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ABSTRACT

Integrated water resources management is necessary, particularly in a system where considerable
interactions exist between ground and surface water resources. Integrated study requires reliable
estimation on an overall basin water budget and reliable estimates on hydrologic fluctuations between
ground water and surface water resources. The objective of this study is to construct and calibrate a 3-D
transient groundwater model that simulates the long term groundwater and lake water balance of the Lake
Naivasha basin and that could be utilized to evaluate the effects of changes in system flux over time.

Methodological design of this study starts with a field work Geodetic-GPS survey program in order to
accurately measure height of the groundwater level and surface water levels. The data analysis involved a
separate characterization of both surface and subsurface parameter. Time series data including lake level,
surface water-inflow, evaporation and precipitation were analyzed on a monthly basis. Pump test data was
analysed for recently drilled boreholes. Recharge was estimated by relating monthly change in groundwater
level and average recharge measured in the area. Water abstraction data mainly from the irrigated
commercial farms was analysed based on the irrigation area-depth relationship.

The model developed using GMS software, covers an area of 1817 sq. km with two aquifer systems. The
upper aquifer is unconfined and the lower aquifer is semi-confined. The upper aquifer is in hydraulic link
with the lake. The model grid contains 104 rows, 120 columns with a uniformly horizontal spacing equal
to 500 m. The lake bathymetry was represented by the lake package Triangular Networks (TIN) of GMS
functionality. The model design spans over 79 years (1932-2010) with a total of 942 stress periods and a
single time step. In the modeling process the applications of the conceptual model approach of Modflow
and Lake Package LAK3 was extensively explored.

Model calibration was highly constrained by observing the measured and calculated aquifer and Lake
Level. The final calibrated model, implements the application of parameter estimation tools, PEST. The
model matches the observed lake level with R2= 0.985, steady state and R2= 0.905, transient state. Model
sensitivity analysis result shows that the steady state model is highly sensitive to increasing and decreasing
of recharge and highly sensitive to a decreasing than increasing in hydraulic conductivity. The transient
model shows equal sensitivity with increasing and decreasing of the storativity but with a slow response.

The long term lake water balance is calculated by Modflow using the stage-volume rating curve of Lake
Package LAK3. The long term average storage volume is 8.4 * 105 m3/month. The long term average
fluxes in to the lake are precipitation 7.72 *106 m3/month, sutface inflow 19.36*106 m3/month and
groundwater inflow (Lake seepage-in) 1.1*10¢ m3/month. The long term average fluxes out of the lake are
evaporation 21.41%¥106 m3?/month, lake water abstraction 1.92 *10° m3/month (equivalent to 5*10°
m3/month over the past 30 years) and groundwater outflow (Lake seepage-out) 5.5%106 m3/month. The
lake water balances suggests that the lake is not in equilibrium with the inflow and outflow terms, a long
term net lake level fall of 5.4m resulted in a lake storage loss of 6.73 * 108 m3 over the period, 1932-2010.

A long term groundwater budget is calculated reflecting all water flow in to and out of the regional aquifer.
The inflow components include recharge 2.8*106 m3/month, river leakage-in 1.4¥105 m3/month and Lake
Seepage-in (groundwater outflow from the lake) 5.56*106 m3/month. The outflow components include
well abstraction 7.5%105 m3/month (equivalent to 2*106 m?/month over the past 30 years), river leakage-
out 2*¥10* m3/month, Lake Seepage-out (groundwater inflow in to the lake) 1.1*¥10° m3/month and
groundwater outflow through the head dependent boundaries 6.7¥106 m3/month.The model water
balance suggests that lake Naivasha basin is in equilibrium with a net outflow about 1% greater than the
inflow over the calibrated period of time (1932-2010)

Key words: Lake Naivasha, Groundwater modeling, Transient, Water balance, Interaction Modeling
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GROUNDWATER AND LAKE WATER BALANCE OF LAKE NAIVASHA USING 3-D TRANSIENT GROUNDWATER MODEL

1. INTRODUCTION

1.1. Background

Lake Naivasha has been considered as a highly significant national fresh water resource in Kenya by
several authors. Its water is not only being utilized for domestic water supply and recreation but also
sustains important economic activities such as flower and vegetable growing, tourism and fishing. Rapid
industrial development and increase in agricultural production like in Lake Naivasha, have led to
freshwater shortages in many parts of the world. In view of increasing demand of water for agricultural,
industrial and domestic consumptions, a greater emphasis is being laid for sustainability and optimal
utilization of water resources.

