, these property changes
are considered to be aﬀecting the water seepage in Lake
Nakuru.

3.3. Sediment Hydraulic Conductivity. The sediment sample
from location P1 presents an insigniﬁcant hydraulic conductivity with the maximum permeability coeﬃcient of
3.37 × 10− 5 cm/s in the bottom layer of the sediment core.
The results from experiments showed that the permeability
of the sediment sample from location P1 increases along the
core depth with the permeability coeﬃcient of
4.71 × 10− 6 cm/s at the top of the sediment core and
1.67 × 10− 5 cm/s at the bottom of the sediment core (Figure 7). On the other hand, sediment sample from location P2
presents a high hydraulic conductivity with the minimal
permeability coeﬃcient of 4.3 × 10− 4 cm/s in the top layer of
the sediment core. According to the results from experiments done, the permeability of the soil sample from location P2 also increases along with the core depth with the
permeability coeﬃcient of 0.001244 cm/s at the top of the
sediment core and the permeability coeﬃcient of
0.002168 cm/s at the bottom of the sediment core (Figure 7).
Also, soil permeability was found to be inversely proportional to the moisture and porosity. The higher the water
content, the ﬁner the particle size and the less was the
hydraulic conductivity (Figures 2 and 7). According to
[40, 44, 45], the soil permeability is a primal aspect for the
sediment physical properties that reﬂect the water seepage. It
is basic analysis for the water movement and the ﬂow rate
formation of the sediment at the lake bed level.
From the results, both hydraulic conductivity of the
sediment sample from location P1 and P2 increased along
with the core depth; this conﬁrmed the inﬂuence of sediment
in the water balance and water level rise due to the decreases
of water movement in the top layers of sediment from Lake
Nakuru.
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Grading chart - sample location P2 (0–55) cm
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Figure 3: The sieve analysis grading curves of the sample from location P2.
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Figure 4: Sieve analysis ratio of the sediment soil types along with the core depth.
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Hydrometer grading chart - sample location P1 (00–80)
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Figure 5: Hydrometer analysis grading curves of the sample from location P1.
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Figure 6: Hydrometer analysis ratio of the sediment soil types along with the core depth.
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Sample locations P1 and P2 permeability coefficient
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Figure 7: Hydraulic conductivity of sediment from locations P1 and P2.

4. Conclusions and Recommendations
The sediment core from location P1 had more than 800%
water content at the top which decreased along the core with
bottom of sediment core having about 300% water content.
The sediment core from location P2 was found to have lesser
than 80% water content. Therefore, the soil permeability was
inversely proportional to the water content. The higher was
the water content, the lesser the soil could be permeable.
The sediment sample from location P1 had an average
ratio of 39.38%, 34.00%, and 26.63% for silty, clayey, and
ﬁne-sand soil particles, respectively. The sediment core also
had maximum permeability coeﬃcient of 3.37 × 10− 5 cm/s.
Considering the sediment core from location P2, an average
of 63.17% for sand, 20.17% for ﬁne particles, and 16.67% for
gravels was observed with the maximum permeability coeﬃcient of 0.010793 cm/s. The hydraulic conductivity of
sediment sample from both locations P1 and P2 increased
along with the core depth, which implies the inﬂuence of
sediment in the water level rises due to the decreases of water
movement in the top layers of sediment.
According to the results of hydraulic properties for the
sediment accumulated in Lake Nakuru, the sediment deposited on the lake bed level aﬀects the water seepage. The
water movement at the bed level decreases as the sediments
are ﬁlling in the lake. This could negatively aﬀect the lake
water balance where there could be a lake water level rise.
Hence, there is a need to control the inﬂow of sediment from
the watershed. Further study on the hydrometeorological
and groundwater monitoring to analyse the climate changes
in the lake drainage basin and the lake’s water balance by
focusing on the issue of the rising of water level from the past
50 years is recommended.
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Supplementary Materials
Lab experiments were used to evaluate the hydraulic properties of sediment. The datasets used were recorded and
processed in diﬀerent spreadsheets based on each type of
experiment. (1) The moisture and porosity were used to analyse the properties related to the water seepage. The inﬁltration rate of soil also depends on pore space in the soil
porous media which reﬂect the moisture and porosity in the
sample. Eleven to sixteen experiments were done from the top
to the bottom of each core, within an interval of 5 cm. (2)
Particle size analysis was used in analysing the implication of
soil texture in the water seepage. The analysis complied of sieve
analysis and hydrometer analysis was done to the sediment
sample from locations P1 and P2, respectively. Six to eight
experiments were done from the top to the bottom of each
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core, within an interval of 10 cm. (3) Hydraulic conductivity
was used in analysing the physical properties of sediment that
reﬂects the water movement and the ﬂow rate formation of the
sediment at the lake bed level. Eleven to twelve experiments
were done from the top to the bottom of each core, within an
interval of 5 to 10 cm. (Supplementary Materials)
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