Sustainable development of water resources needs quantitative estimation of the available water resources.
Quantitative estimation is necessary to maintain the groundwater reservoir in a state of dynamic
equilibrium over a period of time and the water level fluctuations to be kept within a particular range over
the dry and wet seasons. Water balance studies have been extensively implements to make quantitative
estimates of water resources. Water balance also helps to evaluate quantitatively the contribution of
individual sources of water in the system in time and space and studies the degree of variation in water
regime due to changes in components of the system.

1.2. Research problem

Lake Naivasha is the only freshwater resources among many saline lakes in the Kenyan rift valley. The
freshness of the lake makes it suitable for development of flower production, horticultural production,
tourist industries and other human activities around the shores of the lake. In the last 10 years the
industrial expansion around the lake has definitely translated into a correspondingly high increase in the
demand of water use. At this time the ever increasing demand of lake and groundwater water usage for
irrigation and other activity is reflected by water level decline and water quality deterioration in the study
area.

In sought for solution and reflect what is going on the study area different water balance studies have been
made in the area. However most of the previous study attempts were to characterize the two, the lake and
the groundwater bodies as separate systems in the study area. Nevertheless, the degree interaction is less
investigated; the surrounding aquifer and the lake Naivasha are beloved to be in dynamic interactions.
Although the hydrogeological study of Lake Naivasha basin is expected to be very complex due to the
interaction of groundwater and surface water flows, 3-D transient modelling approach is presented in this
research to study the long term spatial and temporal variations in the system.

1.3. Objective

1.3.1.  General objective

Construction and calibration of 3-D transient groundwater model that simulates the groundwater and lake
water balance of the study area and that could be utilized to evaluate the effects of changes in system flux

over time.

1.3.2.  Specific objectives

The general objective will be achieving by solving the following specific objectives during this study.
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*  Develop and calibrate 3-D transient groundwater model to the (1932-2010) years of lake/aquifer
exploitation

*  Calculate long-term groundwater and lake water balance.

* Simulation of the lake-aquifer abstraction from the basin.

14. Research questions

*  How fluxes in the aquifer/Lake system vary in space and time?
*  What are the water balance components of the system?
*  What is the steady state groundwater flow pattern of the area?

1.5. Research hypothesis

*  The spatial and temporal variation of fluxes of the lake Naivasha basin can be simulated through
3-D transient flow model.

1.6. Relevance of the study

*  Seasonal variability of groundwater-surface water exchange fluxes and its spatially and temporally
variable impact on the water balance. Hence water balance analysis is important in order to
quantify the linkages between the surface water and groundwater regime

* Lake Naivasha is fresh water which is currently as the center of industrial development. Hence
water balance analysis is important to provide a technical basis for decisions on the quantity of
water available and economic development activities on the area

1.7. Literature review

Lake Naivasha being a fresh water lake within the Kenyan rift valley with no known outflow has drawn
many researchers interested in different aspects of the lake. Exploration of the Naivasha area began as
eatly as the 1880’s by European explorers. Thompson, of the Royal Geographical Society of England,
during a visit at that time, he noted the freshness of the lake’s waters, and attributed it to the lake being
cither of recent origin, or having an underground channel (LNROA, 1996)

(Ojiambo, 1996)discusses the hydrogeologic conditions around the lake. He indicates that the main
subsurface outflow is from around the intersection of Oloidien Bay and the main lake with outflow fluxes
ranging from 18-50 * 10¢ m3/year.

(Ojiambo, 1996)in his thesis Characterization of Subsurface Outflow from a closed basin Freshwater
Tropical Lake, Rift Valley, Kenya, he pointed out that groundwater level to the north of the lake have
dropped below the lake level compared to what they were in 1972 when studied by McCann. The drop in
water levels in northern wells around Manera may not be wholly explained by the drop in the lake level,
but may be largely explained due to increasing pumping from the aquifer

(Mcann, 1974) In the report hydrogeologic investigation of the Rift Valley catchment, he pointed out that
“in the Naivasha catchment groundwater generally flows towards the lake from the Mau and Aberdare
escarpments, although it is diverted locally by the presence of faults that either form barriers or conduits

(Sikes, 1936) made the first statistical attempt to estimate monthly and annual water budget for the lake,
and estimated the magnitude of the proposed underground seepage. He estimated water was seeping out
of the lake at a rate of 43 * 106 m3/year. (Mcann, 1974) estimated that about 34 * 106 m3/year of water
recharge the shallow groundwater aquifers from Lake Naivasha.

(Ase, 1986) worked on the surface hydrology of Lake Naivasha. He calculated the lakes monthly water
balance for the period 1972 to 1980 based on mass balance equation. He estimated ground water outflow
in the range 45-50 million cubic meters per month.
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(Trottman, 1998) exercised preliminary ground water model to investigate the hydraulic interaction
between Lake Naivasha and the surrounding unconfined aquifer and to study the changes in ground water
storage of the aquifer in response to fluctuating lake levels. However many assumptions and generalization
were made in calculating the model inputs which oversimplified the complex aquifer system of this area.

(Baher, 1999) was tried to improve the knowledge of interaction between the lake and the surrounding
aquifers. He used a cross sectional model to study the interaction between the lake and groundwater. He
studies ground water storage by optimizing different aquifer parameters like Transmissivity and storage
coefficient, which are used to quantify the storage change. He also investigated the ground water storage
behaviour of the aquifer in relation to the lake level and to quantify the contribution of ground water as a
potential water resource with scarce aquifer parameters and inaccurate boundary conditions.

(Mmbui, 1999) studied the long-term water balance of the basin and calculated a groundwater outflow of
4.6 * 106 m3/month. He estimated a long-term average total combined inflow into the lake 2.26 * 106
m3/month.

(Owor, 2000) studied the long-term interaction of ground water with the lake to determine the long-term
water budget for the lake and estimate water abstraction from both the surface and ground water
resources. This was an integration of two previous studies: Long-term water balance of Lake Naivasha by
Mmbui(1999) and groundwater flow modeling of the Lake Naivasha basin by Hernandez (1999). His study
was a better approach in providing a more realistic insight into the long-term interaction of the lake and
groundwater.

(Kibona, 2000) modelled the aquifers north of the lake .She modelled the lake by using a specific
definition of the upper layer as a lake. She sought to understand the variation of ground water levels in
space & time by setting up both transient and steady state.

For groundwater-surface water balance modeling recharge is the most important input variable. In attempt
to understand the spatial and temporal distribution of recharge in the study area, (Nalugya, 2003)
investigate that recharge in the study area is low and governed by Rainfall, Evapotranspiration and soil
type. According to here study the natural areas around Kedong received the highest recharge
(43.75mm/year), followed by Marula (33.75mm/year). Ndabibi and Three points receive the lowest,
0.69mm/year and 4.38mm/year respectively.

Geophysical surveys particularly resistivity, gravity, and magnetic were carried out in the past on the
geothermal areas in the Naivasha basin. The works of Tsiboah(2002) is among the most important studies
in the basin that gives more attention on subsurface characterization aquifer geometry definition.
According to the study Lake Naivasha basin is made up of two aquifer system exists at a depth of 20-40m
and 50-80m (T'siboah, 2002).

(Becht & Harper, 2002) calculated the water balance of Lake Naivasha from a model based upon the long-
term meteorological data of rainfall, evaporation and river inflows. The study estimated an annual

abstraction rate for the petiod (1983-1998) as 60*106 m3 /yeat.

(Mohammedjemal, 2006) conducted a feasibility artificial recharge study in the horticultural area north of
Lake Naivasha. He made injection and hydraulic conductivity test to investigate the infiltration capacity of
the shallow aquifer in the study area

To understand the hydro-geological behaviour of the rift lakes it is essential to gain good conceptual view
of the geological and palate-hydrological processes. (Nabide, 2002) develop 3-D conceptual
hydrogeological model for Lake Naivasha area based on the integration of geology, hydrochemistry,
isotopic analysis, and boundary conditions. This model is a good basis to construct a calibrated
groundwater model and to decrease the various assumptions made in the past modeling histories. The
most recent study probably the most important analysis and recommendations about groundwater-lake
water interaction was made by(Yihdego, 2005). He modifies the conceptual model developed by (Nabide,
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2002) and develops a steady state 3-D groundwater model using high conductivity “high-K lake” method
to simulate the lake. However the “high-K lake” method is suitable for relatively simple geometries and
lakes with slower and smaller fluctuations (Chui & Freyberg., 2008)

Table 1:1 Summary of prevous studies in the studs a

Parameters

Author

Estimated values

Evapotranspiration

(Ase, 1986)

1865 mm/year

River inflow (Malewa River)

(Podder, 1998)

215 Mcm /yeatr

River in flows (Gilgil River) (Lars-Erik Ase, 1986) 24 Mcm/year

Lake water outflow (Sikes, 1936) 43 Mcm/year
(Mcann, 1974) 34 Mcm/year
(Ase, 1986) 46-56 Mcm/year
(Clarke A.C.G. D. Allen, 1990) 50 Mcm/year
(Ojiambo, 1996) 40 Mcm/year
(Mmbui, 1999) 57 Mcm/month
(Baher, 1999) 55 Mcm/year

(Mmbui, 1999)

4.54 Mcm/ month

(Asfaque, 1999)

5.46 mm pan evpo

(Owor, 2000) 476 Mcm/month
(Becht & Harper, 2002) 60 Mcm/year
Lake water inflow (Viak, 1975) 1.8 Mcm/year
(groundwater & baseflow) (Graham, 1998) 60 mm/year
(Graham, 1998) 137 mm/year
(Owor, 2000) 0.22 Mcm/ month
Abstraction (lake & aquifer) water bailiff’s 32.7 Mcm/year
(Goldson, 1993) 35 Mcm/year
Domestic (Water Bailiff, 1993) 21.6 Mcm/year
(Hermandez, 1999) 18 000 m3/day
(Owor, 2000) 18000-25000 m3/day
(Kibona, 2000) 14 000 m3/day
Aquifer transmisivity (Hermandez, 1999) 1- 5000 m2/day
Aquifer storativity (Hermandez, 1999) 0.1-0.15
storage volumes (Owor, 2000) 6.9 Mcm/month
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2. DESCRIPTION OF THE STUDY AREA

21. Location and accessibility
The study area is located in the Kenyan, Nakuru District, at about 100 km Northwest of Nairobi. It is

located in the central rift valley of Kenya between latitudes 0° 10°S to 1° 00’S and longitudes 36° 10°E to
36" 45’E, with UTM zone 37 South and covers an area of about 3500 km?. It is accessible by the mainline
of the East African railways and a major road that services the western part of the country. There is an
even distribution of all-weather roads within the area. The study area is situated in North-eastern part of

the Naivasha basin at a mean altitude of 1885m above mean sea level.

KENYA Study Area
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+  |o930000
LEGEND . el . | 9900000
Lake 180000 210000 240000
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Figure 2:1location map of the study area

2.2, Physiography and land use

Lake Naivasha dominates the central part of the Naivasha basin. It has a mean surface area of 145 km? at
an average altitude of 1887.3 m. a.m.s.l .(Mmbui, 1999). The Mau escarpment on the western fringe rises
up to a maximum of 3080 m. The escarpment is rugged and deeply incised with numerous faults and
scarps that are prevalent.

The principal land use is agriculture which includes crop farming (horticulture, vegetables and fruits)
around the lake and a mixing farming on the rain fed slopes of the escarpment. The Eburru hills, Mau,
and Longonot escarpments are all hosts to indigenous hard wood forests that form the main water shed of

the lake basin.
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2.3. Climate, hydrology and drainage

The basin lies within the semi-arid belt of Kenya with average annual precipitation of 700m.The rainfall
pattern is bimodal with the main rainy period in April-May and the shorter one from October-November.
It is greater along the Mau and Aberare escarpments where it averages from 1250-1500mm annually and is
lower in valley areas (like Lake Naivasha) where it averages about 650mm annually. There is an annual
potential evaporation estimated at about 1700 mm (Mcann, 1974), monthly averaged potential evaporation
on the floor of the basin exceeds rainfall by a factor of 2 to 8 for every month except April when the
potential evaporation still exceeds rainfall for the wettest years. Mean daily temperatures vary between 9c

at night to 25% during the day.

The major streams that drain the study area are the Malewa River and the Gilgil River. Ground-water
discharge from the weathered volcanic aquifers provides base flow to the rivers. The Malewa River is one
of the two main perennial rivers that drain the lake and flow in a graben at the foot of the kinanagop
plateau. The Malewa and Turesha rivers have a combined drainage area of about 1,730 km?2 The
Kinanagop Rivers are captured by the main Malewa River in the north east of the basin. Further
downstream the Malewa River is joined by the Turash a river and the two rivers flow south wards. The

Gilgil River flows in a narrow basin to the north of the basin and is the second major perennial river that

drains the lake.

24 Lake morphology and general setting
The Lake is shallow with an average depth of 5m. It has very flat bottom with major decrease in depth

only close to the shores. The deepest part of the main is located near Hippo Point on the southern
western part of the lake. A nearly west-east profile of the Lake bottom shows the flatness of the main part
of the Lake and the crater like morphology of the two deepest parts of the Lake, the Oloidien bay and
Crescent Lake. The two deepest parts of the Lake have typical crater shaped morphology indicating

volcanic origin of formation.

2.5. Geologic setting

The geology of the area is generally made of volcanic rocks and lacustrine deposits (sedimentary rocks). In
the basin are complex geological structures, which have been subjected to several tectonic processes
leading to varying structural features.

251.  Sedimentary unit

The lake sediment comprises alluvial, lacustrine air fall (wind deposits), reworked volcanic. It is a
heterogeneous mixture lakebed deposits and fluvial deposits.
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Figure 2:2 Generalized geological map of the study area

2.5.2.  Volcanic unit

The volcanic rocks consist of (trachyte unit and tuff unit). The volcanic stratigraphy is very complex and
has been the subject of numerous studies. Because volcanic stratigraphy and its physical features are
genetically related to the location of the units with respect to particular structural blocks and volcanic
centres, the hydro-geologic units were defined on the basis of stratigraphic position and lithologic
properties from (Nabide, 2002).

2.6. Hydrogeological setting
The hydrogeology of Lake Naivasha is complex (Clarke M. C. G., 1990). Hydrogeology is greatly

influence by the geology, topography and climatic factors that pertain in the area.

2.6.1.  Groundwater occurrence

Groundwater occurrence is greatly determined by the geological conditions as well as the available water
for storage. Fresh volcanic rocks tend to be compact with no primary porosity although secondary

porosity may be well developed. These rocks underlying the rift valley therefore have low permeability.

In the localized highland areas, there exist deep groundwater tables as well as steep groundwater gradient.
The high hydraulic gradient accounts for the substantial outflow of groundwater from the lake to the

south as well as some outflow towards the north. Structural features such as faults often optimise storage,




GROUNDWATER AND LAKE WATER BALANCE OF LAKE NAIVASHA USING 3-D TRANSIENT GROUNDWATER MODEL

Transmissivity and recharge with the significant of these occurring in places that are adjacent to or within
a surface drainage system. Shallow groundwater table, low precipitation and low values of recharge

characterize the valleys.

2.6.2.  Aquifer systems and aquifer properties

(Clatke M. C. G, 1990) noted that aquifers are normally found in fractured volcanics, or along weathered
contacts between 